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Using the parallel-plate-condenser method, we have measured gross ionization cross sections in fully
stripped—ion(charge statej=2-18) impact on rare gases and simple molecules K5 O,, and CQ) at a
fixed collision energye of 6 MeV/amu. The observed cross sections have been found to depend weakly on the
charge state compared with the? dependence, especially for highly charged projectiles and/or heavy target
elements. Therefore, the Bethe-Born calculations tend to overestimate the gross ionization cross sections in
multiply charged ion impact at the present collision energy. For a particular target, the gross ionization cross
sections have been found to gather on a common curve irrespective of the projectile energy and charge state
when the cross section divided by the charge state is plotted against the projectile energy per nucleon divided
by the charge state, giving some credence to a scaling law based upon the classical trajectory Monte Carlo
(CTMC) method. However, CTMC calculations tend to underestimate the ionization cross sections especially
at the high-energy region d&/q>0.3(MeV/amy. A scaling for the gross ionization cross sections of rare
gases in fully stripped—ion impact is proposg81050-294{®9)02410-5

PACS numbegs): 34.50.Fa

I. INTRODUCTION tions change ag¥%E*?in contrast to the theoretical predic-
tion of q?/E [4]. On the other hand, Gillesp[&] calculated

The ionization processes in heavy-ion collisions havethe Bethe-Born cross sections for ionization under heavy-ion
been the subject of theoretical and experimental research fémpact and claimed that the observed cross sections for
a long time. Fast highly charged ion impact is known to be4.75MeV/amu €* impact[4] are not anomalously too large.
an efficient method to produce cold recoil ions in highly ~ Thus reliable measurements of ionization cross sections in
charge statefl]. Besides the interest of multiple ionization high velocity, highly charged ion impact are still of basic
as one of the basic collision processes, there are a number Bportance, and there is no doubt that additional measure-
applications for which absolute ionization cross sections of€nts for absolute cross sections would be necessary in the
specific targets are necessary. A few such areas are radiatidff V/amu region. We had previously reported preliminary
damage in solids, upper atmospheric phenomena, plas ta for ionization cross sections in collisions of bare projec-
physics, health physics, and particle therapy. Recently havtées with rare-gas targets measured by a condenser-plate
emerged a substantial amount of experimental as well as ihanethod(7], which provides the so-called grotar nej ion-

i . S ization cross sectionr, defined as

oretical studies on absolute values of ionization cross sec- 9
tions in highly charged ion impact. However, there still exist o.=3ja;. (1)
some discrepancies in the dependence of ionization cross g .
sections on the projectile impact energyor charge state Here o; is the cross section for producing a rececond-
even in the MeV/amu region. ary) ion ionizedj times. In this study, a set of gross ioniza-

Olsonet al.[2] proposed a scaling model for electron-losstion cross sections were measured for He, Ne, Ar, Kr, Xe,
processes of hydrogen atoms in highly charged ion impact ohls, N, O,, and CQ targets in collisions of 6 MeV/amu fully
the basis of the classical trajectory Monte Caf@@TMC)  stripped ions (H&", C°*, Ne'%*, Si***, and Af8*). The re-
method. Similar CTMC calculations coupled with the inde-sults are compared with the data obtained by other experi-
pendent electron approximation were also applied for manynental groups as well as relevant theoretical calculations.
electron targets such as rare gds§sThey were found to be
in agreement with most experimental cross-section data for Il. EXPERIMENTAL SETUP AND METHOD
rare-gas targefgt,5], except for those by 4.75 MeV/am({C
impact reported by Schlachtet al. [4], which were consis-
tently larger than other experimental data as well as the cal- The present experiment was carried out at the HIMAC
culations by the CTMC model by a factor of 2—4 for all (Heavy lon Medical Accelerator in Chib#acility of the Na-
targets studied. These authors also suggested that, E/the tional Institute of Radiological Science&NIRS). Fully
range from 0.1 to 1.0 MeV/amu, the experimental cross secstripped projectile ions were accelerated up to 6 MeV/amu

