Low-energy stripping of Kr *, Xe*, and Pb* beams in helium and nitrogen
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Stripping efficiencies for Kf, Xe*, and Pl beams in helium and nitrogen gas targets have been
measured at energies varying between 0.8 and 2.0 MeV. The stripping yields were determined for
different target densities, ranging from single-collision conditions to equilibrium. Based on these
results, approximate predictions of the equilibrium charge state distributions for low velocity
(v/c=0.0040—-0.0060) heavy ions with &% <92 in collisions with helium atoms are made.
Furthermore, measurements of the small-angle scattering of these heavy ion beams in collisions with
dilute helium and nitrogen gases are reported. The presented results are important in view of a
proposed postacceleration scheme for low-energy radioactive ion beams using a linac. These data
show that helium generally produces higher yields 6féhd 3" ions and that the optimal choice

of gas thickness for the proposed application is somewhat less than that required for equilibrium.
© 1997 American Institute of Physidss0034-674807)02106-0

I. INTRODUCTION Il. EXPERIMENTAL SETUP

The beams were produced by the 5-MV Dynamitron ac-
celerator in the ANL Physics Division. The"lbeams were
nuclgar beams, hgs recently been.suggésfélde scheme first analyzed by two bending magnets and then further col-
consists of producing low-energy”lisotope separator on- |imated using 1 mm circular apertures separated by 10 m
line (ISOL) beams, which will be postaccelerated using tWO3long the beam line, yielding a maximum angular divergence
normally conducting radio frequency quadrupoles and tWayf +0.1 mrad. This beam was then passed through a differ-
superconducting linear acceleratérsaximum total energy entially pumped windowless gas cell. The 10 cm long inter-
~ 6-15 MeV/nucleon' > Two stripping stages are foreseen nal chamber had an entrance aperture of 2.0 mm in diameter
in the acceleration scheme: a first stripping at about 8 keVand a vertical exit aperture of 1.6 mm wide and 5.0 mm
nucleon using a windowless gas target and a second strippifggh. The pressure in the cell, which was measured
at about 0.5 MeV/nucleon using a foil tardewvith this ac-  With a Pirani gauge, could be varied betweenx\1® 2 and
celeration scheme, a low velocity gas stripping is necessary-0X 10~ Torr. This windowless gas target is described in
from 1* to 2* and from 1' to 3* for masses larger than 70 Ref. 5. The different charge states were analyzed using a 70
and 140, respectivey Eventually, for possible applica- €™M long parallel plate deflector beginning50 cm down-

tions involving masses higher than 210, gas stripping fronpstream of the target exit. The charge state fractlong_were
1" to 4* would be needed for these special cases. An overal easured with a movable silicon particle detector, positioned

gain in radioactive beam intensity is expected with this new -5 m downstream of the gas target. For the measurements of

. . : the charge state fractions, a rectangular slit with a width of
acceleration scheme when compared with the 1so-Spin Labol 9 9

bench K facill awh he fi A [0 mm and a height of 22 mm was positioned in front of the
ratory benchmark facility propo ere the Tirst stipping  gjjicon detector. By installing a narrower rectangular slit

takes place at higher energies {50 keV/u). Besides a high — yigth ~1.2 mm, a scan of the beam profile with an angular
stripping efficiency, small multiple scattering of the beam is ago|ution of~0.2 mrad could be performed, and informa-

required in order to maintain a high-quality secondary beamjon about multiple scattering in the gas target was also ob-
Unfortunately, few stripping data have been reported at thesgjined.

very low velocities. For these reasons, we have measured

stripping yields of Kr, Xe, and Pb beams in gases at variou§; ResuLTS AND DISCUSSION
target densities, going from nonequilibrium to equilibrium

charge state distributions. In addition, stripping yields forA. Charge state fractions

