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WELCOME

Dear Attendee,

On behalf of the Local Organizing Committee, we would like to welcome you to Chicago
for the 12th Heavy Ion Accelerator Technology Conference (HIAT2012) hosted by
Argonne National Laboratory, June 18-21, 2012. We hope many of you will be able to
participate in the High-Mass RIB Workshop on June 22nd at Argonne.

HIAT is an international conference dedicated to the design, construction, development
and operation of heavy-ion accelerators and their components. It focuses on the
operational experience of existing facilities, achievements in heavy-ion accelerator
physics and technology, progress on the implementation of new projects and
infrastructure upgrades, and trends in the proposal and design of heavy ion accelerators
as well as their main systems and components.

Sincerely,
(Y
Richard Pardo, Co-Chair
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Richard Vondrasek, Co-Chair
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FRONTIER TECHNOLOGIES AND FUTURE DIRECTIONS IN HIGH
INTENSITY ISOL RIB PRODUCTION*

P. G. Bricault”, F. Ames, N. Bernier, M. Dombsky, F. Labrecque, J. Lassen, P. Kunz, A. Mjgs,
M. Nozar, J. Wong, TRIUMF, Vancouver, Canada

Abstract

The future frontier of the ISOL technique is to increase
the intensity of the RIB beams. In the ISOL technique
several ways to increase substantially the production of
rare isotope beam. The most expedient one is to increase
the incident beam. Increasing the overall release
efficiency and ionization efficiency are the other two
easiest ways to increase the overall RIB intensity.

Now with the TRIUMF/ISAC facility the ISOL RIB
facility can operate routinely up to 50 kW, this is 100 pA
on target. But, the driver beam intensity cannot increase
without considering the radiation damage issues and the
challenge to the ion source itself where ionization
efficiency is dramatically affected by target out-gazing.
The other technology challenge for the ISOL technique is
the target material itself. The main concern is the
capability of the target material to sustain high power
density deposited by the driver beam. Refractory metals
foil target are suitable but nevertheless very limited in the
available species we can produce with those targets. We
have developed composite target at ISAC that increases
the overall target thermal conductivity in order to be able
to operate carbide and oxide at full beam intensity for the
carbide and at 30 kW for the oxide targets, respectively.
The other solution is to use two-step target where the
driver beam impinges a converter, which is decoupled
from the ISOL target.

INTRODUCTION

The production of Rare Isotope Beam (RIB) is quite a
challenge mainly due to fact that the most interesting rare
isotopes are the one that lied close to the limit of stability
both on the neutron rich and deficient side and most of the
time very have short half-life. Making it difficult to make
them using techniques such as chemical or mass
separation off-line. In the On-Line Isotope Separation
(ISOL) method, the isotopes are produced by nuclear
reactions in a thick target that is closely coupled to the ion
source, allowing them to be quickly turned into an ion
beam that can be mass analyzed and transport efficiently
to experiments.

The main challenge comes from the fact that the
reaction products stop in the bulk of the target and the
atoms have to be released efficiently out of the target
container before we can make an ion beam. The steps for
producing RIB from the ISOL method are:

e A high energy beam impinging onto a thick target

material enclosed in a target container, which is
directly coupled to an ion source,

*Work supported by TRIUMF who receives funds from the federal
# bricault@triumf.ca government through the Canadian NRC.
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e The isotopes are produced in nuclear reactions and
come to rest embedded in the target material,

e The rare atoms have to diffuse through the target
material grain or foil lattice to the surface, diffusion
process,

e The rare atoms have to effuse, meaning bounce
around until it reaches the exit hole of the target
container leading to the ion source. Each time the
rare atom has to desorb from the surface, effusion
process,

e The rare atoms has to be ionized and extracted to
form an ion beam, ionization process,

e The beam is mass analyzed and transported to the
experiment.

The challenge is to optimize each step if to produce an

intense, pure ISOL RIB.

The frontier technologies in 1ISOL RIB production are
to achieve higher RIB intensity of nearly all isotopes,
especially in the extreme neutron rich area of the nuclear
chart. There are several paths to achieve higher RIB
intensity,

o Increase of the driver beam intensity on target,

o Improve the release efficiencies out of the ISOL

target, especially for the refractory species,

¢ Improve the ionization efficiency and

o Efficient high charge state breeding.

Increasing the driver intensity will lead directly to
higher ISOL RIB intensity, but to do so we need to
improve the target material and the target container for
higher power deposition, section 1 and 2 describes the
advance in target material fabrication and target container
at ISAC. Section 3 describes the attempt to improve the
release of radioactive isotope from thick target and section
4 describes the advance in the ion source technology to
improve the beam purity from Resonant Ionization Laser
Ton Source and plasma ion sources, electron impact and
cyclotron resonances ion sources. Finally, section 5
describes the future project under construction and the
next generation of ISOL target station.

ISOL RIB PRODUCTION

To reach higher ISOL RIB one can increase the incident
driver beam on target. This can only be achieved at the
condition that the target material and the target container
are capable of sustaining reliably the power deposition by
the driver beam. Firstly, the target material has to have a
thermal conductivity high enough to release the power
deposited inside the target material to the target container.
Secondly, the target container has to be capable of
dissipating the heat from the target material to the
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surrounding while keeping the target material at its
optimum temperature.

Target Material for High Power Beam

In the ISOL method the radioactive atoms produced
during the interaction of the driver beam onto the target
material nucleus come to rest and are embedded into the
target material lattice. In order to have a high release
efficiency the target material has to be operating at it
temperature limit which keep the wvapor pressure
acceptable for the ion source. It is important to select the
target material for:

e |ts ability to produce the RIB species desired by the

experimentalist,

¢ High thermal conductivity,

e Low vapor pressure.

Usually, refractory foils made of tantalum and niobium
and carbides discs are among the best candidates.

Table 1 gives the list of the target material and the type
in used at ISAC and the power on target of the incident
beam. To achieve high power density on target the target
material has to have large thermal conductivity. For the
refractory foils it is possible to go up to 50 kW, while it is
more difficult for other target material such carbide or
oxide. In those cases we have developed the composite
foil target allowing an increase of the power on target by
more than an order of magnitude for the oxide and by a
factor 5 for the carbide target material.

Table 1: Target Material in Used at ISAC

Material Type Backing Beam Power
Support kW
Ta Foil - 50
Nb Foil - 50
CaO Pellet - 05t01
Al203 Composite Nb foil 12.5
Uo0o2 Pellet - 1
SiC Pellet - 5
SiC Composite Graphite 35
foil
TiC Composite Graphite 35
foil
7xC Composite Graphite 40
foil
TaC Composite Graphite 35
foil
UCx Composite Graphite 5
foil

ISOL Target Container for High Intensity RIB

Challenging experiments forced us to increase the
incident driver beam on target with the goal of producing
higher RIB intensity. To do so the ISOL target oven has to
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be capable of dissipating the power deposited by the
incident beam very efficiently.

The ISAC high power target[1] (IHPT) was developed
to accommodate the TRIUMF 50 kW proton beam. The
conventional target at ISOL facilities such as ISOLDE,
SPIRAL and HRIBF can only accommodate for less than
1 kW dissipated power inside the target. There were
several attempts in developing the ISOL target for higher
power dissipation, by Ravn[2], Talbert[3], Nitschke[4]
and RIST collaboration[5]. The most promising being the
RIST because of the simple cooling design. But, the target
fabrication is quite limiting because it required diffusion
bounding and can only be applied to a few target
materials, Mo, Nb, Ta and W. The ISAC High Power
Target, IHPT, utilizes the thermal radiation cooling and is
made of a 20 cm long and 2 cm in diameter tantalum tube
onto which radial fins are installed. The fins are diffusion
bounded to the target container by heating the tube in
vacuum at 1500 °C for a period of approximately 20
hours. The overall emissivity measured is 0.92 which
allow operating the target at nominal 2200 °C up to 20 kW
of deposited power by the proton beam.

The challenge with increasing proton beam on target
comes in several forms: 1) the radiation damage of the
tantalum tube, 2) the thermal shock when the proton beam
goes off and 3) chemical reactions between the tantalum
container and the target material or the radiological
impurities created.

All these processes create cracks in the tantalum
container allowing the rare isotope atoms of interest to
escape the container reducing the output yield.

ARIEL TARGET STATION TECHNOLGY

The goal of the ARIEL project is to be able to deliver
more RIB to experiments. The project is based on a 50
MeV: 10 mA electron LINAC and on another 100 pA
proton beam for producing the ISOL RIB. This means
that we will have two new target stations, one for the
electron beam and one for the proton beam. The target
stations will be based on the ISAC technologies
developed over the past 10 years.

The target stations are located in a sealed building
serviced by an overhead crane. The target maintenance
facility includes a hot cell, warm cell, decontamination
facilities and a radioactive storage area. The target area is
sufficiently shielded so that the building is accessible
during operation at the maximum proton beam current.

Beam-line elements near the target are installed inside a
large T-shaped vacuum chamber surrounded by close-
packed iron shield. This general design eliminates the air
activation problem associated with high current target
areas by removing all the air from the surrounding area.
The design breaks naturally into modules; an entrance
module containing the primary beam diagnostics, an
entrance collimator and a pump port; a beam dump
module containing a water cooled copper beam dump; a
target module containing the target/ion source, extraction
electrodes and first guiding component and heavy ion
diagnostics; and two exit modules containing the optics

Radioactive Ion Beams and Facilities
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and the associated diagnostics for the transport of heavy
ion beams.

The vacuum design seeks to eliminate the need for
radiation-hard vacuum connections at beam level by using
a single vessel approach. The front-end components, with
their integral shields, are inserted vertically into the T
shaped single large vacuum vessel. Most vacuum
connections are situated where elastomer seals may be
used. Only two beam-level connections exist; one at the
proton beam entrance and one at the heavy ion beam exit.

The target stations are shielded by approximately 2 m
of steel placed above the target. Outside this steel
shielding the operating radiation fields will be sufficiently
low so that radiation damage to equipment is not a
concern. The steel shielding is surrounded by an
additional 2-4 m of concrete, which provides the required
personnel protection during operation. To service the
targets, shielding above the target station is removed
giving access to the services at the top of the steel
shielding plugs. Residual radiation fields at this level will
be low enough to allow hands-on servicing.

With ARIEL new target stations we have an
opportunity to improve the current target station design
and bring it to the next level. We have learn so much from
the past ten years of operation at ISAC and this is why the
next generation of ISOL target station will not be an exact
copy of the ISAC target station. At the time we had to
invent most of the technologies without very much
experience. Before designing the design of the new target
stations we must evaluate the existing ISAC target
concept. To do the analysis of the ISAC target station
technologies we used a type of analysis used in product
manufacturing, it is called design failure mode effect
analysis, DFMEA. Each item or function of the system is
analyzed. A list of potential or experienced failure,
potential or experienced effect of the failure mode, the
causes of the failure are described. Then the severity (S)
of the failure is given a number from 1 to 10, 1 being
benign and 10 severe. The occurrence (O) of the failure is
also given a number from 1 to 10, 1 being 1 in 10° cycle
and 10 is a failure that arise 1 every running period. The
ease of detection (D) to prevent the failure is given a
number from 1 to 10, 1 being easy to detect the failure
and 10 being very difficult. The product of S*O*D
represent the risk priority given for that failure mode.
From there we decide of the criticality of that failure
mode and recommend action and record the Engineering
Change Order associated with the action. The person
responsible for the action and the date of completion is
also recorded in the DFMEA documents. This document
follows the product in its life cycle. The following
findings were made during a design failure mode effect
analysis, DFMEA, of the target station and target module.

On the pros side:

1)  The modular approach allows us to operate at the
design proton beam intensity, 100 pA. The non
radiation resistant components, such as o-rings,
turbo pumps, actuators, cable, are well
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2)

3)

MOAO01

protected by the module and target station steel
shielding.

The two stage mass separator composed of a low
and a high-resolution separator in cascade. The
first set of selection slit located at the focal plane
of the first separator inside the heavily shielded
target hall allow the elimination of most of the
unwanted radioactive beam isotopes in a well
defined manner, limiting the contamination.

We never had to change the optics in the two

modules for the heavy ions beam transport from the ion
source to the pre-separator and the entrance and beam
dump modules.

On the cons side:

Vacuum system is very complex. There two different
pressure volumes, the primary and the secondary
vacuum envelopes. Pillow seals are used to seal the
target box volume to the exit module vacuum for the
heavy ions beam line.

The target box housing the target/ion source
assembly is not hermetically sealed. This makes the
target module transfer of the spent target from the
target station to the hot cell is done at atmospheric
pressure. There is a risk of spreading contamination
during the transfer of volatile species. Or more
importantly, target materials that are sensitive to
moisture in air may reacts strongly and become
flammable. In that case the fumes may exit the target
box and contaminate the target hall.

o In the new design the target box will be an
hermetically sealable vessel preventing the
contamination during the transfer of the
irradiated target from the target station to
the hot-cell.

o The fact that the target box is hermetically
sealable will allow the elimination of the
two vacuum zones. Only one single zone is
necessary.

o This will allow us to condition fully the
high voltage of the target module equipped
with the new target and keep the target
module under vacuum during the transfer
limiting the risk of spreading contamination
and delay in the start up of a new target.

The mechanical and electrical service connections
necessary to operate the target/ion source assembly
have to be disconnected manually. In order to permit
a person to disconnect the services we have to allow
for a cool down period. A complete cycle for the
target exchange takes about 3 to 4 weeks.

o A built in remote service connection and
disconnection has to be incorporated into
the design at the beginning. T

Since the target exchange take so long we are forced
to operate the target / ion source much longer than
desired. We have notices that after two weeks of
continuous operation at 70 pA and above the
production yield drop significantly. Radiation
damages are clearly visible on the target container
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and it reduces the overall target performances. We
can see cracks on the target container, which can lead
to radioactive atoms to leave the target container
before reaching the ion source.

e The servicing of the selection slits is made using
human intervention in the present design. This limits
greatly the maintenance to the minimum until it
breaks creating reliability issues.

o Inthe new design the selection slits as well as
all the target station beam diagnostics will be
accessible with the overhead crane, allowing
maintenance and repair in the hot-cell.

The new target station design addresses the mentioned
findings by implementing new vacuum joint technology
and remote services connection.

The remote vacuum seal requirements specification are:

e Provide vacuum seal with a leak rate lower than
5x10° mbar liter/s,

e Remote actuation, connection and disconnection,

e Robust and reliable, since the area will be highly
active due to the high neutron flux, maintenance shall
be minimum around these vacuum seals.

In the next generation the steel plug module will be
replace by beam pipe section. Each section will have its
own vacuum pumping station composed of two turbo
pumps connected to the main beam pipe by a large tube.
The rationale is to keep the turbo pumps as far as possible
from high radiation field. The beam dump and the
entrance module are also replaced by standalone
diagnostics box, and beam water-cooled copper plug,
respectively. Again the rationale is that we never had to
replace any of these devices since starting ISAC operation
12 years ago. These decisions make the vacuum envelope
of the target station much simpler than it is for the ISAC
case. It also makes the target station much cheaper since 4
module steel plugs are replaced by less expansive
shielding, like cast steel plug and concrete block.

The vacuum envelope will comprise the target module
containment box, heavy ion beam line and pre-separator
to the mass separator. The heavy ion beam line will be
built in section that can fit into the hot-cell for
maintenance and repair of the sections. The vacuum
envelope will be sealed using all metal vacuum joints.

Figure 1 shows a 3-D view of the next generation of
target station proposed for the ARIEL project. The new
target station will be made of a target module, heavy ion
beam line, pre-separator and beam dump. Contrary to the
actual ISAC target station there will be only one module,
which is the target module. The entrance diagnostics and
beam dump will be stand alone device which will not
share the same vacuum envelope as the target station.

Vacuum Joint Options

There two vacuum joint technologies envisaged for the
ARIEL target stations. The pillow seal, which was
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originally developed at Paul Scherrer Institute (PSI) in
Switzerland[6] uses a single thin foil to make the vacuum
seal. The pillow seal is made using a thin metal foil
electron beam welded on a flange. The pillow is inserted
between two flanges. High pressure He is pump to inflate
the thin foil, also called pillow. The seal joint is made
than of two flanges equipped with pillows and two
concentric bellow welded on each side to the flanges. The
helium gas used to inflate the pillow is also injected into
the concentric bellows pushing the flanges outward
toward the fixed flanges on each side. A newer design
developed for T2K beam window[7] uses a double
pillows setup allowing a pump down in between the
pillows. They reported in reference 2 a leak rate of 10° Pa
m®/s. Unfortunately, this is larger than desirable for
constructing the whole heavy ion beam line with this
technology. There will be fours of these vacuum joints in
the heavy ion beam line, making the total leak rate much
larger than acceptable.

Another option is to use HELICOFLEX®, C-FLEX™
seals. This seal technology relies on elastic deformation of
the metal “C” shape metal. During compression we obtain
a contact point of each sealing surface. The key of success
of this joint is to provide the proper, compression force
and surface finish.

NEUTRON RICH ISOTOPES

At TRIUMF we are fortunate to have a high energy and
high intensity proton driver with the H 500 MeV
Cyclotron and a high intensity, 50 MeV: 10 mA, electron
driver under construction[8]. We can produce neutron rich
isotopes using three different techniques, 5 kW direct
proton onto the UCx target, 500 kW two-stage photo-
fission using the electron driver and a 50 kW two-stage
neutron induced fission using the proton beam on a
converter and UCx target. Figure 2 shows all the possible
options available at TRIUMF to produce neutron rich rare
isotope beams.

5 kW Proton on UCx

This is the actual situation, where the high energetic
proton beam impinges onto the UCx target discs. There is
several reaction processes as mentioned earlier. This setup
is less suitable since the spallation reaction produces
isobars that contaminate the desired neutron rich species.
Further more, the high energetic proton beam induces
fission that yield to less neutron rich isotopes than pure
low energy neutron induced fission. The limitation to 5
kW is only due to regulatory consideration not due to the
capability of power dissipation of the UCx target, which
can go up to 20 kW.

Radioactive Ion Beams and Facilities
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Beam Line
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Figure 1: 3-D view of the next generation of target station proposed for the ARIEL project.

253%0 kW Electron, Two-stage Photo-fission of
U

ARIEL as mention aims to accelerate electron beam up
to 50 MeV and 500 kW total beam power. The converter
for such power can only be made using liquid lead.
Simulation shows that 375 kW is deposited into the
converter and 75 kKW in the target itself. This is 7 times
larger than the power we can handle in one single target.
To handle the power deposition in the UCx we will use
the composite target technique as described earlier, the
uranium carbide will be deposited onto an exfoliated
graphite foil. Furthermore, we will divide the target into
seven smaller target containers and we will use helium
gas to cool the whole target assembly. The minimum flow
rate is estimated at 18 He mole/s.

50 kW Proton on Two-stage U Target

In this option the proton beam impinges onto a
converter material, for example W, Nb, Mo or Ta. The U
target is made as an annulus into which the proton beam
goes without interacting with the U target. This target is
placed in the backward position in such a way that only
low energy neutrons can reach the U target. In this case
the power deposited in the U target is small since its
mainly coming from the fission products stopping in the
target material. It is estimated to be only 400 Watts.

Radioactive Ion Beams and Facilities

Comparison

It is interesting to compare the production of some key

nuclei with the actual ISAC 5kW proton beam on UCx
target, the ARIEL 500 kW electron beam producing
photo-fission and the 50 kW proton beam, two-stage
target using a W converter and U target. Table 2 gives the
production yield in target for the three different setups.
As we can see from the table 2 there is not very much
difference in the production of the key isotopes between
the three options. While option 2 with the photo converter
is not readily feasible, option 1 and 3 using 5 and 50 kW,
respectively, are readily possible using the actual
technologies developed at ISAC.

The main concern for the option 2 is the feasibility of
the converter itself. The power density at the entrance
window is quite large and we are far from being sure that
such window will work. One option is to operate the
liquid lead converter without the entrance window.

ARIEL FIRST BEAM

A %2 MW electron LINAC accelerator, e-linac , will be
built in phases[9,10]. The main components of the eLinac
are, an injector cryomodule composed of two capture
cavities, and a 5 cell cavity capable of accelerating the
electron beam up to 10 MeV and two cryomodules
composed of two 9 cell cavities capable of 20 MV each.
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Figure 2: Schematic of the three options available at TRIUMF for producing neutron rich isotopes. From the far left, this
represents the actual 5 kW proton beam on UCx target, the middle one is the 500 kW electron beam on a liquid lead
converter producing gammas inducing photo-fission and the last one on the right is the two stage target concept. The 50
kW proton beam impinges onto a converter and the UCx target is placed in the backward direction in such way that only

slow neutron that are emitted can reach the UCx target.

Table 2- In target production of key nuclei using a 5 kW
proton, 500 kW electron and two stage using 50 kW
proton on W converter, beam on UCX target.

Nuclei SkW 500 kW 50 kW proton
proton electron two-stage
Ni-72 3.8E+08 | 2.0E+08 8.0E+07
7Zn-78 1.4E+09 | 3.4E+09 8.9E+08
Kr-91 5.3E+10 | 2.3E+11 2.7e+11
Kr-94 1.3E+10 | 1.3E+11 6.7E+10
Rb-97 7.4E+09 | 1.1E+11 1.9E+10
Sn-132 1.1E+10 | 2.5E+10 1.5E+11
Sn-134 1.0E+09 | 2.4E+09 1.3E+10
Xe-142 1.1E+10 | 5.2E+10 1.2E+11
Xe-144 1.0E+09 | 7.9E+09 9.5E+09
Cs-144 6.8E+09 | 6.0E+10 7.7TE+10
Cs-146 5.0E+07 | 9.2E+08 9.8E+09

Table 3 gives the main specifications for each of the
phases.

The electron linear accelerator is due to be fully
commissioned by end of 2013 but the target hall will not
be ready for uranium target for the photo-fission before
the fall of 2017. In the mean time we can produce low
activity rare isotope, namely, 8-Li from a beryllium oxide
target using the 9-Be(y, p)8-Li.

Figure 3 shows the results of FLUKA[11] simulations
showing the 8-Li production as a function of electron
energy for a fixed beam intensity of 4 mA.

Table 3: ARIEL eLinac construction phases

Final Currrent Configuration Status/ expected

Energy (mA) date for

(MeV) completion

25 1 Injector + 1 | Funded/ 2013
cryomodule commissioning

25 4 Injector + 1 | Funded/ 2014
cryomodule operational  for

8-Li

50 10 Injector + 2 | Proposed /2017
cryomodule photo-fission

6

®Li production as function of electron
energy for a beam intensity of 4 mA

10"

10° ®
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107
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Figure 3: Results of FLUKA simulations of the 8-Li
production in target as a function of electron energy for a
fixed intensity of 4 mA on a BeO target.

The advantages of using 8-Li from a BeO target are:
e The level of radiation is not extremely large and the
8-Li has a very short half-life of 840 ms only.

e The longest half-life nuclei produced in the target is

7-Be, Ty is 53 days.

o We can start an early experimental program with the

ARIEL facility.

This mean that the whole target station operation
commissioning can be accomplished without risking to
contaminate the beam lines as it will be the case for an
uranium target.

The 8-Li beam is used by the beta-NMR material
science community. High nuclear spin polarization is
achieved using a collinear optical pumping method in
which polarized light from a laser is directed along the
beam axis. The method is well established for the case of
alkalis such as 8Li where the neutral atom can be excited
with visible laser light. The first step in the procedure is to

Radioactive Ion Beams and Facilities
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neutralize the ion beam by passing it through a Na vapor
cell. The neutral beam then drifts 1.9 m in the optical
pumping region in the presence of a small longitudinal
magnetic holding field of 1 mT. Then the beam goes
through a helium gas where the neutral 8-Li is ionized and
then it is send to the beta-NMR experimental setup[12].

CONCLUDING REMARKS

To satisfy the demand for higher RIB intensity we raise
the incident proton beam intensity on target. This was
only possible by pushing the technologies for material
target and target container to sustain the high power
deposition in the ISOL RIB production.

We have developed a technique to make composite
target material capable of dissipating larger power
deposition. This technique increases the overall thermal
conductivity of the target material. The target material is
deposited onto a highly conductive substrate, exfoliated
graphite foil for the carbide target material and metal foil
for oxide target material. Now we are routinely operating
the proton beam at 35 to 50 kW.

The target container has to take the heat coming from
the target material and dissipate that heat to the target
cooling system. We use radiative cooling to get the heat
out of the target. A fin target container has been
developed for this purpose and it is capable of dissipating
up to 20 kW of beam power deposited in the target[13].

With the ARIEL project we have an opportunity to built
the next generation of high power target station for
producing high intensity ISOL RIB. An analysis of the
actual ISAC target station has been performed and the
findings will be applied to the design of the next
generation of target station.

The ARIEL first beam will be made using a BeO target
to produce 8-Li for the material science community. We
used FLUKA to obtain the production rate of 8-Li in
target, the estimated intensity is well above the need for
performing beta-NMR studies.

There are several new projects around the world with
the aim of producing intense RIB using fission reaction.
The power density inside the U target in all of these
projects are exciding the actual capability of carbide
material thermal conductivity. A high thermal
conductivity target material is mandatory for the success
of these projects final goals.

The development of composite target material at
TRIUMF/ISAC is a good way to achieve such high
thermal conductivity allowing high power RIB production
ISOL facility.

Furthermore, the dissipation of the power to the cooling
system must use a target oven capable of dissipating the
power release from the target material to the cooling
environment. The IHPT has proven it capability to
dissipate up to 20 kW. To go beyond that we need to use
other means like helium gas cooling as anticipated at
ARIEL photo-fission target.

Finally, one of the frontier in physics is the capability
of producing intense and pure neutron rich RIB. These
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beams can be produced using fission reaction. At
TRIUMF we will have access to the fission products by
using the photo-fission and a two-stage target system
using 50 kW proton beam on a converter.
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Abstract

The Facility for Rare Isotope Beams, a new national
user facility funded by the U.S. Department of Energy
Office of Science to be constructed and operated by MSU,
is currently being designed to provide intense beams of
rare isotopes to better understand the nuclear physics,
nuclear astrophysics, fundamental interactions, and
industrial and medical applications. The FRIB driver linac
can accelerate all stable isotopes to energies beyond 200
MeV/u at beam powers up to 400 kW. Key technical
R&D programs include low-f CW SRF cryomodules and
highly efficient charge stripping using a liquid lithium
film. Accelerator-physics challenges include acceleration
of multiple charge states of beams to meet beam-on-target
requirements, efficient production and acceleration of
intense  heavy-ion beams from low energies,
accommodation of multiple charge stripping scenarios
and ion species, designs for both baseline in-flight
fragmentation and ISOL upgrade options, and design
considerations of machine availability, tunability,
reliability, maintainability, and upgradability.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB), baselined
as a 7-year, US$680 million construction project, is to be
built at the Michigan State University under a corporate
agreement with the US DOE [1]. FRIB driver accelerator
is designed to accelerate all stable ions to energies above
200 MeV/u with beam power on the target up to 400 kW
(Table 1). After production and fragment separation, the
rare isotope beams can also be stopped, or stopped and
then reaccelerated. The fast, stopped, and reaccelerated
rare isotope beams serve a vast range of scientific users in
the fields of nuclear physics and applications.

As shown in Figure 1, the driver accelerator consists of
Electron Cyclotron Resonance (ECR) ion sources, a low
energy beam transport containing a pre-buncher and

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661
#wei@frib.msu.edu

Radiofrequency Quadrupole (RFQ) linac, linac segment 1
(with Quarter-wave Resonators (QWR) of $=0.041 and
0.085) accelerating the beam up to 20 MeV/u where the
beam is stripped to higher charge states, linac segments 2
and 3 (with Half-wave Resonators (HWR) of =0.29 and
0.53) accelerating the beam above 200 MeV/u, folding
segments to confine the footprint and facilitate beam
collimation, and a beam delivery system to transport to
the target a tightly focused beam. The reaccelerator (ReA)
consists of similar B=0.041 and 0.085 accelerating
structures [2].

Table 1: FRIB driver accelerator primary parameters.

Parameter Value Unit
Primary beam ion species H to #*%U

Beam kinetic energy on target > 200 MeV/u
Maximum beam power on target 400 kW
Macropulse duty factor 100 %
Beam current on target (>*U) 0.7 emA
Beam radius on target (90%) 0.5 mm
Driver linac beam-path length 517 m
Average uncontrolled beam loss <1 W/m

Figure 1: Layout of the FRIB driver accelerator.

Radioactive Ion Beams and Facilities
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DESIGN PHILOSOPHY

Full-energy linac technology is chosen to deliver
primary beam that can meet the FRIB requirements of
rare-isotope productivity and separation accuracy. Up to
400 kW of beams are focused to a diameter of 1 mm
(90%), energy spread of 1% (95% peak-to-peak), and
bunch length of <3 ns (95%) on the target.

In contrast to high-intensity spallation neutron sources
and neutrino sources that require pulsed beams, most of
FRIB experiments prefer high-duty or continuous-wave
(CW) beams. By choosing CW acceleration, a low beam
current (< 2 mA) can generate the required beam power
of 400 kW. Except for the ion source, effects of space
charge are mostly negligible.

Superconducting (SC) technology is the energy-
efficient choice for the CW linac. SC acceleration of
heavy-ion beams is feasible from very low energy (500
keV/u) with practically sized cavity bores by housing
both the cavities and solenoids in a cryomodule. A two-
cell scheme is chosen throughout the entire linac
providing both efficient acceleration and focusing.
Developments of digital low-level RF control and solid-
state RF amplifier technologies have made individual
cavity powering and control reliable and cost efficient.

Furthermore, high availability,  maintainability,
reliability, tunability, and upgradability are especially
required for the FRIB accelerator to operate as a national
scientific user facility.

e Availability: The accelerator is designed with high
beam-on-target availability accommodating normal,
alternative, and fault scenarios. In the normal
scenario, a liquid lithium stripper is used to raise the
average charge state of ***U beam to 78+ for efficient
acceleration. Alternatively, helium gas confined by
plasma windows with differential pumping can be
used to strip the ***U beam to a lower average charge
state of 71+. Fault scenarios include the situation
when superconducting (SC) cavities underperform
by up to 20% of the design gradients. Furthermore,
key components (e.g., QWR cryomodules) and
subsystems  (e.g., machine protection) are
implemented with spares and design redundancies.

e Maintainability: The average uncontrolled beam loss
is limited to below 1 W/m level for all ion species
from proton to uranium, to facilitate hands-on
maintenance. For a proton beam at high energy, this
level corresponds to an average activation of about 1
mSv/h measured at a distance of 30 cm from the
beam chamber surface, 4 hours after operations
shutdown [3]. For heavy ions like uranium at low
energies, activation and radiation shielding is of less
concern; the 1 W/m limit addresses concerns in
damage on superconducting cavity surfaces and in
cryogenic heat load. To facilitate maintenance of
individual cryomodules, warm interconnect sections
are used between cryomodules, and U-tubes with
bayonet connections are used for cryogenic
distribution (Figure 2).
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e Reliability: A Machine Protection System (MPS)
minimizes component damage and operational
interruption (e.g. magnet quench and cryogenic load
increase) caused by both acute (fast) and chronic
(slow) beam losses. Upon acute beam loss, the MPS
response time is 35us (including diagnostics, signal
processing, and residual beam dumping). MPS
responding to slow beam loss is complicated by low
sensitivity of conventional ion chamber loss
detection to low-energy heavy ions and beam-loss
signal background from adjacent linac segments with
which beam energies are significantly different.
Beam-halo- scraping rings in the warm interconnect
sections and possible thermal sensors at cold regions
are planned for more sensitive loss detection [4].

o Tunability: The accelerator is designed to be easily
tunable during both beam commissioning and
operations [5]. In linac segment 1, where beam
transverse-phase advance is large, cold beam-
position monitors (BPM) are implemented in the
cryomodules. Efforts are made in establishing beam-
tuning strategies based on virtual accelerators and
on-line models under normal and fault conditions.

e Upgradeability: Space is reserved in linac segment 3
to house another 12 cryomodules to readily increase
the energy of ***U beam above 300 MeV/u. If
cavities with 35% higher accelerating gradient are
used in linac segments 2 and 3, the beam-on-target
energy can be raised above 400 MeV/u for **U. The
linac tunnel allows future expansion so that a
dedicated light-ion injector can be added supporting
rare isotope production using the isotope separation
on-line (ISOL) method [1]. Using an RF deflector
cavity and a Lambertson septum magnet, *He” beam
supplying protons to the ISOL target can share cycle
with the “*U beam feeding the fragmentation target;
thus simultaneous users are supported. Furthermore,
space is reserved to house instrumentations including
non-destructive diagnostics and sub-harmonic (e.g.
20.125 MHz) buncher that are compatible with
future user demands of experiments.

Figure 2: Layout of cryomodule inside FRIB driver
accelerator tunnel showing U-tube cryogenic connections.
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ACCELERATOR PHYSICS CHALLENGES

The FRIB accelerator design combines the complexity
of heavy ion accelerators with the engineering challenges
of high-power accelerators [3]. Due to the low charge-to-
mass ratio, heavy ion acceleration is often not efficient.
Uncontrolled beam loss, which usually is not an issue for
low-power heavy ion machines, is of primary concern for
the FRIB accelerator. Comparing with high-power proton
machines like the Spallation Neutron Source (SNS) linac
where apertures of the elliptical SC cavities [60] are large
and beam amplitude reaches maxima in the warm
locations of the focusing quadrupole magnets, the
apertures of the FRIB QWR and HWR accelerating
structures are small and beam amplitude reaches maxima
in the cold solenoid locations inside cryomodules.
Requirements on beam halo prevention, detection and
mitigation are stringent.

To maximize beam intensity on the target, beams of
multiple charge states are accelerated simultaneously (2
charge states of 33+ and 34+ before stripping, and 5
charge states of 76+ to 80+ after stripping for ***U).
Bends of second-order achromatic optics are used to fold
the beams, and cavity phases are adjusted so that beams
are longitudinally overlapping at the charge stripper [7].

Conventional charge strippers like solid carbon foils are
not sustainable at the power of a ***U beam at 17 MeV/u
during normal operations [8]. FRIB accelerator lattice
needs to accommodate beam acceleration of different
charge states resulting from various stripping methods
including liquid lithium and helium gas (average charge
state from 63+ to 78+ for **U). Buncher cavities of
fundamental (80.5 MHz and 322 MHz) and double (161
MHz) linac RF frequencies are strategically placed in the
folding segments to preserve beam quality.

Due to the short stopping distance in surrounding
materials, uncontrolled beam loss of the low-energy
heavy ions can cause damage to the surface of
accelerating structures much more easily than a proton
beam. On the other hand, due to the low level of radio-
activation [9], losses of low-energy heavy-ion beams are
difficult to detect [4]. Beam-loss detection and machine
protection often rely on beam scraping. On the other
hand, scraping of partially stripped ions may lead to
higher ionization further complicating beam collimation
and machine protection [10].

Due to requirements of frequent longitudinal and
transverse focusing in the superconducting acceleration
structure, focusing solenoids are placed inside
cryomodules adjacent to cavities. Alignment tolerance of
these solenoids is =1 mm under cryogenic conditions.
Horizontal and vertical steerers are needed to thread the
beam and correct the beam orbit.

Stringent beam-on-target requirements demand tight
optical control, error control, and advanced beam
diagnostics. The primary beam of 400 kW needs to be
focused into a diameter of 1 mm with below +5 mrad
transverse angular spread. The desired range of beam
power variation on target is 8 orders of magnitude. Orbit
stability needs to be controlled at 0.1 mm level.

10

Proceedings of HIAT 2012, Chicago, IL USA

TECHNOLOGY CHALLENGES

Major R&D topics of FRIB accelerator systems include
high-efficiency charge stripping and superconducting RF
technologies for low-f acceleration.

Charge Stripper

The FRIB baseline design of charge stripping [11] was
based on the ANL work on a liquid-lithium high-power
thick target where it was demonstrated power deposition
of 20 kW (from an electron beam) with the liquid lithium
operating well in an accelerator environment. During the
last couple of years the stability of a thin liquid film with
the correct thickness for the FRIB stripper (~600 pig/cm?)
was achieved (Figure 3). The next step is to show that the
power deposited by the primary beam on the moving film
(~ 1 kW) will not destroy or perturb it. With this purpose
we borrowed the LEDA ion source and LEBT from
LANL and plan to modify the optics to obtain a 1 to 3
mm diameter beam spot on the liquid-lithium film. As the
protons will stop on the film the power will be
comparable to the power deposited by the heavy ions
during operation. The source reconfiguration is taking
place at MSU. Once the new optics is checked on a new
platform that is matched to the ANL lithium loop, the
device will be moved to ANL for the integrated test.

A second option for the stripper consisting of a helium
gas cell enclosed by plasma windows was considered.
The RIKEN group has shown [12] that helium gas
produces a higher average charge state than a nitrogen gas
stripper. The purpose of the plasma windows is to limit
}he helium gas leaking out of the gas cell [8].

% ; : B
Figure 3: Liquid lithium film established at ANL.

Superconducting RF

FRIB driver linac is the first full-size SC linac using a
large quantity (340) of low-PB cavities. Cavity design is
optimized not only for optimum performance but also for
low production cost [13]. This requirement guided the
choice of the cavity geometries, materials and mechanical
solutions, avoiding complicated shapes, minimizing the
amount of electron beam welds, eliminating bellows,
optimizing construction and surface treatment procedures.
FRIB cavities work with superfluid helium at 2 K. The
increase in cavity Q more than compensates the loss of
efficiency of the 2 K cryogenic system. This innovative

Radioactive Ion Beams and Facilities
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choice in a low-f linac allows operation of cavities in
stable pressure conditions with high safety margin on the
maximum surface fields.

\Cavity Development. After a 10-year development,
the 2™ generation QWR prototypes are used in the ReA3
linac (7 with By=0.041 in operation and 8 with B,=0.085
under installation). This cavity type underwent
modifications including the displacement of the RF
coupler from the bottom plate to the resonator side and an
increased distance between the tuning plate and the inner
conductor tip, in order to remove a critical thermal
problem in the design. The new tuning plate includes slots
and undulations to increase its maximum elastic
displacement and thus its tuning range, and a “puck”
whose length can be adjusted for cavity tuning before
final welding. Concerning the By=0.53 HWR prototype,
which is similar in design to the f=0.29 cavity, 4 units of
the 2™ generation have been built by 2 different vendors
in addition to the one built in house. After positive test
results, the By=0.085 QWR and the HWRs designs have
been further refined in a 3™ generation, upgraded design
with increased diameter that takes maximum advantage of
the space available in FRIB cryomodules (Figure 4 and
Table 2) [14].

W

-8

Figure 4: FRIB SC cavities. From left: f;=0.041 and
0.085 QWRs, $,=0.29 and 0.53 HWRs.

Table 2: Upgraded FRIB cavity parameters

Resonator QWR1 QWR2 HWR1 HWR2
o 0.041  0.085 029 0.53
f(MHz) 80.5 80.5 322 322
V. (MV) 0.81 1.8 2.1 3.7
E (MV/m) 31 33 33 26
B (m) 55 70 60 63
Qo (10%) 1.2 1.8 5.5 7.6
R/Q () 402 452 224 230
G(©) 15 22 78 107
Aperture (mm) 34 34 40 40
L= PA (mm) 160 320 270 503
Number of cavities 12 94 76 148
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Surface Treatments. Test results and production cost
considerations led to the choice of buffered chemical
polishing (BCP) for FRIB cavity’s surface treatment. The
effort was concentrated in the development of a reliable
procedure [15] able to produce field-emission free, high
gradient cavities. The treatment includes the following
BCP steps: 1) bulk etch (~150pm removal), 2) differential
etching in QWRs for final cavity tuning if required, 3)
light etch (~30 pm removal). Thermal treatment in high
vacuum at 600 °C is applied before step 3) for Hydrogen
removal to prevent Q disease. High pressure water rinsing
(HPR) is applied before cavity final installation. To assure
surface cleanliness, dust particle count is performed on
resonator surfaces during cavity assembly in the clean
room and the water purity is continuously monitored
during HPR. During BCP both the cavity and acid
temperatures are stabilized to control the removal rate and
to avoid excess of hydrogen absorption in Nb. The acid
flow path in the B;=0.53 HWR was studied by means of
simulations and experiments to obtain homogeneous
removal over the entire inner resonator surface. Final
thermal treatment at 120°C was also implemented,
showing significant reduction of the Q-slope at 4.2 K, but
negligible improvement at 2 K.

Test Results in Prototypes. The 2™ generation
prototypes of B;=0.085 QWR and 0.53 HWR have been
tested in vertical dewars at 2 K exceeding FRIB design
specifications (Figures 5 and 6) [14].

1 0‘:

¥ ReA6 GOAL 4K [—%
—8— Before, 4K
—e— After, 4K
—6&— Before, 2K
—a— After, 2K
10°H Y FRIB GOAL 2K
0 2 4 6 8 10
E  (MV/m)

acc

Figure 5: ReA3, By=0.085 QWR prototype Qg vs. Eacc
at 2 K and 4.2 K, before and after 120°C baking.

10"

# FRIB GOAL 2K
—&—#1 MSU built, MSU processed, MSU tested
—— #2, Vendor 1 built, MSU processed, MSU tested
—e—#3, Vendor 2 built, MSU processed, MSU lcmcd!
—+—#4, Vendor 1 built, MSU processed, MSU tested |
10" == {{4, Vendor | built, JLab processed, JLab tested '

I(l'”

10”

0 2 4 6 8 10 12
E . (MV/m)

Figure 6: Performance of the B;=0.53 HWR prototypes
Qo vs. Egcc processed and tested at MSU and JLAB.
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The residual resistance measured in the prototype
families was below 5 nQ up to about 100 mT in QWRs,
and about 80 mT in HWRs. Considering that the FRIB
specified limits are 11 nQ and 70 mT, a large safety
margin exists for future upgrades (Figure 7).

25
| == HWR #1, 0772010, MSL
|| ——HWR #2, 032011, MSL
|| —8—HWR #3, 03/2011, MSL
20| —— HWR #4, 09/2011, MSL
|| —e—HWR #4, 02/2012, JLAB
o A‘.“ 'R"RJ.,. 11 n2

15l [=0.085 QWR #1, 11/2011, MSU
|| == p=0.085 QWR #2, 02/2012, MSL
|| == [=0.041 QWR #1, 09/2007, MSU

R _(nfd)
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H’N* (mT)

Figure 7: Residual surface resistance at 2 K of
30=0.041 and 0.085 QWR and B¢=0.53 HWR prototypes.

Design Upgrade. The 3™-generation cavity design
optimization resulted in significant improvement of peak
fields Ep/Eacc, Bp/Eacc and shunt impedance R, with
consequent reduction of the overall linac cost and
operational risk. E; and B, in operation could be moved
below the safe values of 35 MV/m and 70 mT in all
cavities. The design gradients of the f;=0.085 QWR and
Bo=0.29 HWR are raised by 10% without increasing the
total cryogenic load, allowing a reduction of two
cryomodules. The apertures of all QWRs were enlarged
from 30 to 34 mm, and their bottom rings were modified
for efficient tuning-plate cooling using a low-cost design
[14]. The HWR designs were optimized to facilitate the
mechanical construction and tuning procedure. In all
cavities, the helium vessel is made of titanium to avoid
brazed Nb-to-stainless-steel interface.

S

| oy
!

TDCM containing two ‘50:0.53 protétype

Figure 8:
HWR and a solenoid during installation in the test bunker.

By=0.53 Prototype Cryomodule (TDCM). The
Technology  Demonstration Cryomodule (TDCM)
consists of two $;=0.53 HWRs operatingat2 Kanda 9 T
solenoid operating at 4.5 K arranged in a “top-down”
configuration (Figure 8). The cryomodule was tested at
the design cryogenic temperatures demonstrating
excellent cryogenic and LLRF control stabilities.
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Multipacting was found to impede the performance of the
cavities and the coupler. Future tests are planned starting
August 2012 on magnetic field and shielding studies,
mechanical-type and pneumatic-type tuner evaluations,
multipacting mitigation, and integrated tests with both
Bo=0.29 and B=0.53 HWRs.

ACCELERATOR DESIGN

The FRIB facility is designed adjacent to the ReA
facility [2] to benefit fully from the existing experimental
infrastructure at the National Superconducting Cyclotron
Laboratory (NSCL) (Figure 9). The driver linac is folded
twice to minimize the footprint impact on campus, and
the tunnel layout allows “open cutting” to save on civil
construction costs. Design of the penetrations between the
tunnel and the service buildings is compatible with the
planned energy upgrade. Space is reserved to house
kickers, septums, and target of a future ISOL facility and
“stubs” are built to the tunnel walls to allow connection to
a future light-ion injector for the planned upgrades.

Fast Beam Area Gas Stopping  Stopped Beam Area Reaccelerated Beam Area
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Fragment A%

Sam Reaccalerator
Separalor \‘
' R 200 oot
= l_,_,_;_,_r_f
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Production | R oy
\ ]

Target
Systems Beam Defivery System
slinac:Segment:3: =
e
: sy -t Y |
Linac Segment 1 Front End s 2|
T S e T e e g
— ——— - —knac-Segmentd— - — - ——— — =

Folding Segment 1

Figure 9: Layout of the FRIB facility (colored) at MSU.

Front End

The FRIB Front End includes two ECR sources
(ECRIS), two charge selection systems, a LEBT, a RFQ,
and a MEBT (Figure 10). To enhance availability and
maintainability, placed at the ground level in the support
building about 10 m above the tunnel level are two ECR
sources: a SC high-power source based on the SC ECRIS
VENUS developed at LBNL [16] and, initially, a room-
temperature ECRIS ARTEMIS available at NSCL.

ARTEMIS

Figure 10: FRIB Front End with its major subsystems.
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Figure 11: Layout of the FRIB driver accelerator at the tunnel level.

The beams extracted from the sources are filtered in the
charge selection systems. The LEBT design is achromatic
allowing transporting two charge states simultaneously to
double the accelerated beam intensity. To facilitate
transport of the two-charge state beams the LEBT uses
electrostatic quadrupoles and two 90° dipole deflectors in
the vertical transport line. To reduce losses in the
superconducting linac, the beam is collimated by several
apertures in the LEBT. Then, the CW beam is bunched by
a multi-harmonic buncher operating at 40.25, 80.5, and
120.75 MHz before injection into the RFQ. A second RF
cavity operating at 40.25 MHz upstream of the RFQ is
required for two-charge-state beam injection acting as a
velocity equalizer and reducing the longitudinal beam
emittance. A chopper is used to vary the duty cycle
controlling the pulse length from several hundreds of ns
to CW and the pulse frequency from 0 to 30 kHz. Several
mesh screens allow reduction of the beam intensity by
several orders of magnitude while keeping the nominal
bunch frequency. The two 90° electrostatic deflectors in
the wvertical transport line are incorporated into the
machine protection system. The voltage on the deflector
plates with shut-off time below 1 ps are controlled by fast
switches that receive the inhibit signal from the MPS.

The RFQ accelerates the beam from 12 to 500 keV/u.
Downstream of the RFQ, the MEBT consists of two
room-temperature QWR bunchers, four SC solenoids, an
energy analyzing dipole, and diagnostics. It matches the
beam to the SC linac and removes un-accelerated beam
that is not longitudinally captured in the RFQ.

Linac Segments

Three sequential linac segments (LS1, LS2, and LS3),
each over 100-m long, accelerate the beam from 500
keV/u to above 200 MeV/u (Figure 11). There are 44
acceleration cryomodules and 5 rebuncher cryomodules
in the linac containing a total of 330 QWR and HWR
cavities. 9-T SC solenoids provide beam transverse
focusing in all the acceleration cryomodules. In order not
to quench adjacent SC cavities, buckling coils are
equipped with each solenoid to limit the stray fields.
Meanwhile, residual magnetic fields are limited to no
more than 15 mG to ensure SRF performance of the
cavities. Along with cryomodule magnetic shielding, an
automatic degaussing process is designed for the SC
solenoid.

Radioactive Ion Beams and Facilities

Several potential “hot spots™ are likely to compromise
SRF performance: ion source, charge stripper, charge
selector, and fragment target. Fast acting valves of ms
response time are designed at both ends of each linac
segment to protect cryomodules against vacuum failures.

Since energy gains in the cavity are different for beams
of different charge states, a multi-reference-particle model
is established to handle various charge states of respective
beam trajectory, beam energy, synchronous phase, focal
length and phase advance. Transverse coupling in a lattice
containing solenoids presents another challenge to beam
matching even though the beam is nominally round.
Particle tracking simulation with 3D fields indicates that
even if a round beam is injected into the linac, it will
become tilted in the linac presumably due to the
quadrupole components of the QWR cavities. Transverse
matching of a coupled beam requires fitting of 10
variables comparing with 6 of a decoupled beam.

Folding Segments and Beam Delivery System

Two folding segments split the linac in three segments.
The stripper is located just upstream of the first 180°
bend. Four 45° room-temperature dipoles and several
combined function (quadrupole/sextupole) magnets
control the chromatic effects. Five charge states of 2**U
are transported with different rigidities (AQ/Q ~ 3%).
SRF rebunchers are located before and after the bend to
match the longitudinal phase space to the acceptance of
the second linac segment. This first bend effectively
facilitates charge selection and beam halo scraping.

The second bend was introduced to reduce the tunnel
footprint, as shown in Figure 11. Four superconducting
dipoles of 2 T maximum field adopt similar design to the
dipoles used at NSCL in the A1900 fragment separator.
Afterwards, the beam is further accelerated in the third
segment and then bent 70° toward the production target
where the objective is to achieve 90% of the beam in a 1
mm diameter beam spot with all five charge states
superimposed. The final component of the transport line
is the final focus triplet where special care is taken to
reduce the chromatic aberrations.

Reaccelerator

The re-accelerator facility (ReA) is a heavy ion linac
consisting of an Electron Beam Ion Trap (EBIT) charge
breeder, an off-line stable ion beam injector, a multi-

13



MOB01

harmonic buncher, an RFQ, and 8 cryomodules (one
3,=0.041 cryomodule, four ,=0.085 cryomodules, and
three bunchers) with a total of 41 SC cavities. ReA
reaccelerates the rare isotope ion beam after it was mass-
separated in the fragment separator and decelerated to
thermal energies. The 1+ rare isotope beam is injected
into an EBIT charge breeder, stripped to a Q/A between
0.2 and 0.5 and accelerated in the linac. ReA is designed
to provide beams with energies from 0.3 to 12 MeV/u for
heavier ions and from 0.3 up to 20 MeV/u for light ions.

The first stage of ReA (ReA3) is partly under beam
commissioning. The first two [3,=0.041 cryomodules were
installed in 2010 and commissioned in 2011. The third
cryomodule (,=0.085) is planned to be installed by the
end of 2012 completing the ReA3 project. In 2014 an
additional 3,=0.085 cryomodule will be added which will
enable acceleration of all ions above the Coulomb
barriers. A limited user program utilizing rare isotopes
produced by the Coupled Cyclotron Facility (CCF) is
scheduled to start in 2013.

During the commissioning of the cryomodules, the
stabilities of SRF cavities and LLRF control were suc-
cessfully demonstrated to FRIB requirements [2]. Figure
12 shows the first beam energy spectrum observed in
ReA3 during commissioning with a He” beam. Each peak
corresponds to a beam energy shift after the RFQ when
each cavity is sequentially turned on and phased for
acceleration at nominal ReA3 gradients (V,=0.432MV).
In addition, the first 1+ to n+ acceleration using the EBIT
charge breeder was recently demostrated. For this test, a
single charged *K beam was injected into the EBIT
source from the off-line test source, charge bred to 16+
and accelerated through the linac.

500 T T T T T T
H00 caVSCav4 ]
— RFQ  cav1°®? cav s
= Energy Cav 6
S 300 i
g
Rk
& 200 -
=
=
[=}
[ ]
100 i
(0] JL‘ 1 --“ |u Ldlhu U L A
0 1 2 3 4 5 6 7
Energy [MeV]
Figure 12: Energy spectra measured with a silicon

detector. By turning on one cavity at a time the nominal
final energy of 5.486 MeV (1.38MeV/u) was reached.

SUBSYSTEM DESIGN & ACQUISITION

Design & Acquisition Strategy

After the project baseline, the FRIB project entered into
its final design phase when detail engineering designs are
performed at MSU. While critical processing and
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assembly are planned to be performed in house,
fabrication of a large quantity of repetitive components
are planned through mass production and out-sourcing by
industrial providers. Based on quoting and purchasing
experiences, a cost reduction of 2 to 3 times is expected
between prototypes and mass-produced items.

The FRIB project plans to place approximately 450
procurements valued at more than $50k each. The sum of
all technical equipment procurements amounts to $217M
excluding conventional facility construction. We have
implemented a procurement strategy that strives to reduce
vendor risks for the best value to the FRIB project:

e We work directly with the vendors understanding
their individual risk concerns and proposing
mitigations:

0 Perform certain tasks in-house if the vendor
lacks capability;

O Adjust engineering designs to allow vendor to
implement familiar fabrication approaches;

O Identify key-personnel bottlenecks at the vendor,
and provide technical support where necessary;

0 Work closely with the vendor in mass-production
planning and subsequent quality monitoring;

0 Accept components on mechanical
(dimensional) properties instead of functional
(e.g. electromagnetic, RF) performance;

0 FRIB to purchase high-cost materials that expose
to market fluctuations (e.g., Nb).

e We evaluate how the project fits into the supplier’s
total capabilities and long-term business plans to
gauge supplier management’s commitment to solve
production challenges and risks.

e We develop long-term supplier relationships for mass
production. Phasing of procurements from
prototypes to production sensitizes vendors to be
able to successfully produce the unique components.

So far we have implemented this strategy to negotiated
favorable prices for all the SRF material purchases and
the production of 174 $=0.53 HRWs [17].

Cryogenics

The cryogenics system is designed to support the
operation of both SC cavities at a sub-atmospheric
pressure (2 K) and SC magnets at a pressure slightly over
atmospheric. The system must also provide a 4.5 K
liquefaction load to support the magnet’s power leads and
a non-isothermal refrigeration-shield load between 38 and
55 K. Table 3 summarizes the interface heat load
requirements for each load temperature.

The distribution system consists of three separate linac-
segment lines and a separator-area distribution line. It
uses cryogenic disconnects consisting of vacuum
insulated “U-tubes” and bayonets integrated with non-
cryogenic isolation valves that are similar to JLab and
SNS designs. Each segment, as well as individual
cryomodules, may be cooled down and warmed up
independently.

The options to support various cryomodule loads are
described and evaluated in [18]. The number and location
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of valves and interface locations between distribution
system and cryomodules are considered to accomplish
cool down, warm up, and isolation, as well as for efficient
and steady operations.

Since the dominant refrigeration load is at 2 K, the
refrigeration process is based on the process options study
presented in [19] and incorporates the cumulative
experience from both JLab and SNS cryogenic systems.
Since the load estimates are approximate, margins are
included in these load estimates for the refrigerator. The
recent experience gained from the JLab 12 GeV cryogenic
system design is utilized for both the refrigerator cold box
and the compression system designs. The Floating
Pressure Process — Ganni Cycle [20] is to be implemented
to provide efficient adaptation to the actual loads.

Table 3: Interface Load Requirements. In addition, the
total magnet lead flow is 3.2 g/s, representing 3% of the
total load exergy.

Source Heat load [W]

2K 45K 38-55K
Cryomodule 2490 1470 7690
Magnets 0 670 1000
Cryodistribution 0 950 5000
Beam loss 0 25 0
Total load 2490 3115 13690
Load exergy fraction 54%  30% 13%

Cryomodule

After the conceptual design, the FRIB cryomodule
design has evolved significantly from the “top-down”
ReA3 style to a “bottom-up” design. Key features
including rail system, support system, heat and magnetic
shields are simplified along with improvements in
assembly and alignment. Figure 13 shows the current
design incorporating a torque-resistant structural frame
made of stainless steel. We incorporate machined
fiberglass compression posts supporting the coldmass in
the cryomodule vacuum vessel. Three posts on linear
roller bearings oriented towards the center of thermal
contraction serve as 6-degree-of-freedom kinematic
supports. This design controls the alignment of the
coldmass while allowing thermal contraction. Cavity and
solenoid attachment points to the rails are all machined
after welding to ensure assembly consistency [21].

The FRIB cryomodules contain separate cryogenic
circuits at 4 K for the solenoids and at 2 K for the cavities
with the 2 K heat exchanger residing inside. We are
currently evaluating cavity operation at 2.1 K. The slight
reduction in cavity Q would be offset by substantial
savings in cryoplant costs. However, care must be taken
for quiescent cavity operation close to the helium A-point.

The project schedule calls for a production rate of 2
cryomodules per month. Cavity processing, vertical tests
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and coldmass assembly are planned to be performed in-
house. The cryomodule thermal shield, magnetic shield,
cryogenic plumbing, and vacuum vessel will be procured
from industry as complete “plug-in” units ready for
assembly in the cryomodules.

Cryogenic System

Cold Mass
Sub-Assembly

Figure 13: FRIB “bottom-up” cryomodule designs. The
top cryomodule incorporates 8 [=0.085 QWRs, 3
solenoids, and 3 cold beam position monitors; the bottom
cryomodule incorporates 8 f=0.53 HWRs and a solenoid.

RF

The RF System monitors and controls the amplitude
and phase of the voltage in the cavities. The RF System
consists of the reference clock generation and distribution
line, LLRF controllers, RF amplifiers, RF transmission
lines including couplers and pickup cables, cavity spark
detectors, and cavity tuner controls (Figure 14).
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Figure 14: RF system interface block diagram.

The RF Reference clock is generated by a 10.0625
MHz oven-controlled crystal oscillator and distributed
along the linac via phase-stabilized RF cable with
temperature variation below =£5ppm/°C. The reference
line has directional couplers near each cryomodule. The
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reference signal cable from the directional coupler to the
LLRF module in the service building is routed as close as
possible to the forward, reflected, and cavity feedback
signals to minimize the effects of temperature drift.

The LLRF controller directly samples the cavity
feedback signals and the reference signal. The sample
clock is locked to and derived from the reference clock.
The sample clock frequency is chosen to minimize the
aliasing effects of harmonics that may be present in the
incoming signals. The raw samples are filtered and
converted to phase and amplitude in the field-
programmable gate array (FPGA) and control logic
directly produces the output frequencies using a high-
speed digital-to-analog converter (DAC). The tuner
control signals are also generated in the FPGA using
information from the RF feedback signals.

A new control method - active disturbance rejection
control (ADRC), is applied to solve the problem of
microphonics detuning in the SC cavities. ADRC
provides 200% improvement over the proportional-
integral-derivative (PID) method in simulations and 400%
improvement in hardware tests. A digital self-excited
loop mode was also implemented in the LLRF controllers.

With the exception of the RFQ amplifier (200 kW
tetrode), the FRIB RF amplifiers use solid-state
technology. Multiple amplifiers can be combined to
generate the required power (up to 8 kW for =0.53
HWRs). The isolation provided by the circulators allows
the use of N-way power combiners which saves space and
cost. The high-power RF cables, connectors, circulators,
power combiners and transmission lines for the SRF
amplifiers are rated to handle the standing waves
produced by the reflected power due to over-coupling.

lon Source

The ARTEMIS ECR source built at MSU based on the
AECR-U design at LBNL operates at 14.5 GHz with
room-temperature coils.

The VENUS-style ECR source will be a SC high-
performance ECR source operating at 28 GHz. In 2007,
VENUS demonstrated the FRIB current [16] for a 2*U
beam when combining the two charges states of 33+ and
34+. Recent beam measurements demonstrated that better
performances from VENUS can be obtained by coupling
additional microwave power (up to 8 kW) to the ion
source. A new intensity record of 450 epA of 2*U™" was
obtained with VENUS at LBNL. The measured emittance
for this charge state showed that 95% of the beam was
within the FRIB acceptance. FRIB modifications to the
original design of the VENUS cryostat include the
cooling capacity at 4.2K been extended from 6 W to 12 W
to include the dynamic heat load generated by the plasma
Bremsstrahlung electrons.

Both sources are installed on a high-voltage platform to
provide an initial beam acceleration of 12 keV/u at FRIB.

RFQ

The FRIB RFQ accelerates the multi-charge state beam
from 12 to 500 keV/u over a 5-m distance with estimated
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transmission efficiency above 80%. It operates at §0.5
MHz and requires about 100 kW of CW RF power. A 4-
vane resonator is utilized with a liner ramped accelerating
voltage profile (Figure 15).

; / RF Driveloop

Segment
Endflange
Stiffners

Slug Tuner

Vane Tip Cooling
Channels

Body Cooling
Channels

Vane Undercut

Figure 15: RFQ assembly view of segment 1 with
endplate removed.

Mechanical construction of the RFQ will be performed
as an integral brazed structure with dual-circuit cooling
water resonance control. Overall mechanical fabrication
is performed in 5 longitudinal sections to minimize
machining and handling weight. The quadrupole and
dipole mode frequencies are fine-tuned during
construction using fixed mechanical slug tuners in all 4
quadrants distributed along the length of the machine.
Dipole mode suppression rods attached to the structure
endplates are utilized to separate and move dipole mode
frequencies away from the accelerating mode frequency,
thus stabilizing the desired quadrupole accelerating mode
at 80.5 MHz. The field ramp in the accelerating mode is
accomplished through proper sizing of the magnetic
return vane undercuts at the ends of the structure and
power is fed using a magnetic-field loop-coupler drive.

Thermal management of CW RFQ’s is challenging but
given the modest drive power of below 100 kW, no
significant cooling issues exist. All components are made
of high-conductivity copper and actively water cooled:
resonator vanes, endplates, slug tuners, vacuum pumping
port grills and the 15.6-cm diameter coaxial drive coupler
power feed. Additional care is taken in the vane-undercut
regions where the local RF heating is increased due to
magnetic-field compression in these zones.

Magnet and Power Supply

Most of the magnets in the driver linac are resistive due
to the relatively low beam rigidity. Superconducting
dipoles are used when fields of 2 T are required (folding
segment 2). The fragment separator uses SC technology
to allow the high pole-tip fields and large apertures
required to maximize the acceptance. Re-configuration of
the existing A1900 fragment separator allows connection
to the existing NSCL experimental equipment.

Power supplies are largely in three categories, room-
temperature magnet power supplies, SC magnet power

Radioactive Ion Beams and Facilities
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supplies, and high-voltage power supplies. Programmable
power supplies provide regulated DC current to the
magnets, or regulated high voltage to electrostatic
elements and ion source components.

Diagnostics

The driver linac is planned to be commissioned with
single-shot or low repetition rate, 50 pA and 50 pus beam
pulses. This sets the fundamental operating specification
for most diagnostics systems. In full operation, the
diagnostics must accommodate low-to-moderate energy,
low instantaneous current, CW, high-power beams of
differing ion species with high charge states.

Use of intercepting diagnostic devices is acceptable
only under tightly controlled, low-beam-power conditions
and only at locations not adjacent to SC cavities. Also,
FRIB low-energy, heavy-ion beams do not avail
themselves to many optical diagnostics techniques used
for highly-relativistic beams. Beam position and beam
current monitoring system design is challenged by the
continuous, low-current (500 pA maximum) nature of the
FRIB beam. The present specification for the operational
“CW” beam includes a 50 ps beam gap at 100 Hz
primarily for diagnostics purposes.

The FRIB beams present particular challenges for beam
loss monitoring, which is traditionally expected to
provide important signals for machine protection and for
beam tuning and optimization. Full loss of the CW heavy
ion beam, even at relatively low energies, can cause
component damage in tens of microseconds. At low
energies, e.g. all of LS1, the radiation signature outside
the beam line elements can be vanishingly small.
Distributed, chronic, fractionally small losses of the CW
beam can adversely load the cryogenic system. Radiation
cross-talk between adjacent segments of the folded FRIB
linac configuration is large [4]. Finally, there is expected
to be a competing radiation field due to X-rays from SRF
cavities, which is yet to be quantified.

Standardized accelerator vacuum chambers

Figure 16:
with diagnostics ports. Also shown are fixed (left) and
variable (right) diameter halo scrapers for interceptive
beam-loss monitoring.

Aperture-limiting “halo rings”, instrumented to sense
the deposited charge, are being considered for monitoring
chronic, small beam losses [4]. The halo rings would be
located in the warm, inter-cryomodule regions.
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Conceptual designs for fixed- and adjustable-aperture
halo rings are shown in Figure 16.

Vacuum and Alignment

Beam-boxes as shown in Figure 16 of two standardized
lengths and identical diagnostics ports will be installed
across the entire driver accelerator. Over 100 ion pumps
are used to generate vacuum ranging from 10° Torr
(charge-stripping section) to 5x10° Torr (warm region
between cryomodules). Vacuum requirements are
primarily determined by the need to minimize stripping of
the highly-charged heavy ions. Effects of electron cloud
are expected to be negligible. The Molflow+ codes [22]
are used to guide the pump sizing and placements.

Planning for the alignment of the facility is underway.
In the near-term we focus on designing the alignment
network including characterization of the existing
network in the NSCL facility matching the FRIB global-
coordinate system. The alignment network encompasses
the front end beam lines at ground level, a 10-m vertical
drop to the over 3,066 m” linac tunnel, heavily shielded
target system chambers, and a vertical rise back to and
including the entire existing NSCL facility.

Weight and structural analysis and differential-
settlement monitoring is included as part of conventional-
facility design.

Controls

As the interface for operators and physicists to
commission and operate the FRIB accelerator, the control
system provides supervisory and model-driven control
(Table 4).

Table 4: FRIB distributed control system.

Physical Distribution ~200 m * 200 m

10Cs ~150 Computers/EPICS
Input/Output Controllers (I0C)

PLCs ~100 Programmable Logic
Controllers (PLC)

Network ~ 3000 GbE ports

Global Timing >500 timing drop points

Machine Protection ~2000 MPS fast protection inputs

~760 racks and more than 100
with controls devices

Conventional Facility

The low-level control system consists of
programmable-logic-controllers  (PLC), input-output-
controllers (IOC) and signal-conditioning modules to
provide process control and remote operation to the field
devices including vacuum devices, power supplies, RF
controllers and cryogenic sensors/controllers.

The global system provides site-wide timing (event and
data), network connectivity and integration of machine
protection to allow all subsystems to work together with
synchronized real-time information, Ethernet-based
communication and consistent fault handling. The
machine mode, beam mode and particle type are first set
in global system and then distributed throughout the
facility to ensure that every related subsystem has
consistent information.
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The high-level applications provide both web- and
console-based operation toolkits, relational-database
services and model-based physics applications to support
installation, commissioning and operations. The service-
oriented architecture is selected, the key technologies
such as Eclipse/CSS, J2EE, XAL and MySQL are decided
and a set of tools are developed.

Utilities

A robust infrastructure is designed to support FRIB
accelerator operations including facility power, cooling
water, air, cable trays and conduits, facility layout and
grounding.

The FRIB facility will be served by two 25 MW, 13.8
kV primary feeders from the MSU T.B. Simon Power
Plant using an automatic transfer arrangement to transfer
load in the event of a circuit failure. The feeders are
installed in an underground duct bank providing
protection from foreseeable hazardous weather. An
additional 4 MW, 13.8 kV primary feeder is also routed to
the site to serve as investment protection in the unlikely
scenario that both primary feeders are lost. This 4-MW
feeder requires manual operation to energize and serve
loads associated with cryogenics operations. These three
circuits serve a line-up of medium-voltage 15 kV switches
in a loop configuration with multiple tie-switches offering
flexibility in transporting power to various substations
throughout the facility. Critical loads that cannot tolerate
a power failure such as control equipment for cryogenics,
communications,  oxygen-deficiency-hazard  (ODH)
monitoring, personnel and safety protection systems are
served by three 200 kW (N+1) uninterruptible power
supplies (UPS). The UPS’s will maintain power to the
critical loads while two 800-kW diesel generators
operating in parallel come on-line to provide power to the
critical, emergency, legally required standby, and optional
standby loads and the fire pump. A facility grounding
plan was developed that minimizes conducted and
radiated electromagnetic interferences. Ground mesh and
mechanical bonding are strategically located to optimize
effectiveness [23].

FRIB driver accelerator’s electrical components will be
housed in 768 racks in the service building. The racks are
organized in 120 groups that follow the contour of the
accelerator.  Conduit banks are located near each rack
group to keep cable lengths as short as possible. There
are 1200 conduits in these banks that carry electrical
signals from RF, power supplies, diagnostics, and controls
in the accelerator tunnel. The conduits are 6-m long, and
nominal cable lengths are about 30-m long. Thermal
modelling is being performed for cable heating in the
conduits. The conduits are organized for each rack
grouping by RF, DC power supply leads, high voltage,
controls, personnel-protection system (PPS), and AC
power distribution for cryogenic heaters.

Three primary water cooling loops are specified for the
accelerator systems’ technical equipment. An activated
low-conductivity-water (LCW) system supplies the
equipment in the accelerator tunnel while a non-activated
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LCW system supplies the Front End systems. These are
nominally 3-MQ systems at 32°C supply temperature
incorporating oxygen reducing system and ultra-violet
(UV) control of biological growth. Service building rack
cooling is accomplished using filtered, treated water since
LCW is not required.

Instrument-grade compressed air is routed throughout
the facility for the operation of control valves and
solenoids, as well as for blowing out water lines and
magnets during maintenance.

Heating, ventilation, and air-condition (HVAC) system
loads and type are specified for all areas of the facility.
Fan-coil units which are supplied by hot and cold water
systems are located throughout the accelerator tunnel.
These units provide the primary air temperature
management during operation. A negative (5 mbar sub-
atmospheric) tunnel pressure during operation is provided
via a 142 m’/min exhaust system venting through an
exhaust gas management system with make-up air being
pre-conditioned through a conventional HVAC unit.
Service building rack area cooling is via a raised floor
“server room” style cooling system. Air will be supplied
at 13°C through the floor and ducted to racks as needed.

Ground vibration may induce movement in the SC
cavities, disrupting the beam and demanding increased
RF power. The warm-gas compressors of the helium
refrigeration system are a major concern, especially since
the system is planned to be housed adjacent to the service
building above the tunnel to save conventional-
construction costs. Studies concluded that the compressor
vibration can be adequately mitigated by mechanically
isolating compressors using commercially-available
foundation pads [24]. The effects from other equipment
like cooling-water pumps and chillers also are assessed

and comparable vibration-reduction measures
implemented.
FUTURE PERSPECTIVES

The FRIB accelerator design is advanced towards
beginning construction in 2014. Early procurements
before 2014 is strategically planned to establish the front
end test stand to demonstrate critical components of the
ECR ion source and the fully powered RFQ, to contract
on long lead-time cryogenic refrigeration subcomponents,
to acquire cryogenic distribution equipment that needs to
be installed before accelerator tunnel completion, and to
acquire SRF components to be assembled in the pre-
production cryomodules. Upon fabrication, installation,
and integrated tests, early beam commissioning is
expected to be staged from 2017 to 2019. The facility is
scheduled to meet key performance parameters
supporting routine user operations before 2021. Full
design capability is expected to be reached within 4 years
after the beginning of routine operations. Science driven
upgrade options may be pursued at any stage of the
project.

Radioactive Ion Beams and Facilities
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DESIGN STUDY OF IN-FLIGHT FRAGMENT SEPARATOR FOR RARE
ISOTOPE SCIENCE PROJECT IN KOREA

J. Kim, D. Kim, M. Kim, J. Song, C. Yun, S. Kim, Institute for Basic Science, Daejeon, Korea
W. Wan, Lawrence Berkeley Laboratory, Berkeley, USA

Abstract

A heavy-ion accelerator complex has been designed for
rare isotope beam production utilizing both in-flight
fragmentation and ISOL methods in Korea. The project
had been planned with conceptual design efforts, and was
officially launched in January this year. The driver
accelerator is a superconducting linac with a beam power
of 400 kW. The wuranium beam for projectile
fragmentation is to be accelerated to 200 MeV/u. The in-
flight fragment separator can be divided into pre and main
separators. The target system and beam dump to handle
the full beam power are located in the front part of the
pre-separator. Radiation transport and shielding have been
studied using PHITS and MCNPX. Beam optics design
performed in the previous conceptual study is being
further optimized. The separator will be composed of
superconducting quadrupole magnets and conventional
dipole magnets. Prototyping of the superconducting
magnets is planned.

INTRODUCTION

The rare isotope science project (RISP) was initiated in
Korea this year to establish a radioisotope beam facility.
The facility will use both in-flight fragmentation (IF) and
ISOL methods to produce rare isotope beams. A
superconducting linear accelerator with the maximum
beam power of 400 kW will drive the IF system, and an
H™ cyclotron of 70 kW will be used for ISOL. The
uranium beam of 200 MeV/u is a main beam for IF.

A schematic configuration of the facility is shown in
Fig. 1 [1]. The separator is divided into pre and main
stages. The shape of pre-separator is close to S as the two
dipole magnets bend the beam in the opposite direction
while the shape of main separator is C using four dipole
magnets. Beam optics of different configurations of pre-
separator has been studied in the aspect of removing
unwanted beams. The basic beam optics design of main
separator is currently thought to be kept the same as the
one previously designed [1], and we are trying to refine
the pre-separator design.

The pre-separator includes a target and beam dump
system to separate the isotope beam of interest so that the
primary and unwanted isotope beams are dumped into
water-cooled shielding structure in a localized area, where
remote handling devices are employed. The pre-separator
should be well isolated from downstream components.
The radiation shielding, damage and heat deposit have
been calculated using PHITS [2] and MCNPX [3]. The
entire separator is located at the same vertical level in the
current design.

20

The separator consists of large-aperture superconducting
quadrupole magnets for large angular and momentum
acceptance, which operate at 4 K, and conventional dipole
magnets with the maximum magnetic rigidity of 8 T-m. In
the front end of pre-separator, superconducting magnets
utilizing high-Tc superconductor are considered to avoid
large cryogenic loads at 4 K. We will prototype both low-
temperature and high-Tc superconducting magnets, and
will be tested in a cryostat with cryo-coolers installed.

Future expansion

beamfdump
= Isotope

harvest Main separator

ISOL
™ area

Cut view

Pre-separator
ey
= i
Nuclear
(arget £ physics =
e )
A ed L

ISOL
Figure 1. Conceptual layout of the in-flight fragment
separator facility.

BEAM OPTICS DESIGN OF PRE-
SEPARATOR

An array of magnetic elements of the pre-separator,
which employs four dipoles in C-shape, is shown in Fig. 2
together with beam trajectories in the transverse planes.
The calculations were performed using COSY Infinity [4].
The locations of beam dump, radiation shielding wall and
a wedge are indicated. Momentum dispersion at the beam
dump is enlarged compared to the S-shape pre-separator
case using two dipole magnets. However, beam is
vertically not focused at the wedge, which can cause
additional momentum spread.

A result of beam optics calculation using TURTLE [5]
is shown in Fig. 3 for the case of four dipole magnets in

C-shape. Beam emittance is 4 memm-mrad assuming a

Gaussian beam distribution, and momentum dispersion of
the beam is +5%. The beam distributions at the locations
of beam dump and wedge show the beam spreads by
momentum dispersion.

Radioactive Ion Beams and Facilities
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To accomplish an enhanced separation of primary and
unwanted beams, we have considered the feasibility of
using more magnetic elements as shown in Fig. 4. A
better separation of primary beam can be achieved at the
cost of larger number of magnetic elements, which is
applicable to both C and S shapes.

I
Figure 4: S-shape pre-separator with four dipole magnets
and a larger number of quadrupole magnets.
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RADIATION SHIELDING AND
TRANSPORT CALCULATION

The pre-separator is designed to remove unwanted
beams including the primary beam. The shielding for the
beam dump area is a critical consideration in the design.
The radiation shielding and transport have been calculated
using MCNPX and PHITS. Heat deposits in the elements
of the front end of pre-separator have been calculated
using the geometry as shown in Fig. 5 [6].

T T T T T T T T T T
400 B
E 200 - -
KA
x 4
0 — —
| Target Quadrupoles
-200 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000
z [em]

Figure 5: Geometry of the front end of the pre-separator
used for calculations on radiation heat deposit.

The maximal heat influx is calculated to be about 0.3
Wicm® for a U beam at 400 kW in the front-end
quadrupole magnet. This high heat deposit makes the use
of low-temperature superconductor difficult. Feasibility of
using high-Tc superconducting magnet has been explored
for the FRIB project [7].
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1E+4L _

- E N 3
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< 100 . ]
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X 1_ L I 1 L L 1 1 1 L ]
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Total thickness of shielding wall (cm)

Figure 6: Estimation of shielding wall thickness in the
beam direction at the beam dump assuming a proton beam
of 1 GeV irradiates a water target. Also shown is the
geometry for the MCNPX calculation.

A result of radiation shielding in the beam dump area
calculated using MCNPX is shown in Fig. 6. The dose
rate in the beam direction becomes below 1 mSv/h when
the total shielding wall is roughly thicker than 4 m. The
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thickness of concrete is assumed to the same as that of
iron wall in the beam direction as shown in Fig.6. A
proton beam of 1 GeV at 400 kW is used as neutron
generation in the forward direction is highest when
compared to the bombardment of other kinds of primary
beams.

A thin target is used to induce fragmentation of the
projectile beam. Thickness of the target has been first
optimized using LISE++ [8]. Heat generation by neutron
and gamma radiations, and radiation dose deposit were
calculated using PHITS. Radioactivity on the target was
then calculated using DCHAIN-SP [9].

The heat deposit up to 30 % of the primary beam power
on fragmentation target makes a usual single-slice target
unsustainable. Use of multi-slice target has been proposed
and will be tested.

SC-MAGNET PROTOTYPING

We plan to prototype both the superferric and high-Tc
superconductor magnets, which are the major components
of the separator. For the superferric quadrupole magnet,
multipole coils will be wound on the bore tube. The beam
optics tells that efficient correction of multiple field
components can be performed by placing them at the
locations of quadrupole magnets. The test cryostat will
house two or three quadupole magnets to test interference
among adjacent quadrupole magnets and with multipole
coils. Also, measurement results will be compared with
3D calculations. The heat leak to 4 K in the cryostat is
estimated to be roughly 3 W.

RF DEFLECTOR

In-flight fragmentation method has advantage in
producing neutron-rich rare isotopes as the wedge at the
location of dispersive focusing is effective in separating
them. The IF separator also produces proton-rich radio-
isotopes, but the long-tails of neighbouring unwanted
beams make the separation of isotope beam of interest
difficult by magnetic dispersion and energy loss
mechanism.
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Contamination can be severe for highly proton rich
isotope beams. A method to increase the beam purity is to
utilize velocity difference in the isotope beams after the
IF separator. The beam contaminant can be largely
deflected away by the rf reflector located downstream of
the separator, which requires well defined longitudinal
emittance of the primary beam at the target.