A. Primary beam and target-gas assembly

1050-2947/99/6@)/30008)/$15.00 PRA 60 3000 ©1999 The American Physical Society



PRA 60 GROSS IONIZATION CROSS SECTIONS FOR RARE . 3001

Baratron < Target gas

Faraday cup I P, Ce P, Sy
- I Projectile ion

G e | beam
‘ P, ci P
| 1 Collision cell

Current integrator Current integrator I

Counter Counter

FIG. 1. Schematic diagram of the experimental setup. Ce, electron collection plate; Ci, ion collectioG patgsten wire grid; an8,,
beam defining aperture of 1.5 mm in diameter. A pair of guard pl&esndP,, are positioned at a distance of 20 mm.

by two (RFQ and Alvareglinear accelerators. The incident pressure control system combined with a capacitance ma-
beam was bunched with a width of 7@ and with a rep- nometer during measurements. The purity of the target gas
etition rate of 1-0.5 Hz. The detailed description of the ac-used in this measurement, as stated by the supplier, was at

celerator facility was published elsewhég]. least 99.99%.
Figure 1 shows a schematic diagram of the target gas cell
and the condenser-plate assembly used in this experiment, B. Determination of cross sections

which were modified from those used in a previous experi-
ment by Beet al.[9]. The projectile ions entered the target- ~ The total recoil ion current, to the collector plate was
gas cell through an aperture of 2 mm in diameter after pasgneasured directly with a digital current integrator. Also the
ing a beam-defining aperture of 1.5 mm in diameter. Theprimary beam currerit, was monitored with the Faraday cup
condenser-plate assembly consists of a pair of parallel platasgsing another current integrator. Then current ratiod ,
for collecting ions and a pair of guard plates which providewere determined as a function of the target-gas presBure
the uniform electric field for ion collection. After passing whose absolute value was measured with the capacitance
through the collision region, the projectile beam was col-manometefBaratron. The linear relationship betweep/I ,
lected in a Faraday cup with a secondary-electron suppressghd P was confirmed over 51075 to 1x 1073 Torr, indi-
at—200 V. _ N _ ~ cating that the single collision conditions were satisfied. The
The recoil ions produced in collisions arrive at the ion gross jonization cross sections were deduced from the slope
c_oIIector plgte through a tungsten grid with 92% transmisy¢ the /1, versusP curve by the least-square fit. We
sion[9], which prevents the secondary electrons from escapspecked that, with the target gas off, the background signals

ing out of the ion qollgctlon plate. In. the present MeasUretom the ion collection plate were practically zero during
ment, the gross ionization cross sections were deduced fro'@pical accumulation periods

measuring the recoil ion current produced in the collisions.
In order to obtain an optimal electric field in the plate assem-
bly, we checked the saturation of the collected recoil ions as
a function of the collection field and the electron suppresser The present gross ionization cross sections might have the
potential. The final applied voltage was set to be 0 Vfollowing sources of uncertainties: 2% in the effective colli-
(grounded at the ion collector plate;-20 V at the grid, and  sion length, 2% in the grid transmission, 5% for the linear
+200 V at the electron collector plate. The ground potentialeast-square fit to the observed data, which includes zero drift
at the ion collector was chosen so as to directly measure thend fluctuations in the capacitance manometer and in the
ion current without an insulation circuit and a current ampli- current integrator, and 6% in the collection efficiencies of the
fier which may cause additional uncertainty for the cross+ecoil ions. Combining all of these uncertainties, typical un-
section measurement. certainties in the present gross ionization cross sections are
The target-gas assembly was installed in a vacuum chanestimated to be within 8.4%. Reproducibility of the mea-
ber which was evacuated down tox10 & Torr when no  sured ionization cross sections was found to be within 2%. It
target gas was introduced. The target gas was admitted in&hould be noted that, in this study, the gross ionization cross
the collision cell through three pipes at different locations onsections were determined by measuring recoil ion currents, a
the upper wall of the cell to provide uniform pressure distri- part of which are produced also by electron capture into pro-
butions. The target-gas pressure was kept constant with jactiles, and thus may influence the measured cross sections.