N* beams in .helium and qitrogen have been measured. igl Nitrogen results

order to examine the experimental method and to determine

the effective target thickness. A prediction of the equilibrium
9 P N 2 MeV N* beam and helium and nitrogen as the stripper

charge state distribution for low velocity heavy ions with ) .
g y y gases. Figure 1 shows the results of the charge state fractions

§8<§<92 |sf(t:ir|]scgssed ZS wtell. Flttjlrtlhermot;e,.the- ir;]gu'aobtained wih a 2 MeV N beam as a function of the He and
roadening ot the beams due 1o mulliple scattening in the gaﬁz densities. While the initial 1 charge state fraction is

target has been measured for various helium and nltrogeEi‘epopulated with increasing target density, the other charge

A novel scheme for producing energetic radioactive

The experimental method was first examined by using a

target thicknesses. state fractions generally increase until an equilibrium charge
state distribution is reached, i.e., when the charge state frac-
dElectronic mail: decrock@anlphy.phy.anl.gov tions do not change when the target density is further in-

2322 Rev. Sci. Instrum. 68 (6), June 1997 0034-6748/97/68(6)/2322/6/$10.00 © 1997 American Institute of Physics



== F e
- T T T S
T .. —
=i : e -
@ T ! Yy r_# 2 I
o /,A’ y}{ar‘" i £ 1wk 1 - E——
T ot : @ =2
g === s —
= |53
e ; = 1 N ¥ E v
S 2 0 < 1
(5] [ 4 o 3 I‘ -~ —
o o o | . 0 s —— e
2 oot * 1+ —H (g [ —e— 1+ T
g : = e ol vz —
5 . 20MeV N'* on He v 8 e .o
e iy o S 0.8 MeV Kr on He
b [11] o I ———
0.001 !
0.01 0.1 1 0.01 [ [ o 1 J I . ] I ]
1 = T T = 100 -
- S i + = * A
s H = 8 o —
b A 24 1 Ly [1 — L —e—1+ a8 T v
« T v 3+ = =*° 2% ::.
o * 4 1 xS < » v
PN =3 Py e —v-3+ v
2 g 10 :474+ v
s — ..a F— —+—5+ - —
(7] [— -l o
o L1 Te E = N
g d - 2 ] 1 g .
£ 001 s
o n
1 +
[] = FE==m
=]
20MeVN'* onN, S o
(&} L+ —
0.001 l | I l]l” 1 2.0 MeV Kr on He
' 0.01 0.1 R 1 iHHH
Target Thickness /cm 0.1 i
& g ) 0.01 01

Target Thickness (ng/cm?)
FIG. 1. Results of the measured charge state fractions obtained with a 2

MeV N beam vs the He and target thickness. A transition from a FIG. 2. K h fracti he heli hick
nonequilibrium to an equilibrium charge state is observed. The curves cor- '~ © rypton charge state fractions vs the helium target thickness, mea-

respond to calculated charge state fractions as discussed in the text. sured at 0.8 and 2.0 MeV. Data points are connected to guide the eye.

creased. At a target thickness of about 0.15 andelium and nitrogen gas. The curves in Fig. 1 are the calcu-
0.40 ug/cn? for helium and nitrogen, respectively, an equi- !ated charge state fractiofisumerical solution of1)] taking
librium charge state distribution is achieved. Average equiiN0 account single and double electron loss and capture
librium charge states of 2.2 and 2.6 have been obtained €r0SS sectiongfor the 1 charge state also a triple electron
with helium and nitrogen tagets, respectively. The lowes{0SS process is addednd using an effective thicknegsee
pressure obtainable in the gas cell was>810 * Torr, below). These calculations show a qualitative agreement
which corresponds to a target thickness of aboutwith the experimental data, supporting a simple mathemati-
0.011 ug/cn? air equivalent. When using the empty gas cel|cal description of the nonequilibrium charge state distribu-
at this base pressuf@ithout additional He or B gag, the  tion forions stripped in dilute gases. _ _
1* charge state fraction amountst095% of the beam in- Because of the unknown gas profile outside the window-
tensity, demonstrating that the stripping effect of residuaf€ss cell, the effec’qve target thlckne_ss is not well determined.
gases is negligible and that the incident beam is nearly purdlowever, comparison of the experimental data and the cal-
The charge state distribution of the final beam is deterculated charge state fractions provides a determination of
mined by the electron-capture and the electron-loss processBYS effective target thickness, independently of the cell pres-
occurring in collisions between the iofisean) and the tar- SUré measurement and the target. geometry. The d|ffer(_ence
get atoms. If the complete set of single and multiple chargePetween the target thickness obtained from the comparison
exchange cross sections is known, the charge state distrib@f the experimental data with the theoretical curves and the
tion at a given target thickness can be calculdtedhe thickness obtained from the pressure measurement, amounts
variation of the charge composition of an ion beam within af® 8% and 24% for nitrogen and helium, respectively. An