CONCLUSION

The design of a fragment separator is underway for the
rare isotope science project in Korea. Feasible design
schemes have been studied in beam optics to optimize the
configuration of the separator especially for the pre-
separator. The other main design considerations include
radiation  transport, shielding, heat deposit and
radioactivity calculations. Different codes have been used
to evaluate differing design aspects.
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DESIGN AND STATUS OF THE SUPER SEPARATOR SPECTROMETER
FOR THE GANIL SPIRAL2 PROJECT

J.A. Nolen, S.L. Manikonda [ANL, Argonne, USA]
M. Authier, A. Drouart, J. Payet [CEA/DSM/IRFU, France]
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Abstract

The Super Separator Spectrometer (S3) is a device de-
signed for experiments with the very high intensity stable
heavy ion beams of the superconducting linear accelera-
tor of the SPIRAL2 Project at GANIL. S3 is designed to
combine high acceptance, a high degree of primary beam
rejection, and high mass resolving power to enable new
opportunities in several physics domains, e.g. super-heavy
and very-heavy nuclei, spectroscopy at and beyond the drip-
line, isomers and ground state properties, multi-nucleon
transfer and deep-inelastic reactions. The spectrometer
comprises 8 large aperture multipole triplets (7 supercon-
ducting and 1 open-sided room temperature), 3 magnetic
dipoles, and 1 electrostatic dipole arranged as a momen-
tum achromat followed by a mass separator. A summary
of the beam-optical simulations and the status of the main
spectrometer components will be presented with special
emphasis on the design of the superconducting multipole
triplets.
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ARGONNE IN-FLIGHT RADIOACTIVE ION SEPARATOR *

S. Manikond4, J. Nolen, B. Back, K.-E. Rehm, M. Alcorta, R. Pardo
G. Savard, D. Seweryniak, B. Erdelyi, C.R. Hoffman

ANL, Argonne, IL 60439, USA
Abstract and a superconducting debuncher section, as shown in Fig.
The Argonne In-flight Radioactive Ion Separatorl- The selection of recoil beams of interest will be done by

(AIRIS) is a new device that is being designed as a p‘.ju';{ppropriately placing_ slits.and beam blockers at the_cbntra
of proposed future upgrade of the ATLAS facility at Ar-'mage of the magnetic chicane. Further selection will hap-.
gonne. AIRIS is a large recoil separator for the in-fligh€n along the second half of the chicane and at the end slit
radioactive beam that will provide at least 10 times mor&laced at the final image. Further purification of the recoil
collection efficiency than the existing system. In combiP€am will be done in the RF sweeper where the tail of the
nation with other proposed ATLAS upgrades it will pro-Primary beam v_vhqse rigidity overlaps with the recoil begm
vide a 2 orders of magnitude gain in the intensity for thée separated in time and can easily be separated. Finally
in-flight produced secondary beams compared to the ethe recoil beam will go through the debuncher section that
isting facility. The resulting unprecedented intensifies will reduce the energy spread and will allow efficient beam

the recoil beam open new opportunities in several physid&nSport to experimental stations.

domains, e.g.: gamma ray spectroscopy after secondary reit js a design goal for AIRIS to work for recoil beams of
actions, reactions for rpsp-, ap- processes and CNO cy- yp to 1Tm. It is envisioned that up to A stable beams
cle. The proposed design for the AIRIS device is based agill be used and will require development of new suitable
four multipole magnets and four dipole magnets arrangestoduction targets based on rotating target wheels ordiqui
in a so called broadband spectrometer configuration. Thésl films. The recoil beam will have angular spreaddof

arrangement will be followed by two RF cavities to pro-50 mrad in X and Y, momentum spread-66% and have
vide further selection. The advantages of such a design psam spots of5 mm x+5 mm.

well as key device parameters will be discussed in detail.
We will also demonstrate the performance of the device for
few representative reaction cases that can be studied us?ﬂﬁe'

Table 1 summarizes key parameters for the AIRIS de-

AIRIS.
INTRODUCTION Table 1: AIRIS parameters
ATLAS at Argonne is undergoing an efficiency and in- Parameter Units  Value
tensity upgrade. The proposed upgrade is being done MViagnetic chicane length m 5.87
two stages, details are presented in [1, 2, 3]. One of the “p'Dispersion at the central image per mm 1.2

grades being proposed in the second stage of the Upgradﬁercent of kinetic energy deviation

is thelngtallatlon of a large recaoill _sepgratorfor the igHti _ Angular acceptance mrad 50
radioactive beam program resulting in a better separationysinimum drift space om 15
of the desired rare isotope beam from the primary prOdUC'MuItipoIe parameters

tion beam. The schematic layout of the proposed device

. . : 'Number of multipole magnets 4
the Argonnel n-flight Radioactivel on Separator AIRIS), Half aperture em 10
is shown in Fig. 1. AIRIS, along with other intensity and Multipole magnet length cm 20
efficiency upgrades, will result in two orders of magnitude p1avimum quadrupole poletip field T 15
increase in the intensity of the in-flight rare isotope beams \14vimum sextupole poletip field T 0.05

and the availability of higher energies also augments theDipoIe parameters

range of rare ions that can be produced with this teCh'Number of dipoles 4
nique. The physics that is proposed to be studied includesy;ovimum dipole field T 1
nuclear structure studies and study of nuclear astropéysic Dipole bend angle deg 22.5
processes. This paper summarizes the current status of debipole radius of curvature m 1
sign studies for AIRIS. Dipole half gap cm 5

Debuncher parameters

AIRIS DESIGN Maximum Debuncher cavity field MV/m 4
AIRIS design is comprised of a magnetic chicane that is Debuncher frequency MHz 72
preceded by a target station and followed by a RF sweepeDebuncher length cm 10

*This work was supported by the U.S. Department of Energy, ©ffic Debuncher half aperture cm 2

of Nuclear Physics, under Contract No. DE-AC02-06CH11357
T manikonda@anl.gov
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Figure 1: The schematic view of the AIRIS layout in ATLAS.

The First Order Layout Of Magnetic Chicane

The proposed design for the magnetic chicane is based —
on four multipole magnets and four dipole magnets ar-
ranged in a so-called broadband spectrometer configura-
tion. First order design studies have been performed for the .
proposed design using COSY Infinity [4, 5]. Fig. 2 shows
the first order optics for the device. The center of magnetic
chicane is a dispersive image where most of the primary
beam can be separated. Magnetic chicane is tuned to the =
desired recoil beam rigidity and provides a separation of =
1.2 mm per percent of kinetic energy deviation at the cen- e
tral image. At the final image the system is dispersion-less,
but not achromatic.

Fringe fields for multipole magnets and the dipole mag-
nets have been included for realistic simulations of optics
The COSY Infinity’s fringe field model that uses symplec- o
tically scaled fields of real magnets has been used for the N\ i :
purpose [6]. NN q /::"Ef i
Aberration corrections are important due to the large Q‘iéﬂj:
angular and energy acceptance of the momentum chicane. - = \::\:Q\‘
Only second order aberration correction at the central im- / TN
age has been performed using the four available multipole :
magnets and by introducing sextupole component in the
four dipole magnets. This assumes a mirror symmetric lay- L L

out for the sextupoles about the center of chicane. It also
possible to consider layout where first and second half of
the chicane are independently tuned to reduce aberratigﬁg, k
at the central image and the final image. But in practice Rrojection (left), Y-
did not yield better results than the mirror symmetric lay-

out. For this paper we will consider mirror symmetric lay-

out for studying transmission efficiency of the device in the4o, 190, 33C] that have been produced in the existing In-

following section. Flight facility [7] were chosen. In this contribution we Wil
concentrate o*O beams, which were generated via in-
TRANSMISSION EFFICIENCY OF AIRIS verse (p,n) reactions. The physics cases for these proton-
Simulation of transmission efficiency requires the derich beams cover the study of the,p) process occurring
tailed reaction kinematics of the specific reaction beinguring on the surface of neutron stars during X-ray bursts
studied. As test cases for the calculations, beams such[8%

ure 2: The schematic view of the layout showing the X-
projection (right) of first order layb.
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Figure 3: Angle energy distribution for primary beafN (left) and recoil beam*O (right). Beam center and beam tail
have been simulated separately. The intense beam cengseimborders of magnitude greater than the beam tail.

for the recoils while rejecting a large portion of the beam
028 TNp140 !4500 tail. Transmission calculations were performed using 5th
Entries 967684 . . .
veanx  7ou||Fw00  Order Taylor transfer maps with fringe fields. The results
Meany -0.1183 . .
RMSx  6789|| _lsge @€ summarized in Table 2 for 10 MeV/nucleon case and
RMS .
00 Table 3 for 15 MeV/nucleon case.
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Table 2: Transmissions for the case of 10 MeV/nucleon
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Figure 4: Longitudinal phase space plot of the recoil and
remaining beam tail that is now well separated in time.

Table 3: Transmission for the case 15 MeV/nuclébd
The angle-energy correlated distribution of the recoilbeam

and primary beams were simulated using LISE++ [9] and lons Transmission (%)
SRIM codes [1_0]. LISE++ was used to simulate angle- Recoil. O 5 % 10° 78.4
energy correlation for the recoil beams and the low energy Beam tail UN 5 x 106 115
tail of the primary beam that overlaps in rigidity with the ' :
recoil beam. The SRIM code provides the angle-energy
correlated distribution for the intense beam center that is

several orders of magnitude larger than the beam tail. RF sweeperis used to further separate the beam tail
10 beams are produced via the (p,n) mechanism usifgm recoils of interest. Longitudinal phase space at the
N primary beams on a 1.5mg/énCH, target. The 10 end of chicane is shown in Fig. 4, where the beam tail
MeV/nucleon and 15 MeV/nucleol'N beam were con- (14N) and the recoil of interest{0O) are separated in time
sidered for simulations. The angle-energy distributiongnd can be easily be separated using a RF sweeper whose

are simulated using experimental differential cross easti frequency is harmonic of beam bunch frequency, 12.125
taken from the literature. For the intense beam centgnHz.

realistic profile for angle-energy distribution was consid

ered but the number of particles was only limited1t Debunching of the transmitted beams is essential to ef-
due to limited computing resources. For the case of 1ficiently transport the beams after AIRIS. Debuncher pa-
MeV/nucleon'*O beams the angle energy distribution oframeters are summarized in Table 1. Fig. 5 show the longi-
the N and the'*O are shown in Fig. 3. To select re-tudinal phase space and spread in kinetic energy deviation
coils of interest, 5 mm slits are placed at the center and erd the recoil beam'(O) at the entrance and exit of the de-
of magnetic chicane. The central rigidity of the magnetiduncher. For this specific case the spread in kinetic energy
chicane is tuned such that it allows maximum transmissiogeviation is reduced by factor of 10.
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A new design for AIRIS has been presented. For th

CONCLUSIONS

example case of*O beams, produced via the (p,n) reac-
tion mechanism, a detailed simulation studies have been

performed to shown thdtO beams can be well separated
and transmitted with high efficiency using the present de-
sign. Simulation studies to determine the separation an
transmission for other radioactive beams of interest are o

[

going.
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RARE-ISOTOPE BEAM FACILITIES IN ASIA
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Abstract

Growing activities in the rare-isotpe beam (RIB) facili-
ties in Asian countries are reviewed herein. The status of
and planned developments are presented for several RIB
facilities in Japan, China, India, and Korea.

INTRODUCTION

Recent research fields of the nuclear physics are widely
spread on the nuclear chart. Studies in these fields re-
quire the use of a wide variety of rare-isotope beams
(RIBs); the ion species, intensity, and quality of the RIBs
strongly depend on the scientific objectives of the study. In
other words, the accelerator technologies required for rare-
isotope studies need to fulfill diverse requirements. These
requirements cannot be fulfilled by a single RIB facility.
Therefore, a number of facilities that are complementary
to each other have either been constructed or are being
planned worldwide[1, 2].

In Asian countries, the number of activities at RIB facil-
ities is rapidly growing. This paper presents a brief review
of the present status and future plans of several RIB facili-
ties that are located in Japan, China, India, and Korea.

JAPAN

RIKEN RIBF

The RIKEN Radioactive-Isotope Beam Factory
(RIBF)[3], which was started in 2006, is based on the in-
flight fragmentation scheme. Figure 1 shows a schematic
layout of RIBF. The main accelerator of RIBF is the
superconducting ring cyclotron (SRC)[4]. In 2010, a new
injector known as RILAC2 was commissioned, which is
dedicatedly used for the acceleration of very heavy ions
such as xenon and uranium([5]. While this acceleration
mode is being used at RIBF, the original linac injector can
be used independently, for the production of super-heavy
elements, for instance.

Figure 2 shows a schematic drawing of the RILAC2 in-
jector. It accelerates heavy ions with M/q < 7, that are pro-
duced by a 28-GHz superconducting ECR ion source, up to
680 keV/u with an RFQ and three DTLs. The accelerated
beams are injected into the RIKEN Ring Cyclotron (RRC:
K = 540 MeV) without charge-stripping. A major portion
of the rf system of RILAC2 operates at a fixed frequency
of 36.5 MHz, where the maximum power consumption of
each rf resonator is designed to be below 20 kW. It has been
operating very stably since the beam commissioning.

* kamigait@riken.jp
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Figure 2: Schematic drawing of RILAC2 injector.

The evolution of maximum beam intensities for beams
accelerated at RIBF is summarized in Fig. 3. Owing to the
continuous efforts, the intensities are gradually becoming
improved[6, 7]. It should be noted that the intensities of
light ions such as deuterons and 8O have already reached
1 puA. On the other hand, the maximum currents in the
RILAC2 injection mode are 3.5 pnA for 233U, 15 pnA for
124Xe; the heavy-ion intensities remain to be improved.

One of the major obstacles in increasing the intensity
of uranium and xenon beams is the limited lifetime of the
carbon-foil strippers currently used. In order to overcome
this difficulty, a gas-stripper system employing helium is
being developed[8, 9]. An actual structure of the stripper
has already been constructed based on several test results,
and the beam commissioning has recently been started. A
drawback of the gas stripper is that the available charge
state becomes smaller compared to that obtained in the
carbon-foil stripper. Therefore, the magnet power supplies
of the fRC cyclotron have been upgraded in order to accom-
modate the lower charge states. Acceleration tests with the

Radioactive Ion Beams and Facilities
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Figure 3: Evolution of maximum beam intensities at
RIKEN RIBFE.

upgraded fRC will be carried out in the near future.

At RIBF, the operation of a variety of experimental
equipments has recently been commenced. For exam-
ple, the Euroball-RIKEN Cluster Array (EURICA) col-
laboration for gamma ray spectroscopy was started last
year[10]. A new superconducting analyzer with a large
acceptance, which is know as SAMUARAI, has been
commissioned[11]. Moreover, the construction budget of
the Rare-RI Ring[12] has been approved, and this ring will
be used for performing precise mass measurements of rare
isotopes. The number of papers published in scientific jour-
nals is also steadily increasing[13].

KEK KISS at RIBF

After the recent shutdown of the TRIAC facility[14] in
Tokai, the RNB group members of KEK started the con-
struction of the new apparatus which is named KEK Iso-
tope Separation System (KISS) at RIKEN RIBF[15]. The
layout of this system is shown in Fig. 4.

O _\ 1 Decay measurement
A stations

E3-room
s

E2-room

Figure 4: KEK KISS project at RIBF (Courtesy Prof. Miy-
atake).

Radioactive Ion Beams and Facilities

MOB05

KISS has been designed to investigate the origin of the
third peak in the element distribution through measure-
ments of the 3-decay properties of neutron-rich isotopes
having N ~ 126. These unstable nuclei can be produced
by multi-nucleon transfer reactions induced by the 36Xe
beam accelerated by RRC. Among the reaction products
collected in the gas cell, the unstable nuclei used for the
investigation, such as tungsten isotopes, are ionized by the
laser resonance ionization technique. The ions are mass-
analyzed by an electromagnetic separator and transported
to the next room for the decay measurements performed
with a low background. The system construction is nearing
completion and beam commissioning will be carried out
this year.

CHINA
IMP HIRFL

The accelerator complex of the Heavy Ion Research Fa-
cility in Lanzhou (HIRFL)[16] is shown in Fig. 5. The
injector is a coupled cyclotron system consisting of a sec-
tor focusing cyclotron (SFC: K = 69 MeV) and separated-
sector cyclotron (SSC: K = 450 MeV). Rare isotope re-
search was started here in the 1990s using the heavy ion
beams from the SSC and based on the in-flight fragmenta-
tion scheme. In 2006, two cooler-storage rings, CSR-m and
CSR-e, were constructed in order to expand the scientific
opportunities provided by the RIBs; the high energy heavy-
ion beams accelerated by the CSR-m produce more intense
RIBs in a larger fragment separator placed after the ring.
These RIBs are used for fixed-target experiments as well as
mass measurements in CSR-e. The heavy-ion beams from
CSR-m are used also for cancer therapy with a dedicated
beam line.

SsC

K 450 MeV SFC
K 69 MeV Mass rnFeat:uremem 8.4 Tm

. - External or targ C=128.8m

i.l\&u - | .
Medial energy foyrdRes Tﬁféﬁ;@.ﬁ ‘Kargfek 7] = =

Exp. area 4 2 Exp. area | N : CSREQ,D.T} dosc
SR
Ll = — "
i —E-cooler—— 1

CSRm(2006) L
10.64 Tm
C=161m

Figure 5: Layout of HIRFL (Courtesy Prof. Zhao).

Since 2011, three new beams, including those of ura-
nium and hydrogen, have been successfully accelerated and
accumulated in the CSR-m, and this will provide new sci-
entific opportunities. In addition, very slow extraction from
CSR-m that lasted almost three hours was achieved by im-
proving the control system[17]. The mass-measurement
program using CSR-e is rapidly progressing; measured
masses of astrophysical interest, for four nuclei around the
proton drip line, were recently published[18]. The mass
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resolution in the isochronous mass spectrometry for CSR-e
is as high as 1076,

LEBT DTL

Figure 6: Layout of linac injector for SSC under construc-
tion at IMP (Courtesy Prof. Zhao).

In order to increase the beam intensities of the heavy-
ion beams, a new linac injector is being constructed for the
SSC[19]. As shown in Fig. 6, it consists of a supercon-
ducting ECR ion source, an RFQ, and four DTLs operated
at 54 MHz. The SSC will be operated in two modes with
this injector. One mode is for the injection to CSR-m and
the other is for stand-alone use for the synthesis of super-
heavy elements. The accelerator components of the injec-
tor are under fabrication in the indigenous companies, and
they will become operational within three years. Another
plan in the short term is constructing a pulsed-mode linac
for direct injection into the CSR-m. The uranium beam
intensity will be greatly improved by this injector, and par-
allel operation of the cyclotron facility and synchrotron fa-
cility will become possible. The construction is expected
to be completed in five years.

More details of the recent achievements and future plans
of HIRFL are reviewed in the proceedings[20].

CIAE BRIF

There is a second RIB project being run in China by
CIAE. The project is referred to as the Beijing Rare Ion
beam Facility (BRIF)[21], which is intended to accelerate
rare-isotope beams based on the ISOL scheme, as shown
Fig. 7. The driver accelerator is a 100 MeV, 200 unA H™
cyclotron[22]. A superconducting linac will be added as a
Tandem booster. This project was proposed in 1997, and
the upgraded scheme currently under operation was ap-
proved in 2009.

~ Cyclotron
100 MeV H
am

Figure 7: Layout of BRIF (Courtesy Prof. Liu).
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Figure 8: Schematic drawing of BRIF cyclotron (Courtesy
Prof. Liu).

Figure 8 shows a schematic layout of the driver cy-
clotron. It is based on a four-sector AVF cyclotron,
equipped with two double-gap resonators and two extrac-
tion ports with stripper foils. The construction of the cy-
clotron has almost been completed[23]. The superconduct-
ing cavities are also under fabrication at CIAE, by employ-
ing the sputtering technique. The BRIF project will be
commissioned in 2014.

CIAE has planned a large future project for the RIB fa-
cility known as the China Advanced Rare Ion beam Fa-
cility (CARIF)[21]. This project aims to achieve the pro-
duction of rare isotopes that are very far from the stability
line with in-flight fragmentation of unstable nuclei accel-
erated by a post-accelerator with an ISOL. An interesting
fact about this project is that the driver is not an accelera-
tor, but the research reactor known as the China Advanced
Research Reactor (CARR) of 60 MW, which recently en-
tered a critical stage. The estimated fission rate in the 23°U
target is as high as 10'® per second when using the power-
ful neutron flux from the reactor . Rare isotope beams such
as 132Sn are accelerated up to 150 MeV/u with an inten-
sity of 5x10'0, and the secondary fragmentation reaction
is expected to produce "®Ni at 250 pps. The construction is
slated for completion by around 2020.

INDIA

VECC

VECC, Kolkata, is executing their RIB project based on
the ISOL scheme[24]. Figure 9 shows a schematic drawing
of their post accelerator consisting of an RFQ (RFQ2) and
six DTLs (LINAC1-6). The final energy of the post ac-
celeration is set at 1.3 MeV/u. In 2011, they commissioned
LINAC3, and the LINAC4 cavity is almost ready for opera-
tion. The low-energy beams from the smaller RFQ (RFQ1)
are also used for the material science programs.

This year they succeeded in the production and trans-
fer of radioactive isotopes that were produced in the He-jet
multiple target system irradiated by alpha-particle beams

Radioactive Ion Beams and Facilities
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Table 1: RI-beam facilities that are in operation or under construction in Asian countries.
In-flight facilities Driver Mass  MeV/u I (pps) Separator Exp.
RIBF (RIKEN, Japan) SRC -238  440-345  6x10'2 BigRIPS (PF) ZDS etc.
HIRFL (IMP, China) CSRm -238 2800-500 10° RIBLL2 (PF) CSRe
IUAC (India) SC-Linac - 238 ~5 ~10'2  HIRA, HYRA (p,n),(d,n)  (PSSD)
ISOL facilities Driver Mass  MeV/u kW Post Acc. MeV/u
RIB (VECC, India) Cyclotron/e-Linac  4/(e) 16/(10) 1.2/20 Linac 1.3
BRIF (CIAE, China) Cyclotron 1 100 20 SC-Linac 2

New annex building
i | Unabrconshucnon

askeViu_ 4o mﬁfﬂ I
W LINAC#-6 f
LINAC3

1.3 MeV/u RIB
2011-13

. 2% Rig
: @@&Hx
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K130
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Figure O:
Chakrabarti).

Layout of VECC-RIB (Courtesy Prof.

from the K-130 cyclotron. Gamma-ray spectra from the
transported isotopes such as '*O and “'Ar were clearly
measured in front of RFQ2[25].

On the other hand, the production efficiency of rare iso-
topes is expected to be enhanced by the photo-fission of
the uranium target. For achieving this goal, VECC and
TRIUMF are collaborating to develop a superconducting
electron linac operating at 1.3 GHz for use as a new ISOL
driver[26]. The first module, 10MeV-2mA linac, is ex-
pected to be ready in 2013.

VECC has recently proposed their future project known
as ANURIB, which is an acronym for A National Facil-
ity for Unstable and Rare Isotope Beams[27]. This project
is divided into two phases. The first phase, which will be
completed in 2017, consists of the ISOL-post accelerator
combination. The second phase is aimed at achieving the
secondary fragmentation of unstable nuclei. In order to fur-
ther accelerate the rare isotope beams form the first-phase
accelerators, the construction of a superconducting ring cy-
clotron is planned. The second phase is expected to start in
2017.

IUAC

IUAC, New Delhi, has developed a low-energy beam of
"Be using their Heavy-Ion Reaction Analyzer (HIRA)[28],

Radioactive Ion Beams and Facilities

through (p,n) or (d,n) reactions with inverse kinematics. A
beam energy of about 20 MeV has been produced with very
high purity by operating the analyzer in a new beam optics.

Recently, they constructed the HYbrid Recoil mass Ana-
lyzer (HYRA)[29], as shown in Fig. 10, to fully exploit the
heavy-ion beams provided by the ECR ion source and the
superconducting linac. The primary purpose of this device
is to efficiently collect the fusion evaporation residues with
its gas-filled mode operation. However, it is also possible
to operate it in the achromatic mode in order to produce ra-
dioactive beams. Ion species such as "Be and '®F will be
available at 20-50 MeV with a 103-10* pps.

N

Figure 10: Photograph of the first stage of the HYbrid
Recoil mass Analyzer (HYRA) at IUAC (Courtesy Prof.
Roy).

KOREA
RISP

A large RIB project is known to have been proposed
in Korea several years ago. Recently, the project was re-
opened with the name Rare Isotope Science Project (RISP)
under the newly established Institute of Basic Science
(IBS) in Daejong[30].

Figure 11 shows the redesigned accelerator complex
of RISP[31]. The main accelerator is a superconduct-
ing heavy-ion linac, which accelerates high-power uranium
beam up to 200 MeV/u for a fragment separator. This
linac can be also used as a driver accelerator for light ions
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Figure 11: Conceptual drawing of accelerator complex of
RISP (Courtesy Prof. Kim).

impinging on the spallation and fission target. The con-
struction of a post-accelerator is planned for this ISOL
scheme. Moreover, according to the plans, a 70-kW proton
cyclotron will be added as an alternative driver for the fis-
sion target. The rare-isotope beam in the third mode can be
finally accelerated through the main linac up to 200 MeV/u
to produce secondary fragmentation with the RIBs. Beam
commissioning of the initial part of the project is expected
to start in 2017.

SUMMARY

A list of the facilities that are in operation and under con-
struction in Asian countries is given in Table 1. Facilities
that are still in the design stage have been omitted. Inter-
national collaborations will gain increased importance for
further progress.
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PROGRESS AND PLANS FOR HIGH MASS BEAM DELIVERY AT
TRIUMF*

M. Marchetto!, TRIUMF, Vancouver, Canada

Abstract

ISAC is a TRIUMF facility for the production and post-
acceleration of radioactive ion beams (RIB). The RIBs are
produced in two target stations using a 500 MeV proton of
up to 100 pA of beam current. The produced radioactive
species are then ionized and extracted up to 60 kV. The ions
of interest are mass selected and transported to either the
low energy experimental area or to the post-accelerators.
The first stage of acceleration is accomplished via an RFQ
followed by a DTL,; at this medium stage the energy ranges
between 0.15 MeV/u and 1.8 MeV/u for a mass to charge
ratio range between 3<A/q<7. The second stage of the ac-
celeration is achieved with a 40 MV superconducting linac
for a final energy up to 18 MeV/u. High mass (greater
than 30) beams need multiple charges to be accepted by
the RFQ. The single charge ions out of the target source
are charge bred using an ECR charge state booster. The
breeding process generates a significant amount of back-
ground contamination that masks the desired ions inside a
mixed ‘cocktail beam. Such a cocktail needs to be cleaned
of contaminants to be useful for the experiments. An un-
precedented effort is going on at TRIUMF trying to clean
the high mass cocktail beams using the accelerator chain as
filter. The progress and future plans of the project will be
presented in this paper.

INTRODUCTION

The ISAC facility at TRIUMF, represented in Fig. 1, pro-
duces, post-accelerates and delivers radioactive ion beams
(RIB) using the isotope separation on line (ISOL) method.

A general scheme for this type of facility sees an ac-
celerator, the driver, accelerates light projectiles, the pri-
mary beam, toward a thick target. The light projectiles,
protons or light ions, break the target nuclei producing neu-
tral radioactive isotopes. These neutral atoms diffuse into
a source where they are ionized and extracted at source po-
tential. In general the ISOL method produces high quality
emittances but the complicated and relatively slow process
reduces the possibility of extracting isotopes with few ms
half-lives. The radioactive ions are magnetically separated
and if necessary post accelerated to reach the final energy
requested.

The singly charged RIB produced in the ISAC target ion
source can be either used by the low energy experimen-
tal station with an energy up to 60 keV (extraction volt-
age) or post accelerated to the medium and high energy ex-
periments. In order to inject ion beams with mass greater

*TRIUMF receives federal funding via a contribution agreement
through the National Research Council of Canada
 marco@triumf.ca
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than 30 in the post accelerators we have to further strip the
singly charged to reduce the mass to charge ratio to value
<7. The charge state is boosted by means of an electron cy-
clotron resonance (ECR) source located downstream of the
mass separator that select the RIB coming from the target.

The charge state booster ionized non only the RIB but
also any other element present in its ionization chamber and
immediate surrounding. Such elements belong either to the
background residual gas or to the materials that constitute
the vacuum chamber itself. These undesired element ion-
ization generates a background current of orders of mag-
nitude higher with respect to the radioactive species. This
background makes extremely challenging identifying and
selecting the RIB.

TRIUMF Accelerator division in collaboration with Sci-
ence division (high mass task force) is engaged in an ef-
fort to develop a toolkit for such challenging charge bred
beams. This toolkit includes separation and filtration tech-
niques as well as software and diagnostic aids to plan and
streamline the beam tuning and delivery.

ISAC-I and ISAC-II Facility
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Figure 1: Overview of the ISAC facility at TRIUMF.

THE ISAC FACILITY

The ISAC facility has the highest power (50 kW) driver
proton beam. The plain overview of the facility is repre-
sented in Fig. 2. The target stations, mass separator and
charge breeder are located in the well shielded ISAC base-
ment (see shaded area in Fig. 2). The target stations are
inside a vault to contain radiation in a confined area. Differ-
ent target materials are available for the production target
including silicon carbide, tantalum, uranium carbide and
niobium. Two target configurations are available: low and
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high power respectively for proton beam powers up to 20
kW and 50 kW respectively.
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Figure 2: Overview of the ISAC facility at TRIUMF. The
ISAC II linac is superconducting while in ISAC I the RFQ
and the DTL are room temperature machines.

At ground level the facility has three different experi-
mental areas characterized by the delivered energy range
(see Fig. 2). The low energy experimental stations re-
ceive beam with energy up to 60 keV (source potential).
The medium energy area in ISAC-I and the high energy
area in ISAC-II receive post-accelerated beam with en-
ergy range respectively of 0.150 MeV/u<E<1.8 MeV/u
(B=1.8%—6%) and 1.5 MeV/u<E<I8 MeV/u area
(6=6%—15%).

Driver

The TRIUMF H™ cyclotron [1] accelerates H™ ions up
to an intensity of 250 pA to a maximum energy of 500
MeV. The H™ are then stripped and protons are extracted
in three different beam lines at different energies the maxi-
mum being 500 MeV. One of these beam lines is dedicated
for the ISAC radioactive beam production. In this case the
beam is extracted at 500 MeV and up to 100 pA.

Target Station and Mass Separator

The two independent target stations [2] allow some ser-
vices on one target station while producing and delivering
radioactive beams with the other.

Each target station is composed of five modules. The en-
trance module houses the diagnostic and protection moni-
tors for the proton beam. The target module contains the
target and the source; this module is routinely removed to
change both target and source. Four target modules are
available. Different types of on-line ion sources are also
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available (surface, LASER, FEBIAD) while others are un-
der development (ECR). The beam dump module is located
downstream of the target module. The last two are the ex-
traction modules housing the optics elements. They are ori-
ented perpendicular to the proton beam direction.

Downstream of the targets there is a common pre-
separator. The target modules and pre-separator are in-
side a concrete shielded area. The pre-separator reduces
the radioactivity transported outside the shielded area in the
downstream beam line.

After the pre-separator the RIBs are selected using the
mass separator. The typical operational resolution of the
separator magnet is AM/M=3000. The magnet is installed
on a biased platform as an option to increase the resolution.

The Charge Breeder

After selection it is possible to divert the beam through
an electron cyclotron resonance ion source (ECRIS) be-
fore sending it to ground level. The source is a 14.5 GHz
PHOENIX by Pantechnik [6].

This source is a charge state booster (CSB) that further
strips electrons from the singly charged beam. The selected
charge state at the exit of the booster is such that the mass
to charge ratio is <7 for A>30. This upper limit is dictated
from the installed linacs.

A NIER type spectrometer with a resolution of
AM/M=100 is located downstream of the ECR to select
the desired charge state.

A small source face Cs ion source is placed upstream of
the CSB to allow tuning it independently from the target
station status.

Post Accelerators

The injector of the post-accelerator chain is a radio fre-
quency quadrupole (RFQ) [3]. The RFQ boosts the en-
ergy from 2 keV/u to 150 keV/u. It can accelerate mass to
charge ratio of 3<A/Q<30. The RFQ is a room tempera-
ture CW machine operating at 35.36 MHz. The eight meter
long resonant structure is composed of nineteen split rings
supporting the electrodes. The RFQ doesn’t have a bunch-
ing section; the beam is pre-bunched at the entrance with
a three harmonics (quasi sawtooth) RF buncher, the funda-
mental being 11.78 MHz. This configuration produces a
high quality longitudinal emittance after the RFQ (0.22 =
keV/u-ns). Part of the beam transmitted but not accelerated
is stopped into a fixed collimator downstream of the RFQ.
The beam inside the longitudinal emittance after the slit is
around 80% of the injected.

After the RFQ the charge state of ions with 7<A/Q<30
is increased by stripping them through a thin carbon foil
(4 pglem?). As a general rule the most populated charge
state is selected using magnetic benders as long as the mass
to charge ratio is within 2<A/Q<7 set by the following
drift tube linac (DTL). The efficiency of the stripping foil
depends on the mass of the stripped ions; in most of the
cases it ranges between 30% to 50% for A<30 .
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Proceedings of HIAT 2012, Chicago, IL USA

The DTL [4] is a variable energy machine covering the
entire range of energies 150 keV/u<E<1.8 MeV/u. The
beam is matched longitudinally into the DTL by means of
a 35.36 MHz spiral buncher(MEBT buncher) located 1.5 m
upstream in the medium energy beam transport (MEBT)
line. The DTL is a separated function machine composed
of five IH interdigital structure accelerating tanks and three
split ring bunchers located between the first four tanks.
This layout produces good beam quality for each energy.
After the fourth tank the beam quality is already sufficient
that no buncher is required. The resonance frequency of
the tanks and bunchers is 106.08 MHz and they operate at
room temperature in CW mode. Transverse focus through
the linac is provided by quadrupoles triplets between each
tank. The transmission of this linac is greater than 95%.
The DTL is also used as an injector for the ISAC II super-
conducting (SC) linac.

The SClinac [5] is composed of eight cryomodules.
The beam is matched longitudinally into the SC linac by
means of a 35.36 MHz spiral buncher(DSB buncher) lo-
cated 13.3 m upstream in the DTL to SC linac beam (DSB)
transport line. This buncher differs from the MEBT one
only for the design velocity 5. Each of the first five cry-
omodules (identified as SCB) houses four superconduct-
ing cavities and one superconducting solenoid in the cen-
ter position between cavity two and three. The last three
cryomodule (identified as SCC) houses respectively 6-6-
8 cavities. Each SCC module has also a superconducting
solenoid in the center position similarly to the SCB’s. The
superconducting cavities are bulk niobium quarter wave
resonators at 4K. The SCB cavities resonate at 106.08 MHz
while the SCC resonant frequency is 141.36 MHz. The
total accelerating voltage of the SC linac is 40 MV. Each
cavity is independently phased at -25° synchronous phase.
The transmission through the SC linac is 100%.

The Off-line lonSources

The post accelerator sections are tuned by means of the
pilot beam technique. This technique consists in setting the
beam lines and accelerators with a beam of stable ions with
the same mass to charge ratio as the RIB. This is neces-
sary because the intensity of the radioactive beam typically
ranges between 103 and 10° particle per second. The pilot
beam is produced by an off line ion source (OLIS) sys-
tem that has multiple sources. A microwave cusp source
is generally used to produced singly ch rage beam match-
ing the production target. A surface source is also available
for mono-charge beam. In order to match the radioactive
beam coming from the CSB instead, an electron cyclotron
resonance (ECR) source that can produce stable ions with
higher charge states is installed. This source is a 14.5 GHz
Supernanogan by Pantechnik [7].

HIGH MASS BEAM DELIVERY

The ISAC-II project characterized by the installation of
the SC-linac has two goals with respect to ISAC-I: reach-
ing higher energies (above the Coulomb barrier) and deliv-
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ering high masses (beyond 30, ISAC-I limit). The Charge
Breeder is instrumental to reach the second goal by reduc-
ing the M/q of high mass beams within the ISAC-I acceler-
ators acceptance.

The fact is that the ECR type breeder produces a back-
ground of stable species (by ionizing residual gasses and
vacuum chamber material) that can hide the RIB. Even few
electrical pico-ampere of stable beam can overwhelm the
radioactive beam that usually range between 103-10°¢ par-
ticle/s in intensity.

The issue is that the RIB need to be delivered relatively
pure (free of contaminants).

THE TOOLKIT

The ongoing effort has the main goal of producing an
ensemble of filtering techniques (we call it the toolkit) to
choose from when planning the delivery of an RIB. This is
of particular interest when the beam is composed of charge
bred high mass (A>30) ions and the background level is
significantly higher than the desired species.

The toolkit includes new diagnostic instrumentation,
stripping and energy degrading carbon foils, software ap-
plications as well as it takes advantage of existing beam
line and accelerator characteristics to filter out the beam.

Pre-buncher and RFQ Filter

It is possible to achieve a longitudinal selection of
(M/q)/A(M/q)~1000 by exploiting the time of flight sepa-
ration between the pre-buncher and the RFQ.

The pre-buncher is 5 m upstream of the RFQ as repre-
sented in Fig. 3. The source extraction voltage is fixed; this
means that different M/q’s are extracted with different ve-
locities v=(2~q'V6xt/M)1/ 2. Different velocities generated
different time of flights between the pre-buncher and the
RFQ. The RFQ phase acceptance is 40 or §t=3-10"? s. So
M/gs that are spaced in time more than 6t=3-10" s at the
RFQ injection can be filtered by adjusting the pre-buncher
phase (namely synchronizing the desired M/q with the RFQ
accelerating bucket).

Figure 3: The three harmonics pre-buncher is located in the
low energy beam transport (LEBT) line 5 meters upstream
of the RFQ.
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In numbers we have the following. At 2 keV/u (the injec-
tion energy for the RFQ) the beam velocity is v=6-10° m/s
(5=0.002). This produces a time of flight t=8.3-10~% s. The
RFQ relative phase acceptance is then 6t/t=3.6-1074.

The velocity §v due to the source fixed extraction volt-
age is such that §(M/q)/(M/q)=-2-0v/v. We also have that
the relative velocity dv/v is equal to ot/t. The relative
phase acceptance at the entrance of the RFQ becomes
then a relative M/q acceptance equal (in absolute value) to
S(M/q)/(M/q)=7.2-10~% or (M/q)/A(M/q)=1389.

Such a resolution is demonstrated using stable beam
with multiple components (cocktail beam) from the OLIS
ECR source. A first cocktail beam have ''6Sn'8+ with
M/q=6.439 and 3*Kr'3* with M/q=6.455 wit a resolution
of (M/q)/A(M/q)=408. By changing the relative phase of
the pre-buncher with respect to the RFQ we preferentially
select either Sn or Kr namely we synchronized the RFQ
bucket with either one of the two elements that arrive at the
RFQ at different time (as explained above). By preferen-
tially selecting the Kr we increase its purity with respect to
Sn of two order of magnitude.

A second cocktail beam used is composed by F3* with
M/q=6.333 and ¥Ar®+ with M/q=6.327. The two has a
resolution of (M/q)/A(M/q)=1115. The calculated separa-
tion is between F and Ar at the RFQ entrance is 49 degree.
By changing the relative phase of 30 degree the 33 Ar purity
increases of one order of magnitude (see Fig. 4).

Pre-buncher to RFQ selection
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Figure 4: The pre-buncher to RFQ time of flight difference
is used increase the purity of 3® Ar5* with respect to 19F3+
of one order of magnitude.

Beam dynamics simulation are underway to support the
experimental results.

Carbon Foil Stripper-degraders

Beam with different mass but same M/q ratio are accel-
erated at the same final velocity by the DTL corresponding
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to 1.5 MeV/u. A stripper-degrader is installed between the
DTL and the SC linac. This is a relatively thick carbon
foil with two functions: stripping the beam and creating
velocity difference depending on the particle Z by mean
of energy loss (according to the non-relativistic Bethe for-
mula). A mechanism drives the foil in and out by means
of a stepper motor (by default we run with the foil in the
out position); it can hold up to four foils. The standard foil
thickness is 44 pg/cm? in order to reach charge state equi-
librium. It is possible to load different thickness according
the need.

The stripping aim to shifting the M/q of the contaminant
further enough to be resolved downstream.

The velocity difference allows magnetic selection
around the bending section of the beam line (DSB) that
connects the two linacs (see next paragraph). It also in-
duces transverse beam loss since the optics is optimized
for a reference beam with certain M/q and velocity.

There are two identified locations for the degrader along
the DSB beam line as represented in Fig. 5.

DSB _ -
selection &
slit 2§

/Degrader #2

%

\\

DSB selection &,
slit alternative 9

MEBT it
buncher position 877 PRAGUE
- 4 magnet
3 diagnostic
box

Figure 5: The DTL to SC linac beam (DSB) transport line
has an S-shape with two achromatic bending section. The
DSB buncher is needed to match the beam into the SC
linac. A stripper-degrader (thick carbon foil) is used to
generate velocity difference and therefore selection along
the beam line.

The first one is 3.6 m downstream of the DTL. In this
case the degraded beam travels 14.6 m before entering the
DSB buncher (that match the beam into the SClinac) and
13.3 m from the buncher to the SC linac. Considering the
distance from the foil to the SC linac equal to 27.9 m and
that the beam velocity after the DTL is v=1.71-107 m/s
(8=0.057), the time of flight is t=1.63-107% s. Assuming
again a 40 degree phase acceptance for the 106.08 MHz
SCB cavities we then have a selection §v/v=6.4-10"*. The
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velocity difference at this location though is going to be
partially compensated by the function of the DSB buncher.

The second location is 3.2 m downstream of the DSB
buncher (or 10.1 m upstream of the SC linac). The reduced
distance from the degrading point to the SC linac reduce the
velocity selection to §v/v=1.8-1073 but in this case there is
no compensation by the buncher.

The effectiveness of the longitudinal selection after the
degrader depends on the species entering the carbon foil (Z
dependence) and their final Jv/v.

Presently the stripper-degrader is installed in the second
location.

The DSB Selection

It is possible to exploit the dispersion of the DSB bend-
ing magnets by installing a downstream selection slit.

The first dipole of the first achromatic bending section
(MB1 see Fig. 5) of the DSB line creates a dispersion
of ~1.5 m in the center of the same section. The beam
spot at this location is ~4 mm wide including 90% of
the beam. This makes possible to achieve a resolution of
(M/q)/A(M/q)=375 where peaks are fully separated.

The first dipole of the second achromatic bending sec-
tion (MB3 see Fig. 5) of the DSB line creates a disper-
sion of ~1.6 m in the center of the same section. The
beam spot at this location is ~5 mm wide including 90%
of the beam. This makes possible to achieve a resolution of
(M/q)/A(M/q)=320 where peaks are fully separated. Such
a resolution is confirmed by simulation.
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Figure 6: The three different spectra show the effectiveness
of the DSB selection.

A selection slit 2 mm wide is installed in the center
of the second bending section downstream of MB3. The
calculated resolution is demonstrated by selecting “°Ar’+
with M/q=5.709 over 36Kr!5* with M/q=5.727, as rep-
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resented in Fig. 6. The two elements are separated by
(M/q)/A(M/q)=309 therefore the can be fully separated.
The measurement show that by setting the bending mag-
net for M/q=5.709 the Kr peak after the slit disappear and
vice-versa.

The same measurement show also that we can change
the aspect ratio of “CAr™* with respect to 63Cull*
that has M/q=5.722. These two has a resolution of
(M/q)/A(M/q)=477 therefore they can not be fully sepa-
rated.

Software Tools and Diagnostics

There are two software applications in support of the
high mass beam delivery.

The first is a web based application [8] (called
CSBassistant) that predicts all the possible contaminants
for a given accelerated species. This application can be
used as a general tool but it has some specific characteris-
tics based on the ISAC beam lines. It includes possible con-
taminants coming from the ISAC CSB based on the mea-
sured background. It also include filtration based on the
ISAC accelerator chain and the above reported resolution
in the different sections. It uses real atomic mass. In gen-
eral we use this tool to decide the M/q that provide the best
compromise between transport efficiency and beam purity.

The second application is the scaling routine. This as an
EPICS application that is custom built around ISAC beam
lines. It scales all the optics element (both electrostatic
and magnetic): quadrupole, bender, correction steerers and
dipole.

The voltage is the quantity scaled in the electrostatic el-
ements. The current is scaled in the magnetic quadrupole
and steerers.

It is not possible to hysteresis cycle the magnetic
quadrupole since we don’t have the possibility to reverse
the polarity. Studies show that cycling the quadrupole cur-
rent to a set point give a field reproducibility of 2.26 G over
1240.26 G. The same studies also show that only approach-
ing the field from the same side of the hysteresis curve give
a filed reproducibility of <0.05 G over 1240.8. In order to
provide the best reproducibility, the scaling routine as the
option to drive each quadrupole to the maximum current,
back down to zero and finally back up to the final set-point.

Each magnetic dipole has a an hall probe. The magnetic
field read by the probe is scaled.

The routine also scaled the amplitudes of all the RF cav-
ities (RFQ, DTL, SC linac, etc.).

The scaling factors are calculated in each section de-
fined in term of M/q ratio (either from the source or after a
stripper-degrader foil) and energy (form the ion source or
after a linac). It is demonstrated that the scaling routine can
precisely step to the desired M/q starting from a reference
one. It is crucial to know exactly the species we tune the
accelerator with and their M/q to select a reference starting
point for the scaling.

It’s also fundamental to have a dedicated diagnostic in
order to identify the RIB.
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The available diagnostic (beyond the standard ISAC di-
agnostic [9]) is a purity monitor (PSID5) downstream of
the DTL (see Fig. 5). This is silicon detector positioned at
30° with respect to the beam direction that intercepts the
beam scattered from a gold foil. The beam components
are identified in terms of total energy; this means that two
species with the same mass but different Z can not be dis-
tinguished.

Two new detectors located downstream of the SC linac
serve the same purpose, they are used to determine the
beam composition before delivering to the high energy ex-
perimental area (see Fig. 2). The new diagnostic already
in place is a AE-E silicon detector telescope that provides
information and it’s capable of identifying beam with same
M/q but different mass and Z. This detector is extremely
valuable but we are limited in the amount of current we
can send through it. A second AE-E detector capable of
handling much higher current (gas Bragg detector) is in the
final assembly stage.

RIB BEAM DEVELOPMENT RUN

The main goal of the high mass task force is to prove
that is possible to deliver a relatively pure charge bred high
mass radioactive beam to an ISAC-II experiment.

Results from a recent dedicated development run show
that it’s possible but extremely challenging. The RIB cho-
sen for the run is "’ Rb'* from the ISAC target charge bred
to "SRb'>*. The choice of "Rb'®* is based on the ISAC-
I accelerator acceptance and the purity calculated by the
CSBassistant.

Since a exact match for the “SRb!®* was not available,
the accelerator was set up with *2C2+ from the off line ion
source. The C was further stripped to '2C°* in the DSB
stripper degrader.

The measurements consist in stepping through the M/q
from 2.581 to 2.896 using the scaling routine and character-
izing the charge state distribution of each component of the
cocktail beam. Each M/q is associated with an accelerator
and beam lines scaled tune. The abundance of each compo-
nent is measured downstream of the SClinac at the silicon
detector telescope. The silicon telescope is calibrated based
on known beam components and their energies. Once a sin-
gle element (ideally the RIB of interest, in this case "*Rb)
and its charge state are identified, we select them as refer-
ence M/q to scale the linac.

In Fig. 7 it is represented the charge state distribution
of the cocktail beam downstream of the DSB stripper-
degrader. Two components are preliminary identified with
61Ni and °Fe. A third component 4X is not clearly iden-
tified. The "®Rb is not one of the component since it was
blocked at the source during the charge state distribution
measurements. The higher peak of the ®!Ni distribution
that shows at M/q=2.821 is identified as charge state 21+.
The real M/q of *Ni%!* is 2.902.

This 5'Ni2!'* scaled tune is the reference point to re-
scale the linac for "°Rb26+, This last choice take into con-
sideration purity and relative abundance of the "Rb charge
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Charge state distribution
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Figure 7: Charge state distribution of the cocktail beam
downstream of the DSB stripper-degrader. Two compo-
nents are preliminary identified with ' Ni and ®°Fe. A third
component 4 X is not clearly identified. The "Rb is not one
of the component since it was blocked at the source during
the charge state distribution measurements.

state distribution. With the linac scaled on the right M/q
the "Rb was released form the source. Fig. 8 shows the
different spectra at the telescope with and without the Rb
injected into the system. The Rb is expected to grow in the
red square marked on the graph. As expected the Rb counts
are extremely low but identifiable.

“Rb content at the SEBT3 telescope detector
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Figure 8: "SRb trace at the silicon telescope installed down-
stream of the SClinac. The total counts in the red square are
three time higher when the “°Rb is injected into the CSB.

FUTURE DEVELOPMENT

The stripper-degrader second location is not ideal. The
DSB buncher is used to compensate the energy loss through
the carbon foil moving the RF phase beyond the linear re-
gion and as consequence we lose the proper match into the
SClinac.

Radioactive Ion Beams and Facilities
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The stripper-degrader is going to be moved in the first
location (see Fig. 5). The energy loss for the desired M/q
through the carbon foil can be properly compensated by
increasing the output energy of the DTL (and so restoring
the nominal 1.5 MeV/u after the foil) . In this case the DSB
buncher has only to match the beam into the SC linac. Also
the time of flight between these two is not changed so there
is no need to re-phase the buncher with respect to the linac.
The time of flight from the DTL to the carbon foil (covering
the 3.6 m distance) is instead going to change by increasing
the final energy of the DTL. This change the beam time of
arrival at the DSB buncher location. Such a time shift can
be easily compensated with an already present phase shifter
that moves the DSB buncher and SC linac cavity phases
with respect to the DTL.

The carbon foil in this first location allow also to use the
DTL analyzing (PRAGUE) magnet as a spectrometer. The
PRAGUE diagnostic box (see Fig. 5) has an harp profile
monitor that gives information about total energy, energy
spread. The diagnostic box has also a Faraday cup (FC)
that provide the intensity of the beam so it’s possible to
reconstruct the charge distribution of the different beams.
As an upgrade we are going to instrument the box with a
beta counter in order to detect radioactivity from the weak
RIB.

CONCLUSION

We demonstrated that phase selection in the accelerator
chain can be use as M/q resolution. Dedicated diagnostics
is fundamental to tune RIB above all when stable back-
ground is present. The scaling routine is crucial to set the
beam lines on the right M/q. A CSBassistant type of cal-
culator is important to predict the purity of the beam and
therefore tune on the most favourable M/q region.

An unprecedented effort to the issue of delivering high
mass charge bred beam at ISAC is showing the first encour-
aging result. It remains clear that the delivery of such beam
is not going to be effortless. Every new RIB delivery has to
be planned in advance and required development time.

TRIUMF is gaining valuable knowledge to understand
and exploit the full potential of ISAC as well as to design
future facilities.
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PROGRESS OF THE SPIRAL2 PROJECT

E. Petit [GANIL, Caen, France]

Abstract

The SPIRAL?2 facility will extend the possibilities of-
fered at GANIL to heavier radioactive beams, with much
higher intensities : it will provide intense beams of neutron-
rich exotic nuclei created by the ISOL production method.
The extracted exotic beam will be used either in a new
low energy experimental area called DESIR, or acceler-
ated by the existing SPIRAL 1 cyclotron (CIME. The in-
tense primary stable beams (deuterons, protons, light and
heavy ions) will also be used at various energies for nuclear
physics, as well as for neutron-based research and multi-
disciplinary research, in dedicated caves called S3 and NFS.
During year 2008, the decision has been taken to build the
SPIRAL2 machine in two phases: - first phase including
the driver accelerator and its associated new experimental
areas (S3 and NFS caves), - second phase including the
RIB production part, with the low energy RIB experimen-
tal hall called DESIR, and the connection to the GANIL
existing facility for post-acceleration by the existing CIME
cyclotron. The SPIRAL?2 facility is now in its construction
phase, with the objective of obtaining the first beams for
physics during year 2014 with the first phase.
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OPERATIONAL CONSIDERATIONS FOR FUTURE MULTI-USER RIB
FACILITIES*

Colin Morton”, TRIUMF, Vancouver, BC, Canada

Abstract

Like other radioactive ion beam facilities, the ISAC
facility at TRIUMF is capable of serving only a single
RIB user at a time. With the construction of ARIEL, the
Advanced Rare-Isotope Laboratory, ISAC will gain a
second RIB production front end and the ability to serve
multiple users simultaneously. This will introduce
significant new complexity to operations and beam
delivery at ISAC and place additional constraints on
experimental scheduling and personnel requirements.
These constraints will have to be taken into consideration
when planning the operation of the combined ARIEL and
ISAC facilities in order to maximize the benefits
associated with having multiple RIB production facilities.

INTRODUCTION

ISAC, the Isotope Separator and Accelerator facility at
TRIUMF, is a high-power ISOL-type rare-isotope beam
(RIB) facility [1,2]. RIB production is driven by 480—
520 MeV protons from TRIUMF’s main cyclotron at
currents of up to 100 pA. An artist’s rendering of the
facility is shown in Fig. 1 with the proton beamline
visible at lower right. As ISAC has only a single driver
and mass separator, only one RIB can be produced at any
one time. This limits the amount of RIB that can be
delivered to experiments to ~2500—3000 hours/year.

To increase the amount of RIB available to
experiments, a new facility, the Advanced Rare Isotope
Laboratory (ARIEL) [3], is currently under construction.
In its initial phase, ARIEL will comprise a 10-mA, 50-
MeV superconducting electron linac, target station(s),
mass separators and low-energy beam transport to the
existing ISAC experimental beamlines (Fig. 2). The e-
linac will serve as a driver for RIB production by
photofission and other photon-induced reactions. With
ISAC, this will allow the simultaneous delivery of two
RIB, doubling the number of hours of RIB available to
experiments. Plans for the future expansion of ARIEL
include a second high-current proton beamline to
complement that already driving RIB production at ISAC
and the ability to deliver three RIB simultaneously.

The move from single-user to multi-user operation
brings with it a number of challenges. Many of these are
technical in nature and beyond the scope of this paper.
From an operations and beam delivery standpoint,
however, there are still significant challenges to be
addressed, in particular because of the impact that multi-
user operation will have on both experiment scheduling
and personnel requirements.

*TRIUMF receives federal funding via a contribution agreement
through the National Research Council of Canada
#morton@triumf.ca
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Figure 1: The ISAC facility at TRIUMF.

Figure 2: Beamline layout of the Advanced Rare Isotope
Laboratory, showing its location relative to existing
TRIUMF facilities. ISAC is at top right.
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EXPERIMENT SCHEDULING

As shown in Fig. 3, low-energy RIB transport from
ARIEL will be coupled into the existing ISAC LEBT so
as to allow simultaneous delivery to two low-energy
experimental beamlines or to the combined ISAC-I and
ISAC-II high energy areas. (Simultaneous delivery to
both ISAC-I and ISAC-II will not be possible without the
addition of a second low-beta acceleration section parallel
to the existing ISAC-I RFQ and DTL.) Additional
destinations, such as the TRINAT neutral atom trap, the
ISAC yield station and a future ARIEL yield station, will
only be accessible from either ISAC or ARIEL; however,
they represent special cases that have only a limited
impact on the overall beam schedule. For typical
operation, the combined ARIEL and ISAC facilities can
be thought of as sharing three distinct experimental areas
that can be served independently.

The existing ISAC beamline layout dictates where
beam can or cannot be delivered simultaneously. Because
the two production facilities will share a single set of
experimental destinations they will have to be scheduled
in concert taking into consideration the fact that changing
the destination of RIB being delivered from one of
ARIEL or ISAC will have knock-on effects on delivery
from the other. Delivering RIB from multiple sources
simultaneously will introduce both greater complexity
and additional constraints on the experimental schedule.

Figure 4 illustrates four options for scheduling a typical
week of operation. In options a) and b), the week begins
with ISAC RIB being delivered to one of two low-energy
areas (ILE1) and ARIEL RIB being delivered to the
combined high-energy area (HEBT). The goal in both
cases is to end the week with ISAC beam being delivered
to HEBT and ARIEL beam to the other low-energy area
(ILE2). The cyclotron maintenance scheduled mid-week
serves as an incentive to switch ISAC operation from
ILE1 to HEBT at that time. The need for setup time using
stable beam from the ISAC offline ion source (OLIS)
dictates that ARIEL delivery to HEBT end early on the
Tuesday. In option a), ARIEL delivery to HEBT is
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Figure 3: Experimental areas at ISAC.
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maintained to that time then switched immediately to
ILE2. This creates a “pinch point” in the schedule as
beam tuning and RIB setup are then required for both
ILE2 and HEBT at the same time, increasing the need for
personnel and/or time to complete the setup of both
successfully. In option b), ARIEL delivery to HEBT is
suspended a day earlier. This eliminates the conflict with
the start of OLIS tuning to the HEBT area but represents a
loss of high-energy beam time.

In options ¢) and d) delivery from one of ARIEL or
ISAC is maintained to a single experimental area while
delivery from the other is changed between areas. In these
cases it is sufficient to stagger experiments and setup
times in order to eliminate scheduling conflicts. In
studying numerous options for scheduling beam delivery
it becomes apparent that the most straightforward way to
avoid conflicts is to maintain delivery from one RIB
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el -__\

b) Mon Tues Wed Thurs
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cor l__\
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Figure 4: Representative options for scheduling RIB setup
and delivery for the combined ARIEL and ISAC
facilities. Lighter shades denote tuning and setup time;
darker, delivery to experiment. Note the conflicting ILE2
and HEBT setup time (Tuesday, mid-day) in option a).

Radioactive Ion Beams and Facilities



Proceedings of HIAT 2012, Chicago, IL USA

source to a single area for extended periods of time. This
is not unusual at present; as an example, ISAC RIB were
scheduled to be delivered solely to high-energy locations
from June 1, 2012 to July 14, 2012, a period spanning the
operation of two ISAC production targets. The ideal
situation would be to deliver beam to a single
experimental location with only minimal intervention for
several weeks at a time. The specific need for *Li to serve
the materials science program is a good candidate for
such a mode of operation; this could be produced via the
’Be(y,p) reaction using a beryllium target at ARIEL and
delivered exclusively to the BNMR location in the ILE2
area while RIB from ISAC are delivered to either ILE1 or
HEBT.

Accepting constraints on beam scheduling can help to
limit the need for additional personnel or tuning time
when setting up RIB delivery to experiments. This does,
however, come at the cost of scheduling flexibility and,
ultimately, the amount of RIB delivered to experiments.
There is a trade-off between personnel requirements and
flexibility. With even the most stringent constraints on
scheduling, there is some minimal level of staffing needed
to maintain operations. Increasing the number of available
personnel allows greater freedom to plan beam delivery,
accounting for technical or experimental constraints, but
only to the point at which scheduling can be carried out
without regard to personnel availability; beyond that,
additional personnel provide little further benefit.
Assuming too much scheduling flexibility for the
personnel available will result in an inefficient use of
beam time as conflicts arise in beam tuning and setup.
Conversely, assuming too little flexibility will introduce
unnecessary constraints on the scheduling process and
result in an inefficient use of the available personnel.
Figure 5 shows in schematic form the relationship
between the two quantities; the ideal operating regime
will lie in the shaded region near the top of the curve,
before it flattens out as the gains from additional hires
diminish.

PERSONNEL REQUIREMENTS

TRIUMF presently has a single Operations group
comprising both ISAC and Main Control Room (MCR)
operators located in separate control rooms. The MCR has
a full complement of 15 operators, with three on shift at
any given time. There are ten ISAC operators, scheduled
two to a shift 24 hours/day when running; during
shutdown periods, operators are only on shift 12
hours/day Monday through Friday and pursue other tasks
when not on shift. Both e-linac operation and ARIEL RIB
delivery will have to be incorporated into TRIUMF
Operations once ARIEL comes online.

While ISAC operators are responsible for the safe,
efficient delivery of RIB to experiments, they are also
responsible for aspects of things such as maintenance
coordination, work permits, and site services. From past
beam delivery experience, having two fully trained and
experienced operators on shift is sufficient to e.g.
establish RIB delivery to one experimental location while
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Schedule flexibility

Personnel

Figure 5: Schematic representation of the relationship
between flexibility in beam scheduling and personnel
availability. The shaded region represents an operating
regime in which a high degree of scheduling flexibility is
achieved with a minimum of personnel.

delivering stable beam (from OLIS) to another, though
even this assumes some measure of coordination and
support from TRIUMF’s Beam Delivery group. With
fewer experienced operators on shift, or setting up both
RIB and stable beam delivery at the same time, additional
personnel are generally required.

There are several options for addressing the personnel
requirements associated with multi-user delivery. It is
planned to move both the MCR and ISAC operators into a
common control facility. This would allow operators from
one group, when not actively tuning beam or otherwise
managing delivery at their own facility, to assist with the
operation of the other given appropriate cross-training.
Furthermore, it may be possible to move things like
maintenance coordination, work permits and site services
out of the control room, allowing the operators on shift to
focus on their core responsibilities of safety, machine
protection and beam delivery. (There may be additional
efficiencies to be gained with the development and
increased use of high-level applications within the ISAC
and cyclotron control systems, but that is also beyond the
scope of this paper.) Combining control facilities and
reducing operators’ responsibilities may be sufficient to
allow e-linac operation with the existing complement of
operators as the machine is not expected to require
significant intervention when running and it is not
possible to tune drivers and RIB at the same time (as RIB
delivery requires stable driver operation), but it is unlikely
that this will be sufficient for both e-linac operation and
the simultaneous delivery of multiple RIB.

Simply achieving the full desired shift coverage of
three operators per shift in the MCR and two per shift at
ISAC requires the hiring of additional operators to
account for the fact that, with 25 operators, an average of
two will be on vacation in any given week. Managing
ARIEL RIB delivery on top of existing commitments will
likely require an additional person to be available for
beam tuning and setup. There are two options for
addressing this need: hiring additional operators, or hiring
Ph.D.-level physicists (or similar) to provide expert
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support on an as-needed basis. The main difficulty with
hiring additional operators lies in shift scheduling.
Adding a single operator position requires hiring five
operators in order to maintain that position throughout an
entire shift rotation. While that would provide significant
flexibility from a beam scheduling standpoint, the cost is
large.

Hiring physicists to provide support as needed requires
fewer new hires, but their availability will be limited
outside of normal working hours. This is an acceptable
compromise as setting up RIB for delivery during
daylight hours is desirable for other reasons, in particular
the lack of availability of technical staff after hours in the
event of equipment or controls problems that might arise
during setup. Physicists offer the additional advantage of
having advanced knowledge of beam delivery systems
and procedures and can provide research and
development effort when not actively supporting
operations. Key to this approach, however, is ensuring
that those hired to support beam delivery and operations
have a well-defined service role. It should be noted that
this role could change with time: a physicist could be
hired before ARIEL comes online to pursue his or her
own research interests on a part-time basis while working
on a particular aspect of the ARIEL project as a service to
the lab, then take over an operations support role as the
project phase of ARIEL comes to a close. Using this
model an additional 40 hours/week of operations support
could be provided with one full-time equivalent, or two
highly-qualified personnel working half-time in a service
role and half-time in research and development.

CONCLUSIONS

With the combined ARIEL and ISAC facilities,
TRIUMF will be able to support multiple RIB users
simultaneously. The move to multi-user operation will
bring additional challenges and introduce a number of
operational considerations:

* beam scheduling to avoid tuning conflicts;

* long-term scheduling to limit the number of changes

between experimental destinations;

¢ personnel requirements; and

* the nature of additional personnel that may be

needed.

Some lack of scheduling flexibility will have to be
accepted as a trade-off against personnel requirements.
Even then, it is likely that additional personnel will be
needed, including additional operators to ensure full shift
coverage. Beyond that, hiring Ph.D.-level physicists (or
similar) to provide expert-level support when necessary
may provide the greatest benefit to the lab.
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COMMISSIONING EXPERIENCE WITH CARIBU
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Abstract

The Californium Rare lon Breeder Upgrade (CARIBU)
of the ATLAS superconducting linac facility aims at
providing low-energy and reaccelerated neutron-rich
radioactive beams to address key nuclear physics and
astrophysics questions. These beams are obtained from
fission fragments of a Cf-252 source, thermalized and
collected into a low-energy particle beam by a helium gas
catcher, mass analyzed by an isobar separator, and charge
bred with an ECR ion source to higher charge states for
acceleration in ATLAS. The facility has ramped up
operation from an initial 2.5 mCi source to the present 55
mCi source. A 500 mCi source has been produced at Oak
Ridge National Laboratory and is expected to be ready for
installation in mid-2012. Low-energy mass separated
radioactive beams have been extracted, charge bred with a
10% efficiency, reaccelerated to 6 MeV/u, and delivered
to GAMMASPHERE for beta decay studies. The
Canadian Penning Trap (CPT) mass spectrometer has
been relocated to the CARIBU low-energy beam line.
Mass measurements on over 60 neutron-rich nuclei have
already been performed and additional measurements are
underway. In addition, a new tape station for beta decay
studies has just been commissioned.

THE CARIBU FACILITY

Science is driving the development of ever more
capable radioactive beam facilities. While present day
facilities (REX-ISOLDE, TRIUMF, TRIAC, ANL) can
deliver particle intensities in the 10* to 10° pps range,
future facilities (FRIB, HIE ISOLDE, SPES, SPIRAL2,
EURISOL) will deliver beams in the 10 to 10 pps
regime. However, these are large costly projects which
have a long timeline from conception to full operation. In
the United States, the Facility for Rare lon Beams (FRIB)
[1] will be the flagship radioactive beam facility
producing a wide array of beams via in flight
fragmentation, but the facility is not expected to be fully
functional until 2021. In the interim, the CARIBU facility
[2] (Fig. 1) will provide beams of radioactive nuclei albeit
with a more limited reach and intensity but also at a
substantially reduced cost and project footprint. CARIBU
will utilize fission fragments from 2*2Cf to provide nuclei
which will be thermalized in a helium gas-catcher, mass
separated and injected into an ECR charge breeder
(ECRCB) to raise their charge state for subsequent
acceleration in the ATLAS superconducting linear
accelerator. The facility also encompasses a low-energy
experimental area for mass measurements and decay
studies.
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Figure 1: Overview of CARIBU facility and ECR charge
breeder. The locations of surface barrier detectors used
for radioactive beam tuning are marked with red ovals.

Californium Source

A Z2Cf fission source is used to produce the neutron-
rich nuclei with a fission fragment distribution peaked in
regions of interest that are not well populated by uranium
fission. With a 2.6 year half-life and a 3.1% fission
branch, %*Cf has a relatively long source lifetime and thus
minimizes the need for source replacement. The source is
stored in a heavily shielded cask assembly which attaches
to the helium gas catcher/RFQ ion guide system. In its
final configuration, CARIBU will utilize a 1Ci %*Cf
source, but facility commissioning took place with a 55
mCi source. This served as a test of the shielding integrity
and allowed for safe equipment modifications.
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Gas Catcher

The gas catcher is a large-volume high-intensity device
measuring 50 cm in diameter and 1 m in length. The UHV
construction, utilizing all stainless steel and ceramic
components, allows for a clean system that can be baked
after source installation. The fission fragments lose the
majority of their energy in a degrader foil placed over the
Cf source. The fragments are then thermalized in the
ultra-pure helium gas operating at a pressure of 150 mbar.
A combination of RF and DC fields keep the ions off of
the wall and move them towards extraction at which point
the helium gas flow in the RF cone section serves to
transport the ions to two differentially pumped RFQ
sections. The extraction RFQ leads to a 50 kV
acceleration section forming a beam containing all off the
252Cf fission products but of very good quality — 1 eV
energy spread and 3 = mm mrad emittance. The typical
extraction time is 10 msec with an overall efficiency of
20%. Some of the expected yields for a 1 Ci source both
at low energy and after acceleration are shown in Table 1.

Isobar Separator

The fission fragments are delivered to a compact isobar
separator with a design mass resolution of 1:20,000.
Matching sections at the entrance and exit form a vertical
ribbon beam for mass selection, and all optics are
electrostatic so that the beamline tune is mass
independent. To date, the best achieved resolution has
been 1:10,000 in part due to difficulties with the field
control of the magnets. There are several surface barrier
detectors installed in the beam transport line for
diagnostics. These are used to monitor the radioactive
isotope intensity via beta decay. For beam identification,
the magnets are ramped in the traditional manner while
observing the beta activity as shown in Fig. 2. The
spectrum is divided into several regions representing the
heavy 2+ fission products, the light and heavy 1+
products, and the molecular components with an
underlying decay tail from the long-lived activity. Higher
resolution scans are performed on regions of interest
allowing definitive beam identification as shown in the
lower panel of Fig. 2.

Table 1: Isotope vyields at low energy and after
acceleration in the ATLAS linac assuming a 1 Ci source.

Isotope Half-life  Low-energy High-energy

(s) Beam Yield (s) Beam Yield (s})

104z¢ 1.2 6.0 x 10° 2.1x10*

43Ba 14.3 1.2x107 4.3x10°

“Ba 4.0 5.5 x 10° 2.0x10°

1303 222 9.8x10° 3.6 x 10*

1323 40 3.7 x 10° 1.4x10*

1Mo 2.8 6.2 x 10* 2.3x10°

Mo 0.5 3.3x10° 1.2 x10?
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Figure 2: Scans of the isobar separator magnets showing
the beta activity of the radioactive fission products. The
coarse upper scan delineates the various regions of
interest, while the fine lower scan displays positive beam
separation and identification.

LOW-ENERGY EXPERIMENTS

CARIBU provides a wealth of neutron-rich nuclei
available for study. For many of these nuclei, not even
their fundamental properties, such as mass and half-life,
are known. To measure these properties, it is not
necessary to accelerate the neutron-rich nuclei produced
by CARIBU. Instead, the beams from CARIBU are
delivered to a low-energy experimental area after they are
further cooled and bunched with an RFQ along a low-
energy beamline, ejected at rates of ~10 Hz, and
transformed by an ‘elevator’ from the ~50 kV beam
extracted from the gas catcher to a ~2-10 kV beam.

The first experiments using low-energy beams from
CARIBU have begun. A program to measure the masses
of neutron-rich nuclei has been initiated with the
Canadian Penning Trap (CPT) mass spectrometer.
Masses of neutron-rich nuclei not only help to disentangle
the underlying nature of nuclei, but they are also essential
ingredients for understanding the astrophysical r-process
thought to produce more than half of the heavy elements

Radioactive Ion Beams and Facilities
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Figure 3: Masses measured during the various campaigns
with the Canadian Penning Trap.

in the universe. To date, masses have been measured with
the CPT for 62 nuclei along the In, Sn, Sb, Te, I, Cs, Ba,
La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd isotopic chains (Fig.
3) to a precision of typically 10 keV/c2. Of these, 17
masses were obtained for the very first time, and the mass
precision of the other masses was vastly improved. After
the 500 mCi source is installed, it is expected that more
than 100 additional mass measurements of neutron-rich
nuclei will be made.

A moving tape collector system, or "tape station"”, has
been constructed and installed in the low energy
experimental area of CARIBU. The system consists of an
implantation chamber and tape transport/storage
mechanism. Fission fragments from CARIBU are
implanted on 35 mm aluminized tape and beta/gamma
activity is detected using plastic scintillators and high
purity germanium detectors. Once a counting cycle is
completed, the activity can be transported on the tape
away from the detectors to a shielded location within a
storage unit capable of holding ~350 ft of tape. The
system has been commissioned by using it to measure
half-lives for ***Cs and '*Cs. Preliminary values of
1.68(2) s and 0.99(5) s, respectively, were obtained on the
first attempt with 7 hours of beam time. The quoted
uncertainties are purely statistical. The system is capable
of operating with a sufficiently short duty cycle to study
nuclei with half-lives as short as 300 ms and has been
observed to operate reliably in this mode for 16 hours.

CHARGE BREEDER

The charge breeder is a room temperature ECR ion
source operating at 10-14 GHz with a design extraction
voltage of 50 kV, matching that of the gas catcher. The
ECRIS has an open-structure NdFeB hexapole with six
radial ports. The radial ports which are each 17 x 41 mm
in size act as pumping channels resulting in a plasma
chamber pressure of 5 x 10 Torr. They also serve to
introduce the RF and support gas into the plasma
chamber. This eliminates the need for cut-outs in the
injection side iron plug and results in a large peak and
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highly symmetric axial magnetic field where the ions
enter the plasma. This scheme differs from other ECR
charge breeders in existence which are closed hexapole
devices with axial RF injection. For the ANL ECRCB, the
low charge-state ions are introduced into the plasma
through a grounded stainless steel tube mounted on a
linear motion stage. The stage has a 30 mm range of
travel, and thus the deceleration point of the low-charge
state ions can be adjusted on-line without disturbing the
source conditions [3, 4].

Breeding Efficiency

A summary of achieved charge breeding efficiencies of
the ANL ECRCB compared to that of other breeders
operating in the world is given in Fig. 4. The ANL charge
breeding development system consists of a source for the
production of stable ions (either a surface ionization
source or an RF discharge source), a transport system, and
the ECR charge breeder (see Fig. 1). A diagnostics region
includes a fully shielded Faraday cup for measuring the
1+ beam and a silicon surface barrier detector (SBD) for
measuring radioactive beams via beta decay. After charge
breeding, the intensity of the mass analyzed n+ ions is
observed on either a Faraday cup for the stable beams or a
SBD (which has an identical configuration to the 1+
SBD) near the Faraday cup for the radioactive beams. The
breeding efficiency and time are determined by pulsing
the incoming 1+ beam, using an electrostatic steerer
voltage, and measuring the n+ response on the Faraday
cup or SBD. The breeder typically operates at 36 kV
potential with two RF frequencies (11.44 + 11.7 GHz)
exciting the plasma. While the breeding efficiencies of the
stable and radioactive species have been similar, the
beamline tunes used to achieve these results are different.
There is some evidence that the beam extracted from the
ECRCB differs in its trajectory depending upon the
source of the feed material — neutral gas injection versus
1+ injection. This is quite unexpected for a plasma driven
device given the long ion confinement time, and this
phenomenon is being investigated.

18 | ®ANL o XK1
4 ISOLDE BT+
161 erpsc o ® o lBa2
14 | =TRIAC PROY .
g TRIUMF op® o @ X
; 12 4 13'((:577» . . -
g 75 2Na’* H!,Cs/h v"”KrW'
s | .
£ BNa® o 122X @20+ g1K12+
s 8 2Net* e
>
£ TaK 15+ .
2 6 Kr * oz a0KE+
a 4 | 4 S5)jn 14+ WIAgTs  %6Sri4 208pp25+
56Fg10+ ® s o 123 16+
2 ° oLz e 209gj28+ Z o
0 23Ngb* 6Rp 15+ 1240520+
2 3 4 5 6 7 8 9

AlQ

Figure 4: Summary of charge breeding results for the
CARIBU program as well as other charge breeding
programs. Radioactive isotopes are denoted with shading.
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Figure 5: The ATLAS facility with CARIBU addition marked in blue. The locations of the silicon surface barrier

detectors for beam tuning are marked with red ovals.

BEAM TUNING

The ATLAS facility has had a robust Accelerator Mass
Spectrometry (AMS) program for several decades, and
the experience gained in that time has been adapted for
use with the CARIBU radioactive beams. First a stable
beam with very similar A/Q to the radioactive beam of
interest is identified. Typically an isotope of krypton or
xenon fulfils this role, and that beam is produced via
neutral gas injection into the ECRCB. The accelerator is
tuned with this beam, optimizing transmission to target.
The tune is stored in a database which is then scaled to
the charge-bred beam of interest. This allows rapid
cycling between machine tune configurations as the entire
machine can be shifted from one tune to another via
computer control. After all elements have been optimized
with the guide beam, all machine elements are scaled to
the A/Q of interest with no tuning of the machine
elements after scaling. The SBDs arrayed throughout the
machine (Fig. 5) are then used for beam detection and
optimization. It has been observed that the set value for
the steerer immediately after extraction changes based
upon the origin of the ion source feed material - neutral
gas versus a 1+ injected beam - and has a direct impact on
overall beam transmission. With the steerer set for
optimimum transmission of the stable guide beam, the
radioactive beam transmission is greatly diminished.
Once the steerer value has been optimized utilizing the
SBDs, the radioactive beam transmission approaches that
of the stable beam. As stated earlier, this effect is still
being investigated.
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Beam Contaminants

The negative of an ECRCB is the stable background
produced by the ion source which can be in the enA range
(10" pps). The background originates from the
constituents of the plasma chamber wall material as well
as those of the source neutral gas load and can obscure
any low-flux radioactive beams and complicate the
experimental set up. Methods are being investigated to
minimize the background, but there are also many A/Q
combinations which can yield a relatively clean energy
spectrum with the current level of background. First, a
program is used to identify potential conflicts based upon
A/Q ratio as well as the likelihood of particular
contaminants being present in the ion source. Once a
potential A/Q combination has been identified, it is
investigated with the beam energy acquisition system.
Two energy spectra for Cs are shown in Fig. 6. The upper
spectrum is the energy spectrum of the beam taken at 0°
with x1000 attenuation. Large contaminants of >*Cr, zr,
and '?°Sn can be clearly seen as well as lower level
contaminants. For this case, a beam of '*Cs?”*, the
background rate was 330 kHz, but moving to ***Cs®*
produced a background level of 66 kHz. The lower
spectrum is that of **/Cs*" taken at 0° with no attenuation
with a background rate of 900 Hz as opposed to ***Cs*®*
which had a background rate of 10 kHz. With this system,
it is possible to find A/Q combinations which make beam
contaminants less troublesome.

Radioactive Ion Beams and Facilities
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Figure 6: Energy spectra of *Cs?* (top panel) and
144Ccs®* (bottom panel) taken at 1.5 MeV/u at 0° on a
silicon surface barrier detector.

COMMISSIONING

The CARIBU project commissioning goal was a beam
of *Ba'®* accelerated to 6.0 MeV/u with a rate of 700
Hz. Commissioning was achieved with a beam of ***Ba*"*
accelerated to 6.1 MeV/u with a rate at the high energy
end of 900 Hz. The ECRCB breeding efficiency was 12%
with a total machine transmission from ECRCB to target
of 12%.

CURRENT ACTIVITIES

The facility has ramped up operation from an initial 2.5
mCi source to the present 55 mCi source. This was done
to verify the efficacy of the shielding as well as the gas
catcher system operation. Recently, a 500 mCi source has
been produced at Oak Ridge National Laboratory and is
expected to be ready for installation in mid-2012. This
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will result in a factor of 10 increase in available beam
intensities to the experimental program.

The isobar separator resolution continues to improve as
a better understanding of the system optics is gained. The
field instability of the magnets due to the power supplies
not maintaining field lock is an issue which is being
addressed.

In an effort to reduce the source background, the ANL
ECRCB has been fitted with a high purity quartz liner.
This shields the plasma chamber wall and should allow us
to determine what percentage of background is due to the
wall. The extraction electrode and the grounded tube have
been replaced with identical components fabricated from
high purity aluminum also allowing us to determine their
contribution to the source background.

But even these modifications will not approach the
cleanliness level possible with an electron beam ion
source (EBIS). A typical EBIS will have regions with
background levels <10° pps, breeding times in the 20-200
msec range, and A/Q of 2.5-4.5. These attributes are well
suited to the CARIBU program, and with this in mind, an
EBIS is being constructed which will replace the
ERCRCB. Charge breeding tests have been carried out on
the BNL TestEBIS, the device which served as the model
for the ANL EBIS breeder. The BNL TestEBIS has a
peak electron beam current of 10 A and a current density
of 575 Alcm?. The ANL EBIS will operate with a 2 A
electron gun and 500 A/cm? For the test, the BNL
TestEBIS electron beam parameters were adjusted down
to 1.5 A and 76 A/cm? with a 5.3 msec breeding time
resulting in a calculated transverse acceptance of 80 7 mm
mrad. It should also be noted that while the beam was
injected with a 70 psec bunch length through pulsing the
voltage on the ion source, it did not undergo any cooling
via a Penning trap. A charge breeding efficiency of 17%
into Cs®" was achieved with a breeding time of 5.3 msec
[5]. The low charge state was chosen in order to not
interfere with the residual gas background. Shifting to a
higher charge state would introduce interferences, but in
almost all cases a charge state can be chosen which
exhibits very low residual contamination. Since the
CARIBU program will not provide primary beams above
107 ions/s, the charge capacity of the EBIS is also not an
issue.
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GANIL OPERATION STATUS AND UPGRADE OF SPIRALI1

F. Chautard, O. Bajeat, P. Delahaye, M. Dubois, P. Jardin, O. Kamalou,
L. Maunoury, G. Sénécal
GANIL, Grand Accélérateur National d’lons Lourds, CEA-DSM/CNRS-IN2P3, Bvd H. Becquerel, BP
55027 14076 Caen cedex 5, France

Abstract

The GANIL facility (Caen, France) is dedicated to the
acceleration of heavy ion beams for nuclear physics,
atomic physics, radiobiology and material irradiation.
The production of stable and radioactive ion beams for
nuclear physics studies represents the main part of the
activity. The exotic beams are produced by the Isotope
Separation On-Line method with SPIRALI1 facility. It
is running since 2001, producing and post-accelerating
radioactive ion beams. The review of the operation
from 2001 to 2011 is presented. Because of the
physicist demands, the facility is about to be improved
with the project Upgrade SPIRALIL. The goal of the
project is to extend the range of post-accelerated exotic
beams available. The upgrade of the “Systeme de
Production d’lons Radioactifs en Ligne” phase I
(SPIRALL1) is in progress and should be ready by 2015.
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e A high-energy beam out of CSS2 is
transported to experimental areas
(<95MeV/u).

e An auxiliary experiments shares the previous
CSS2 beam (10% of the pilot experiment
time)

e Finally, stable beams from SPIRAL1 source
can be sent to LIRAT (<34keV/A) or post-
accelerated by CIME and given to detector
tests for example.

