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What is the purpose of this talk?

Raise the possibility of using a solenoidal spectrometer as an instrument 
for use with fast beams to: 

➡ carry out [insert favorite here] reactions at the FRIB frontiers 

➡ overcome the Q-value barrier for certain reactions 

➡ exploit reactions that demand high incident energies 

Caveat: some compromises and challenges



Examples — frontiers
54Ca: 1.14 Hz, 5.92 Hz*  
… (T1/2 = 79 ms, Eprimary = 237 MeV/u)

*https://groups.nscl.msu.edu/frib/rates/fribrates.html — Version 1.06

Others: 
76Ni: 1.24 Hz, 1.23 Hz 
102Sn: 1.54 Hz, 1.73 Hz 
204Pt: 7.14 Hz, 6.43 Hz 
… and so on 

(Also ~7days vs. >100 days) 

(all calculations done for 4-T field)

54Ca(d,p)55Ca, 50 MeV/u 

54Ca(p,t)52Ca, 30 MeV/u

54Ca(t,p)56Ca, 50 MeV/u

54Ca(p,d)53Ca, 100 MeV/u 

https://groups.nscl.msu.edu/frib/rates/fribrates.html


Examples — Q values

*https://groups.nscl.msu.edu/frib/rates/fribrates.html — Version 1.06

Many negative Q-value reactions that require > 10-15 MeV/u incident 
beam energy 36Ca: 1.67 Hz, 9.15 Hz* 

Q = -17.1 MeV 

(Note, relatively high deuteron 
energies 25-30 MeV, and pushes the 
limits in terms of the length of the 
solenoid / field) 

(all calculations done for 4-T field) 

36Ca(p,d)35Ca, 100 MeV/u 

https://groups.nscl.msu.edu/frib/rates/fribrates.html


Examples — Q values

clei with 3 ! Z ! 28 [13,14]. For most excited states of
stable nuclei with 3 ! Z ! 24, the agreement is slightly
worse, but within 30% [14]. If one uses a different optical
model potential, developed by Jeukenne, Lejeune, and
Mahaux (JLM) [16] with conventional scale factors of
!V ¼ 1:0 and !W ¼ 0:8 for the real and imaginary parts,
and constrains the geometry of these potentials and that of
the transferred-neutron bound state by Hartee-Fock calcu-
lations [17], one observes an overall reduction #30% in
the measured ground state spectroscopic factors [18]. This
implies reduction factors Rs $ ðexperimentalSFÞ=ðLB'
SM SFÞ of 30% in the latter approach, similar to the
reductions in proton SF’s extracted from (e, e0p) measure-
ments [19].

Regardless of the choice of optical model potential or
the geometry of the mean-field potential for the transferred
neutron, systematic analyses of neutron transfer reactions
display no strong dependence of the reduction factor Rs on
the neutron-proton asymmetry of the nuclei [13,14,18].
However, systematic uncertainties inherent in comparing
SF’s from different experiments published over a period of
more than 40 years reduce the sensitivity of such studies.

The available transfer reaction data include very few
neutron-rich or neutron-deficient nuclei. To explore more

extreme asymmetries, we extracted the ground state neu-
tron SF’s for 34Ar and 46Ar from (p, d) reactions using
proton-rich 34Ar and neutron-rich 46Ar beams in inverse
kinematics. SF’s from knockout reactions on these nuclei
have been published, and a significant reduction of the
neutron SF for 34Ar has been reported [11]. The difference
between the neutron and proton separation energy (!S),
which characterizes the relative shift of neutron and proton
Fermi energies in these nuclei, is 12.41 and '10:03 MeV
for 34Ar and 46Ar, respectively. In previous studies of
transfer reactions, there were no nuclei with j!Sj (
7 MeV [13,18].
In the present experiments, the deuteron angular distri-

butions from pð34Ar; dÞ 33Ar and pð46Ar; dÞ45Ar transfer
reactions were measured using radioactive secondary
beams of 34Ar and 46Ar at 33 MeV=nucleon at the
National Superconducting Cyclotron Laboratory at
Michigan State University [20]. The pð36Ar; dÞ35Ar reac-
tion was also measured using a degraded 36Ar primary
beam at 33 MeV=nucleon to compare with data previously
measured in normal kinematics [21]. These beams were
transported and focused on polyethylene targets ðCH2Þn
targets with areal densities of 7:10 mg=cm2 for 34;36Ar
and 2:29 mg=cm2 for 46Ar reactions. Deuterons were de-