gas target is described by a system of linear coupled differdverage target thickness, based on the two methods for ob-
ential equations: taining the target thickness of the gas cell, has been adopted

for the measurements with Kr, Xe, and Pb beams, as dis-

=n P OV (X) — N (x 1 cussed below. The estimated uncertainty on the target thick-

g’q (@ @)Wy (0= 0(@.q)V4x), (1) ness, obtained in this way, is of the order of 5% and 15% for
nitrogen and helium targets, respectively.

dW4(x)
dx

whereV, denotes the fraction of ions with chargex is the

target thickness) the target density, and(q,q’) represents
the cross section for charge exchange frgrto q.” Cross 2 Krypton, xenon, and lead results

sections for electron loss and electron capture of nitrogen in  The Kr, Xe, and Pb charge state distributions obtained
various gases have been measured at different en&rtfies with helium as a stripper gas are shown in Figs. 2, 3, and 4,
and an interpolation of these data resulted in a complete se¢spectively. Again, a transition from a nonequilibrium to an

of charge-exchanging cross sections for 2 MeV nitrogen irequilibrium charge state distribution is observed when going
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FIG. 3. Xenon charge state fractions vs the helium target thickness, mea & 0
sured at 1.0 and 2.0 MeV. Data points are connected to guide the eye. -.g 0 " 1 a N
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from a onv to a hlgh target density. As shown, high 2 ERRE »/{\ . o
1*-2% stripping efficiencies of 40%, 49%, and 50% are 8 ,| . s+ 4 D
obtained for 0.8 MeV K, 1.0 MeV Xe', and 1.0 Mev 2 v ~L | .
Pb", respectively. When using 1.50 MeV and 1.82 MeV Pb 0 a ] el e
beams, a 1—3" stripping efficiency of 40% and 45%, re- 607 X