During radioactive beam production with SPIRAL1,
the combination are reduced to the four first and with
radioactive beam sent to the 2 last experimental areas
mentioned.

2001-2009 GANIL OPERATION STATUS

Since 2001 (Figure 2), more than 38280 hours of beam
time has been delivered by GANIL to physics. A third
of this time is given to SPIRALI. The total beam time
for physics (tuning and maintenance excluded) is on
the average around 3400 hours a year.
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Figure 1: GANIL layout.

OPERATION REVIEW

Multi-beam delivery is routinely done at GANIL
using its 5 existing cyclotrons. Up to five experiments
can be ran simultaneously in different rooms with
stable beams (Figure 1):

e Beams from C01 or C02 are sent to an
irradiation beam line IRRSUD (<1MeV/u).

e A charge state of the ion distribution after the
ion stripping downstream CSS1 is sent to
atomic physics, biology and solid states
physics line D1 (4-13MeV/u).

Radioactive Ion Beams and Facilities

Figure 2: Beam time repartition between SPIRAL and
GANIL beams over 11 years.

The number of beam delivered per year (Figure 3) has
increased until 2010. Owing to the arrival of SPIRAL2,
the running time has been reduced to devote more
ressources to the project.
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2011.

Figure 4 shows such maintenance actions have given
rise to higher time availability.
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Figure 4: Ratio of beam time available for physics to
scheduled beam time online.

UPGRADE SPIRAL1

The first Isotope Separator On Line System installed
at GANIL, named SPIRALL, has delivered radioactive
ions for 10 years. Radioactive atoms produced by
fragmentation of swift heavy ions (up to 95 MeV/u) on
a carbon target are ionized in a multi-charged ECR ion
source before being post-accelerated in a cyclotron.
Owing to the design of the target ion source system
(TISS), mainly gaseous ions are produced. To satisfy
the request of physics community in extending the
choice of ions to those made from condensable
elements, with masses up to Xe an upgrade of
SPIRAL1 has been undertaken. Beams and technical
options considered during the prospective phase have
been sorted out. A schematic of the ongoing upgrade is
presented Figure 5. Surface ionization, FEBIAD or
ECR ion sources will be installed in the production
cave after its modification to provide 1+ beams of
condensable elements. Out of the cave and after mass
separation, a Phoenix type charge booster will be
installed on the present low energy beam line to
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increase the charge of the radioactive ions from 1+ to
N+ for post-acceleration.

The upgrade of SPIRAL1 and its technical
environment need to conform to stringent regulation
requirements as explained below.

Cave
Target Primary
N beam
Concrete TISS
1+or N+
ionbeam
Extraction
Low energy * chamber
beam line 5
4
Room 15 Charge
Booster

. Magnetic
““separation

Extraction
chamber

Injection
chamber

Toward
post-acceleration

Figure 5: Schematic of the SPIRAL1 upgrade.

NEW BEAMS VERSUS NEW TISS

New elements will be mainly produced by
fragmentation of primary beam ions on a graphite
target. Thus most of the masses and atomic numbers
will generally not be higher than those of the primary
beams available at GANIL. The elements to be
produced can be divided in three groups:

1- alkali elements and rare earth elements (Li, Na, K,
Rb and Sr). The elements will be ionized in an existing
TISS already tested on line at GANIL on a test bench.

2- metallic ions (Mg, Al, Ca, Sc, Cr, Mn, Co, Ni, Cu,
Zn, Ga, Ge, As and Se). They will be produced by
association of a carbon target with a FEBIAD of
VADIS type developed at CERN (Figure 6). This
association has been recently tested on line with
primary beams of **Ni (intensity up to 270 nA) and of
SAr (intensity up to 77 nA). ®Mg*, ZAl*, 3CI*, 3K,
®Mn*, *#Cy* and ****"Fe* jons have been produced.
Preliminary estimates give intensities of 6.6 x 10* and
1.4 x 10* pps for ®*Fe and **"Fe respectively for ®*Ni at
72 MeV/u. They indicate good performances for the
TISS as Fe beams were only recently observed at
ISOLDE. A forthcoming article should describe these
tests in detail. The technical design is being pursued,
mainly for improving the setup reliability. The final
version should be ready in 2013.

Radioactive Ion Beams and Facilities
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Figure 6: TISS made by association of a graphite target with a
VADIS FEBIAD ion source.

3- non-metallic ions, halogen and rare gas ions (He,
Ne, Ar, Kr, O, C, P, Cl and Br). Multi-charged ions
from rare gases, C and O are currently produced using
the ECR ion source of SPIRALL.

Because the singly-charged ion sources are shorter
than the present NANOGAN Il ECRIS along the low
energy beam line axis, a chamber containing optical
elements will be installed in place of it to adapt the 1+
beams to the present low energy beam line.

Some elements heavier than the projectiles will be
produced by fusion-evaporation reactions, at lower
beam energies. Using heavier target material than
graphite will also be possible and beneficial in a 2™
step. As an example, to produce “*®Ga isotopes, the
reaction 3.6 kW 2C (95 MeV/u) + Nb leads to gain a
factor of six on the vyields compared to 1.2 kW
8Kr (70 MeV/u) + C reaction.

CAVE UPGRADE

Ten years after delivering its first radioactive ion
beam, the cave of SPIRAL1 must be modified to
accommodate the new TISSs. Up to now, multi-
charged radioactive ions could be directly produced in
the cave for post acceleration. After the modification, it
will also be possible to produce singly charged ions in
the cave, which will be charge bred in a booster after
mass separation. The main advantages are a higher
purity of the beam of interest owing to a pre-separation
of the singly charged ions in the first magnetic dipole
and production of higher charge states which will allow
heavier elements to be injected in the post accelerator
(cyclotron) and thus higher final energy.

The upgrade of the cave attempts to fulfill
simultaneously the two following conditions:
minimizing the transformation of the cave and of its

Radioactive Ion Beams and Facilities

VADIS FEBIAD

environment (building, handling systems, safety
protections and process, cooling system, nuclear
ventilation system etc...) while increasing its flexibility
in terms of useable TISS. The modification of the cave
will start during the second semester of 2012. In the
course of 2013, the cave should be able to accept both
the former and new TISSs.

CHARGE BOOSTER

An important part of the upgrade consists in the
installation of the charge booster on the low energy
beam line (room 15), after the mass separator. The
booster that will be used at SPIRAL1 is a commercial
version of the Phoenix booster designed by LPSC,
GRENOBLE, and constructed by Pantechnik. It has
been tested at CERN and then at TRIUMF. Moreover,
the same principle has been successfully tested at ANL.
The possibility to make the 1+ and existing N+ beams
going through the booster when it is off has been taken
into account. This function is essential when the beam
delivered by the TISS is directly used, i.e. without
charge breeding, either for post-acceleration or in the
experimental beam line LIRAT (Ligne d'lons
Radioactifs A Tres basse énergie).

The singly charged ions coming from the cave will
cover the range from He" to Xe", with post-accelerated
energies ranging from ~25 MeV/u to ~7 MeV/u
respectively, depending on the isotopes considered.
The breeding efficiency is generally better for ion
masses higher than ~30. Beyond mass higher than
~100, the transport between the TISS and the booster
must be made at lower extraction voltage, due to the
limit of the magnetic rigidity of the mass separator,
which limits the transport efficiency. Thus the
preferential mass range of SPIRALL upgrade goes from
~30 to ~100.

The booster has been recently shipped from CERN
to GANIL. The optical study is done. The design of the
booster has been consolidated in particular with UHV
components, double RF injection, and a position -
tunable injection tube. The design of mechanical
supports and injection/extraction chambers s
underway, as is the supplying of services (power
supplies, RF emitter). The installation of the booster
will be achieved by end of 2014.

New singly-charged radioactive ion beams are
expected by 2013, and multi-charged ion beams by
2015.
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Abstract

The design of the SPIRAL 2 RIB extraction and mass
analysis is the result of previous experiences at GANIL
(SIRa) and SPIRAL and concerns the ISOL process [1].
The layout presents different beam sections of optical
interest starting after the target ion source (TIS) with a
conventional Einzel lens, a 1 T solenoid, a triplet of
magnetic quadrupoles and a magnetic dipole for the mass
analysis. The down-stream 1+ ions transfer line to the
users is designed following a conservative solution
composed of emittance limitation, homothetic betatron
matching, passive and symmetrical optical lattices (point
to point and unitary transport) as well as beam
instrumentation enabling the control of the losses
(pepperpots, slits, beam profilers, Faraday cup, etc.). This
contribution will mainly focus on the description of the
beam line, its characteristics and on some side effects
which have to be taken into account in order to match the
beam properly during the operations.

INTRODUCTION

The SPIRAL 2 Project

The SPIRALZ2 project is based on a multi-beam driver
for both ISOL and low-energy in-flight RIB production.
A superconducting light/heavy-ion linear accelerator
capable of accelerating 5 mA deuterons up to 40 MeV
and 1 mA heavy ions up to 14.5 MeV/u is used to feed
both thick and thin targets. The intense RIBs are produced
by several reaction mechanisms (fusion, fission, transfer,
etc.) and technical methods (ISOL, recoil spectrometers,
etc.). The production of high intensity RIBs of neutron-
rich nuclei will be based on fission of a uranium target
induced by neutrons, obtained from a deuteron beam
impinging on a graphite converter (up to 10* fissions/s)
or by direct irradiation with a deuteron, *He or “He beam.
The post acceleration of RIBs in the SPIRAL2 project is
provided by the existing CIME cyclotron, which is well
adapted for separation and acceleration of ions in the
energy range from about 3 to 10 MeV/u for masses
A~100-150. SPIRAL2 beams, both before and after
acceleration, can be used in the present experimental area
of GANIL [2].

The RIB Lines
The RIBs have a relatively large beam emittance,

#francis.osswald @iphc.cnrs.fr
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therefore a dedicated beam transport system is built to
extract, separate and transport the desired single-charged
ion 1+ beam. The beam lines are designed to accept a
transverse geometric emittance of 80 = mm.mrad, in
horizontal and vertical planes. Most of the contaminants
must be suppressed by means of slits, collimators and
magnetic analysis. This is the role of the Beam
Production Zone (ZPF), see top part of Figure 1. The
beam lines must connect different areas of the SPIRAL 2
project (identification station IBE, low energy
experiments area DESIR, N+ multi-charged ion beam line
leading to the existing GANIL facility). This is the role of
the Beam Transport Zone, see bottom part of Figure 1. In
order to achieve all the requirements a structure divided
into “stages” or “sections” has been developed. The
different sections are described in the following. All the
ion-optical simulations except for the high current beam
calculations have been performed with the TraceWin code

3.

Figure 1: 3D view of the Beam Production Zone (top) and
Beam Transport Zone (bottom) of the SPIRAL2 1+ lines.

Radioactive Ion Beams and Facilities
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LATTICE DESCRIPTION AND BEAM
SETTINGS

Beam Extraction

The beam is extracted from the source and sent to the
first optical section (“optical section 07), which is
composed of an Einzel lens (LR1-EINO1), a solenoid
(LR1-SOLO01) and a magnetic quadrupole triplet (LR1-
Q01 to LR1-Q03). The Einzel lens (and the solenoid to a
lesser extent) allows different tunings of the optical
section for different beam sizes at the extraction, without
having to change the tuning of the quadrupole triplet. Slits
and collimators positioned at the beam image point ensure
that the most intense beam contaminants, mainly the
support gases used for the beam extraction, are
suppressed. The structure of this optical section is shown
in the top part of Figure 2. An example of beam envelope
for a 122 u reference mass and a 50 ppA beam current is
shown in the bottom part of Figure 2.

Mass Analysis

After the beam image point, the beam propagates
through a mass analyser designed to separate the ions of
interest from the isotopic contaminants. The mass
resolving power at the first dipole image point (D1 on
Figure 3) has been evaluated as about 300 (with + 3
standard deviations) for a reference beam of mass 122.

6960
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Figure 2: (top) Structure of the “optical section 0”. All
distances indicated are in mm. (bottom) Horizontal and
vertical beam envelopes at first order of a mass 122 u
beam with 60 keV energy, 1+ charge and 50 ppA current
going through the optical section.
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Figure 3: (top) Structure of the “optical section 1. All
distances indicated are in mm. (bottom) Horizontal and
vertical beam envelopes at first order, of a mass 122 u
beam with 60 keV energy, and 1+ charge going through
the optical section.

Achromatic Deviation

The “optical section 1 consists of two opposite signs
dipoles (LR1-D11 and LR1-D12), the first being the mass
analyzer described above. Two magnetic quadrupole
doublets (LR1-Q11 to LR1-Q14) are located around the
intermediate image point of the optical section. The
quadrupoles control the achromatism provided by the two
dipoles and the symmetry of the beam envelope. The
structure and the first order beam envelope of the optical
section are seen in Figure 3.

Betatron Matching

Once the contaminants have been rejected, the beam
goes through an adaptation section composed of four
electrostatic quadrupoles, where the beam size is
modified and adjusted to the following sections.

Beam Switching Yard

A switching electrostatic deflector (LR1-D51) is used
to send the beam of interest to three different branches
(IBE identification station, charge breeder or DESIR).
When the beam is deviated from + 45° it is sent to the
IBE station or to the charge breeder. Then, the beam goes
through an electrostatic quadrupole triplet, and a second
deflector (LR1-D61 or LR1-D71) which makes the
complete section achromatic and deflects the beam by an
additional 45°. When the upstream electrostatic deflector
(LR1-D51) is switched off, the beam is transferred to the
DESIR area. In order to send the beam to the IBE and
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charge breeder beam lines, a 2° kicker is placed in front
of the deflector in order to reach the 45° total deviation.
The overview of the “optical section 77, with the beam
being sent to the charge breeder, and the corresponding
optics are shown in Figure 4. The “optical section 6
going to the IBE identification station is identical by
symmetry around the first electrostatic deflector.

Y‘(m) .

Figure 4: (top) Structure of the “optical section 7”. All
distances indicated are in mm. (bottom) Horizontal and
vertical beam envelopes in first order, of a mass 122 u
beam with 60 keV energy, and 1+ charge going through
the optical section.

BEAM DIAGNOSTICS

MIPPS

In both beam production and beam transport areas, a
MIPPS (Measurement of Intensity in Particles Per
Second) system has been implemented to allow the beam
current measurement even for very low intensities. A
small electrostatic deflector is placed in front of a Faraday
cup, which is itself shifted from the beam axis to be able
to stop the deflected beam. The deflector will be
switchable with appropriate time structure so that around
10 % of the beam is deviated to the Faraday cup.

Conventional Diagnostics

The conventional (diagnostics FC, BPM, etc.) are
mainly used in the Beam Production Zone (BPZ) as
radiation, mechanical integration and maintenance
constraints are too severe to enable some equipment in the
BPZ.
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SIDE EFFECTS

High Current Multi-Species Beam Extraction

The beam extraction section down to the analysing
magnet has been investigated with a numerical model and
the MCIBO04 beam dynamics code [4]. As seen in other
facilities [5, 6], perturbations of the beam transport
happen with demanding conditions, i.e. with high current
supporting gas used in Electron Cyclotron Resonance lon
Source (ECRIS) and high current contaminants. The
formation of a hollow in the beam distribution of interest
is related to the solenoid focusing placed between the ion
source and the analysing magnet. The focusing length of
the solenoid for the lighter ions (with a smaller mass-to-
charge ratio) is less than for the beam of interest. For this
reason in the region between the solenoid and the
analysing magnet the lighter ion beams have significantly
smaller transverse dimensions compared to the reference
beam. In the region out of the lighter ion beam boundary,
the defocusing field decreases as inverse distance of the
ions from the axis of the beam. For larger intensities of
the lighter ion beam, the space charge effect leads to the
hollow structure formation of the beam of interest just
after the analysing magnet and increases the emittance of
the injected ion beam, see Figure 5 [7].

An experiment with a stable beam and comparable
conditions has been performed on the SPIRAL 2 low
energy beam line LBE1 at LPSC during last winter. A
40Ar+ beam extracted from an ECRIS source with
nitrogen as supporting gas has been analyzed and
observed with a BPM in order to reproduce the hollow
effect. Despite the fact that a perturbation has been clearly
observed, see Figure 6, an unequivocal answer was not
possible due to some experimental artefacts. A further
experiment with direct beam observation (quartz) is in
preparation.

-30 cm -10 cm 0cm

Figure 5: (top) Simulation of the behaviour of 1pA A=120
u ion beam at 60 keV mixed with a co-extracted Nitrogen
beam (800 pA) used as supporting gas in the ECRIS. One
can see a strong focusing inside the solenoid (left) and the
beam separation (right) inside the analysing magnet.
(bottom) Hollow beam at different distances prior to the
analysing magnet focal plane, depending on the beam
matching conditions.
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Beam Losses

The supporting gases used in the ECRIS help ionizing
efficiently the radioactive atom of interest but on the other
hand generate parasitic low charged beams. Those beam
contaminants have a very different behaviour compared
with the reference beam due to their different magnetic
rigidity. This means that a large fraction, if not all, of
these contaminants will be lost in the upstream part of the
beam line, in the “optical section 0”. For all beams
produced by fission, the losses will mostly occur before
the quadrupole triplet of optical section 0. Figure 7 shows
the example of nitrogen mixed with the mass 122 setting.

0]

Losses (W )

Fosition (m ) Total=60 W

Figure 7: (top) Horizontal and vertical beam envelopes at
first order, of a 1 mA *N* beam and 60 keV energy, with
the setting on mass 122 u as described before. (bottom)
Power losses of the same *N* beam along the beam line.
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CONCLUSION

A complex beam line system, being able to extract,
separate and transport the RIBs from the ion source to the
different branches of the SPIRAL2 project has been
described. It achieves the specifications goals for the
transport of large emittance beams up to 80 pi.mm.mrad,
and for the separation of the beam of interest from the
neighbouring isotopes. Several side effects have been
identified. The hollow effect has been identified as a
potential perturbation of the beam of interest dynamics at
the beginning of the beam line. The loss effect of large
amount of parasitic co-extracted beams induced by the
use of a supporting gas in the ECRIS has to be further
investigated to avoid heating and activation problems.
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THE DARMSTADT MULTI-FREQUENCY DIGITAL LOW LEVEL RF
SYSTEM IN PULSED APPLICATION*

R. Eichhorf, U. Bonnes, C. Burandt, M. Konrad, P. Nonn,
IKP, TU Darmstadt, Darmstadt, Germany
G. Schreiber, W. Vinzenz, GSI Darmstadt, Germany

Abstract high operating frequency of 3GHz make them very

Triggered by the need to control the supercondgctirsusceptible for microphonics. Designing and impngvi
cavities of the S-DALINAC, the development of aithity the Low-Level RF System therefore was and is onpma
low level RF control system was started severalrgearesearch activity [2,3].

ago. The chosen design proved to be very flexilsiees In addition to the superconducting cavities, room-
other frequencies than the original 3 GHz may tepeeti temperature chopper and buncher cavities are auerat
easily: The system converts the RF signal comiognfr AS the new polarized electron injector has been
the cavity (e. g. 3 GHz) down to the base bandgusin assembled in the accelerator hall [4] the need dor
hardware 1/Q demodulator. The base band signals dtarmonic system arose: lIts bunching system censfsa
digitized by ADCs and fed into a FPGA where thetomin  chopper cavity and a 3 GHz as well as a 6 GHz haitno
a|gorithm is imp|emented_ The resumng Signa|s H@ buncher. CUrrently, our RF control SyStem has tal de
modulated before they are sent back to the cavityith different loaded quality factors (Rranging from
Meanwh"e’ this System has been successfu”y mm some 5000 to 31%3 well as with different Operating
3 GHz, 6 GHz and 325 MHz cavities, on normal anffequencies. Due to its modular design, reflectedhie
superconducting cavities as well as in cw or putsede. hardware design as well as in the control algoriheing
This contribution will focus on the 325 MHz versiboilt ~ Programmed into an FPGA) the system was adapted to
to control a pulsed prototype test stand for tHeNAC the needs of proton Linac currently under designGI/

at FAIR and possible extensions to even loweFAIR [5]. This normal conducting drift tube linac
frequencies. We will present the architecture &f RF comprises 12 crossed-bar H-mode cavities (CH esm)iti

control system as well as results obtained duringpat are operated at 325.224MHz in pulsed mode,
operation. requiring some major changes in the RF control,

described lateron. The cavities are fed with RFsgsilof
INTRODUCTION 200 ps length at a maximum repetition rate of 4 Hz [6].
The S-DALINAC is an 130MeV recirculating electron The beam pulse length is $8, representing a significant
linac that is operated in CW mode [1]. It usedeam Iqad of approx. 80 %. Base_d on beam dynamics
superconducting niobium cavities at 2K with a lohd@ calculations, the field stability requirements weset to
of 3-10 for acceleration. Their 20 cell design and th®-1 % and .5

G
—_—
= FPGA Board
| |
=~ A D =~ |4
| |~ D A ~ 17
Pick-up /Q /Q
Klyst
Antenna Demodulator | I Modulator [ hlystron
A D
= FPGA = 4
| | ™~ D A —~
Low-pass |
l A Filter |
< 1= D
Amplitude | Low-pass I
Detector Filter I
PC

Figure 1: Overview of the hardware components ef hcontrol system. The (frequency dependant) redduand
demodulator are located on the rf board whereas=H®A board only contains the signal processinglware. The
control algorithm itself is programmed into the FR@llowing SEL and GDS operation.

*Work supported by DFG through CRC 634 and by tB&BF under 06 DA 9024 |
# eichhorn@ikp.tu-darmstadt.de, affiliation stagtituly 2012: Cornell University, Ithaca, NY, USA
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SYSTEM ARCHITECTURE Every board requires a careful calibration, thaiebf
Wpich have been described before [3]. However, allot

The approach to control the RF chosen in Darmsta
was the base-band solution: All RF signals are dowf O™ of the (d_e)modulator_ can be compensated by
An important figure of merit of the

o . . calibration.
converted to the base band by mixing with the dieTa o 1 a0 is the deviation of the measured imiatse

X 2 e
frequency, processed in the remaining low frequencg( : o I
domain and up converted later on by modulationjraga om the actual input phage, as sho.wn n f_|g. s Tas
been measured by applying an rf input signal to rthe

using the master oscillator running at the opematio,

frequency. This allows spliting the hardware intgot
parts: A frequency dependent RF board containied/@

(de)modulator and a frequency independent FPGAdbo
processing the signals (see Fig. 1). All

power detector located on the RF board improves t
accuracy of the magnitude measurement.

RF BOARD

The photo of the RF board, given in fig. 2, disglalye
principle of the layout: The incoming signal (right
connector) is split and fed to the 1/Q demodulatiod the
power detector. The low frequency signals then detv
the FPGA board (show later on in fig. 4) via theltipole
connector. After the signal processing, the sigaads|/Q
modulated and leave by the left RF connector.

Figure 2: Photo of the (frequency dependent) RRrobn
board. The signal from the cavity is connectechtoright
SMA connector; the left connector delivers the aigio
the cavity while the Local Oscillator (LO) connettsthe
middle.

Depending on the operation frequency of the catlity,
splitters, modulator and demodulator as well agheer
detector have to be chosen accordingly, being aomin
modification. So far, we developed a 3 GHz, a 6 Ghte
1.3 GHz, a 325 MHz and a 160 MHz version of the R
board, all of them where operating successfullghtuld

be noted that the low frequency versions (325 & 160 The

hardwar
components have been developed in-house. A separ

e

board with a frequency that is slightly shiftedth® LO
frequency (1 kHz away). The result is a rotatingteein

aﬁhe I/Q plane that is recorded over many periodsure 3

ghows the deviation (for the 325 MHz board) of pihase
gﬁculated from | and Q and the input phase. Thesgh
ror is dominated by noise, produced by the two rf
génerators. With the resut of 0.2 ° rms gained aftene
major design changes[7], the deviation is smahantthe
phase error of the 3 GHz boards now, currently asede
S-DALINAC. All together the described hardware esro
are negligible, showing the substantial improversent
compared to the boards used before.

1

A® (deg)

180
® (deg)

270 360

Figure 3: Characterization of the 325 MHz demodrlat
showing the typical deviation of the measured inghase
from the actual input phase. The histogram on #fe |
shows a projection to the y axis representing thasp
deviation, being 0.2° rms.

FPGA BOARD

The FPGA board digitizes the analogue signals cgmin
from the RF board and feeds them into its FPGA wher
the control algorithm is carried out. The resultirend Q
output signals are converted back to analogue &efay
are sent back.

The hardware of the FPGA board, shown in fig.3 is
identical with the boards used at the S-DALINAC epic
for the filters: Low-pass filters in front of theDXCs
ensure that frequencies above the Nyquist frequaney
damped to avoid aliasing effects. Identical recmasion
fiiters at the output remove harmonics created Hy t
DACs.
have been for the

filters designed

MHz) require a doubled LO frequency (650 and 32§ DALINAC’s RF control system which has to deal

MHz) for accuracy reasons.

Room Temperature and Superconducting Linac

mainly with microphonics at frequencies below 10zkH
High requirements with respect to accuracy togetbidr
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an adjacent mode of the cavity that is only 700 eMay CONTROL ALGORITHM
from the operating frequency led to third ordetefi with T . :

inel wo different control algorithms have been
an cut off-frequency of 100 kHz. On the other h implemented for the S-DALINAC: A generator-driven

pmh;sien erllzth(l,nct:rc?rilrjgﬁgr ?I};l;?ies ufrsth:elglizzrf\?;gd::n resonator control algorithm for normal-conducting
9 ' y cavites and a self-excited loop algorithm for

;feduuC:r?c tcf)orﬁtrr?(ta o-rlijiﬁracﬂll'«t’?:rio:\vtlrt'gl éhgte?mﬁﬁ(;; of superconducting cavities. Both algorithms are ojateh
d y P y ) for cw operation and cannot be used in pulsed matte

still provide enough attenuation for the neighbogri the p-Linac as they completely rely on static seti

modes. For pulsed operation, the programming of the FPGA
had to undergo a major extension to allow time-ddpet
settings. In addition, a pulse shape generator begen
implemented in the FPGA code. It consists of a nrgmo
storing 2048 set values that constitute a pulspesioé up
to 2 ms in length. Up to now, the trigger signal fbe
pulse generator is generated periodically inside th
FPGA. At the p-Linac test stand an external triggignal
will be used.

The control algorithm for the p-Linac is an enhahce
version of the generator-driven algorithm for the S
DALINAC. A first revision of the p-Linac control
algorithm is shown in fig. 5 with separated phase a
amplitude controllers. The input phase is cal@ddtom
| and Q (provided by the RF board) using the CORDIC
[8] algorithm, while the amplitude is measured dile
with the power detector on the RF board. The anmit
as well as the phase controller use integral ctietsoin

addition to the proportional controllers to elimi@a
steady-state offsets that remain after applying

12:55:32 : ; proportional control. A differential controller hdseen

) foreseen, but is finally used with zero gain asiibed out

Figure 4: Photo of the FPGA control board, houdimg (, ampjify the noise solely without contributing the

filters, the ADCs/ DACs, the FPGA itself and some&gnirol accuracy.

interfacing circuits. The signals from the RF board pgeiween pulses the input signal vanishes, andttieis

connect to the multi-pole connector in the middfethe input phase has no meaningful value. To ensurethiimt

board. does not affect the integral phase controller, its

accumulator is set to hold between pulses.

= )
IQ to Phase ) PID Controller Amp./Phase|—|
Q —>|
I - | i | =g
Phase Setpoint
Amp. @ Pl Controller O
—l =0 |—
Trigger —» j—L X H L %
Set Point Feed Forward
Table Table
Amplitude Setpoint Amp. Control

on/off
Figure 5: Algorithm flow chart: The I/Q signals frothe RF board are converted to a phase signahwhicontrolled
via a PID controller. The amplitude controller ushse signal from the power detector being compdeethe time
dependant set point table value. In a recent nuadifin, an additional feed forward table was immeated to allow
fast beam load compensation.
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RESULTS CONCLUSION

The performance of this control algorithm has been The rf control hardware initially designed for tise
tested by measuring the amplitude and phase arsimg DALINAC has been successfully adapted for the FAIR
a dummy cavity with a loaded quality factor arodrfi0. Linac. A newly designed RF board allows operation a
Figure 6 shows the step response of the closed l08@5 MHz, whereas redesigned filters provide a much
whereas fig. 7 shows the rms errors over the tietetive faster response of the controller. Until the ficstvity
to the beginning of the pulse. The rms errors Hasen arrives at the test stand at GSI, tests of the &¥ral
calculated from the corresponding errors at the esansystem are done with an FPGA-based cavity simulator
relative time over a set of 1000 pulses. It takbeua thatis currently under development [9].
50us to stabilize amplitude and phase to the target During the course of this project, the potentialtiod

specification. base band approach was clearly visible: Within mino
redesign steps, the adaption of other frequenbi@s the
1o 100° original 3 GHz is possible. Currently, first testith a
' 160 MHz version to control a quarter wave resonator
1+ 80° ALPI, Legnaro are performed, results of which vik
presented soon.
0.8 = 60° The extension of the operation mode of the system
<\? 0.6 e | 40 @’ from cw to pulsed was realized within the proj€efhis
< b o opens up the perspective for further improvemevitsti-
0.4 1 - 20° pulse operations with different pulse shapes as a=l
amplitude . ramped operation are now easy to realize. Togaetitér
0.2 1 phase ----- 10 the freedom of the algorithm programming this fipddt
ol ‘ ‘ ‘ ‘ 20° us conclude that the Low Level RF system develogted
0 20 40 60 80 100 TU Darmstadt has a great flexibility which seemsh&o
t (us) unique.
Figure 6: Step response of the the closed controp | REFERENCES
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Figure 7: Amplitude and phase error during a 260
pulse. The pulse starts a8 when the set value jumpsg]
from O to the set value.

To achieve a faster response the control algoriias [7]
to provide a feed forward signal which was impletadn
recently, the need of which can clearly be seefigin7:

As the beam pulse planned for the pLinac has aheoiy [8]
36 s, a close loop time constant of P8 to reach a
control accuracy better £Ois not acceptable. First
optimization steps using this feed forward systeameh [9]
been performed and will continue by making use of a
cavity simulator developed in house that allows
implementation of different beam loading scenarios.
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CONTROL AND INFORMATION SYSTEM FOR BARC-TIFR
SUPERCONDUCTING LINAC BOOSTER

Sudheer Kumar Singh, Pitamber Singh, IADD, BARC, Mumbai, India
J.N. Karande, Vandana Nanal,RG Pillay, TIFR, Mumbai, India

Abstract

Superconducting LINAC booster is modular machine
which consists of 7 cryomodules each consisting four
quarter wave resonators and one superbuncher module.
The control system is a mixed distributed control system.
Geometrical distributed system architecture has been
followed for RF control. RF control has four local
nodes( RF LCS) each nodes catering to two cryostat. Two
additional nodes are made for beam line system and
cryogenics distribution system, making it a systematic
distribution system. The system is developed on Linux
operating system but the software is portable on Linux
and Microsoft windows. The software is developed in two
layers namely scanner and operator interface. Scanners
interacts with the interface hardware. All scanners are
developed in JAVA , which is very challenging job
looking towards the feature of JAVA. Various issues
regarding this were closely investigated and solved to
overcome the deficiency of JAVA .A micro-controller
based board has been developed for cryogenics line
distribution system. Different subsystems of the control
system has been developed independently. A complete
integration of the system will be completed before
December 2012.

CONTROL SYSTEM ARCHITECTURE

LINAC is a booster to existing 14 MV Pelletron
accelerator and built as moduler structure[1]. LINAC
Booster's layout is given in fig 1.

ﬁ Superconducting LINAC Booster

on Supertuncher + 3 Modules e
Analyzing ‘ magnei Wa' Sl
B e S —?é""

il

Helium Refrigerato
Bmc- -m cortrol station
lon Accelerator Facility )

USER BEAM HALL

Figure 1: LINAC booster Layout.
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LINAC can be divide in two half LINI and LIN2 .
LIN1 consisting of three cryomodules for accelerating
cavities , one cryomodule with single Superbuncher
cavity and achromatic bending section. LIN2 consisting
of four cryomodules with accelerating cavity.

LINAC control system follows the LINAC moduler
structure and gemetric distributed control system has been
selected for RF control with four nodes for RF control
each node (RF LCS) is connected to each two nearby
cryomodules. One node has been put for Beam line
devices which include focussing magnets , bending
magnets and Beam diagnostics devices . One node has
been dedicated for Cryogenics distribution system. Each
nodes are totally independent to each other which makes
it possible to operate the system even when pelletron
beam without further acceleration from LINAC have to
be transported to beam hall. All nodes are interconnected
to each other using Ethernet Link as filed bus. All control
nodes LCS ( Local Control stations) are located in
accelerator hall. In main control room two PCs known as
MCS ( Main Control Station) are connected via Ethernet
for interaction with the control system(fig 2) .

| | I
Ethermnet
=
RFLCSl] RFLCS? |IRFLCS3
MCS

MCS

Figure 2: LINAC booster Layout.

A multilayer Hardware architecture has been followed
each RF node consists of a CAMAC crate at Front
Equipment Interface wunit. CAMAC crates (fig3).
CAMAC crates have an in house developed Ethernet
based crate controller though the crates can be accessed
from any PC connected in the network , its accesses has
been limited to a single PC at Device interface unit .
Device interface unit PC is connected. Communication
between different LCSs and MCS is through Device
Interface unit PC.

Room Temperature and Superconducting Linac
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CAMAC crate is connected to RF Electronics bin using
Digital Electronics modules ( ADC, DAC , DI, DO,
Pulser modules). Electronics bins consists of Signal
Distribution module ,RF controllers[2] and RF amplifiers.
Each RF LCS controls eight QWR Cavities, Except
LCS1which controls only five QWR s ( 1 super buncher +
4 Accelerating cavities ) LCS1 consists one two channel
phase shifter one at the entry of LIN1 and other on eat the
entry of LIN2. These phase shifter are helpful to tune the
beam through the LINAC in case of slight energy
variation from pelletron.

Cryo ] Cryo
module Electronics ———\ module
N
CAMAC S r—
Ethernet

Figure 3: RF LCS Architecture.

Beam Line control node ( BLS) [fig.4],consists of
magnet power supplies , steerers , Faraday cups and Beam
Profile monitors. Magnet power supplies are having
RS232 serial interface. Farday cup control unit and BPM
control units are developed on 8085 microcontroller
boards based on Silabs microcontroller boards with rs232
serial interface for remote control and monitoring.
Steerers are using power supplies procured from Delta
with Rs232 remote interface units . In addition to these
devices there are several hall probes connected to the
system .All serial devices are connected to Serial to
Ethernet converter switch unit from Moxa[3] .

‘ EFM ‘
MPS| o g IMPS | Pa
TRazz Vo ORE 232/
\ o FC ‘ 5 f
Mloxa
Iloxa 3630 ‘ 5650
|| Fthernet _' RS A3
| .'
ETSLOS PO
f’—x\\
L e tearer

Figure 4: Beam Line LCS Architecture.
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Each Moxa unit can be connected to 16 serial Device and
can be operated in Rs232 mode or TCP/IP mode. TCP/IP
server mode has been selected for LINAC control system.

Presently there are 30 MPS s, 2 Faraday cup controller
units , 2 BPM controller units in the system. The system
is extensible new system can be easily added on spare
MOXA 15232 ports or by adding additional MOXA
boards.

Cryo LCS is made up of Silabs based microicontroller
board with associated electronics , two such boards have
been made and are connected to MOXA serial to ethernet
converter . A dedicated PC has been setup as Cryogenics
Distribution system ( CDS) node Cryogenics
Distribution system

CONTROL SYSTEM SOFTWARE

Control system software is developed as a portable
system which can be ported on either MS windows and
Linux. The control system software is written in JAVA
except Cryogenics system which is implemented in
Trolltech 's QT[4]. Software is written as client server
architecture. Servers are running at LCS and client is
running at Main control station PC. MCS software is a
graphicle user interface. Its a multilayer software. Each
node has GUI less software acting as TCP server and
called as scanner . Scanner is responsible for interaction
with hardware and message passing from graphicle user
interface and in between different scanners. The system is
configurable by using a database known as system
configuration database. System configuration data base is
stored at scanner. LCS architecture is given in fig 5.
which has been used for all LCSs. It is a layered
architecture . Device scan scans all device and system
status periodically, scan time is passed as a commend line
parameter. Communication Server interface listen for the
new connection requests and open communication thread
for each client.

Communication |UDP Client Server|

| Device Scan Server:

|Com'muni cat'\on Thread|

dat

. Command interpretor |

To Equipment Front End

Figure 5: LCSArchitecture.

MCS software connects to all LCS nodes and presents
the overall system information to the operator. Different
colour notations and audio alarm provides the important
information to the operator. MCS screen is given in fig 6.
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Figure 6: Main control Station ( MCS ) operator interface.
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Abstract

The Pelletron LINAC Facility, Mumbai is a major
centre for heavy ion accelerator based research in India.
The superconducting linear accelerator, indigenously
developed to boost the energy of heavy ion beams
delivered by the Pelletron accelerator, has been
operational since July, 2007. The Liquid Helium
Refrigeration plant for the LINAC has been upgraded to
enhance the refrigeration capacity to ~450 Watts at 4.5K
without LN, pre-cool, from the earlier capacity of
~300 Watts. All beam lines in new user halls have been
commissioned and new experimental setups have been
added. Several experiments have been carried out using
beams of 2C, 1°0, *F, %si, *'P. The superconducting lead
on Copper QWR cavity used in the LINAC is designed
for p=0.1 and hence it is difficult to accelerate lighter
beams. Due to growing interest in studying Li induced
reactions on fissile targets at energies higher than
55 MeV, we have recently accelerated ‘Li beam using
four cryostat modules. Starting with 40 MeV Li beam
from the Pelletron, 56 MeV beam was successfully
delivered at target station for a test experiment.

INTRODUCTION

The Pelletron LINAC Facility at TIFR, Mumbai,
comprising the 14 MV Pelletron (commissioned in 1989)
and the superconducting LINAC booster (operational
since 2007) [1,2] caters to a variety of experiments in
Nuclear Physics, Atomic Physics, Condensed Matter
Physics, Material Science, Radiochemistry, Accelerator
Mass Spectroscopy, etc. The Pelletron serves both as a
standalone accelerator and as an injector to the
superconducting LINAC booster. Several modifications
have been made to improve the performance of
accelerator.

The Liquid Helium Refrigeration plant for the LINAC
has been upgraded to enhance the refrigeration capacity to
~450 Watts at 4.5K without LN, pre-cool, from the earlier
capacity of ~300 Watts. A vacuum jacketed liquid
nitrogen transport line from the Low Temperature Facility
(LTF) to LINAC accelerator and user halls (~200 m long)
has been installed to provide continuous supply of liquid
nitrogen.

New micro-controller based instrumentation and
interface has been developed for control and monitor of

*ynanal@gmail.com
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the cryogenic parameters, beam diagnostics and beam
transport devices. The operator Graphical User Interface
(GUI) in the control room has been suitably enhanced,
which communicates with the remote devices via
individually addressable 16-port Ethernet to RS232 serial
switch [3]. A digital implementation of the Low-Level RF
controller based on a self-excited loop (SEL) with phase
and amplitude feedback has been developed and
successfully tested on a single superconducting cavity [4].
This paper describes some of the recent developments.

CRYOGENICS

The Linac utilizes a custom-built liquid helium
refrigerator Linde TCF50S, installed in 1999. It was
originally rated for a refrigeration power of 300 Watts at
4.5 K, which could be further enhanced by a maximum of
150 W with LN, pre-cool. The two-phase helium at 4.5 K
produced at the JT stage in the refrigerator is delivered to
the LINAC through a cryogenic distribution system at a
supply pressure of 1.6 bara. The phase separation is
achieved in the individual cryostat, typically at a pressure
of 1.35 bara. The cold helium gas (4.5 K) is returned to
the helium refrigerator at a pressure of 1.20 bara. The
observed pressure drops in the distribution network and
the mass flows have been modelled to estimate the overall
thermodynamic efficiency of the system. Due to the
elevated delivery pressure of the cryogen to the LINAC,
the effective total available cooling power reduces to
~260 Watts. For the whole system without RF power, the
estimated heat load is ~140 W. Therefore, the net
available cooling power for RF load is only ~120 W,
which is not adequate to power up all the accelerating
cavities. Hence, during the accelerator operation, the
refrigerator was used with partial liquid nitrogen pre-
cooling. In order to eliminate the use of liquid Nitrogen
pre-cooling, the plant has been upgraded to deliver
~450 W at 4.5 K. This has been done by replacing the
original compressor having a flow rate of 62g/s by a new
one having a capacity of 79g/s. Also, two turbines in the
cold box have been replaced by more efficient versions
and all the valve seats in the plant were changed to adapt
to the higher mass flow rate. The upgraded plant has been
fully tested and commissioned. The cryogenic system was
found to be very stable during the accelerator operation
with full RF load. The helium gas recovery system has
been augmented with an additional recovery compressor
and a 30 m® gas bag, to provide to total capacity of 60 m°,
This is expected to significantly reduce the helium gas
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losses in case of sudden power failures during LINAC
operation.

The liquid Nitrogen required for shield cooling in the
LINAC distribution and module cryostats as well as user
requirements are fully met by the LTF, TIFR. To
facilitate ease of operations, a vacuum jacketed liquid
nitrogen transport line from the LTF to the LINAC
accelerator and user halls (~200m long) has been installed
to provide a continuous supply of liquid nitrogen.

INSTRUMENTATION & CONTROL
SYSTEM

As a part of an ongoing effort, the interface and
control electronics have been upgraded for various
accelerator subsystems. In particular, new micro-
controller based instrumentation has been developed for
cryogenic parameters, beam diagnostics and beam
transport devices.

A CAMAC based accelerator control system based on
a master-slave configuration has been developed using
JAVA operating on Linux OS [3]. The operator GUI
deployed on the Master Control Station (MCS) in the
accelerator control room is designed to communicate with
individual devices. All power supplies for the beam
transport elements like magnetic steerers, quadrupoles
and dipoles are controlled from the MCS via individually
addressable 16-port Ethernet to RS232 serial switch.
Several other devices like Faraday Cups, BPMs,
Cryogenic controls etc. are also connected via serial to
Ethernet switches in a similar manner.

On selection of a particular Faraday Cup, the
measured beam current is displayed on an on-screen panel
meter with suitable auto-scaling. Similarly, up to two
BPMs can be simultaneously selected on the GUI and
displayed on a multi-channel oscilloscope. The updated
control system allows simultaneous setting up and
monitoring of parameters for the different LINAC
subsystems. The system is operator friendly, stable and
very reliable.

We have developed a digital implementation of the
Low-Level RF controller based on a self-excited loop
(SEL) with phase and amplitude feedback. The digital
LLRF controller is expected to be inherently free of
certain limitations like: DC off-sets, drifts, gain
imbalance, impedance mismatch, etc besides having the
flexibility and ability to execute complex algorithms.
Figure 1 shows a schematic view of digital RF control
architecture. The digital control card has been
successfully tested on a single superconducting cavity
[1,4].

In addition, a two channel BPM digitizer and FPGA
based CAMAC ADC, DAC cards have been developed.
These cards have been designed in a modular fashion to
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enable ease of trouble shooting and maintenance. These
cards are installed in the Pelletron control system.

Three sub-systems:

Digital Card

ADC, DAC, FPGA,
Memory, Modulator,
cPClinterface

Clock Card

Clock signals for
ADC, DAC. FPGA,
Down Converter

Mixer Board
Down Converter,
Filters

Digital LLRF Control System

Figure 1: A Schematic of digital RF control architecture

ACCELERATOR OPERATION

All beam lines in new user halls have been
commissioned and several new experimental setups have
been added. Figure 2 shows a schematic layout of the
LINAC and user halls. Table 1 gives a summary of
various beams and energies delivered for user
experiments. Typical beam transmission from LINAC
entry to exit is found to be 80-85%. The available beam
current on target after collimators is 1-5 pnA with very
good timing, o~ 0.3 ns.

Table 1: Beams accelerated through LINAC

Beam E,y (MeV) Epnac (MeV)  Eqgy (MeV)

2c 70-82 28-38 100-120
150 80-94 22-55 110-135
Yk 80-94 45-55 135-145
8gi 90-100 45-109 135-209
3p 95-111 30-94 125-207

The superconducting lead on Copper QWR cavity is
designed for 3=0.1 and hence it is difficult to accelerate
lighter beams. Due to growing interest in studying Li
induced reactions on fissile targets at energies higher than
55 MeV, we have recently accelerated ‘Li beam using
four cryostat modules. The "Li** beam of 42 MeV from
the Pelletron was accelerated to 56.8 MeV using 16
resonators. Time spectra measured with 17 BaF2 at
LINAC | entry (top panel) and after the mid-bend at
LINAC Il entry (bottom panel) are shown in Figure 3.
Nearly same time structure of beam at lin4 diagnostic
station ensured good acceptance in LINACII. The
measured time spread “c" is inclusive of detector
resolution.

Room Temperature and Superconducting Linac
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Figure 2: A Schematic layout of Linac and user halls

A test experiment with this accelerated beam,
namely, 'Li (E~45 to 55.6 MeV) + %2Th (~3 mg/cm?)
was carried out to study the vyields of fusion
evaporation residues and fission fragments using
Indian National Gamma Array (INGA). A total of 18
Compton suppressed Clover detectors were used to
measure the prompt gamma rays from the excited
nuclei produced in the reaction and detailed analysis is
in progress [5].
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Figure 3: Beam Timing spectra for 'Li measured at the
entrance of LINACI (top panel) and LINACII
(bottom panel). The measured 6 is inclusive of detector
resolution.
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SUMMARY

The Pelletron LINAC facility is regularly operated
for a variety of experiments. The cryogenics system of
the LINAC has been upgraded for the enhanced
capacity, such that the full LINAC can be operated
without LN, precool. Starting with 40 MeV ’Li beam
from the Pelletron, 56 MeV beam was successfully
delivered at target station for a test experiment. We
also plan to upgrade the Pelletron and associated
subsystems, in order to extend operations of LINAC to
heavier beams. Design of low beta, high performance
niobium superconducting half wave resonator (HWR)
with 3,=0.05 is in progress. The development of digital
RF controller cards is being planned for better
performance. Instrumentation and interface for control
and monitor of various accelerator subsystems is
continuously being upgraded for ease of operations and
performance.
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Abstract

The SPES project is the new Radioactive lon Beam
facility under construction at Laboratori Nazionali of
Legnaro, Italy. In this framework, a study of a new RFQ
beam cooler device is in progress in order to improve the
beam quality in terms of transverse emittance and energy
spread. The electromagnetic design of the RFQ section
and the electrostatic layout of the injection and extraction
regions have been done. The beam dynamics study is
going on by means of dedicated codes which allow to
take into account the interaction of the ions with the
buffer gas needed to cool the beams. The preliminary
design of the device started in 2011 by VV Committee of
INFN in the framework of the REGATA experiment. Both
beam dynamics study and the electromagnetic design are
presented in this work together with the experimental set
up to investigate the sustainability of high voltages at low
He pressure.

INTRODUCTION

The experiments with radioactive beams require beams
of high purity while the methodology ISOL (Isotope
Separator On Line), used to produce them is isotopically
unselective. Actually the output beam from the first mass
selection (resolution 1/200) is constituted by all the
radioisotopes with charge +1 and with almost the same
mass number. In order to separate the radioisotope of
interest from the contaminants, which may have
intensities orders of magnitude higher a further mass
selection, is required. This mass selection is carried out
by High Resolution Mass Spectrometers (HRMS) whose
capacity of selection (1/20000), without loss of
transmission, depends on the emittance of the incoming
beam. A lower emittance has the further advantage of
reducing the beam transport losses and, moreover, makes
easier the detection of radioisotopes and increases the
accuracy of the measurement of their properties.

The devices used to reduce the emittance of low energy
(a few tens of keV) radioactive beams are called buffer
gas-filled Radio Frequency Quadrupoles (RFQ) cooler
[1]. Many devices of this type have been successfully
used up to now to reduce the beam emittance of low
current (a few pnA) ion beams. However, the increased
beam current intensity (up to 1p4A) of the new generation
ISOL facilities such as for example SPIRAL2, asks for
new technological challenges for their fulfilment [2,3].

BEAM COOLER CONCEPT

In a RFQ cooler, a quadrupolar electric field, generated
by two pairs of electrodes placed at distance 2r,,
oscillating in phase opposition at frequency /27 and at
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amplitude voltage Vs , provides a potential well which
can confine the motion of a particle of charge e and mass
m. It can be shown that the particle motion is stable when
the Mathieu parameter g, given by:
4eV,
ma’r;

satisfies the conditions 0< g<1.

For g values within this range, the particle motion in
the quadrupole is, in first approximation, the sum of two
predominant motions, the micromotion, which is the
particle oscillation at the frequency of applied electric
field, and the macromotion, which is due to the effect of
the potential well created by the quadrupolar RF field
configuration. The micromotion amplitude is attenuated
approaching the axis of the quadrupole, according to the
decrease of the electric field. It is then amplified when the
ion moves away from the axis. This type of motion is
always revitalized by the electric field applied to the
electrodes.

As a first approximation (for values of q less than 0.5),
the frequency of the macromotion is related to that of the
micromotion by the relation

@)

q
= — 2
Oy 2,—20) (2)

It may likewise be shown that, the amplitude of the
macromotion oscillation exceeds of a factor 2/q the
maximum micromotion amplitude. The ion then performs
a wide oscillations at macromotion frequency, that are
perturbed by micromotion. The amplitude of the
macromotion movement is reduced in presence of
dissipative processes, as collision with gas molecules
present in the RFQ structure. The ion exchanges part of
its energy with the gas molecule in the impact. It can be
shown that, in average, the ion loses energy only if the
gas molecule has an atomic weight lower than the ion
ones [4]. It is also important that the buffer gas is neutral
and inert in order to not remove beam ions by chemical
reactions or charge exchange processes. The energy loss
increases with the number of collisions, which is
proportional to gas pressure. A gas inlet in the structure
makes the process more efficient. The overall effect of
the collisions is to introduce a viscous force which slows
the ion until it reaches a constant drift speed. The
introduction of this force in the equation of motion
reduces the amplitude and lowers the frequency of the
macromotion oscillation.  The effect of the gas is
therefore to reduce both transverse size and speed of the
beam so to decrease its transverse emittance.

Ion Sources, Traps, and Charge Breeding
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The component of the viscous force along the axis of
the structure also produces a decrease in the longitudinal
component of the ion speed and then lowers, together
with it, also the energy spread.

To guide the beam to the exit and, if required, to allow
beam bunching, a longitudinal electric field is created.
The beam cooling can be carried out only when the
incoming beam energy is sufficiently low to allow both
the beam trapping in the potential well created by the RF
field and a sufficient number of interactions between the
beam ions and the buffer gas. For this reason an RFQ
cooler for an ISOL facility foresees an entrance section
for beam deceleration down to energy of about 100-
200eV, limit given by the necessity to penetrate the
potential well. An exit section makes the beam to recover
the original energy.

High buffer gas pressure (up to few Pa) in the
quadrupole makes the beam dumping faster but, in order
not to lose beam intensity, high vacuum conditions have
instead to be assured at quadrupole injection and
extraction sections. Therefore, it is mandatory to maintain
high differential vacuum conditions between the three
cooler sections. At high beam intensities, high RF voltage
amplitude (up to some kV) and, related by the q formula,
also high frequencies (tens of MHz), are required in order
to compensate for the sparce charge effects.

An R&D program is going on in parallel with the
preliminary  RFQ  cooler  electromagnetic  and
electrodynamics design in the frame of the INFN-CNV
experiment REGATA.

REQUIREMENTS FOR THE SPES
BEAM COOLER

SPES is an ISOL radioactive beam facility under
construction at LNL [5]. The radioactive beam produced
by the target station [6] can be re-accelerated by ALPI,
the superconducting linac for heavy ions in operation at
LNL, to reach an energy exceeding 10 MeV/A. SPES
production facility foresees a cyclotron accelerating a
primary beam consisting of 700 pA of protons up to 70
MeV.

The impingement of the primary beam on the original
production UCx target, developed at LNL, provides
radioactive ions with a current intensity up to 2 pA in the
mass range of 9-160 AMU. The target station is placed on
a 40 kV platform.

A Wien Filter located downstream the source makes a
first stage mass selection and reduces the beam intensity
to about 50 nA. The ion beam is then delivered through
the transport line with a geometric emittance of 30 7 mm
mrad at 40 kV. To achieve the resolving power higher
than 1/20000 for the HRMS, the Cooler device, placed
upstream the mass selection, has to reduce the transverse
beam emittance of about a factor 8. Once the beam is
selected in mass, it is injected into the Charge Breeder
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(CB) [7] based on a ECRIS design, in order to lower the
mass to charge ratio down to A/Q<7. To get the maximum
injection efficiency of the CB, it is crucial to keep below
some eV the energy spread of the ion beam.

The main goal of a Beam Cooler is therefore both to
reduce the transverse emittance of the radioactive ion
beam by a factor 8 and to maintain low the longitudinal
emittance providing an energy spread of the cooled beams
to about 1eV.

PRELIMINARY COOLER DESIGN

The RFQ beam cooler device is composed by 3 main
sections: the deceleration system, which lowers the
energy of the incoming beam from 40 keV down to some
hundreds of eV; the confinement and cooling section
which consists of the RFQ device and the main vacuum
vessel placed on a 40 kV high voltage platform; finally
the acceleration section where the cooled beam is
extracted and achieves the initial energy of 40 keV. The
buffer gas is injected in the cooling section in order to
reach a pressure within 0.5+3 Pa

The energy of the reference beam was decreased in
respect of the previous calculation [8] in order to make
easy the RFQ accelerator design expected for SPES [9].

The electromagnetic field configuration was studied by
the use of 3D FEM code OPERA, whereas the beam
dynamic was analyzed by the dedicated code SIMION ver
8 in order to take into account the collisional effects with
the buffer gas molecules for simulating the cooling
process. In this preliminary design phase, we neglected
the space charge effects on the beam transport since the
current of the Radioactive lon Beams is lower than 100
nA.

Table 1 sums up the main parameters of the device.

Table 1: Design parameters of a beam cooler for SPES

Parameter Value

Mass Range 9-200 AMU

Buffer Gas He @ 293 K
Transverse Emittance 30 m mm mrad @ 40 keV
injected beam (Q=1+)

Beam current 50-100 nA (10" pps)
Emittance reduction factor 10 (max)

Energy Spread <5eV

RF frequency range 1-30 MHz

RF Voltage range 0.5-2.5 kv

RFQ gap radius (r) 4 mm

RFQ total length 700 mm

Pressure Buffer Gas 0.1-25Pa

lon energy at cooling 100 — 200 eV
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Injection and Extraction Sections

SPES target station delivers radioactive beams with
charge Q=1+ and energy of 40 keV at the entrance of the
RFQ Beam Cooler device. A system of four electrostatic
lens decelerates the beam to 200 eV before the RFQ
cooling section. The lens array gradually decelerates the
ion beams to low energy, thus avoiding strong ion-optical
effect that leads to harmful beam losses during the
injection into the collisional ion guide.

The conical shape of the two mid stage electrodes
allows beam focusing and compensates the natural
diverging effect due to the deceleration process. We chose
such electrode configuration in order to achieve the 100%
transmission efficiency between the injection and the
RFQ sections.

Figure 1 shows a sample plot of the trajectories of Cs
1+ ion through the electrode system. As shown, all of the
ions are focused into the RFQ through the 6 mm diameter
entrance aperture.

Following the cooling process through the RFQ, the ion
beams exit through a 6 mm diameter aperture and then
they recovered the initial energy by a two electrode
stages.

Confinement and Cooling Section

The RF quadrupole consists of four cylindrical rods of
9 mm of diameter. The distance between the opposite pair
of rods is 2r,=8 mm The rods are 700 mm length and
they are divided into 10 segments of 69.5 mm each.

RFQ

100%
transmission

39.8 KV 38 KV

RFQ-Injection Matching

35KV
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The segmentation allows to produce an axial field
which provides the drag force needed to bring out the
cooled beam. The total voltage applied along the
segmentation is 100 V.

The applied RF voltage and the operating frequency
depends on the ion mass delivered which varies within 9-
200 AMU and on the current intensity of the incoming
beam. Table 1 shows the ranges of the different
parameters.

He at 293 K was chosen as buffer gas for ion cooling.
The operational gas pressure varies from 0.5 to 3 Pa,
depending on the ion mass of the beam and on the RF
voltage applied to the quadrupole.

By the preliminary results given by the SIMION code
using the hard sphere model to calculate the interaction
gas-ion, we simulated the cooling process and we
achieved a transverse emittance reduction of a factor 8-
10.

The differential pumping system is very crucial for
obtaining optimal cooling and transmission efficiency.

The gas leakage through the entrance apertures causes
the energy degradation of the beam and the related beam
losses due to the scattering with molecules of the residual
gas. These harmful effect can be reduced by both the
careful design of the differential pumping system and the
optimization of the design of the injection and extraction
electrodes and their placing with respect to the entrance
and exit of the vacuum chamber where the RFQ is placed.

This design is under study in collaboration with the
CERN team.

0KV

Figure 1: The SIMION beam transport simulation for the

133cs!* beam along the deceleration system. This is

composed by 4 stage of electrodes at different voltage. As shown the waist is placed as close as possible to the RFQ

entrance in order to fully match the related acceptance.
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APPARATUS FOR DISCHARGE
DETECTING

Despite the expected radioactive ion beam intensity for
SPES (50 nA) is lower than ones reachable in the facility
SPIRAL 2, however it is anyway much higher than other
coolers in operation.

As described in the previous paragraph, a high current
cooler requires to apply an RF voltage of some kV to the
electrodes in presence of a buffer gas at pressure of some
Pa.

This pressure range is near to the minimum of the
Paschen curve [10], showing the discharge voltage as a
function of the product between pressure and electrode
distance, as a consequence electrical discharge can be an
issue for the beam cooler operation. For this reason we
foresaw, in the frame of the experiment REGATA, the
construction of an experimental set up aimed at studying
experimentally study the conditions at which the
discharges between the electrodes may occur. In such
apparatus we can assemble electrodes of different shape
and automatically vary their distance without the
necessity of opening the vacuum chamber. In addition we
can easily change the applied (DC) voltage or Helium
pressure level. In such way we can evaluate the
dependence of the discharge offset from such parameters
and, moreover, the influence of shape and surface
preparation of electrodes.

The test apparatus includes a CF150 flange (fig 2)
which holds the two electrodes.

One of the electrode, supported by PEEK made
insulators is connected by an high voltage feed-through to
a high voltage power supply.

A linear actuator allows to change the position of the
second electrode, maintained at ground potential. The
assembling system is designed in order to make an easy
exchange and alignment of the electrodes.

The CF flange has apertures for the pressure gauge and
gas inlet and will be integrated in an existing high
vacuum apparatus. Figure 3 presents the working scheme
of the test discharge apparatus and of its control system.

A 10 kV programmable power supply creates the
voltage ramps. Both a four channel oscilloscope and an
universal USB Card allow the acquisition of possible
current spikes and of their dynamic behavior.

Ion Sources, Traps, and Charge Breeding
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Figure 2: Drawing of the pressure test system and top
flange of the apparatus under construction for testing
conditions of discharges at low He pressures.

The USB card also controls the HV power supply and
gas flow equipment. A computer controlled stepping
motor moves the electrodes by a linear feed-trough.

All the data are gathered and visualized by a PC
controlling both electrode movement and test operation
sequence.

CONCLUSION

The design of the RFQ beam cooler for SPES project
started in 2011

This report presents the results of the electromagnetic
layout and the first analysis of the beam dynamics

We chose the operational parameters of the device and
we are now carrying on the process of optimization of the
structure. Once this first phase of study is accomplished
out, we will complete the beam dynamics analysis by the
introduction of the space charge effects.

An experimental set up for testing the sustainability of
the high voltage necessary to the cooler operation is now
ready for measurements.
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Figure 3: Working scheme of the test set up for detecting discharges at low gas pressure.
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PERFORMANCE OF ALPI NEW MEDIUM BETA RESONATORS

A.M. Porcellato, S. Stark, F. Chiurlotto, M. De Lazzari, A. Palmieri, V. Palmieri, F.
Stivanello, Istituto di Fisica Nucleare - Laboratori Nazionali di Legnaro, Legnaro, Padova,

Abstract

All the Nb sputtered medium [ cavities installed up to
2011 in ALPI were produced by upgrading of old
previously Pb plated substrates. For the first time this year
we had the opportunity to test on line four 160 MHz,
f=0.11 QWRs which were designed and built in order to
be Nb sputtered. These resonators were built in between
2007 and 2008 and they were tested at low fields (up to 3
MV/m) just after their production, when they showed Q,
values exceeding 1x10°. They were then stored for about
three years in plastic bags and they were installed in ALPI
only this year. The on line tests showed Q, values reduced
of about a factor five with respect to the ones measured in
laboratory. It is the first time we could pick out a Q
deterioration caused by storage in air, probably because
we previously had the possibility to install the cavities in
the on line cryostats within some weeks from the time of
cavity production.

So far we have not recognized any Q—degradation, both
when the sputtered cavities were maintained in vacuum
for many years and also when they were open to air for a
few weeks for cryostat maintenance. This time, as it had
happened in the maintenance of cryostat CR19 housing
high B resonators, we could instead improve the Q-
curves by high pressure rinsing the resonators and by
making a better rf contact between the cavity and its
bottom plate.

INTRODUCTION

A large number of Nb on Cu sputtered cavities are in
operation in ALPI since many years [1]. They are Quarter
Wave Resonators (QWRs) operating at 160 MHz. Eight
high § (B=0.13) and 44 medium B (=0.11) wunits are
used for beam acceleration. In ALPI there are also further
16, 80 MHz, low B, bulk Nb accelerating QWRs [2]. All
these resonators are housed in cryostats containing four
cavities each. Further 4Nb/Cu+2Pb/Cu QWRs, two per
cryostat, are used for beam bunching.

The four high B cavities presently installed in cryostat
CR20 are on line since 1998. Their substrates were
designed and built in order to be sputtered and their on
line performance exceeds 6 MV/m @ 7 W in average
[3]. The remaining four high 3 resonators, have the same
inner shape, but they have a different construction
technology [4]. They had been housed in the cryostat
CR20 in between 1995 and 1997; in 2001, after being re-
sputtered, they were moved into the cryostat CR19. Their
maintenance, in 2010, produced a substantial
improvement in performance, as described later in this
paper. Up to the last year all the installed accelerating
medium [ resonators were obtained by sputtering old
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substrates previously lead plated [5]. The cavity
renewing process started at the end of 1998 and was
completed by 2004 [6]. The cavity upgrading practically
doubled their averaged operational accelerating field (4.8
MV/m a @ 7W ), but the drawbacks of old substrates did
not allow to reach the results obtained in high f
resonators [6].

Between 2007 and 2009 we built and tested in
laboratory four new medium [ cavities properly designed
to be sputtered, but only this year we had the possibility
to test them on line [7].

THE NEW MEDIUM BETA CAVITY

The new medium 3 cavity has a shape similar to the
ALPT high B resonators: a rounded shorting plate links the
inner and the outer conductors. The first, 60 mm in
diameter, ends in an hemisphere, the latter, which has an
inner radius of 90 mm, extends about 70 mm beyond
the inner conductor.

The necessary reduction of optimum [} with respect to
the high B cavity, is achieved by the plastic deformation
of the outer conductor which, around the beam axis, is
protruded toward the inner cavity side. The beam ports
are external to the cavity body and are screwed to the
outer conductor without any gasket. Both the original
beam port design and the rounded shorting plate allow
smooth connection surfaces where a better sputtered film
can be obtained. The cavity shares the cryostat vacuum.
Figures 1and 2 show the new medium [ substrate before
chemical treatment.

Figure 1: The inside of new medium P substrate before
chemica treatment.
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Figure 2: outer part of the new medium 3 cavity. In the
foreground the seating for the cavity collar for connection
to the liquid He piping. On top there are the cavity holder
and the coupler hole.

It adopts a capacitive coupler, whose antenna
penetrates in to the cavity at 90° with respect to the beam
axis, shifted of 70 mm towards the cavity bottom. The
pick-up antenna is located symmetrically with respect to
the coupler. In this way the cavity does not have holes in
high current region. The cavity tuning is performed
pushing/pulling the bottom plate.

Electromagnetic Parameters

The resonator electromagnetic parameters, computed
by HFSS, are listed in Table 1.

Table 1: Electromagnetic parameters of the new medium

[ cavity.

Frequency 160 MHz
Stored Energy/(E,) 65 mJ/(MV/m)?
Bopt 0.11
Peak magnetic field/E, =110 Gauss/(MV/m)
Peak electrical field/E, =45
T.T.F.(Bop) 0.899
Active length 180 mm
r 29 Q
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The cavity, set at | MV/m, provides an energy gain of
0.18 MeV/(MVm)/q to the synchronous B, particle with
state of charge q. The wide TTF curve allows efficient
acceleration for beams having 0.07<f§ <0.2.

Substrate Construction

We produced four cavities starting from OFHC Cu
parts left unused since the first ALPI cavity production [5]
and named MD1, MBD2, MBD3, MBD4.

Each substrate was obtained from a preformed
mushroom shape and a cylinder jointed together by
vacuum brazing (fig.3). In order to make the cavities
compatible with the standard ALPI cryostat, two cavity
supports were connected to the cavity body by a
subsequent brazing cycle.

The beam port shaping was developed and performed
in house at room temperature and in a single step, after
the brazing cycles.

Later on, we drilled the holes for the beam line, coupler
and pick up. We had then to mill the cavity for preparing
the seats both for coupler and external beam ports. The
latter are screwed to the cavity body before the sputtering
process in order to be covered with the Nb film together
with the cavity inner surface (figure 4). The final substrate
machining includes turning of the groove for fixing the
tuning system, preparation, always by lathe machining, of
the surface where the stainless steel cavity collar is fixed
and, at the end, drilling and threading of the holes used
for joining the ancillary equipment to the cavity.

A detailed description of the substrate construction
technology is reported in reference 8.

The inner cavity surfaces needed to be grinded both to
eliminate the signs left by the dies used during the plastic
deformation and to smooth the surface interested by the
mechanical deformation.

The cavity target frequency was reached by decreasing
the inner conductor length, purposely left slightly longer
than necessary.

Figure 3: OFHC Cu cavity parts before vacuum brazing.
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Figure 4: Particular of the external beam port. It is
screwed to the cavity body before the cavity sputtering
process.

This process was performed by removing material from
the inner conductor tip by electro-polishing. If the electro-
polishing solution was suitably mixed during the process,
a few hundred microns were easily subtracted leading to a
smooth surface.

In these cavities we eliminated the indium wire
traditionally used to ensure rf contact between the cavity
and its bottom plate to have the possibility to rinse the
resonator by high pressure water just before its
assembling into the line cryostat. This asked for minor
changes both in the standard cavity bottom plate and in
its fixing ring in order both to increase the tightening
torque and to shift the contact line between the plate and
the cavity border towards the inner cavity side, where the
sputtered film has still a sufficiently good quality. Small
adjustments on the standard tuning system allowed
maintaining a smooth tuning movement in all its range.

Surface Preparation

The inner cavity surface treatment included a few days
of tumbling followed by the -electro-polishing and
chemical polishing cycles and by a final high water
pressure rinsing according to a well established procedure
[8].

The chemical solution is renewed only after treating
two/three cavities, one after the other in following days.
Usually the first polished cavity was immediately put in
vacuum in the sputtering chamber, the others were instead
stored in plastic bags in air and rinsed again just before
their assembling in the sputtering chamber.

Fresh chemical solution was used for all the new
medium [ cavities, but MBD2, which then had its
sputtering postponed of about one month with respect to
the chemical treatment. As usual, few days of resonator
baking in the sputtering chamber, up to 700° C, preceded
the superconducting layer deposition.

Boosters and Cavities

By the D.C. biased Nb sputtering technology developed
at LNL [3], we deposited a Nb layer, about 2 microns
thick, in 14 sputtering steps of about 15 minutes each with
three hours of pause in between to maintain the cavity
below the baking temperature.  Figure 5 shows the first
sputtered new medium [ cavity.

Regarding to the sputtering process, we used the
standard sputtering parameters which were adopted for
the production of ALPI cavities and initially we tried the
cathodes which were already available.

For MBD3, the first cavity produced, we adopted the
cathode used for the old medium [ cavities and we
obtained an inner resonator surface having some shadows
in the beam port area; in spite of that the cavity presented
quite good performances, though lower than those
obtained in high f cavities.

The use of the cathode for high B substrates in the
sputtering of the cavity MBD2 led instead to bad results
(Qo=2x10%) so the cavity had to be stripped.

We were consequently forced to build a new cathode
more appropriate for the new resonator shape. It was
adopted for the production of MBD1, MBD4 and also for
the new sputtering of the cavity MBD2. Being the
obtained cavities performance better than the old medium
B resonators, we did not look for further improvements of
the sputtering process, but we installed the cavities in
ALPI as soon as possible in order to take advantage of
their performance.

We, as usual, prepared the cavity bottom plates in a
different sputtering chamber where it is possible to
produce up to 9 units in the same time by D.C biased
sputtering.

Figure 5: New medium B cavity after being sputtered and
before being closed by its bottom plate.
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PERFORMANCE OF THE NEW MEDIUM
BETA RESONATORS

Laboratory Tests

As soon as dismounted from the sputtering chamber,
we tested the cavities one by one up to an accelerating
field of 3MV/m (maximum allowed field by
radioprotection rules in the test laboratory). As usual, we
rinsed the cavities by high pressure water before closing
them by their bottom plate without any gasket.

We mounted the cavities in the test cryostat equipped
with their coupler, pick-up, tuner, resistors and
temperature sensors. We pumped down the cryostat very
slowly (a few hours before opening the turbo pump gate)
in order to reduce cavity contaminations, that are possible
because we did not have the possibility to assemble
cryostat and cavities in clean room. We baked the cavities
in vacuum for about 24 hours at 350 K. We started to
perform multipactoring conditioning at room temperature
and we completed it in few hours during the cooling of
the cryostat thermal shield. As usual, we cooled the
resonators at 77 K by liquid nitrogen and then to 4.2 K
by liquid He. The cooling time is not critical for these
resonators because they are not affected by Q-disease.

At liquid He temperature we performed only low power
conditioning to get rid both of the multipactoring level
which usually appears at about 1.2 MV/m and of any
other residual low field multipactoring.

Fig. 6 presents the Q-curves obtained after 1-2 hours
of conditioning. As it is possible to notice, MBD4
presented a Q, value of 2x10° and its Q-curve at low field
was comparable to the best ones obtained in high
B resonators [3]. The Q- curve slope above 2 MV/m was
due to the short conditioning. As we mentioned before,
MBD3 was sputtered using the old, not optimized,
medium 3 cathode. The resulting cavity inner surface
presented shadows in the beam ports area and this is a
possible reason of the lower Q curve.
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Figure 6: Q-Curves of the new medium 3 resonators as
measured in laboratory after low power conditioning.
Radioprotection rules do not allow to exceed 3 MV/m.
After the first sputtering cycle the Cavity MBD2 was
stripped and sputtered again.
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A further contribution to the lower performance could
be due to the cryostat venting we had to perform before
the cavity test to adjust the coupling range of the cavity.

The replacement of the sputtering cathode in the second
sputtering cycle significantly increased the performance
of the cavity MBD2, which remains however lower than
MBD4 cavity. MBD2 was chemically treated using the
same solutions previously used for cavity MBD4 and it
was sputtered a few weeks after the chemical process.
Both these conditions may be a possible reason for the
reduction in performance.

The first circumferential brazing of the MBD1 substrate
was not performed correctly and had to be repeated
without having the possibility to follow the standard
assembling procedure [5]. As a consequence, some
unusual shadows of brazing material appeared around the
brazed joint. We tried to scratch out all the visible
material, but it is probable that some contamination
remained still included in the copper surface thus
affecting the surface quality and consequently the cavity
performance.

Certainly it would have been interesting to repeat the
sputtering process in the less performing cavities, but we
preferred to take advantage immediately of the new
cavities better performance.

On-line Performance

Once dismounted from the test cryostat, the cavities
were stored in plastic (PE-LD) bags waiting to be
installed in ALPI. We had all the cavities ready by the
beginning of 2009, but, unfortunately, the cryostat
installation was postponed up to end of 2011, when we
had the possibility to open the cryostat CR15, the first
medium J cryostat uninstalled.

The absence of the indium gasket gave the possibility
to open the cavity bottom plate and to rinse each cavity
by high pressure water before installation into the line
cryostat. This does not prevent possible contamination
during cryostat assembling and alignment procedures, the
latter performed with cavities opened to the unclean
laboratory air, but it can remove dust entering into the
cavity during the test cryostat venting.

After the assembling procedure, we slowly pumped the
cryostat down to 1x10° mbar and we installed it on line
without breaking the vacuum.

The cavities were again baked on line in vacuum at
350 K for 24 hours and then conditioned before being
cooled to 4 K. As expected by the not clean assembling,
the cavities were heavily affected by field emission. They
were conditioned for a few hours using the line amplifiers
and then in pulsed mode (1 kW peak; about 20 W average
power) by an auxiliary amplifier for about 3 hours each.
Later the cavity were warmed up to 20 K before being
cooled down again at 4 K for the final Q measurements.

Figure 7 presents laboratory and on line Q-curves of
the four new medium [ resonators while table 2 shows
Qo and Q-curve slope values obtained fitting the log;y Q
data of the new medium [3 resonators (fig.7).
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Figure 7: Laboratory (blue) and on line (red) measurements of the four new medium [ resonators installed in cryostat
CR15 after they had been stored in air for at least 3 years. The straight lines represents the liner best fit of the log;y of
the Q-data as a function of the accelerating field in the linear range of the Q-curve. The fit parameters are summed up in
Table 3. The Q, values are lower in the on line measurements for all resonators, but the reduced slope in the on line

measurement mitigates the accelerating field losses at 7W.

As it is possible to notice in fig. 7, the Q, values
measured on line are all lower by at least a factor 5 with
respect to those measured in laboratory. The on line Q-
curves are straight up to an accelerating field exceeding 5
MV/m; their slope is lower than the one obtained in
laboratory for all the cavities. This is compatible with an
increase in the surface resistance which depends on the
accelerating field. It can be due to surface degradation
during the long storage in air. It is the first time we put in
evidence such effects, probably, not only because it is the
first time we store high Q cavities in air for such a long
time, but also because, the more reliable cavity closing
method and the rinsing procedure we adopted, made the
cavity performance less depending from events difficult
to control.

The resonator Q measured on line in these cavities can
be obtained by the parallel contribution of the Q measured
in laboratory and of a constant Q value (Q,). That means
that the Q decrease of resonators can be thought as to the
contribution of a surface resistance, depending
quadratically by the accelerating field, in series to the
cavity initial surface resistances.

Table 1 sums up both the values of Q// we found for the
four new medium [} resonators and their accelerating
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fields at 7W, as deduced by the Q-curve fitting. In spite of
the losses of performance with respect to the laboratory
tests, the new cavities can operate at accelerating fields
exceeding 5.6 MV/m at 7W in average, after a full
conditioning process.

A reduced storage time and the use of the optimized
cathode for all the resonators would have certainly
increased the average accelerating field value of 6 MV/m.

If properly built substrates were available it would be
then possible increase substantially the ALPI accelerating
voltage

Table 2: Values of Qg and Q-curve slope obtained fitting
the log;o Q data of the new medium 3 resonators (fig.7).

Laboratory On line test

. Slope Slope
Cavity Qo mvimt 2 mvimp
MBD1 1.19E+09 -0.100 6.02E+08 -0.056
MBD2 1.17E+09 -0.112 6.00E+08 -0.049
MBD3 9.93E+08 -0.093 5.71E+08 -0.065
MBD4 2.14E+09 -0.120 7.20E+08 -0.061
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Table 3: Qy : constant Q-value that, added in parallel to
the laboratory measured Q-curve data, reproduces the
on line Q curve; E, is the accelerating field at 7W as it
results by the fitting process.

Cavity Q due to storage E,at 7W
MBD1 1.22E+09 5.64
MBD2 1.24E+09 5.81
MBD3 1.34E+09 5.31
MBD4 1.08E+09 5.86

IMPROVEMENT IN HIGH BETA
RESONATOR PERFORMANCE

The benefit of the better cavity closing system that we
systematically stated to adopt in 2007 for the new
medium [ resonators, appears evident also in the
increment of performance we obtained in CR19 cavities
after the cryostat maintenance we performed in 2010.
This cryostat houses the high B resonators hbl, hb2, hb3,
hb4. They were sputtered a first time in 1995 and they
were installed in ALPI in the cryostat CR20 up to 1998,
when they were substituted by new more performing
cavities that are still in operation at an average
accelerating field approaching 6 MV/m @ 7 W cryogenic
dissipated power.

In 2001 the uninstalled hb cavity substrates were
stripped and Nb sputtered again. All the resonators
reached in laboratory Q, values in between 5 and 7x10%.
We have to mention that the cavity hb2 obtained such
result only after a third sputtering process, once that a
small pit, located on the cavity shorting plate, was
detected and smoothed. At the end of 2001 we installed
the renewed cavities in the cryostat CR19 where they
reached on line accelerating field in between 4 and 5
MV/m, limited by field emission. However the hbl
resonator became unusable just after the first high power
conditioning (1kW, pulsed); due to a short in the rf input
line. Moreover, a couple of years ago, the use of the
second cavity, hb2, became impossible because its tuner
stuck.

When we uninstalled the cryostat CR19 in 2009 for
maintenance, we decided to re-sputter only hb2, which
was both the worst performing resonator and the only one
which needed frequency readjustment. Before to re-
sputter the resonator, we took the opportunity to open and
rub up a new pit which showed up in the cavity shorting
plate during the stripping of the old Nb film. We also
smoothed more deeply the pit we had already discovered
before the previous sputtering. The cavity was then
chemically treated and sputtered again in the standard
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way before being tested in laboratory. The only difference
of this resonator with respect to the cavities produced in
2001 was the higher number of sputtering cycles, which
results in a film thickness about 50% higher.

All the other cavities maintained their previous
sputtered film, but had their bottom plate changed. We
removed accurately the indium gasket that was previously
used to join the old plate to the cavity body. All the
cavities were then High-Pressure Water Rinsed and closed
by bottom plates, which were previously modified on the
lathe to improve their rf contact with the cavity body. We
also modified the connection flanges in order to increase
further the strength on the junction.

Once the cryostat CR19 was again on line, we tested
again the cavities. Figures 8 shows their Q- curve, after a
few hours of He conditioning using the 100 W installed
amplifiers.

As it is possible to notice in the picture, all the cavities
raised their Q, values to about 1x10°. This is a clear
evidence of the benefit of the newly adopted plate
assembling procedure, which allows avoiding the indium
gasket.

The Q-curve slopes of the cavities, that were only
rinsed and closed by the new plate closure system,
remained practically unchanged, only the curves were
shifted towards higher Q-values. This suggested that, by
the new assembling system, we could eliminate a power
dissipation process depending quadratically by the
accelerating field or, in other words, that we eliminate the
contribution of a constant resistance to the cavity power
losses.

The cavity hb2 was tested, just after its new sputtering,
without indium gasket also in laboratory and,
consequently, there was no reason to have better
performance. It presents instead an increased Q slope,
however lower than the ones of CR15 cavities.

Table 4 sums up the fitting parameters of Q-curves both
for laboratory and on line measurements.

Table 4: Values of Q, and Q-curve slope obtained fitting
the logo Q data (fig. 8) of the high B resonators installed
in cryostat CR19. Only hb2 had its superconducting
layer renewed before being tested in laboratory, all the
others, produced in 2001, were only rinsed

L?et;(t)ratory On line test
Cavity Qo [N?\I;J/ﬂ:].l Qo [lv?\lj)/l:r)r?]'l
hbl 1.19E+09 -0.100 9.28E+08 -0.061
hb2 1.17E+09 -0.112 1.14E+09 -0.064
hb3 9.93E+08 -0.093 1.16E+09 -0.070
hb4 2.14E+09 -0.120 1.16E+09 -0.070
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Figure 8: Laboratory (blue) and on line (red) Q curves of the high B resonators installed in ALPI cryostat CR19. Only
hb2 had its superconducting layer renewed before being tested in laboratory, all the others were only rinsed. The
straight lines represents the liner best fit of the log), of the Q-data as a function of the accelerating field.