FIG. 1 (color online). Q-value spectrum [(a)–(c), top panels] and ground state deuteron angular distributions [(d)–(f), bottom panels]
of pð34;36;46Ar; dÞ33;35;46Ar. The open squares in panel (e) are data from previous normal kinematics experiments [21]. The solid and
dashed lines represent the calculations using JLMþ HF and CH89 approach, respectively.
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one neutron from a closed f7/2 shell. The solid curve is a calculation with the Adiabatic Distorted 

Wave Approximation (ADWA) [17] using the TWOFNR code [18] with the calculated cross 

section multiplied by 6.7. The calculation describes the shape of the angular distribution reasonably 

well.  

 

 
Figure 3: (color online) Deuteron angular distributions for different states of 55Ni. Curves are 
calculations from ADWA reaction model for individual states as indicated on the figure. Except for 
the d3/2 state which assumes a normalization value of 1, the normalization constants of the other 
curves yield the spectroscopic values as described in the text. 
 

J. Lee et al. Phys. Rev. Lett. 104, 112701 (2010) 
A. Sanetullaev et al. Phys. Lett. B 736, 137 (2014) 
A. H. Wuosmaa et al., Phys. Rec. C 95, 014310 (2017)

A. H. WUOSMAA et al. PHYSICAL REVIEW C 95, 014310 (2017)
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FIG. 1. PID spectra for the 6He(d,3He)5H reaction. (a) and (c)
3H particle-identification spectra from the Si-CsI(Tl) telescopes,
for events with a low-energy 3He particle identified in the Si-Si
telescopes. (a) (CD2)n target, (c) 12C target. The polygons correspond
to identified 3H particles, and the arrow in (a) points to the location
expected for the 3H particles of interest. (b) and (d): 3He PID spectra
from the Si-Si telescopes, for events with a high-energy 3H particle
identified in the Si-CsI(Tl) telescopes. (b) (CD2)n target, (d) 12C
target. The polygons correspond to identified 3He particles, and the
arrow in (b) points to the location expected for the 3He particles of
interest. The 3He enhancement for the (CD2)n target is absent with
the 12C target.

data obtained with the (CD2)n target, and panels (c) and (d)
show the data obtained with the 12C target. In the figures
for each reaction, the arrows in panels (a) and (b) point
to regions of enhanced yield where the products of the 2H
induced reactions are expected and observed. While some
low-energy 3He or 3H particles are observed with the 12C
target, the enhancements in the yields of these particles in the
interesting regions disappear. For the high-energy particles, for
all data we observe a strong group near E(CsI) ≈ 220 MeV,
E(Si) ≈ 13 MeV that corresponds to 4He nuclei produced by
direct fragmentation of the 6He beam.

III. DATA REDUCTION

The kinetic energies of the low-energy particles were
obtained from the sum of the signals obtained from the two Si
layers. Figures 3(a) and 3(b) show kinetic-energy spectra for
the low-energy 3He and 3H reaction products, for all laboratory
angles. The data are selected by requiring a coincidence with
either a high-energy 3H or 4He particle for panels (a) and
(b), respectively. The kinetic-energy spectra are not corrected
for energy loss in the target; assuming that the reaction takes
place in the center of the target, a 10 MeV 3He particle loses
approximately 480 keV, while a 5 MeV 3H loses approximately
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FIG. 2. PID spectra for the 6He(d,t)5He reaction. (a) and (c)
4He particle-identification spectra from the Si-CsI(Tl) telescopes, for
events with a low-energy 3H particle identified in the Si-Si telescopes.
(a) (CD2)n target, (c) 12C target. The polygons correspond to identified
4He particles, and the arrow in (a) points to the location expected for
the 4He particles of interest. (b) and (d) 3H PID spectra from the
Si-Si telescopes, for events with a high-energy 4He particle identified
in the Si-CsI(Tl) telescopes. (b) (CD2)n target, (d) 12C target. The
polygons correspond to identified 3H particles, and the arrow in (b)
points to the location expected for the 3H particles of interest. The 3H
enhancement for the (CD2)n target is absent with the 12C target.