spectively, has been measur@tg. 4). Notice also that the
optimum 2" efficiency is not always obtained at the equilib-
rium thickness, as shown in Figs. 3 and 4. At higher ener-
gies, the 7 and 3" curves even cross and a maximum for FIG. 4. Lead charge state fractions vs the helium target thickness, measured
L . . A at 1.0, 1.5, and 1.82 MeV. Data points are connected to guide the eye.
the 2" charge state is obtained at a nonequilibrium target
thickness as demonstrated with the 2.00 MeV" Xad 1.82 o S
MeV Pb' results. Figure 5 shows the K8.8 MeV), Xe (1.0 5 Equilibrium charge state distributions
MeV), and Pb(1.0 MeV) charge fractions obtained with ni- In view of the large range of ion species to be acceler-
trogen as a stripper gas. In all three cases, lower strippingted at an ISOL-based radioactive beam facility, information
efficiencies are obtained with nitrogen. The average equiliben stripping efficiencies for heavy ions with a low fixed ve-
rium charge state fractiong for Kr (0.8 MeV), Xe (1.0  locity (v/c ~ 0.005), and with atomic numbers in the broad
MeV), and Pb(1.0 MeV) are 1.28, 1.67, and 1.53, respec- range 28< Z < 92 are of interest. Unfortunately, no quantita-
tively. Whereas the average fractiogswhen using a He tive theory is available to predict charge states of heavy ions
target correspond to 1.51, 2.18, and 2.23, respectively. Ndn collisions with target atoms in gases. On the basis of gen-
tice the large fraction of ions maintained in the initial 1 eral experimentally observed regularities, empirical relations
charge statéFig. 5. The exceptionally high average equilib- have been deduced to predict average equilibrium charges
rium chargeq obtained with helium, compared to other and average distribution widths for specific velocity ranges
gases, has been observed by several authors, provided tleatd target specigsin particular, under equilibrium condi-
the ion velocity is low(see Ref. 7, and references thejein tions when the final charge states are determined by compe-
This anomalous effect of helium can be understood in viewtition of many charge-changing processes, the final charge
of the exceptionally high first ionization potential comparedcan be represented as a sumvdhdependent variables and,
to other gases. This results in lower electron capture crossonsequently, follows &? law with v degrees of freedom.
sections and, consequently, higher charge states for slowor large v, the central limit theorem implies a Gaussian
ions in helium’ The higher yields of 2 and 3" charge normal distribution> Equilibrium charge state distributions
states when using helium make it the gas of choice for th@btained in helium show a remarkable symmetry and can be
proposed radioactive beam accelerator. described by a Gaussian distributibwhich is demonstrated

Target Thickness (ug/cm?)
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FIG. 5. Measured Kr0.8 MeV), Xe (1.0 MeV), and Pb(1.0 MeV) charge
state fractions vs the nitrogen target thickness. Data points are connected to
guide the eye.

in Fig. 6 where the present results are shown together with a
Gaussian fit. Hence, when the average charge state and the
variance are know, the charge state distribution can be esti-
mated. However, so far no predictions for low-velocity
heavy ion stripping have been reported. We have now em-
pirically deduced an analytical expression for the equilibrium
average charges and the distribution widths for low-velocity
ions in helium, based on all existing experimental stripping
data at low energies. Following the theory on equilibrium
charge states as discussed in Ref. 6, the relative equil-
ibrium ionization @/Z) is plotted versus the reduced veloc-
ity v,=v/(voZ?®) (v is the ion velocityv, is the Bohr ve-
locity =2.188<10® cm/s, andZ the nuclear chargen Fig.

7. All available experimental helium stripping data for ions
with energies ranging between 0.8 and 2.0 MeV and&l1Z

< 92 have been usdgresent data and Ref. L3 he relative
ionization may be approximated by a linear relation
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FIG. 10. Angular distribution of a 1.0 MeV Pb beam after passing a
L . U ) 0.095 ug/cn? He target. Also shown is the measured angular distribution of
FIG. 8. Distribution width (/2") versus the reduced velocity. The ex- 3 1.0 MeV Pb beam when no gas is added to the gas cell, in which case the

perimental points include present data and data taken from Re&erE3gy  yigth of the peak is determined by the resolution of the detection system
range: 0.8—2.0 Me) A linear approximation has been made to the data. (i.e.,~ 0.2 mrad.

tained range between 1.5 and 2.0. By plotting-(2*?) ver-  tions and, hence, charge state distributions, the results of the

sus the reduced velocity, , we find that a linear relation can present calculations, based on the deduction of expressions

approximate the experimental ddfg. 8 for the average charge and the distribution width, seem reli-

12 able within 20% for the charge fractions closeqoDue to

20/2%=2.09%,+0.125. ©) possible deviations from the Gaussian sh&es., due to

Adopting a Gaussian charge distribution and by using thénfluences from atomic shell effegtspredictions of charge

expressiong2) and (3), the equilibrium charge state distri- fractions further away from the average charge fractj@re

bution for heavy ions (28< Z < 92) has been estimated for risky. Again the results of the calculations presented in Fig. 9

three fixed ion velocities ofv/c=0.0040, 0.0050, and have to be interpreted as a guideline for the overall expected