CONCLUSIONS

Four new Nb sputtered medium f cavities have been
developed and built at Legnaro. The performance
obtained in these cavities demonstrate that it would be
possible to obtain accelerating fields exceeding 6 MV/m
at 7W also in medium [ cavities if properly built
substrates were available, thus increasing substantially
ALPI accelerating voltage. We obtained an increase of
performance also in three high f Nb/Cu cavities, which
were produced more than nine years ago, by changing the
closure system of their bottom plate and performing high
pressure water rinsing on them. We also were able to re-
sputter a cavity and maintain the same level of
performance we used to have in the production stage of
the high [ section.
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DAMAGE SITUATION OF THE 12UD PELLETRON TANDEM
ACCELERATOR AT THE UNIVERSITY OF TSUKUBA BY THE GREAT
EAST JAPAN EARTHQUAKE

Kimikazu Sasa”, UTTAC, University of Tsukuba, Tsukuba, Japan

Abstract

The 12UD Pelletron tandem accelerator at the
University of Tsukuba suffered serious damage from the
Great East Japan Earthquake on 11 March 2011. On the
day, the 12UD Pelletron tandem accelerator was in
operation at 8 MV. A main tank of the 12 UD Pelletron
tandem accelerator located from downstairs 4th floor to
7th floor was strongly shaken by the shock of the
earthquake. All high voltage accelerating columns fell
down in the accelerator tank. A situation of the damage
and a post-quake reconstruction project of the Tandem
Accelerator Facility at the University of Tsukuba are
reported.

INTRODUCTION

The 12 UD Pelletron tandem accelerator was
manufactured by National Electrostatic Corp. (NEC),
USA and was installed at the University of Tsukuba,
Tandem Accelerator Complex (UTTAC) in 1975 [1]. A
maximum terminal voltage of 12 MV is available for
various ion beam applications [2]. By the Great East
Japan Earthquake on 11 March 2011, the 12UD Pelletron
tandem accelerator suffered serious damages. The 9.0-
magnitude earthquake hit the east Japan area. Many

accelerator facilities were damaged by this earthquake [3].

A maximum acceleration was 371.7 cm/s? (gal) with the
duration time of 300 s that registered by the Kyoshin-Net
(NIED) [4] at the site of the University of Tsukuba. On
the day, 12UD Pelletron tandem accelerator was in
operation at 8 MV for “Ca trial measurements by AMS.
The electricity supply went out during the earthquake.
The blackout lasted for 4 days, and we had to
continuously stop the electric power for 2 days for hazard
avoidance. We could not access our facility for the first
week because of many aftershocks. Fortunately, there
were no casualties by this earthquake in the facility. The 1
MYV Tandetron accelerator at the facility did not have any
serious damage because of its T type hard structure and it
has worked properly after the earthquake.

DAMAGE OF THE 12UD PELLETRON
TANDEM ACCELERATOR

Fig.1 shows a cross-section drawing of the 12UD
Pelletron tandem accelerator facility which is a vertical
type. A main tank of the 12 UD Pelletron tandem
accelerator is located from downstairs 4th floor to 7th
floor in the accelerator tower. Fig. 2 shows a plane view
of the 1st floor with two experimental rooms.

#ksasa@tac.tsukuba.ac.jp
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Accelerator Tank

The accelerator tank was strongly shaken by the shock
of the earthquake. Three shock prevention devices for the
accelerator tank at the 7th floor were pushed out with
breaking anchor bolts of 1 inch in diameter as shown in
Fig. 3. Weight supports and jacks at the 4th floor were
moved as nearly taken off as shown in Fig. 4. All high
voltage accelerating columns fell down in the accelerator
tank. Fig. 5 shows the downed accelerating column in the
tank at the bottom. Structures of the terminal shell and
columns inside the tank were completely collapsed.
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Figure 1: Layout of the 12UD Pelletron tandem
accelerator facility at the University of Tsukuba.
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it |
Figure 3: Broken shock prevention device for the
accelerator tank at the 7th floor. Anchor bolts of 1 inch in
diameter for the shock prevention device were severed by
the shock of the earthquake.

Figure 4: Moved weight supports and jacks at the 4th
floor by the shock of the earthquake.

Figure 5: Collapsed accelerating column and terminal (the
view from the 7th floor).

lon Sources at the 9th Floor

Two of three ion sources at the 9th floor were also
seriously damaged by the earthquake. The anchor bolts of
the Wien filter for the polarized ion source were destroyed
by the earthquake. Finally, the Wien filter was moved 1 m

Electrostatic Accelerators
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from the beam line by the earthquake and aftershocks for
a month as shown in Fig. 6. Almost piping bellows
between connected heavy loads were broken by shaking
at the 9th floor. Ceramic columns of the AMS ion source
were also broken. Water pressure gauges of the cooling
water system were shaken and broken off by its root on
the plumbing. A water spurt came out the polarized ion
source. The inflection magnet weight of 4 tons at the 9th
floor was moved 5 cm on the mount by the earthquake as
shown in Fig. 7.

Figure 6: Broken Wien filter for the polarized ion source.
The Wien filter was moved 1 m from the beam line after
the earthquake and aftershocks.

-~

Figure 7: Moved inflection magnet at the 9th floor.

Experimental Rooms at the First Floor

At the 1st floor, a B-NMR experimental magnet weight
of 800 kg at the 1-F beam course was dropped from
heights of 1.75 m with breaking a stepladder as shown in
Fig. 8. Several tool racks also fell down in the facility
(Fig. 9). Many magnets were moved and a number of
joint bellows were broken as shown in Fig. 10. Many
vacuum apparatuses such as turbo-molecular pumps and
ion pumps were damaged at points around broken joint
bellows. A shielding door motor was broken by the shock
of the earthquake at the analyzer magnet room. Therefore,
we could not access immediately in the analyzer magnet
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room after the earthquake. Shielding concrete blocks at
the analyzer magnet room came down to the floor.

Jis & |
i\

Figure 8: Dropped B-NMR experimental magnet at the 1-
F beam course of the 1st floor.

AN 3
Figure 10: Broken joint bellows after the analyzer magnet
of the 1st floor.
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EARTHQUAKE DISASTER
RECONSTRUCTION PROJECT

We decided to shut down the 12UD Pelletron tandem
accelerator in 2011. At present, we are planning to install
a new middle-sized tandem accelerator at the 2nd
experimental room instead of the broken 12UD Pelletron
tandem accelerator since it is difficult to repair the
previous one due to some boundaries in the building
construction. A new accelerator system will consist of a
horizontal type 6 MV Pelletron tandem accelerator, new 3
ion sources and the polarized ion source which will be
moved from the 9th floor to a new experimental booth at
the ground, an accelerator mass spectrometry system and
an ion beam analysis system. High energy beam transport
line will be connected from the 2nd experimental room to
the present experimental facilities at the 1st experimental
room. The new AMS system will be capable of measuring
environmental levels of long-lived radioisotopes of “°Be,
e, A1, *cl, “‘Ca and *I. The new IBA system will be
equipped with a high-precision five-axis goniometer. The
construction of the new accelerator system is scheduled in
the spring of 2014.

SUMMARY

The 12UD Pelletron tandem accelerator with a history
of over 35 years at the University of Tsukuba was
destroyed by the Great East Japan Earthquake in 2011.
We decided to update the 12UD Pelletron tandem
accelerator to the new 6 MV tandem accelerator. We have
mapped out a strategy for reconstruction project. The 6
MYV tandem accelerator will mainly be applied for AMS,
IBA, beam irradiation research and nuclear physics. The
beam delivery will start on September 2014.
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Abstract

Beam commissioning in the KEK Digital Accelerator,
which is a small scale induction synchrotron (IS), has been
conducted since the middle of 2011. Longitudinal beam
motion in the induction synchrotron, utilizing induction
cells (IC) for acceleration and confinement, is character-
ized as barrier bucket acceleration. A tracking code has
been developed to understand the longitudinal motion af-
fected by longitudinal space charge forces, considering
programmed settings of confinement and acceleration volt-
age. This code, in which the trigger control scenario is fully
implemented, calculates temporal evolution of momentum
and phase of macro-particles. Beam commissioning results
without acceleration and confinement are compared with
simulation results.

INTRODUCTION

The induction synchrotron concept for accelerating
charged particles, was introduced by K.Takayama and his
colleagues in 2000[ 1] and demonstrated using the KEK 12
GeV synchrotron[2] at High Energy Research Organiza-
tion (KEK). Later this idea had been adapted to the booster
ring, which is a rapid cycle synchrotron. For this purpose,
necessary modifications and upgrades had been conducted
over 3 years. Now it is officially called the KEK Digital
Accelerator(KEK-DA). Its details are described in refer-
ence [3]. In addition, the ideas and basics behind the KEK-
DA are well explained in K.Takayama’s text book [4], and
the latest status will be presented in this conference.

In this paper, after a short introduction of the KEK-DA
system with its layout, the model used to describe the lon-
gitudinal motion including longitudinal space charge forces
will be discussed. Then the commissioning results and
simulation results are shown to be well consistent with
each other. Through extensive studies, it turns out that
the momentum distribution in the longitudinal phase space
is mainly determined by electric fields of the Einzel lenz
chopper [5] where several ps-long beam is chopped out of
a 5 ms-long beam pulse extracted from the ECRIS. The
simulations shows that this initial momentum distribution
evolves through the low energy beam transport line from
the ECRIS to the ring and the beam arrives at the ring with
bump profiles both on the beam bunch head and tail. This
property in the pulse profile have been observed in the ex-

* liuxg @post.kek.jp

Synchotrons and Storage Rings

periment. Further more experiments and simulation works
have pursued how the profile evolves in the ring. The sim-
ulation will manifest what role space charge forces take
in the temporal evolution of the phase space distribution,
comparing with experimental data.

OUTLINE OF KEK-DA

The KEK-DA complex consists of many subsystems just
as other accelerator facilities. Fig.1 shows an overview of
KEK-DA.
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Figure 1: Layout of KEK-DA.

For the present beam commissioning, He'* beam is
extracted from an Electron Cyclotron Resonance Ion
Source(ECRIS)[6] and chopped by the Einzel lens chop-
per to be several ps beam bunch. The beam bunch is then
accelerated to 200 keV by a post-acceleration column in-
stalled right after the chopper and guided through Low En-
ergy Transport Line(LEBT). Electrostatic Kicker, installed
at one of the drift section (S1 in Fig.1) of the ring, is used to
kick the beam bunch on the ring orbit. 8 combined function
magnets are installed in the ring to bend the beam and con-
fine it transversely. Induction cells are installed at S6 and
S7 section to provide longitudinal confinement and acceler-
ation for the beam bunch. These induction cells are driven
by switching power supply [3] powered by DC power sup-
ply. Trigger of pulse voltages for acceleration and confine-
ment are fully controlled by the digital control system con-
sisting of the FPGA and DSP[7] A combination of several
extraction kickers and septum magnets is used for beam
extraction.
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LONGITUDINAL MOTION

Acceleration Model

The longitudinal equation of motion in the KEK-DA is
similar to but different from that of the traditional RF syn-
chrotron. The equations used for a turn-by-turn track in
simulations are[4],

(AEY) .y = (AE) + Ze[V(AL, — V] (1)

(At)il+1 = (A1)}, + (Tc)n+mn+1(?)i+1 2

Eq.1 describes the energy difference A E for the specific
particle with ID “j” to the synchronous particle which is
supposed to always stay on the ideal orbit under the ramp-
ing magnetic field. In this equation, “n” is the turn num-
ber. Z is the charge state (here is positive 1 for He'*t). e
is the unit charge. V(At) is the voltage felt by the parti-
cle which has a time difference At from the synchronous
particle. V] is the required acceleration voltage for the syn-
chronous particle at n-th turn. Eq.2 describes the time dif-
ference at n-th turn between a particle with ID 5 and syn-
chronous particle. T , n° are revolution time and so-called

slippage factor (n = & — 7%, where 7 is relativistic factor

2
and +y; is transition ga?nma), respectively.

As seen in Fig.1, the induction cells with a finite physical
size are located at different places. However, the acceler-
ation gap size of each cell is so small that the transit time
is negligible. In the model described by the above equa-
tion of motion, the acceleration or confinement voltage is
assumed to be applied instantly as a d-function like kick.
The observation points are chosen to be just in front of the
induction cells. As a result, as in the above equations, the
energy difference (Eq.1) should be calculated first then this
information could be used for calculating new parameters
T, n and % for Eq.2.

Longitudinal Space Charge Forces

Injection energy of the KEK-DA is quite low, for ex-
ample, for He!t with the injection energy of 200 keV/,
B ~ 0.01. Therefore, space charge effects should be signif-
icant. The longitudinal space charge forces are evaluated
assuming a round beam in a cylindrical chamber model.
This model is commonly used, for instance in[8]. The elec-
trical field along the orbit coordinate s is written by,

Zo qg ol
Ee = 4w (By)2c Ot + Ew ©)
where Zy = 377(), and g is geometric factor, [ is the
beam current, c is the speed of light. Eyy is the electric
field on the chamber wall which is simply ignored in the
simulation. In the simulation, an FFT method[8] is used
to calculate the electric field instead of directly calculating
from Eq.3.
The equation of motion describes the beam motion in a
discrete form. This is an exact form without approximation
because the induction acceleration devices are localized
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at specific positions. Meanwhile the longitudinal space
charge forces continuously affect the longitudinal motion
of particle. Strictly speaking, the differential equation of
motion for the system perturbed with space charge forces
must be integrated. Instead of the integration, the differen-
tial equation is approximated in the discrete form, where
the path length is divided into multiple segments with a
small distance and the particle distribution is updated after
each segment. Its extreme case corresponds to Eq.1 with a
single kick resulting from the space charge forces, F;Cy,
where the number of segment is just 1; in the other ex-
treme case, the circumference is divided into infinite num-
ber of segments. The latter case is unrealistic and we have
to choose a finite number of segments.

Simulation Model

Justification Here by justification two things are ex-
pected: first, the electric field for a chosen profile should
provide the same result as calculated from Eq.3; second,
some optimization of the parameters is needed to prevent
from producing wrong results. Some common parameters
required in Eq.3 and in simulation are assumed as in Table
1. Note that the number of macro-particle and number of
bin in Table 1 are parameters used in the FFT method and
have been optimized by choosing different combinations
of the two so that the electric field in the regions of interest
becomes the mathematically calculated value.

Table 1: Parameters Used for Justification

InjV g I
200 keV 6.4161 90 pA
beta N of macro-particle N of bin
0.0103197 10000 500

Here a trapezoidal profile with 80 ns rise and fall time
for beam current is assumed as shown in Fig.2. The lon-
gitudinal electric field is plotted together(red line). With
these parameters, the calculation result from Eq.3 is F/y =
6.78 V/m. Thus, within the rise region and fall region of
this trapezoidal profile, the electric field is 6.78 V/m. In
the FFT method, time length of 12 us is chosen and di-
vided into 500 bins, and filled with 10k macro-particles
that produce the same trapezoidal profile. Fig.2 shows that
the peak electric field is almost the same as that calculated
by Eq.3. In order to obtain more accurate electric fields
in these regions, a larger bin number and accordingly, a
larger macro-particle number seem to be required. How-
ever, that would increase the computation time; therefore a
compromise must be made between the computation time
and resolution.

Initial distribution As mentioned,the pulse length of
the beam from the ECRIS before being chopped is about 5
ms. For He!™t at 200 keV, the revolution time just after in-
jection is about 12 us(given that KEK-DA’s main ring has
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Figure 2: Justification of the FFT method.

a circumference of 37.7 m). Usually a 3 us beam bunch
is used in beam commissioning. The initial distribution in-
cludes a pulse profile of the bunch and a momentum distri-
bution associated with this pulse profile. It has been real-
ized that momentum modulation is induced at the head and
tail of the beam bunch when the beam is chopped by the
Einzel lens chopper[9]. A momentum distribution similar
to the simulation results in Ref.[9] is assumed here.

=
£40.01 * Ap/p
< —bunch profile

0 2 4 6 8 10 12
t/us

Figure 3: Initial distribution for simulation.

The black line is assumed pulse pulse profile, which cor-
responds to the bunch signal captured by the wall current
bunch monitor in experiments. Note that the Lh.s is bunch
head and r.h.s is bunch tail. The red scattering dots are
macro-particles in the phase space, where the bunch head
part has a negative momentum deviation with a maximum
of —1% while the tail part 0.5%. In addition, an “intrin-
sic” momentum deviation of ¢ = 0.05% and 20 cut-off is
assumed.

The distribution is assumed just after the post-
acceleration column after which the bunch has a kinetic
energy of 200keV. Though at this momentum, there’s
no good method to confirm the momentum distribution di-
rectly by measurement, the beam current and profile can be
measured at the test stand with a Faraday cup which is 2.5
meters down from the post-acceleration column.

Fig.4 is the measurement result by Faraday cup.
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Figure 4: Bunch signal by Faraday cup.

COMPARISON BETWEEN
EXPERIMENTAL RESULTS AND
SIMULATION

Bunch Profile Evolution

Fig.5 shows turn-by-turn plots by plotting all the bunch
signals one after another for a 3;zs He'™ under the constant
magnetic field without confinement or acceleration.

I4

3

t us] I

Figure 5: Mountain view of the observed bunch profile.
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The horizontal axis, ¢[us] is time position within one rev-
olution(single bunch signal). The second axis, T'[ms], de-
notes the time from the injection for each bunch signal, cor-
responding to different turn number. The third axis is the
beam current intensity. Fig.5 shows that the bunch struc-
ture gradually decays to fill the ring within 4 ms as the
intensity drops.

Bunch

T [ms]

1
MIILJIIL

t [us]
Figure 6: Projection of Mountain view.

Fig.6 shows the projected view of Fig.5 to the plane of
the first and second axis(hereafter called time-turn plane).
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The projection view is much easier to show the result thus
will be frequently used later.

As seen in both Fig.5 and Fig.6, there’s a peak at bunch
head (1.h.s) and another one at the bunch tail(r.h.s). More-
over, the peak at the bunch tail survives for a longer time
period and sharper than that at the bunch head. Besides, in
fact for this result, those signals from the bunch monitor at
the beginning are saturated. So peaks on bunch head and
tail are much higher. However, the Faraday Cup measure-
ment shows no such peaks.

=
24| -turn#l
2 | -turn#20
-turn#50
2
0
0 2 4 6 8 10

tlus]

Figure 7: turn#1, #20,#50 of the experiment for 3u.s He' ™
bunch, I = 50uA.
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Figure 8: simulation with longitudinal space charge forces.
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Figure 9: simulation without longitudinal space charge
forces.

Fig.7 shows pulse signals of turn#1, #20 and #50 for the
same experiment in Fig.5 and Fig.6. The beam current for
this experiment was about 504 A. This figure shows how
the bunch profile evolves. Fig.8 shows the simulation result
assuming a beam current of I = 50u.A, taking into account
of longitudinal space charge forces. Except for the first turn
(which is supposed to be like the first signal on oscilloscope
in experiment), the typical temporal evolution of the bunch
profile, where the bunch tends to diffuse in the time axis
and two peaks emerge at both ends of the bunch, is well
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reproduced. The difference, if noticed, should come from
the difference between initial distribution assumed in Fig.3
and that of the real beam bunch. For comparison, the sim-
ulation result without longitudinal space charge forces is
shown in Fig.9. Compared with Fig.9, Fig.8 shows clearer
peak formation and that the beam diffuse faster. The results
on time-turn plane suggest the same observations as shown
in Fig.10 and Fig.11.

4 I 1.0e0
3 ===lll

7.5e-1

5.0e-1

t/ms

Figure 10: simulation with longitudinal space charge force.

TIms]

Figure 11: simulation without longitudinal space charge
force.

The simulation without longitudinal space charge forces
fails to reproduce the experimental result. On the contrary,
the longitudinal space charge forces not only succeed in re-
constructing the overall profile but also give the same cross
point where two peaks finally meet, as seen from Fig.6 and
Fig.10. The peak on the bunch head meet the bunch tail’s
at around 1 ms after injection, or 70 ~ 80 turns after injec-
tion.

All these results suggest that longitudinal space charge
forces are essential to understand how the bunch profile
evolves like this.

When considering about longitudinal space charge
forces, as indicated by Eq.3, higher beam current will have
higher electric field. Comparisons between the experimen-
tal and simulation results including the longitudinal space
charge forces for two beam currents of 22 pA and 49 pA
are given in Figs.12, 13, 14, and 15.

In Fig.12 to Fig.15, they’re different runs from that
shown in Fig.10. However, the result of 49 pA is close
to that of 50 pA. In present simulation, same intrinsic mo-
mentum deviation is assumed through all cases. In addi-
tion, the initial momentum deviation may depend on the
beam current. These may explain why there exists slight
difference between the experimental result and simulation

Synchotrons and Storage Rings
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Figure 12: He' ™", 2211 A, experiment.
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Figure 13: He' ™", 2214 A, simulation.

for 22 pA. But as in all, both of the experimental re-
sults and simulation strongly support the fact that for higher
beam current the bunch head peak and tail peak will meet
earlier.

The Role of Longitudinal Space Charge Force

It is understandable that the peak formation results partly
from the initial momentum distribution as shown in Fig.3.
Particles with negative momentum deviation in the bunch
head move towards the positive direction in time, that is,
the bunch tail. Because of the negative slippage factor, n(as
v < ;. Particles with positive momentum deviation in the
tail region will move towards the bunch head. Eventually,
they will meet somewhere in the middle to form the cross
point seen on Fig.6 and Fig.10. However, the simulation re-

Bunch
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Figure 14: He'™t, 49uA, experiment.
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Figure 15: He' ™", 4941 A,simulation.
sultin Fig.11 shows that, without longitudinal space charge

forces, these peaks dissipate quickly thus no apparent cross
point.

peakitail) — Bunch

] M \ F
i e

E[V/m]

3 35 4 45 5
t[Ms]

Figure 16: He'", 49u.A tail part and associated electric
field in simulation.

In order to explain the role of longitudinal space charge
forces, Fig.16 shows the tail part of the bunch with electric
field. At beginning, the peak comes into exist due to posi-
tive momentum deviation as just discussed. The dash line
in Fig.16 marks the position of the peak. On the right side
of the peak, the electric field is negative so that particles
in this region will be kick down by the longitudinal charge
forces in the phase space. If this field is large enough then
these particles will have a negative momentum deviation
and move to the right, making the bunch become longer, or
bunch is spreading in the longitudinal direction. Because
at the beginning the momentum deviation in this region is
positive, so space charge forces make these particles slow
down as they move to the left side. After that, once par-
ticles fall into negative momentum deviation region, they
will move to the right and make the bunch spread. Without
longitudinal space charge forces, bunch will only spread
according to the momentum spread, which is much slower
as seen in Fig.9. If only the electric filed on the right side of
the peak the beam is considered, the bunch will spread as
discussed and the peak will disappear quickly. However, as
noted in Fig.16, the electric field due to longitudinal space
charge forces is positive, that is, this field will kick parti-
cles in that region upward. Because these particles have a
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larger momentum deviation than the intrinsic momentum
deviation, new peak will emerge just as the peak formation
happens at the very beginning. The total effect of the elec-
tric filed on both sides of the peak is that the peak lasts for
a longer time. Because the electric filed on the left side
of the peak is smaller than the right, the peak will become
smaller and appear not so obvious, as seen in Fig.12 and
Fig.13. For higher beam current, the peak will last for such
a longer time that two peaks on the bunch head and tail will
merge when they meet each other, forming a cross point, as
seen in Fig.14 and Fig.15. How fast a particle will move
in phase space depends on its momentum deviation. As a
result, in case of higher beam current, due to the role of the
electric field on the left side of the peak shown in Fig.16, af-
fected particles will have a larger momentum deviation and
move faster towards the beam center. That’s why bunch
with higher beam current has an earlier cross point when
comparing Fig.12 and Fig.14.

CONCLUSION AND FUTURE WORK

As in short, the Einzel lens chopper induces a momen-
tum modulation on the bunch head and tail while chopping
the beam. Then longitudinal space charge forces affect a
great deal of the bunch profile evolution and peak forma-
tion. Because KEK-DA is an induction synchrotron capa-
ble of accelerating ion beam from a very low energy to rela-
tively high energy, the space charge force is one of the most
important topics in the beam physics related to it. More
studies and results where space charge force plays an es-
sential role could be anticipated.

The beam commissioning will go on and some applica-
tion studies by using KEK-DA would follow. As for the
simulation, which is now short of motion of transverse di-
rection, will include it to be a more useful tool for beam
commissioning and analysis.
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Abstract

The transverse tune of the beam in the synchrotron will
fluctuate due to the quadrupole current ripple, which lead
the spill ripple through the variation of the separatrices
area. In order to reduce the ripple of the spill, a pair of
fast response quadrupole (FQ) is adopted to compensate
the tune ripple caused by other quadrupoles. After using
the FQ feedback, the amplitude of the spill ripple within
800Hz has been reduced to 1/10 times from the normal
mode. This method will be used in the HITFIL (Heavy
lon Therapy Facility in Lanzhou).

INTRODUCTION

The CSRm [1] is the main cooler storage ring in the
national laboratory of heavy ion accelerators in China.
The slow extraction [2] has been realized in CSRm in
June 2008. In order to suppress the spill ripple which
modulated by the quadrupole power ripple, a group of fast
response quadrupole has been adopted in the synchrotron.
The spill structure is improved greatly compare with the
normal mode.

THE MECHANISM OF SLOW
EXTRACTION

The RF-Knock Out [3] slow extraction method is
adopted in CSRm. The work point of the synchrotron has
be set to near the 1/3 resonant line, then the phase space is
divided into 2 parts by resonant sextupoles. The particle is
stable until it reaches the unstable area by transverse RF.
The emittance of the stable area is described as [4]:

(1)

Where, q=Q, —Q, is the difference between the particle

tune and the resonant tune. In ideal situation the q keep
constant during the extraction process, actually, the
current of the quadrupoles will fluctuated with the
external power grid. The tune of the particle which lies on
the strength of the quadrupoles in the synchrotron will
fluctuated, i.e., the g will fluctuated with the external
power grid, which cause the stable area fluctuating. Since
the emittance of the beam increased smoothly, the stable
area fluctuation will bring the spill ripple. If the emittance
growth rate is less than the fluctuation of the stable area,
the spill will appear discontinuity [4].

q2
Estable = 48\/§”§

*Work supported by State Key Development Program of Basic
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THE NORMAL MODE OF SLOW
EXTRACTION IN CSRM

Status of Normal Mode

Figure 1 shows the experiment result of normal mode
in CSRm. The duration of the extraction time is set as 5
seconds. As one can seen in the figure,

e the spill ripple is large, and there is no beam
extraction in the later part; The spill is not
continuous but a series linear peak;

e  The spill ripple in 50Hz and its harmonic under
250Hz is visible;
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Figure 1: Spill in normal mode (sample rate is 10 kHz).

(a) Structure of one spill, (b) The FFT of one spill,
(c) Detailed spill structure in 1.3s-1.5s.
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Analysis

The emittance of the particle growth with the transverse
RF voltage until it reaches Eg.pe, but for the actual cases,
the stable area changes its size with the quadrupole
magnet power ripple, so maybe the particles reach the
unstable area with the emittance larger than Eggpe, and the
stable area will be reduced in the rest power ripple cycle,
then the spill ripple generated. Since the particle density
in the phase space get smaller and smaller in a extraction
cycle, the spill intensity will be reduced with time (as
shown in Fig. 2(a)). The amplitude modulation method
can be used to overcome this problem [5] [6].

The main ripple of the spill is 50 Hz and its
harmonics, which is consistent with the quadrupole
power ripple in the actual machine commissioning.

THE SLOW EXTRACTION WITH
FEEDBACK

The Mechanism of Feedback

In order to compensate the affection of the quadrupole
power ripple, many works have been done in HIMAC,
such as using the AM modulation feedback [7], keep the
tune of the beam away from the resonant line [8], and so
on. Fig.3 is the schematic diagram of the feedback control
loop in CSRm. A pair of fast quadrupole (FQ1, FQ2 in
Fig.2) has been adopted to compensate the fluctuation of
the work point in CSRm. The ionization chamber in the
cancer therapy room will monitor the intensity of the spill
real time. When the intensity deviate from the theoretical
intensity (reference value), the FQ will change the work
point of the synchrotron through the current strength to
keep the spill intensity unchanged. In other words, the
work point fluctuation will be compensated by FQ to
make the spill uniform. Table.1 shows the parameters of
the FQ. The ceramics vacuum chamber is adopted for the
FQ to meet the fast response.

Table 1: parameters of the FQ and transverse RF

Element  Number Strength Rise Time
FQ 2 0.23T/m  170T/ms™*
RF 1 15V/cm -

W= 418855 m
L = 557101 m
C =161.0014 m

Figure 2: Layout of FQ, RF-KO.
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Figure 3: Schematic diagram of feedback.

Result and Analysis

Figure 4 is the spill structure and corresponding
analysis. As seeing from the figure,

e The time structure of the spill has been
improved a lot compared to the normal mode,
though obviously there are still many spikes.
Because the reference intensity is too larger, the
spill time is less than the set time (5 seconds).

e As one can seen from the Table.1, the 370 Hz
and below ripple will be suppressed, but
actually the spill ripple below 800 Hz has
successfully been suppressed to the 1/10 of the
normal mode (as shown in Fig.4b). That is
because the fast quadrupole does not need to
reach the extreme value, so the response
frequency can exceed 370 Hz. The time needed
from the spill intensity signal be measured and
the spill structure been changed by the FQ is
nearly 1 ms, so the spill ripple near 1 kHz is
larger than normal mode.

e The blank gap between the spikes has been
disappeared, but there are still many spike in the
spill.

Synchotrons and Storage Rings
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Figure 4: Spill in feedback mode(sample rate is 10 kHz).
(a) Structure of one spill, (b)FFT of one spill, (c) Detailed
spill structure in 1.3s-1.5s.

CONCLUSION

After the FQ has been adopted in the CSRm, the spill
ripple has been suppressed greatly. Because of the
delay of the FQ action, the spill is not smooth enough.
The thickness of the lamination steel is 0.5 mm,to
reduce the delay time of the fast quadrupole, a new pair
of FQ with the lamination steel thickness of 0.2 mm is
under consideration. All in all, the quadrupole power
supply ripple is too large, the fundamental method is to
reduce the power ripple of the quadrupoles.
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MULTIPHYSICS AND PRESSURE CODE ANALYSIS FOR
QUARTER WAVE p=0.085 AND HALF WAVE p=0.29 RESONATORS*

S. Miller#, M. Johnson, A Facco, Y. Xu, J. Binkowski,
Facility For Rare Isotope Beams, Michigan State University, MI 48824, USA

Abstract

The driver linac design for the Facility for Rare Isotope
Beams (FRIB) at Michigan State University (MSU) makes
use of four optimized superconducting radio frequency
(RF) resonators to accelerate exotic ions to 200 MeV/p.
The RF resonators were optimized using computer
simulations for all expected physical encounters and
corresponding electrical resonant frequency changes.
Principal guidance from the ASME boiler and pressure
vessel code (BPVC) were applied.

INTRODUCTION

The FRIB, a new national user facility funded by the
U.S. Department of Energy Office of Science to be
constructed and operated by MSU, is currently being
designed to provide intense beams of rare isotopes to
better understand the physics of nuclei, nuclear
astrophysics, fundamental interactions, and applications
for society. The FRIB driver accelerator can accelerate all
stable isotopes to energies beyond 200 MeV/u at beam
powers up to 400 kW [1]. FRIB uses two 80.5 MHz /4
quarter wavelength resonators (QWR) operate at St = V/C
= 0.041 and 0.085 and two 322 MHz A/2 half wavelength
resonators (HWR) operate at o, = 0.29 and 0.53; Figure
1.

\y

o
=| " ‘——

Figure 1: The FRIB Resonators. From left to right: 80.5
MHz B =0.041, 80.5 MHz = 0.085, 322 MHz, § = 0.29,
322 MHz = 0.53.

INTEGRATED ANALYSIS APPROACH

Project requirements state resonator designs must
satisfy BPVC. The analysis for the 80.5 MHz B = 0.041
has been completed and was presented at SRF2009 [2].
For the remaining 3 resonators, the first step of the

*Work supported by US DOE Cooperative Agreement DE-SC000061
#millers@frib.msu.edu
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analysis was to validate the design using equivalence of
the ASME Section VIII, Division 2. This analysis[3] yields
pressure capability for 300K and 2K. Table 1 displays the
material allowable stresses as established by ASME code,
and the Table 2 displays the stress states that exist during
the pressurization of the helium vessel. P, is the general
membrane stress allowable, P; is the local membrane
stress allowable, and P, + Py, is the local plus the bending
stress allowable.

Table 1: Resonator Material Properties [4], [5], [6]

. Temp Elastic Yield
Material (K) Modulus Strength
(GPa) (MPa)
Niobium RRR250 295 103.0 38
Niobium RRR250 4 104.0 372
Niobium-45 Titanium 295 62.1 475
Niobium-45 Titanium 4 68.2 680
Grade 2 Titanium 295 106.9 275
Grade 2 Titanium 4 118.8 560

Table 2: Resonator Stress Allowable [4], [5], [6]

Material Temp Pm Pl Pl +Pb
(K) (MPa) (MPa) (MPa)

Niobium RRR250 295 25 38 38
Niobium RRR250 4 248 372 372
Niobium-45 Titanium 295 226 340 340
Niobium-45 Titanium 4 450 680 680
Grade 2 Titanium 295 143 214 214
Grade 2 Titanium 4 375 560 560
The second step verified the resonator tuning
sensitivity, tuning range, and tuning force. The

simulation was also used to determine maximum stresses
in the resonator and stiffen the resonator as needed to
achieve the required tuning range.

The next step of the integrated approach was to
determine the resonators helium pressure sensitivity. If
the pressure sensitivity was found to be too high,
stiffeners were added accordingly.

The final step of the integrated analysis was to compute
the Lorentz Force Detuning (LFD). The LFD value was
compared to the target goal and if too high design
changes were necessary.

Boosters and Cavities
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Requirements

The four resonator types share a common set of
mechanical requirements:
e Satisfy Elastic Stress Analysis Method at 2.0
ATM for 300K
e Capable of sustaining tuning stresses
generated at maximum tuning range and
pressure
e  Pressure sensitivity between +/-4Hz/torr
e LFD>-4Hz/(MV-m)’

Quarter Wave Resonator

The p=0.085 resonator (shown in Figure 2 with labels)
underwent pressure simulation. The first step of the
process was to apply stress classification lines (SCLs) to
the expected high stress areas of the resonator. Figure 3
display the stress line locations on the =0.085 resonator.
High stress regions on this resonator are predominantly
interface points. These include the short plate to inner
conductor interface, short plate to outer conductor
interface. Other areas include port interface to the outer
conductor and the helium vessel.

Helium Short Plate
Vessel
Inner
Drift Tube Conductor
Outer
Conductor
Beam Port
Tuning
Plate
RF Port

Figure 2: Labeled f=0.085 Resonator.

The next step in the pressure simulation was to apply
pressure to the interior surface on the helium vessel and
the exterior surfaces of the cavity. Figure 3 displays the
pressure areas of the f=0.085 resonator.

After the pressure has been applied, the stress at each of
the SCLs is evaluated. The pressure is increased until one
of the SCLs exceeds the limits established by the Elastic
Stress Analysis Method for 300K and 2K material
properties. The last point where the SCL satisfies the
Elastic Stress Analysis Method establishes the pressure
capability at the material properties temperature. The
=0.085 resonator design achieved a 300K pressure
capability of 2.2 ATM and a 2K pressure capability of 15
ATM. Figure 4 displays the equivalent stress plot at a
high stress location near the beam port at 300K. Figure 5
shows its corresponding SCL plot through the wall
thickness.

Boosters and Cavities

PO16

50,00 50.00

Figure 3: $=0.085 Resonator Stress Line Locations and
Resonator Boundary Conditions (Pressure Area in Red).
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Figure 4: p=0.085 Resonator High Stress Location.
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Figure 5: f=0.085 Resonator SCL Result (Pm=Red,
Pb=Green, P1+Pb=Blue).

The next phase of integrated testing was to find the
tuning parameters for the =0.085 resonator. The first
step of this process was to find the tuning sensitivity. On
the $=0.085 resonator, a tuning plate is present on the
bottom of the resonator (See Figure 2) and is actuated
inwards and outwards to adjust the frequency. This
adjustment results in 3.2 kHz/mm shift on the resonator.
With a tuning range of +/- 10 kHz required for this
resonator, this requires 3.125 mm of adjustment, inward
and outward. Figure 6 displays the stress generated on
tuning plate at 4 mm upward adjustment at 2K, the
temperature at which tuning would takes place. The
tuning plate is capable of the required tuning range
without yield through its thickness.
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Figure 6: $=0.085 Resonator Tuning Plate Stress.

The third step of integrated analysis was to find the
pressure sensitivity. This was performed by applying
pressure (1 ATM) to the same surfaces shown in Figure 3,
and simulating the frequency shift due to this pressure.
Figure 7 displays the deformation due to the pressure
application, this deformation results in a -1.4 Hz/torr
frequency shift. This falls within the requirement for
pressure sensitivity.

_
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« 363E-04 484E-04
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Figure 7: p=0.085 Resonator Helium Pressure Response.

The last step of the integrated analysis for the f=0.085
was to compute the LFD value. This simulation used the
same model as the pressure sensitivity; however, instead
of pressure loads being added, Lorentz Forces are
computed and applied to the model. In the same fashion
as the pressure sensitivity, the frequency shift is
determined due to this force. Figure 8 depicts the
deformed shape of the f=0.085 resonator due the Lorentz
Force. This plots displays the high electric field regions
pulling towards each other, predominantly on the beam
port and drift tube areas. Conversely, the magnetic field
regions are pushing outward. From this plot it was found
the LFD value for this resonator was -0.7 Hz/(MV-m)®.
This meets the goal of being greater than —4 Hz/(MV-m)®.

9

Proceedings of HIAT 2012, Chicago, IL USA

—
0 L5238-07 .105E-06
. 262E-07 .T85E-07

«157E-06 «203E-08
«131E-06 «193E-0¢ «23RE-06

Figure 8: p=0.085 Resonator LFD Response.

Half Wave Resonator

The B=0.29 resonator (shown in Figure 9 with labels)
underwent pressure simulation. The first step of the
process was to apply stress classification lines (SCLs) to
the expected high stress areas of the resonator. Figure 10
displays the stress line locations on the =0.29 resonator.
High stress regions on this resonator are predominantly
interface points. These include the short plate to inner
conductor interface, short plate to outer conductor
interface. Other areas include port interface to the outer
conductor and the helium vessel.

Helium Short Plate
Vessel
Inner
Drift Tube ; Conductor
Ty Outer
s Conductor
Beam Port \ H
| Stiffening
Rib
RF Port

Figure 9: p=0.29 Labeled Resonator.
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Figure 10: f=0.29 Resonator Stress Line Locations and
Resonator Boundary Conditions (Pressure Area in Red).

The next step in the pressure simulation was to apply
pressure to the interior surface on the helium vessel and
the exterior surfaces of the cavity. Figure 10 displays the
pressure areas of the =0.29 resonator.

After the pressure has been applied, the stress at each of
the stress lines is evaluated. The pressure is increased
until one of the SCLs exceeds the limits established by
the Elastic Stress Analysis Method for 300K and 2K
material properties. The last point where the SCL
satisfies the Elastic Stress Analysis Method establishes
the pressure capability at the material properties
temperature. The P=0.29 resonator design achieved a
300K pressure capability of 2.2 ATM and 2K pressure
capability of 20 ATM. Figure 11 display the equivalent
stress plot at a high stress location for 300K and Figure 12
shows its corresponding SCL plot through the wall
thickness.

B: COOLDOWN ELASTIC
Equivalent Stress
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Unit: MPa
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Figure 11: $=0.29 Resonator High Stress Location.
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Figure 12: B=0.29 Resonator SCL Result (Pm=Red,
Pb=Green, P1+Pb=Blue).
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The next phase of integrated testing was to find the
tuning parameters for the f=0.29 resonator. The first step
of this process was to find the tuning sensitivity. On the
=0.29 resonator, the beam port flanges on the resonator
are actuated inwards to adjust the frequency. This
adjustment results in 216.5 kHz/mm shift on the
resonator. With a tuning range of +/- 120 kHz required
for this resonator, this necessitates .554 mm of flange to
flange adjustment inward. Figure 13 display the stress
generated on the resonator at .554 mm of adjustment at
2K. This figure displays that the resonator is capable of
the required tuning range, since there is not yielding
present due to the tuning deflection and pressure.

D: COLD ELASTIC WITH TUNING
Equivalent Stress
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ERRIN
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Figure 13: p=0.29 Resonator stresses during maximum
tuning.

The third step of integrated analysis is to find the
pressure sensitivity. This was performed by applying
pressure (1 ATM) to the same surfaces shown in Figure
10, and simulating the frequency shift due to this
pressure. Two scenarios were simulated, one where the
beam port flanges are fixed (representing and ideal tuner)
and the other where the beam port flanges are free. The
two scenarios help define the resonator’s overall pressure
sensitivity due to the tuner. The tuner will have a finite
rigidity that is somewhere between the fixed and free
condition. Figure 14 displays the deformation due to the
pressure application at the fixed condition, this
deformation results in a 0.55 Hz/torr frequency shift. At
the free condition, the pressure sensitivity is 1.42 Hz/torr.
Both of these conditions fall within the requirement for
pressure sensitivity, which demonstrates that the
resonator’s pressure sensitivity can meet its requirement
independent of the tuner.

A study was performed on the p=0.29 Resonator, to
find the ideal location of the stiffening ribs (Figure 9). By
moving the rib up and down on the inner conductor, the
pressure sensitivity could be altered. The rib was finally
placed at the location (185.75 mm above and below the
drift tube) that results in the 0.55 Hz/torr frequency shift
at the fixed condition. Figure 15 displays the results of
this study.
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Figure 14: f=0.29 Resonator Helium Pressure Response.
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Figure 15: p=0.29 Resonator Stiffening Rib Study.

The last step of the integrated analysis for the f=0.29
was to compute the LFD value. This simulation used the
same model as the pressure sensitivity; however, instead
of pressure loads being added, Lorentz Forces are
computed and applied to the model. In the same fashion
as the pressure sensitivity, the frequency shift is
determined due to this force.  Like the pressure
sensitivity, two scenarios were simulated; one with beam
ports fixed and the other with beam ports free
(representing an ideal tuner and no tuner respectively).
Figure 16 depicts the deformed shape of the p=0.29
resonator due the Lorentz Force at the fixed condition.
This plots displays the high electric field regions pulling
towards each other, predominantly on the beam port and
drift tube areas. Conversely the magnetic field regions
are pushing outward. From this figure, it was found the
LFD value for the resonator at the fixed condition was -
2.71 Hz/(MV-m)’. At the free condition, the value is -
3.72 Hz/(MV-m)’. Both conditions meet the requirement
for LFD, demonstrating that the resonator can achieve its
requirement independent of the tuner.
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Figure 16: f=0.29 Resonator LFD Response.

CONCLUSION

Property p=0.085 $=0.29
Pressure Capability 300K (ATM) 2.2 2.2
Pressure Capability 2K (ATM) 15 20
Tuning Sensitivity (kHz/mm) 3.2 216.5
Pressure Sensitivity (Hz/torr) Fixed Tuner N/A 0.55
Pressure Sensitivity (Hz/torr) Free Tuner -1.4 1.42
LFD (Hz/(MV/m)2 Fixed Tuner N/A -2.71
LFD (Hz/(MV/m)* Free Tuner -0.7 -3.72

Table 3 summarizes the resonators mechanical

attributes. The integrated mechanical analysis of the
=0.29 and B=0.085 resonator types at FRIB is complete.
The (=0.29 half wave resonator has completed the
analysis and has been shown to exceed the mechanical
requirements. This resonator type has already undergone
the request for quote process and two development
resonators are expected by the end of 2012. The p=0.085
resonator has also completed its integrated mechanical
analysis and exceeds the mechanical requirements. This
resonator has also completed a request for quote process
and two development resonators of this type are expected
by the end of 2012.
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SIMULATION OF ELECTRON AND ION DYNAMICS IN AN EBIS*

L. Zhao®, J. S. Kim*, E. G. Evstatiev, FAR-TECH, Inc., San Diego, CA 92121, USA
E. Beebe, A. Pikin, BNL, Upton, NY 11973, USA

Abstract

To model the dynamics and charge state distribution
(CSD) of the ions in an Electron Beam lon Source
(EBIS), a time-dependent, self-consist particle-in-cell
Monte Carlo code (EBIS-PIC) has been developed by
FAR-TECH, Inc. The energetic background electron
beam is modelled by PBGUNS by dividing the long beam
path into several segments to resolve the big length-to-
radius spatial scaling problem. The injected primary ions
and ionized neutral gas ions are tracked using Monte
Carlo method which includes the ionization, charge-
exchange and Coulomb collisions with the electron beam.
The potential well is calculated by solving the Poisson
equation each time step. EBIS-PIC calculates the spatial
and velocity space distributions and the evolution of the
charge state distribution of trapped ions in EBIS devices
operating in fast or slow trapping mode. The physical
model of EBIS-PIC and the simulations of the
experiments on the Test EBIS at BNL are described. The
results are in good agreement with the experimental
measurements.

INTRODUCTION

In an EBIS, a high current electron beam created by an
electron gun is compressed to high density as it enters a
strong solenoidal magnetic field (Figure 1). The beam is
stopped by an electron collector after passing through a
series of drift tubes and exiting the solenoid. The injected
primary ions are confined in the radial direction by the
potential well created by the space charge of the electrons,
and in the axial direction by positive potential barriers on
the drift tubes at the two ends of the device. lons are then
ionized to high charge states by electron impact and
extracted as the output beam. EBIS are one of the best
candidates for producing highly charged radioactive ions.

B(r.z)

—_— Electron Collector

lon Trap

Primary

Electron Beam Source

[ ][ ][ ] [
Vi Vs V3 Va

Figure 1: Diagram of EBIS device. The electron beam
travels to the right until stopped by the electron collector.
The primary ion source is to the right of the collector.

FAR-TECH has developed a numerical tool, EBIS-PIC,
to simulate ion dynamics and charge breeding in an EBIS.
The tool has modules to model various physics in the

*Grant supported by DOE Office of Nuclear Physics
#zhao@far-tech.com
+kim@far-tech.com
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EBIS. The initial electron beam is simulated by PBGUNS
[1] by dividing the beam path into several segments. The
injected primary ions and ions from neutral gas are
tracked using a time dependent Monte Carlo method
which includes Coulomb collisions and ionizations with
background electron beam and charge exchange with
neutrals. The electrostatic potential is updated by solving
Poisson’s equation. The EBIS-PIC has been used to
simulate Cs 1+ charge breeding experiments on Test EBIS
[2, 3] at BNL. The basic parameters of Test EBIS are
listed in Table 1. We use the Test EBIS as an example
device to illustrate the simulation of electron beam and
ions.

Table 1: Operation Parameters of Test EBIS

Parameter Value
Trap length 0.7m
Drift tube radius 1.5¢cm

Max magnetic field 5T

Drift tube voltages 12, 6,9 kV
lon Specie Cs

lon Current 15 pA

lon Energy 9kV
Pressure 5x107° Torr

ELECTRON BEAM MOELING

In EBIS operation, the electron beam propagates
several meters from the cathode to collector through drift
tubes. The length to radius ratio could be from 200 to
1000. To resolve such big spatial scaling issue, the
electron beam is simulated by PBGUNS in several
regions to increase accuracy. The PBGUNS code uses
relaxation techniques to solve the Poisson's Equation for
the potentials on a large, rectangular array of squares,
alternately computing potentials and trajectories. It is
modified to be able to perform the simulation of the long
electron beam path in sections with different grid settings
to achieve required accuracy. The sectional simulations
were linked continually from the gun to the collector by
passing the beam conditions, including the radial
distribution of beam energy, angle and spin velocities, and
ensuring a steady state in all the sections.

A full electron beam simulation for Test EBIS was
performed in 4 regions with their boundaries shown in
Figure 2b as vertical dashed lines. The steady state
electron beam (shown in Figure 2b) travels ~ 3 meters
from the gun to the electron collector in the magnetic
field shown in Figure 2a. The electrostatic potential along
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the axis is shown in Figure 2c. Here the cathode voltage
was set as zero. The trap region is from around 1m to 2m
along the z axis where the magnetic field is 5 T. The
simulated electron beam current is about 2A and the beam
radius is about 0.75mm in the trap region.

T —C

b) 0.02

a)

B (M

R(m)

Potential (kV) ~
o 3
g
5
]
N T e --4

Z(m)

Figure 2: PBGUNS simulation. a) Axial magnetic field;
b) electron beam simulated by PBGUNS in 4 sections
indicated by the dashed lines; c) the simulated electric
potential along the axis. The ion trap region is indicated
by the dashed lines.

The 3D view of the electrostatic potential obtained
from the PBGUNS simulation is shown in Figure 3. The
potential well shown is from the trap region to the
electron collector. Due to the negative space charge of the
electron beam, the potential well is ~1700 V in the trap
region.

Potential (kV)

Figure 3: 3D plot of electrostatic potential, for R<2 cm,
from trap to electron collector.

The axial profiles of the electron beam in the trap
region are shown in the left column in Figure 4. From top
to bottom shown are the axial profiles of axial-magnetic
field (without the beam), the electron density, axial
kinetic energy of the electron beam, and the electrostatic
potential. The radial profiles of the electrostatic potential
up to 1.5 cm and electron density up to 1.5 mm are shown
in the right column. The radial beam profile is convex
near the axis, showing increased density in radius with a
sharp drop at the beam edge. When ions are injected and
trapped in the electron beam, the space charge potential
will be modified according to Poisson’s equation and the
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electron density will also be updated while keeping the
total electron current constant.

Axial Profiles Radial Profiles
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Figure 4: Left column: from top to bottom shown are
axial profiles of the magnetic field (T), electron density
ne (m-3), electron kinetic energy (keV), and electrostatic
potential (kV). Right column: electron density, r only up
to ~1.5 mm and radial profile of electrostatic potential up
tor =~1.5cm.

ION DYNAMICS

In EBIS, the ion dynamics is governed by both the
electrostatic potential (shown in Figure 3) and the
magnetic fields (in Figure 2a). The orbit of an ion is the
combination of gyro-motion and the oscillation motion in
radial direction. Experimentally, ions are injected meters
away from the trap region (Figure 1). It is important to
understand the ion dynamics from beam injection plane,
where the initial beam emittance is measured, to the trap.

The orbit of an ion injected from outside of electron
collector is shown in Figure 5. From the projections of the
orbit (Figure 5a and 5b), one can see that the ion is
oscillating mostly in the y-plane due to the electric field
generated by the electron beam, and slowly rotates as the
ion enters the trap as the magnetic field increases and
starts acting on the ion, as seen in Figure 5c. In the trap,
where magnetic field is strong, ions rotate fast around the
axis, and at the same time they oscillate radially close to
simple harmonic oscillation due to the almost linearly
increasing radial electric field. Once being trapped, ions
will bounce back and forth between the voltage barriers
until they are extracted or lost to the wall due to electron
heating.

Ion Sources, Traps, and Charge Breeding
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a) trap region
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b) trap region
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Figure 5: An orbit of a primary ion that is injected from
outside of the electron collector into the trap. Shown are
the projections of the orbit onto x-z plane (a), y-z plane
(b), and x-y plane (c). The dot is the initial point of the
orbit.

The acceptance of the ion beam is an important factor
to determine the efficiency of EBIS operation. The
acceptance is estimated when the ion trajectory is
completely within the electron beam in the trap region. To
study the acceptance of the ion beam with respect to the
electron beam in the trap region, ions with different pitch
angles and radial positions are launched from the plane at
the same initial position as shown in figure 5. Figure 6
shows an X-X’ phase space acceptance plot for the ions
that are launched from the electron beam dump. lons
with initial conditions inside the outer dashed ellipse
overlap with the electron beam over 50% (the inner solid
ellipse is for ions with 100% overlapping) in the trap. The
estimated acceptance is about 1007z mm mrad which is
about the same as other predictions [3].

60,

X (mm)

Figure 6: Estimated acceptance of the ion beam in Test
EBIS. lons with initial conditions within the solid ellipse
have 100% overlap of the ion trajectories with the
electron beam, and more than 50% if inside the dashed
ellipse.

In the trap region, the ions were tracked by time-
dependent PIC Monte Carlo method, utilizing the electron
current density obtained by the PBGUNS simulations
(Figures 2 and 3). The electric fields are solved self-
consistently with the ion and electron space charge

Ion Sources, Traps, and Charge Breeding
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evolving as ions being ionized to higher charge states.
The ionization of the ions by electron impact, charge
exchange of the ions with the background neutral gas, and
heating of the ions by Coulomb collisions with the
electrons are included in the Monte-Carlo model. The ion
density was calculated on the grid based on the ion
locations and the charge states. Detailed description of the
setup and physical model can also be found in [4]. EBIS-
PIC is able to predict the evolution of ion charge states,
the distribution of ions and the CSD of trapped ions.

EBIS-PIC SIMULATION RESULTS

We have performed a full EBIS-PIC simulation for an
EBIS experiment [2] of the Test EBTS at BNL using the
experimental parameters listed in Table 1. The primary
ions were Cs 1+ and injected for 0.2 ms, after which the
trap voltage was ramped down to 6 kV in 10
microseconds. The ions were then confined for an
additional 2 ms before being extracted.

The details of the EBIS-PIC simulation results are
shown in Figure 7. Time evolution of ion charge states in
the trap is shown in Figure 7a, and the charge breeding
times for different charge states are shown in Figure 7c.
The charge breeding time is defined as the time that an
ion charge state reaches its peak. The charge state
distribution (CSD) of trapped ions is shown in Figure 7d.
Figure7b shows the radial distribution of captured ions in
the trap in the fast trapping test. The profiles are all
peaked near the center of the electron beam. The radial
distribution of each ion charge state keeps rising until the
number of the ions with that charge state reaches its peak
and starts to drop. In general, the higher the charge states,
the ion distribution are more concentrated at the center if
the number of that charge state has reached its peak.
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Figure 7: EBIS-PIC simulation results: a) time
evolution of ion charge states in the trap; b) Radial
distribution of different ion charge states; c) Charge
breeding time for different charge states; and d) CSD
of trapped ion charge states.

The result was compared with experiments and
summarized in Table 2. Here, the trapping efficiency for a
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charge state is defined as the ratio between the number of
ions in that charge state and the total injected ions.
Including ion space charge and background gas
ionization, our simulations show both agreement and
disagreement. Our simulations gave the trapping
efficiency 17.4%, lower than experimental value of 19%,
while Cs ions was 95% of the trapped charge, the same as
the experimental value. The average cesium charge state
in the simulations was about +4, while +6 was observed
in the experiments.

Table 2: Comparison of simulation and experimental
results

Results Simulation  Experiment

Primary ion trap efficiency 17.4% 19%

Gas ion trap efficiency 83.8%

Total primary ion charge(pC) 2178 3400

Total gas ion charge(pC) 119 170

Average primary ion charge 4.1 6.0

Average gas ion charge 2.0
CONCLUSIONS

EBIS-PIC has been developed and tested for ion
capture and breeding simulations in EBIS. The energetic
background electron beam is modelled by PBGUNS by
dividing the long beam path into several segments to
resolve the big length-to-radius spatial scaling problem.
The ion dynamics has been studied using time-dependent
PIC Monte Carlo method. The simulation results of EBIS-
PIC show qualitative agreement with the experiment.
Future improvements of the code will be focused on
improving the physical model by adding ion-ion collision
and recombination and speeding the code by using non-
uniform grid.
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TANDEM EBIS”

A. Pikin®, J. G. Alessi, E. N. Beebe, M. Okamura, D. Raparia, J. Ritter, L. Snydstrup
Brookhaven National Laboratory, Upton, 11973, USA

Abstract

A method to increase the ion beam intensity of
RHIC EBIS by extending its ion trap into magnetic field
of an additional superconducting solenoid is described.
The strong axial support of the cold masses in these
solenoids is required to place them on a common axis
close to each other. Such configuration of solenoids
allows to produce a long EBIS with a single electron gun,
electron collector and injection system. Preliminary
calculations of magnetic forces, magnetic field and
potential distributions are presented along with proposed
structure of the ion traps.

INTRODUCTION

RHIC EBIS supplies the RHIC accelerating facility
with highly charged ions from He2+ to U39+. The design
of this ion source and its main components can be found
in [1-9] and the results of its experimental study and
commissioning on RHIC accelerating facility can be
found in [10-13]. The total ion charge, which can be
accumulated in the ion trap of the Electron Beam lon
Source (EBIS) is limited by the charge of the electrons
within the axial ion trap. Usually some factors like an
insufficient ion injection, not full axial trapping, and
contamination of the trap with the residual gas ions result
in a reduction of the accumulated charge of working ions
below this maximum value. For electron current 10.0 A,
electron energy 20 keV, and the trap length 1.5 m the
project value of the RHIC EBIS ion capacity is 177 nC or
1.1*10" el. ch. with the charge of working ions
constituting 50% of the electron charge. It has been
experimentally proven that the extension of the ion trap
beyond the limits of the uniform magnetic field results in
an increased accumulated ion charge at a cost of some

reduction of the effective electron beam density [14]. No
disruption of the EBIS operation has been observed. The
reduction of the effective current density of the ion trap
extended into a low magnetic field area requires some
longer confinement time to produce the required charge
state of the working ion specie compare to a trap with
uniform magnetic field.

THE CONCEPT OF TANDEM EBIS

One way to increase the intensity of the extracted ion
beam from EBIS is an axial extension of the ion trap,
making it longer. The capacity of the ion trap is
proportional to the length of the trap if the radial depth of
the potential well remains the same in any axial position
of the trap. The extension of the ion trap requires an
additional area with an acceptable value of the magnetic
field, which is concentric with the existing one. Extending
the magnetic field by building a longer superconducting
solenoid or placing two solenoids in the same cryostat
seem not practical. It is proposed to use an additional
superconducting solenoid of the same length and a
“warm” inner diameter (ID) as the existing one to extend
the magnetic structure and the ion trap of the existing
RHIC EBIS creating a longer Tandem EBIS (Fig. 1) with
a single electron gun, a single electron collector and a
common vacuum system. For the presented geometry the
preliminary PerMag simulations give the value of the
minimum magnetic field in a gap between two solenoids
of 2.1 kGs for magnetic field in the center of each of two
superconducting solenoids 4.8 T. This value of minimum
magnetic field is quite sufficient for the electron beam
transmission in the transition region between both
magnets.
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Fig. 1. Schematic of the Tandem EBIS.
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According to the PerMag simulations, the axial force
acting on each of the cold masses is approximately 1200
kg if both magnets have the magnetic structure of our
ACCEL solenoid.

A possible sequence of axial potential distributions for
one ionization cycle in a Tandem EBIS with one injection
trap and two pre-extraction traps is presented in Fig. 2.
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Fig. 2. lonization cycle diagram for Tandem EBIS with
two pre-extraction traps.

DRIFT TUBE STRUCTURE OF
TANDEM EBIS

To provide access for ions to all parts of the trap during
the ion injection one needs to keep uniform the potential
on the axis. In a “conventional” EBIS the magnetic field
distribution within the ion trap is usually uniform and so
is the ID of the drift tubes. The idea of extending the ion
trap into the regions with lower values of the magnetic
field seems attractive because it promises increase of
capacity of the ion trap and therefore the intensity of the
extracted ion beam. However, the variations of the
magnetic field within the ion trap have several
consequences, which need to be taken into account on a
design stage of such EBIS. If all the drift tubes have
uniform ID the extending of the ion trap into regions with
lower magnetic field would result in a radial potential
well having different depth within the drift tubes located
in a gradient of magnetic field. These drift tubes would
have radial potential wells varying according to the
magnetic field values. The potential well is deeper in a
high magnetic field region and more shallow in a low
magnetic field region.

The potential difference between the axis of the
electron beam and the drift tube AU can be expressed as:
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AN
AU = '.{1+ 2Ln(fﬂ (1)
4rs, r,

g/l — total linear electric charge density (includes
electrons and ions),

€9 — vacuum permittivity,

r,— drift tube radius,

r, — electron beam radius,

For an electro-optical system with an immersed electron
gun the average radius of the electron beam changes with
magnetic field as:

B

r(z)=r,- < 2

(D=5 ) )
r(z) - electron beam radius in a point with axial
coordinate z,
B — magnetic field on the cathode,
B(z) — magnetic field in a point with axial coordinate z.
One can maintain the value of ry/r, the same within the
drift tube if the inner radius of this tube changes with
magnetic field according to (3).

BO
— 3)
B(2)

r(z) - drift tube inner radius in a point with axial
coordinate z and magnetic field B(z) ,

o — inner radius of the drift tube in the point with
magnetic field By

In an ideal case with uniform value of rJ/ry, in all drift
tubes in the trap one can maintain a uniform potential
distribution in the trap with the same potential on all drift
tubes involved because the value of the radial potential
well remains the same. In this case the “flat” potential
distribution on the axis does not change with the degree
of the electron beam neutralization. For practical reason a
complicated shape of the drift tubes inner surface defined
by (3) can be substituted with simple conical shapes,
which will cause small variations of axial potential within
one drift tube, which are much smaller than the radial
potential well and therefore can be acceptable.

If the magnetic field variations within the extended ion
trap are too large, maintaining the same value of ryr,
becomes impractical because of space limitations and one
has to change the value of r/r, for some tubes. The
different values of this ratio would require different
potentials to be applied to the drift tubes to maintain the
axial potential distribution for a not-neutralized electron
beam “flat”. Keeping the axial potential distribution
without bumps in the middle is important for distributing
ions over the whole trap during the ion injection,
especially for breeders with small number of ions and
small final neutralization. lon charge build-up during the
confinement reduces the radial potential well and with
full neutralization a uniform potential distribution on the
drift tubes within the trap is needed. One consequence of
having different values of r/r, within the ion trap is

I‘t(Z) =ho-
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different rate of ion losses in such drift tube structure with
higher losses in the drift tubes with lower value of r/ry,
which have the minimum depth of the radial potential
well.

The Tandem EBIS layout presented in Fig. 1 has a
crude drift tube structure with two values of inner
diameter and only one drift tube in a transition region
between the superconducting magnets. Such structure can
provide a relatively uniform potential distribution on the
axis for over 5 m long ion trap with a not neutralized
electron beam, it is presented in Fig. 3.
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Fig. 3. Axial distributions of magnetic field, electron
beam radius, drift tube radii and potential distributions on
the drift tubes and on the axis with “flat” bottom in the
Tandem EBIS for electron beam with current 10.0 A and
energy 20 keV for a single injection trap.

The presented axial potential distribution includes the
electron space charge but it does not take into account a
mutual penetration of potentials in the adjacent drift tubes
gaps, which makes the actual potential distribution
smoother.

The long drift structure of the Tandem EBIS is flexible
and allows different configurations of ion traps at
different periods of the ionization cycle. There can be one
or two ion traps with the required time structure of the
extracted ion pulses. For the RHIC EBIS application the
ion injection can be done into a single ion trap for the
entire length. After the injection is completed, the
potential on the transition section, which is located in a
low magnetic field area, can be raised and two axial
potential traps can be created. This transition should be
done adiabatically for ions with respect to their axial
oscillations, so the ions from an initial single trap are
distributed between the two new traps with minimal
losses. At the end of the ionization cycle the highly
charged ions can be extracted with the time pattern
optimized for the best RHIC performance.

It may be possible to extend the ion traps into areas
with magnetic field much lower than in the centers of
solenoids (around 5T), probably to as low as 1.5 kGs. The
electron beam current density in these areas is much
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lower than in the center, so the main contributors to the
ionization process remain the central areas of the both
solenoids, and the peripheral regions can be used for
increased trap capacity. Such trap extension will result in
some increase of the confinement time compare to the
“conventional” trap with uniform magnetic field, but it
will have increased total accumulated ion charge. For a
trap with length 5.2 m and electron current 10.0 A the
average current density is jaer =385 Alcm?, as compare to
487 Alcm? for a trap with uniform magnetic field and the
length of 1.5 min a central region of each solenoids.

A gap between two solenoids is used for high voltage
feedthroughs and vacuum pumping. It is preferred not to
have in-line gate valves between the two central chambers
inside the both solenoids to avoid detrimental axial
potential well due to penetrating of a ground potential in a
valve’s gap.

CONCLUSION

The Tandem EBIS concept is a relatively low-cost
modification of the existing RHIC EBIS if two
superconducting magnets with sufficient axial supports
are available. It has potential to double the EBIS intensity
using the existing units: electron gun, electron collector,
extraction/injection ion optics, and ion injection system.
One of problems, which require addressing in Tandem
EBIS for RHIC application, is a fast ion extraction from a
long trap. The longitudinal energy spread and a possible
transverse emittance growth resulting from a fast ion
extraction need to be minimized for effective injection
into RFQ.

The increased ion trap capacity is not the only possible
benefit of EBIS structure with two solenoids and a single
electron beam. For the radioactive ion beam (RIB)
breeder with continuous ion injection one of two traps can
be used as an accumulator with low current density and a
large acceptance. The accumulated ions can be transferred
in a short bunch into the second trap for the final
ionization. At the end of the ionization cycle the highly
charged ions can be extracted over the operating
accumulating trap. An efficient vacuum separation
between two regions allows use of gas in one trap either
for injection of the working gas or for ion cooling.
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HEAVY ION ACCELERATOR DEVELOPMENT AT IUAC DELHI

D. Kanjilal [IUAC, New Delhi, India]

Abstract

Inter University Accelerator Centre has been involved
in the development of heavy ion accelerators, ion sources,
beam lines and experimental facilities for providing vari-
ous heavy ion beams in a wide energy range varying from
a few tens of keV to hundreds of MeV for experiments by
more than four hundred research groups from all over In-
dia and abroad. A large vertical Pelletron electrostatic tan-
dem accelerator capable of achieving terminal voltage up
to 16MV has been in operational for more than a couple of
decades. Superconducting niobium linac booster accelerat-
ing modules having eight niobium quarter wave resonators
each have been developed and used. A high temperature
superconducting electron cyclotron resonance ion source
(HTS-ECRIS) was designed, fabricated and installed. It is
in regular operation for production of highly charged ion
beams for alternate high current injector (HCI) system con-
sisting of radio frequency quadrupole and drift tube Linacs.
Details of developments of various heavy ion beam facili-
ties and experimental systems at IUAC will be presented.

Main Accelerator Systems and Components

CONTRIBUTION NOT
RECEIVED
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A COST-EFFECTIVE ENERGY UPGRADE OF THE ALPI LINAC AT INFN-
LEGNARO*

G. Bisoffi, M. Comunian, A. Facco, A. Galata, P. Modanese, A. Pisent, A. M. Porcellato, R. Pengo,
S. Stark (INFN/LNL, Legnaro (PD)), B. B. Chalykh (ITEP, Moscow)

Abstract

The ALPI SC linac at INFN-LNL is being constantly
upgraded in terms of maximum beam energy (Ef) and
current, made available for experiments. Presently, a
liquid-N cooling scheme is being applied to the RF power
couplers of the 16 full Nb resonators, to keep them locked
at 5 MV/m, vs. present 3 MV/m. A further upgrade of the
44 “medium beta section” cavities, changing the cavity
Cu substrates, was prototyped and is reported at this
conference: however it is not fully funded yet and is
extremely time-consuming. A cost-effective E¢ upgrade is
proposed here: to move 2 SC buncher cryostats, which
house a single working SC QWR but were designed for 4,
at the end of ALPI, equipping them with 4 Nb/Cu QWRs
each (new bunchers would either be NC QWRs or a
single SC cavity cryostat). The contribution of these
cryostats to E; would be extremely effective: e.g. a E«~10
MeV/A (lpeamn> 1 pnA) Pb beam, a very attractive tool for
the nuclear physics community, is achievable. A being
performed upgrade of ALPI cryoplant, expected to
increase the refrigeration capability by ~25%, makes this
change possible today. Details of this solution, as well as
its limits, will be presented and discussed

INTRODUCTION

The heavy ion accelerator complex at INFN-LNL is
based on the superconducting (SC) linac ALPI, which
may be alternatively fed by the 15 MV XTU Tandem or
by the SC injector PIAVE (V¢ = 8 MV), based on
superconducting RFQs. For masses heavier than A ~ 100
the use of the Tandem tends to become unpractical due to
the limited life-time of the terminal stripper foils and
PIAVE is left as the only option.

At present, for masses beyond A~150, the maximum
available energy with PIAVE-ALPI ranges between 7,5
and 8,5 MeV/A. In addition, the development of new
heavy mass ions with the ECR ion source is not always
straightforward nor particularly swift, having to be carried
out only in those periods when the accelerators are not
delivering beams to users (30% of the year time, without
considering the time necessary for periodic maintenance),
since an ECR test bench is not available.

The quest for the heaviest masses is indeed increasing:
a large fraction of the proposed experiments at INFN-
LNL aims at populating neutron-rich nuclei via
multinucleon transfer or deep inelastic reactions with
stable beams, as an alternative tool to fragmentation or
the use of exotic beams. With very heavy stable
projectiles (e.g. Pb), one could populate, in particular,
nuclei in the regions of shell closures N=82 or N=126,
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which are beyond reach, incidentally, with fission or
fragmentation.

This quest determines the need to increase the final
energy of PIAVE-ALPI, so as to go beyond the Coulomb
barrier for nuclear reactions involving heavy projectiles
and targets. For the Pb-onto-Pb case, for instance, the
requested energy is 9,5+10 MeV/A.

The paper deals with the status of beam developments
with the PIAVE-ALPI linac; covers the recent and present
upgrades in the SC QWR performance; describes the
being performed upgrade of the cryoplant which, for the
first time, gives that minimum redundancy in refrigeration
power which makes it possible to add two cryostats with
accelerating cavities at the end of ALPI. The reuse of the
two “bunching” cryostats CRB2 and CRB4 as
“accelerating” ones is finally discussed, together with
proposal for new bunching units in their place.

BEAM DEVELOPMENTS WITH THE ECR
ION SOURCE

Albeit affected by the limited time left available by
nuclear physics experiments, the development of new
beam species with the ECR ion source made some
progress lately. The original Alice ion source was
replaced in 2008 by a Supernanogan type ECRIS
(Pantechnik), a source which — though not being top rated
in terms of performance - was particularly suitable for use
on the PIAVE HV platform thanks to its whole-
permanent-magnet structure. Beams of noble gases were
tested and made available pretty soon (Ar, Kr, Xe),
together with a number of species which had already been
developed by the company itself (Ag, Ta, Au).

Table 1: Present Performance of PIAVE-ALPI Beams, in
Terms of Final Energy (MeV/A) and Current (pnA)

18

16

14 B E/A [MeV/A]

| [pnA]
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Nuclear physics experiments required additional ion
species, for each one of which a dedicated development
effort was necessary, up to the level where both
performance (beam current and charge state distribution)
and stability over a time of a few days at least had to be
verified.

Table 1 represents the achievement, in terms of final
beam energy and currents, of typical ion species available
at present on the PIAVE injector ECR ion source, where
only the most abundant charge state is reported for each
case.

In Spring 2012, we proved that the maximum current
which can be transported through PIAVE SRFQs could
exceed 2 euA, as the consequence of dedicated beam tests
with a **0* beam. Such current limit could be easily
pushed at least to 5 euA, since temperature diagnostics on
all SC resonators did not show any deviations from their
normal behavior and no locking problems were observed.
However, beam diagnostics instrumentation in ALPI must
be upgraded in order to safely withstand such current,
therefore we set 2 euA as a practical limit for the moment.

At the request of the INFN-LNL nuclear physics
community, the next elements in the development list are
(more or less in chronological order of development):
Ca, Mo, Pb, Dy and Pd.

As reported in the introduction, beams of the heavier
masses bear a special interest. A Pb beam, though not
formally developed yet, seems to be feasible looking at
the performances obtained with Au (the element of
closest mass produced up to now): by using the frequency
tuning technique as a first step and then the double
frequency heating one can reasonably expect to obtain a
final current with a “®Pb®** beam (and perhaps °Pb®"),
useful for experiments.

RUNNING PROGRESS IN THE FINAL
BEAM ENERGY ACHIEVABLE WITH
ALPI

The ALPI linac has seen a continuous upgrade in the
number and performance of its accelerating cavities, and
consequently of the maximum achievable beam energy.
In the early nineties, the 160 MHz QWR resonators
(medium  Boy  section)  originally  featured a
superconducting Pb layer, electrodeposited onto a bulk
Cu substrate, with the rather modest average accelerating
field E,»~2,4 MV/m at 7W. Once the Nb sputtering
technology was mature, it was successfully applied to the
higher B section resonators (also at 160 MHz), the Cu
substrate of which had been optimized for the sputtering
deposition, achieving E,,~6 MV/m.  Later on all
resonators were stripped of the Pb layer and equipped
with a Nb one, onto the same Cu substrates (not
optimized for sputtering): the average accelerating field
of the medium B, section thus increased from 2,4 to 4,8
MV/m at 7W. The increase of ALPI equivalent voltage in
the period 2000-2006 is shown in fig.1, where the
contribution of full Nb lower beta resonators (see relevant
paragraph below) is also shown.
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Fig. 1: Previous upgrades of the accelerating field of
ALPI resonators ended up in more than doubling the linac
overall equivalent voltage.

Further Upgrade of the Medium Beta
Resonators

As anticipated above, a further optimization of the
accelerating field of the medium beta resonators can be
achieved, if the geometry of their Cu substrate is
modified, and made more appropriate for the deposition
of a Nb layer per sputtering. A specific paper is presented
in these proceedings on this topic, which is just briefly
recalled hereinafter [1,2].

Similarly to higher beta resonators, the high-H field
region in the medium g, QWR resonator (connecting the
central stem to the outer conductor) of a prototype ALPI
cryostat (CR15) was much better rounded off
mechanically, allowing for an improved quality of the SC
layer there. Moreover, while higher beta resonators
require large accelerating gaps and therefore their beam
ports are simple rounded off holes in the outer conductor,
the smaller accelerating gap of medium beta resonators
asks for a new shape of the beam port, which is no longer
brazed (with a sharp corner) but rather extruded from the
Cu outer conductor itself (with a rounded-off corner), as
shown in fig.2.

Old shape

: = [~ |
Fig. 2: The change in shape of the interior of medium beta
resonators, tested on cryostat CR15 on ALPI linac in
2012, is shown. See a detailed report in ref. 1.

As shown in [1], the results obtained on the prototype
cryostat CR15 are promising (E,., = 5,5 MV/m at 7W),
and susceptible of significant improvement, due to the
long storage time that these cavities had to suffer since
they were sputtered, before being assembled on ALPI.

Such upgrade, which is certainly cost-effective, is
however significantly time consuming since it requires
dismantling operational cryostats — one by one — while
keeping all others operational for the scheduled
experimental campaigns. It will be applied, in the future,
for any cryostats requiring special maintenance, but for a
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swifter energy upgrade of ALPI the preferred option is
different (described in the following).

Upgrade of the Full Nb Lower Beta Resonators

Last not least, four additional cryostats were added at
the beginning of the linac, housing 80 MHz full Nb QW
resonators. The performance of these cavities, exceeding
6,5 MV/m at 7W in the laboratory tests, could hardly
exceed 3 MV/m in operation: in fact they are 100 times
more sensitive to He pressure variations than Cu-based
cavities are (1 Hz/mbar vs. 0,01 Hz/mbar); in addition,
they are less stiff and hence more susceptible to
mechanical vibrations. The use of mechanical dampers,
originally developed at INFN-LNL and then successfully
employed in other labs [3,4], turned out to be a very
effective cure but not sufficient to exceed E, 5,~3,5 MV/m
values in operation. A factor 10 higher RF power (from
150 to 1000 W) proved necessary to exceed 5 MV/m, but
this required substantial changes in the design of the input
power coupler which had to be cooled with liquid
nitrogen. This upgrade is being presently carried out and
is expected to be completed in the first half of 2013.

Out of the four cryostats with lower beta full Nb
resonators (CR03-CR06): one (CRO03) has been fully
upgraded and is now operational since 2010; another one
has been upgraded but not tested yet (CRO05); a third
cryostat is being maintained in 2012 (CR04), while the
intervention on CRO06 is foreseen to take place in Spring
2013.

Fig. 3 shows a photo of the liquid nitrogen refrigeration
system of the resonators in the CR03 cryostat. Extended
tests carried out in 2010 on cryostat CR03 [5] showed that
an accelerating field of 5 MV/m (at a forward power of
P+=200 W) could be sustained (phase-amplitude locked
conditions) during 5 days. Cavities were locked even at 6
MV/m for shorter periods.

Fig. 3: Photo of the N-cooling scheme of full Nb 80 MHz
QWRs of ALPI.

It needs to be emphasized that all changes on these
cryostats too proceed at the low pace dictated by the
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priority use of the facility to deliver beams to the
experimental stations for a large fraction of the time.

ALPI REFRIGERATOR UPGRADE

The helium refrigerator of the superconducting
ALPI accelerator was commissioned in 1991. It is
manufactured by Air Liquide, it uses a Claude cycle
processing up to 150 g/s of helium. It consisted of a
Brayton cycle with two gas bearing turbines, also used to
cool the thermal shields of the cryostats, and Joule-
Thomson (JT) expansion valve or, as an alternative, a
reciprocating wet expander (WE) for the liquid helium
production. In 1991 the refrigerator was accepted, with
the WE in operation, giving a refrigeration power of 3900
W at 60-70 K plus 1180 W at 4.5 K. The use of the wet
expander was abandoned soon due to its discontinuous
stability of operation. The subsequent continuous
operation with only the JT valve was just enough, in
terms of refrigeration capacity to comply both for the
shields and at 4.5K with the number of cavities and
cryostats installed (~ 700 W).

In 2008 it was proposed by LNL to install on the JT
circuit, in order to increase the refrigeration capacity at
4.5 K with respect to the use of only the JT expansion
valve, a third helium turbine as an alternative to the WE.
The design of the supercritical turbine was assigned to Air
Liquide. According to the calculation carried out the third
turbine, processing up to 70 g/s of helium, between 300
and 400 W at 45 K can be added to the existing
refrigeration capacity.

Fig. 4: Photo of ALPI Cold Box, recently upgraded with a
3" turbine.

Room Temperature and Superconducting Linac
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Due to impossibility to stop the ALPI accelerator and
as a consequence the refrigerator in the past years, the
upgrade was postponed to March 2012 and has just been
completed. Fig. 4 shows ALPI cold box after the
installation of the third turbine. In Fig. 5 the results in
terms of refrigeration capacity at 4.5 K after the upgrade
are shown. A measured increase of 360 W, with respect to
the previous JT configuration, can be observed.
Furthermore the refrigerator can process more helium gas,
thus exceeding the 1100 W refrigeration capacity at 4.5K
as shown.
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Fig. 5: Refrigeration capacity available at 4.5 K after the
installation of the supercritical turbine (green dots). The
gain at 145 g/s, with respect to the previous configuration
(red dot) is (1040-680) = 360 W. In the actual
configuration, without T3, an additional capacity is
available, due the by-pass valve of T3 action as an
additional isenthalpic expansion in series with the JT
valve (blue dot).

The achieved result, in terms of refrigeration capacity,
makes it possible to add 100W power dissipation, from
the cryostat reshuffling proposed in the next paragraph,
while leaving some margin in refrigeration power
redundancy.

THE NEXT FRONTIER ON STABLE
BEAMS AT LNL: LEAD AT 10 MEV/A

The recent and on-going progress on the on-line
performance of SC cavities made it possible to increase
the final available energy of medium-A (*°Sn, ¥2Xe,
%25m) nuclei to 8,5+9,5 MeV/A and of heavier nuclei
(*Au) to 7,5 MeV/A. Further upgrade is necessary to
reach 9,5 MeV/A for heavier species and more than 11
MeV/A for medium-A ones.