200 keV in the (CD2)n with energy losses calculated according
to the method described in [46] used in the codes SRIM [47]
and LISE++ [48]. The peaks near E(3He) = 10 MeV and
E(3H) = 5 MeV correspond to the ground states of 5H and
5He, respectively. The filled histogram in Fig. 3(a) represents
data collected with the 12C target, and is scaled to the (CD2)n
target data according to the number of beam particles detected
in the focal-plane scintillator of the A1900 separator and
the known target thicknesses. The 12C target data show no
evidence of a peak at any energy. For low-energy 3H, no events
survive the event-selection criteria for the 12C target.

Additional information about the reaction can be obtained
by studying the correlation between the kinetic energies of the
low- and high-energy particles. Figures 4(a) and 4(b) show the
recoil energy plotted versus kinetic energy of the low-energy
particle for (a) 3He -3H coincidences from the 6He(d,3He)5H
reaction or (b) 3H -4He coincidences from the 6He(d,t)5He
reaction. Figures 4(c) and 4(d) show the results of Monte
Carlo simulations of this correlation for the (d,3He) and (d,t)
reactions, respectively. Details of the Monte Carlo simulations
are given below. The horizontal dashed lines indicate the recoil
energies accepted for further analysis of the data. This event
selection has little effect except in the case of alpha particles in
Fig. 4(b), where the restriction is necessary to suppress events
arising from 6He → 4He + 2n breakup.

014310-4

6He(d,t/3He)5He/5H, 55 MeV/u 
Q = -17 MeV (d,3He)

56Ni(p,d)55Ni, 37 MeV/u 
Q = -14.4 MeV

34Ar(p,d)33Ar, 33 MeV/u 
Q = -14.8 MeV



Examples — reaction that desire/require high energy
For example, inelastic scattering as a complement / alternative to Coulex  

Use 146Ba as a recent example, (d,d’) would be an ideal tool to probe the E3 strength … okay at 
10 MeV/u, ideal at high energies 

Many other probes e.g., 
(p,p’), (α,α’), charge-
exchange (t,3He) all at 
several hundred MeV/u 
… but forward c.m. 
angles challenging (low 
E, ~90° lab) 

*https://groups.nscl.msu.edu/frib/rates/fribrates.html — Version 1.06
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Beam properties, arrays

• Fast beams will not have the same ‘quality’ as those from a LINAC 

• Can readily track the beams (see e.g. HiRA, GANIL, GSI, RCNP, …, etc) 

• Tracking, event-by-event, could removes contributions relating to beam 
size, longitudinal and transverse emittance 

➡ Can do with weak beams 
➡ Easier at higher energy cf. 10 MeV/u 

Challenges: 
➡ Mapping fields, reconstructing the position at the target 
➡ Would need a larger array (some consequences)



Heavy-ion beam 
5-20 MeV/u 
Up to 106 pps

Permanent magnets — 
“electron beam parallelizer” 
~uniform, ~1 kG (0.1 T)

Thin foil  
e.g. aluminized mylar 
~1 μm thick

Accelerating grids and 
electrostatic support

Secondary electrons, 
focused by B field

Fig. 3. A schematic diagram showing the helical motion of an
electron moving in a magnetic "eld that changes gradually from
a strong "eld B

!
to a weaker uniform "eld B

"
.

the term written above (Eq. (5)) is conserved, we
then have
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"
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where i and f are di!erent positions along the elec-
trons trajectory. The electron processes around the
diverging magnetic "eld lines and the transverse
component of the velocity is gradually reduced as
the magnetic "eld is reduced from its initial value at
the foil. As stated above, adiabaticity (the conserva-
tion of the action integral) can be cast in terms of
constancy of the #ux linked by the electrons orbit,
leading to the expression

M"!
!