C. Uncertainties
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TABLE |I. Measured gross ionization cross sections TABLE II. Calculated values ofn assuming a relationshijr
(X 10" 8cnr). « g™, between gross ionization cross sectians and projectile
charge stateg. The values ofm; are obtained from the slope be-
He Ne Ar  Kr Xe H N, O, CO tween cross sections for Heand ¢ projectiles and those of,

are by the least-squares fitting for the data fi-@r'®* projectiles.
He?™ 0.185 0.524 1.27 190 2.98
C* 158 445 106 159 237 262 10.2 11.4 158 He Ne Ar Kr Xe
Nel" 411 112 26.8 39.3 56.8 36.9
Arl8 111 307 700 983 144 19.1 66.4 742 993 M 177 1.75 172 1.66 1.64
k=20q(Vo/Vp), (2

The contribution of such capture processes is, however, es-
timated to be very small< 0.4% to the gross ionization
Cross Sectiohat the present collision energy. WhereVO is the Bohr VelOCity and/p the prOjeCtile VelOCity.
At sufficiently high velocities wher& <1, the interaction is
brief and weak, and can be described by the perturbation
method[10]. The cross section in such approximations is
expected to be proportional ¢ as given by the first Born
A. Rare-gas targets approximation. On the other hand,#t>1, the perturbation
treatment is not valid any more. In the present collision en-
N _ ergy, values ofx range from 0.26 to 2.33 for Hé-Ar8*
All'of the measured gross ionization cross sectiogsre projectiles. In He target, the cross sections fof Hand ¢&*
summarized in Table I. In Fig. 2, the cross section divided byprojectiles seem to follow closely thg? dependence. On the
the square of projectile charge statg/q” is plotted as a other hand, in heavier projectiles such as'NeSI*, and
function of q to illustrate how the cross sections depend onar18+ \wherex is larger than unity, the reduced cross section

Ill. RESULTS AND DISCUSSION

1. Dependence ofrg on q

the projectile charge state. o4/9® markedly decreases as the projectile charge increases.
The interaction between a fast ion and a neutral target can
be characterized by the Bohr parametemwhich is defined x10°16
as follows[10]: 3 — —
0 He |
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0.01 \ FIG. 3. Reduced plot of He ionization cross sections for a bare
R 2 6 10 30 projectile ion with charge statg. @, present resultsA, He?",
Charge state q C5*, O, and Né°" impact by Beet al.[9]; I, C5" by Schlachter

et al.[4]; A, HE', OfF, and G by Knudsenet al. [10]; and O,
FIG. 2. Gross ionization cross sections divided by the square oH* by Ruddet al.[12]. The dotted curve shows CTMC cross sec-
projectile chargeag/qz, as a function of projectile charge The  tions for the gross ionization reported by Schlacletieal.[4]. Solid
arrow indicates the point at which the Bohr parameter becomesurves show Bethe-Born cross sections for projectile charges
unity (see text Solid curves are drawn for a visual guide. =1, 6, and 18 as indicate@ee texk
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FIG. 4. Reduced plot of ionization cross sections for a bare projectile ion with charge atatare-gas targets: (a) Ne, (b) Ar, (c) Kr,
and(d) Xe. @, present results¢ , He?", C®*, O8F, and Né® impact by Beet al.[9]; [, C®" by Schlachteet al.[4]; andO, H* by Rudd
et al.[12]. The dotted curve shows CTMC cross sections for the gross ionization reported by Sctéaeltgt] and the solid curves show
the Bethe-Born cross sections for projectile chargesl, 6, and 18 as indicate@ee texk