It is easy to calculate with an Excel spread-sheet that
approximately the same improvement in final energy,
which is achievable by the further upgrade of medium
beta resonators described above, can be obtained adding
two additional cryostats (CR21 and CR22) with high beta
resonators at the end of ALPI. The final beam energy for
the reference ®Pb beam would be 9,5 MeV/m with a
charge state q=30+, and 10 MeV/A with charge state
g=31+ (see next paragraph).
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It is proposed to promote cryostats CRB2 and CRB4 to
positions CR21 and CR22. CRB2 and CRB4 are identical
to all other cryostats and perfectly suited to house four
accelerating cavities each but, as a matter of fact, they
presently house only two SC cavities each, which are
used as beam bunchers. Beams injected from PIAVE
(housing 80 MHz SC cavities) already by-pass CRB2
(kept off) and are re-bunched by the NC bunchers HEB1
and HEB2, the latter one being placed right after CRB2
on ALPI beam line.

Cryostat CRB2 (housing 2 160 MHz SC QWRs, only
one of which is needed, and with the marginal maximum
accelerating field of 0,3 MV/m), is used nowadays only
with beams injected from the Tandem, when the 80 MHz
section is off and the beam is sent directly into the 160
MHz medium g section (cryostat CRO7 onwards). If
possible, the role of CRB2 would be simply taken in the
future by HEB2: only simulations can indicate (see next
paragraph), whether the smaller longitudinal acceptance
of the 80 MHz HEB2 buncher is adequate to this purpose,
or whether it would be a bottleneck, causing a drop in
beam transmission.

In place of CRB4, at present requiring one cavity
working at the maximum field of 0.36 MV/m, either two
normal conducting resonators or a SC one will be needed,
depending on the maximum field required.

A complete simulation of the beam transport in ALPI,
with the addition of the two high B,y cryostats, is
described in the next paragraph. The case studied is a
208pp30* heam from PIAVE.

BEAM DYNAMICS STUDY ON THE
MODIFIED LINAC

Multiparticle beam simulations were performed with
the code TRACEWIN [6], starting from the exit of the
second SC RFQ in the PIAVE injector, down to the linac
end where two additional cryostats with accelerating
resonators, derived from bunching cryostats CRB2 and
CRB4, are added on the beam line. The main purpose
was to optimize acceleration efficiency together with
overall ion transmission and determine the required field
of the rebunching resonator at the end of ALPI.

The maximum value of E, available in the simulations
is consistent with state-of-the-art values on ALPI, per
each family of resonators: 5 MV/m for lower o
cavities, 4,5 MV/m for intermediate oy and 6,5 MV/m
for higher By 0nes, including the newly added resonators.
Maximum gradient of the magnetic triplets is the
presently available value of 20 T/m.

As anticipated, the studied case is *Pb*"", i.e. an A/q~7
beam, which — as explained in the introduction — has a
vast application interest for the nuclear physics niche at
INFN-LNL.

The final energy of the beam increases up to 9,8
MeV/A, from the 8.5 MeV/A which would be available
till cryostat CR20, the last one on ALPI beam line today.
Fig. 6 shows the final result, in terms of transverse
envelopes and corresponding beam losses along ALPI.

208151,30+
Pb
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As can be observed, losses are concentrated along the
accelerating sections of the accelerator, the so called low-
energy and high-energy branches, which are separated by
the achromatic isochronous U-bend. Marginal losses
(0.5%) are estimated, as a consequence of the addition of
cryostats CR21 and CR22.

i
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Fig.6: Horizontal and vertical envelopes of the 22Ph%*

beam along ALPI (above) and the corresponding beam
losses (below). Most losses are concentrated along the
lower and higher energy branches of ALPI, where the
accelerating elements are located

As can be seen in the zoom of fig.7, ions are lost
mostly on the entrance cavity of the triplet-cryostat-
cryostat-triplet period, both in the low and high energy
branches of the linac.

et

Fig. 7: A zoom of fig.5 is shown, where the detailed
location of losses along the linac can be observed.

Those losses which are due to the asymmetry of the
magnetic field along the accelerating path in a QWR [8,9]
is mitigated by a proper choice of either a +20° or -20°
accelerating phase in the resonators.

The simulation result shows an overall beam loss of ~
37%, due to the above explained effects. It should be
recalled that, in practice, losses are in the order of
50+60% [10]. This is probably to be imputed both to the
rather rough present alignment status and to the residual
uncertainty in the definition of the amplitude and phase of
the accelerating fields on our QWRs, which should be
improved thanks to the evolution to more stable digital
cavity controllers.

110

Proceedings of HIAT 2012, Chicago, IL USA

A beneficial effect on the overall beam transmission is
expected in Fall 2012, when an overall laser-tracking
realignment of the accelerator, in progress on ALPI at
present, shall have been completed and, in particular,
appropriate displacement of the accelerating cavity axis
with respect to the beam axis [9] shall have been applied.

In ref.7 a denser lattice is considered as a possible
future upgrade option, in the SPES project framework,
with one doublet lens every single cryostat instead of the
present triplet lenses every two cryostats. It remains to be
seen if such layout change is worth the non-negligible
investment, i.e. if the resulting enhancement in the
longitudinal acceptance is likely to substantially reduce
the gap between the theoretically predicted beam losses
and the actual ones.

For the case considered herein, where a beam is
injected from PIAVE into the 80 MHz full Nb cavities of
cryostat CRO3, the existing 80 MHz NC bunchers HEB1
and HEB2 are fully appropriate (E, < 0.54 MV/m).

The addition of CR21 and CR22, on the other hand,
will increase the final beam energy and, moreover,
significantly reduce the distance to the rebunching
resonator, which will be still conveniently located in the
same place as today, i.e. upstreams of the final L-bend
leading to the experimental halls. Both these factors
make the required field of this resonator to increase, from
the present 1,8 to 3,8 MV/m. This means that a single,
but superconducting, cavity must undertake the bunching
function when cryostats CR21 and CR22 shall have been
added.

It is to be noted, incidentally, that 9,8 MeV/A of an
Alg=7 (*®*Pb**) beam corresponds to a 1,64 T field in the
final dipoles, which is 2,5% more that the dipole rated
values: however, both the power supply and the magnets
should be able to achieve such value reliably, provided
that appropriate refrigeration flux is guaranteed.

ZOSPb30+

The remaining issue is to check whether, for lighter
beams injected by the Tandem directly into the 160 MHz
medium-Bo,; Nb accelerating cavities, the use of the
PIAVE ALPI 80 MHz buncher HEBZ2, in place of the 160
MHz SC buncher housed in the to-be-removed cryostat
CRB2, would contribute to any additional beam loss
downstreams, i.e. if it would act as a bottleneck for the
longitudinal acceptance of the machine. Simulations with
85Cu™, i.e. one of the most critical — in terms of A/q (~7)
— injected into ALPI from the tandem ion source (worst
case) are on-going at the present date. This beam —
because of its initial relatively high values of B=vi/c
(7,7%) and TTF, (0.8)- would be conveniently
accelerated only by ALPI medium-and-high B sections,
i.e. from cryostat CRO7 onwards.

NEW ACCELERATING CAVITIES

The 8 new accelerating cavities, to be installed in
refurbished cryostats CR21 and CR22, shall be of the
high-Bos Nb-Sputtered type, as well as the new one which
must be dedicated to beam bunching.

Room Temperature and Superconducting Linac



Proceedings of HIAT 2012, Chicago, IL USA

It is proposed that this resonator be housed in a single-
QWR rebunching cryostat. For homogeneity with the rest
of the plant, this cryostat shall have a gaseous He thermal
shield and common vacuum for thermal insulation and the
beam transport.

CONCLUSIONS

The just accomplished upgrade of ALPI cryogenic
plant has provided an increase in the refrigeration power
by more than 300 W (from 800 to more than 1100 W),
thus providing adequate redundancy and leaving ~ 100W
available for new cryogenic installations.

In this framework, it has been proposed to promote the
presently “bunching” cryostats CRB2 and CRB4 (at the
beginning and end of ALPI) to the role of “accelerating”
cryostats CR21 and CR22, equipping them with 8
additional Nb-sputtered QWRs.

As a consequence, with no further cost in beam
transmission, the final energy of a very heavy stable beam
as “®Pb would increase from 8,8 to 9,8 MV/m, thus
exceeding the Coulomb barrier for Pb-Pb reactions by a
large enough amount to make it appealing for the nuclear
physics experimental campaign at INFN-LNL.

The role of the 160 MHz buncher CRB2 can be
probably taken by the already existing 80 MHz NC
buncher HEB2 for relatively light beams injected by the
Tandem directly into the 160 MHz medium By section,
with negligible beam loss: dedicated simulations are in
progress

The whole project requires modest investment, since it
exploits most of the existing equipment, conveniently
reshuffled: a limited readjustment of the cryogenic lines
and the addition of a single-QWR rebunching cryostat
would be the higher cost components required.
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THE COMPACT PULSED HADRON SOURCE STATUS*
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Abstract

The Compact Pulsed Hadron Source (CPHS) at the
Tsinghua University in Beijing, China has been reported
in this paper. CPHS consists of a proton linac, a neutron
target station, and a small-angle neutron scattering
instrument, a neutron imaging/radiology station, and a
proton irradiation station. The proton linac accelerator
part is composed of a ECR ion source, LEBT section, a
RFQ accelerator, a DTL linac and a HEBT. Up to now,
the IS/LEBT and the RFQ have ready. The first phase of
the CPHS construction is scheduled to complete 3MeV
proton beam on the target in the end of 2012.

INTRODUCTION

In 2010 June, Tsinghua University, in order to respond
the increasing demand in China of accelerator-based
neutron and proton experimental platforms for basic
researches and technological developments, startup a
project of building a Hadron Application and Technology
Complex (HATC) which begins with a relatively small
and moderate-power facility but later expandable. The
initial phase of the HATC is called the Compact Pulsed
Hadron Source (CPHS)[1]. The missions of CPHS are
education student & staff training; instrumentation and
R&D; neutron instrumentation tests; limited-scale science
discovery & applications with neutron imaging &
scattering instruments. It will be completed as soon as
possible in 3 years.

CPHS consists of a proton linac (13 MeV, 16 kW,
peak current 50 mA, 0.5 ms pulse width at 50 Hz), a
neutron target station, a small-angle neutron scattering
instrument, a neutron imaging/radiology station, and a
proton irradiation station. The initial phase of the CPHS
construction is scheduled to complete in the end of 2012.

The accelerator consists of a ECR ion source, LEBT
section, a RFQ accelerator, a DTL linac and a HEBT.
ECR ion source will give up to 60mA at 50keV proton

beam with proton ration large than 85%, and 0.02 TTcm

mrad normalized rms-emittance. A very short length of
LEBT(less than 1.3m) will be used to matching the beam
from ion source to the RFQ entrance. A 3 meters long of
RFQ accelerate the proton to 3MeV. No MEBT will be
requirement in this project. The Drift Tube Linac with
permanent magnets focusing lens will accept the proton
beam direct from RFQ. A 4.3 meters length of DTL with
43 cells will accelerate the beam up to 13MeV and the
HEBT section will transport the proton beam from output
of DTL to the Be target inside with 3.5cmX3.5cm

*Work supported by the “985 Project” of the Ministry of Education of
China, & Tsinghua University Independent Science and research Plan
20091081263

*guanxialing7911@vip.sina.com
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uniform distribution. The main parameters of CPHS are
listed in Table 1. Figure 1 shows the CPHS facility
layout.

Figure 1: CPHS main facility layout.

Table 1: CPHS primary design parameters.

Species proton

Proton power on target ( kW ) 16

Proton energy ( MeV ) 13

Average beam current ( mA ) 1.25

Pulse repetition rate ( Hz ) 30

Protons per pulse 1.56x10"

Pulse length ( ms ) 0.5

Peak beam current ( mA ) 50

Target material Be

Moderator type H,0 (300K),
CH, (20K)

IS& LEBT

The proton beam is produced from the electron
cyclotron resonance (ECR) proton source (2.45 GHz, 1.5
kW) and transported through the LEBT. The H, plasma is
restricted by an axial magnetic field shaped by the source
body of an all-permanent-magnet (NdFeB rings) design.
The 50 keV pulsed beam of 0.5 ms length is extracted by
a four-electrode system. The 1.3 m long LEBT consists

Room Temperature and Superconducting Linac
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of two solenoid lens, two steering magnets, and a cone
configuration optically matches to the RFQ with the
Courant-Snyder parameters of «=1.354 and p=7.731
cm/rad [2].The design was assisted by Trace-3D and
PBGUN simulations for a beam of 97% space-charge
neutralization rate reaching the RFQ with 60 mA peak
current and 0.2 pi pm rms normalized emittance. Figure 2
has shown CPHS ECR ion source and the LEBT.

Figure 2: CPHS ECR ion source and the LEBT.

RFQ & DTL

The RFQ cavity cross-section is the “conventional”
triangular shape with a significant longitudinal variation
in the width of the vane skirt [3].

The transmission rate given by the PARMTEQM codes
is 97.2%. The transverse emittance increases by ~20%
when the beam reaches the RFQ exit. Mechanically, the
3-m long RFQ of the 3 MeV, 50 mA peak-current RFQ is
separated into three sections of 1 m each to facilitate
machining and brazing. Three sections fabrication has
finished at the Kelin Co. Ltd. in Shanghai (Fig. 3). No
middle energy beam transport will be adopted. The beam
focusing in exit of RFQ and the entrance of DTL have a
matching design for the transverse and longitudinal.
Figure 4 shows the quadrupole and dipole components
after tuning which shows that the resulting fields are in
excellent agreement with the design (<1% and * 1%).

Room Temperature and Superconducting Linac
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Figure 5 shows the frequency spectrum of the RFQ after
tuning.

The physical design of the 13 MeV, 50 mA peak-
current DTL was revised in late 2009[4]. The 4.4-m long
DTL cavity in a FD lattice consists of two sections of
totally 40 cells. Permanent-magnet quadrupoles (PMQs)
are used for the transverse focusing at the constant
gradient (84.6 T/m). The average accelerating field varies
from 2.2 to 3.8 MV/m with the maximum surface field up
to 1.6 Kilpatrick. Presently, the full cross-section
prototype is under development at Tsinghua university.
The parameters of the DTL linac as shown in table 2.
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Figure 4: Quadrupole and dipole components after
tuning.
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Figure 5: The frequency spectrum of the RFQ after
tuning.

Table 2: The parameters of DTL

Extraction energy (MeV) 13

Peak current (mA) 50

RF frequency (MHz) 325

RF peak power (MW) 1.2
Emittance norm. rms (um) 0.2
Average current(mA) 1.25

RF duty factor( %) 3
Synchronous phase (degree) -30to -24
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Accelerating field (MV/m) 2.2t03.8
Focusing magnet type PMQ
Quad gradient (kG/cm) 8.46

Cell number 40
Length( m) 4.4

RADIO-FREQUENCY SYSTEM

Both RFQ and DTL share a single RF power source
that consists of the signal generator at 325 MHz, amplifier,
klystron, high voltage power supply, pulsed modulator,
crowbar protection, RF transmission, and control and
interlock systems. The RF transmission consists of a
power divider with a ratio of 1:2, an isolating attenuator,
an isolating phase shifter, and waveguides. The 2.1 MW
peak power from the klystron is split accordingly. The
isolating attenuator consists of a 4-port circulator, a Y-
junction, a high power load and a sliding short. It can be
adjustable for amplitudes from 100 to 80% to meet the 0.6
MW power need of the RFQ. The output of the phase
shifter can be adjusted for a range of 45°. Figure 6 shows
the block diagram of RF transmission system [5].

Figure 6: Block diagram of RF transmission subsystem.

HEBT & TMR

The CPHS high energy beam transport line (HEBT) is
designed to deliver a square shaped (3.5cmx3.5cm) on
Be-target, 13MeV proton beam at pulse current S0mA
with relatively uniform density (10%) using two octupole
magnets for nonlinear focusing in both transverse
directions. In Fig. 7, we show the picture of the CPHS
facilities including the ion source, the LEBT, the RFQ,
and the high energy beam transportation, which was
installed at Tsinghua university site.

The target station consists of the target,
moderator, reflector (TMR) as shown in Fig. 8.
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The Be target is 63.5mm in diameter and 1.2mm in
thickness. The moderator includes the moderator cell,
cryogenic refrigerator, the vacuum vessels for thermal
isolation and PT415 to provide the cryogenic environment.
The solid methane, 20K, size 110*110*18 mm. Reflector
is light water, 300K. The target station TMR in under
construction.

Figure 7: The picture of the CPHS facilities.
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Figure 8: The TMR assembly.

REFERENCES

[1] J. Wei, et al., “The Compact Pulsed Hadron Source
Construction Status”, IPAC’10, Kyoto, Japan, May
2010, MOPE CO071, p. 663(2010).

[2] Feng zhe et al., “Design of the 2.45 GHz ECR Proton
Source and LEBT in CPHS” in this proceedings 2010

[3] Xing Qingzi et al. “development of the 3SMEV RFQ
for the Compact Pulsed Hadron Source at Tsinghua
University” in this proceedings 2010.

[4] Zheng Shuxin et al., “Research on drift tube linac
model cavity for CPHS” in this proceedings 2010.

[5] Cheng Cheng et al., “The RF System for the Compact
Pulse Hadron Source” in this proceedings.

Room Temperature and Superconducting Linac



Proceedings of HIAT 2012, Chicago, IL USA

TUBO1

DEVELOPMENT OF NRA SYSTEM FOR A 1.7 MV TANDEM
ACCELERATOR

- HUMAN RESOURCE DEVELOPMENT PROGRAM FOR NUCLEAR ENGINEERING, THE UNIVERSITY OF TOKYO -

Seiji Ito, Hiroyuki Matsuzaki, Akira Morita
The University of Tokyo

Abstract

Extremely high sensitivity has been required in the
measurement of light elements for the frontier materials
science. lon beam analysis can meet this. We have
developed a new NRA system. The system shown
successfully its performance by the demonstrative
experiment in which fluorine profiles in TiO2 substrate
were clearly obtained using 19F (p, ay)160 reaction.

This system was applied for the student experiment.
The newly developed NRA system has great potential for
the frontier research.

INTRODUCTION

The 1.7MV tandem accelerator  (Rutherford
Backscattering Spectroscopic Analyzer with Particle
Induced X-ray Emission and lon Implantation Device,
RAPID) at the University of Tokyo has been used for
various research projects and educational studies since its
installation in 1994. Additively, it has been used for the
educational purpose recently. Model experiments with ion
beam analysis are very helpful for students to understand
ion-material interaction which is the foundation of nuclear
engineering and materials processing.

Several developments and modifications have also done
for new research including, for example, a low level ion
irradiation system [1]. In the fall of 2011, we were newly
developed a NRA (Nuclear Reaction Analysis) system in
order to respond to the recent demand for the sensitive
quantification of light elements (H, N, O, F, etc). The
performance of new NRA system were demonstrated
using 19F (p, ay)160 reaction. This demonstration was so
simple to understand that this model experiment
immediately arranged to a student experiment program.
The program was used as a part of “Human resource
development program for nuclear engineering” proceeded
by our department. The new NRA system has great
potential for the frontier research for the materials science
and functional material process engineering.

DEVELOPMENT OF NEW NRASYSTEM

Figure 1 shows the schematic illustration of the 1.7MV
tandem accelerator RAPID. RAPID has three beam
lines: RBS&ERDA, PIXE and lon implantation course.

The angle of lon implantation line is fixed at -7° to the
central axis of the accelerator to eliminate neutral
particles. NRA detection system was newly developed at
the end of the ion implantation line.

*ito@n.t.u-tokyo.ac.jp
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Figure 1: Schematic illustration of the RAPID.

Outline of New NRA System

Figure 2 shows the layout of new NRA system. The
new NRA chamber consists of the main chamber, the
sample insertion port and a vacuum pump. The Gamma
ray induced by proton beam is detected with a 4 inch
bismuth germanate scintillation detector. The BGO
detector put in perpendicular to the direction of proton
beam travel. The NRA system has several features as
follows:

1) Chamber design for high counting efficiency.

2) Effective electron suppression.

3) Effective avoidance against charge-up by using fine

copper mesh.

| Sample insertion port

lon implantation chamber

View port

Video camera

_ .- I:I':]

]
I e SO 1 | g

Main chamber

Turbo Pump

Figure 2: Layout of new NRA system.

Main Chamber

Figure 3 shows the top view of the main chamber. The
special feature is a deeply scooped duct to make the BGO
detector being close to the reaction position. Electron
suppressor electrode is put in front of the target. The
shape of the suppressor is specially designed to suppress
secondary electrons effectively. By this design, large
effective solid angle for the detector is realized.
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Figure 3: Main chamber.

Effective Electron Suppression and Monitor

Target holder is made of metal stainless (SUS304) plate
and samples are just put on the plate. This plate can move
up and down to select the sample to be analysed.

Figure 4 illustrates the electron suppressor and beam
monitor. The electron suppressor electrode is a circular
plate with folding edge so that the cross section is L-shape
as shown in Figure 4. By this the equi-potential surface
becomes surrounding shape by which the secondary
electrons will be effectively forced back.

A glass plate is put at the beam monitor position (a hole
on the target holder metal plate) to make the beam
monitor. The glass is lit by the beam and this light can be
observed by a video camera set at the end of the main
port. A fine copper mesh (opening 98%) is set in front of
the glass to avoid charge-up.

Beam monitor
Proton beam

Suppressor

Figure 4: Effective electron suppression and monitor.

The Effect of the Copper Mesh
Figure 5 shows comparison of observed ion current
profiles with respect to the suppressor voltage:
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(A) Beam is at the position of the metal plate
(B) Beam is at the beam monitor position (glass with
mesh).
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Figure 5: Comparison of observed ion current profiles.

In the profile (B), even at the zero-suppressor voltage,
no electron escape was observed. This means that the
copper mesh acts not only as charge-up inhibitor but also
as an electron suppressor.

DEMONSTRATION OF NEW
SYSTEM

The NRA experiments were demonstrated using
BF(p, ay)®O reaction. The experiment obtains the
Fluorine depth profiles of TiO, substrate.

Target Samples Preparation

For the demonstration targets were prepared by the ion
implantation of Fluorine ion on the TiO, substrates with
different dose, i.e., 1.0E16 (ions/cm?), 5.0E16 (ions/cm2)
with 524keV and 1024keV energy at room temperature.

Table-1 summarizes the three conditions of target
samples preparation A, B and C.

Table 1: Samples Preparation: 3 Conditions

Sample Projectile Total dose
energy (keV ) (ions/cm?)
A 524 1.0E16
B 524 5.0E16
C 1024 5.0E16

The *F (p, ay) *°0 reaction

We used resonance of F (p, ay)'®O reaction. The
resonance energy of projectile proton is 872 and 935 keV
(Table 2)[2].

Table 2: Using Nuclear Resonance of Fluorine

Proton Reaction Gamma-ray  Cross

energy energy section

(keV) (MeV) (mb)
872 BF(p, ay)®0  7.12,6.93,6.13 540
935 BF(p,ay)®0  7.12,6.93,6.13 180

Electrostatic Accelerators
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Results

Figure 6 shows the results of NRA by using resonance
of *°F (p, ay)*®O reaction. Difference of range due to the
injection energy and difference of *°F ions abundance due
to dose are clearly shown. The spread of the spectra are
due to the resonance width of the reaction.

¢
|* resonance energy . 19 (p‘ CX“{)IE'O reaction
|** resonance observation

80 524keV implant

O A: 524keV; IEI6
~#~-B: 524keV; SEI6
~#=C: 1024keV; 5E16

70

60
50 2nd resonance observation
40
30

20

Relative y- yield [arbitrary unit]

850 872 keV 900 1050

950 1000
Proton Energy [keV]

Figure 6: Resonance spectrum of Fluorine

From the observation, positions (depths) of F ion doped
were estimated as following (Figure 6, Table 4).The
estimations from 1st resonance data and 2nd resonance
data are consistent with each other.

The F ions doped with 524keV was estimated to be at
810 — 840 nm depth. The F ions doped with 1024keV was
estimated to be around at 1185 nm depth.

Table 3: 1st Resonance (872keV)

B C
Energy 524 1024
Resonance 932 959
60keV 87keV
Average Energy  (932—872) (959—872)
Loss 74.2keV/ um  73.6keV/um
Equivalent Depth  809nm 1182nm

Table 4: 2nd Resonance (935keV)

B C
Energy 524 1024
Resonance 995 1019
60keV 84keV
Average Energy (995—935) (1019—935)
Loss 71.3keV/um  70.8keV/pum
Equivalent Depth  841nm 1182nm

Student Experiment Program

The demonstrated experimental set up was applied to
the student experiment program for the master course of
the department of Nuclear Engineering [3].

Electrostatic Accelerators
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The results were very simple and helpful to understand
the interaction between ions — target or ions — materials,
thus very educational.

SUMMARY

1. A NRA (Nuclear Reaction Analysis) system was
developed at the RAPID accelerator facility, The
University of Tokyo to meet sensitive quantification of
light elements.

2. The NRA system has several features:

1) Chamber design for high counting efficiency.

2) Effective electron suppression.

3) Effective avoidance against charge-up by using fine
copper mesh.

3. We found that the mesh acts not only as charge-up
inhibitor but also as an electron suppressor. This indicates
a possibility for the sophisticated sample holder without
additional electron suppressor electrode.

4. The NRA experiments using “*F(p, ay)'°O reaction
were successfully demonstrated. Since the results were
clear, this experimental setup was applied to the student
experiment program.

5. The newly developed NRA system has great potential
for the frontier research for the materials science and
functional material process engineering
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Abstract

The upgrade of the 9 MV Tandem accelerator at IFIN-
HH started in 2006. Remarkable work was done in the last
6 years that can be seen in the improved performance and
reliability of the machine. Using original preparation tech-
niques, some new beam species were tested for the first
time in our laboratory. This opened the door to new exper-
iments. A major improvement for the laboratory is the in-
stallation of 1 MV Tandetron accelerator dedicated to ultra-
sensitive accelerator mass spectrometry (AMS) measure-
ments of 14C, °Be, 26Al and '?°I, and 3 MV Tandetron
accelerator dedicated to ion beam analysis (IBA). The main
directions of the research activity in the laboratory will be
shortly presented.

INTRODUCTION

The Bucharest FN Tandem accelerator was commis-
sioned in 1973. The accelerator was produced by High
Voltage Electrostatic Corporation - HVEC USA. The first
upgrade of the machine was done in 1983 when a new nega-
tive Cs sputtering ion source was installed [1] and the max-
imum accelerating voltage on the terminal was increased
from 7.5 to 9 MV by installing new accelerating tubes with
stainless steel elements and inclined field and introducing
of SF¢ into the insulating gas mixture. In 1977 the accel-
erator column was destroyed and in 1986 it was partially
damaged by two major earthquakes.. Following these two
events a second major upgrade was done, thus the earth-
quake protection system was installed [2].

Starting with 2006 a major upgrade program is ongoing.
The upgrade works from 2006 to 2009, which include the
installation of the pelletron charging system, a new sput-
tering ion source, a dedicated sputter ion source for AMS
measurements, installation of titanium, spiraled field ac-
celerator tubes, a lithium charge exchange alpha source,
nanosecond pulsing system, new power supplies for the
major ion optics elements, and refurbishment of the vac-
uum system were already reported in Ref. [3].

Nevertheless the upgrade program of our main acceler-
ator continued and other two major experimental facilities
are already installed. The upgrade of the electrical system
of the main ion optic elements on the tandem accelerator
continued with renewal of the power supplies of the beam
deflection elements. The old stabilization system of the ac-
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celerator functioning since 1973 was also replaced with an
in house version, improving the stability of the accelerated
beam. The alpha source installed in 2006 was upgraded
to a more stable and reliable version. In order to ease the
operation of the main power supplies of the bipolar mag-
nets and beam deflectors, automated control system of the
power supplies was realized. One important improvement
of the accelerator is the installation of a new gas transfer
system (made by DILO [4]). Compared with the old system
using oil vacuum pumps and compressor, the new system is
a state-of-the-art system specially customized to work with
our machine. The new gas plant will improve the quality
of insulating gas due to its oil free pumps and compressors
and will diminish the gas losses at each transfer to an ac-
ceptable level. For the safety of the stripping foils and for
protecting the accelerating tubes of accidental migration of
carbon stripping foils inside them, a fast closing valve [5]
was installed on the high energy section after the analyz-
ing magnet. With this occasion, all the beam lines were
replaced before and after the analyzing magnet with new
beam lines having vacuum treated surfaces, thus improv-
ing the vacuum in that area.

One of the most important achievements for the research
studies done at the tandem accelerator in this period were
the new delivered beams that opened the possibility for new
physics experiments in fields of basic and applied research.

Starting with 2010 two new HVE Tandetron accelerators
[6] were installed in IFIN-HH with the support of an in-
frastructure grant [7] funded by the National Authority for
Scientific Research [8]. The 1 MV Tandetron accelerator,
along with its chemistry laboratory is dedicated for ultra-
sensitive accelerator mass spectrometry measurements of
C, Be, Al and I elements. The 3 MV machine, presently
under commissioning, is dedicated for ion beam analysis
techniques. Both machines are aimed to continue the long
tradition in the applied physics research, currently being
done at the 9 MV tandem accelerator.

MAIN UPGRADES OF THE 9 MV FN
PELLETRON TANDEM ACCELERATOR

Upgrade of the Beam Steering System Power
Supplies

The beam deflection system of the accelerator is an im-
portant part in the operating procedure. The beam quality
and stability was often affected by the defective operation
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of the old poorly stabilized power supplies. The operation
of the power supplies for the electrostatic deflectors was
also not advantageous, pairs of power supplies being con-
nected to the deflecting plates, both being polarized to an
identical bias voltage in order to obtain the non-deflected
accelerated beam.

The old beam deflection system power supplies of the
tandem accelerator were replaced by new high voltage,
bipolar output and continuous zero crossing power sup-
plies (made by FuG-Germany [9]). The new devices were
extremely stable, having a residual ripple smaller than
5 x 10~*pp+10mVpp. The whole operation procedure for
the electrostatic deflectors was also changed. Each pair of
plates of an electrostatic deflector requires only one power
supply whose output is connected to one of the plates while
the second one is grounded. So a much more stable beam
was obtained and the machine operation is eased. The
power supplies for the double x and the double y deflec-
tion system of the LE part of the FN tandem are showed in
Figure 1.

. M e .

Figure 1: Bipolar power supplies block with continous zero
crossing capability for an electrostatic deflection system

New Beam Stabilization System

The stability of the beam was often affected by malfunc-
tion of the old and obsolete, but complex beam stabilization
system of the FN tandem. The user request of beam time
was also often affected. Thus, the work on a new, in-house
built system was one of the main goals for our team. The
work started with redesigning two preamplifiers for the slit

Electrostatic Accelerators

TUBO02

signal based on modern logarithmic integrated circuits, ca-
pable to measure on a wide range of currents (from 100 pA
up to 3.5 mA) [10]. The improvement was continued by re-
designing the comparator circuit giving the error signal as
a result of the variation of the beam on the two image slits
of the accelerator. The error signal was fed into the core
circuit of the stabilization system, also completely rebuilt
using a combination of analog and digital electronic cir-
cuits which replaced the electromechanical devices of the
old stabilization system. This core circuit is making use of
both signals coming from the GVM and slit error circuits,
adjusting the voltage on the grid of the corona system vac-
uum tube and thus stabilizing the high voltage on the ter-
minal. This upgrade improved the stability of the system,
reducing the ripple on the ter- minal by about 20%. Due
to its sensitivity the system allowed to decrease the lower
limit for stable accelerating voltages from 1.5 MV to 0.8
MV.

Upgrade of the Helium Negative Ion Beam
Source

The homemade helium source (a duoplasmatron ion
source followed by a lithium vapor charge exchange unit
[3]) commissioned in 2006 opened a new range of nuclear
physics experiments in our laboratory [11]. The original
designed proved to obtain good results, but was not able
to deliver stable beam for long periods of time, its opera-
tion being interrupted very often for cleaning and lithium
refill. The design of the lithium oven placed at the ground
potential surrounded by high voltage optical elements was
not very reliable. Another drawback was that the lithium
reservoir was not sealed and the lithium vapours were mi-
grating in the whole source chamber, destroying the insu-
lation of the accelerating elements. In order to solve all the
problems, many elements were redesigned. The new lay-
out of the source is presented in Figure 2 a) and the source
itself is presented in Figure 2 b). The main modification
was in the design of the lithium oven and reservoir. The
reservoir was redesigned to be sealed and easy to remove
without misaligning the adjacent electrodes. Another im-
provement consisted in connecting the lithium oven to the
HV charge exchange unit and transmitting the low voltage
supply through a separating transformer. This design made
it more compact and efficient. In order to avoid the con-
tamination of the surrounding accelerating elements with
lithium vapors, more efficient condensation elements were
designed at the ends of the lithium reservoir. The negative
helium source is now very reliable and it can deliver beams
for long periods of time with less lithium consumption and
higher beam stability.

Computer Control System for Power Supplies

A program to change the old analogic control of the tan-
dem by a computer control was started some years ago, be-
ginning with the computer control of the sputter ion source
[3]- This year the computer control of the bipolar magnets
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Figure 2: a) The layout of the new design of the helium
source, b) The fully functional helium source

(see Figure 3) and the electrostatic and magnetic beam de-
flectors (see Figure 4) was achieved.

3 Magneii =i

MAGNETUL COMUTATOR - MPS 853‘ CONFIGURARE
AVANSATA-C GotoC

CI-SET - PPM C:1- OUT PPM C: V - OUT (%) EscADR-read-C
270111 ISR 270111 [BN270111 -
C: (L/MIN)10  wps Reaoy

C:Interlock si Apa
@

MONITORIZARE
%0 C: Th. Value

START  c STOP

e e e |

MONITORIZARE MAGNETUL ANALIZOR - MPS 853 | fumssran Goton
X AThValue  A:LSET-PPM AII-OUTPPMA:V-OUT(%)  APA |
STy STOP 259722 |8 >5972> Bl 250722 A UMINFIO g oy,
A Tnterlock si Apa
[ o |[ o |[ rowsmon | [ sowsmorr |[ mear | "R uScR/ aohaN_ PASSWORO
MONITORIZARE| MAGNETUL INFLECTOR - MPS 858 | cowmcumteausarar  Gotol

LTh Value  LLSET-PPM  LI-OUTPPMEV-OUT (%) ScADRreadt Goto

.
B 1205 | 4| e

el e e e LU |

MESAJET
sToP CALCUL VALOR! B TABEL 1ONI - EXCEL @
program TEORETICE (ALT-TAB)

%0
START gy sTOP

Figure 3: The computer control system for the three bipo-
lar magnets on the accelerator (inflection, analyzing and
switching magnet.)

The interesting feature of the control for the magnets is
that the operator has to input only the beam specie, the en-
ergy and the desired charge state after stripping, and the
fields in the magnets will be automatically set to a coarse
value. The fine tuning will be done afterwards by the oper-
ator.
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Figure 4: The computer control system for all the electro-
static and magnetic deflectors on the accelerator.

New Gas Transfer System

The insulating gas used now in the accelerator tank is a
mixture of SF¢ and nitrogen. Two main problems regard-
ing the gas were encountered. First is the problem of gas
losses during every transfer to the storage tanks and back
to the accelerator tank, and second is the quality of the gas,
mainly from the point of view of the moisture, which can
damage the nylon links of the pelletron chain, and the oil
vapors coming from the pumps and compressors of the old
gas system.

As a consequence the complete replacement of the old
system by a new one was decided. The gas transfer plant
was custom built by DILO [4] in Germany. When design-
ing the system we took into account all the particularities
our system has (for example different final pressures for the
three storage tanks). A picture of the new installed system
can be seen in Figure 5.

Figure 5: The new gas transfer system of the tandem accel-
erator.

The main advantages of this new system is that it has vir-
tually no gas losses, has very good filtering capacity, being
capable to remove moisture and corrosive products resulted
from the SFg in the moment of sparks in the tank, and it has
oil free compressors and vacuum pumps for SFg recovery
and recirculation. This will ensure much more stable run-
ning at high voltage on the terminal.
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Fast Closing Valve

The most serious problem that may occur during an ex-
perimental campaign is that someone accidentally breaks
the vacuum in the beam line of the accelerator threatening
the integrity of the turbomolecular vacuum pumps along
the accelerator and destroying the carbon stripping foils in
the terminal. The worst situation can occur when the car-
bon foils migrate into the accelerating tubes, and that can
lead to the destruction of that tube. The best solution for
that was a fast closing valve from VAT [5] with sensors and
controller, having a closing time of less than 20 ms. The
vacuum sensors were installed as close as possible to the
experimental setups. An photo of this valve can be seen in
Figure 6.

Figure 6: Fast closing valve designed to protect the vac-
uum pumps and the stripping carbon foils of the accelerator
from accidental input of air

New Accelerated Beams

One of the main achievements of the last two years was
the acceleration of new particle beams. One of the first
cases of such a beam was the °Li which was used in one
of the first plunger experiments in Bucharest [12] using a
40Ca(®Li, pn)**Ti reaction to measure subnanosecond life-
times in “4Ti. Another success was the *O obtained from
the sputtering ion source using LiOH cathode made from
lithium and water enriched in '® O. The beam was first time
used in a lifetime measurements experiment in 4P using
the LaBr3:Ce array in IFIN-HH [13]. The °N beam was
also used for depth profiling of hydrogen in nanomaterials.
13C was used extensively for fast timing measurements in
many experiments in our laboratory. One last successful
experiment took place few month ago using 3¢S beam on
a lithium target. The aim of the experiment was to deter-
mine the beta-gamma branching ratios from the decay of
the 5~ isomeric state in 2®Cl using an inverse reaction. The
cathode material for the sputtering ion source was the sil-
ver sulfide obtained from very small amount of isotopically
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enriched sulfur. A list of new beams, energies and their in-
tensities after the analyzing magnet is presented in Table 1.
Note that the presented parameters are not the maximum
limits, but parameters extracted from the log book of the
accelerator.

Table 1: New beams accelerated at the 9 MV tandem accel-
erator in the last two years. Examples of the energies and
intensities are extracted from the log book of the accelera-
tors and are not the maximum achievable parameters.

Particle Energy Intensity of
the analyzed beam

MeV nA

SLi 32 150

180 34 90

5N 14 10

13C 42 50

368 80 50

1 MV TANDETRON ACCELERATOR
DEDICATED TO AMS MEASUREMENTS

A new facility dedicated for accelerator mass spectrom-
etry (AMS) measurements was commissioned in IFIN-HH
[14]. A general layout of the 1 MV machine manufactured
by HVEE-Netherland as it is now installed is presented in
Figure 7. The AMS system is designed to measure the C,
Be, Al and I elements.

1943 211 1905

wn

o7

7

Figure 7: The layout of the 1 MV Tandetron accelerator
dedicated for AMS measurements

The accelerator uses a multiple cathode Cs sputter ion
source with 50 samples/cathodes. This allows the user to
change the sample without breaking the vacuum. After the
ion source an electrostatic deflector allows to use several
ion sources. A key component of the system is the 90°
analyzing magnet equipped with a bouncer system. The
bouncer system consists of an insulated chamber on which
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one can periodically apply high voltage. The bouncer sys-
tem allows the alternative acceleration of two beams, with
a very high selectable frequency. This allows the user to
permanently monitor isotope/element ratio, thus reducing
very much the measurement error.

The accelerator system is a T-shape tandem accelerator
with a Cockroft-Walton charging system, filled with 100%
SFg as insulating gas. Another 90° analyzing magnet is
present after the accelerator. One of the most important
systems on the accelerator is after the analyzing magnet
and it consists of a chamber which contains two Faraday
cups placed off axis, one fixed and one movable. The fixed
cup is dedicated for monitoring the '2C and the mobile
Faraday cup is designed to integrate the current given by
the 13C, “Be, 2"Al, 1271 stable isotopes. The microscopic
beam is measured with the help of a final particle detector
(Bragg type - gas filled ionization chamber), placed after
the final selection element, the 120° electrostatic analyzer
(ESA).

The acceptance tests of the accelerator were passed re-
cently with better results than in the requested technical
specifications. The results of the tests are presented in Ta-
ble 2

Table 2: The results of the acceptance tests of the 1 MV
Tandetron accelerator.

Isotope Measurement precision Background level
of the
isotope/element ratio
H4c 2.4%0 1.7 x 10710
10Be 12.3 %o 2.5 x 10714
26Al1 7.6 %o 3.7 x 10715
1291 19.5 %o 6.7 x 10~

The entire accelerator hall is shown in Figure 8.

Figure 8: The hall of the 1 MV Tandetron accelerator.

122

Proceedings of HIAT 2012, Chicago, IL USA

3 MV TANDETRON ACCELERATOR
DEDICATED TO IBA MEASUREMENTS

Another big improvement of the research infrastructure
in IFIN-HH is the 3 MV Tandetron accelerator manufac-
tured by HVEE-Netherland, already installed and that will
be very soon commissioned. The accelerator is dedicated
to ion beam analysis measurements. The general layout is
presented in Figure 9.

Figure 9: The general layout of the 3 MV Tandetron accel-
erator.

The accelerator uses two types of negative ion sources:
a duoplasmatron ion source for delivery of negative ions
from gases, this source being used mainly for hydrogen, he-
lium and deuterium beams, with sodium charge exchange
for helium beams, and a Cs sputter ion source for a very
wide variety of ion species. After the ion sources the accel-
erator is provided by a 90° analyzing magnet.

The accelerator is a T-shape Cockroft-Walton tandem ac-
celerator with two stripping systems using gas or carbon
foils. After the accelerator tank filled with 100

The two end station corresponding to the beamlines are
dedicated for implantation and IBA. The implantation end
station consists of one carousel for samples without cooling
system, a heatable target holder, a coolable target holder
and beam sweep system. The ion beam analysis/ion mi-
croprobe end station consists of a experimental analysis
chamber with multiple target holder and motion control on
4 axis, charged particle detector, CCD camera, retractable
HPGe X-ray detector for PIXE, retractable HPGe gamma-
ray detector for PIGE and all necessary electronic equip-
ment.

All the analysis software is integrated in the computer
control of the accelerator. The accelerator hall is shown in
Figure 10

CONCLUSIONS AND PERSPECTIVES

The research infrastructure in our institute has been mas-
sively upgraded in the last 6 years using two approaches:
one is the upgrade of the old but still of interest infrastruc-
ture (the 9 MV tandem accelerator) and the second was in-
vesting the funds in new research infrastructure. Besides
the basic research in atomic and nuclear physics that is
done from the 50’s in our institute, the applied research
has also a long tradition. The IBA and AMS techniques
were used for a long time in our laboratory on dedicated
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Figure 10: The hall of the 3 MV Tandetron accelerator

beamlines at the 9 MV tandem accelerator. In order to ex-
pand the research in the applied direction and because in
this region of Europe this is the only laboratory having the
dedicated equipment for this, we invested in this direction.
Besides the development of the accelerator infrastructure
there is a big effort in the development of the research in-
frastructure around these accelerators. Two major break-
throughs were accomplished this year: the commissioning
of the mixed detection array consisting of 25 HPGe detec-
tors with anti-Compton shields and the 12 LaBrs:Ce fast
timing detectors called ROball, which will be used for nu-
clear structure physics studies at the energies delivered by
the 9 MV tandem accelerator [15, 16, 17], coupled with the
plunger device dedicated for ps timing measurements.
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Abstract

An NEC terminal voltage stabiliser TPS-6.0, based on
conventional corona control, has been installed and
investigated on the ANU 14UD tandem accelerator. The
fluctuations in the charge transport of the electrostatic
pelletron generator and their correlation with mechanical
oscillations of the chains and terminal voltage ripple have
been analysed. Emphasis during commissioning is placed
on the components of the two-loop feedback system and
on the application of this system to production of high
energy-resolution beams. The relationship between
transfer functions for the two loops required for optimum
operation is discussed. This system produces the beam
position at the image slit of the 90° energy-analysing
magnet with long-term stability equivalent to a 3.9 kV
FWHM fluctuation of the terminal voltage. The concept
of novel fast control loop utilizing the high-frequency
component from the image slits to control the voltage of
the last gap of high-energy acceleration tube is described.

INTRODUCTION

A variety of nuclear physics experiments require the
minimum energy spread of particle beams. High-energy
resolution is also required for the need in beam position
stability at applications of ion beam analyses. Several
methods have been employed to achieve beam energy
resolutions of AE/E = 10 to 10® in the electrostatic
accelerators. In small machines with a terminal voltage
below 5 MV, the stabilization system can be implemented
by controlling the up-charging voltage [1]. The
modulation of the amplitude of down-charge has a more
rapid effect on the terminal voltage than corresponding
changes in up-charge. The Daresbury 30 MV tandem has
used the laddertron down-charge with the response speed
limited to 0.06 s delay [2]. Burger et al. refer to the stable
periodic pattern of the acceleration voltage fluctuations
and have  introduced  “predictive  fluctuation
compensation” [3]. A TUNL system has implemented the
terminal collector filter circuit for charging system [4].
The potential of the terminal can be controlled by varying
the current load [1]. A fast response variation is achieved
by modulating the electron beam from a gun at a base of
the tube.

Since the weak components of the control loop are the
signal delay characterizing the corona transfer function
and the response of down-charge or variable load
systems, a more direct energy-affecting element with fast
response is desirable. The components for the application
of the corrective voltages are the ion source, the terminal

*Work supported by Heavy lon Accelerators Education Investment Fund
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or the stripper, the high energy end of the accelerator and
the target. Reference [1] describes a terminal ripple
reduction system consisting of a capacitive liner along the
tank wall facing the terminal, to which a terminal
correction voltage derived from a capacitive pick-up or
slit current signal is applied. Modulating the terminal
stripper is another alternative [5]. The energy of the
particles at the terminal is high enough so that a few kV
energy modulation does not affect the optics. At a number
of laboratories, various techniques such as time of flight,
data gating, energy sorting and target potential
modulation are being used to improve the energy
resolution.

We will describe an energy feedback system yielding
high-resolution particle beams, which has been developed
for the ANU Heavy lon Accelerator Facility (HIAF). This
system utilizes two principal feedback mechanisms. The
standard feedback loop employs a correction signal
derived from summing the signal from capacitive pickoff
plates (CPO) with a slit difference signal or a generating
voltmeter (GVM). This signal is applied to the control
grid of a high voltage triode 6BK4 connected to corona
points mounted inside the tank. The maximum cut-off
control frequency is below 10 Hz because of the transit
time for electrons from the corona points to the terminal.
Since information about higher frequency beam energy
variations is present in the slit difference signal, t
correction voltage is generated and applied to the last gap
of the high-energy acceleration tube. This new methed
has the same advantage as modulation of terminal
stripper. However it is much simpler since the control
element is located at ground potential. The fast correction
loop has not been implemented yet and is at R&D stage.
In this paper, we will describe elements of both systems,
its application for the production of high-resolution
particle beams and some measurements of system
performance.

DESCRIPTION OF THE HIAF VOLTAGE
CONTROL SYSTEM

The GVM signal is only capable of showing relatively
slow voltage variations (<1 Hz) due to the dc filtering of
the ac signal generated as the grounded rotating vane
alternately covers and uncovers the stator plates
connected to the GVM amplifier. The momentum
analysed currents intercepted by the control slits at the
image position are fed into two matched low-noise
logarithmic pre-amplifiers. The slit signals are coupled to
the pre-amplifier by short 2 m coaxial cables. The
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bandwidth of the pre-amplifier depends on the input
current and it is approximately 250 Hz at 100 nA or 5 kHz
at 1 pA. Therefore, the slit current amplifier has a
relatively low bandwidth for low slit currents. The dc
response is characterized by logarithmic gain in the range
of 1 nAto 100 pA.

To allow for faster error correction, it has been standard
practice to use CPO plates to feed back faster error
signals to the TPS. An adjustable crossover frequency
determines the frequency above which the CPO error
signal takes over from the GVM or slit error signals. All
experimental data presented in this work was produced at
a crossover frequency set at about 1 Hz.

The conventional corona regulator is used to correct for
the large, low-frequency fluctuations in the terminal
voltage that are characteristic of the pelletron charging
system. The GVM signal is used to maintain the dc
terminal voltage in the absence of the slit difference
signal. Automatic switching from slit to GVM control is
provided when a beam is not present. The CPO provides
an ac error signal that may be summed with either the
GVM signal or the slit difference signal to reduce low
frequency fluctuations in the terminal voltage. The main
controller is located in the 14UD control console. The
Corona Probe Controller (CPC), CPO and GVM pre-
amplifiers are located in the middle of the accelerator
tower close-by to the actual devices. The slit difference
pre-amplifier is located under the tank next to the slits.

THE OPEN LOOP FREQUENCY
RESPONSE

The measurement of open-loop frequency response and
phase shift for 14UD corona regulator was made by
exciting the corona triode grid with a signal generator and
frequency synthesizer, and observing the resulting signal
on a GVM [6]. The reason for using the Frequency
Synthesizer was to generate very slow frequencies that
the Signal Generator could not maintain with a degree of
stability. A chart recorder was used to record the slow
response to a step function, as no oscilloscope could be
found that had an appropriate time base. The step input
measurements were used to measure the 1/e time of the
accelerator at different terminal voltages, as shown in
figure 1.The step function was kept constant at 1 V for
these measurements.

The step function was also used to measure the time
difference between changing the triode grid voltage and
the resulting response in the terminal voltage, as shown in
figure 2. This technique is accurate enough to measure
transit time when the terminal potential is positive and the
charge transport is caused mainly by negative ions.

A similar delay time has been measured by using phase
shift method. This method is based on measurement of the
phase shift @ between the GVM output and the sinusoidal
signal of frequency f applied to the regulating triode grid.

The sine wave measurements were used to plot the
phase and voltage response to frequency at a terminal
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voltage of 14 MV. The transfer function was measured
over the frequency range 0 to10 Hz.
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Figure 1: Open-loop response at 8 MV with a 1 V Step
Input (red line). The straight blue solid line is the tangent
to the GVM signal (green line). Time constant 7z was 10.2
s. The inset shows the same response captured with the
oscilloscope.
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Figure 2: Terminal voltage change with a 1 V Step Input.
Measured delay time 7y=31 ms.

The last set of step measurements were used to estimate
the maximum response time of the accelerator at 14 MV.
Figure 3 shows the measured open loop voltage response
for 14UD corona regulator.
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Figure 3: Corona regulator voltage response and curve
fitting. Square box is the measured accelerator voltage
response; circle is the voltage response calculated from
curve fitting equation. 0.72 Hz is the rotation frequency of
the chain.
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The phase response of the accelerator is shown in
figure 4. As shown in figure 2, the 14UD accelerator has a
constant 31 ms delay between the triode grid changing
and a voltage change appearing on the terminal. The delay
depends on the tank SFg gas pressure and the position of
the corona needles. The closer the needles are to the
terminal, the smaller the delay. The measured phase
response, figure 4, has the 31 ms delay removed.
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Figure 4: Corona regulator phase response and curve
fitting. Square box is the measured accelerator phase
response; triangle is the phase response of curve fitting
equation. 0.72 Hz is the rotation frequency of the chain.

Using the curve fitting software an equation was found
that matched the measured voltage and phase response in
the Laplace domain. This program was used to weight the
match equally between the phase and voltage. The final
Least Squares Error was 4.05353. The equation is shown
below:

Go(s) = (1.0 + 0.015)/(22.6271s* + 85.2377s + 1.0) (1)

The voltage and phase plots derived from equation (1)
fit the measured characteristics of the accelerator
adequately, as shown in figures 3 and 4. A black arrow on
the Bode plots in figures 3 and 4 marks the frequency
0.72 Hz, which corresponds to the rotation period of the
chain. Chains No. 2 and No. 3, installed recently in the
tandem, are found to be stimulating the feedback loop
into low level oscillation at rotation frequency of the
chain. It has been shown subsequently that both chain
assemblies have up to 60 degrees torsion twist, causing a
mechanical disturbance at each revolution. A stability
requirement for a corona regulator is that for all
frequencies for which the open loop gain is greater than
unity, the accumulated phase shift around the loop must
be less than 180° by a phase margin of ~30-40° in
practical systems. Evaluation of figure 4 indicates that
unity gain for the corona loop is still available at or below
10 Hz at 14 MV terminal voltage, corresponding to given
corona points position and ~104 psi pressure of SFg gas.

CONTROL SYSTEM PERFORMANCE

The nature of the error signals can be examined with
and without the feedback control loop. Figure 5 contains
captured traces of the data logger showing the terminal
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fluctuations measured with CPO and the GVM devices.
The two CPO probes are mounted on opposite sides of the
terminal in order to minimize the effect of terminal
vibrations on the CPOz=CPO;+CPO; signal.

CPOy,i= 80 CPO,..=0

gain=

s YWV

25

GVM error, V

25

Grid Volatge and CPO SUM, V
o

-5
20 30 40

Time, s
Figure 5: Data logger traces showing grid voltage, CPOy
and GVVM error signals without and with CPO feedback.

In figure 5, the CPO gain reduced from optimum to 0
~32 seconds after starting data logging. The controller
crossover frequency was set at 0.9 Hz for all experiments.
The logger trace gives the slow variations of the measured
signal. The trace on the right was taken with the CPO
feedback off, the terminal voltage at 13.5 MV and
125 nA of **C*™® beam on the stop Faraday cup positioned
after energy analysing slits. The trace on the left was
taken under the same conditions, except that the CPO
feedback was on and the gain was adjusted to minimize
the slit error signal. In the left trace, the error signal has
been greatly diminished. Figure 6 displays the terminal
voltage distribution over a period of about 1 hour at 13.5
MV, with both control and CPO gains set to optimum
values.

2700

Number of counts

Number of counts

cPO, V Uy, kV

Figure 6: The terminal voltage distribution over a period
of about 1 hour. The solid blue line is the output signal
from TPS controller. The brown broken line is the normal
distribution fit. Both control and CPO gain are set to
optimum value. The left image is the CPOs voltage
illustrating quick variation of the terminal voltage. The
right image is the GVM error signal. It is assumed that
FWHM~2.35c.

The voltage variation plot was obtained by connecting

the calibrated CPO preamp output and GVM error output
to a bipolar 12 bit data logger. The CPO has been
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calibrated so that a 1 V output is equivalent to a 100 V
variation in the terminal potential. The GVM error has
been calibrated so that a 1 V output is equivalent to a
100 kV variation in the terminal potential. The GVM-
controlled terminal voltage deviation, AU, as a function of
terminal voltage, Ur is given by equation [1] 4Up; =
133U1[MV]. One can expect AU = 1.8 kV FWHM at

Ur = 13.5 MV. From calibration of the system, one can
estimate that the fast terminal voltage ripple with the
closed loop control is approximately 52 V FWHM and the
slow voltage variation is as high as 3.9 kV FWHM.

The measured performance of the control system is
below the expected voltage deviation of 1.8 kV FWHM
and it may be caused by cross-talk in the energy-
analysing slits. Examination of the slit signals showed
that secondary electrons were collected alternately by one
slit and then another as the beam shifted across it. This
effect displayed a threshold behaviour, producing a nearly
square wave output at the slit difference amplifier, as
shown in figure 7 on the left bottom oscillogram. The
same effect was reported in reference [7], where even as
much as 3 kV of suppression voltage was not sufficient to
eliminate this behaviour. The image slits at HIAF are not
designed with minimization of cross-talk in mind. For
instance, the shape of the slit electrodes is cylindrical,
which is inferior to sharp edges in terms of avoiding
secondary electrons from one slit hitting the other. In
addition, the reduction of the cross-talk can be achieved
by separation of the slits along the beam axis, fitting slits
inside the cage and applying electron suppression voltage.

»

+ +
Grid Yoltage

= Slits Error
CH2 S.00v

CH1 1.00v M250ms  CH1 1.00v  CH2 S.00v M 250ms

Figure 7: The oscillograms of square wave output at the
slit difference amplifier and grid voltage displaying a
threshold pattern. The effect is more evident when
operating with no CPO control gain as shown on left

images. On the right images the same signals are shown
with CPO feedback on.

The energy resolution available with this system
depends on several factors including the control slit
separation and quality of the beam focus at the slit
position. The choice of stripper and ion beam are also
very important. For the best resolution, it is necessary to
use gas stripping as opposed to carbon stripper foils, and
light projectile ions to reduce energy straggling of the
beam. This system has also been used successfully with
bunched and chopped beams.
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ONGOING DEVELOPMENT WORK ON
THE FAST CONTROL LOOP

We are continuing to improve on the design of main
components in energy stabilization system. R&D on the
development of the fast control loop in ongoing. When in
slit control, the difference of the two control slit currents
is summed with the CPO signal. The detected error signal
is converted to a dc level and applied to the voltage
control tube (6BK4) grid through the high-pass filter with
the cut-off frequency of 10 Hz. The same signal is applied
to the CPC triode through the low-pass filter. The fast
control loop tube is mounted under the tank at the high-
energy end of the accelerator and its anode is electrically
connected to the last gap of high-energy (HE) acceleration
tube. The cathode of the tube is connected to ground. The
conductor enters the 14UD tank through a high pressure,
high voltage feed-through. The fast control system
amplifier response exhibits corner frequencies near 10 Hz
and 1 kHz. The low frequency roll-off is important to
avoid competition between the slow corona control
system, ranging from dc to approximately 10 Hz, and the
fast control loop.

In order to implement the fast control loop, the
bandwidth of slit difference amplifier is to be increased
up to 1 kHz at 10 nA. This method has a direct effect on
the output energy without the phase shift inherent with the
corona stabilization system. It is expected that a
combination of the power of the corona system at low
frequency and the speed of the HE tube modulator at high
frequency will prove a very powerful stabilisation system.

Another implementation option of the system is to
employ the standard NEC controller TPS7.0 with the
capability of driving the liner. However in our case the
correction voltage is applied to the acceleration gap rather
to the liner electrode.

CONCLUSIONS

The beam energy spread and overall performance of the
tandem accelerator has been investigated. The standard
corona stabilization system provides adequate energy
resolution and steady beam on target. The performance
can be significantly improved with the addition of a fast
feedback system. The proposed system can be easily
incorporated into existing corona control system. Beam
energy spreads in the range 3.9 kV FWHM are routinely
produced. Even where high resolution beams are not
required, the additional feedback loop is useful in
stabilizing accelerated and momentum analysed dc or
pulsed beams on targets or at injection point to post-
accelerator.
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LINAC EXPERIENCE IN THE FIRST TWO YEARS OF OPERATION @
CNAO (CENTRO NAZIONALE ADROTERAPIA ONCOLOGICA)

S. Vitulli, E. Vacchieri, CNAO Foundation, Pavia, Italy
A. Reiter, B. Schlitt, GSI, Darmstadt, Germany

Abstract

CNAO is the first medical accelerator facility for deep
hadrontherapy with protons and carbon ions in Italy. The
LINAC injector at CNAO, entirely built by the GSI and
Frankfurt University collaboration, is equal to the HIT
LINAC working in the hadrontherapy centre of
Heidelberg, Germany [3]. It includes a four-rods type
RFQ structure accelerating up to 400 keV/u and an IH
structure to increase the energy up to 7 MeV/u. Such
LINAC works as injector in a 78 m circumference
synchrotron where the protons and carbon beams reach
respectively 250 MeV/u and 400 MeV/u. The LINAC
commissioning was performed during 2009 and from
beginning of 2011 it entered into routine and continuous
operation (24hrs, 7days). First patient was treated in
September 2011. Maintenance periods are foreseen three
times per year. Different diagnostic elements are installed
along the injection line, like profile grids, faraday cups,
current transformers, capacitive pick-ups. The principal
parameters are daily monitored, like output energy by
means of online not destructive ToF measurements,
cavities voltage, cavities RF forward power and beam
current transmission. No major faults were observed in
the first two years of operation. LINAC beam energy is
stable within 0.02 MeV/u on a typical value of 7.17
MeV/u. The relation between LINAC extraction and
synchrotron injection is under investigation. This paper
summarizes the monitoring issues (i.e. reproducibility of
settings and beam parameters as well as long term
stability measures) on the CNAO LINAC during daily
patient treatments and outlines the measurements
performed in the initial commissioning compared within
actual status.
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Figure 1: Sketch of the CNAO machine complex.

Room Temperature and Superconducting Linac

CNAO machine is depicted in Fig.1.

Particles originate from one of the two Electron
Cyclotron Resonance (ECR) sources, producing either
C* or H* ions, at 8keV/u; they travel along the LEBT
line and the LINAC reaching 7MeV/u energy and pass
through the Medium Energy Beam Transfer (MEBT) line
where a debuncher cavity is placed in order to reduce the
beam energy dispersion. Then particles are accelerated in
a 25m diameter synchrotron and, finally, are extracted
into one of the four extraction lines, delivering either C®*
or proton beam to one of the three treatment rooms.

Extraction energy depends on treatment requirements:
the deeper is the tumour to be irradiated, the higher is the
required energy. Extraction energy can vary from 120 to
400MeV/u for Carbon ions and from 60 to 250MeV/u for
protons. Extraction process is of the order of one second.

Actually beam maximum intensity at patient is 5-10°
and 1-10° particles/s per spill, for protons and Carbon ions
respectively. It can be reduced up to a factor 10, by
inserting pepper-pot filters in the MEBT line and
extracting the beam with spills over a longer extraction
time.

THE CNAO MEDICAL EXPERIENCE

From September 2011, 21 patients were treated with
protons with an average of 6 patient/day and 35 treatment
sessions/patient [1]. Each session is done by two different
fields with different irradiation angles for a total of about
10-15 minutes of beam irradiation. The selected cases are
principally chordoma (16 patients) and chondrosarcoma
(5 patients) tumours in the head-neck (13 patients) or
pelvis (8 patients) districts.

For head and neck tumors, solid mask, bite block,
infrared-reflecting markers are used for patients fixing
into couch. For pelvis tumors, the patient is fixed by
means thermoplastic body mask. The dose uniformity is
within the requested limit of + 2.5%.

Today all the 148 foreseen energies are applied for
treatments, one room is used with proton beams and with
a fixed spot size of 1 c¢cm using a couch for patient
positioning.

During next year it will be possible to work all the three
rooms, including the vertical line, with variable spot size
of proton and carbon ions; in the treatment room both
chair and couch for patient positioning will be available.

THE LINAC INJECTOR

The layout of the CNAO injector includes two ECR ion
sources and the LEBT [5]. A particularity of the CNAO
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injection line is to be placed inside the synchrotron
resulting a more compact accelerator machine.

ha
b\ A

Figure 2: RFQ and IH structure in synchrotron room.

A switching dipole magnet merges the two source lines
into one. After being bent by a 75°-dipole, the beam
enters the RFQ and the IH structure (Fig.2), after the so
called intermatching section containing two quadrupoles
for focusing and two steerers (horizontal and vertical) for
moving the beam (Fig.3).

Also inside the IH-DTL tank there are three magnetic
quadrupole triplet lenses for transverse focusing and
another triplet behind the tank [4].

Upstream the RFQ, an electrostatic deflector (Chopper)
is installed. The beam is continuous from the sources to
the chopper, while it is pulsed downstream (i.e., 50-100us
pulse).

Along the LEBT, three solenoids, four dipoles, eleven
quadrupoles and correctors are used to focus, bend and
steer the beam.

As concerns beam diagnostics, an AC transformer for
non destructive current measurement is placed before the
stripper foil chamber [2].

Beam
Chopper __

Ion Sources
C* and H;*

S Solenoid

B Spectrometer

Q Quadrupole Triplet
C Switching Magnet
QD Quadrupole Doublet

fels

. "’iﬁs <«— Foil Stripper

Figure 3: LINAC injector layout. Sketch of magnets and
beam diagnostics tanks, from the sources to the stripper
tank.

Inside the RFQ and IH structures two tank probes are
placed in order to check the RF signal in any time (Fig.
4b).
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After the IH structure, along the MEBT line, there are
two phase probes @ 3478 mm distance for Time-Of-Light
measurements (Fig. 4a), six profile grids for position
monitoring and three faraday cups. All the diagnostic
devices were delivered by GSI [3,4,9].

Figure 4: a) Phase probe for beam measurements
(installed on the beam line) b) Tank probe for RF
measurements (on the top of the corresponding flange in
the IH tank).

At the end of the LINAC line, the stripping foil allows
scratching the remaining electrons producing a defined
charge state (from H* to 3 protons; from C** to C®). In
Tablel the main LINAC Design Parameters are reported.

Table 1: Main LINAC Parameters

Physical Parameters Values
Beam particle species H, C*
Operation frequency 216.816 MHz
RFQ injection beam energy 8 keV/u
Final LINAC beam energy 7 MeV/u
Beam pulse length <300 ps
Beam repetition rate <5Hz
Stability pulse repetition rate 10 Hz

Exit beam energy spread® <+0.4%
Total LINAC length? 6.95m

! straggling effect in the stripper foil not included
Zincluding RFQ, IH and Stripper section

LINAC COMMISSIONING

CNAO LINAC commissioning took place during 2009
as listed in Table 2. Hs+and Cas+ion beams have been used
for all beam commissioning phases [6, 7]. The first turn in
the synchrotron was achieved in December 2009.

Table 2: Main CNAO LINAC commissioning steps

Date Activity

Jan 09 RFQ installation

Feb-Mar 09 RFQ RF conditioning

Mar 12" — Apr 3™  Beams @ 400 keV/u

Apr 09 IH installation

May-Jun 09 IH RF conditioning

Jun 22" — Jul 15" Beams 7 MeV/u

Jul-Nov 09 Completion of the line
Nov-Dic 09 H** beam @ MEBT end
Dic 09 H®* first turn in synchrotron

Room Temperature and Superconducting Linac
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Three different beam diagnostics test benches were
used behind LEBT, behind RFQ, and behind the stripper
section, respectively, and allowed for beam current,
profile, and emittance measurements. Final LINAC test
bench contained three phase probes at known distance for
accurate Time-of-Flight measurements; a profile grid; two
faraday cups and one AC transformer in addition to a
mobile emittance device, that is a slit-grid measurement
system.

More than 140 measurement series including numerous
amplitude, phase, and emittance scans were performed
with the IH-DTL. Different LEBT beam energies, RFQ
settings, and IH tank RF plunger configurations were
investigated.

The LINAC was optimized with respect to high beam
transmission, minimum beam emittances and optimized
bunch signal amplitudes from the phase probes.

Phase and voltage of RFQ and IH scans were done
monitoring the variation of the above mentioned
parameters. The RFQ phase is kept fix as reference point.

The current transmission reaches a maximum for
determined values of IH phase and voltage as is shown in
Fig. 5 and Fig. 6.
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Figure 5: C*": IH phase scan as a function of the total

LINAC transmission. Settings: Vreo = 5.1V; V| =5.7V.
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The beam energy can vary within 0.5% by changing
RFQ and IH tank voltages or phases (Fig.7 and Fig.8). It
means that little adjustments are possible for the future
matching within the synchrotron injection. Fig. 7 and Fig.
8 shown the measurements taken by the Time-of-Light
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method with the three phase probes installed along the
test bench for IH commissioning. They are considered in
pairs comparing the calculated energy to improve the

measurement accuracy.
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The experience shows that if the IH voltage increases,
the beam energy increases too. On the opposite, if the IH
phase increases, the energy decreases.

The final chosen working point corresponds to about
7.2 MeV/u at a RF pulse power of ~910 kW. Table 3
summarizes maximum beam currents achieved behind the
stripping foil. Design beam currents were reached and
even exceeded.

Table 3: Nominal and measured beam current @ LINAC
exit

Request @ LINAC exit Measured Nominal
current for C** (7 MeV/u) 135 UA 120 UA
current for p (7MeV/u) 1.2mA 0.75 mA

The measured emittances after RFQ and IH are within
the project values (for C**: 5.4 m-mm-mrad horizontal and
4.2 m-mm-mrad vertical plane; for H*": 6.8 m-mm-mrad
horizontal and 6.5 n-mm-mrad vertical).

RFQ transmission around 60% has been measured
for both H3* and C** beams. The IH transmission, in
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transport mode, which is without use IH structure as
accelerator, is 100%; in acceleration mode is 80%. Finally
the total maximum LINAC transmission is around 50%
for C** and 45% for H*".

Beam profiles are taken along the MEBT by means of
six profile grids. Typical beam shapes before and after the
stripping foil are shown in Fig. 9. For optimization
purposes the beam should be as centred as possible.
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Figure 9: Beam Profiles before the stripping foil (LN-
012B-GPM) and 1.3 m after the stripper (M1-019A-PIB)
for carbon beam. Legend: GPM = GSI Profile Monitor,
PIB = profile intensity in the MEBT line.

DAILY LINAC MEASUREMENTS

In order to describe the behaviour of the CNAO
LINAC machine a daily non invasive monitoring is done
during the treatment sessions with proton beam.

RFQ, IH and debuncher voltages and phases are set by
the control system, but the effective values can be
checked continuously on the LINAC control system.
Voltages are measured by the tank probe signals. RFQ
and IH waveform are shown in Fig. 10. Peak-to-peak
values are taken as indicative daily data, due to the
limited accuracy of the digitizer, rather than more precise
values can be measured directly from one of the RF
amplifier outputs.

Figure 10: H*: RFQ ad IH Voltae as easurd ro the
tank probes. Settings: RFQ voltage = 5.29V; IH voltage =
5.72V.

The beam intensity is observed by the voltage of the
phase probe along the MEBT line (M3-029A-PHP)
rebuilt in Fig. 11 together with the debuncher tank probe
signal.

The debuncher in fact is useful for optimizing the beam
injection in the synchrotron. It is kept under control by the
tank probe M3-012J-SG4 and its effect on the beam
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bunches is evident on the phase probe mentioned above
(Fig. 11). A confirm of the debuncher optimization is
done changing its phase or voltage and observing a
constant phase difference between M3-012J-SG4 and M3-
029A-PHP. The effect of the debuncher is checked
observing the bunch shapes with debuncher @ different
set voltages (see Fig. 11).

0.4

m—Deb_0.2V
M3-PHP_0.2V

—Deh_ 2V

Voltage [V]

WM3-PHP_2V

Time [s]

Figure 11: Debuncher tank signal and beam signal from
the MEBT phase probe @ different debuncher set voltage
@ 358° difference phase respect to the IH phase.

The phase difference between the three RF structures is
evaluated from a time calculation between the tank probes
signals. It is important to monitor these phase differences
in order to maintain a good match between them. The
CNAO LINAC is well set in term of phase difference
stability (see Fig. 12).
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Figure 12: H*: Phase difference between the RF
structures from January to June 2012.

The final beam energy is done by a Tof measurement
between the two phase probes placed after the LINAC
tank (Fig. 13).

7 1660E+0 MeV/u
Figure 13: H*": phase probes signals after the LINAC to
calculate the ToF (IH voltage = 5.72V).
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The energy outside then LINAC is strongly dependent
on different parameters, not only on the IH voltage and
phase, but even on the cooling water temperature that
must be stable within 0.2°C.

The RF power is not adjusting, but it is a consequence
of the set voltage. It can be read on the amplifier cabinet
PLC.

STABILITY LINAC MEASUREMENTS

Periodically energy, current and profile stability
measurements for tens hours are foreseen in order to
check beam parameters at the LINAC exit.

In terms of energy, a variability of 0.4% is normally
acceptable.

In term of current, a variability of 2% does not
normally causing troubles for a good injection (Fig. 14).

ACT current [uA]

s4s
#ACT
:

T T T 1
500 700 500 1100 1300 1500

Cycle number
Figure 14: Beam current stability measurements from
00h39 to 10h01 of April 28, 2012.

The beam position along the MEBT line, after the
LINAC tank, can be monitored by means of six profile
grids (Fig. 15). Such interceptive measurements are done
during the night shifts in order to assure the correct beam

trajectory.
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Figure 15: Beam position (a) and width (b) along the
MEBT line measured by means of profile grids.
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Position stability measurements are planned monthly in
order to check the natural beam displacement along the
MEBT that normally can reach 0.2mm for the position
and 0.4mm for the FWHM.

BEAM STUDIES IN SYNCHROTRON

Different measurements and trends were studied for
understanding a possible involvement of the LINAC
behaviour in the occasional instability of the intensity of
the accelerated beam after the synchrotron RF cavity
trapping [8]. Fig. 16 shows a typical beam spill in the
synchrotron DCCT (DC-Current Transformer) that is
analysed in order to optimize the injection and
acceleration [10].

1.8e+0101
1.Be+0101

Injected particles into synchrotron

Accelerated particles into syncrotron

Extracted particles
towars HEBT line

I | I | [ | [ | [
200 300 400 500 B00 700 800 300 1000

Figure 16: One synchrotron cycle (4.8s duration) as
measured by the DC current transformer (acquisition rate:
~5ms/sample). The first peak corresponds to the particles
injected in the synchrotron, the next plateau represents the
particle accelerated from the RF cavity and the following
drop is related to the beam extraction towards the HEBT
line (1.3s duration).

The most related element is the debuncher cavity that is
placed in the MEBT line as shown in Fig. 17.

Figure 17: LINAC and MEBT Iaoat showing the
debuncher position and the distances between phase and
tank probes.
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Changing the debuncher phase influences beam energy
distribution thus causing different synchrotron injections.

On the other hand, the debuncher voltage variation has
not great influence on the energy distributions, as one can
deduce from Fig. 18.
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Figure 18: Phase difference between debuncher and
MEBT phase probe as a function of the debuncher
voltage.

Different scans in phase and voltage were done as a
function of the DCCT signal. Fig. 19 shows a study
around the typical values of the debuncher phase.
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Figure 19: Particles injected and accelerated in the
synchrotron as a function of the debuncher phase @
different typical values for the debuncher voltage.

Figure 20 shows the debuncher voltage study: one can
deduce that it has not a great influence on the injected and
accelerated particle number.

18
16

.._

14 S
T o1 ’ B pEglingl n
*3 10 m a # acc part PHI_DEB=163a.u.
- Minjpart PHI_DEB = 163a.u.
% 8 scc part PHI_DEB = 157 a.u.
T _ < injpart PHI_DEB = 157 a.u. ¥
g 5

4 FL A4 17 VWY

2 e Bt ® L ] * .

0

a as 1 15 2 25 3 35

nnnnnnnnn

Figure 20: Particles injected and accelerated in the
synchrotron as a function of the debuncher voltage @
different typical values for the debuncher phase.
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CARBON MEASUREMENTS

During the afternoon commissioning sessions the
carbon beam is in preparation for obtaining the
authorization to treat patients before the end of this year.

In term of LINAC injection, carbon beam has similar
energy dispersion and even better transmission then
proton beam.

LINAC MAINTENANCE AND UPGRADE

During the last three years, the LINAC and its supply
were running in a very reliable way. Only few
breakdowns were caused by some hardware faults easily
solved by upgrades or using the available spare parts.

For example a Variac transformer of the tetrode tube
filament burned twice, much before the waiting usury
time; the RFQ anode filter had a short circuit; the
capacitor foils broke two time in two week (in both cases
an electric discharge made a hole in the foils); some Low
Level RF amplifier modules were sent to the producer for
repair; some control board cards needed to be replaced in
some parts.

In terms of upgrade, all the air filter system inside the
RF cabinet was improved to preserve the cabinets from
dust diseases; some flow meters were add in synchrotron
room, one for each different element to be cooled; all the
IGBT transistor cards in the LINAC magnets power
supplies were modified mounting more reliable diodes.

The RF tetrode tubes never stop working. Only one was
changed in order to verify the spare. IH tubes are around
13400 h working; RFQ tetrode is around 15700h.

Maintenance work is divided into six-monthly and
annual activities and includes checks on the ventilation
fans, on the flow meters, on the variac transformers, dust
cleanness inside the cabinets, check of the electrical
wiring, RF reference measurements. Most of these
activities reclaim to switch off the machine and can be
done only during the maintenance periods that are
planned three times in a year.

During patient treatments very rarely breakdowns occur
caused by LINAC faults. When it happens, the problem
was mainly related to the control system and timing, so
that a solution was possible in remote way without loss
treatment but only interrupting it for some minutes.

CONCLUSIONS

LINAC commissioning was done during 2009 finding
the working point that corresponds to about 7.2 MeV/u
energy at a RF pulse power of ~910 kW.

In the first two years of operation it was stable and
reliable. Daily a complete summary of the measured
parameters is done to check the correct beam position,
energy, current and bunch shape. Same values, like IH e
Debuncher voltage and phase, should be adjusted via
control system to assure a good matching within the
synchrotron that need the LINAC exit energy as initial
parameter for an efficient RF cavity trapping and

Room Temperature and Superconducting Linac
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acceleration. Stability measurements during the night shift
have been done to guarantee the oscillation around the set
values doesn’t exceed the foreseen one. Some studies on
the possible involvement of the LINAC parameters in
occasional instabilities of the accelerated beam in the
syncrotron have been done and shown that, in those cases,
a more stable configuration can be reached varying the
debuncher phase.
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PHYSICAL DESIGN OF THE SPES FACILITY

M. Comunian, on behalf of SPES design group, INFN,
Legnaro National Laboratory, Legnaro, Italy

Abstract

SPES (Selective Production of Exotic Species) is the
Italian project for a rare isotope beam (RIB) facility based
on a cyclotron as primary accelerator and on the existing
superconducting linac ALPI as post accelerator. The
cyclotron, energy up to 70 MeV and total current of 0.75
mA, shared on two exits, is in construction in the industry.
The production of neutron-rich radioactive nuclei, with
ISOL technique, employs the proton induced fission on a
direct target of UCx; the fission rate expected with a
proton beam of 40 MeV and 0.2 mA, is 10"13 fissions/s.
The main goal of physical design of the SPES facility is
to provide an accelerator system to perform forefront
research in nuclear physics by studying nuclei far from
stability, in particular neutron-rich radioactive nuclei with
masses in the range of 9—160.

The final RIB energy on the experimental target will be
up to 10 MeV/A for A = 130, with an intensity in the
range of 10"7—10"9 pps.

INTRODUCTION

The SPES strategy is to develop a facility for Nuclear
Physics research together with a facility for applied
Physics based on the same technology and infrastructure.

SPES [1] is designed to provide neutron-rich
radioactive nuclear beams (RIB) of final energies in the
order of 10 MeV/A for nuclei in the A= 9-160 mass
region. The radioactive ions will be produced with the
ISOL technique using the proton induced fission on a
Direct Target of UCx [2] and subsequently reaccelerated
using the PIAVE-ALPI accelerator complex [3]. A
Uranium fission rate of 10*13 fission/s is foreseen.

A Cyclotron with a maximum current of 0.750 mA
rowing two exit ports will be used as proton driver
accelerator with variable energy (30-70 MeV).

Two proton beams can be operated at the same time
sharing the total current of 0.750 mA. To reach a fission
rate of 1013 fission/s a proton beam current of 200 pA
(40MeV) is needed; the second beam, up to 500 pA
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70MeV, will be devoted to applications; mainly neutron
production for material research and study of new
isotopes for medical applications.

The expected rate of fast neutrons is estimated to be
10714 n/s at the target output using a Pb target (mean
energy 1MeV).

The ISOL technique for radioactive beam production is
based on a driver accelerator which induces nuclear
reactions inside a thick target. The reaction products are
extracted from the target by thermal process, ionized 1+,
isotopically selected, ionized n+ and injected into a re-
accelerator. In order to produce neutron-rich isotopes it is
mandatory to perform fission reactions in Uranium or
other actinide targets using protons, deuterons, neutrons
or gammas. The SPES choice is to use a proton beam to
induce fission on a UCx target (Direct Target).

Fig. 1 shows schematically the SPES main elements
located at underground level, a second floor at ground
level hosting laboratories and services is not shown.

The driver is the proton cyclotron delivering beam on
different targets. Two production ISOL targets are planned
to be installed. The production target and the first mass
selection element will be housed in a high radiation
bunker. Before the High Resolution Mass Spectrometer
(HRMS) a cryopanel will be installed to prevent the beam
line to be contaminated by radioactive gasses and a RFQ
cooler to reduce the input emittance of the HRMS. After
passing through the HRMS, the selected isotopes will be
stopped inside the Charge Breeder and extracted with
increased charge (n+). A final mass selector will be
installed before reaching the PIAVE-ALPI accelerator, to
clean the beam from the contaminations introduced by the
Charge Breeder itself.

Two facilities for applied physics are planned: a
neutron facility that make use of the proton beam to
produce neutrons and an irradiation facility for production
and study of radioisotopes for medical use.