0.0060, as shown in Fig. 9. These calculations show that fostripping efficiency(i.e., the most probable charge fraction

a large range of elements, high" 1o 2* and 1" to 3™  for a large range of elements.

stripping yields are achievable in this velocity range. An op-

timum velocity has to be chosen in order to obtain the besB. Multiple scattering

overall efficiency, i.e., high 2, 3", and 4" stripping yields

for masses above 70, 140, and 210, respectively. Althougli 0

atomic shell effects might affect charge-changing cross sect-)ée

The small-angle multiple scattering for 1.0 MeV Xe and
MeV Pb beams in helium and nitrogen targets has also
n measured. The multiple-scattering widths are obtained
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FIG. 9. Equilibrium charge state distribution for heavy ions Q& < 92),
calculated for three fixed ion velocities @fc = 0.0040,0/c = 0.0050, and
v/c = 0.0060. A Gaussian distribution is adopted and the average chargdslG. 11. The full width at half-maximuntFWHM) of the angular distribu-

and the distribution widths are determined from Figs. 7 and 8, respectivelfions of a 1.0 MeV Xe and Pb beam after passing a helium and a nitrogen
[expressiong2) and (3)]. stripping targeft(all charge states
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3.0 are the results of the narrow charge state distributions, ob-

—— 1MeV Xe, 0.26 pg/om? N, tained at these low velocities, combined with the relatively
25 largeq achieved in helium gas. Approximate calculations of
—+— 1MeV Xe, 0.055 pg/em? He the equilibrium charge state distribution for low-velocity
§ 2.0 T (v/c=0.0040-0.0060) heavy ions in collisions with helium
£ —«— 1 MeV Pb, 0.095 pg/cm? He t/ atoms, predict high 2 and 3" charge fractions for a large
= 15 T range of elements (282<92). The experimental stripping
E L {/ /{ results also show that the effects of multiple scattering for
E Lo . [ target thicknesses smaller than or equal to that for reaching
‘/‘1 the equilibrium charge state distribution are small
05— ] (FWHM<1 mrad). The results presented in this work are
important in view of the postacceleration of radioactive ion
00 1 2 3 4 beams, using linear accelerators. Our results demonstrate that
Charge State low-energy(~8 keV/nucleon stripping of radioactive beams

from 1" to 2* and from 1' to 3" for masses higher than 70
FIG. 12. The FWHM of the measured angular distributions of tfe 1 and 140, respectively, is achievable with a high efficiency
2%, 3", and 4 charge state fractions, showing an increase of the width forwhile maintaining the excellent beam quality of secondary
higher charge states. beams. With this low-velocity stripping scenario, an overall

gain of a factor of 2 in radioactive beam intensity is obtained

when compared to high-velocity stripping scenariesg.,
by scanning the outgoing beam with a movable silicon de4so-Spin Laboratory proposak 150 keV/nucleoh where
tector collimated to 0.2 mrad, as explained in Sec. Il. Figuraypical yields of 20% are achievable. Such stripping at
10 shows an example of the angular distribution of a 1.Chigher velocities does reduce the total voltage required for

MeV Pb beam after passing through a 0.Q8§cnt He tar-  the linac'® but this is at the expense of secondary beam
get. The angular distribution can well be described by a Lorintensity as mentioned above.

entz curve. The distribution obtained when no gas is added to

the target is also shown and reflects the resolution of the

detection system. The full widths at half-maxim@WVHM)

of the angular distributions of a 1.0 MeV Xe and a 1.0 MeV

Pb beam after passing a helium and a nitrogen stripping ta*CKNOWLEDGMENTS

get (all charge statgsare plotted in Fig. 11. At target thick-
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