To illustrate this problem quantitatively, the observed 2. Comparison to other experimental cross sections
cross sections were fitted to a power-law dependence on the and the CTMC scaling
projectile charge state, nameby,=q™ [9]. Thenm values Schlachteet al.[4] used the CTMC method coupled with

for C*"-Ar'®" projectiles were determined by the least-the independent-electron approximation to calculate gross
square fit. Also then values were calculated from the slope ionization cross sections in rare gases for projectiles with
between H&" and G projectiles. The results are given in charge states from-5 to +80 in the energy range of 1-5
Table 1l. As expected, thm value for the He target in light MeV/amu and showed that, for a given rare-gas target, gross
ion impact is close to 2. On the other hand, in heavy projecionization cross sections can be reduced to a common curve
tile ions, the deviation from thg? dependence is significant. in the scaled coordinates, namely 16@,/q) versus

It is also noted that, as the target becomes heavier, the croksy,;(E/q). In Fig. 3, we plot the present results for the He
sections deviate from thg? dependence even in light ion target, and those for other rare gases in Figa)-4(d). In
impact. This is due to the fact that multiple ionization be-these figures, gross ionization cross sections for fully
comes important for heavier target atoms. stripped projectile ions reported by other investigators
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[4,5,9—11[ as well as those in proton impaCt by Ruddal. 4 [TTTT T T T T T [T T v T T 7T
[12] are also plotted for comparison. It can be seen that the
experimental cross sections show reasonable agreement with
each other, except the data at 4.75MeV/arfii @npact
(E/g=0.79) by Schlachteet al. [4], which are too large
compared with other experimental data, as mentioned al- 3
ready.

The CTMC results for gross ionization cross sections are
also reproduced with the broken curves in Figs. 3 and 4. For 5|
a given target species, all the measured cross sections, except =«
for the data at 4.75 MeV/amuf€ impact, seem to lie around L
a single curve irrespective of the projectile energy and 11
charge state, supporting the scaling predicted by the CTMC
calculations. However, one can also note that the CTMC
calculations become smaller than the experimental values at 1
high E/g. The heavier the target, the larger the difference
between experimental and the CTMC results becomes. For
example, in the Xe target, the present cross sections are 2.4—

3.8 times larger than those calculated by the CTMC method.

0[32
|l|Il|||||]l||||||||||||l||||l

IIIIIIIIIIIIIIIIIIIIIIlIlIIlllllIIIIIII

|Ill|IIIIIlIllIIIII]lIIIlIIIl

O [TTT T T

0 8 7 6 5 -4 3
3. Comparison with the Born calculation B?
In( ) - B
The theoretical treatment of inelastic collisions between 1-p°
fast charged particles with atoms and molecules has been o _ )
described in detail by Inokufil3]. Gillespie[6] has pointed FIG. 5. Fano plots for ionization of He. The solid curve is the

Bethe-Born results calculated using parameters given by Gillespie
[6]. Symbols are gross ionization cross sections for the impact of
ully stripped ions reported by different experimental groups
4,9,10,12. Experimental data are grouped according to the projec-
tile species as denoted by symbois; H; @, He&'; O, C&*; O,

O%*: A, Net"; and M, Ar'®" impact.

out that, at sufficiently high projectile velocitieg the in-
elastic cross sections under structureless ion impact can be
calculated based on the Bethe-Born approximation in th
form

2

a,2 B 2
a=4wa§?q2[ Mz( In m_ 32

o
+C+ Y52

e )

lations are drawn in the energy rangg 8)2<1, where the
Born approximation is thought to be valid].
wherea, is the Bohr radiusg the fine-structure constard, As can be noted in Figs. 3 and 4, we obtain a family of
the velocity of light, ang3=v/c. The other parameteid?, curves of the Born calculations for projectile charggs
C, andy are constants depending on the atomic properties of 1—18 rather than a single curve suggested by the CTMC
the target under consideration. results. It is also noted that the Born cross sections for highly
It should be mentioned here that the experimental meacharge projectile$6+ and 18t) are significantly large com-
surements and theoretical calculations do not always addrepared with the experimental results, although those for pro-
the same quantity. In theory, it is common to calculate eitheton impact show an excellent agreement with experiments.
the partial ionization cross section for a particular stater ~ This is understood from the fact that the observed gross ion-
the total(or counting ionization cross sectiom,, which is  ization cross sections scale weaker tlggrin heavy projec-
given by tile impact as discussed in Sec. llIA 1.