Radioactive Ion Beams and Facilities
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Figure 1: Layout of the SPES and ALPI facility; the dark black part on right is the new Cyclotron area.

THE CYCLOTRON

Within the SPES project, during the 2010 the tender for
supply of the Cyclotron, the transport beam line up to the
ISOL target and the ancillary systems, was accomplished
out. The INFN assigned the contract to BEST
Theratronics Ltd. (Canada). The contract foresees the
delivery to LNL and the commissioning of the accelerator
and the beam line, within 3 years from the assignment [4].
The BEST cyclotron is a compact four straight sector
machine, see figure 2, energized by a pair of room
temperature conducting coils. The cyclotron is able to
accelerate H beam, provided by an external multi-cusp
ion source, up to the energy of 70 MeV. Since the proton
extraction is done by the stripping process, the final
energy varies within 35-70 MeV. Two independent
extraction channels placed at 180° one respect to the other
provide the simultaneous extraction of two beams. The
maximum beam current deliverable is estimated to be 700
pA. The table 1 shows the main parameters of the
machine.

Table 1: Main Cyclotron parameters

Bmax field: 1.6 T
Main Coil current: 127 KAT
Magnet 4 sectors, deep valley Hill sector angle: 50°
Varying hill gap: 6-4.69 cm
Frequency: 58 MHz
Harmonic: 4"
RF cavity Dissipated power: 28 kW Dee voltage: 60-
81 kV Dee angle: 36°
External ion | Multi-cusp H-, 15-20 mA DC Beam current:
source and | 700 pA Injection Energy: 40 keV Spiral
injection line inflector
lon source: <1x10” torr
Vacuum Main tank: < 1x107 torr
Simultaneous dual beam
: 2 stripping multi-foil carousels
Extraction Variable energy 35-70 MeV

Radioactive Ion Beams and Facilities
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Figure 2: Best Theratronics 70p model.

THE MULTI FOIL DIRECT TARGET

In an ISOL facility, like SPES, the working core is
constituted of the production target and the ion source [2]:
they have to be carefully designed and optimized in order
to obtain the desired high production rate of RIBs. Due to
the low pressure of the environment, the power deposited
by the proton beam in the target by means of
electromagnetic and nuclear interactions can be removed
only by thermal radiation towards the surrounding
container box. In order to optimize both heat dissipation
and fission fragments evaporation, the SPES target
consists of seven, 40 mm diameter and 1.3 mm thick, co-
axial disks housed in a cylindrical graphite box, see figure
3. In choosing the target material, which should stand the
highest possible beam current, it is crucial to optimize the
beam-target combination with respect to the highest
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production cross section and lowest amount of
contaminants. UCx, uranium dicarbide dispersed in an
excess of graphite, is widely recognized as the reference
material for the production of neutron-rich radioactive
beams. The preparation of the SPES UCx disks is based
on the carbon-thermal reduction of UO2 powders in
excess of graphite. The powders are mixed and ground in
order to obtain a homogeneous mixture; these powders
are uniaxial cold pressed. Finally the heat treatment is
performed in a dedicated vacuum furnace. The final bulk
density of the disks turns out to be about 3 g/cm3, while
the U:C atomic ratio is close to 1:4. The calculated in
target fission rate in all the 7 disks approaches 10”13 fps.
The distribution of the fission products is shown in Figure
4. The isotope in-target production for some interesting
isotopes (Ag, Sn, Cs) reaches values up to 10711 aps. The
132Sn isotope, being a double-magic nucleus, is one of
the radioactive nuclei of interest and the in-target
production yield is here estimated to be 10"10 aps. The
output emittance from the target will be in the order of 30
mmrad at 40 kV [5]. An off-line front-end of the thin
target is fully operational at LNL, see figure 5.

The beam transport of the radioactive beam is started
from the target; see figure 6, with a first rough mass
separation made by a Wien filter, after that the beam is
transported to the RFQ cooler, figure 7.

The TraceWin simulation [6] is performed at first order,
but includes the transfer matrix of the Wien Filter, as
custom element. The mass resolving power achieved by
the dispersive effect of the Wien Filter and the 90°
analyzing dipole is more than 300.

= | 7UCxtargets 30 gr w :

-
T o

2 Graphite Windows, 400um

Figure 3: The SPES thin target model.
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Figure 4: The in-target isotope yields.
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Figure 6: Envelope of the Iiﬁé from the Front-end to the
RFQ cooler, from left to right.

Figure 7: Layout from the Target Front End to the
RFQ-Cooler.

THE RFQ COOLER

In the framework of the SPES project, the radioactive
ion beams transport is under study in order to evaluate the
transmission efficiency and the final quality of the
delivered beams in terms of mass resolution and
longitudinal energy spread. In particular the high
resolution mass spectrometer needs a beam emittance of
the order of 3 mm mrad and an energy dispersion of
about 1 eV to get the minimum resolving power of
20°000. These requirements will be fulfilled with the

Radioactive Ion Beams and Facilities
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radio frequency quadrupole (RFQ) beam cooler device
[71.

The gas-filled, RFQ is a device whereby a previously
decelerated, low energy (E<100eV) beam is thermalized
via successive collisions with an inert buffer gas. This
process allows to decrease, by the energy exchanging
with the gas molecules, the radial momentum and the
longitudinal energy dispersion of the ions passing through
the RFQ.

The preliminary design of the device is carrying on at
LNL since 2011, see table 2, and the feasibility study is
funded by V committee of INFN in the framework of
REGATA experiment, see figure 8.

Table 2: RFQ Cooler main parameters

Mass Range 9 —200 amu

Tr. Emit. injected beam 30 mmmrad (40 keV)

Emittance reduction factor | 10 (max)

Buffer gas He (293 K)

Beam intensity 50 — 100 nA (1011 pps)

Energy spread <5eV

RF voltage range 0.5-2.5kV

RF frequency range 1 —30 MHz

RFQ gap radius (R0) 4 mm

RFQ length 700 mm

Pressure buffer gas (HE) 0.1-2.5Pa

Ione energy 100 — 200 eV
Injection Inlet buffer gas Extraction
section | ! section
Nim rasre] |1

'ion beam
exit

I
! | !

Toward pumping systems
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I fpeer?
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Confinement and cooling

Figure 8: RFQ cooler layout.

THE HIGH RESOLUTION
SPECTROMETER

A crucial task for the experimental use of radioactive
beams is not only the beam intensity but also the beam
quality. Special efforts have been dedicated to design a
mass spectrometer with an effective mass resolution of at
least 1/20000. Such design takes advantage of the 260
keV beam energy obtained with the HV platforms. Such
high selectivity results in an advantage also for the safety
issue, reducing the problems of contaminations along the

gam transport areas and in the target location, see figure

The design of the SPES spectrometer is a scaled up
version of the separator designed at Argonne. The first
order design mass resolution is about 40.000 to reduce the
tails of contaminant with higher yields, see figure 10 and
table 3.

Radioactive Ion Beams and Facilities
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Figure 9: Spectrometer Layout from the RFQ cooler to
the transport line to the Charge breeder.

Figure 10: Envelope design of the spectrometer.

Table 3: Spectrometer main parameters

Mass Resolution 1/40000

Dipole Bending Angle 80 deg

Dipole Bending radius 1.5m

Dipole Edge 28 deg

Dipole max field 12T

Energy (1/132) 260 keV
Multipole element Sextupole

Input tr. Emittance RMS norm. 0.00171 mmmrad

THE TRANSPORT LINE TO THE
CHARGE BREEDER

From the High resolution beam spectrometer to the
charge breeder is necessary to transport the beam for
about 34 meters in a carefully way to avoid beam losses
This periodic line is made by using electrostatic triplets
with a period of about 3.6 meters; the total length of the
line so may be changed by adding a period or removing a
period, table 4 and figure 11.
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Table 4: Transport line to the Charge breeder main
parameters

lon 1/132

Electrostatic Triplet lengths (mm) | 200+70+400+70+200
Electrostatic Triplet radius 60 mm
Electrostatic max voltage 4.03 kV

Dipole Radius 500 mm

Dipole max field 0.67T

Energy (1/132) 40 kV

Total number of triplets 10

Transvers Emittance RMS norm. | 0.02 mmmrad

In figure 12 is reported the layout of the transport line
and the maximum envelopes in X and Y.

[

Figure 11: Layout from the Spectrometer to the Charge
Breeder in the experimental hall 3 from right to left.

a

E]

Proceedings of HIAT 2012, Chicago, IL USA

effects on the plasma were observed during the
experiments performed at LPSC, like the partial
destruction of the high charge states of oxygen without a
corresponding increase of the current of the lowest ones.

Some studies have been performed in a frequency
sweep mode: however due to the variation of the net
power coupled to the plasma during a sweep and the
limited reflected power sustainable by the TWTA that
amply and feed microwave into the plasma chamber, the
influence of the fine frequency tuning could not be
properly deduced. Further studies are mandatory to verify
the usefulness of this technique.

The joined team INFN-LNL/LNS is also involved as
deputy coordinator in a European project called EMILIE
(Enhanced Multi-lonization of short-Lived Isotopes at
EURISOL) approved in 2011 by the NuPNET [8]. In the

~ framework of this project the INFN team will investigate
/ numerically two important aspects concerning the ECR-
* based charge breeding: the microwave coupling to plasma

chamber of the Phoenix charge breeder installed at LPSC
Grenoble and the study of the capture of the 1+ beam by
the ECR plasma. The work will lead from one side to a
conceptual design of an optimized plasma chamber for
the Phoenix charge breeder; on the other side a numerical
code (developed at LNS) describing the ECR-plasma
dynamics will be adapted to deeply study the capture
process in order to understand how to improve it,
especially in the case of condensable elements.

Table 5: Charge Breeder main parameters
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Figure 12: Max Envelope frorr‘]mt'he Spectrometer to the

Charge Breeder from left to right.

THE CHARGE BREEDER

In 2010 an agreement was signed between the SPES

and the SPIRAL2 projects in the framework of the LEA-

COLLIGA aiming at sharing know how in the field of

Frequency 14.5 GHz

Power Max 1000 W

Magnetic Field Injection 1.5T

Magnetic Field Extraction 1.0T

Magnetic Field Radial 1.35T

Efficiency for gas 8-10 %

Efficiency for metals 3-5%

Charge breeding time From 3 to 15 ms/q
Output emittance RMS 0.1 mmmrad

radioactive beam production and manipulation, see table
5 and figure 13. The agreement foresees the development
of the neutron converter for SPIRAL2 by INFN and the
development of an ECR-based charge breeder by LPSC.
During 2010 some experimental activities on charge
breeding (the so called 1+/n+ method) were performed at
LPSC with the Phoenix booster aiming at improving the
capture efficiency by means of fine frequency tuning of
the microwave injected and checking the plasma
characteristics variations measuring the plasma potential.
When a characterized 1+ ion beam is injected into a
plasma and then all the ion species are extracted and
analyzed , one could expect some information about the
characteristics of the plasma itself: its ability to capture
1+ ions and its ability to multi ionize the 1+ ions injected
(i.e. plasma temperature and density). The 1+/n+ method
developed for radioactive ion beams could be considered
as a kind of non perturbative probe because the number of
ions injected is exactly known (l1+ beam intensity
measurement), and extremely low with respect to the
initial number of ions present in the plasma, even if some
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Figure 13: Layout of the Charge Breeder.

HV;

A transport line of about 20 meters is necessary to
transport the beam from the Charge Breeder to the new
RFQ, see table 6; this line is made by using 7 magnetic
triplets, with a gradient 3.3 T/m at maximum but with a
quite large aperture, this is done for avoid beam losses.
This line should also be able to separate ion mass within
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1/1000, see figure 14. This beam line also prepares the
beam input condition for the new RFQ.

The triplets and doublets used are of the same type of
the PIAVE-LEBT magnetics elements.

In figure 15 is reported the layout of the line from the
charge breeder to the RFQ and the maximum envelopes in
Xand.

Figure 14: Layout form the Charge Breeder to the new
RFQ from right to left.
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Table 7: Principal RFQ parameters

Operational mode CWwW

Frequency (MHz) 80.

Injection Energy (keV/u) 5.7 ($=0.0035)

Extraction Energy (keV/u) 727 (B=0.0395)

Accelerated beam current (uA) 100
Charge states of accelerated ions (Q/A) 7-3
Internal bunching section Yes

The design goals were to minimize the longitudinal and
transverse emittances and to optimize the RF losses and

transmission of the RFQ structure. The RFQ cells were
created using the program CORTO, used for the design of
CERN linac3 RFQ, PARMTEQM code package and
Toutatis in an iterative cell-by-cell procedure. With this
design the RF power consumption is minimized, while a
ramped voltage profile allows the RFQ to accelerate the
beam more effectively at higher velocities and achieve
higher output energy. Figure 16 shows the density plot
along the RFQ while Table 8 lists parameters of the RFQ
structure. The RFQ transmission is more than 94%, the
final RMS normalized longitudinal emittance is 0.05
mmrad, i.e. 4.4 keVdeg/u, see figure 17.

Table 8: RFQ design parameters

: : E : Parameter (units) Design 1
Figure 15: Maximum Envelopes from the Charge Inter-vane voltage V (kV, A/g=7) 63.8—120
Breeder to the injection into the new RFQ from left to Vane length L (m) 556
right. RF power (kW, four vanes structure) | 180

Table 6: Transport to the new RFQ main parameters Average radius R (mm) 5.03-9.574
lon 132Sn19+ Vane radius p to average radius ratio | 0.8
Magnetic Triplet lengths (mm) 150+50+200+50+150 Modulation factor m 1.0-3.16
Magnetic Triplet radius 60 mm Total number of cells 293
Magnetic max integrated gradient | 0.5 T Synchronous phase (deg.) -90 —-20
Dipole Radius and angle 500 mm 105 deg Focusing strength B 5.28-2.8
Dipole max field 0.15T Peak field (Kilpatrick units) 1.7
Energy (132Sn19+) 0.76 MeV _ -

Total number of triplets 8 !
Transvers Emittance RMS norm. | 0.1 mmmrad
THE NEW RFQ INJECTOR

The injection to the ALPI Linac is based on the use of a
new Radio Frequency Quadrupole, with the adiabatic
bunching inside. In this way a high voltage platform can
be avoided, and a higher overall transmission could be
achieved.

The new RFQ will operate in a CW mode (100% duty
factor) at a resonant frequency of 80MHz. This frequency
is the same as that of the lowest energy ALPI
superconducting structures. The injection energy of ions
was set to 5.7 keV/u. This choice is a compromise
between the desire to reduce the ion energy to simplify
the LEBT and RFQ bunching section design and the need
to increase the injection energy to reduce space charge
effects. The extraction energy was set to 727 keV/u,
higher than the output of PIAVE RFQ, to optimize the
beam dynamics of the SRF linac. Table 7 summarizes
main RFQ parameters.

Radioactive Ion Beams and Facilities

Figure 17: Emittance and losses plot along the new RFQ.
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THE ALPI LINAC UPGRADE

The present configuration of the Legnaro super-
conducting accelerator complex (PIAVE injector and
ALPI main accelerator) fits the requirements for SPES
post acceleration too. Nevertheless an upgrade of its
performances both in overall transmission and final
energy is needed and a solution which minimizes the
impact on the present structures [3].

The super-conducting linac ALPI is injected either by a
XTU tandem or by the s-c PIAVE injector. The linac (at
the present 64 cavities and a total voltage of 48 MV) is
build up in two branches connected by an achromatic and
isochronous U-bend (Fig. 1). ALPI period consists in one
triplet and 2 cryostats (4 cavities in each cryostat), and a
diagnostic box (profile monitor and Faraday cup) in
between.

The PIAVE-ALPI complex is able to accelerate beams
up to A/q = 7. Higher A/q ions suffer from too low
injection energy to the medium-f cryostats, where the RF
defocusing is too strong and the beam gets easily lost onto
the cavity beam ports for this purpose a new RFQ injector
will be used. In the last years the average cavity
accelerating field has been enhanced by more than a
factor of two with respect to the original design value [9],
see figure 18. The strength of the focusing lenses on the
other hand, has remained the same (20 T/m). Therefore,
even for 6 < A/q < 7 it is hard to design a proper
longitudinal beam dynamics such that it will not cause
problems on the transverse plane, see figure 19. To fully
exploit the available acceleration gradient, some
improvements are required in the layout of ALPI.

For SPES, the Radioactive Ion Beam at 727 keV/A will
be injected into ALPI by means of the QWRs actual
present into PIAVE, see figure 20 and the envelopes in
figure 21, by using this layout and with the help of the
new RFQ the losses in the ALPI linac are reduced at
about 20%: 10% in the first branch of the linac and the
other 10% in the high energy branch of the ALPI linac.

Figure 18: Layout of ALPI with the new RFQ as
Injector.

Figure 19: Multiparticles enveidpes of the ALPI, with
the beam coming out from the new RFQ, from left to
right.
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Figure 21: Multiparticles em?elope of the new low
energy branch, from left to right.
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Abstract

The early beam commissioning of the KEK digital
accelerator, which consists of novel accelerator
components such as a permanent magnet x-band ECRIS,
an Einzel lens longitudinal chopper, an electrostatic
injection kicker, and induction acceleration devices, is
reported here. Performance of the Einzel lens longitudinal
chopper is described. Results of beam commissioning,
such as the beam orbit correction, barrier bucket bunch
capture, and induction acceleration are described.

INTRODUCTION

The KEK digital accelerator (DA) is a small-scale
induction synchrotron (IS) without a high-energy injector
[1]. The concept of an IS was experimentally
demonstrated in 2006 [2] by utilizing the KEK 12 GeV
PS. Instead of an RF cavity, an induction cell is employed
as the acceleration device. It is simply a one-to-one
transformer, which is energized by a switching power
supply generating pulse voltage. Two types of induction
cells for acceleration and confinement are employed. It is
a crucial point of the IS that voltage timing is controlled
by a gate signal of solid-state switching elements based
on bunch signals detected at the bunch monitor. This
operational performance enables acceleration of ions from
extremely low velocities, and is the reason why the DA
does not require a high-energy injector. It is understood
from these properties that the DA is capable of
accelerating any species of ion, regardless of possible
charge state.
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Figure 1: Outline of the KEK Digital Accelerator.

In the KEK DA, schematically shown in Fig. 1, a 5 msec
long ion beam is created in the electron cyclotron
resonance ion source (ECRIS) and chopped by the newly
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developed Einzel lens chopper in 5 psec and post-
accelerated in the acceleration column attached with the
200 kV high-voltage terminal (HVT), after which it
propagates through the low-energy beam transport line
(LEBT) to be injected into the ring with the electrostatic
injection kicker. The electrostatic kicker voltage is turned
off before the injected beam pulse completes a single turn
in the DA ring, which is a rapid-cycle synchrotron. The
injected beam is captured with a pair of barrier voltage
pulses and accelerated with pulse voltages, the pulse
length and amplitude of which are controlled in digital.
Hel+ ions beam commissioning in the KEK-DA is
described here.

MACHINE

Permanent Magnet ECRIS [3]

The ECRIS is embedded on the DC 200 kV high voltage
platform. In order to minimize the consumed electric
power and avoid troublesome of water cooling on the
high voltage platform, the permanent magnet ECRIS
being operated in the pulse-mode (10 Hz and 2-5 msec)
has been developed. This ECRIS driven by a 9.35 GHz
TWT with a maximum output power of 750 W is capable
of producing from hydrogen ion to Argon ion, which are
extracted at 10-14 kV. The HVT including the Einzel lens
chopper and the post-acceleration column is
schematically shown in Fig.2.

Einzel Lens

AV (-B KV
~ 0 kV)

< +17 kV

Marx Generator

Figure 2: Schematic of the HVT and its contents.

Einzel Lens Chopper[4]

As stated in the above introductive part, the revolution
time-period of ions in the KEK-DA is around 10 psec.
The single-turn injection scheme requires a pulse length
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less than 10 psec. A pulse chopper upstream is
necessarily demanded. There are several possible schemes
for a chopper. Is it a high energy type or low energy type?
Is it a transverse type or longitudinal type? Beam-
handling at a low energy stage is apparently preferable,
leading to low yields of secondary electrons, small out-
gassing, and low energy X-ray emission. Another
important factor is its low cost. Careful considerations on
a possible space and discharge in the high voltage post
acceleration column and quality of chopper voltage have
motivated us to develop the Einzel lens chopper, which
works as a longitudinal chopper and demands only an
additional power supply to control the gate voltage. The
chopper head is the Einzel lens middle electrode which is
necessary for transverse orbit matching. To realize a fast
pulse rising and falling time of the chopped pulse, the
solid-state switch driven Marx generator has been
developed. A 5 usec-long pulse of minus 6 kV generated
by the Marx generator is superimposed on DC 17 kV of
the middle electrode, which prevents ions to propagate
downstream except for the gating time-period. The
chopped pulse is immediately post-accelerated in the DC
acceleration column of 186 kV to enter into the
momentum selector or charge-state selector region. Figure
3 shows the 5 usec pulses chopped at the timing of 0.4
msec from the pulse head respectively, which were
measured by a Faraday cup. The rising and falling time
are determined by the circuit parameters of the
diagnostics circuit system including the stray capacitance
of FC. The reconstructed chopped pulse shape is known
to be very sharp.

1.80E-05
0.4 msec delay

11 msecdelay

1.60E-05

1.40E-05

1.20E-05

1.00E-05

Ifc (A)

8.00E-06

6.00E-06

L ozl
Figure 3: 5 pus chopped pulse profiles, which are chopped
at different times from the pulse head of a 5 ms ion pulse.

Low Energy Beam Transport (LEBT)

The LEBT consists of the momentum selector magnet
(or charge state selector), other two bending magnets, 7
focusing quadrupole magnets, a few beam profile
monitors, and additional steering magnets, the last four
magnets (STH3,4 and STV3,4) of which are used for the
purpose of injection error correction.

Ring Lattice

The lattice consists of eight combined-function (FDF)
magnets (M1~M8) symmetrically placed along the beam
orbit. Eight straight sections are occupied by the
electrostatic injection kicker (S1), extraction Kkicker
(S2,S8), extraction septum magnets (S3), induction
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acceleration cells for beam confinement and acceleration
(S6, S7), and vertical orbit correction magnets (S4, S5),
position monitors (S2, S4, S5, S8), movable
screen.monitor  (S1), and bunch monitor (S5)
Lattice/beam parameters are listed in Table 1.

Table 1: Lattice/beam parameters

Circumference Co 37.7m

Bending radius e 3.3m

Maximum B Bmax 0.84 Tesla

Bet. tune in x/y Q/ Qy 2.17-2.09/2.30 - 2.40
Transition energy " 2.25

Energy (Inj.)/ nucleon  Ejy; 200 keV(Q/A)

Rev. frequency f ~80 kHz — 3 MHz

Electrostatic Injection Kicker [5]

From a simple reason that for handling of low velocity
ions electrostatic fields are much suitable, the electrostatic
injection kicker has been employed. Before the injection,
two 80 cm long parallel plates are excited to 20 kV
through a pulse forming network line, which is required
to counter the injection angle of 11.25 degree. To ensure
the field uniformity among two plates, one of which is
grounded, three interim electrode panels are inserted.
Before the ion pulse completes its first turn, the high
voltage is turned off by firing thyratrons, which allow
charges on the capacitance including the electrode plates
to quickly flow to the ground through the register.
Actually the electrostatic kicker voltage was tuned off in a
few psec with dumped back-and force reflection noises.

BEAM COMISSIOING

Beam Orbit

Betatron motions of an injected bunch centroid caused
by injection errors were observed by the diagonal
electrostatic position monitor in both directions. It turned
out that betatron tunes are close to the design values. The
injected Hel+ ion bunch performed free-circultion in the
KEK-DA at the injection fields of B,;;=390 Gauss and
injection optics was optimized by adjusting excitation
currents of the steering magnets placed just before the
injection point (see Fig.4). The off-set seen in Fig.4,
which is left unchanged even after the injection correction
is the closed orbit distortion (COD) at the observing
position s=sM.

The KEK-DA is expected to accelerate ions from the
quite low energy. Therefore, the magnetic fields of the
main magnets at injection are very low as shown in Table
1. At this field level, their remnants fields are relatively
large; they should become potential orbit-error sources.
Actually we have tried to measure remnant fields at the
localized sampling position in the limited area on the pole
face. Their magnitudes scatter from 5 Gauss to 10 Gauss

[6].
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Figure 4: Motion of the beam center: with injection error
(brown) and with correction (blue), observed at some
position monitor.

The COD, which is a periodic function of s with the
periodicity of C, has been observed at 5 points along the
ring. These data are not enough to recognize its whole
profile over the ring. In general, it is known that the COD
resulting from random errors is dominated by the
harmonic components close to the betatron tune, that is, 2.
So, the observed data have been fitted by the 1% and 2"
harmonics. It is shown in Fig.5. Correction of the fitted
COD was tried. For this purpose, 8 figure back-leg coils
have been prepared (see Fig. 6). A back-leg coil is wound
so as to oppositely encircle the return cores of a pair of
every next main magnets. This winding figure is crucial
to correct the 2" harmonic component of the COD and to
avoid the voltage induced on the power supply for the
back-leg coil when the main magnets ramp. The fitted
COD was corrected with four independently excited
correction  currents, which were obtained by
mathematically solving the algebraic correction equation.
The result is shown in Fig.5. The COD changed its shape
as expected at the observing points. Certainly the peak
value was substantially reduced, however, the 3"
harmonic became visible. At the next step this 3"
harmonic component will be corrected.

sM8 sM1

| IR
| e before correction

® after correction

N\
I |

(wo) GODX
N
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] A il 15 20 a3 30 35

Position along the ring (m)
Figure 5: Discretely observed data (red point) of the
COD without correction, its 1% and 2™ harmonics fitted
shape (blue line), observed data (sky blue point) with
correction, and its fitted shape (green).
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Figure 6: COD correction system with four 8 figure back-
leg coils excited by independent power sources.

Free Circulation in the Ring

The injected bunch circulating in the ring without any
longitudinal control has been observed by the bunch
monitor (see Fig.7).

1
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Figure 7: Bunch profiles at the 1% turn and 1 msec and 2
msec (measurement).

Mountain views in the time spaces and their projection on
the time-turn plane as seen in Figs.8a,b are quite useful
for this purpose. Gradual diffusion in the time or on the
orbit coordinate indicates a momentum spread of the
injected bunch. Meanwhile, something like compression
at the early stage of free circulation is visible. This
suggests that the injected bunch has a negative
momentum spread in the bunch head and a positive
momentum spread in addition to an intrinsic momentum
spread. It turns out that the seed of this abnormal
distribution in the phase space is created as transient
effects in the chopper pulse shape and a kind of drift
compression takes place during free run in the ring (see
Fig.9) [7]. In addition, it has been observed that the speed
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of compression depends on the beam intensity [8].
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Figure 8a.: Typical mountain view of a bunch profile.
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Figure 8b: Projection of the mountain view on the time-
turn plane.
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Figure 9: Phase space plot just after the HVT (simulation).

Barrier Bucket Trapping

At the injection energy, various barrier bucket trapping
experiments were conducted. A Hel+ bunch was trapped
by the barrier voltages that were triggered at the
revolution frequency and had a short time duration.
Fig.10 shows that a short fraction corresponding this time
duration is trapped. Two barrier buckets were generated
in one revolution period. As expected, two parts of the
injected pulse were captured (See Fig.11). A barrier
bucket was created with a sufficiently long width to
accommodate the injection pulse. It is shown in Fig. 12
that the captured beam pulse survives through 1
acceleration time period of 50 msec.
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Figure 10: Trapping of a small fraction by the barrier
voltages with a short time duration.
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Figure 11: Trapping of two parts of the injected pulse by
twin pair of barrier voltage pulses.

20N

” Figure 12: Trapping of a full width of the injected puI;e.

Barrier Bucket Handling (Bunch Squeezing)

Barrier bucket handling of a long bunch, which can’t be
realized in an RF bucket, has been expected from early

Synchotrons and Storage Rings
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days of induction synchrotron R&D [2]. This was
demonstrated by using the present Hel+ bunch at the
fixed energy. Bunch profiles on the process of bunch
squeezing, where the trigger timing for the right barrier
voltage pulse is discretely changed by 8 nsec per turn
from 0 msec to 7 msec, are shown in Fig. 13. Mountain
view of the bunch profile in the same experiment, which
delineates typical features of the barrier bucket bunch
trapping, is shown in Fig. 14. This experimental result
seems to reflect a motion of a bunch injected with an
extremely small momentum spread less than 0.025 % and
an energy deviation of +0.23 % in the longitudinal phase
space. The bunch tail moves forward and a part of the
originally bunch head moves backward. Both encounter at
1.5 msec after injection. The latter is reflected by the
moving barrier-voltage pulse. The bunch never expands
beyond this barrier voltage pulse-edges. Beyond 7 msec,
the barrier bucket is fixed. Slightly diffusing of the bunch
into the upper region can be attributed to increasing of the
momentum spread associated with bunch squeezing.

lust after injection

. 3.5 msecafter

Figure 13: Bunch squeezing experiment
schematic of barrier voltage operation (left).
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Figure 14: Projection of the mountain views of the bunch
profile on the squeezing process.
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Acceleration

At the early stage, the beam orbit was not corrected
because all existing monitors didn’t work due to primitive
reasons, such as poor S/N ratio and circuit short. On the
other hand, the acceleration control code for the employed
FPGA were under development. Nevertheless, induction
acceleration was carried out. The injected beam was
accelerated up to 42 msec, reducing its intensity; in other
ward, it corresponds to 12 MeV. Preliminary results are
shown in Fig. 15.

Beam Intensity {au)

0 10 20 30 40
time (msec)
Figure 15: Result of induction acceleration up to 42
msec, corresponding 12 MeV for Hel+.

SUMMARY

We have successfully demonstrated the injection
operation of the KEK-DA and barrier bucket beam-
handling using Hel+ ion beams. The preliminary
acceleration has been demonstrated. What we have
observed seem to be within our expectation. Hereafter,
the induction acceleration under the well managed way
will be continued beyond the present stage. From this fall,
heavy ion beams will be delivered to users, laboratory
experiments for Space Science.
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Abstract

A project using accelerator mass spectrometry (AMS)
is underway at the ATLAS facility to measure the atom
densities of transmutation products present in samples
irradiated in the Advanced Test Reactor at INL. These
atom densities will be used to infer effective actinide
neutron capture cross-sections ranging from thorium to
califorium isotopes different neutron energy spectra
relevant to advanced fuel cycles. This project will require
the measurement of many samples with high precision
and accuracy. The AMS technique at ATLAS is based on
production of highly-charged positive ions in an ECRIS
followed by injection into a linear accelerator. We use a
picosecond laser to ablate the actinide material into the
ion source. We expect that the laser ablation technique
will have higher efficiency and lower chamber
contamination than sputtering or oven evaporation thus
reducing ‘cross talk’ between samples. In addition a
multi-sample holder/changer is part of the project to allow
for a quick change between samples. The results of off-
line ablation tests and first results of a beam generated by
the laser coupled to the ECR are discussed as well as the
overall project schedule.

INTRODUCTION

Advanced nuclear fuel cycles are currently under
evaluation in order to assess their potential to cope with
new requirements of radioactive waste minimization,
optimization of resource utilization and reduced risk of
proliferation. This assessment should account for several
key features of the fuel cycle, as of irradiated fuel
processing, innovative fuel development and fabrication,
waste characterization and disposal. In some cases, the
impact of nuclear data and of their associated
uncertainties can be crucial in order to assess further
exploration. The need for accurate data has been pointed
out in recent studies devoted to Generation-1V systems,
see e.g. [1]. The very high mass actinides can play a
significant role in the feasibility assessment of innovative
fuel cycles. As an example, the potential build-up of %°Cf
when recycling all transuranics in a light water reactor,
leads to increased neutron emissions that could impact the
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fuel fabrication process [2]. As a consequence, the poorly
known nuclear data of higher mass transuranics need to
be significantly improved.

At present, most evaluated data files provide some
information on these isotopes, but up to now, there has
been little emphasis on the quality of these data and very
little reliable uncertainty estimations have been provided.
This situation is due to the difficulty to make both integral
and differential cross section measurements for these
isotopes.

The MANTRA (Measurements of Actinides Neutrons
Transmission Rates with Accelerator mass spectroscopy)
project objectives are to obtain valuable integral
information about neutron cross sections for actinides that
are important for advanced nuclear fuel cycles. The
proposed work takes advantage of two experimental
facilities: the neutron irradiation capabilities of the
Advanced Test Reactor (ATR) at the Idaho National
Laboratory and the Accelerator Mass Spectrometry
(AMS) capabilities of the Argonne Tandem Linac
Accelerator System (ATLAS) at Argonne National
Laboratory [3].

In this paper we will concentrate on the requirements of
the AMS program and the novel aspects, namely the laser
ablation and the multi-sample changer, that are
implemented at the ECR ion source to carry out this
research project. The requirements placed on the AMS
measurements to be performed at ATLAS are quite
challenging. These challenges include high-precision isotope
ratio measurements, minimization of cross-talk between
samples, efficient use of milligram samples, and the
processing of an unprecedented number of samples for a
facility as complex as ATLAS. Unique element (2)
identification is desirable, but is not expected to be possible
except for specific cases.

The measurement configuration for ATLAS uses the ECR-
Il ion source [4], significantly modified as discussed below, as
the source of ions. After acceleration and deceleration
(increasing the accelerator m/g resolution but keeping the ion
energy within acceptance range of analytical elements) in the
ATLAS linac to approximately 1 MeV/u, the actinide ions of
interest are counted in the focal plane of the Fragment Mass
Analyzer (FMA) [5].
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Small Sample Size and Cross-Talk

A major feature of AMS is the ability to analyze small
samples. At ATLAS the AMS activities are focused on
samples of a few milligrams. For this project, an added
complexity is the need to deal with many small samples.
The smaller the samples, the less are the radiological
problems associated with handling a-emitting actinides
for ATLAS operation. The need to measure many small
samples as quickly as possible pushes us to develop
efficient sample changing techniques for the ECR source
and material delivery techniques which minimize source
contamination.

We believe the best approach for this situation is to
develop laser ablation for the feeding of sample material
into the source. With laser ablation a very small and
controllable amount of sample material can be introduced
into the source without introduction of extraneous
material from the sample holder. Also the angular
distribution of ablated material by laser irradiation tends
to be strongly peaked around the normal to the surface [6]
which is expected to improve the efficiency of capture of
ions into the plasma and thereby reduce wall
contamination. Finally, the form of the sample material
(metal, oxide, etc.) is less critical than with the sputtering
or oven technique.

The ECR-II source will also be equipped with a quartz
liner. The quartz liner will keep the main body of the
source relatively clean of actinides, thus simplifying
clean-up. Furthermore, there is some operational evidence
that cross talk among samples is reduced. This effect has
been observed with other AMS projects at ATLAS. A
negative to using a quartz liner is that source performance
as measured by charge-state distribution and maximum
beam intensity is somewhat reduced. But the beam energy
is limited by the bending power of the FMA system and
use of high charge state ions is not required. A mass-to-
charge ratio of ~8-9 will be quite adequate for these
measurements.

LASER PARAMETERS

Laser ablation into an ECR source was first developed
at ATLAS [7] and used as a plasma diagnostic tool [8]
and has since been used by a number of other labs to
explore the coupling of laser produced ions into an ECR
source. The technique has not been used routinely for ion
production and requires development for this application.
The controlled release of materials into the plasma by
well-focused laser light will eliminate the significant
material buildup often seen in the region of the oven
throat or beside the sputter cones, two techniques widely
used for sample feeding to the ECRIS. This inefficient,
indiscriminate injection of material into the source not
only reduces the overall sensitivity of the method but is a
major source of cross-contamination between samples.
Our experience with lasers in the past indicates that the
laser ablation approach will be much cleaner, but must be
shown to work for this application.
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Laser ablation is a term used to describe removal of
material by laser action and it is distinguished from
evaporation in equilibrium conditions. In order to remove
an atom from a solid by means of a laser pulse one should
deliver an amount of energy that exceeds the binding
energy of that atom. Therefore the absorbed energy
density per atom in a laser-heated layer Eg, should at
least be comparable to the heat of vaporisation in
equilibrium;

E.s = 2AF(t,)/nl. (1)

here A is the absorption coefficient; F is the incident laser
fluence, the energy per unit surface area during the pulse

of durationt ;N is atomic number density and I is the

skin depth of the laser in the solid [9]. There are three
regimes of laser ablation depending on the laser and target
parameters: The thermal ablation, the non-equilibrium semi
thermal ablation and the extreme non-equilibrium electrostatic
ablation. In the thermal ablation the laser pulse is longer than
the major relaxation routes in the irradiated material. Heat
conduction and hydrodynamic processes cause the removal of
the atoms from the solids. As a consequence the ablation is
accompanied by the formation of a large heat- affected zone
and throws out molten material [10]. The second regime,
non-equilibrium and semi-thermal, is realized when
electrons have enough time to transfer the energy to the
lattice and the average energy of the ions (temperature)
exceeds the binding energy but the distribution function is
far from the equilibrium Maxwell distribution. In these
conditions, the majority of ions escape the solid before
the equilibrium distribution is established. The extreme
ablation regime, electrostatic ablation, is completely non-
equilibrium and non-thermal. This mode is realised when
a short powerful pulse elevates average electron energy
during the pulse in excess of the sum of the binding
energy of the ions plus the energy necessary for the
electron to escape from a solid. The lattice remains cold
during the pulse. The energetic electrons escaping from a
solid create a huge electrostatic field of charge separation,
which pulls the ions out of a solid [11].

In order to avoid a flow of macroparticles molten
materials into the ECR ion source, we chose a laser with
picoseconds pulse duration. The properties of the laser
that we are using in this application are:

e A =1064 nm

e 15 ps pulse width

o Repetition rate up to 400 Hz

e Pulse energy: variable, up to 5 mJ per pulse.

o Maximum, power of 3x10%W per pulse.

OFF LINE TEST SET UPAND RESULTS

For characterization of the laser and to acquire a better
understanding of the laser ablated material coupling with
the ECR ions source plasma we preformed some test in an
off line setup. The Experimental set up is shown in Fig 1.
A 4000mm focusing lens is placed at the entrance of a
vacuum chamber to mimic the distances required at the
ECR source. The result of the optical set up is a focal spot

Ion Sources, Traps, and Charge Breeding
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with a diameter of 450um at the FWHM. The maximum
laser intensity at the focal spot is 2x10**W/cm?. An image
of the focal spot is presented in Fig 1.

- 3 -
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Focal
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Photodiod Beam
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-

Imaging system

Monitering the
laser energy
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[ — —

f=4000mm =4000mm

Off line test

Vacuum chamber
Figure 1. Off line test set up and the laser focal spot
image.

The laser induced ablation creates a plasma plume
which rapidly expands. Typically the plasma expansion
speed is in the order of 10° cm/sec. During a picosecond
ablation the number of ejected species is about
10%atoms/pulse. The ion flux is about 1% [12]. Using a
faraday cup located at a distance of 15.8cm from a solid
Ta target we extracted the ion velocity by means of time
of flight technique. The calculated averaged ion energy is
40+£10 eV. For Ti the corresponding velocity is
1.2x10°m/sec .

A table of examples of ablated material results is
included below. In these measurements the laser energy
was 1.5-1.6mJ with repetition rate of 400Hz. The
resulting laser peak flunce is 0.7J/cm?. These studies now
provide us with the background information needed to
better understand the laser/source performance when the
laser is coupled to the ECR source.

INSTALLATION AT THE SOURCE

The installation of the laser at the source is shown in
Fig. 2. The laser beam is delivered into the source through
the extraction aperture. The ablation target is located at
the rear of the ECR chamber near the adage of the
plasma.

Multisample Changer

Due to the relatively large number of samples (up to
50) to be measured in this experiment and the need to
rapidly switch between samples to track any changes in
accelerator transmission, an entirely new approach to
sample handling, one that is fully automated, is required.

A sample changer that can accept 20 samples has been
designed and will be mounted on the injection side of the
ECR ion source as shown in Fig. 3. Each sample is
mounted onto the end of a 2900mm long aluminum rod
that travels in UHV compatible plastic holders. The long
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longitudinal distance places the mechanism outside of the
high magnetic field region of the ECR source. The time
to change between samples is less than 1 minute. An
absolute encoder is mounted so position information is
preserved. In addition, a laser sensor is attached to ensure
sample is retracted before rotating. The operation of the
multisample changer can be controlled by the accelerator
crew or automatically by an experiment program.

Table 1: Ablating rates for different materials

Sample Consumption Hole depth Image
rate

Fe solid 1.3mg/39min  1.2mm

(1 location (for 39 min)

shooting for  0.033mg/min

39 min)

Fe solid 1.4mg/39min  1.19mm T

(3 locations (for 13 min) %

.

13 minutes on 0.035mg/min

each location) 0.09mm/min %‘{
3.7x10"
atoms/min
Fe oxide 1.3mg/39min  1.07mm
powder- (for 13 min)
MANTRA  0.033mg/min
target 0.08mm/min
(3 locations  1.24x10% 0.2mm

13 minutes on atoms/min
each location)

Al oxide 0.1mg/30min  0.8mm
powder- (for 10 min) !
MANTRA  0.003mg/min
target 0.08mm/min
(3 locations ~ 1.77x10% 0.5mm
10 minutes  atoms/min
each)
Tb +Fe oxide 0.1mg/20min 0.57mm
powder (for 10 min)
MANTRA  0.005mg/min
target 0.05mm/min
(2 locations ~ 8.2x10™ 0.5mm
10 minutes  atoms/min
each)
U metal 4mg/30min
(3 locations  0.13mg/min
10 minutes
each) 3.280x10"

atoms/min
U oxide 0.5mg/30min
(3 locations  0.016mg/min
10 minutes
each) 3.56x10"°

atoms/min
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Optical elements

Bending magnet Focusing lens to target

High voltage platform

Figure 2: Drawing showing the laser ablation system relative to the ECR source HV platform.

Figure 3: Multisample changer.

Back Light

In order to monitor the laser beam hitting the target
samples, we developed an imaging system. The imaging
system is located behind the last mirror that directs the
laser beam into the source (see Fig 1). We installed a
halogen light at the back of the iron taper, (see Fig 4).
This way we can collect the scattered light behind the
sample holder when it is in place. Using our imaging
system we are able to image the outer edges of the sample
holder. During a run when the laser hit the sample we are
able to identify where the laser hits the sample.
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Figure 4: Multisample changer mounted on ECR source
showing sample location with the back light.

TITANIUM SAMPLE AT THE ECR
SOURCE

Initial tests of the laser coupled to the ECR source took
place with a Ti samples. Fig 5 shows a Ti sample after
irradiation. The laser parameters that we used during this
test are 25Hz repetition rate and a variable energy of 0.5-

1.5mj per pulse. The resulting peak intensity is
5x10*°w/cm?. The overall consumption rate was
0.3mg/hour.

Ion Sources, Traps, and Charge Breeding
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Beam from Ti sample ablated into ECRIS

By means of laser ablation on a Ti sample we were able
to generate a high charge state beam. The charge state
distribution is shown in Fig 6. From the charge state
distribution it is clearly evident the beam production
drops to a very low level of 0.14A when the laser is off.

TUCO03

Depth 200um
Diameter 018mm

Depth 350pum
Diameter 0.24mm
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Diameter 0.42myi
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Figure 6: Charge state distribution of Ti beam. The Ti peaks are labeled with mass/charge state in the two figures. The
charge—state distribution peaks at 13+. For sputter technique the charge—state distribution peaks at 10+-12+.

Long-term Beam Output from Ablated Ti
Sample

For long term stability (100minutes) we measured the
48/13+ charge state. The laser energy that we used for
those measurements was 1.5mj with 25Hz repetition rate.
The focal beam diameter was 0.5mm. Fig 7 shows the
faraday cup current trend with the corresponding laser
energy.

The generated beam is around 4 pA and stable for the
first 10 minutes and then it drops by 80% for the next 20
minutes while on the same time the laser energy is stable.
After that the beam stays stable at a lower level of 0.6 pA
for more than an hour.
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Figure 7: Long term of Ti beam and the corresponding
laser energy for 0.5mm diameter in the focal spot.
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One of the reasons for this beam current instability
current is the drilling rate of the laser in the sample. In
order to lower the drilling rate and to gain more stability
we changed the laser focal spot on the target to be a
bigger. With this new alignment the focal spot was
elliptical with major and minor diameter of 0.8mm and
0.6mm respectively.

Fig. 8 shows the long term beam output in the case of
the bigger focal spot. The laser energy and repetition rate
were the same as in the previous run. Again we measured
the 48/13+ charge state. The beam starts with a drop of
37% in the first 2 minutes. After that it stays stable for 20
minutes and then drops 43% in the last 15 minutes. The
corresponding laser energy is not stable over the same
period of time. We will continue to work to improve the
beam stability.
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Figure 8: Long term of Ti beam and the corresponding
laser energy for the case of elliptical focal spot.

CONCLUSIONS

We had demonstrated high charge state beams
generated at the ECR source from laser ablated material.
To improve the stability of the generated ion beam we
plan to raster continuously the laser beam on the sample.
In addition we plan to investigate the influence of the
spatial beam profile, especially a hat top profile, on the
production of the ion beam. This work is supported by the
U.S. Department of Energy, Office of Nuclear Physics,
under contract No. DE-AC02-06CH11357.
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EXPERIENCES AND LESSONS LEARNED AT CARIBU WITH AN OPEN
252CF SOURCE

S.I. Baker, J.P. Greene, A. Levand, R.C. Pardo, G. Savard, R.C. Vondrasek, L.W. Weber [ANL, Argonne, USA]

Abstract

The CARIBU (the CAlifornium Rare Ion Breeder Up-
grade) project at ATLAS is based on the creation of beams
of neutron-rich nuclei produced as fission fragments from
the 3% fission branch that occurs naturally in the decay of
Cf-252. These fission fragments are thermalized in ultra-
pure helium gas and turned into a charged beam for use
by the ATLAS accelerator or ‘stopped’ beam experiments.
This requires a very thin source, electroplated on a stain-
less steel or platinum backing so that the fission fragments
escape into the helium gas and are efficiently thermalized
and collected into an ion beam. The information learned
from the successive use of two sources with strengths of 2
mCi and 100 mCi has now prepared us for the installation in
mid-summer of a 500 mCi source recently produced by Oak
Ridge National Laboratory. This paper will describe the ra-
diological monitoring system and our experience with the
two weak “open” sources which have exercised and tested
our radiological controls, emissions monitors, and proce-
dures for the CARIBU facility and the source transfer area.

CONTRIBUTION NOT
RECEIVED
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ADVANCED ACCELERATOR TECHNOLOGY ASPECTS FOR
HADRONTHERAPY

L. Falbo, CNAO, Pavia, Italy

Abstract

Nowadays cancer can be considered as one of the wide
spread diseases all around the world. About 50% of the
patients are successfully cured and in 40% of these cases
radiotherapy is the applied treatment modality. Radiation
beams are produced by particle accelerators and about
30% of the 17500 particle accelerators running in the
world are devoted to radiotherapy.

Classical radiotherapy employs photons and electrons
that damage the diseased cells but irradiate also the
healthy ones. A better conformation of the dose to the
tumour and an increasing sparing of the healthy tissues is
obtained using hadrontherapy, a high-precision
radiotherapy exploiting the depth-dose deposition
characteristics of hadronic particles.

The first hadrontherapy treatments have been
performed in particle physics research centers clinically
adapted; nowadays there are dedicated facilities designed
and built as hadrontherapy clinical centres. The
realization of machines for hadrontherapy is more
challenging than standard radiotherapy: while many
hospitals have a device for classical radiotherapy,
hadrontherapy needs a dedicated complex with the needed
technology for the hadron acceleration.

This paper will give an overview on the existing
hadrontherapy centres presenting the technology that is
applied in the hadrontherapy world.

HADRONTHERAPY RATIONALE

Cancer is one of the major world health problems:
about 7 million people are known to die each year
because of this disease. Cancer is the hysterical and
irregular growth and propagation of a cluster of cells.
Radiotherapy technique is based on the principle of using
ionizing particles to damage the DNA of the cancer cells
in order to first block their ability to regenerate and
finally to cause their death.

As soon after their discovery in 1895, X-Rays have
been used with medical purposes for the treatment of ill
tissues. From these first completely empirical tests,
radiotherapy has evolved a lot becoming an important
tool in medicine and one of most exploited technique in
the fight against cancer: about 40% of cancer patients are
cured by radiotherapy, either alone (25%) or in
combination with other techniques like surgery or
chemotherapy. Nowadays among the 17500 accelerators
running in the world, 50% are for medical use and more
than 8000 are only for radiotherapy purposes.

Standard radiotherapy uses photons and electrons that
deposit the maximum of their energy near the beam
entrance and a significant part of energy also after the
tumour target. As a consequence not only the tumour cells
are damaged but also the healthy ones. Recently several
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techniques are employed to confine this problem:
computer-aided optimization of the treatment plans
(Intensity Modulated Radiation Therapy) allows to reach
a better dose conformity irradiating from several
directions and using collimators to transversally shaping
the tumor. Anyway also considering the recent
improvements, the depth dose deposition characteristics
of the standard particles represent a great limitation and
disadvantage in the radiotherapy field.

Hadrontherapy is the answer to this problem. Indeed it
is based on the use of hadrons (the hadrons we are talking
about are protons and heavy ions) whose Bragg curve is
characterized by a narrow peak that occurs distant from
beam entrance: this gives a good dose localization with
low dose at the entrance and at the exit of tumour target.
This effect is well shown in Fig. 1.
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Figure 1: Bragg peaks in the case of photons, electrons
and hadrons[J

This allows to shape the radiation field not only
transversally but also longitudinally using several Bragg
peaks at different penetration depths that create the so
called SOPB (Spread Out Bragg Peak). In other words
hadrontherapy is a high precision kind of radiotherapy.
The hadrons mostly exploited are protons and carbon
ions. Some figures of merit that allow to understand the
advantages of hadrontherapy are the Linear Energy
Transfer [1] (LET, whose value along the particle path
describes the Bragg curve), the Relative Biological
Effectiveness (RBE) [2], i.e. the ratio between the photon
and ions doses to produce the same biological effect, the
Oxygen Enhancement Ratio (OER) [3], i.e. the dose to
produce a biological effect in the absence of oxygen to
the dose to produce the same effect in oxygen presence.
For Cobalt gamma rays the maximum LET is about 10
keV/um, for protons it is approximated 100 keV/pum
while for heavier ions it may reach 1000 keV/pm
presenting a high value in the Bragg peak region and a
low one at the beam entrance. The proton RBE is about 1
while ions heavier than helium have a RBE greater than 3
at the Bragg peak and about 1 in the entry channel. The
photon OER is about 3 while it decreases when LET is
greater than 100 keV/um approaching to unit at 300
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keV/um. Another aspect to be considered is the multiple
scattering: for higher mass the scattering is less relevant
giving improvement in the lateral and longitudinal dose
distribution. However when increasing the mass there is
an increasing of the nuclear fragmentation creating a
tailing of the Bragg peak.

Theoretical studies taking into account all these aspects
indicate that ions for Z>6 should not be a good clinical
choice. When, during the ‘80s hadrontherapy had a
revival in Europe and Japan, carbon ions were indicated
as the best medical choice and often the only solution for
radio-resistant tumors. Other species in the range 1<Z<6
could be as or more interesting than carbon ions [4] and
clinical experimentations at the existing hadrontherapy
facilities could reveal interesting results.

HADRONTHERAPY FACILITY DESIGN
CRITERIA

The considerations reported above are of fundamental
importance to define the design of a hadrontherapy centre.
Indeed the main points that influence the characteristics
of such a facility are the ion species to be accelerated and
the technique to shape the radiation field. Three different
accelerator types are possible: linear accelerators,
cyclotrons, synchrotrons.

The penetration depth ranges between 30 mm and 300
mm. In case of protons and carbon ions, this corresponds
to a range of energy respectively of 60 MeV-220 MeV
and 120 MeV/u-425 MeV/u. In principle these energy
ranges can be obtained with the three accelerators.
However linacs are not very practical and feasible for
high energies and then we will consider only cyclotrons
and synchrotrons that are the main layouts in the
hadrontherapy facilities. On the other hand synchrotrons
can perform easily the acceleration of both proton and
carbon ions. Indeed considering that the limitation is the
magnetic rigidity, a synchrotron for carbon ions can
accelerate all the species with 1<Z<6; also Oxygen can be
accelerated with such a layout but only up to a penetration
range of 190 mm. Even if they are more flexible than
cyclotrons, synchrotrons are technologically more
complicated and then more costly: for example the
synchrotron needs an injection energy of some MeV/u
which requires an injector linac. The cyclotron appears to
be more compact, especially in the case of a
superconducting one. In the case of proton beams
acceleration, a cyclotron has a diameter of about 4-5 m
while a synchrotron reaches 7-11 m (a synchrotron
designed for carbon ions has a diameter of about 20 m).

The maximum energy of carbon ions makes very
challenging the realization of a dedicated cyclotron: up to
now cyclotrons for 400 MeV/u carbon ions have not been
realized yet but a centre has been recently proposed by
IBA [5] consisting of a carbon cyclotron and a proton
cyclotron. The advantage of more compact accelerators is
partially reduced by the overall size of the facility that is
occupied mainly by the beam lines and the treatment
rooms with the gantries and the technical infrastructures.

Applications
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The current from the cyclotron is DC while in a
synchrotron it is pulsed because of the need to ramp the
magnets from the injection value to the extraction value
first and then to a maximum value that allows avoiding
non repeatability problems when changing energy due to
the magnetic hysteresis. As a consequence, generally,
currents from cyclotrons are much higher than the one
from synchrotrons: in the case of protons cyclotron can
deliver about 300 nA instead of some nA from
synchrotrons.

There are essentially two techniques to shape beam
distribution on the tumor target: passive and active beam
delivery. The passive delivery consists essentially in
putting before the patient several absorbers able to change
beam characteristics. The passive technique consists of; a
scatterer to enlarge the beam; a variable degrader and a
ridge filter to increase energy spread creating a SOBP; a
first collimator to select the central part of the beam; the
so called bolus, a device with a “hole” that has the shape
of the distal surface of the tumour; a final multileaf
collimator that gives the beam the required transverse
size. Fig. 2 shows schematically the absorbers used in the
passive scanning.

First
Fine ; Collimat

Rid ollimator
Degrader o Final

Collimator

atterer ¢
monochromatic
beam

Figure 2: Scheme of a passive scanning.

Some variants to this scheme are the use of a rotating
wheel range modulator as variable degrader and the
wobbling method. The rotating wheel allows to change
the thickness of material the beam passes through: in this
way, making rotate the wheel, beams with different
energies are obtained resulting in a SOBP. The wobbling
method is based on the use of scanning magnets that
cause the beam moves on a circle at high frequency
before the scatterer so resulting in a flat beam to be
adjusted transversally and longitudinally.

There are some evident disadvantages of the passive
method. First the bolus and the multileaf collimator are
strongly depending on the tumour and then they are
specific for each patient. Second, as shown in Fig. 3, the
bolus takes into account only the distal surface causing
the proximal parts of the tumour are very badly irradiated.
Third, the presence of lots of materials between the beam
and the patient cause nuclear fragmentation that leads to
dose tails after the Bragg peak. In particular in the case of
heavy ions, passive scanning has other drawbacks. Indeed
heavy ions cause nuclear fragmentation with the target;
furthermore since they scatter less than protons thicker
scatterers are needed to obtain a large treatment field:
thicker scatterers imply larger energy and beam losses
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Figure 3: Dose uniformity in the case of passive and

active system.

Active scanning was first used in Japan in 1980 [6] and
then optimized and regularly used for treatments at PSI
[7], GSI[8], HIT and CNAO [9].

In the active scanning method two magnets are used to
move the beam in the two orthogonal directions. The
tumour is virtually divided in slices in the longitudinal
direction and each slices is thought as composed of small
volumes called voxels (or spots). Each slice is irradiated
fixing the beam energy and irradiating each voxel
changing the currents of the scanning magnets.
Furthermore for each voxel in a slice it can be taken into
account the dose given during the irradiation of the
previous slices.

Therefore with active scanning there is no specific
hardware for each patient but, above all, the irradiated
target is shaped very closely to the tumour target both in
the transverse and in the longitudinal planes. The
drawback of such beam delivery system is a greater
difficulty in operation due to the management of the
scanning magnets and of the beam position and also an
increased sensitivity of the system to current ripples and
changes. To obtain the precision in the dose shaping, the
tumour must be known with the same precision that
characterizes the active scanning. Problems occur in the
cases in which tumour moves because of breathing and
heart beating. In this case the passive scanning appears to
be the easier solution; anyway considering the superiority
of the active method, several studies are in progress
worldwide in order to develop methods that allow to use
the active scanning also with moving tumours: repainting,
gating, beam tracking [10]. Repainting [11] consists in
treating multiple (about 10) times the target with a
reduced dose: in this way, amplitude, period and initial
phase of the organ motion change randomly treatment by
treatment and the irradiation uncertainty is statistically
reduced. Gating [12] is a technique also used in case of
passive scanning. It is based on the irradiation of the
tumour only during a precise percentage (about 30%) of
the organ motion: in this way a cyclotron treatment
increases proportionally while in a synchrotron this
disadvantage is mitigated by the cycle times needed to fill
the ring. Finally beam tracking [13] is an adjustment of
the parameters of the treatment plan in real-time using a
4D organ monitoring signal. A purely active scanning
method, i.e. without absorbers, is possible only with a
synchrotron because of the need of a variable extraction
energy. Indeed the energy from a cyclotron is fixed and
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the active scanning is possible only after having changed
the beam energy like in the passive methods with a wedge
degrader (resulting in a maximum energy variation rate of
about 15 MeV/sec).

All these considerations indicate that the best
technological layout of a particle accelerator for
hadrontherapy is a synchrotron designed for carbon ions
equipped with active scanning.

HADRONTHERAPY IN THE WORLD

The idea of hadrontherapy appeared in 1946 in a paper
written by Robert Wilson [14] that proposed the medical
use of protons produced by the new high energy
accelerators. His idea was realized firstly when 30
patients were treated with protons at the Lawrence
Berkely Laboratory (LBL) in 1954. In the next years
other treatments have been performed in other research
centers worldwide like Uppsala in 1957 and Harvard in
1963. Proton therapy experience followed in new
facilities that became operative in Russia (Dubna in 1967,
Moscow in 1969 and St. Petersburg in 1975), in Japan
(Chiba in 1979, Tsukuba in 1983) and in Switzerland at
the PSI center in 1985.

The world’s first hospital-based dedicated proton
facility started treatments in 1990 after 20 years from the
feasibility study at Loma Linda. The LLUMC (Loma
Linda University Medical Center) synchrotron has a
diameter of 6 m with a 2 MeV injector placed on top of
the ring. A beam of 2:10" particles per spill is extracted
in the range 70-250 MeV with a half-integer resonant
extraction scheme. The center is equipped with a fixed
beam room with two beam lines (for eye and for head-
and-neck treatments), three rotating gantries and a
research room with three beam lines. To date over 15000
patients have been treated.

Nowadays 38 hadrontherapy facilities are in operation
all around the world: Europe (11 centers distributed in
Italy, France, Germany, England, Switzerland, Sweden,
Poland, Russia), Asia (8 centers in Japan, 2 in China, 1 in
South Corea), America (11 centers in USA and 1 in
Canada), South Africa (1 centre). Fig. 4 shows in detail
the locations of each facility. Most centers are proton
facilities using cyclotron technology with passive beam
delivery system. The hadrontherapy synchrotrons are only
14: in Japan HIMAC (Chiba), PATRO (Hyogo), PMRC
(Tsukuba), WERC (Fukui), Shizuoka Cancer Center
(Shizuoka), GHC (Gunma), STPTC (Koriyama-City),
Medipolis Medical Research Institute (Ibusuki); in China,
IMP (Lanzhou); in the USA besides LLUMC, M.D.
Anderson Cancer Center (Houston); in Russia ITEP
(Moscow) and St. Petersburg; in Europe HIT (Heidelberg,
Germany) and CNAO (Pavia, Italy).
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facilities all around the world.

Other facilities are under construction or will start
treatments in the next years in Europe, in Asia, in USA:
12 proton cyclotrons, 2 proton-carbon synchrotrons
(Fudan University Shangai CC in China, MedAustron in
Awustria), 2 proton synchrotrons (McLaren PTC in USA,
PMHPTC in Russia, CMHPTC in Slovak Rep.), 1 carbon
synchrotron (HITFIL in China).

Presently carbon ions are produced in Asia at HIMAC,
GHC, PATRO and IMP, in Europe at HIT and CNAO.
Among these facilities, PATRO [15], HIT [16] and
CNAO [17] produce both protons and carbon ions while
HIMAC, GHC and IMP are dedicated facilities using only
carbon ions. A particular mention is due to HIMAC
centre [18] (see Fig. 5): operating since 1994, it is
producing the most important clinical results with carbon
ions (more than 6600 treated patients). It is equipped with
two synchrotrons at the upper and lower floors that are
much larger than the others (a 42 m diameter instead of
the standard 20-22 m) because they were designed to
deliver 800 MeV/u Si ions for clinical experimentation.

2 10N SOURCES

Figure 5: Himac layout.

Up to December 2011, the total number of treated
patients with hadrons have been 75571, of which 7881
have been treated with carbon ions [19].

LAYOUT OF ATYPICAL SYNCHROTRON

This section will show in detail some aspects of a
synchrotron facility able to deliver proton and carbon
ions. To give some typical orders of magnitude, datas of
CNAO facility, shown in Fig. 6, will be given.
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Figure 6: CNAO layout.

The scheme of such a facility is a low energy injector, a
ring, several beam lines for the transfer of high energy
beams in the treatment rooms. The injector can be placed
outside the ring for easier maintenance, or inside the ring
to save space. It is made up of two or three sources
(depending on the number of species one wants to use
with short switching times), a low energy transfer line
(LEBT) to select and transport the ions produced by the
sources, a linac and the transfer line (MEBT) to transport
the preaccelerated beam to the synchrotron. Only few
facilities have a PIG source or a EBIS source. PIG is
based on the Penning vacuum gauges: a flux of electrons
between an anode and a cathode ionizes a gas creating the
beam. In the EBIS, ions are trapped inside a dense
electron beam and is continuously bombarded by
electrons and sequentially ionized. The most used source
is the ECR one. It is based on the excitement of the
electrons using radiofrequency fields at the electron
cyclotron resonance frequency (10 GHz-18 GHz): the
plasma electrons are confined by a magnetic trap (the so
called minimum B-structure) realized by the
superposition of a hexapole and axial structure. ECR
source has the advantage to produce high intensity beams
for a wide range of charge states.

The 14.5 GHz ECR sources [20] installed at CNAO can
produce 250 pA of C* beam with a normalized emittance
of 0.56 = mm mrad and 1000 pA of H** with an emittance
of 0.67 = mm mrad with an energy of 8 keV/u. The RF,
can be finely adjusted in frequency, has a power of about
8 W for protons and 180 W for carbon ions and is fed by
400 W TWTA power amplifiers.

The low energy linac is composed by an RFQ (Radio
Frequency Quadrupole) and a IH (Interdigital H-type).
The source current is DC but it enters in the RFQ pulsed
thanks to a electrostatic chopper in the LEBT.

CNAO RFQ [21] is a four-rod type with 70 kV
electrode voltage and delivers beams at 400 KeV/u; the
IH [21] is a 5.3 MV/m, 3.77 m long, structure and
accelerates beams up to 7 MeV/u; both tanks work at 217
MHz. MEBT contains elements to fit the transverse and
longitudinal twiss parameters to the ring acceptance, in
addition to stripping foils that change the charge status
from the one produced by the sources. In CNAO stripping
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foils allow to obtain C®* and H*; quadrupoles match the
transverse dimensions while a debuncher tank reduces the
beam momentum spread.

In the needed energy range, proton magnetic rigidity
varies in the range 1.16-2.31 Tm while the one of carbon
ions goes from 3.18 Tm to 6.336 Tm. The use of normal
conducting magnets giving at maximum 1.5 T implies
that ring length is about 60-80 m (CNAO ring is 77.65
m). The acceleration is usually performed by a single
cavity that must be a broadband resonator loaded with
standard ferrites or with ferrite-like amorphous alloy
(CNAO uses VITROVAC, a Fe-Co alloy). The use of
such alloys have several advantages like reducing cavity
dimensions and reducing (in some cases eliminating) the
current for the cavity polarization [22]. The extraction
from the ring is the most important and challenging aspect
influencing ring design. Clinical requirements on dose
uniformity is +2-3%: this requirement with active
scanning cannot be fulfilled with a single turn extraction.
A ssingle turn extraction means a beam shorter than 1 psec
requiring a passive system. As a consequence a slow
extraction in the order of 1 s is mandatory. The slow
extraction mechanism is realized by making unstable the
particle betatron oscillations: the amplitude of their
motion grows steadily until the particle "jumps" into the
aperture of an electrostatic septum allowing the
extraction. The lattice layout of the ring must be set so
that the machine tune at the end of the extraction is near
to an unstable value: to extract the beam, a mechanism
must force the beam into the unstable region. Essentially
three mechanisms are possible to make the beam passing
from the stable to the unstable region. These are the
amplitude selection, the amplitude-momentum selection,
the RF knock out (RFKO). With the amplitude selection,
used in the oldest facilities, the quadrupoles settings are
changed before the extraction in order to vary the
machine tune. In this case the beam that has small
momentum spread and great betatron amplitude, acquires
progressively the extraction tune.

The beam size, position and energy changes during the
extraction because only one amplitude is extracted at a
time. In the amplitude-momentum selection, the
resonance region is fixed and beam moves towards the
resonance. As a consequence momentum spread of the
circulating beam is kept large and the extracted beam has
fixed position, size and energy. At CNAO, beam is driven
into the resonance by a betatron core: it is a toroidal
magnet that creates a fem that accelerates the beam
towards the instability.

Finally in the case of the RFKO method, the machine
tune is fixed and the beam is excited by a transverse RF
perturbation. Also in this case size, position and energy
are stable. Furthermore with this method a rapid switch
off of the dose irradiation is easy to be obtained. Fig. 7
graphically illustrates the three methods using the so
called Steinbech diagram in which the resonance is
represented in the phase space betatron amplitude-
momentum spread.
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Figure 7: Steinbach diagrams of the three methods to put
the beam in resonance.

At LLUMC the unstable tune was chosen to half-
integer; nowadays the chosen resonance in all the
facilities is obtained by a tune of N/3 and a sextupolar
field that feeds the instability (the so called third integer
resonance). Another important aspect of the extraction is
the intensity quality of the spill. Considering the 2% dose
homogeneity and that the time to irradiate a voxel is about
5 msec, beam has to be managed in a time structure of
about 100 psec: this means that the spill intensity
spectrum must be controlled up to 10 kHz. This control is
not easy with the amplitude selection because it requires a
challenging control on the quadrupole ripple; on the
contrary by the momentum selection and the RFKO
technique spill structure can be well controlled. At CNAO
spill ripple is greatly reduced by the use of the empty
bucket technique, simply exploiting the RF cavity used
for the acceleration; furthermore some improvements can
be obtained by a rapid air core quadrupole in feedback on
the spill intensity. Finally also the extraction lines are
technologically challenging. First the number of lines
must be high with rapid switching among the lines in
order to maximize the number of patients. Second the
beam quality needed at all the energies (stable position,
possibility to have round beams with varying dimensions
and so on) puts constraints on magnetic lattices and
requires precise specifications on power supplies,
magnets, control system, beam diagnostics controlling in
real time the dose delivered to the patient (the so called
nozzle), patient positioning. In particular the extraction
lines must be equipped with a system able to guarantee a
rapid switch off of the extracted beam (order of 100pusec
considering the requirement on dose uniformity). Indeed a
rapid switch off is not possible with a betatron core that is
a highly inductive element and then slow; also in the case
of the RFKO the time of a switch off is in the order of 1
msec. At CNAO this is obtained by four fast chopper
magnets (100 psec) (see Fig. 8) installed along the
extraction line that create a bump on the beam orbit: if the
bump is not performed beam orbit ends on a dump.
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Figure 8: CNAO safety system for a fast beam switch off.

To improve the quality of the treatment, irradiation
from different directions is mandatory. This is achieved
either displacing the patient, or using several lines in the
same room (e.g. horizontal and wvertical) or installing
rotating beam lines, the so called gantries. Nowadays
gantries for protons are present in most facilities; on the
contrary a gantry for carbon ions must have a higher
weight and size: up to now only the Heidelberg facility is
equipped with a carbon ions gantry (weight of 600 tons,
diameter of 13 m against the standard dimensions for
protons of 100 tons and 10 m) that is under
commissioning [23].

HADRONTHERAPY BUSINESS

Since the construction of the first hospital-based facility
most technologic guidelines for the realization of a
hadrontherapy centre have been delineated. This allowed
some companies to produce projects for the
commercialization of ion beam therapy centres with
largely standard components. The main companies are
IBA, Hitachi, Mitsubishi, Sumitomo, Varian, Still River.
Considering the number of built facilities, IBA is the
world’s most important company. Its centres are based on
a 230 MeV normal conducting cyclotron for protons with
horizontal beam lines and rotating gantries with passive
scanning. Varian, that bought ACCEL in 2007, builds
facilities delivering protons in the range 70-250 MeV
with an isochronous superconducting cyclotron to 6
treatment rooms. Hitachi has sold 70-250 MeV proton
synchrotrons with performances that are similar to the
LLUMC. Also Optivus company, that has followed
maintenance and improvements of LLUMC, is marketing
a proton system very similar to LLUMC.

Still River Systems is offering a miniaturized 250 MeV
proton  superconducting synchrocyclotron  mounted
directly on the gantry within the treatment room:
installation of the first facility is underway in USA.

Sumitomo has commercialized a 230 MeV proton
cyclotron with up to 5 rooms. It is also marketing carbon
ions synchrotrons able to deliver C®* and C** to three
treatment rooms; even if it has installed injectors to
PATRO and GHMC it has not yet sold a complete carbon
synchrotron facility.
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Mitsubishi markets a 70-250 MeV proton synchrotron
for up to 6 treatment rooms; it also has sold two
synchrotrons for both 70-250 MeV proton and 70-380
MeV/u carbon ions. The other commercial centre for both
protons and carbons has been produced by Siemens.
However in Summer 2011 Siemens announced its loss of
commercial interest in the hadrontherapy field: as a
consequence the nearly finished centre in Kiel will be
dismantled selling components to other therapy centres,
while the just finished Marburg centre will continue only
research activities for about two years before its probable
dismantling.

Even if there are a lot of firms, the hadrontherapy field
is not limited to firms; the field is still technologically
challenging then research centres still contribute to the
design and the construction of facilities: e.g. CNAO, that
started treatments in September 2011, was born from the
PIMMS [24] performed at CERN and built by the help of
a strong net of international collaborations with research
centres: INFN (Italy), CERN, GSI (Germany), LPSC
(France), NIRS (Japan), italian universities (Milan, Pavia,
Turin).

Apart the R&D on technological aspects of the actual
hadrontherapy facility layouts, lots of ideas are under
developments to improve the performance of
hadrontherapy centers, mainly in tumour tracking and
tumour imaging sectors but also in accelerator technology
field (like FFAG, LIBO, DWA and Laser acceleration).
FFAG [25] design foresees fixed-field combined-function
bending magnets: a strong radial magnetic field gradient
in the dipole component allows to keep the beam in a
narrow ring like in a synchrotron but without ramping the
magnets so having a DC beam with the possibility of fast
energy changes.

LIBO (Linac Booster) [26] foresees a proton linac (1.5
m with 27 MV/m) booster from 30 to 250 MeV so it can
be used in association with the standard cyclotron for
radioisotopes; the application of this idea for carbon is
under study.

DWA (dielectric wall-induction linac) [27] idea is
based on the use of new dielectrics able to sustain greater
voltage gradient (100 MV/m) in order to reach an
acceleration of 250 MeV with a 3 m linac.

Finally the acceleration with high power lasers [28] is
under study in order to meet the several clinical
requirements.

CONCLUSIONS

Since the birth of the idea, hadrontherapy field has
developed a lot with a rapid growth in the last years in
terms of treatments and operative facilities all around the
world. The centers have passed from the status of
research centres to the one of hospital dedicated facilities
with firms that commercialize facility models. Carbon
facilities are greater and more expensive than proton
facilities but the clinical advantages of carbon with
respect to protons push to the building of new
synchrotrons able to deliver both species. Also R&D

161



WEAO(1

remains an important aspect of this field both in the
improvement of the present designs and in the search for
new accelerator machine layouts.
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FOCUSING OF INTENSE HEAVY ION BEAMS WITH PLASMA LENSES

O. Meusel, M. Droba, U. Ratzinger, K. Schulte [IAP, Frankfurt am Main, Germany]

Abstract

Gabor lenses are a special type of plasma lens using a
stable confined electron cloud for beam focusing. The elec-
trons provide space charge neutralization of the beam trav-
eling through the lens volume. At the same time a radial
symmetric electrostatic self field focuses the beam mass in-
dependently. It is possible to control the density and distri-
bution of the confined electrons providing variable focus-
ing strength and moderate emittance growth of the beam.
The knowledge of the behavior of the electron column in-
side this lens type is essential to understand the impact on
beam transport. Therefore several diagnostic tools were de-
veloped to measure the electron cloud properties with and
without ion beam propagation through Gabor lenses. Based
on experimental results a new Gabor plasma lens has been
designed for focusing heavy ion beams. A comparison of
this lens type and a superconducting solenoid is planned at
the low energy transport section of the GSI - High Current
Test Injector (HOSTI).

Main Accelerator Systems and Components

CONTRIBUTION NOT
RECEIVED
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ELECTRON BEAM ION SOURCES, TRAPS, AND STRINGS: VERSATILE
DEVICES TO MEET THE HIGH CHARGE STATE ION NEEDS OF
MODERN FACILITIES

E.N. Beebe, J.G. Alessi, A.I. Pikin [BNL, Upton, Long Island, New York, USA]

Abstract

Electron beam ion sources (EBIS) and its variants such
as the electron beam ion trap (EBIT) and electron string
ion source (ESIS) have been selected to provide highly
charged ions for several atomic and nuclear physics fa-
cilities. Since the capture and breeding can be short and
highly efficient, EBIST devices are increasingly being cho-
sen for trapping and/or reacceleration of radioactive beams.
The sources can range from petite to grand, using elec-
tron beams from ~ImA to 10A or more. They often serve
accelerators and beam lines in large laboratories but they
can be self contained laboratories where experiments are
made in situ. We will discuss the basic principles as well
as applications of these sources at various facilities around
the world. Some emphasis will be placed on the recently
commissioned RHIC EBIS source which is now providing
beams for both high energy physics at the relativistic heavy
ion collider as well as the NASA space radiation laboratory
at BNL.
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COMMISSIONING OF CARIBU EBIS CHARGE BREEDER

SUB-SYSTEMS*

S. Kondrashev”, C. Dickerson, A. Levand, P.N. Ostroumov, R. VVondrasek
ANL, Argonne, IL 60439, USA
A. Pikin, BNL, Upton, NY 11973, USA
G.l. Kuznetsov, M.A. Batazova, BINP, Novosibirsk, 630090, Russia

Abstract

A high-efficiency charge breeder based on an
Electron Beam Ion Source (EBIS) to increase the intensity
and improve the purity of accelerated neutron-rich
radioactive ion beams is being developed by the ANL
Physics Division. The design of the CARIBU EBIS
charge breeder is complete and manufacturing of the
components and sub-systems is in progress. Two key
elements of the breeder - a 6-Tesla superconducting
solenoid and a high-perveance electron gun were recently
delivered and successfully commissioned. The current
status of the ANL EBIS development and commissioning
results of different EBIS sub-systems will be presented.

INTRODUCTION

The Californium Rare Isotope Breeder Upgrade
(CARIBU) for the Argonne National Laboratory Argonne
Tandem Linac Accelerator System (ATLAS) has been
recently commissioned. In its full capacity, the CARIBU
facility will use fission fragments from a 1 Curie (Ci)
2Cf source [1]. The ions are thermalized and collected
into a low-energy ion beam by a helium gas catcher, mass
selected by an isobar separator, and charge bred to higher
charge states for acceleration in ATLAS. To reach
energies E/A ~ 10 MeV/u, one should inject ions with a
charge-to-mass ratio (q/A) > 1/7 into the ATLAS. In the
first stage, the existing Electron Cyclotron Resonance
(ECR) ion source is used as a charge breeder [2]. The
maximum intensity of radioactive ion beams at the output
of the gas catcher for a 1 Curie **Cf source will not
exceed 107 ions per second. A charge breeder (CB) based
on an Electron Beam lon Source (EBIS) has significant
advantages over the ECR option for ion beam intensities
up to about 10° ions per second, providing higher
efficiency, shorter breeding times and significantly better
purity of highly charged radioactive ion beams for further
acceleration. The EBIS CB project for CARIBU is
heavily utilizing state-of-the-art EBIS technology recently
developed at Brookhaven National Laboratory [3].
However, the parameters of the electron gun, potential
distribution in the ion trap region, electron collector and
injection/extraction lines are substantially modified to
obtain the highest acceptance and breeding efficiency of
low intensity rare isotope beams which is expected to be
higher than 20%. Special attention was paid to the
vacuum system because the vacuum inside the EBIS trap
will define the purity of charge-bred radioactive ion
beams.

*This work was supported by the U.S. Department of Energy, Office of
Nuclear Physics, under Contract No. DE-AC02-06CH11357.
*kondrashev@anl.gov

Ion Sources, Traps, and Charge Breeding

DESIGN OF CARIBU EBIS CHARGE
BREEDER

In this section the main features of the CARIBU
EBIS design will be highlighted. The main parameters of
the CARIBU EBIS CB are presented in Table 1.

Table 1: Main parameters of CARIBU EBIS CB

Low current | High current
Parameter
e-gun e-gun
Superconducting solenoid:
length/field 1m/6 T Lm/eT
Diameter of IrCe thermionic
1.6 mm 4 mm
cathode
Electron beam current 02A 2A
Electron beam energy ~ 2 keV ~5keV
Electron beam diameter in
the trap 230 um 580 pm
Electron beam current ~ 480 Alem? ~ 750 Alem?
density in the trap
lon trap length 05m 05m
Trap capacity (in elementary ~ 4.10%° ~ 2101
charges)

Two e-guns were developed and built for the breeder: a
high-current (2 A) and a low-current (0.2 A) e-gun. The
low-current e-gun will be used to study the possibility of
higher breeding efficiency for shell closures with lower
electron beam energies.

Prior to installation into the CARIBU-ATLAS beam
line, the breeder will be commissioned off-line and
breeding efficiency will be optimized by injecting a
pulsed ion beam generated by a surface ionization Cs" ion
source. Setup for off-line commissioning of the breeder is
presented in Fig. 1.

Scintillator-based pepper-pot emittance meters [7]
developed at ANL and Faraday cups will be installed at
several locations along the injection and extraction lines
to measure emittance and current of injected and extracted
ion beams.

Eleven drift tubes are used to transport the electron
beam from the EBIS e-gun to the collector entrance. All
drift tubes have longitudinal slots to facilitate pumping of
the ion trap volume (Figures 2 and 3).
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Figure 1: Setup for off-line commissioning of CARIBU EBIS charge breeder.

More details on parameters and design of the CARIBU
EBIS CB can be found elsewhere [4, 5, and 6].

COMMISSIONING OF6 T
SUPERCONDUCTING SOLENOID

An unshielded 6-Tesla superconducting solenoid with a
warm bore diameter of 155 mm and a length of 1 m, from
Cryomagnetics, Inc., was delivered in October 2011. The
photograph of the solenoid installed in the final position
on the high wvoltage (HV) platform for on-site

z Supporting tube (coated by NEG) ~ commissioning is presented in Figure 4.

Drift tubes

Potential lead

Figure 3: Photograph of drift tube.

Figure 4: Photograph of 6 T solenoid installed at HV
platform.

The warm bore of the solenoid is equipped with x and y
translators. In the first step the mechanical axis of warm

The internal surface of the surrounding (supporting)
tube will be coated with non-evaporable getter (NEG) to
provide high pumping speed in the trap region.
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bore was aligned with magnetic axis of the solenoid using
these translators in real magnetic environment.