!
"

"!B"
B
!
"

"#!
(7)

where the ratio expressing the change in orbit
radius de"nes the lateral image (de)magni"cation,
M, of the orbital motion.

The formulae listed above hinge on electron
motion being periodic with the motion undergoing
adiabatic changes. This is approximately true when
the variation in magnetic "eld the electron sees
every time it completes a rotation is small. This
condition holds when the adiabaticity parameter
" is (1 where

"
!
"2!mv

eB!
!

!
dB

!
dz

(8)

and dz is the pitch in the electron trajectory along
the z-axis, and dB

!
/dz re#ects the rate of change in

the magnetic "eld.
What we have, then, is a situation where the size

(area) of the electron orbits increases as the mag-
netic "eld decreases, but this is accompanied by
image magni"cation. The net result is image de"ni-
tion that is determined by conditions near the foil
where the electrons were generated. This motion of
electrons is a beam-parallelizer is depicted sche-
matically in Fig. 3 taken from Ref. [28].

2.2. Detector construction

A schematic diagram showing the essential parts
of the detector assembly is shown in Fig. 2. In
several aspects this detector is similar to the de-

tector shown in Fig. 1. It has the same foil with
accelerating grids close by and the MCP detector
facing it. The whole assembly is tilted at 453 or 303
to the beam axis and the detector is removed
enough from the foil so that the beam can pass
through unimpeded. This design is di!erent in the
voltages applied to the foils and grids and the
presence of two permanent disk magnets. The disks
are Sm magnets approximately 2# in diameter with
thicknesses of 1# and 1/2# each. In the arrangement
shown here, they generate a fairly uniform mag-
netic-"eld strength between the foil and detector
planes of approximately 1 KG. This detector con-
"guration provided very little image magni"cation,
(about 10%) for the pattern produced at the foil.
The combination of these magnets and their rela-
tive placement can be used to provide varying con-
"gurations of magnetic "elds. Some of the tests
shown in this work were done with the magnets
placed in such a way that the "eld produced was
strong and nearly homogeneous. In other tests, the
magnet placed behind the MCP detector was re-
moved, allowing the magnetic-"eld lines to diverge
resulting in substantial magni"cation.

3. Detector performance

3.1. Position resolution

The setup used for testing the performance of the
detection system is similar to the one described in

D. Shapira et al. / Nuclear Instruments and Methods in Physics Research A 454 (2000) 409}420 413

MCP stack and anode assembly

e.g. D. Shapira et al., Nucl. Instrum. Methods A454, 409 (2000).

E.g., beam tracking
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• Reaction mechanisms 

• Degrading fast beams / tracking 

• HiRA / similar already suitable(?)  

• Challenge of position solenoid 
on a fast-beam beam line (in 
front of HRS?) (campaign modes) 

• Zero-degree or close is 
challenging (low energy, close to 
target) 

• …

Pros and cons
• Do reactions at the frontier in 

terms of intensity 

• Reactions with large negative 
Q values 

• Inelastic scattering / charge-
exchange 

• Solenoidal device (focusing), 
large acceptance, both 
‘hemispheres’ 

• …



Comment on simulations

• My hope is we can establish a common simulation tool / platform that is 
well documented, user intuitive, and supported 

• Establish a repository of examples / geometries / detectors 

• The NPTool project is a promising approach 

➡ Root and GEANT4 based, supported 
➡ It already includes geometries for HELIOS @ ANL (also benchmarked against 

experimental data) and for ISS @ HIE-ISOLDE 

• Should start soon, necessary for white paper, postdoc support would be 
ideal



Summary (same as intro)

Raise the possibility of using a solenoidal spectrometer as an instrument 
for use with fast beams to: 

➡ carry out [insert favorite here] reactions at the FRIB frontiers 

➡ overcome the Q-value barrier for certain reactions 

➡ exploit reactions that demand high incident energies 

Caveat: some compromises and challenges