oO=20j. (4) 4. Fano plot for He

In the MeV/amu energy region, there are copious mea-
Clearly, the gross ionization cross sectiop given by Eq.  sured cross-section data for the He target compared with
(1) should be larger than the total ionization cross sectiorthose for heavier rare gases. Recently, Bargl. [15] have
oy. Also, the total inelastic cross section (total ionization  reported that the He single ionization cross sectionsin
plus all discrete excitationcan be calculated using E@).  highly charged §=24-92) ion impact fall reasonably close
For rare gasesr, is expected to be close g, because the to a universal curve over a wide range of collision energy
discrete excitation probabilities are expected to be veryE=3.6 MeV/amu—1 GeV/amu) whenr,/q is plotted
small, compared with those of ionization, in high-energy col-againstE/q, similar to Fig. 3. However, the scaling rule
lisions[6]. might be subtle for lower projectile charges as in the present

Using the parametersM?, C, andy) given in the paper of measurement.

Gillespie[6], we calculated the total ionization cross sections  To illustrate the situation clearly, a Fano plot for gross
o for He and Ne, andr;, for Ar and Xe using Eq(3) for  ionization cross sections of He is shown in Fig. 5, in which
projectile chargeqy=1, 6, and 18. Total ionization cross experimental data cited in Fig. 3 are replotted. The cross
sectionsoy in the Kr target were scaled from the Born crosssections are marked according to the projectile charge state.
sections in proton impact calculated by McGu[r4]. In  Although the data points are considerably scattered, those for
Figs. 3 and 4, the solid curves representing the Born calcudifferent projectile charge groups are distinguishable from
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FIG. 6. Reduced plot of the ionization cross sections vs collision energy for mole@ylgsesent resultst, H" impact by Ruddet al.
[12]; andO, C®" by Schlachtekt al.[4]. The dotted curve shows CTMC results by Olsdral.[2] and the solid curves show Bethe-Born
cross sections for projectile charge=1, 6, and 18 as indicated.

each other. As the projectile charge increases fromt@  sections of H for projectiles with charge stateg=1, 6, and
18+, the data points systematically deviate from the theoret18 were also calculated with E@3) using the parameters
ical curve of the Bethe-Born approximation. This shows thatgiven in the paper of Gillespig6]. As can be noted, the
apart from the simple scaling, further systematic crossexperimental data from fully stripped-ion impact lie slightly
section measurements and refined theoretical studies are @ove those by proton impact. Except for the cross section at
quired in order to gain detailed understanding of He ioniza4.75 MeV/amu €" impact E/q=0.79) [4], which is again
tion in relatively lowq(=<18) bare-ion collisions. anomalously large, the experimental data seem to lie around
a single curve with only slight scattering and thereby show
agreement with the CTMC calculations below/q
< 0.5 MeV/amu. At the higheE/q region, CTMC cross sec-
The measured gross ionization cross sections M5l tions tend to decrease more rapidly than the experimental
0,, and CQ are also summarized in Table I. The relation- results, as observed in rare gases. Again, the Bethe-Born
ships betweenry/q andE/q for molecular targets are rep- theory overestimates cross sections for highly charged pro-
resented in Figs.(@)—6(d). Unfortunately, theoretical calcu- jectiles.
lations as well as experimental data for molecular targets are As shown in Figs. @)—6(d), the present scaled cross sec-
still scarce in high-energy heavy-ion impact except for thetions for N,, O,, and CQ molecules under heavy projectile
H, target. impact seem to follow nicely those in proton impact reported
Figure a) shows the present results fop, Fholecules in by Ruddet al.[12].
comparison to other experimental data by bare heavy-ion .
impact as well as by proton impact. The broken curve shows C. A scaling for rare-gas targets
twice the gross ionization cross sections for a hydrogen atom It might be useful to have scaling laws which provide
calculated by the CTMC methd@]. Total ionization cross simple and accurate estimate for ionization cross sections for