The main specified and measured parameters of the
solenoid are presented in Table 2.

Table 2: Parameters of the solenoid

Central Field 6.0T 6.05T @ 82.66 A
Maximum Field 66T 6.6 T@ 90.17 A
Charge Time to 6 T 70 min 70 min

Field Homogeneity +0.4% over + 30 cm on axis +0.2% over + 30 cm on axis
Coil Inductance 195H 193 H
Field Decay Rate

<1 ppm/hour <0.01 ppm/hour

The simulated and measured axial magnetic field
profiles along the solenoid axis are shown in Figure 5 (a,
b). A zoomed profile (Figure 5 (b)) shows the flatness of
the central field.

As one can see from Table 2 and Figure 5 (a, b) all
specified parameters were met. The measured magnetic
field homogeneity and field decay rate exceeded the
design requirements.
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Figure 5 (a, b): Axial magnetic field profiles (Figure 5 (b)
is zoomed from Figure (a)).
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COMMISSIONING OF E-GUN

High-current (2 A) and low-current (0.2 A) e-guns have
been ordered from BINP (Novosibirsk, Russia) and were
delivered in April 2012. The main specified parameters of
both e-guns are summarized in Table 3.

Table 3: Main specified parameters of 2 A and 0.2 A
e-guns.

Parameter CARIBU CARIBU
(high current)  (low current)

Current Upto2A Upto0.2A
Current density at the 10-15 A/cm? 10-15 A/cm?
cathode
Magnetic field at the cathode ~0.15T ~0.15T
surface
Cathode material IrCe IrCe
Cathode diameter 4 mm 1.6 mm
Radius of cathode convex 6.6 mm 1.8 mm
surface
Expected cathode lifetime ~ 20000 hours  ~ 20000 hours

As mentioned above, a 2 A e-gun is the main option for
the new CARIBU EBIS charge breeder and the 0.2 A e-
gun will be used to study the possibility of higher
breeding efficiency for shell closures with lower electron
beam energies.

The engineering model of the e-gun is presented in
Fig. 6.

Figure 6: Engineering model of the e-gun (1 — IrCe
thermionic cathode, 2 — anode, 3 — vacuum chamber, 4 —
magnetic coil).

Both are semi-immersed type e-guns with pure

magnetic compression [8]. IrCe thermionic cathodes are
used because of their long demonstrated live times [9].
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2A and 0.2 A e-guns are switchable by exchanging the
thermionic cathode units only. Pumping of the e-gun
vacuum chamber will be provided by turbo and NEG
cartridge pumps with total pumping speed for nitrogen of
about 1000 I/s.

The photograph of 4 mm IrCe thermionic cathode units
mounted for heating tests is presented in Fig. 7.

Figure 7: Photograph of 4 mm IrCe thermionic cathode
units mounted for heating tests.

The current-voltage heating curve and the dependence
of surface brightness temperature on heating power for 4
mm IrCe thermionic cathode units are reported in Figures
8and 9.
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Figure 8: Current-voltage heating curve for 4 mm IrCe
thermionic cathode units.
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Figure 9: Dependence of surface brightness temperature
on heating power for 4 mm IrCe thermionic cathode units.

The red star in Figure 8 indicates CARIBU EBIS
charge breeder operational point.

Photograph of the e-gun assembly during factory
commissioning is presented in Figure 10.

Figure 10: Photograph of e-gun assembly during factory
commissioning.

A pulsed negative voltage with a duration of about 10 ps
was applied between e-gun cathode and grounded anode.
Electron beam current was measured by current
transformer. Pulse shapes of the applied voltage and
electron beam current are presented in Figure 11.
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Figure 11: Pulse shapes of applied voltage and electron
beam current.

The dependences of electron beam current on applied
cathode-anode voltage are reported in Figure 12 for
different cathode heating power.
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Figure 12: Dependences of electron beam current on
applied cathode-anode voltage for different cathode
heating power.

As one can see, electron beam current exceeds 3 A for
cathode-anode voltage of 12 kV. The perveance of the e-
gun was found to be equal to 2.6°10° AN,
Experimental data was in good agreement with results of
e-gun simulations using SAM code [10].

SUMMARY

The EBIS charge breeder is an excellent choice for
acceleration of CARIBU radioactive ion beams by
ATLAS and should provide high efficiency, short
breeding times and superior purity of accelerated beams.
Design of the CARIBU EBIS charge breeder has been
completed. Manufacturing and procurement of different
components and sub-systems are currently in progress.
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A6 T superconducting solenoid and a high-perveance
e-gun have been recently commissioned and met all
specified parameters.
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DREEBIT EBIS/T FOR APPLICATIONS IN ACCELERATOR PHYSICS

M. Schmidt*, A. Thorn, DREEBIT GmbH, Dresden, Germany
G. Zschornack, Technische Universitidt Dresden, Dresden, Germany

Abstract

Electron Beam Ion Sources and Traps (EBIS/T) pro-
vide light up to heavy ions of low up to high charge
states for various applications in accelerator physics such
as medical particle therapy and charge breeding. Beside the
well-known but quiet costly superconducting EBIS/T type
systems compact and permanent magnet-operated EBIS/T
from the DREEBIT GmbH are available, favorable for low-
budget projects. Moreover, the "flagship” of the DREEBIT
ion source family, the superconducting EBIS-SC features
operating parameters comparable to the complex and ex-
pensive systems in the EBIS/T community.

HIGHLY CHARGED IONS

Properties

Highly charged ions yield interesting properties, in par-
ticular for accelerator physics. They feature a very effi-
cient acceleration potential since the kinetic energy gain
increases linearly with the charge state for electrostatic ac-
celerator and even quadratically with the charge state for
circular accelerators. Furthermore, the potential energy of
highly charged ions leads to high power deposition into sur-
faces connected with higher secondary particle emission at
ion solid interactions.

Production

However, the production of highly charged ions (HClIs)
has led to different technological approaches, such as ion
stripping in ion accelerator structures, ECR ion sources,
laser ion sources and Electron Beam Ion Sources/Traps
(EBIS/T). Beside the mentioned technologies EBIS/T sys-
tems have proved as reliable and stable working sources of
HCTs of the highest charge states.

EBIS/T

EBIS/T ionize initially neutrals and low charged ions in
magnetically compressed high-dense electron beams up to
high and very high charge states. Already small amounts
of bare uranium ions have been produced.

Normally, such EBIS/T facilities feature special, so-
phisticated and complex laboratory installations of the
superconducting ion source type.

There are only two suppliers in the world offering com-
mercial EBIS/T systems. One of them is the DREEBIT
GmbH Dresden (Germany) marketing a whole family of
EBIS/T systems.

* mike.schmidt@dreebit.com
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The room-temperature Dresden EBIS/T with permanent
magnets feature operating parameters which suit most
of the user requirements at by far lower initial as well
as maintenance costs (see Fig. 1). In addition, in order
to satisfy the need for increased ion output, a liquid
helium free superconducting EBIS (Dresden EBIS-SC)
with closed-cycle refrigerator technology is available
complementing the ion source portfolio of the company
(see Fig. 2).

USER-SPECIFIC ION IRRADIATION
FACILITY

Based on its ion source knowledge the DREEBIT GmbH
has designed and comissioned several customer-specific
ion irradition facilities equipped with Dresden EBIS/T
systems (see Fig. 3). The facilities are complemented with
the necessary ion optics and ion diagnostics such as Einzel
lenses, deflectors, quadrupol beam bender, accel/decel
lens systems, Wien filter, Pepper-Pot-Emittance Meter,
Retarding-Field Analyzer, Faraday cups. Individual target
chamber and target transfer systems. In dependence
on the user need different configurations of ion sources
and beamline equipment as mentioned above have been
accomplished.

,;g ‘
“hld
=i —

Figure 1: Room-Temperature EBIS/T.

APPLICATIONS

EBIS/T systems have been succesfully operated in low
energy beamlines so far. In order to extend the application
potential investigations on charge breeding as well as in
medical particle therapy have been done.

Ion Sources, Traps, and Charge Breeding
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Figure 3: Ion Irradiation Facility L.

Charge Breeding

Charge breeding via external injection in EBIS/T com-
plements the portfolio of available elements for the pro-
duction of highly charged ions. In particlular the produc-
tion of short-living radioactive isotops and their efficient
post-acceleration as well as the exact mass determination
of them makes efficient charge breeding necessary. [1].
Thereby the species of interest is produced outside the ion
source and subsequently injected into the EBIS/T, e.g. as
an beam of low charged ions. In the EBIS/T charge breed-
ing converts the low charged ions to highly charged ions.
Proving the charge breeding ability and efficiency experi-
ments with gold have been done with a Dresden EBIS-A
[2]. A liquid metal alloy ion source was used for producing
low charged gold ions extracting them and subsequently
injecting them into the EBIS-A for charge-breeding and re-
extraction after ionizing (see Fig. 4).

Medical Particle Therapy

Cancer is the second most common cause of death in
the industrial nations. Hence every 3rd person will con-
front some kind of cancer in its life. About 45 percent of
cancer patients can be treated, mainly by surgery and ra-
diation therapy, respectively [3]. Thereby hadron therapy
with protons and carbon ions is the second most successful
technique in cancer treatment, outmatched only by surgery.
Up to now about 71000 patients were treated by particle
therapy at 32 particle therapy centers (Europe, USA, Japan,

Ion Sources, Traps, and Charge Breeding
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Figure 4: Charge breeding setup with an EBIS-A.

China, South Africa). The trend is increasing.

In contrast to other radiation therapies the ion therapy fea-
tures a high biological efficiency causing lethal damage
in the tumor cells and leaving the healthy tissue intact
(BRAGG interaction).

Compared to currently used ionsources (primarily ECR ion
sources) in medical particle therapy facilities EBIS/T sys-
tems feature significantly better beam quality (emittance).
Furthermore the beam purity, a stringent requirement for
patient irradiation is much higher since plasma ion sources
like ECR work at operating pressures in the order of 106
mbar (mixing of C, N and O in the plasma) but EBIS/T
usually with 10~8 mbar and better.

In addition, EBIS/T suit the pulse mode operation regime
required by accelerator facilities such as synchrotrons and
cyclotrons since they are normally operating in pulsed
mode anyway.

Preliminary proof-of-concept experiments with Siemens
Medical have been accomplished. As a next step experi-
ments with a Dresden EBIS-SC at the Heidelberg Hadron
Therapy Facility HIT are scheduled for 2013.
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ELECTRON AND ION BEAM DYNAMICS IN THE CARIBU EBIS
CHARGE BREEDER

C. Dickerson, S.A. Kondrashev, B. Mustapha, PN. Ostroumov [ANL, Argonne, USA]
A.L Pikin [BNL, Upton, Long Island, New York, USA]

Abstract

An Electron Beam Ion Source (EBIS) is being built to
charge breed ion beams from the Californium Rare Iso-
tope Breeder Upgrade (CARIBU) for acceleration in the Ar-
gonne Tandem Linear Accelerator System (ATLAS) at Ar-
gonne National Laboratory (ANL). The overall efficiency
of the source and charge breeder system is important since
CARIBU will produce many low intensity radioactive ion
species. Simulations of the electron and ion beam dynamics
have been used to determine the system’s expected perfor-
mance. The details of these simulations and results will be
presented.
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ECRIS LATEST DEVELOPMENTS

L. Celona, G. Castro, S. Gammino, D. Mascali [INFN/LNS, Catania, Italy]
G. Ciavola [CNAO Foundation, Milan, Italy]

Abstract

The production of intense beams of highly charged ions
(HCI) is one of the most relevant challenge for the future
accelerator facilities. Electron Cyclotron Resonance Ion
Sources (ECRIS) are nowadays the most powerful devices
able to feed accelerators with HCI in a reliable and efficient
way. The reliability of frontier solutions for magnets and
the increased costs for microwave generators make scaling
to larger frequency not viable. Any further improvement
of ECRIS output currents and average charge state requires
a deep understanding of electron and ion dynamics in the
plasma. In the past 20 years different teams have been
working in the forefront of ion source developments with
both experimental and theoretical activities, proposing dif-
ferent solutions to improve the production rate. The paper
will discuss the most recent technological developments in
the field, worldwide, together with the modeling issues of
non-classical evidences like sensitivity of Electron Energy
Distribution Function to the magnetic field detuning, influ-
ence of plasma turbulences on electron heating and ion con-
finement, coupling between electron and ion dynamics and
relative impact on the formed ion beam.
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PRODUCTION 72 MHZ £=0.077 SUPERCONDUCTING QUARTER-WAVE
CAVITIES FOR ATLAS

M.P. Kelly, Z.A. Conway, S.M. Gerbick, M. Kedzie, R.C. Murphy, B. Mustapha, P.N. Ostroumov, T. Reid [ANL

Abstract

A total of eight 72 MHz $=0.077 superconducting quarter-
wave cavities have recently been completed at Argonne
National Laboratory. Seven of these will installed into the
ATLAS superconducting heavy-ion linac as part of a beam
intensity upgrade, with one remaining for the purposes of
continuing to push the performance limits in these struc-
tures. Cavities were fabricated using techniques adapted
the worldwide effort push niobium cavities close to the
material limits. Key developments include the use of elec-
tropolishing on the complete helium-jacketed cavity. Wire
EDM has been used instead of traditional niobium machin-
ing in order to minimize performance limiting defects near
the weld seams. Hydrogen degassing at 600C after elec-
tropolishing has also been performed. Initial test results
show practical acceleration at 4 Kelvin with cavity volt-
ages, Vacc>3 MV/cavity and at 2 Kelvin with Bpeak>120
mT and Vacc>5 MV/cavity.

CONTRIBUTION NOT
RECEIVED
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STATUS OF THE HIE-ISOLDE PROJECT AT CERN

M.A. Fraser, Y. Kadi, A.P. Bernardes, Y. Blumenfeld, E. Bravin, S. Calatroni, R. Catherall,
B. Goddard, D. Parchet, E. Siesling, W. Venturini Delsolaro, G. Vandoni, D. Voulot, L.R. Williams

CERN, Geneva, Switzerland

Abstract

The HIE-ISOLDE project represents a major upgrade
of the ISOLDE nuclear facility with a mandate to signif-
icantly improve the quality and increase the intensity and
energy of radioactive nuclear beams produced at CERN.
The project will expand the experimental nuclear physics
programme at ISOLDE by focusing on an upgrade of the
existing Radioactive ion beam EXperiment (REX) linac
with a 40 MV superconducting linac comprising thirty-two
niobium-on-copper sputter-coated quarter-wave resonators
housed in six cryomodules. The new linac will raise the
energy of post-accelerated beams from 3 MeV/u to over
10 MeV/u. The upgrade will be staged to first deliver
beam energies of 5.5 MeV/u using two high-8 cryomod-
ules placed downstream of REX, before the energy variable
section of the existing linac is replaced with two low- cry-
omodules and two additional high-8 cryomodules are in-
stalled to attain over 10 MeV/u with full energy variability
above 0.45 MeV/u. An overview of the project including
a status summary of the different R&D activities and the
schedule will outlined.

INTRODUCTION

The High Intensity and Energy (HIE) ISOLDE
project [1] aims at several important upgrades of the
present ISOLDE radioactive beam facility at CERN. The
main focus lies in the energy upgrade of the post-
accelerated radionuclide beams from 3 MeV/u up to over
10 MeV/u through the addition of superconducting (SC)
quarter-wave resonators (QWRs) operating at 101.28 MHz.
This will open the possibility of many new types of exper-
iments including transfer reactions throughout the nuclear
chart.

The project also includes a design study that aims at im-
proving the target and front-end part of ISOLDE to fully
benefit from upgrades of the existing CERN proton injec-
tors, e.g. LINAC4 and upgrade in energy of the PS Booster.
This improvement combined with upgrades to the RILIS
laser ion source and the radiofrequency quadrupole (RFQ)
cooler and buncher (ISCOOL) will lead to an increase of
radioactive beam intensities of up to an order of magni-
tude. The beam emittance will be improved with the im-
plementation of ISCOOL placed after a pre-separator but
before a new High-Resolution Separator (HRS). The new
HRS, based on the latest magnet technology, will have suf-
ficient mass resolution to permit isobaric separation. IS-

Radioactive Ion Beams and Facilities

COOL will also permit a tailoring of the time structure of
the beam, removing the dependence on the proton beam
time structure and diffusion-effusion properties of the tar-
get and ion source units. Highly charged ions will be pro-
vided for REX and other users through an improved low
energy stage of REX-ISOLDE and a possible installation
of an upgraded Electron Beam Ion Source (EBIS) charge
breeder.

The linac upgrade will be staged in order to deliver
higher beam energies to the experiments as soon as pos-
sible, with future upgrade stages ensuring a wide range
of energy variability and providing an optional ~100 ns
bunch spacing. The first stage of the upgrade involves
the design, construction, installation and commissioning
of two cryomodules downstream of REX, the existing
post-accelerator. These cryomodules will each house five
high-3 (8, = 10.3%) SC cavities and one SC solenoid.
Extra cryomodules will be added to the beam line in a
modular fashion until all six cryomodules, including two
cryomodules housing six low-8 (8, = 6.3%) SC cavi-
ties and two SC solenoids, are online. The upgrade will
be completed with a final stage that will see the linac ex-
tended in order to make room to pre-bunch the beam into
the existing RFQ accelerator at a sub-harmonic frequency
below 101.28 MHz, allowing the bunch spacing to be in-
creased without significant loss in transmission; time-of-
flight particle detection will then be viable at the experi-
ments. Also foreseen is a beam chopper to reject the back-
ground of populated satellite bunches either side of the
main sub-harmonic beam pulses. The staged installation
of the linac is shown schematically in Figure 1. The pre-
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Figure 1: A schematic of the staged installation of the HIE-
ISOLDE linac (Existing REX structures: RFQ, IHS: 20-
gap IH-structure, 7GX: 7-gap split-ring cavities, 9GP: 9-
gap [H-structure).
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bunching/chopping scheme is under study and still to be
finalised, e.g. chopping could occur before RFQ instead of
after.

The beam dynamics studies [2, 3] arrived at a com-
pact lattice, based on cavities operating at a gradient of
6 MV/m,' designed both due to the limited space in the
experimental hall and to maximise the dynamical accep-
tance and optical performance of the machine. These con-
siderations influenced the specification of the SC solenoids,
alignment system, beam diagnostics system, steering mag-
nets and cryomodules.

The superconducting linac is designed to provide a to-
tal accelerating voltage of 39.6 MV with an average syn-
chronous phase ¢ of —20 deg, i.e. the minimum volt-
age required in order to achieve a final energy of at least
10 MeV/u with the heaviest beams that have a mass-to-
charge state A/q = 4.5. The normal conducting 20-gap
IH-structure (IHS) limits the A/q acceptance of the ma-
chine to 2.5 < A/q < 4.5. The energy range accessible
with the new SC linac is shown for the each stage in Fig-
ure 2, including the decelerated beam that opens a range of
energy not previously accessible with REX because of the
fixed velocity profile of the IHS.
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(a) Stages | and 2a (b) Stage 2b
Figure 2: Energy reach of post-accelerated beams for each
stage of the upgrade as a function of the A/q acceptance.

A research and development programme looking at all
the different aspects of the SC linac started in 2008 and
continued throughout 2011. In particular, the R&D effort
has focused on the development of the high-3 cavity, for
which it has been decided to adopt technology based on
copper cavities sputter-coated with niobium. The required
infrastructure has been determined and the integration of
the SC linac and High Energy Beam Transfer (HEBT) lines
inside the existing experimental hall has been finalised.

The project has been approved by CERN and its imple-
mentation started in January 2010. An overview of the
project and its timeline will be given below.

PHYSICS MOTIVATION

The current REX maximum energy of 3 MeV/u largely
restricts the physics program to measurements of collective

ICavity active length definitions: low-3 = 195 mm and high-8 =
300 mm.
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degrees of freedom through single-step Coulomb excita-
tion and probing single-particle degrees of freedom of light
nuclei through direct nuclear reactions. The provision of
exotic beams with energies up to 10 MeV/u will greatly
expand the application of these methods to all ISOLDE
beams [4]. Complete measurements of low-lying collec-
tive structure will be possible and, for particle states, un-
ambiguous physical quantities can be extracted. The ver-
satility of the accelerator, with variable energy down to
0.45 MeV/u, will facilitate measurements of rates of reac-
tions that are the building blocks of nucleosynthesis chains,
while the higher energy beams from the new linac will also
allow prototype studies of new collective modes using elec-
tromagnetic probes and studies of exotic proton-rich and
neutron-rich nuclei using fusion and highly-damped binary
collisions.

The installation of the TSR storage ring [5] at HIE-
ISOLDE has been approved and provides unique oppor-
tunities by being located at an ISOL facility. Reaction ex-
periments could benefit from an increased luminosity from
being in-ring, through multiple beam passes (~1 MHz), or
from extracting electron-cooled beams for ultra-high reso-
lution studies of heavy nuclei and Coulex studies. The TSR
could also be used as a beam stretcher to accumulate the
pulsed beam delivered by the EBIS and extract it as a d.c.
beam over a few seconds, alleviating problems from the
high instantaneous rates encountered with pulsed beams.

The 34 letters of intent submitted in 2010 for experi-
ments at HIE-ISOLDE include 284 participants. The de-
mand for the linac upgrade is reflected in 88% of the letters
requesting higher beam energies that will be provided by
the HIE upgrade.

INTEGRATION AT ISOLDE

The new HIE-ISOLDE SC linac will require a major in-
crease of equipment to the existing facility’s infrastructure.
Two new surface buildings will be constructed in order to
house the helium compressor station and the helium refrig-
erator cold box, see Figure 3.

Figure 3: New HIE-ISOLDE buildings.

Ground breaking started at the end of last summer (2011)
with the preparation of the site and the construction of
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a new secure access point to the experimental hall for
personnel and material while HIE-ISOLDE construction
work is on-going. Presently, civil engineering works are
in progress for the construction of the new buildings adja-
cent to the existing ISOLDE experimental hall. The con-
struction works should be completed by the third quarter of
2012 after which the installation of the electrical systems
and main services will take over. The cryogenic station in-
stallation, shown in Figure 4, will start in the second quar-
ter of 2013. The He liquefier will be installed in a separate
light construction building as close as possible to the linac
in order to minimise the length of the LHe distribution line.
This will enable an easier and more stable operation of the
cryogenic system. The cryogenic system includes a cryo-
genic transfer line that will link the cold box to the different
interconnecting “jumper” boxes, feeding from the top, the
six cryomodules of the new SC linac.

Figure 4: Layout of the HIE-ISOLDE facility.

The shielding tunnel will be installed in its entirety for
the full linac along with the cryogenic transfer line, see Fig-
ure 5, whereas the linac and high energy beam transfer lines
will be installed in stages. A new HEBT, discussed be-
low, will bring the beam into the existing extension of the
ISOLDE experimental hall [6].

Figure 5: Linac shielding tunnel and cryogenic transfer
line.
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CRYOMODULE DESIGN

The cavities will be grouped in common cryomodules
with six cavities and two focusing solenoids for the low-43
cryomodules, and five cavities and one focusing solenoid
for the high-/ cryomodules. Figure 6 shows a 3D model of
the high-3 cryomodule. In order to simplify the mechan-
ical design and assembly, and to minimise the drift length
between cavities and the overall length of the machine, a
common vacuum was chosen for the beam and cryogenic
insulation. The solenoids need to be aligned with a strin-
gent precision of £0.15 mm (i.e. £10, where the simulated
Gaussian error distribution was truncated at +3¢) and a
system of independent adjustment, useable under vacuum
and at operational temperatures, of the solenoid with re-
spect to the cavity string is foreseen. An active position
monitoring system based on BCAM CCD cameras [7] is
under development. The active components will be cooled
to 4.5 K in two stages using gaseous and liquid He. Insula-
tion will be guaranteed by a heat screen at 75 K. A vacuum
of 10~® mbar after cryopumping is necessary for optimal
operation. To ensure the cleanest vacuum conditions, the
vacuum system will be entirely dry, with turbo-molecular
pumps backed by dry scrolls. In addition, automatic proce-
dures with staged limitation of conductance, both for slow
pump-down in the viscous regime and for venting with dry
nitrogen, will be applied. A detailed description of the
high-3 cryomodule design can be found in [8].

Cavity frame
adjustment
g Solenoid
adjustment
Solenoid
Cavity
BCAM internal
sight lines

Optical view-ports N / WY | || e

Beam axis

nternal alignment
targets

Figure 6: 3D model of the high-8 cryomodule (beam di-
rection is from right to left).

CAVITY DEVELOPMENT

The development of the SC cavities started in 2008 and
focused on the high-/ cavity design, which will be installed
first. The cavities are based on the niobium sputtered cop-
per technology pioneered at INFN-LNL. They are specified
to reach a nominal accelerating field of 6 MV/m on axis
over an active length of 300 mm. A Q-value of 5 x 108
is necessary to reach this field with a power dissipation of
10 W. In recent years much effort has been put in the design
of a coating facility and the optimisation of the coating pro-
cess. Since 2011 a single-cavity test-stand has been opera-
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tional at CERN [9] working in tandem with the sputtering
development to improve the quality factor of the niobium
sputtered cavities. The latest tests have shown -values of
1.5 x 10% at 6 MV/m; close to the design goal. Further
details can be found in [10].

BEAM DIAGNOSTICS

A beam instrumentation R&D programme is ongoing to
provide a solution for the HIE-ISOLDE beam diagnostic
system [11]. The space available in the regions between
the cryomodules, in which a dipole steering magnet and
vacuum valves are also situated, is very constrained, see
Figure 7. Dimensioned at 58 mm in the longitudinal direc-
tion, the box is extremely compact and is designed to oper-
ate in the stray-field of the adjacent steering magnet. More
details of the air-cooled steering magnet design specified at
6 T mm can be found in [12].

]
Vacuum LI Ives

Figure 7: 3D model of the region between cryomodules.

An octagonal solution for the main body of the diagnos-
tic box was chosen to facilitate multiple functionalities in
the compact space available for the box, see Figure 8. The
same design will be used in the HEBT lines, numbering
fifteen units in the first stage of the upgrade. Up to five
different devices can be actuated in-and-out of the beam
in the transverse plane, with a beam profiling functionality
included in two of these five devices as standard: a scan-
ning slit that profiles the beam in front of a Faraday cup.
The Faraday cup has been designed with a length of just
20 mm and a sensitivity from 1 — 500 pA. The prototype
system will be delivered to CERN by Added Value Solu-
tions (AVS) this summer for testing of the Faraday cup with
beam before the Long Shutdown of the CERN accelerator
complex commences (December 2012 until April 2014).

A longitudinal beam diagnostics system based on a sil-
icon detector has been developed for the fast, and eventu-
ally automated, phasing of the large number of cavities that
will accompany the upgrade. The system is capable of pro-
viding both relative phase and energy measurements. The
proof-of-principle has been tested at REX by phasing the
third 7-gap resonator with the system. For more details the
reader is referred to [13]. A time-of-flight system for abso-
lute energy measurements is also being considered.
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Figure 8: 3D model of the short diagnostic box, courtesy
of AVS technology.

COMMISSIONING AND OPERATION

In preparation for the linac upgrade various recommis-
sioning steps have been undertaken to better understand
the optimum working points of the existing accelerating
structures, including bead-pull measurements, emittance
measurements and end-to-end beam dynamics simulations
benchmarked to measurements, described in [3]. The
emittance delivered by REX was shown to be compati-
ble with the acceptance of the superconducting linac in
both the transverse and longitudinal phase-space planes,
see [14] and [15] for the details of the respective mea-
surements. The longitudinal acceptance of the SC linac
is compared to the phase-space of the beam delivered by
REX in Stages 1 and 2b of the upgrade in Figure 9. The
normalised 90% transverse emittance was measured as less
than 0.3 m mm mrad and the 86% longitudinal emittance
was measured as 1.5 7 ns keV/u.

150 Long. Acceptance of Stage 1

AWM, (%)

€,=27ns keViu Nom. Beam (e,,, =67 " % =2 ns keV/u)

= -8 o
=4mns keV/u - mg,,, =287 %=93nnskeViu

-50 50

A0 l?ieg)
(a) Stage 1 (Wp = 2.85 MeV /u). (b) Stage 2b (Wy = 1.2 MeV /u).
Figure 9: Simulated beam distribution (consistent with
measurements) in longitudinal phase-space at entry to the
SC linac, compared to the acceptance (shown in white).

To date, transverse emittance measurements using the
NTG emittance rig [16] have been limited to those made
on high intensity (~ nA) pilot beams, which are generated
by leaking gas into the EBIS. It is likely that the beam emit-
tance is degraded with respect to the radioactive beam emit-
tance due to the disruptive space-charge effects produced
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by the higher beam intensity and resulting compensation of
the radial focusing force provided to the trapped ions in the
electron beam of the source. For this reason a high sensitiv-
ity emittance measurement system using single-particle de-
tectors is being developed to measure the radioactive beam
emittance using slits and detectors housed in adjacent di-
agnostic boxes that were shown previously. An emittance
measurement will also be attempted this summer at lower
beam intensity (~10 pA) by avoiding the use of slits to
sample the phase-space in the emittance rig and instead
using the three-gradient method to reconstruct the phase-
space distribution by tomography; the beam size at the
wire-grid of the emittance rig will be varied as a function
of the gradient of an upstream quadrupole.

Due to the short nature of REX experimental runs (typi-
cally three to ten days) and the need for frequent energy and
beam changes dictated by the physics programme, REX
operation requires fast and reliable set-ups and the possibil-
ity to switch between beams or change the energy within a
few hours. The size and complexity of the machine will in-
crease with the energy upgrade, e.g. the number of cavities
will increase from seven in the present linac to thirty-five
in the final version of the HIE linac. The cavity phases
will also become dependent on A/q as the full voltage pro-
vided by the QWRs can be exploited and the velocity pro-
file changes as a function of A/q in the SC part of the linac.
For this reason an automatic phasing procedure is foreseen
using the above mentioned silicon detector either by track-
ing the relative energy change or, when the 100 ns bunch
spacing becomes available, using a time-of-flight method.

Software applications for the control system are being
developed in preparation for the commissioning phase, in-
cluding the possibility of setting machine parameter values
directly from beam simulation codes and vice versa. Au-
tomated optimisation software is also being investigated to
phase the linac quickly and some initial tests have already
been done on the existing linac.

HIGH ENERGY BEAM TRANSFER LINES
AND EXPERIMENTAL AREAS

The Miniball segmented germanium array and T-REX
experimental setups already operational at REX will be
used intensively when the first beams are delivered in 2015.
Only the first two high-/53 cryomodules will be installed in
the tunnel, downstream of the existing REX linac and an
open beam line will also be available for traveling experi-
ments, see Figure 10.

The following year it is foreseen to install a helical-orbit
spectrometer that will focus on transfer reactions across
the entire nuclear chart, made possible by the upgraded
beam energy. The helical-orbit spectrometer will demand
a bunch spacing of the order of 100 ns and a scheme to
pre-bunch before the RFQ at a sub-harmonic of its natu-
ral frequency is foreseen to satisfy this requirement. An
active-target experiment for resonant scattering and trans-
fer reactions is also under consideration.
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Figure 10: Stage 1 of the HIE upgrade with two high-j3
cryomodules and HEBT lines added to REX.

The HEBT design [6, 11] is highly standardised with
only a single type of quadrupole and dipole magnet need-
ing procurement; the exceptions are the 22.5 deg dipoles
on the transfer line to the second experimental station that
are already procured and being refurbished. Each 90 deg
bend is a standardised double-bend achromat consisting
of two 45 deg dipoles and a single dispersion suppress-
ing quadrupole. The HEBT is based on a periodic system
of doublet cells with a unit length equal to the length of
the high-3 cryomodule. As a result, the installation of the
staged upgrade can occur in a modular fashion by the re-
placement of doublet cells with cryomodules. The HEBT
will be extended in a second stage of the installation fore-
seen during 2017/18 to accommodate a third experimental
station. Some space has been reserved behind the third ex-
perimental station for the installation of a magnetic spec-
trometer in the future. The layout of the HEBT is shown in
Figure 11. Vacuum in the low 107 mbar range is obtained

Figure 11: Layout of the HEBT lines in the ISOLDE ex-
perimental hall.

by turbomolecular pumps, backed by dry, hermetical mul-
tiroots, connected to the common effluent collector and the
air ventilation evacuation. The turbopumps are installed at
dedicated ports on the diagnostic boxes, which constitute
the major source of length-specific outgassing. Vacuum
sectorisation is kept minimal, with the goal of separating
in distinct vacuum sectors the different beam lines, as well
as to cut the experimental areas from the beam transfer sec-
tions.

The extension of the HEBT in the final stage permits
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a connection to the TSR storage ring that is expected to
become operational at CERN during this period, see Fig-
ure 12.

Figure 12: First-floor extension for the TSR behind the ex-
perimental hall (shown in orange) connecting to the HEBT
via the inclined beam line (shown in red).

SAFETY ASPECTS

The main hazards that will be introduced by the linac up-
grade come from X-rays, neutrons and the cryogenic sys-
tem. A radiation measurement station has been integrated
into the single-cavity test-stand to collect dose rate data
specific to the HIE-ISOLDE cavities. These data will be
used to confirm the sizing of the tunnel shielding. An ac-
cess system with key is already used to prevent access dur-
ing linac operation. When one key is removed from a key
box the RF is stopped and the amplifiers cannot be restarted
until all keys are back in a key box [17]. A similar system
is foreseen for the HIE-ISOLDE tunnel access.

An incident beam of heavy ions at an energy of
10 MeV/u is higher than the Coulomb barrier allowing neu-
tron production. A dose rate of 0.1 mSv h™! pnA~1 is ex-
pected at 1 m, at an angle of 90 deg from vicinity of the
beam loss [18]. During operation and setting-up, a max-
imum beam intensity of ~ppA is expected in the experi-
mental hall and free access will be possible.

Redundant safety valves will be installed on the He tanks
of the cryomodules to mitigate for the cryogenic hazard as-
sociated with the 900 litres of LHe inside the six cryomod-
ules. These safety valves will be routed outside the tunnel
in order to reduce exposure to an oxygen deficiency hazard
during technical access to the tunnel while the cryomodules
are cold.

Finally, pumping on radioactive beams implies a risk of
radioactive contamination of the vacuum system, demand-
ing an entirely hermetical system, with collection and evac-
uation of the effluent gases before controlled release to the
atmosphere.

PLANNING AND SCHEDULING

If the carefully planned schedule is respected, the various
experiments currently receiving beams from ISOLDE will
not suffer from the upgrade works. Civil engineering work
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and installation of the main services such as power, ventila-
tion and cooling will take place while the ISOLDE facility
is running for the experiments. To guarantee a minimum of
perturbation to the operation of the facility, the main ser-
vices will be connected and the existing services modified
only during the CERN Long Shutdown. Civil engineering
work inside the experimental hall, such as the construction
of the new tunnel, as well as the move of the existing Mini-
ball experiment to its new position will also be carried out
during this period of shutdown.

Start-up of the low energy (60 keV) part of the ISOLDE
facility, excluding the REX post-accelerator, is foreseen for
April 2014 as normal. However, at that moment the HIE-
ISOLDE linac and HEBT line will still be under construc-
tion with the installation of the first two high-3 cryomod-
ules and the transfer line elements running into the summer
of 2014. Beam commissioning at 5.5 MeV/u is planned for
the end of the 2014. The remaining two high-£ cryomod-
ules will be installed in a second stage in 2016, increasing
the beam energy to 10 MeV/u, together with an additional
bend in the HEBT providing the users with a third experi-
mental station (and making possible the connection of the
TSR storage ring). A pre-bunching scheme before the RFQ
with chopper and the two low-$3 cryomodules completing
the HIE-ISOLDE linac are foreseen for a later stage after
2017.

OUTLOOK

The main technological options of the linac are now
fixed and most components are in their final design or pro-
totyping phase. The HEBT design has been finalised and
the components are now in the specification or prototyp-
ing phase. The infrastructure installation is under way and
should be completed by mid-2013. The cryogenic lines
and first phase of the linac and transfer lines installation is
planned for 2014. The linac commissioning at 5.5 MeV/u
is foreseen for late 2014 and the first physics should take
place in early 2015.
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Abstract

The superconducting (sc) continuous wave (cw)
LINAC Demonstrator is a collaboration project between
GSI, the Helmholtz Institute Mainz (HIM), and the
Institute for Applied Physics (IAP) at the Goethe
University Frankfurt. The aim is a full performance test of
a 217 MHz sc Crossbar H-mode (CH) cavity, which
provides gradients of 5.1 MV/m at a total length of
0.69 m. In addition the Demonstrator comprises two 9.3
Tesla sc solenoids. The configuration of a CH-cavity
embedded by two sc solenoids is taken from a conceptual
layout of a new sc cw LINAC with nine CH-cavities and
seven solenoids. Such an accelerator is highly desired by
a broad community of users requesting heavy ion beam
energies in the Coulomb barrier range. A successful test
of such an sc multigap structure is an important milestone
towards the proposed cw-LINAC.

THE SC CH-CAVITY

Tuner port

Pickup port

Coupler port

Figure 1: The 217 MHz sc CH-cavity.

The sc CH-cavity is the key component of the
Demonstrator project. Four sc CH-cavity types were and
are developed at the IAP so far:

(1) A first prototype of a 360 MHz sc CH-cavity

(B=0.1, 19 gaps) was tested at the AP successfully.
In vertical rf-tests maximum gradients of up to
7 MV/m at Qq-values between 10% and 10° were
achieved [1, 2].
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(2) The delivery of a 325 MHz sc CH-cavity ($=0.16,
7 gaps) is imminent [3]. The site acceptance test at
RI, Germany is in progress. First rf-tests at room
temperature were successful.

(3) The cavity designed for the cw-LINAC
Demonstrator project (3=0.06, 15 gaps) is operated
at 217 MHz (fig.1). Its general parameters are
listed in table 1.

(4) The cold part layout of the 17 MeV injector of the
MYRRHA (Multi-purpose hybrid research reactor
for high-tech applications) project should comprise
176 MHz cavities [4].

THE SC CW LINAC DEMONSTRATOR

Although the results of the warm and cold rf-tests of the
360 MHz cavity at the IAP were very promising, for a
proof-of-principle on the sc CH-cavities tests under real
operational conditions must be passed. That is the aim of
the Demonstrator project. At the GSI High Charge
Injector (HLI) a 217 MHz sc CH-cavity should be
operated with heavy ion beam.

The project is financed by HIM mainly and is
supported by the Accelerator Research & Development
(ARD) program of the Helmholtzgemeinschaft (HGF).

Table 1: General parameters of the sc CH-Cavity designed
for the cw-LINAC Demonstrator.

B 0.059
max A/Q 6
Frequency MHz 217
Gap number 15
Total length mm 690
Cavity Diameter mm 409
Gap length mm 40.8
Aperture mm 20
Effective gap voltage kv 225
\oltage gain MV 2.97

Accelerating gradient MV/m 5.1

Room Temperature and Superconducting Linac
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The Demonstrator is the first section of the proposed sc
cw-LINAC (cp. Future Applications). It is a cryostat
housing the cavity, which is embedded by two
superconducting solenoids (fig. 2). A study has been
worked out which provided a concept to load the cryostat
with the solenoids and the cavity as well as to align the
three components to the beam axis [5].

The solenoids provide maximum fields of 9.3 T at an
effective length of 290 mm and a free beam aperture of
30 mm. The fringe fields have to be reduced from the
maximum field to 50 mT at the inner NbTi-surface of the
neighbouring cavity. Based on the 9T solenoid design for
the ISAC-II cryomodule [6] a coil configuration with two
main coils and two bucking coils was assumed to fit the
requirements at best (fig. 3). The calculations show that
proper gradients can be achieved by using anti-windings.
The general parameters of the solenoids are listed in
table 2.

Figure 2: A scheme of the cw-LINAC Demonstrator
shows the CH-cavity (yellow) in its centre embedded by
two sc solenoids (red-orange). On the top space for a
reservoir of liquid helium as well as of liquid nitrogen is
reserved.

Figure 3: The solenoid field of the chosen coil
configuration is calculated. Within the requirements the
fringe field is shielded by the compensation coils.

The favoured location to setup the Demonstrator is in
straightforward direction of the HLI at GSI (fig. 4). Two

Room Temperature and Superconducting Linac
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existing experiments at the HLI have to move since the
space is needed for the demonstrator test environment
including a new radiation protection cave.

The liquid helium (LHe) supply is covered by a 3000 Itr
tank. The consumed helium is collected in a 25 m?
recovery balloon and bottled by a compressor. In
operation a consumption of 20 Itr LHe per hour is
predicted.

Table 2: General parameters of the sc solenoids designed
for the cw-LINAC Demonstrator.

max. field T 9.3
B ™™ 24
effective Length mm 280
Beam aperture mm 30

For longitudinal matching the beam from the HLI to the
demonstrator the existing buncher UN6 BB14 can be
used. For transverse focusing an additional magnetic
quadrupole doublet is needed. Moreover beam diagnostics
like profile grids and an emittance measurement station
have to be integrated in the beam line in front of and
behind the demonstrator as well as phase probes for time
of flight (TOF) measurements.  For scheduling of the
project see table 3.

THE SC CW-DEMONSTRATOR
SCHEDULING

Table 3: Time Schedule

cw LINAC Demonstrator Rroject

2009 Foundation of HIM

Funding of the sc cw-LINAC
Demonstrator

2010 Tendering of the Demonstrator’s

components

2011 Delivery of the LHe-supply and the rf-
amplifier

Ordering of the cavity

Beginning of assembling the test
facility at GSI HLI

2012 Ordering the solenoids

and the cryostat

2013 Delivery of the cavity

1st rf tests (warm + cold) at IAP

2014 Delivery of the solenoids

and the cryostat

Commissioning
of the Demonstrator at GSI

Full performance test at GSI HLI
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Figure 4: The existing 1.4 AMeV HLI should be used as the injector for the cw-LINAC demonstrator. In longitudinal
plane the existing buncher UN6BB, in transverse plane an additional quadrupole doublet should be used to match the

beam to the demonstrator.

FUTURE APPLICATIONS

Successful full performance tests with beam of the sc
CH-cavity open a broad field of accelerator applications:

The first 360 MHz prototype was developed within
EUROTRANS (European research program for the
transmutation of high level nuclear waste in an
accelerator driven system). In 2023 MYRRHA as an
accelerator driven system (ADS) for transmutation of
high level nuclear waste should be commissioned with
four 176 MHz sc CH cavities [7].

As a future upgrade option for the GSI universal linear
accelerator (UNILAC) an energy booster LINAC with six
325 MHz cavities is discussed [8].

Another application is the sc cw-LINAC, which is
highly desired by a broad community of future users.
Especially the Super Heavy Elements (SHE) program at
GSI and at the Helmholtz Institute Mainz (HIM) benefits
highly from such a dedicated accelerator [9].

A conceptual layout of the sc cw-LINAC was worked
out [10], which allows the acceleration of highly charged
ions with a mass to charge ratio of 6 at 1.4 AMeV from
the upgraded HLI including a new source. An sc 28GHz
ECR-source is wunder development at GSI. Nine
superconducting CH-cavities operated at 217 MHz
accelerate the ions to energies between 3.5 AMeV and 7.3
AMeV, while the energy spread should be kept smaller
than +3 AkeV. As beam focusing elements seven
superconducting solenoids are applied. The first as well
the follow-up proposal for the cw-LINAC was evaluated
“excellent” by the HGF in 2011. Strong activities are in
progress to receive a funding for the project.
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Abstract

The major part of the superconducting (SC) linac at IUAC
has been operational for the past few years and the last
accelerating module is in the final stage of completion. At
present the superbuncher (SB), the first two linac
accelerating modules and the re-buncher (RB) are
operational and ion beams in the mass range **C to '’Ag
from Pelletron accelerator have been further accelerated
and delivered to conduct scheduled physics experiments.
A method of random phase focusing to select the
accelerating phase of the resonators between 70° and 110°
has been successfully tried to reduce the time width of the
beam bunch delivered for experiments. Presently, to
improve the accelerating fields of the linac resonators in
phase locked condition, enhancement of the microphonics
damping efficiency with bigger diameter SS-balls, testing
of an alternate tuning mechanism based on Piezo Crystal
and improvement of the cooling efficiency of the drive
coupler are being tried out. The outcomes of all these
experiments are being implemented on the resonators of
the last cryostat which is under commissioning stage.

— i

«—— 15 UD Pelletron
Accelerator

Multi-harmonic
Buncher

Superconducting Linac
-,
~ - - ~
Linac Linac Linac

Superbuncher

Module-1 Module-2 Module-3 Rebuncher

Figure 1: Schematic layout of Pelletron and Linac. The
figure is not to scale.

INTRODUCTION

The Pelletron accelerator of [IUAC has been delivering
ion beams for experiments since early nineties in the
energy range of few tens to few hundreds of MeV [1]. A
Superconducting Linear Accelerator (Linac) was chosen
to augment the energy of the ions from the existing
Pelletron accelerator. The linac was designed to have a

Room Temperature and Superconducting Linac

superbuncher cryostat having a single niobium Quarter
Wave Resonator (QWR) followed by three accelerating
modules, each containing eight QWRs and a rebuncher
cryostat housing two QWRs. The complete layout of the
Pelletron and linac is given in figure 1. The prototype
niobium resonator and the first batch of twelve resonators
were built by IUAC in collaboration with Argonne
National Laboratory [2]. The remaining resonators for
module 2 and 3 are indigenously fabricated using the in-
house facilities of electron beam welding, high vacuum
annealing furnace and surface preparation laboratory [3].
Eight indigenous resonators were installed in the second
module and different beams were accelerated through the
first two linac accelerating modules with the help of
superbuncher and rebuncher. At present the fabrication
work for the remaining resonators to be installed in the
last linac module is in the final stage.

BEAM ACCELERATION THROUGH THE
FIRST TWO LINAC MODULES

The beam acceleration in the mass range of **C to '’Ag
by the first accelerating module with the help of SB and
RB resonators are being carried out since last few years
[4,5,6]. Recently, the second accelerating module became
operational and during this test, beams were accelerated
by the sixteen resonators of module 1 and 2. The
accelerating field obtained at ~6 watts of power and the
phase locked fields at the time of beam acceleration are
shown in figures 2 and 3. During linac operation, it was
observed that for many resonators, there was a substantial
reduction between the phase locked fields and the
accelerating fields obtained at 6 watts of input power. A
number of steps have been taken to tackle this problem
and these are presented in next section.

At the time of operation of the first two linac modules,
three beam species from Pelletron accelerator were
further accelerated through linac. The final beam was
delivered for several months in the beam line of Hybrid
Recoil Mass Analyser (HYRA) and National Array of
Neutron Detector (NAND) to conduct Nuclear Physics
experiment. The beam and their final energies are
presented in Table-1.
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Figure 2: Accelerating field gradients, E, at 6 watts of
input power and phase locked fields at the time of beam
acceleration for the resonators in linac-1.
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Figure 3: Accelerating field gradients, E, at 6 watts of
input power and phase locked field at the time of beam
acceleration for the resonators in linac-2.

Table 1: Beam Species and Energies Delivered for
Experiments

Energy from | Energy gain Total
Beam Tandem LINAC energy
(MeV) (MeV) delivered
e 100 37 137
28 11+
Si 130 60 190
31 11+
) 130 58 188

EFFORTS TO MATCH THE PHASE
LOCKED FIELDS WITH THE FIELDS
OBTAINED AT 6 WATTS OF INPUT
POWER

For the resonators installed in linac modules, large
amount of RF power is required to bridge the gap
between the phase locked fields and the fields obtained at
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6 watts of input power. However the power coupler,
power cable and the other accessories of the resonator are
not well equipped to sustain this high power for
prolonged duration. The reason for the requirement of
high power is that the resonator picks up vibration from
the microphonics present in the ambience of the cryostats.
This vibration translates in to RF frequency jitter whose
maximum value has been measured to be ~ £ 50 Hz. If
the Q-value of the resonator at the field of ~ 4 MV/m at 6
watts of input power is typically ~ 2.0x10% to
accommodate a bandwidth of £ 50 Hz, the coupling
coefficient, B will be equal to 200. The forward power
required from the amplifier (Pamp) is related to B by the
following equation:

2
I:)amp = % I:)cavity

where,

Pamp = RF forward power required from amplifier

B =Coupling coefficient

Peaiy = RF power required by the resonator to generate
the accelerating field (typically 6 watts).

So the resonator can be locked at the fields obtained at
6 watts of input power but it will be possible only with a
supply of huge amount of forward RF power (~ 300
watts). But since the phase locking of the resonator with
~300 watts of power caused several operational problems
in the past [4], so it was decided that the resonator would
be operated at an accelerating field which could be phase
locked with 100 watts of RF power.

The second reason for the lower electric field in phase
locked condition with ~100 watts of RF power is the large
value of stored energy of the resonator (0.11J/(MV/m)?)
which is intrinsic in nature to the cavity. The relationship
between the power required from the amplifier (P ), the
stored energy (U) and the amount of frequency jitter
(Bwshake) due to the presence of microphonics, is given by:

I:)max = U'S(Dshake _____ (1)
whereas U is related as
U= U0 Ea2

Uq is the stored energy at 1 MV/m and E, is the average
accelerating fields.

As the intrinsic stored energy at 1 MV/m is reasonably
high, the resonator can not be phase locked at a field
greater than ~ 3 MV/m for a total frequency jitter of 100
Hz with a forward power of 100 watts. If the resonator is
to be phase locked at 4 and 5 MV/m, the amount of
forward power required will be 160 and 250 watts
respectively for the same amount of frequency jitter.
Therefore to lock the resonators at higher fields, three
different  approaches are being  simultaneously
implemented in the linac resonators and they are
discussed in the following subsections.

Room Temperature and Superconducting Linac
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Improved Vibrational Damping of the Resonator
with Bigger Diameter of SS-balls

Already an innovative vibrational damping
mechanism [7] had been adopted and successfully used in
all the resonators of module - 1 and 2. However, to extend
the success of this mechanism, more extensive
experiments are being carried out to improve the
efficiency of the damping mechanism.

Table 2: Experimental Results on the Vibrational
Damping Mechanism on a Resonator with SS-balls

Dia | Decay Decay Optimum | Factor of
of SS time time with no. of reduction
balls | with0 | optimum balls in the

balls balls vibration
(sec)
1 To be done
2 370 ]0.60 | | 06.1
3 To be done
4 3.14 0.40 80 07.8
5 3.03 0.51 75 05.9
6 2.87 0.30 65 09.6
7 3.25 0.39 45 08.3
8 2.98 0.26 35 114
9 3.02 0.27 25 11.2
10 211 0.29 20 07.3
11 2.61 0.28 20 09.3
12 2.70 0.26 17 10.5

During a recent series of single strike experiments
conducted on a niobium resonator kept at room
temperature, ball diameter starting from 2 mm to 12 mm
had been tried along with a mixture of balls of different
diameters. The detail of the experiment has been
explained elsewhere [7]. The results of the improvement
in the decay time of the vibration have been tabulated in
Table-2. Final results with mixture of balls of different
diameters are not presented as these experiments are
presently underway. In the single strike experiment, the
resonator, kept at room temperature, is subjected to a
vibration by a single strike from a heavy metal disc
swinging like a pendulum. Then the frequency excursion
of the resonator about its mean value without any SS-
balls present inside the bowl shaped structure of the
bottom of the central conductor is recorded with the help
of Picoscope and computer. Next, SS balls of a particular
diameter in groups of 5 are placed inside the central
conductor of the resonator [7] and the frequency
excursion of the resonator is measured after the single
strike. In this way the experiment is carried over for a
total number of balls of around 150-200. The
experimental results presented in table-2 show that among
the different diameter of balls, 8 and 9 mm are the one
which have given the best results. Hence, these diameters
and optimum number of balls are being used in all the
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resonators of module - 2 and 3 in place of 4 mm balls
used earlier [7]. However, the performance of the
resonators with bigger diameter balls has to be verified at
liquid helium temperature during phase locking against
the master oscillator. It is expected that with the bigger
diameter of SS-balls, there will be more reduction in the

total Owy,.and it will be possible to phase lock the
resonators at higher accelerating fields.

Alternate Tuning Mechanism by Piezo Actuator

As the Quality factor of niobium resonator is in the
range of 10°, the bandwidth of resonator is around 0.1 Hz.
For IUAC QWR, vibration induced fluctuations of the
frequency are of the order of few tens to hundred hertz.
The frequency fluctuations mentioned here have got two
components — one happens in slow time scales (seconds)
and the other happens in faster (a few tens to hundreds of
usec) time scale. To tackle the fast frequency drift, power
from RF amplifier is fed in over-coupled condition to
supply the additional reactive power to the resonator and
the whole operation is done electronically (fast tuner). To
arrest the slow drift of frequency, a niobium bellow is
attached near the high voltage end of the resonator and
this is flexed by a few mm with pure helium gas sent from
outside of the cryostat. A mass flow control for helium
gas is being used to move the niobium bellows. During
operation, the tuning scheme operates in a feedback loop
to take care of the slow drifts in frequency and thus to
reduce the load on the fast tuner. Since this tuning
mechanism uses proportional helium gas flow through
narrow tubes, the process takes place in the timescale of
second. Within this interval of 1 second, all the correction
of the loop frequency is being corrected by the fast tuner
by supplying more RF power (~100-300 watts). So the
average power requirement to maintain the phase lock of
the resonator goes up. In addition to this problem, the gas
operated tuning system is not so simple and expensive as
pure helium gas is being used with partial recovery.

To reduce the average power and to improve the
dynamics of control mechansim, an alternate fast tuning
mechanism has been tried out successfully [8] and
presently being implemented on all the resonators of the
last accelerating module of linac. In this scheme, the tuner
plate is deflected initially by a mechanical course tuner
operated by a stepper motor driven shaft from outside and
once the mean frequency is achieved, the control is
handed over to the Piezo tuner controller (figure 4). The
piezoelectric actuator works in closed loop along with
existing resonator control scheme to phase lock the
resonator. The response time for the Piezo to correct the
frequency deviation is of the order of tens of milli second.
So during this short time, the deviation in frequency is
very small and the extra power supplied by the amplifier
is of negligible amount. Consequently the average power
required by the resonator is significantly reduced so the
overall power requirement problem gets solved to a major
extent.
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Figure 4: The Piezo-actuators are connected on two
resonators of linac-3 prior to loading. The other picture
shows the detail of the piezo-actuator and its accessories.

During a recent test of piezo actuator on a resonator in
linac module - 3 (figure 4), an excellent and encouraging
result was obtained. First, the mechanical shaft of the
lever arm of the piezo tuner was adjusted to bring the
resonator’s frequency approximately 300 Hz above the
frequency of the master oscillator as the frequency range
of the piezo-actuator was measured to be 600 Hz. The
voltage on the piezo actuator was set in such a way that
the crystal was at its mid-point of deflection. Forward RF
power within the limit of ~ 100 watts was optimized to
generate a field of 3.6 MV/m in over-coupled condition.
In this condition the resonator was phase locked with
piezo actuator as a mechanical tuner along with the
electronic tuner. On incorporating of the phase locking of
the resonator by the Piezo actuator, the forward power
didn’t change substantially. Even after intentional
induction of mechanical vibration (by mild hammering)
into the cryostat housing the resonator, the forward power
supplied to the amplifier shot up to 180-200 watts
instantly but came down to ~ 100 watts almost
immediately. After the success of the piezo actuator as a
mechanical tuner on a resonator in linac cryostat-3, it has
been decided that all the gas operated slow tuners will be
replaced by the piezo actuator in all the resonators in linac
module — 2 and 3.
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The New Cooling Mechanism to Operate the
Drive Coupler at Higher Temperatures

In order to increase the accelerating fields at the time of
phase locking, supply of RF power greater than 100 watts
may be necessary in future. In the past, when the RF
power increases beyond 125 watts or so for continuous
operation, a steady increase of the temperature of the
drive coupler was observed and that resulted in many
operational problems [4]. To eliminate this problem, a
separate cooling arrangement was designed to cool the
drive coupler. A cold finger was prepared whose one end
is kept at LN, temperature and the other end is brazed on
the brass piece of the drive coupler (figure 5).

on drive coupler

Figure 5: The additional cooling arrangement of the drive
coupler at LN2 temperature.

With this arrangement, the drive coupler has been
successfully tested with higher RF power through a high
temperature RF cable (275°C). With 270 watts of power
delivered to the power coupler, the maximum temperature
on the drive coupler was measured to be 317 K. When the
cold finger is cooled to LN, temperature, a decrease of ~
70 K was observed within eight hours and after that the
temperature remained almost constant. In the next step,
the RF power was increased to 400 watts up to the
maximum capacity of the RF amplifier. With cold finger
kept at LN, temperature, the maximum temperature
recorded on the drive coupler was 268 K. This
temperature is sufficiently low for the long term operation
of resonators in linac cryostat. The implementation of the
new cold finger is underway on all the resonators of linac-
3.

IMPROVEMENT IN THE
LONGITUDINAL FOCUSSING OF THE
LINAC BEAM BY RANDOM PHASE
FOCUSSING OF THE RESONATOR

In most of the superconducting linear accelerators
operational worldwide, heavy ions are accelerated with
the ion beam injected at a phase of 70° (or -20°) into each

Room Temperature and Superconducting Linac
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independently phase locked resonator. Acceleration phase
of 70° reduces the acceleration gain by 6% from the case
if the beam is accelerated at 90°, but it maintains the
narrow time width of the beam bunch within reasonable
limits throughout the complete acceleration length of
linac. However, if the number of linac resonators are too
many (more than 10 or so) and the accelerated beam is
delivered at a point which is far off from the exit of linac,
then time width of the beam bunch starts to blow up as
the beam travels further away from linac. To arrest this
problem, a Rebuncher/Debuncher is used approximately
halfway between the exit point of the linac and the
experimental chamber to squeeze the beam in time or
energy. However, the contribution of the rebuncher
resonator to bunch the beam in time or energy can be
reduced substantially or even eliminated completely by
selecting the accelerating phases of a few resonators at
110° instead of 70°.

Table 2: Comparison Between the Reduction of Time
Width of Linac Beam Between the Two Cases when all
the Resonators were Kept at an acceleration phases of 70
Degree and a Combination of 70 and 110 Degree

WEC04

exit when the accelerating phases of all sixteen resonators
were kept at 70 degree. Then the same calculation was
repeated for the optimum combination of phases of the
resonators between 70 and 110 degree to get the
minimum value of the time width of the beam bunch. The
calculated value of reduction of the time width between
the two cases was verified by the experiment and the
results are presented in Table-2. Now the calculation on
random phase focussing is being extended to include the
remaining eight resonators of the last linac cryostat. It is
expected that with the combination of phase focussing on
all the resonators, the work load on the rebuncher will be
reduced substantially, if not eliminated completely.

USE OF LAST ACCELERATING
RESONATOR OF LINAC-1AS THE
REBUNCHER RESONATOR

Table 3: The Measured Time Width of the Linac Beam
when the Last Resonator of Module-1 Kept at the
Predicted Bunching Field Found by the Simulation Code

Beam Total Bunching Time width
Acceleration | Predicted | Experimentally | Experiment energy field of the | measured at
Phases of | reduction | Measured | al reduction (Pelletron | lastlinac | Exp. Chamber
resonators | indelta_t | Time width in delta_t + Linac) resonator (ns)
inlinac-1 [ (%) from (ns) at (%) from 578 113 0 0.84 ns
and 2 calculation scattering Expt.
chamber 0.4 0.5ns
o 106.8 0.0 211
- 2.88 -
All70 1.7 0.8
Linac-1: 104.5 0.0 2.68
110, 110,
70, 70, 70 BF 124 0.0 1.82
Linac2: 2.08 0.82
70,70, 70, 122 0.0 1.75
70, 70,70,
70, 110 38.5 1.73 40 0.51 1.09
118.8 0.0 2.2
In order to verify this phenomenon which can be 135 147
called as ‘Random phase focussing’, a simulation code ' '

was written to calculate the optimum combination of
accelerating phases (between 70 and 110 degree) of the
resonators to obtain the minimum time width of the beam
bunch at the target location [9]. The simulation was done
to inject the beam of 130 MeV **Si''" from Pelletron into
the sixteen resonators in module 1 and 2 kept at the
different field levels obtained at the time of beam
acceleration. The final energy of the ion beam from Linac
would be 186 MeV irrespective of the acceleration phases
of the resonators kept at either 70 or 110 degree. The
value of time width was calculated first at the
experimental chamber ~30 meter down the line from linac

Room Temperature and Superconducting Linac

The simulation code developed to study the effect of
random phase focussing was used to find out whether the
last resonator of module-1, could be used as the rebuncher
to control the time width of the beam bunch at the
experimental chamber. During beam acceleration with
only the Superbuncher and linac-1 operational, **0%" and
¥E%* heams with fixed energy from Pelletron were
accelerated through linac module - 1. In the absence of
the rebuncher, the time width of the beam bunch at the
experimental chamber were too large to be used for the
experiments. But by applying the calculated bunching
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field on the last resonator of module -1, acting as
rebuncher, the time width was restricted to a value of 0.5
to 1.5 ns in all the cases [9]. That translates to a time
width reduction of 33% to 62% compared to the cases
when the last resonator was not used as rebuncher. The
theoretically predicted bunching field which was applied
on the last resonator of module — 1 and the measured time
width of the beam at the experimental chamber is
presented in Table-3. During the experiment, the
bunching fields of the last linac-1 resonator were
intentionally deviated from the calculated optimum values
and time width was measured in every occasion at the
experimental chamber. But the width measured for the
bunching field predicted by the program was found to
give minimum values in every cases.

PRESENT STATUS OF LINAC PROJECT
AND FUTURE PLAN

Presently, the Superbuncher, the first two accelerating
module and the Rebuncher are fully operational and
accelerated beam from Pelletron and linac are being
delivered to the experimentalists to conduct scheduled
experiments. The last accelerating module, linac-3 is
under commissioning stage. Recently four resonators
were installed in linac-3 (figure-5) and an off-line test was
successfully conducted. Piezo-actuators as frequency
tuner were incorporated in two out of four resonators in
linac-3 and the existing gas operated tuners were
connected in other two resonators. Piezo actuators were
successfully tested on the resonator of linac-3. Soon, the
remaining four resonators will be installed in linac-3 and
Piezo tuners will be installed on all of them.
Subsequently, in near future, gas operated tuners will be
replaced by Piezo tuners in all the eight resonators of
linac-2. After installing the remaining resonators in linac-
3, an off-line test is being planned in September *12 and
the beam acceleration through the complete linac will be
followed immediately.

Figure 5. Four resonators installed in linac-3 prior to the
cold test. (Figure 6)

=iy i ‘
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Exlsnng tuner |

Flgure 6: Four resonators mstalled in linac-3 prior to the
cold test.
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CONCLUSION

The superconducting linac project of Inter University
Accelerator Centre is on the verge of completion. Since
last few years, accelerated beams from Pelletron were
further accelerated by the first and second module of linac
and the beams have been delivered to conduct scheduled
experiments in nuclear physics and materials science.
Presently the installation of resonators in the last
accelerating module is underway. In a parallel
development, efforts are on to improve the locking fields
of the linac resonators. To achieve this, three approaches
are taken up. First the vibrational damping mechanism
with larger diameter of balls and their mixture are being
tried out to have further reduction of the frequency
window at the time of phase locking of resonator.
Secondly, Piezo-based actuator is tried out successfully to
decrease the correction time to bring back the frequency
of a resonator to its mean value. Thirdly, to avoid any
kind of heating related problem in the power coupler, a
cooling mechanism has been tested successfully and this
system is presently used with the commercially available
100% shielded cable which can withstand up to 275°C.
With these modifications the complete superconducting
linac system is expected to be fully operational by the
autumn of 2012.
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DESIGN STUDIES FOR A NEW HEAVY ION INJECTOR LINAC FOR FAIR
B. Schlitt, G. Clemente, W. Barth, W. Vinzenz, GSI, Darmstadt, Germany

Abstract

As the GSI UNILAC started operation in 1975, it will
be more than 40 years old when the commissioning of the
future Facility for Antiproton and lon Research (FAIR) at
GSI will start. To assure reliable operation for FAIR and
to provide beams for a variety of experiments, three
separate linacs were proposed and are under development:
1.) A dedicated 70 MeV proton linac will serve as injector
for the FAIR pbar physics program. 2.) To deliver high-
intensity heavy-ion beams for FAIR, the existing post-
stripper linac at the UNILAC should be replaced by a new
high energy heavy-ion linac with short beam pulses, low
pulse repetition rate, and fixed end energy. 3.) A new
superconducting cw heavy-ion linac behind the upgraded
high charge state injector HLI shall provide ion beams
with high duty cycle and adjustable energy in the MeV/u
region for the super-heavy element program as well as for
further UNILAC experiments. A conceptual design study
for the second machine — a new heavy-ion linac injector
for FAIR — using 108 MHz IH-type drift tube structures is
presented, including a proposal to increase the ion charge
states for synchrotron injection as well as a linac beam
energy upgrade using 325 MHz CH structures.

INTRODUCTION

The Facility for Antiproton and lon Research (FAIR)
presently under development at GSI in Darmstadt (Fig. 1)
will provide worldwide unique accelerator and experi-
mental facilities allowing for a large variety of forefront
research in physics and applied science. The FAIR
accelerators will increase the intensity of primary proton
and heavy ion beams available for experiments and for
the production of secondary beams by up to two orders of

UNILAC

p Linac

SIS18

\
\\\\\ SIS100 EH

5 »
S HESR
\ y7 ) Super - FRS
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RESR
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Figure 1: Sketch of the FAIR facility [1]. The existing
GSI accelerators (indicated in blue) with the UNILAC
heavy-ion linac and the SIS18 synchrotron will serve as
injection chain for the new SI1S100.
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magnitude with respect to the existing GSI facility [1].
Besides the realisation of the challenging FAIR S1S100
synchrotron, various upgrades of the UNILAC linear
accelerator (Fig. 2) and of the SIS18 synchrotron play a
key role to achieve the FAIR design intensities, since the
existing GSI accelerators will serve as injection chain for
FAIR [2-7]. As major design parameters, 15 emA U**
beams at 11.4 MeV/u [2] and 70 mA proton beams at

70 MeV are required for SIS18 injection.
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Figure 2: Layout of the present heavy-ion UNILAC
accelerator at GSI and low-energy experimental area.

Present Linac Constraints and Proposals

For high current operation of the UNILAC [2], the
36 MHz High Current Injector (HSI) [8] — comprising a
120 keV/u IH-RFQ and two IH-DTL tanks — accelerates
ion beams up to U* (A/q<59.5) to 1.4 MeV/u (pre-
stripper linac). After the gas stripper and the charge
separation section, further acceleration to 11.4 MeV/u for
synchrotron injection is provided by the 108 MHz post-
stripper linac (A/q < 8.5), consisting of five Alvarez DTL
cavities and ten single gap resonators for fine tuning of
the linac end energy.

High magnetic rigidity of the ion beams and high beam
currents as needed for FAIR injection require very strong
electric and magnetic fields for acceleration and focusing
along the linac within short beam pulses and at low
repetition rate and duty cycle.

On the other hand — contradictory to the requirements
for the FAIR injector — experiments using low-energy
beams in the MeV/u region behind the UNILAC, like the
super-heavy element (SHE) program as well as material
research, biophysics, and plasma physics experiments, are
demanding ion beams with up to 100 % duty factor,
resulting in very high average rf power requirements
along the linac. These experiments are currently limited
by the maximum duty cycle of the UNILAC of 25 % [9].

Moreover, the focusing magnets along the present post-
stripper linac can be operated only in DC mode, which
makes the machine inefficient in terms of short pulse
operation and represents a major flexibility limitation
since the focusing fields cannot be adapted to the varying
needs when different ion beams have to be accelerated
from pulse to pulse (diverse ion species, magnetic
rigidities, and beam currents).
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Figure 3: Proposed future GSI linac environment [4].

Finally, as the UNILAC started operation in 1975, most
sections of the existing post-stripper linac will be more
than 40 years old when the commissioning of FAIR will
start. Due to an increased number of failures and
problems at the Alvarez DTL, at the single-gap resona-
tors, as well as at the corresponding rf systems during the
last years, different proposals are under discussion to
replace the post-stripper linac to allow for highly reliable
operation of the future FAIR injector linac.

To fulfil the requirements of the various experiments at
FAIR and behind the UNILAC, three separate linacs are
proposed (Fig. 3) [4]:

1.) A dedicated 70 MeV, 70 mA, 325 MHz proton linac
based on room temperature crossbar H-mode (CH) DTL
cavities is under development and will serve as injector
for the FAIR pbar physics program [10-11].

2.) To deliver high-intensity heavy-ion beams for FAIR,
the existing post-stripper linac should be replaced by a
new heavy ion high-energy (HE) linac with short beam
pulses, low pulse repetition rate, and fixed linac end
energy [12].

3.) A new superconducting cw heavy-ion linac [13-14]
behind the upgraded high charge state injector HLI [9]
should provide ion beams with high duty cycle and
adjustable energy in the MeV/u region for the super-
heavy element program as well as for further UNILAC
experiments.

ACCELERATION OF INTERMEDIATE
CHARGE STATES

No additional stripper is used behind the UNILAC in
case of high current operation. For uranium beams, U?*
is selected behind the gas stripper for acceleration along
the post-stripper linac and in the synchrotron (FAIR
reference ion). Due to the high cross sections for charge
exchange processes at collisions with residual gas atoms
for intermediate charge states at SIS18 energies [6],
significant beam losses are generated in the synchrotron,
resulting also in an increasing vacuum pressure caused by
ion induced desorption during SIS operation (dynamic
vacuum effects), generating over again rapidly rising
beam losses. These effects caused severe intensity
limitations in the SIS18. Due to a comprehensive upgrade
program using dedicated low desorption charge scrapers
and NEG coated vacuum chambers as well as further
measures [5-7], the particle intensities extracted from
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SIS18 could be increased by almost two orders of
magnitude during the last years.

Since the reaction cross sections for charge exchange
processes are decreasing significantly for highly charged
ions, the use of higher uranium charge states for injection
and acceleration in the SIS18 was investigated experi-
mentally [6, 15] and by simulations [16]. Higher uranium
charge states were produced at the UNILAC by using a
foil stripper set-up at 1.4 MeV/u instead of the gas
stripper [15]. Highest extracted particle intensities were
achieved behind the SIS18 for U*** beams [6]. In recent
experiments, single particle lifetimes of almost 80 s have
been measured in the SIS18 at injection energy for U%**,
more than two times higher as measured for U%®* in the
same experiment (~ 35 s) [16]. For higher beam energies
during SIS18 acceleration up to the SIS100 injection
energy of 200 MeV/u, the lifetime enhancement for the
higher charge states is even larger. These results represent
a significant improvement as compared to earlier meas-
urements of about 11 s for U®* in 2010 and 3 s in earlier
years [1]. In spite of that, the use of U®** may be
advantageous because of even higher lifetimes.

On the other hand, since the space charge tune shift in
the synchrotron

@1
A By°
is increasing rapidly for higher charge states q, the
injection of intense U** beams into the SIS18 at the
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Figure 4: Main uranium charge state after stripping at
different stripper materials as function of beam energy.
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Figure 5: The investigated high-energy (HE) linac concept.

present injection energy of 11.4 MeV/u would cause a
significant increase of space charge problems. Hence, the
injection energy for U*** beams has to be increased to
about 22 MeV/u for compensation.

To verify these considerations, beam loss simulations
were performed using the STRAHLSIM Code [17-18].
Preliminary results confirmed a distinct reduction of beam
losses during SIS18 booster operation using U*’* injected
into SIS18 at 23 MeV/u as compared to U%* injected at
11.4 MeV/u [16]. Good agreement between simulations
and measurements was achieved for U®*, whereas
verifications are needed for U** operation.

CONCEPTUAL HE LINAC STUDY

Because of the increasing lifetimes for higher charge
states, a linac concept using U** for synchrotron injection
was investigated. Since the gas-stripper provides for a
highly reliable operation, it would be preferred for future
FAIR operation instead of the foil stripper used for the
recent experiments. Hence, the gas stripper must be
shifted to higher beam energies to achieve higher charge
states with sufficient intensities (Fig. 4).

Finally, a stepwise realisation of a new heavy ion high-
energy linac was proposed (Fig. 5, Table 1):

1.) Complete replacement of the existing post-stripper
linac: An extension of the present high current injector
HSI by four new 108 MHz IH-DTL cavities leads to a
pre-stripper end energy of 3 MeV/u and to an uranium
charge state around 38+ behind the gas stripper (Fig. 4).
The existing gas-stripper and charge separation section
could be used again at the new stripper energy but must

Table 1: Main design parameters of the investigated high-
energy linac concept (for 2U)

HE Linac Stage 1 St. 2
Operation freq. 108.4 325.2 | MHz
Linac length 53 29 | m
pre- | post-
stripper

Design charge state 4+ | 38+ | 38+
Beam energy, in 14 3.0 | 114 | MeV/u
Beam energy, out 30| 114 22 | MeV/u
Magn. rigidity, out 14.8 31| 425|Tm
Max. mass / charge 595 | 6.26 | 6.26
Design ion current 20 24 24 | mA
Tot. accel. voltage 95 53 67 | MV
No. of rf cavities 1Bu| 1Bu| 1Bu

(Bu = buncher) 41IH| 4IH| 6CH
No. of high-power 5 5 6+1
rf amplifiers

Room Temperature and Superconducting Linac

be dismounted and must be reassembled at the new
location. Further acceleration after stripping will be
performed by another four 108 MHz post-stripper IH
tanks up to beam energies of 11.4 MeV/u.

2.) In a second stage, a 325 MHz linac using crossbar
H-mode (CH) drift-tube structures will boost the linac end
energy up to 22 MeV/u within the existing UNILAC
tunnel.

Beam Dynamics

The beam dynamics of the entire HE linac is based on
the KONUS concept [19], with an external magnetic
quadrupole triplet lens behind each cavity. No magnets
will be installed inside the cavities — both for the
108 MHz as well as for the 325 MHz sections. Particle
tracking simulations were performed for the full 108 MHz
linac using the LORASR code [20], starting at the HSI
exit with a 20 mA U*" beam [12]. The input particle
distributions for the HE linac (Fig. 6) were derived from
the design output particle distribution of the HSI [8].
Immediately behind the 36 MHz HSI structures a
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Figure 6: U*" input particle distribution used for simula-
tions of the new 108 MHz pre-stripper section starting at
the HSI exit at 1.4 MeV/u.
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Figure 7: Transverse beam envelopes in the horizontal
(top) and in the vertical plane (bottom) along the new
108 MHz pre-stripper section starting at the HSI exit.
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Figure 8: Relative rms emittance growth from HSI exit
down to the stripper position for a 20 mA U*" beam.

powerful six gaps 108 MHz buncher will compensate the
phase jump and will match the beams longitudinally for
the acceleration along the 108 MHz IH linac. Transverse
beam envelopes presented in Fig. 7 show that the particle
dynamics and the design apertures are robust against
beam losses. The relative rms emittance growth along the
~22 m long new pre-stripper section is limited to around
16 % in each phase plane as shown in Fig. 8.

Post-stripper Linac

Beam dynamics simulations of the new post-stripper
linac included investigations of the beam energy best
suited for the transition to 325 MHz CH-DTL cavities.
Since the ion beams are arranged in a 36 MHz bunch
structure generated by the high current injector HSI, only
every ninth bucket of the 325 MHz structures can be used
for ion acceleration. Hence, very high space charge forces
occur due to the large bunch currents corresponding to
equivalent macro-pulse currents of >200 emA for a real
averaged macro-pulse current of 24 emA. Therefore,
108 MHz IH cavities are used in the investigated design
up to the present UNILAC end energy.

CAVITY DESIGN

The HE linac study is entirely based on H-mode
cavities representing the state of the art for ion
acceleration in terms of rf efficiency in the low to
medium S range (up to S~ 0.2). The very high shunt

Table 2: Main parameters of the 108 MHz IH-DTL
cavities of the investigated HE linac concept (for %2U)

Cavity AW Eff. Voltage Length
(MeV/u) (MV) (m)
Pre-Stripper (U4+)
IH3 0.400 25.0 ~2.9
1H4 0.450 26.7 ~3.1
IH5 0.416 26.8 ~3.1
IH6 0.396 23.9 ~ 3.0
Post-Stripper (U38+)
IH7 1.800 115 ~1.8
IHS8 2.370 15.9 ~3.0
IH9 2.200 15.3 ~ 3.3
IH10 2.200 15.0 ~ 3.7
194
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Figure 9: Simulation model of the first 108 MHz IH
cavity of the presented HE linac study.

impedances of that kind of cavities allow to cover this
energy range within a shorter length when compared to
any other solution based on Alvarez DTL [21]. Since no
quadrupole magnets need to be installed inside the drift
tubes due to the KONUS beam dynamics, the rf power
demands will be much lower. At the same time, highest
acceleration fields and highest effective voltage gain can
be achieved.

Due to the low duty cycle, room-temperature structures
are planned for the new linac. Each of the eight 108 MHz
IH cavities will have a length between ~3 to ~3.6 meters
(Table 2). Preliminary Microwave Studio simulations
indicate that the total rf power — including beam loading —
will be less than 1.3 MW for each cavity. For example,
Figure 9 shows a simulation model of the first IH cavity.
Estimated shunt impedances of the pre-stripper structures
are compared to different multi-gap structures in Fig. 10,
indicating a rf power loss reduction of more than a factor
of five as compared to conventional structures. For the
second stage of the HE linac, 325 MHz CH-DTL
structures will be used, taking significant advantage from
the R&D work performed for the FAIR proton linac [11].

RF CONCEPTS

To achieve a sufficient reliability of the existing
108 MHz rf amplifiers from the Alvarez DTL for the
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Figure 10: Estimated effective shunt impedances of the
new 108 MHz pre-stripper IH cavities as compared to
conventional structures and further H-mode cavities.
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coming decades, an extensive, very costly, and man-
power intensive overhauling would be necessary,
including the replacement of many components. Hence, a
complete substitution by new 108 MHz, 1.8 MW
amplifiers for low duty cycle operation with short pulse
length was proposed. A design study for a high-power
cavity amplifier has been started recently at THALES
based on the TH558SC tetrode. 120 kW solid state
amplifiers are being considered for the drivers and new
digital low-level rf systems are planned.

For stage 2 of the presented HE linac study and for
possible future linac energy upgrades, respectively,
325 MHz klystron amplifiers similar to those presently
under development for the FAIR proton linac are
proposed. Since the existing UNILAC rf gallery would be
needed completely for the new 108 MHz systems, an
extension of the existing building would be necessary for
the 325 MHz klystron gallery.

OUTLOOK

The HE linac concept reported here was proposed to
the GSI supervisory board, but no final decision was
taken. As an alternative solution, a 108 MHz IH-DTL
linac for U®" as direct replacement of the existing
UNILAC post-stripper section is being investigated — but
in contrary to the existing machine only for short pulses,
low duty cycle, and fixed linac end energy. lon charge
states and beam energy at SIS18 injection would not be
increased. On the other hand, the U%** machine would
save significant costs and efforts as compared to the U**
linac concept. Only about five new IH tanks and five new
rf amplifiers would be required, the gas-stripper section
need not to be moved to a new position, and no extension
of the rf gallery would be necessary.

Design and construction of prototype cavities for a
108 MHz IH structure and for a 325 MHz CH structure
for future energy upgrades are planned. An extension of
the new high-energy linac up to 100 — 150 MeV/u for
direct beam injection into SIS100 maybe subject to future
studies as long-term option.

Future activities will also focus on the development of
alternative stripper techniques to achieve higher charge
states at the present stripper position. Further experiments
with foil strippers are ongoing. Beam tests of a plasma
stripper set-up developed at the Institute for Applied
Physics (IAP) at the Goethe-University in Frankfurt [22]
are planned. This would still allow for acceleration of
higher charge states for synchrotron injection even with a
new post-stripper linac designed for U%",

The commissioning start of the FAIR accelerators is
planned for 2017 using ion beams delivered by the
existing UNILAC. Beam commissioning of the FAIR
proton linac is scheduled for 2019. Afterwards, the
replacement of the post-stripper section of the UNILAC is
planned, while beams for FAIR operation will be
provided by the proton linac and possibly by the sc cw
heavy-ion linac. First ion beams from a new high energy
heavy-ion linac for FAIR are expected for 2022.

Room Temperature and Superconducting Linac
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HEAVY ION SUPERCONDUCTING LINACS: STATUS AND UPGRADE
PROJECTS

P.N. Ostroumov [ANL, Argonne, USA]

Abstract

We observe that there is an increase in the demand, by
the scientific community, for accelerated CW ion beams
which can be efficiently provided by SC ion linacs. This
demand can be categorized into two areas: existing and new
facilities. Existing facilities are being refurbished and up-
graded for higher energies and beam intensities. Several
new projects are under development or construction world-
wide. Recently, development of new SC ion linacs has
started in China, Korea and Spain. In this talk I will briefly
review both the upgrade and new SC ion linac projects with
a primary focus on the advances in heavy-ion linac tech-
nologies achieved at ANL in connection with the efficiency
and intensity upgrade of ATLAS.
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OVERVIEW OF THE RISP SUPERCONDUCTING LINAC

D. Jeon, Y. Chung, H.J. Kim, S.K. Kim [IBS, Daejeon, Republic of Korea]
E.-S. Kim [KNU, Deagu, Republic of Korea]
J.-W. Kim [NCC, Korea, Kyonggi, Republic of Korea]
Y.Y. Lee [BNL, Upton, Long Island, New York, USA]

Abstract

The Rare Isotope Science Project (RISP) got launched
December 2011 which consists of In-Flight Fragmentation
Facility and ISOL facility, providing uniques research op-
portunities in broad range of sciences. The superonducting
driver linac can accelerate up to 200 MeV/u for uranium
beam and up to 600 MeV for proton beam. The ISOL post
linac which is also a superconducting linac. Design param-
eters and choices are presented.

CONTRIBUTION NOT
RECEIVED
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STATUS AND UPGRADE PROJECT OF HIRFL

G.Q. Xiao, Y. He, X. Ma, M.T. Song, J.W. Xia, H.S. Xu, J.C. Yang, Y.J. Yuan, H.-W. Zhao, X. Zhou [IMP, Lanzh

Abstract

Heavy Ion Research Facility at Lanzhou is a heavy ion
accelerator complex for nuclear, atomic, and biology appli-
cation research activities. It is the biggest heavy ion ac-
celerator facility in China, consisting two cyclotrons in se-
ries as injector and two cooling storage rings (CSRm and
CSRe) as main synclotron and experimental spectrum sep-
arately. The species from P to U were accelerated in the
machine, And the maximum energy is 1 GeV/u for C. The
experimetal teminals are on meterial, biology, canser ther-
apy, SHE, RIB, mass measurement, inner target, and so on.
To improve beam intensity and available beam time, a lin-
ear injectors SSC-LINAC were proposed in 2009. It con-
sists a 4-rod RFQ and 4 TH-DTL tanks. The RFQ, IH-DTL,
and 60 kW solid state amplifier for SSC-LINAC are tested
priliminaryly. The operation status and progress of upgrade
projects of HIRFL are presented in the paper.

CONTRIBUTION NOT
RECEIVED
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NEW DEVELOPMENTSIN LOW-Z GASSTRIPPER SYSTEM AT RIKEN
RADIOACTIVE ISOTOPE BEAM FACTORY (RIBF)

H. Okund, N. Fukunishi, A. Goto, H. Hasebe, H. Imao, O. Kamigaito, Mg€, H. Kuboki
RIKEN, Nishina Center for Accelerator-Based Science, shma, Wako 351-0198, Japan

Abstract

The RIKEN radioisotope beam factory (RIBF) has been .;‘,,,,
successfully operated for more than five years as the first el
next-generation exotic beam facility after the extractibn
the first beam at the end of 2006. Continual development
efforts in these five years have led to improved perfor-,
mance of the accelerators, thereby leading to increase in
the intensity of the various heavy-ion beams that have been
produced. Furthermore, the operation of a new 28-GHz Figure 1: Bird’s eye view of Rl Beam Factory.
superconducting electron cyclotron resonance (ECR) ion
source and a new injector linac was started from October
2011 to overcome the ficulty in increasing the uranium can produce the most intense RI beams in the world at en-
beam intensity that is currently far below our goal ofii®p ergies of several hundred mega-electronvolts per nucleon
(6 x 10'2 particlegs). However, the most serious problemover the entire range of atomic masses. The RIBF facil-
which is the design and implementation of a charge strigty includes an accelerator complex that can accelerage ion
per for high-power uranium beams, has thus far remaineyer the entire range of masses and deliver 80-kW uranium
unsolved, despite extensive R&D studies on strippers ubeams at an energy of 345 MgV Figure 1 shows a bird’s
ing large foils mounted on a rotating cylinder and the studgye view of the RIBF. The section on the left indicates
of a N, gas stripper. A gas stripper is free from problemshe old facility that was completed in 1990. Many experi-
related to lifetime issues and uniformity in stripper thick ments have been carried out with light-ion Rl beams using
ness, although the equilibrium charge state in such a strifite four-sector K540-MeV RIKEN ring cyclotron (RRC)
per is considerably lower than that in a carbon foil strippewith two injectors, the RIKEN linear accelerator (RILAC),
owing to the absence of the densitffezt. These merits and the AVF cyclotron. The feasibility of conducting such
of gas strippers have motivated us to develop a low-Z gdight-ion experiments is enabled by the fact that the RRC
stripper to achieve a higher equilibrium charge state even ¢an accelerate relatively light ions up to 100 MaMwhich
gases, by virtue of suppression of the electron capture pris- the value of the lower limit for RI beam production.
cess in low-Z gas. Inthis light, we carried out the followingln order to expand the mass range for Rl beam produc-
R&D programs. The first one included the measuremetion up to that of uranium, three ring cyclotrons, the fixed-
of the electron-loss and electron-capture cross sectibnsfeequency ring cyclotron (fRC), the intermediate-stagegri
uranium ions in He gas to extract the equilibrium chargeyclotron (IRC), and the superconducting ring cyclotron
state. The second study obtained measurements of cha(G&C) were designed and constructed as energy boosters
distributions and energy spreads using thick layers of wirfor the RRC.
dowless He gas targets. The results of these studies weréThe design and construction of the RIBF accelerators
satisfactory, and it was decided to practically constret t was begun in 1997, and the accelerator building was com-
proposed machine for He gas stripping. We constructgsleted at the end of March 2003. In November 2005, an im-
and installed the new He gas stripper for the operation giortant milestone was reached; the superconducting sector
an uranium beam in January 2012. Tests using uraniumagnets for the SRC were successfully excited at the maxi-
beams are in progress before the the uranium beam serigsym field level. The first beam was obtained on December

which is scheduled for the coming autumn 2012. 28, 2006 [2]. Many improvements have since been carried
out to increase the beam intensity and to commission new
INTRODUCTION beam species to meet the requirements fiedént exper-
iments. Furthermore, the operation of the new injection
RI Beam Factory system that consists of a 28-GHz superconducting ECR

The RIKEN Nishina Center for Accelerator-Based Sci-ion sour.ce (SC-ECRIS) [3] and a linac (RILACZ). [4.] was
arted in October 2011 to overcome théidulty in in-

ence constructed the Radiolsotope Beam Factory (RIBlgi ing th ium b intensity. wh t val
[1] with the aim of realizing a next-generation facility tha cteasing the uraniuim beam Intensity, 2W ose current value
is far below our goal of 1 pA (6 x 10'? particlegs) [5].

" okuno@riken.jp The SC-ECRIS was designed to have a large plasma vol-
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ume of 1100 crhand to provide a flat magnetic field distri- Here,v, M, E andB denote the ion velocity, ion mass, elec-
bution in the central region by exciting the correspondingyic field and magnetic field, respectively. Theref@es
solenoid independently [6]. The RILAC2 is designed tdhe sensitivity toE andB, which contribute to beam accel-
efficiently accelerate ions with a mass-to-charge ratio of &ration, bending, or focusing. The charge state of the ion is
thus aiming at the production of heavy ions such#s'®,  a function of projectile energy (Fig. 2) after being passed
136x 20+ and?38U3>*, up to an energy of 670 kelucleon. through a sfliciently thick stripper to reach a state of equi-
It mainly consists of an RFQ linac based on the four-rotibrium in where electron loss and capture are balanced.
structure and three drift-tube linacs (DTLs) based on a The general requirements of charge strippers are as fol-
quarter-wavelength resonator (QWR). lows. Firstly, a high charge state is preferred in order to
Table 1 lists the beams accelerated at maximum inteneduce the total accelerating voltage and cost. In thisssens
sity thus far. These beams have been used in many nucleafid or liquid strippers are desirable because the density
experiments including that of the discovery of 45 new isoeffect in these states can provide approximately 20% higher
topes [7], the study of the halo structure and large defocharge states compared to that for gas. Secondly, the strip-
mation of extremely neutron-rich Ne isotopes [8, 9] anging dficiency should be as high as possible although the
measurements of the-decay half-lives of very neutron- typical diiciency is around 20%. It is to be noted at this
rich Kr to Tc isotopes on the boundary of the r-processtage that using a large number strippers can decrease the
path, thereby indicating fast r-matter flow [10]. Our goal idseam intensity to zero. Thirdly, a stripper should possess
to achieve a beam intensity of Jup for the entire atomic longevity and operational durability. In particular lifete-
range. This target intensity has been achieved for He amélated problems are critical to high-power beam opera-
O. The beam intensity of Cais 415 pnA which is the currenion because the lifetime of the stripper is anti-proparib
world record. The beam intensities of very heavy ions sudo the irradiated beam intensity. Finally the thickness of
as Xe and U ion are still relatively small; however, thes¢he stripper should be uniform. Non-uniformity in stripper
intensities are increasing due to the operation of the new ithickness generates additional energy spread or emittance
jector system from October 2011. Further developments growth in the longitudinal direction, and this can cause un-
SC-ECRIS are expected to increase the U and Xe beam iesirable beam loss in the succeeding accelerators stages.
tensities up to 100 pnA in the next few years, which clearly Taple 2 lists the shows specifications of the charge strip-
indicates that the problems with respect to the charge-strigers required for the three primary uranium acceleraters in
pers for uranium acceleration will be more severe. stalled in FAIR, FRIB, and RIBF along with their technical
implementation challenges. The accelerator in FAIR accel-

erates uranium ions up to 1500 MgMising synchrotrons.

Table 1: List of _beams accele_rated at_ RIBF accel_erat%ne stripper is installed at the 1.4 MaMon energy stage
C,Omple)_( along with corresponding maximum beam INteNy increase ion charge from+4o 28+ as shown in Fig. 2.
sity achieved. The peak power of the pulsed beam is about 1.5 MW at

lon Energy Intensity Date this stripper. The charges are stripped by d4s intro-
(MeV/u) (pnA) duced by a supersonic gas jet. The acceleration of inter-
— mediate charge state ions such &§*Uons is very essen-
Eﬁ?”ze H 2352% 11%%0 '\gg 22883 tial to reduce the fect of space charge forces. This re-
14N 550 80 May 2009 duction allows for highgr beam intensities. Furthe_rmore
180 345 1000 Jur)1/2010 the accelerator at FAIR is freg from any prob_lems with re-
48C4 345 415 May 2012 spect to charge stripping of ions vx{lth energies of around
7071 345 100 Jul 2012 10 MgV/.u; m_general, char-ge stripping is potentially prob-
86K 345 30 Nov 2007 lematic in this energy region. However, the FAIR accel-
124y 345 57 Jun 2012 erator fa(_:es the technical chaIIenge of dynar_’mc vacuum.
238 345 35 Dec 2012 Intermediate charge state heavy ions sucfUons are

exposed to a high probability of charge exchange due to
collisions with residual gas molecules during their accel-
eration. Since the charge exchange process changes the
Charge Strippers for Uranium Acceleration in  ions’ magnetic rigidity, the involved ions are lost behind
FAIR, RIBF, and RIBF dispersive elements, and an energy-dependent gas desorp-
tion takes place. The desorbed gas is another source of the
Charge strippers in an accelerator complex play an egharge exchange. The FRIB accelerates uranium ions up
sential role in breeding the required state of a given iong energies of 200 MeM using SRF linacs. One stripper
The charge statQ is related to the in the equation of mo-js installed at the 16.3 MeM ion energy stage to increase

tion of the ion as below: charge from 33.5 to 78+ on average as shown in Fig. 2.
d Nearly 80% of the input ions can be gathered at the output
d_\t/ = %(E +VvxB) (1) using the multi-charge acceleration technique [11]. The av

erage beam power at the stripper is about 40 kW. A liquid
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Table 2: Charge stripper specifications for uranium acaétar at FAIR, FRIB, and RIBF. The term PW in the table

denotes 'plasma window’.

Item FAIR FRIB RIBF

Final energy 1.5 GeMucleon 200 MeWu 345 MeVu

Type of accelerator Synchrotron SRF linac Cyclotron

Number of charge strippers 1 1 2

Stripping energy 1.4 MeN 16.3 MeVu 11 and 51 MeYu

Charge state 428 33, 34-76-80 35-(71/65)—86

Stripping dficiency ~14% ~80% ~5%

Beam power at stripper 1.5 MW (pulsed) 40 kW 7.5 kW

Type of stripper N gas Lig. Li film (baseline) C-foil> He gas
(supersonic gas jet) He gas with PW (1st stripper)

(alternative) C-foil (2nd stripper)
Technical challenge Dynamic vacuum Lig. Li film and PW He gasfmement

W s
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il /"8 RIBF ]
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& 70t H .
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©
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CHARGE STRIPPER PROBLEM FOR
URANIUM ACCELERATION AT RIBF

Figure 3 shows the RIBF acceleration scheme for ura-
nium beams with the use of two strippers. Uranium beams
from the new injector system are accelerated using four cy-
clotrons, namely, RRC, fRC, IRC, and SRC, up to ener-
gies of 345 MeVYu. The first stripper is located behind the
RRC, at the ion energy stage of 11 Mglyand the second
one is located behind the fRC, at the ion energy stage of
51 MeV/u. Carbon foils are used as strippers in both cases.
The typical thicknesses of the foils for the first and second
strippers are 30Qg/cn? and 17 mgen?, respectively. The
problem associated with the first stripper is extremely grav
from the viewpoint of our operational experiences. Carbon
foils commercially available are currently being used for

Figure 2: Charge evolutions in uranium acceleration fofhe first stripper. The carbon foils clearly show radiation
FAIR, FRIB and RIBF as a function of projectile energygamage, and the momentum spread of the beam after it

with equilibrium charge state.

passes through the stripper becomes wider after beam ir-
radiation. Their typical lifetime is about 12 h at intensd#i
of 1-2 alA. Carbon foils of identical thicknesses are being

lithium film [12] has been adopted as baseline choice afeveloped at RIKEN, and the quality of these foils which is

stripper. In order to make liquid lithium film, a roundedapproaching that of the commercially available ones [15].
lithium jet from a nozzle is impacted on the edge of thdable 3 lists the requirements of the first stripper with the
deflector. The stability of the film has been successfullperformances of the carbon foils. As per beam acceleration
demonstrated under actual operating conditions. The aequirements, firstly, the charge state at this strippeyesta
ternative stripper available for use is the He gas strippshould be more than 89 which is the lowest acceptable
[13] sandwiched between two plasma windows [14]. Theharge state with respect to the succeeding cyclotron fRC.
plasma window can reduce conduction by a factor of abo&@econdly, from our operational experiences, we hope that a
20, thereby leading to improved He gas confinement. THeiripper’s lifetime should be more than one week at a beam
operation of the system has been successfully demonstrateinsity of 100 gA. Thirdly, the level of non-uniformity
with a window aperture of 2 mm. Scientists at the FRIB fain the stripper thickness should be less than 10%. The per-
cility are attempting to increase beam aperture from 2 mii@rmance of the carbon foils (listed in Table 3), clearly
to more than 6 mm. The RIBF accelerates uranium ions ughows that a stripper with a considerably longer lifetime
to 345 MeVu via the use of cyclotrons. Two charge strip-is required for consistent accelerator operation. Theegfo
pers are installed to increase charge from- 36 86+ as R&D programs focusing on the up-gradation of the first
shown in Fig. 2. The strippingfigciency is extremely low stripper were initiated from 2008.

because of the adoption of the two-step stripping approach.First, we began conducting irradiation tests on a stripper
In the rest of the paper, we examine the charge strippers foonsisting of a large foil put on a rotating cylinder, which
use in the RIBF. was developed by Ryuto et al. [16], in order to expand the
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Table 3: Summary of R&D studies on first charge stripper fanium acceleration in RIBF

[tem Value C-foil Rotating C-fail N, gas Hegas
Charge >69 71 71 56 65
Lifetime >1week (at 100@A) 12h (at1-2@A) 3-4days(at10@A) long long
Non-uniformity in thickness < 10% ~30% >30% 0 0

vated us to develop a low-Z gas stripper that may provide
higher charge states even in gas.

R&D STUDIESON LOW-Z GAS STRIPPER

RFQ RILAC2Z  RRC  fRC  IRC SRC
) (1) (14) (345 The equilibrium charge state is determined by the com-

) _ ) ) _ petition between the e-loss and e-capture processes of the
Figure 3: Acceleration scheme for uranium beams usings The capture cross sections depend strongly on the ion

two strippers. velocity V, compared with that of the target electrons. The

e-capture phenomenon is particularly highly suppressed

) o ) o o _ because of poor kinematical matching when the ion veloc-
|rrad|at|0n area, with 'Fhe_objec'qve of realizing long life ity significantly exceeds that of the 1s electrons,, Where
times. We placed a foil with a diameter of 100 mm on the g g|ecirons are the fastest-moving target electrons. Such
cylinder, which could be rotated in beam vacuum. The first, yyression of e-capture is expected in the case of low-Z
sample test_ed in 2008 malfunctioned within a short '_”terv%rgets or high ion velocity, becauseis approximately
about 15 mln._We performed some tests to determine W%um to 7137, thereby resulting in a higher equilibrium
the rotating foil was prematurely damaged. We found thaf5rqe state for low-Z values or large ion velocities. In
very slowly (0.05 rpm) rotating carbon nanotube (CNT)1,¢¢ "3 substantial increase in the equilibrium chargesstat
based foils can survive for three or four days at intensitig§ ohserved in certain experimental data on the equilibrium
of 10 iA. Some foil sections were missing after three Ogparge state orfeective charge at intermediate energies in
four days and the foil required replacement. However, dgg,,,_7 regions [18, 19, 20].
spite the above-mentioned issues, this stripping systesn wa Tapje 4 summarizes the reaction conditions under which
successfully used in the uranium beam series the last Y&4{arge enhancement of the equilibrium charge state in the
when the RILAC2 became operational as an injector. low-Z region is observed, along with the parameters of

Next, we initiated the development of gas strippers. A/ /v (the relative projectile velocities with respect to the
gas stripper is free from lifetime-related problems altjiou K-shell electrons) obtained from references [18, 19, 20].
it provides a lower equilibrium charge state than a carbonhis table also lists the parameters for the reactions for
foil due to absence of the densitffect. We did not have which cross-section measurements were performed in He
data on the equilibrium charge state in §&s, and no em- o obtain the equilibrium charge states. These parameter
pirical formulae are currently available to predict the iequ values show that charge enhancement can be expected in
librium charge state correctly. Therefore, we measured thfr target reaction [Ur He (gas) at 11 MeXu]. Table 4
charge state at 11 M\ using a gas target system with afurther lists the parameters for reactions for which equili
differential pumping system that was formerly used for nitium charge states were measured ingds; lower charge
clear experiments [17]. The measured equilibrium charggates than those obtained with carbon foils were obtained
state in N was 56, which is far below that in a carbon in our previous study, owing to the absence of the density
foil (71+), thereby suggesting that the gas stripper canneftect [17, 21].
be used for uranium because the acceptable charge state forigure 4 shows the e-loss and e-capture cross sections
the fRC is larger than 69 calculated using the binary encounter model [22] and

Details of the two R&D studies on the charge strippeBchlachter’s formula [23] as a function of the charge state
are summarized in Table 3. The lifetime of the rotatindor H,, He, and N. The two lines for each case intersect
foil is not suficiently long because we expect an increasat the equilibrium charge state. The figure clearly shows
in the beam intensity in future beam accelerations. Thiat higher charge states are obtained in gases with Z val-
beam quality after the beam passes through the stripperuss lower than that of Ngas. There are no data on the
quite poor, thereby suggesting that the non-uniformity iequilibrium charge state of uranium in a low-Z gas in this
the stripper thickness is larger than 30%. In contrast, ttenergy region mainly because of thefdulty in confin-
lifetime of the gas stripper is fliciently large, and its uni- ing low-Z gas without using a window. For example, our
formity in therms of thickness is good, although the equigas stripper system, mentioned in the previous section, can
librium charge state is so low that fRC cannot accept theonfine only 0.015 mgn? of He, which is not sflicient
U ions. Therefore, the merits of using a gas stripper motfor U ions to reach their equilibrium at 11 Mé¥, while
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, Beamfrom RILAC

Table 4: Reactions for which enhancement of equilibrium
charge is observed in low-Z target region. The definition B A
of Vp/Vys is given in the text. The lower part of the table Ubeam
lists the reactions for which equilibrium charge state mea-
surements were carried out in this study and those obtained He gas (0.014 mg/em?)
from references of [17, 21]. \

Reaction Energy Vp/Vis Ref.

Q) 11 MeV/u35+
14 MeV/u 41+
15 MeV/u 41+

Q+ selection
(60+ < Q# <75)

Cfoil

(M eV/U) g Faraday cup F41
Ar + Hy 1.25 7.1 [18] R
U+ He 22 14.9 [19]
U+ N2 56 6.8 [20]
U+ He 11 10.5
U+ He 14 11.9 Figure 5: Schematic of experimental setup used for mea-
U+ He 15 12.3 surement of cross sections of e-loss and e-capture in RIBF
U+ N 1 3.0 beamlines.
U+ N2 14 34
U+ N> 15 35
& 1lloss@11 MeV/u
I '\\ &1cap@11 MeV/u
1E-14 —_ -o-1loss@14 MeV/u
- . & 4
= o o= N - e Ly | e
€ 1817 N xz He = 5E- o 14 MeV/u -41loss@15 MeV/u
L 1e18 P —— 2 -+ 1cap@15 MeV/u
e 1E19 7 N E ././' Ni
O 1E20 ,
B oen A4 T N a 66+ @11 MeV/u ﬁ)
@ 152 I/// — H 1 S N N5 @ 15 MeV/u
“ o1e23 f
A 124 r
2 1E-25 . ==H(Los) =H (Cap) ===He (Los) ‘/
O 1E26 (f—— _
1627 | =—He(Cap) =N (Los) —N(Cap) _ | | | | | 5E-21
1€-28 ! ! L L 59 64 69 74
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Charge
q (projectile)

Figure 6: Measured cross sections of e-loss and e-capture
Figure 4: Simple estimation of cross sections for e-loss arft a function of the charge state of uraniumions at 11, 14,
e-capture in M, He, and H. and 15 MeVu in He gas. The cross sections were extracted

assuming the thickness of the gas cell to be 13gen?.

it can confine 1.3 mgn? of N,. Hence, we measured the ) )
cross sections of the loss and capture of a 1s electron as & FC measured the intensity of the beam current of the
function of the charge state of uranium ions to extract theharge state for e-loss (@ 1), e-capture (Q- 1), and no

equilibrium charge from the intersection point of the los§€action (Q. The pressure of the target He gas was moni-
and capture curves. tored by using a Baratron pressure transducer, and the gas
flow was regulated by means of an automated control valve
and a flow controller. Further details of the experimental
Measurements of e-Lossand e-Capture Cross Sec- setup can be found given in reference [17]. The cross sec-

tions tion of e-loss,aoss, and that of e-capturercapture, Were
The experiment to measure the e-loss and e-capture cr@&¥@ined using the following equations:

sections was conducted at the RIBF using the RILAC and 11(Q +1)

RRC. A schematic of the experimental setup is shown in Oloss = T3 1(Qm) )
Fig. 5. Beams of 11 Mef 238U35", 14 MeVju 238U+,

and 15 MeVu 238U* were extracted from the RRC. The Connture = 11@Q-1) 3)
incoming ions passed through a carbon foil located in front P t 3 1(Qm)

of a bending magnet, which was used to select the individvheret denotes the gas layer thickness df@) denotes

ual projectile charge state,QThe thickness of the car- the beam intensity of ion charggat F41.

bon foil was optimized to obtain the maximum intensity The intensity at F41 was normalized by the intensity
of the charge state. Each beam was directed through a wimeasured by an FC located upstream of the gas cell in or-
dowless, difterentially pumped He gas cell. After emergingder to cancel the fluctuation in the beam intensity from the
from the gas cell, the beams passed through a second beRIRC. During the measurement, the cell pressure was main-
ing magnet into a Faraday cup (FC) at point F41 in Fig. Rained at a value of 0.56 kPa. At this pressure, the thickness
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of the gas layer of the stripper was measured to be 1:8.27gas confinement at a volume of about 1/omy to measure
1.81ug/cn? usinga-rays from?#*Am. the charge distribution and energy spread [25, 26].
Figure 6 shows the measured cross section as a func-Two gas strippers were prepared in order to measure the
tion of the charge number of uranium ions at 11, 14, anstripping performance of He and,Hvith cell lengths of
15 MeV/u. The absolute values of the cross sections shovéim and 0.5 m as shown in Fig. 7. The cell length was de-
in Fig. 6 have a deviation of 13.6%, although the relativéermined by the power of the fierential pumping system
values are accurate because the cross sections were that was available at that time. Figure 8 summarizes the
tracted assuming the thickness of the gas layer to be theeasured charge evolutions in He gas as functions of the
mean of the measurement values obtained as above. Tges layer thickness. The charge is saturated arourd 65
data show that the cross section of the e-capture largely dand the confinement value of 0.71 fogP was selected as
pends on the beam energy, while the e-loss cross sectithre optimal operational point. The fraction of 6% about
does not depend as much on the beam energy. Beca24éb at the operational point. The energy spread after the
the contribution of multiple electron transfer in He is verybeam was passed through a layer of 0.7amg of He gas
small [24], the intersection of the two lines gives a goodvas measured to be preliminary around 0.4%. Although
approximation of the equilibrium charge state. The interthe thickness of the He gas layer is completely uniform,
section points show charge state values of 66, 73, and #te energy spread is not zero due to charge exchange strag-
at 11, 14, and 15 MeM, respectively. Table 5 lists the gling. The energy straggling originates from the charge
equilibrium charge states in He,,Nand C. The equilib- dependence of the energy loss and the finite width of the
rium charge state in He is obviously larger than that jn Ncharge state distribution in the charge stripper. Furtleer d
by more than ten and is close to thatin C. tails are available in [27]. For the purpose of comparison,
the energy spread after the beam was passed through con-
ventionally used C foils with a thickness of 3@g/cn? was

Table 5: Equilibrium charge states in Hez,Mind C at 11, aasured to be preliminary around 0.7%.

14, and 15 MeYu. The data for Nand C were taken from
references [17, 21].

Material Qe.@11 Q.@14 Q@15 COMMISSIONING STATUS OF MACHINE

(MeV/u) (MeV/u) (MeV/u) FOR HE GASSTRIPPING
He 66 /3 5 The measured data described in the previous section has
22 ?g % ?? enabled the conclusion that the He gas charge stripper can

be used for practical operation by increasing the maximum
bending power of the fRC to accepfU ions though is-
sues such as heat generation and removal and the use of a

Measurements of Charge Distributions and He gas recycling system require to be solved. Our choice

; : of the new He gas stripper [28] can confine 7 kPa of He
Energy Spread using Thick He Gas Targets gas over a cell length of 50 cm. The total thickness of

The measurement results for e-loss and e-capture crabge He gas layer is 0.7 nfgr?. About 300 ni/day of He
sections show that a low-Z gas stripper can be used to rgas can be circulated using 21 pumps. The stripper has a
alize a higher charge state of uranium. However, the difinique recycling system where the outlet of the mechanical
ficulty in the confinement of low-Z gases still remains duéooster pump is returned to the gas cell chamber directly.
to their tendency to quickly disperse. As mentioned in th&ight order pressure reduction from 7 kPa ta°1Pa can
previous subsection, the existing gas stripper can confifbe realized in order to connect the gas cell with the beam
only 0.015 mgen? (0.7 kPa) of He, while it can confine lines. Beam aperture is more than 10 mm. This system
1.3 mgcen? of No. A simple estimation shows that ap- has been installed on the beam line in January, and several
proximately 1 mgen? of He or H, is necessary to achieve offline tests have been completed. Tests with U beams are
a higher charge state, thereby suggesting the necessityimprogress for a uranium beam series scheduled in the au-
using a new device to solve this problem. At this stateumn of 2012. Unitil this time, the following issues need
there are two options in terms of constructing a new dde be continually checked, though no major problems have
vice. The first one is the use of plasma windows, whiclveen encountered thus far. Firstly, the level of impurities
has been described in the introduction section of this pauch as oil and water have appeared to be kept at minimum
per. We began the R&D studies on the use of plasm&ecause no change in the charge distribution has been ob-
window-contained strippers with A. Herschovitch becausserved. Secondly, in the design phase, we were concerned
implementation of plasma window strippers requires speavith high-power beams causing "holes” in the gas due to
cial techniques in terms of design and operation. Thieat generation. However, there has been no sign of this
plasma window was successfully ignited in October 201 froblem from the viewpoint of the charge distribution and
at the RIKEN site. The second option is to use large mesnergy spread observed thus far. Thirdly, the He gas recy-
chanical booster pumps (MBPs) to confine low-Z gas. Suatiing system has been working satisfactorily, and there has
MBPs are commercially available. Hence, we initiated Hb&een no He gas loss. In the recycling system, 98% of He
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Figure 7: Schematic of 0.5-m gas cell with largéeliential pumping system for low-Z gas accumulation.
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NEW DESIGN FOR THE SARAF PHASE II LINAC

B. Mustapha, Z.A. Conway, M.P. Kelly, A. Kolomiets, S.V. Kutsaev, P.N. Ostroumov [ANL, Argonne, USA]
J. Rodnizki [Soreq NRC, Yavne, Israel]

Abstract

We have developed a new design for the 40 MeV/u -
5 mA proton/deuteron SARAF Phase-II Linac. It includes
a RFQ, room-temperature bunchers and two types of SC
cavities. The new design is based on highly optimized ring-
shaped HWR structures operating at 176 MHz, the same
frequency as the current SARAF Phase-I linac. We will first
present the optimized design of all the components from
the RFQ to the SC cavities, then the proposed linac layout,
and finally the results of end-to-end beam dynamics sim-
ulations including machine errors, realistic corrections and
beam loss analysis.

CONTRIBUTION NOT
RECEIVED
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DESIGN STUDY FOR FRONT-END SYSTEM AT RARE ISOTOPE
SCIENCE PROJECT
L.2Eun-San Kim*, 'JungBae Bahng, !Ji-Gwang Hwang, 'Si-Won Jang, 2Byung-Chul Kim
?Bong-Hyuk Choi, 2Hye-Jin Kim, 2Sun-Kee Kim, ?Dong-O Jeon
1Kyungpook National Univ., Deagu, Korea, 2IBS, Daejeon, Korea

Abstract

Heavy ion beams of 400 kW and 70 kW are generated
at the RISP by in-flight and ISOL methods, respectively.
Front-end system for the in-flight at the RISP consists of
two 28 GHz superconducting ECR-IS with 10 keV/u, a
LEBT with two 90 degree bends and two bunchers with
40.625 MHz, a RFQ with 81.25 MHz and 300 keV/u, and a
MEBT with two re-bunchers. The front-end system design
studies have been performed to optimize the beam and ac-
celerator parameters to meet the required design goals. For
this, we performed front-end simulations with two-charge
state beams and present the design performance and results
of the beam dynamics.

INTRODUCTION

RISP (Rare Isotope Science Project) is designed to accel-
erate the ions from proton to uranium for 400 kW in-flight
system. The accelerator can be segmented into front-end
accelerator and superconducting linear accelerator. The
front-end includes two ECR ion sources, low energy beam
transport (LEBT), radio frequency quadrupole (RFQ) and
medium energy beam transport (MEBT). ECR ion source
generates various charge states of ions from proton to ura-
nium. LEBT delivers these ion beams to the RFQ effi-
ciently. Bunching at the LEBT is considered by two bunch-
ers. RFQ accelerates the uranium beam up to 300 keV/u.
The MEBT matches the beam from the RFQ to the super-
conducting linac. Fig. 1 shows the layout for the front-end
system. We show the design results in the front-end system.

HE

Q' PS: pair solenoid D : Diagnostics

L. VS : Vacuum system B : Buncher

ST : steering magnet C: Collimator
Q : quadrupole BM : Bending

L
Chopper —2
1
o o A
Q Q Q
MEBT

Figure 1: Layout of the front-end system for the drive linac.

ECR ION SOURCE

The goal of the design of the ECR-IS is to produce var-
ious ions with 10 keV/u of the kinetic energy and nor-
malized rms emittance of 0.1 7mm-mrad. Two ECR ion

*eskim1 @knu.ac.kr
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sources are considered for the RISP, as shown in Fig. 1.
Superconducting magnets and RF source of 28 GHz are
used and the main design parameters from the two R&D
groups of KAERI and KBSI are summarized in Table 1[1].
The design of the superconducting magnets is the most im-
portant part of the ECR ion source design. The feature of
KAERI model is to use five solenoids for adjusting ECR
zone efficiently. On the other hand, the step winding tech-
nique for sextupole coils is the KBSI’s idea to build the
ECR ion source compactly.

For the superconducting magnets, 4 K cryogenic system
has to be prepared. The ECR ion source needs more than
10 W cooling powers at 4 K during the operation because
X-rays from the plasma chamber could be an extra heat
load to the cryostat. Reducing the X-rays, therefore, is also
a key design factor for the ECR ion source. A tantalum
is used as a radiation shielding material. Dual frequency
operation improves the overall performance so that consid-
ering an extra 18 GHz RF source can be a good choice to
achieve high charge states and high current ions. Addition-
ally, a high temperature (2000 °C') oven for solid isotopes
and a high voltage platform of 70 kV for heavy ions are
necessary.

Table 1: Main parameters of the ECR-IS.

KAERI KBSI
Frequency(GHz) 28 28
RF power (kW) 10 10
Chamber diameter(mm) 150 150
Chamber material Al Al
Mirror length(mm) 500 500
External voltage(kV) 30 30
SC wire NbTi NbTi (OK35,38)
Number of solenoid 5 3
Sextupole winding type  Saddle Race track
Bin; (T) 4.2 3.6
Bt (T) 2.2 2.1
B,.(T) 3 2.2
Bmin(T) 0.3-0.8 0.4-0.8

LEBT

The LEBT consists of two 90 degree bends and
quadrupoles for achromatic optics, solenoids for beam
matching with ECR-IS and RFQ, two bunchers, steer-
ing magnets, collimation systems and diagnostics. Fig. 2
shows designed optics and beam envelopes for the LEBT
beam line that is optimized by TRANSPORT code. The
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dc beam from the ECR-IS is bunched before injection into
the RFQ. To get a short bunch length with high bunching
efficiency, two bunchers with the 40.625 MHz are applied.
To perform the beam simulations, IMPACT-Z code is uti-
lized for 6-dimension tracking that includes the effect of
space-charge force[2,3,4,5]. A normalized rms emittance
of 0.1 7 mm-mrad and intrinsic energy spread of 0.05%
are considered. 20,000 macro-particles are initially gen-
erated in 4-dimensional water-bag transverse distributions
with uniform longitudinal distributions in phase spaces and
are tracked in the simulations.

Fig. 3 shows the (top) initial horizontal, vertical and
longitudinal beam distributions for two-charge state beam
of 238133+ (blue) and 238U34+ (red) with 400 ey A in the
LEBT. Fig. 3 also shows the beam distributions (middle)
before and (bottom) after first buncher in the LEBT. Fig. 4
shows the beam distributions (top) before and (bottom) af-
ter second buncher in the LEBT. Two-charge state beam
due to first buncher with 40.625 MHz is bunched as well
as longitudinally separated from each other due to veloc-
ity difference. Second buncher in 40.625 MHz is used
to provide each of two-charge state beams with the same
velocity at the entrance of RFQ. A distance between first
buncher and second buncher is given by 1.18 m, which
corresponds to the two-charge state beam of 238U33+ and
238734+, Fig. 5 shows the longitudinal beam distribution
at the entrance of RFQ.

The cores of the two-charge state beams well overlap and
tail particles increases the beam emittance. The simulation
shows that the designed LEBT under the effect of space-
charge force provides good beam matching and bunching
for the two-charge state beam. Adequate transverse and
longitudinal emittances are also obtained by the entrance
of RFQ. It is shown that the space-charge effect for the ura-
nium beam of the 400 ep A is small in the LEBT.
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Figure 2: Designed optics and envelopes for LEBT.

RFQ

The RFQ is designed to accelerate the beam of 12 puA
two-charge state (233U33% and 238U34%) beams from 10
keV/u to 300 keV/u. PARMTEQ is used to get the RFQ
design parameters[6]. Table 2 shows the main input param-
eters of RFQ. Charge state of 33.5 for the simulations of U
beam in PARMTEQ is used for multi-charge state beam of
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FrpactZ  (Graphical GUI for ImpactZ) 2my3e 23833

Figure 3: (top) Initial beam distributions, beam distribu-
tions (middle) before and (bottom) after first buncher in the
LEBT .

Z38U34 238U33

Figure 4: Beam distributions (top) before and (bottom) af-
ter the second buncher in the LEBT.

the uranium.

Fig. 6 shows the behavior of the physical quantities of
the RFQ as a function of length. The vane voltage is fixed
to be 70 kV. The focusing strength(B) is adopted as a con-
stant of 5.08 along the RFQ. The accelerating efficiency
is fixed to be 0.55 in order to reduce length of the RFQ.
The synchronous phase becomes to -30 degrees at the end
of gentle buncher from -90 degrees at the entrance of the
RFQ. The modulation factor increases from 1 to about 2
and the average radius is 5.32 mm. The total length of
RFQ is 3977.87 mm and number of cell is 220. The max-
imum peak surface electric field E that occurs at cell 218
is 17.7659 MV/m and the value E corresponds to 1.69E},
where E; is the Kilpatrcik criterion. 10,000 particles are
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Figure 5: Longitudinal beam distribution at the entrance of
RFQ.
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generated by the beam current of 12 puA.

Table 2: Main parameters of the RFQ.
2387733+ 4nd 238[734+

Reference particle

RF frequency 81.25 MHz
Input charge state 335

Input energy 10 keV/u
Output energy 300 keV/u
Beam current 12 puA

Input normalized emittance 0.1 7 mm-mrad rms
Vane voltage 70kV

Total length 4m
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Figure 6: Evolution of synchrotron phase, modulation fac-
tor, focusing strength, aperture, kinetic energy and acceler-
ation efficiency along RFQ.
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Figure 7: Beam distributions at the entrance (top) and exit
(bottom) of the RFQ.

Fig. 7 shows the (top) input and (bottom) output parti-
cle distributions in the transverse and longitudinal phase
spaces. We used 4D water bag model for input trans-
verse particles and 2D uniform model for longitudinal par-
ticles. Their Twiss parameters are o, = 0.7445 and 3, ,
=4.7536 cm/radian. Fig. 8 shows the particle distributions
in the transverse (horizontal, vertical) envelopes, phase de-
viation and kinetic energy deviation as a function of cell
number. Transmission rate in the RFQ shows 90.8%. The
normalized rms transverse emittance of output beam are

¢ = 0.12 7 mm-mrad and ¢, = 0.12 7 mm-mrad, respec-
tively. Then the longitudinal emittance is 6.6 MeV-deg.
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Figure 8: Beam envelopes, phase deviation and kinetic en-
ergy deviation along RFQ.

Each single charge state of +33 and +34 with 12 puA was
also tracked by the same RFQ design.

TRACK code is also used for the simulations of the
two-charge state beam. Field informations from PARI and
PARMTEQM are used. In the TRACK code, the aperture
radius is fixed to be 5.32 mm. Twiss parameters and emit-
tance of input beam are the same as the PARMTEQ pro-
gram. 10000 particles are used and beam current is 12
purA. Fig. 9 shows the results of TRACK code for the two-
charge state beam (233U33+ in blue and 238U 34+ in green).
The beam transmission rate is 93% and the normalized rms
transverse emittance of output beam are ¢, =0.103 m mm-
mrad and €, =0.103 7 mm-mrad in horizontal and verti-
cal direction, respectively, and longitudinal emittance is 1.3
keV/u ns.

When the two-charge state beam from the LEBT is
tracked by TRACK code in the RFQ, the beam transmis-
sion rate is 80% and normalized rms transverse emittances
of output beam are ¢, = 0.14 7 mm-mrad and ¢, = 0.14 7
mm-mrad in the horizontal and vertical directions, respec-
tively, and longitudinal emittance is 1.08 keV/u ns.
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Figure 9: Beam distributions at the exit of RFQ by TRACK
code.

MEBT

The Medium Energy Beam Transport (MEBT) system,
which is installed between the RFQ linac and supercon-
ducting linac, requires to match the optical parameter in
transverse plane and also remove the unaccelerated ion
beams from the RFQ linac. The optics design of the MEBT
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system is performed by using TRACE3D code and parti-
cle tracking is performed by using IMPACT-Z code. The
optics function is matched to the betatron function at the
entrance of the superconducting linac. MEBT is studied to
find the better way to compensate the growth of transverse
emittance due to the effect of the space-charge. The MEBT
system also provides the enough space for beam diagnostic
devices such as beam profile monitor, beam position moni-
tor and wire scanner. The transverse beam size can be con-
trolled by the knobs which are installed in the up-stream of
beam diagnostic devices to measure the beam information
in MEBT system.

Five room temperature quadrupole magnets are used to
minimize the transverse emittance growth of two-charge
state beams and provide the transverse focusing to achieve
the small beam size and focusing gradient at the entrance
of the superconducting linac. Two rebunchers are also
used to provide flexible longitudinal matching from the exit
of the RFQ to the entrance of the superconducting linac.
TRACE3D code to design the MEBT is used. To estimate
the space charge effect in MEBT system, we performed
the calculation by using IMPACT-Z code. The results on
the beam distributions and beam envelopes are shown by
Fig. 10. The quadrupole magnets have a field of less than
0.5 T at the pole-tip. The room temperature rebuncher has
81.25 MHz and fB,,¢ = 0.025 M4. The total length of the
MEBT is about 3.7 meters.

Figure 10: (top) Initial and (middle) final phase space beam
distributions, and (bottom) beam envelopes in the MEBT
by IMPACT code.

FRONT-END SIMULATIONS

Fig. 11 shows the beam distributions in transverse and
longitudinal phase planes at the (top) entrance of MEBT
and at the (bottom) exit of MEBT when the front-end
beam simulations from the LEBT to MEBT are performed.
When the two-charge state beam from the LEBT is tracked
to the MEBT, the beam transmission rate is 79% and nor-
malized rms transverse emittances of output beam are €, =
0.2 m mm-mrad and ¢, = 0.14 7 mm-mrad in the horizontal
and vertical directions, respectively, and longitudinal emit-
tance is 9.3 MeV-degree.
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Figure 11: Phase space beam distributions at the (top) en-
trance and at the (bottom) exit of the MEBT by the front-
end simulations.

SUMMARY

First front-end beam simulations at RISP are performed
to optimize the front-end system. The results show that the
performance results exist within scope of the requirements
by RISP.

The beam from the ECR-IS will be used for the front-end
simulations and performance on multi-harmonic buncher in
the LEBT will be examined as the future works. In addition
to front-end system for the driver linac, front-end system
that includes charge breeder, LEBT, RFQ and MEBT for
the re-accelerator will be also studied.
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Abstract

For injection into the future FAIR SIS100 synchrotron
the GSI linear accelerator UNILAC and synchrotron
SIS18 have to provide 1.5-10" p/spill for the reference
U®** beam. The MEVVA ion source extracts 37 emA of
U*" beam. For improved transmission in the front end
accelerator the RFQ vanes were revised and exchanged. A
new ion source terminal with direct beam injection into
the RFQ is calculated and partly realized for loss free
beam transport to the RFQ. To improve the quality of the
space charge dominated beam in the DFFD periodic
focussing Alvarez section a transversal 4" order
resonance was investigated by simulations and
experimentally. The multi turn beam injection into the
SIS18 requires emittances below Byex/Byey = 0.8/2.5 um.
This suggests introducing a new concept for emittance
transfer by solenoidal stripping. A set-up for experimental
proof of principle will be installed at the foil stripper. The
SIS18 has been equipped with NEG-coated chambers for
all magnets and the injection septum. Newly installed ion
catchers improve especially the dynamic vacuum
pressure. The effect on progress in beam quality
development and intensity will be reported.

INTRODUCTION

For the reference ion U*" the UNILAC has to inject
2:10"" particles per 60 pus into the SISI8. This again
injects four batches of 1.5-10'" particles each into the
future FAIR SIS100 synchrotron [1] with a repetition rate
of 2.7 Hz to fill it finally with 6-10"" particles for
acceleration up to 2.7 GeV/u for radioactive beam
production. Alternatively SIS100 accelerates intense
proton beams up to 30 GeV for pbar-production.

GSI| Today

SIS 100

p-.

e

4 fmac ]

Fig. 1: The existing GSI accelerators UNILAC and SIS18
and the future accelerator facility FAIR.

Room Temperature and Superconducting Linac

This booster operation of the SIS18 [2] is the most
challenging case concerning beam intensity, repetition
rate, and dynamic vacuum challenges. Heavy ion beams
of energies up to 30 GeV/u will be provided by the FAIR
synchrotron SIS300, using higher charge states and a
slower cycling rate. SIS300 can also serve as a stretcher
for the production of radioactive beams, which will be
injected, cooled, and stored in a system of rings with
internal targets and in-ring experiments (Fig. 1).

GSI uses heavy ion sources of e.g. MUCIS or MEVVA
type which generate for a whole string of low charged
ions beams of sufficient intensity. As the UNILAC was
originally not designed for space charge dominated beams
different measures are necessary to reduce beam losses
and improve beam quality.

SIS 18 '/{Z
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MEVVA ‘ BT-Modif R ) 2 \/}' °
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Fig. 2: Schematic overview of the UNILAC, experimental
area, transfer channel to SIS, and locations of upgrades.

The scheme of the UNILAC is presented in Fig. 2. The
prestripper accelerator HSI (high current injector)
comprises a 36 MHz RFQ and two IH-type drift tube
DTLs for final energy of 1.4 MeV/u, suited for ions with
mass to charge ratios up to 65. A gas stripper increases
the charge states, e.g. U*" delivered by the MEVVA
source is stripped to U**". Five 108 MHz Alvarez DTLs
accelerate the ions up to 11.4 MeV/u. Finally a chain of
ten single gap resonators allows exact adjusting of any
energy between 3.6 and 12.4 MeV/u. A second injector
HLI (high charge state injector) with an ECR source
injects directly into the post stripper section. Finally, up to
three different ion species can be accelerated
interchangeably to  different energies. Different
experiments in any mixture on basis of a 50 Hz pulse-to-
pulse switching mode can be accomplished. The transfer
channel to SIS18 includes a foil stripper for another
charge state increase and is also suitable for 4 Hz pulse-
to-pulse operation of beams from different ion species
passing through different stripping foils.

The SIS18 rigidity is 18 Tm with warm magnets of
1.8 T maximum field strength. The present ramp power is
limited to 4 T/s. This allows a repetition rate of ~ 1 Hz
only. The ring includes 12 double dipole magnets with
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magnetic quadrupole triplet or doublet focussing in each
of the 12 sections. Two rf-cavities with a frequency range
of 800 kHz up to 5.6 MHz apply 32 kV acceleration
voltage each. Depending on the mass to charge ratio the
beam extraction energy is for example 220 MeV/u for
U®*, 1 GeV/u for U™, and up to 2 GeV/u for lighter
heavy ions. A scheme of the SIS18 is given in Fig. 3.

RF station ~yeomo. .
iyt Bading Powar 38 Te m g\

SIS: BR=18 Tm

RF stafion g

Fig. 3: The SIS18 synchrotron.

BEAM DEVELOPMENT AT THE UNILAC

New Design for the RFQ Vanes

In 2009 the 36 MHz RFQ accelerator was upgraded by
exchange of the mini vanes [3]. The new vanes should
provide for higher transverse acceptance and phase
advance and finally improved beam transmission. This
implies a new input radial matcher design and improved
beam dynamics for gentle bunching to get rapid and
uniform separatrix filling.

Table 1: Main RFQ parameters

. Old Design
New Design (bef. Upgr. '09)
Inter vane voltage,
KV (U 155 125
AN AT 6.0 5.245-7.745
Radius, mm
Electrode Width, mm | 8.4 9.0-10.8
Maximum field,
KV/em 312.0 318.5
Modulation 1.012-1.93 1.012 - 2.09
Synch. Phase, degree | -900 - -280 -900 - -340
Aperture, mm 4.10 3.81
Min. transverse phase 318 258
advance, degree
Norm. transverse 0.856 0.73
acceptance, mm mrad
Output energy, keV/u | 120 118.5
Number.of cells with 304 343
modulation
Length of electrodes, 92174 9217.4
mm
212
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Beam dynamics calculations were carried out with the
codes DYNAMION and PARMTEQ-M and predicted 18
emA of U*" beam at the RFQ exit (see Table 1). This
value meets the FAIR requirements.

Due to the enlarged normalized acceptance of 0.86 um
and the maximum rf voltage of 155kV the U*" beam

out HSI-RFQ Ar'™ High Current Transmission 3
40"
100,0
90,0
2 80,0
=~ 70,0
5 60,0 j"'- Ty
2 50,0 = [ g00——————
Z 400 = 3 :
§ 300 >4 o before upgrade 2004
- .’r"' q}
- 200 = 88~ o after upgrade 2004
183 badl —e— after upgrade 2009
0,0 50,0 100,0 150,0

Tank Voltage / % of Nominal Voltage
(100% = Workina Point)

Fig. 4: Measured RFQ beam transmission of an Ar" beam
of 10 emA intensity depending on rf voltage before and
after exchange of the vanes.

Fig. 4 shows the increase of beam transmission up to
90%. Concerning space charge forces the 10 emA Ar’
beam is equivalent to a 15 emA U*" beam.

New Ion Source Terminal and Compact LEBT

The existing LEBT includes a 77.5° mass spectrometer
which causes filamentation of the transverse emittances
and therefore an emittance growth of ~ 50%. For this
reason a new ion source terminal with straight LEBT has
been calculated and planned (see Fig.5) [4].

Mucis/Mevva
Terminal

Upgrade I

Upgrade 11

\

Uranium
Terminal

Mass

seperation

Magnetic

Tmmegpoles

RFQ

Switching
magnet

Solenoids

PI1G
Ierminal

Fig. 5: New third ion source terminal and compact LEBT.

The red indicated area is already bought and partly
installed. For the blue indicated area the first sc solenoid
is in house and used for a high current ion source test
bench. The aperture will be completely enlarged and all
beam diagnostics are exchanged by aperture suited
devices.

The ion sources deliver 37 emA of U*" beam and
18 emA of a U*". The compact LEBT transports the entire
U*" fraction to the RFQ entrance. Calculations with the
codes PARMILA-Transport and DYNAMION
demonstrate that a part of the U’ fraction of the beam
will be lost in front of the RFQ, another one in the RFQ

Room Temperature and Superconducting Linac
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tank. Finally only 1.6 emA reach the RFQ exit but 20.3
emA of U*" beam is accelerated in the RFQ (Table 2).

Table 2: U*" front end beam intensities for the existing
and the future compact LEBT

MeVVa-ion | Entrance Exit RFQ
source RFQ
output
Existing | 37 mA U*" | 16.0 mA 14.0 mA
LEBT analyzed
Compact | 37 mA U* | 37mA U*" | 20.3 mA U*
LEBT 18SmA U*" | 18mA U’ | 1.6 mA U*"

This injection scheme provides the necessary front end
beam intensity to satisfy the requirements for FAIR.

4th Order Space Charge Driven Resonances

Assumed is a periodically breathing beam envelope
with phase advance o, and envelope with radial
symmetry. The single particles experience constant
external focusing with o, from magnets and electric field
of breathing beam size. From this derives the resonance
condition: 6.,y = 360° — ¢ = 90°. This means: 4th order
space charge driven resonance occurs at ¢ = 90°, i.e.
6, >90°, envelope oscillates 4 times faster than single
particle.

The UNILAC Alvarez DTL quadrupoles follow the
DFFD periodic focusing. For this reason the Alvarez
section including 180 quadrupoles is well suited for a 4™
order resonance experiment [5, 6, 7].
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Fig. 6: A strong emittance growth in the Alvarez DTL
calculated and measured.

Fig. 7: Measured emittances behind the Alvarez DTL
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An Ar'® beam of 7 emA was used to allow for high
phase advance settings of the quadrupoles. This beam is
equivalent to a 15 emA beam of U™, corresponding to
the FAIR requirements. The results of different
simulation codes and experimental data are shown in
Fig. 6. A significant emittance growth occurs at 6, = 100°.
Considering tune depression ¢ ~ 90° =360° / 4.

In the measurements four wings were observed in the
transverse emittances at 6, = 100° in good agreement with
three simulation codes (see Figure 7). For linacs so far
resonances considered to be of no concern for operation.
But there is evidence for enveloped matched operation of
the UNILAC DTL.

Beam Quality Development

Table 3 shows the requirements of beam intensity and
quality for injection into SIS18 and the measured
maximum intensity.

Table 3: U**" beam requirements on the UNILAC

required Transverse measured
ions/60us emittances [um] | ions/60us
2.0-10" Byex = 0.8 0.8-10"
15 emA Byey =2.5 5.7 emA

With the U™ beam intensity the UNILAC currently
reaches ~ 40% of the desired value. A big step towards
15 emA is expected with the operation of the new ion
source terminal and compact LEBT. Particularly a
progress in beam brilliance by optimizing the extraction
and pre-acceleration cascade geometry is expected with
the commissioning of this new accelerator part.

A further challenge is to adapt the horizontal and
vertical emittances to the values derived from SIS18 multi
turn injection scheme, see Table 3. Fig. 8 demonstrates
the present discrepancies in terms of brilliances.
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Fig. 8: Measured and required beam brilliances at Alvarez
DTL exit.

To overcome this problem, an emittance transfer
method was developed and an experimental proof of
principal is foreseen [8]. This method requires a non-
symplectic beam transformation creating x-y-coupling
and skewed quadrupoles. The non-symplectic element
will be given by a Helmholtz coil around the foil stripper
chamber and a change of the magnetic rigidity by
ionization in the midplane. The beam is correlated at the
exit of the solenoid field. The skewed quadrupoles retract
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the correlation. A scheme of the experiment for proof of
principle is given in Fig. 9. First experiments are foreseen
to start in autumn 2013.
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Fig. 9: Beam line configuration at the foil stripper section
for an emittance transfer experiment.

Beam simulations with the PARMILA-Transport code
were carried out with the result of complete beam
transmission, a reduction of &, of 41%, a growth of &, of
142% and a growth of the &4 of 42%. The emittance
growth is due to foil scattering and unavoidable [9].

If these results will be confirmed by the beam
experiments, the UNILAC beam quality would fit the
SIS18 requests.

BEAM DEVELOPMENT AT THE SIS18

lonization Beam Loss and Dynamic Vacuum

The most challenging task of the SIS18 synchrotron is
the acceleration of ions with intermediate charge states in
booster operation to fill the FAIR SIS100 with four
batches of 1.5-10"" U*** particles each.

Ionization beam loss with a desorption factor n ~10,000
causes local pressure bumps and is by far the dominating
loss process. It begins significantly earlier as space charge
and current depending effects. This was observed from
static residual gas pressure measurements and by means
of current measurements on a charge catcher system one
section downstream. Fig. 10 shows significant pressure
bumps driven by the beam losses. Due to that, the main
goal was the generation of the static vacuum pressure
Po <5-10"'? mbar by an average pumping speed increased
by a factor of 100 and the stabilization of the dynamic
pressure p (t) < 1-10°[10].
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Fig. 10: Vacuum pressure in the 12 SIS18 sections during
high current operation.

To improve the vacuum, GSI established a NEG (non
evaporable getter) coating facility [11]. 24 dipole magnet
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chambers, 16 quadrupole chambers and 13 straight pipes
were replaced between 2006 and 2009 by NEG coated
chambers, which corresponds to 65% of the SIS18
circumference. Additionally, to overcome the dynamic
vacuum instability 10 collimation systems equipped with
thin film coated (see Fig. 11) absorbers were designed
and commissioned. At the same time an upgrade of the
bake-out system for a temperature of 300°C was
completed.

Fig. 11: NEG coated scraper chamber with Au coated Cu
ion catcher blocks. Diagnostics: extractor ion gauge and
current measurement of charge exchanged ions.

The reduction of the initial beam loss has an
outstanding importance for the dynamic vacuum and
FAIR booster operation. Initial beam loss originates
initial pressure bumps, which dominate the dynamic
vacuum situation and ionization beam loss in the machine
cycle. Therefore, the reduction and control of the beam
loss at multi turn injection was a major issue of the
development program. Various experiments have been
carried out to study the beam injection process. From
these experiences a new injection system has been
derived with the following characteristics:

¢ Increased acceptance

e Injection of U™ at 11.4 MeV/u

e Protection of septum electrodes

e (1.5 MW beam peak power)

e No HV break downs

e Reduced ionization beam loss

o Introduction of NEG panels

e Aim for reduced gas production.

Fig 12 demonstrates the implications of the vacuum
improvement on the increase of life time for intermediate
charged heavy ions of a factor of 10 with NEG coated
vacuum chambers and even a factor of 40 considering the
new injection chamber. Under these improved conditions
a new intensity record was reached with only 3.0-10"
U?™ particles injected by the UNILAC due to device
failures and 2.1-10'"° U*"" particles extracted at the SIS18
(see Fig. 13) [12].

Another record of highest average intensity was
reached in 2012. A Nitrogen beam with continually more
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than 10" jons per cycle has been generated with an
energy of 2 GeV/u. Due to fast ramping with 4 T/s and a
short extraction time of 0.5 s, an average beam intensity
of 3.0-10'"° ions/s has been extracted.
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Fig. 12: Beam life time of intermediate charged heavy ion
beams in the SIS18 for three developing stages.
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Fig. 13: Development of beam intensity at SIS18.

SIS18 UPGRADES IN PROGRESS

Faster SIS18 Ramping Cycles

Since 2011 GSI is connected with the 110 kV power
grid. In 2013 high performance power supplies for all
dipole and quadrupole magnets will be introduced. Thus,
the ramping rates listed in Table 4 can be realized and a
repetition rate of the SIS18 cycles f., = 2.7 Hz eases
additionally the booster operation by fast crossing of the
still remaining rise of the dynamic vacuum by ionization
effects.

Table 4: SIS18/100/300 field ramping rates
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New h=2 Acceleration Cavity

A new h=2 accelerator cavity [13, 14, 15] is under
construction as complementary cavity to the both existing
cavities for h=4 operation. These provide 32 kV
acceleration voltage and a frequency range of 800 kHz to
5.6 MHz. The new cavity will provide 50 kV by three
modules each driven with two tetrode tubes of 300 kW
anode dissipation power working in push-pull-operation
able to operate independently from each other. According
to h=2 operation the frequency range is 400 kHz to
2.7 MHz. Since the cavities are filled with lossy MA-ring-
cores, which are iron based Finemet FT3M ring cores
from Hitachi, the cavities show a broadband behaviour
and thus no cavity tuning during the acceleration ramp
will be necessary. Due to limited installation space in the
SIS18 ring, the cavities are based on nano-crystalline
novel magnetic alloy materials (MA-materials). The Q-
value is 0.5. A comparable ferrite driven system would
have a length of 7 m. The overall consumption is
1.6 MW. The cavity is cooled by oil, suppressing parasitic
modes and avoiding corrosion. A parameter overview is
given in table 5.

Table 5: Broadband cavity with power unit

100%

0,429 MHz - 1,6 MHz
(full range 0,4 - 2,7

Duty cycle

Frequency range with the
hardest requirements

MHz)
Overall voltage 16.7kV
Number of gaps 2

Number of ring cores per unit | 16
Shunt impedance Rp per half

gap (one stack of 4 ring 440 Q
cores) at 429 kHz

Parallel inductance Lp per

half gap at 429 kHz S 1
Parallel capacitance Cp per

half gap SV
RF dissipation power per unit | 80 kW
RF dissipation power per ring 5 KW

COore

Pulse Power Field Rate
SIS18 (now) +5 MW 1.3T/s
SIS18 (2013) +42 MW 10 T/s
SIS100 +26 MW 4 T/s
SIS300 +23 MW 1 T/s

Room Temperature and Superconducting Linac

The advantages of the h=2 cavities are the following:

e Sufficient rf voltage for fast ramping with low
charge state heavy ions:
U acceleration with 4 T/s (2-10" ions)
U™ acceleration with 10 T/s (2-10"" ions)

o Bucket area for loss free acceleration and 30% safety

e Flat bunch profile for lower inc. tune shift

e Two harmonic acceleration:
h=4 (existing cavity) and h=2 (new cavity)

e Compatible with SIS100 RF-cycle

e 50 kV — high power requirements — additional space
provided in tunnel.

Commissioning of the first module is planned for 2013.
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CONCLUSION AND OUTLOOK

With the sequence of upgrade measures at the UNILAC
a maximum beam intensity of ~ 40% of the desired values
was reached already in 2007. Unfortunately this intensity
was not reproducible afterwards due to successive
different hardware failures. Particularly the Alvarez DTL,
which is in operation since 40 years, had different
prolonged break downs. Therefore the SIS18 performance
could not be proofed with the maximum beam intensity of
the UNILAC afterwards. This means, the intensity
records of the UNILAC and SIS18 do not correspond to
each other and the SIS18 output intensity is to be seen
under these temporary restrictions. Scaling linearly the
SIS18 record with the best reached UNILAC intensity of
8.0-10'° U**" particles/60 ps, the SIS18 output intensity
would be 5.6-10'° particles. Consequently both machines
perform presently about 40% of the FAIR requirements.

Presently the UNILAC as well as the SIS18 have
reached full performance. In July and September 2013
machine experiments are planned to confirm or even to
overshoot the intensity records in combined operation.

The missing intensity factor for FAIR of roughly 2.5
can be gained by the planned straight LEBT and new ion
source terminal. The SIS18 performance will be increased
by the introduction of the powerful h=2 cavities and the
2.7 Hz cycle frequency. These residual measures are
realizable easily before FAIR commissioning will start.
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Abstract

A linear decelerator is being commissioned for heavy,
highly-charged ions (HCI) at GSI in Darmstadt/Germany.
HCI with only one or few electrons are interesting systems
for many different experiments as for instance precision
tests of the theory of quantum electrodynamics (QED). In
order to transform heavy HCI produced at 400 MeV/u to
stored and cooled HCI at low energy the linear decelerator
facility HITRAP has been setup behind the experimental
storage ring (ESR). The ions are decelerated in the ESR
from 400 to 4 MeV/u, cooled and extracted. The ions are
then matched to an interdigital H-type structure (IH) using
a double drift buncher, decelerated from 4 to 0.5 MeV/u
in the IH, and then down to 6 keV/u in a 4-rod radio fre-
quency quadrupole (RFQ). To detect and analyze the weak
and sparse ion bunches a new type of energy analyzing
detector has been developed along with improvements of
other standard beam instrumentation. One million highly
charged ions have been decelerated with the IH from 400
MeV/u to about 0.5 MeV/u per cycle. The RFQ has shown
in off-line tests to decelerate ions, however, the measured
longitudinal acceptance does not fit the properties of the ion
beam decelerated in the IH. This requires a refined design,
which is underway.

INTRODUCTION

Heavy, highly-charged ions, as for instance U+ or even
the bare U%2*, are well suited for cutting edge experiments
in atomic, nuclear and solid state physics [1]. They are sim-
ple but come along with a very strong electric field due to
the heavy nucleus and hence the large amount of positive
charge enclosed in the small nuclear volume. This suits
perfectly well to test quantum electrodynamics (QED) the-
ory at the strong-field limit. Quantities that can be calcu-
lated with high precision and which are at the same time
sensitive to the investigated QED effects are the g-factor
of the bound electron, the electron binding energies of the
innermost electrons or the hyperfine splitting of the elec-
tronic levels. To be decisive, those measurements require
the same high precision as the calculations. For this, the
ions have to be stored and cooled in a well defined envi-
ronment at very low energy. This is possible in a Penning
trap by electron and resistive cooling to about 4K [2]. The
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observation of the stored particles will then allow for mass
measurements at the ppt level, corresponding to a determi-
nation of the electron binding energies with eV precision.
Similarily, the bound-state g-factor can be determined with
a precision that even tests our knowledge of fundamen-
tal constants like the mass of the electron. Laser excita-
tion of the transition energies between hyperfine levels will
become feasible several hundred times more precise than
presently [3].

Heavy, highly-charged ions are very instable systems
when in close contact with electrons since a huge potential
energy is concentrated in a very small volume. When those
HCI at very low energy come close to neutral matter re-
laxation processes happen very fast and give snapshot-like
insight into the dynamics and correlation of the electrons in
the neutral collision partner. If energy and position are well
defined the exchange of multiple charges can be studied by
a complete analysis of the kinematics of all involved par-
ticles. For that, highly-charged ions are accumulated in a
Penning trap and cooled. After ejection a well defined ion
beam will be targeted to a cold sample of neutral atoms and
the products will be investigated by a reaction microscope
[4]. Two different target types will be applied for HITRAP
experiments: a pulsed gas target [5] and a magneto optical
trap [6].

stripper

iments

2 keVu | Cooler
Penning Trap

Linear
Decelerator

6 keV/u

|

A

Exper
400 MeV/u

Figure 1: The HITRAP facility at the GSI accelerator com-
plex. UNILAC stands for Universal Linear Accelerator,
SIS is the heavy ion synchrotron and ESR is the Experi-
mental Storage Ring. The beam from the SIS can be sent
directly into the ESR of fragmented by nuclear reactions
and then analyzed and separated in the Fragment Separator
(FRS)
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Figure 2: The functional units of the HITRAP linear decelerator: the double drift buncher (DDB), the interdigital H-type
structure (IH), a spiral re-buncher (RB), the four-rod radio frequency quadrupole structure (RFQ) and the cooler Penning
trap (Trap). Additionally indicated are the major diagnostic units. For description see text.

When the large potential energy is concentrated and re-
leased on a small surface spot of solid matter, self-ordering
has been observed. This phenomenon needs further inves-
tigation to clarify the role of impact energy and potential
energy. This can be accomplished only if the impact en-
ergy, i.e. the kinetic energy of the particle, is well below
the potential energy of a few 100 keV [7].

All those experiments require that kinetic energy and
spatial position of the highly-charged ions can be well con-
trolled. This is in contradiction to the most efficient pro-
duction process that employs stripping of electrons at high
energies by sending relativistic highly-charged ions with
still many electrons through matter. The solution is a decel-
erator and storage facility for highly-charged ions produced
by stripping all electrons of the ions from a 400 MeV/u
beam - the HITRAP facility.

THE HITRAP FACILITY

HITRAP is setup at the accelerator facility of the
GSI Helmbholtz Centre for Heavy Ion Research in Darm-
stadt/Germany (fig. 1). The universal linear accelerator
UNILAC is used to deliver intermediate charged ions with
11 MeV/u to the heavy ion synchrotron SIS. After accel-
eration to 400 MeV/u the ions are sent through a thin foil
such that all electrons are stripped of the nucleus. The ex-
perimental storage ring ESR is then used to cool the ion
beam produced that way and decelerate it to 4 MeV/u in
two steps. After initial stochastic cooling the beam is de-
celerated to 30 MeV/u and then cooled with electrons. The
next deceleration step from 30 MeV/u to 4 MeV/u is fol-
lowed by another electron cooling period before the coast-
ing beam is bunched in 1 us bunches and ejected towards
the HITRAP linear decelerator facility.

The linear decelerator (fig. 2) consist of a double drift
buncher at 108 and 216 MHz for preparation of the beam to
the longitudinal acceptance of the first decelerating struc-
ture, the interdigital H-type structure (IH). There, the ions
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are decelerated from 4 MeV/u down to 500 keV/u. An
intermediate rebuncher will ensure maximum efficiency
when the beam is injected into the second decelerating
structure, a four-rod radio frequency quadrupole deceler-
ator (RFQ). Both decelerating structures run at 108 MHz
and require a power of 200 and 80 kW, respectively. In
the RFQ the ion beam is decelerated from 500 keV/u to 6
keV/u and then dynamically captured in a Penning trap for
final cooling.

BEAM INSTRUMENTATION

In fig. 2 the main instrumentation to detect the ion beam
along the linear decelerator is indicated. To tune the beam
transport from the ESR through the beam line into the TH
structure, two kind of position sensitive detectors and stan-
dard Faraday cups are used. They are typically grouped
in a common diagnostic chamber. Additionally, to moni-
tor the functioning of the double drift buncher (DDB), ring
shaped, capacitive pick-ups are installed. They also deliver
additional energy information by time-of-flight measure-
ments if there is sufficient beam intensity of at least 1 pA.
An overview of those diagnostic installations can be found
in [8].

During commissioning it turned out that it is not suffi-
cient to detect the beam intensity and position alone. It
is indispensable to have an energy dispersive detector be-
hind the decelerating structures since the beam behind the
IH and RFQ is a mixture of decelerated and non deceler-
ated components. Therefore, after attempts with a large
magnetic dipole and a diamond detector, a one-shot energy
sensitive detector has been developed [9, 10].

The functional principle is shown in fig.3. When the
beam enters from the left, it is first made sure with at least
one, and after the IH with two slit systems that it is narrow
enough for the required resolution. The slits are typically
0.1 mm wide. The beam is then deflected in a magnetic
dipole field of B = 0.5 T (for the RFQ it is only 0.1 T) with
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Figure 3: Principle setup of the energy analyzing detector
installed behind the IH and the RFQ. The beam enters from
the left through one or two slits before it is deflected in a
permanent magnet and finally hits a screen with a deviation
x. The complete setup is retractable remote controlled from
the beam line.

an effective radius R ~ 30 mm. Atadistance d ~ 100 mm
an MCP detector in combination with a phosphorous screen
is used to read the deviation x.

The first slit is only available at the setup after the IH and
makes sure that geometrical beam deviations from axis do
not dominate the measurement of the deviation x and hence
the beam energy. The slit, as well as all other components
of the system can be retracted from the beam line.

For the very low energy after the RFQ of about
6 keV/nucleon we used an electrostatic 180° analyzer with
spherical electrodes developed at the University of Frank-
furt. With this device it is possible to measure also the
energy spread of the decelerated beam.

Special instrumentation has also been developed to de-
termine the emittance of the incoming, i.e. 4 MeV/nucleon
beam, and the decelerated beam after the IH, i.e. at about
500 keV/nucleon [11]. Requirements were a compact de-
vice that can handle low intensities of only 1 A peak cur-
rent for 3 ys once a minute.

STATUS OF COMMISSIONING

Funding for the construction of HITRAP has started in
2005 and commissioning of first components started 2007.
About two commissioning beam times have been granted
per year with an average duration of 6 days. An overview
of those beam times and the achieved or planned steps is
displayed in table 1.

Presently, the deceleration to 500 keV/u has been shown
and is working efficiently [14]. The major breakthrough
was the successful installation of an energy sensitive detec-
tor, which gives shot by shot the complete energy spectrum
of the ions after the IH structure [10]. However, the opti-
mization of the combination of two bunchers (combined in
the double drift buncher) and the IH is still difficult and not
completely understood. The large parameter space given
by three RF amplitudes and two phases requires the inves-
tigation of many different settings. This takes a lot of time
and is virtually impossible due to the low repetition rate
of at most one shot every 30 seconds. Two improvements
have been implemented: the energy of the particles enter-
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ing the ESR was limited to 30 MeV/u for commissioning
of the linear decelerator which saves one deceleration step
and hence time; the longitudinal analysis of the bunches
created by the double drift buncher has been enhanced by
a dedicated analysis procedure [15] (see also above).

The focus of recent beam times was on the detailed in-
vestigation of the TH structure output. Supported by de-
tailed simulations [16] the deceleration efficiency was in-
creased and reached about 50%, very close to the theoreti-
cal limit.

In the most recent beam time the third buncher, the re-
buncher between the IH and RFQ structures, was taken
into operation. With a measured loaded Q-value of about
5000 and an effective impedance of 29 M)/m it yields a de-
signed gap voltage of 100kV for A/q = 3. For the *°Ti?2+
ions used in the recent beam time this corresponds to about
80kV gap voltage and hence a maximal theoretical energy
change of about 35 keV/nucleon.

The action of the rebuncher was tested by measuring the
beam on the energy sensitive detector after the buncher
and changing the phase relative to the master oscillator
driving the IH radio frequency and the radio frequency of
the rebuncher. The result is shown in fig. 4. The maxi-
mal position change of about 0.8 mm corresponds to about
50keV/nucleon energy variation which is pretty close to
the expected value.

Two more conclusions can be drawn from fig.4. The
relative energy shift can be measured to a precision of less
than 1 keV, which means that the energy measurement is
dominated by systematic uncertainties. The full-width-
half-maximum of the peak on the detector corresponds to
45keV/nucleon. This is a convolution of the geometrical
spread due to the imaging, the slit sizes and camera issues
with the actual energy spread of the ion beam. This has not
yet been disentangled, but first rough estimated show that
at least half of that spread is due to real energy spread.

All efforts to decelerate the beam further with the RFQ
structure failed so far. The most probable reason is a slight
mismatch of the IH output energy distribution and the en-
ergy range accepted by the RFQ. This was found in recently
updated simulations of the RFQ structure using the code
DYNAMION [17] accompanied by a detailed 3D measure-
ments of the electrodes. To verify those findings and work
towards a solution the RFQ was installed at a Pelletron ac-
celerator at the Max-Planck Institute for Nuclear Physics in
Heidelberg/Germany.

RFQ off line tests

The RFQ was installed at the Pelletron accelerator in
Heidelberg and tested with Ho ™ ions with total kinetic en-
ergy around 1 MeV. This corresponds to the necessary en-
ergy of about 500 keV/nucleon. About 500 nA where avail-
able at the entrance of the RFQ.

It has been shown that the HITRAP RFQ can decelerate
ions from 517 keV/nucleon to 6.7 keV/nucleon. The energy
spectrum measured behind the RFQ with an electrostatic
energy analyzer is shown in fig. 5. The measured energy
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Table 1: Overview of conducted commissioning beam times.

Date Ion Comment

5-2007  %4Ni?®*  Vacuum separation ESR/HITRAP installed - acceptance test

8-2007 2°Ne'®t  Double Drift Buncher test using diamond detector in front of IH

8-2008 '97Au™*  Bunches transported through TH, analyzed on diamond det. [12]
10-2008  %4Ni?®*+  First decelerated particles at 500 keV/u with energy spectrometer

2-2009  °®Ni?8*  First run after IH retuning. 4 MeV/u transport-mode test

6-2009 132Xe®*+  Beam measured with pepper-pot emittance meter [11, 13, 9]

3-2010  ®Kr*3*  Improved IH energy analyzer [10]

4-2010 ¥Kr3*t  Beam to RFQ, energy analysis sensitive only to 6 keV/u [14]
11-2010  85Kr?5*  RFQ Energy analyzer also to 500 keV/u sensitive

5-2011  %*Cr?**  IH Energy measurements

6-2011 HANT+ IH Energy measurements, RFQ parameters scanned

9-2011 136Xe®%+  IH and DDB combined optimisation, ESR energy scan

5-2012  59Ti?22*  IH and DDB combined optimisation, RB test, RFQ scan

Position on Screen (mm)
dE (keV/nucleon)

0 60 120 180 240 300 360 off
Phase BB3 (Deg)

Figure 4: Results of the commissioning of the spiral re-
buncher between IH and RFQ. Shown are position on the
screen, corresponding energy shift, and intensity (in arbi-
trary units) of the beam on the energy analyzing detector
versus the phase of the radio frequency driving the buncher
cavity. A power of 1.1 kW was used for all phases. The
lines are the FWHM limits of a gaussian fit of the beam
profile at each phase.

spread of about 6% is somewhat lower than expected with-
out the intertank debuncher installed at the end of the RFQ
but not used for the presented measurement. This is proba-
bly due to the very low energy spread of the incoming beam
from the Pelletron. The energy of the beam itself is more
than 10% higher than the design value, which complicates
the injection into the cooler Penning trap especially for ions
with mass to charge ratio close to three.

With the available flexibility and control of the beam at
the test facility it was also possible to map in detail the ac-
ceptance of the RFQ concerning the energy of the incom-
ing ions. For deceleration to the designed energy and the

220

optimal RF setting the accepted energy ranges from about
512 to about 522 keV/nucleon FWHM. The range is hence
as expected but in comparison to the observed spread for
the ion beam coming from the IH (compare fig. 4 and its
explanation) to narrow.

The major result from the off-line test is that the central
value of the accepted energy is not the designed and re-
quired 500 keV/nucleon but about 17 keV/nucleon to high.
This has been anticipated in refined calculations before the
off-line test and could be verified by those.

0.0

-0.54

-1.04

-1.54

Current on MCP anode (nA)

T T T T T T T T T
5.0 5.5 6.0 6.5 7.0 7.5
Voltage at Deflector (kV)

Figure 5: Energy spectrum of decelerated beam as mea-
sured behind the RFQ during off-line tests. The voltage
at the deflector is equivalent to the ions energy per nu-
cleon. The line is a gaussian fit to the data that yields
a central energy of 6.75keV/nucleon and a FWHM of
0.76 keV/nucleon.

Cooler Penning trap and EBIT

The cooler Penning trap is tested offline with deuterium
ions from a cross beam ion source. An electron source has

Room Temperature and Superconducting Linac



Proceedings of HIAT 2012, Chicago, IL USA

been installed already to provide the electrons for the elec-
tron cooling scheme [18]. It is based on UV-light-released
electrons from a GaAs surface and is fully compatible with
the required ultra-high vacuum. Electrons have been cap-
tured already in the cooler Penning trap and the ion capture
process is being tested in the moment.

In order to test the low energy beam lines that connect
to the experiments as well as the trap operation, a com-
pact, room temperature electron beam ion trap (EBIT) of
the Dresden type has been installed. It’s beam has been
used to commission the vertical beam line between the trap
and the experimental platform. It has also been used for
charge breeding and can to provide ions for experiments
when they are not available as gaseous elements [19].

SUMMARY AND OUTLOOK

The HITRAP facility has been conceived to the decel-
erate and cool beams of heavy, highly charged ions pro-
duced at 400 MeV/nucleon at the GSI accelerator complex
in Darmstadt, Germany. It’s setup has been started in 2006
and commissioning is still ongoing. The cooling, deceler-
ation and extraction of heavy, highly charged ion beams in
the experimental storage ring (ESR) is meanwhile a routine
operation. Up to ten million ions can be extracted from the
ESR at 4 MeV/nucleon and sent to HITRAP.

The HITRAP linear decelerator has three major compo-
nents, a double drift buncher (DDB), an IH and an RFQ
structure. Commissioning of the DDB and the IH has
reached reproducible operation conditions. Ions are de-
celerated to 500 keV/nucleon and investigations towards
higher stability of operation and higher efficiency are ongo-
ing. Major efforts went into the characterization of the en-
ergy spectrum of the decelerated ion beam, which showed
a larger energy spread than anticipated. In the section be-
tween the IH and the RFQ a rebuncher is installed to re-
focus the transversal phase space. The rebuncher has been
commissioned recently and shows the expected behavior.

The last step of deceleration, the RFQ, has been com-
missioned off-line. It has been shown that the struc-
ture decelerates ions from about 500 keV/nucleon to about
6 keV/nucleon but does not reach the exact design specifi-
cations. This made it impossible to achieve deceleration in
the dedicated on-line commissioning runs.

For final deceleration the existing RFQ resonator will be
equipped with new electrodes. After detailed simulations
of the present electrodes explain most of the experimen-
tally observed features, calculations for a new set of elec-
trodes have been started with the aim to have a new set of
electrodes available end of this year. Furthermore, a com-
pletely new and different structure based on the IH concept
is discussed. Major parameters to be optimized are the en-
ergy acceptance, the transversal acceptance and the energy
spread of the decelerated ion beam.
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