B. Molecular targets
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x10°18 tween He and other rare gases can be ascribed to the number
T T T T T T and properties of the outermost electron shell; i.e., twgo 1
electrons in He and sixip electrons in other rare gases.
When the cross sections for Ne, Ar, Kr, and Xe were divided
10 © by 2, they were found to be reduced on the curve of He. This
suggests the following scaling:

20

T 1T TT
PR B A1

ogl?/q=nf(El/q). (5)

- - Heren is the effective number of electrons in the outermost
e shell under consideration. Although the theoretical back-
] ground or the physical meaning of this scaling law is not
clear at present, we have confirmed that a quite similar situ-
ation holds true in the Born ionization cross sections for
proton—rare-gas collision$o appear in a subsequent paper

g |2/q

IV. CONCLUDING REMARKS

e

We have determined the absolute values of gross ioniza-
T tion cross sections for rare gases and simple molecules in
collisions of 6 MeV/amu fully stripped ions with charge
statesg=2-18. By comparing the obtained results with rel-
evant theories and other experiments, the anomaly in the
0.1 Lo NI L energy/charge dependence of ionization cross sections re-
0.1 1 10 ported previously has been corrected. The preBégivalues
El/q seem to be in marginal regions for available theoretical treat-
ments; i.e., the upper limit of the CTMC method and the
FIG. 7. Gross ionization cross sections for rare gases from diffower limit for the Born approximation. The measured cross
ferent experiment$4,7,9,10,11 are plotted in the reduced coordi- sections are found to be varied more weakly than qﬁe
nates @4l ?/q vs El/q). Here the mean ionization potentiblis  dependence, indicating the failure of the first Born approxi-
taken to be the weighted mean value of the first two ionizationmation even at the present collision ener@ MeV/amy.
energies corresponding to th®s;, and Py, states of a singly  The CTMC results tend to underestimate the cross sections,
charged ion.E is in MeV/amu, | in Rydberg units, andrgq in  githough the scaling law predicted by this method seems to
10" ecn?. Experimental cross sections are grouped according tgyq roughly consistent with the experiments. A scaling law
target species: @, He; L1, Ne; O, Ar; A, Kr, andV, Xe. The solid ¢4 jonization cross sections of rare gases is proposed, in
curves are drawn for a visual guide. which the ionization potential of the target and the effective
. o - . number of electrons involved in the ionization are included
various co_mbl_nat!ons of collision partners over a wide range, o parameters in addition to the projectile eneggnd the
of the prole_ctlle lon energy and charge state. We p.rOpOSSharge state]. Further sophisticated measurements and the-
herg a scaling f_or lonization of rare gases in f_uIIy Strlpped'oretical studies for various combinations of collision partners
ion impact. In Fig. 7, the present gross ionization cross S€Guould be highly desirable in order to understand the detailed

tions and thosg from other e>2<per|ments are plotted in th(?onization mechanisms in energetic multiply charged ion col-
reduced coordinates (lpgo,1“/q) versus El/q). Here,

) N : lisions.
please refer td is the mean ionization potential of the target
in Rydberg units, whlch |s.taken to_be the welghtgd mean ACKNOWLEDGMENTS
value of the first two ionization energies corresponding to the
2pP,,, and 2P, states of a singly charged ion. This work was performed as part of the Research Project

It should be noted that the reduced cross sections for Neyith Heavy lons at NIRS-HIMAC. We would like to thank
Ar, Kr, and Xe are distributed around a common curve andhe HIMAC crew for providing excellent beams, and Tsuy-
those for He fall well on another curve. The difference be-oshi Kato and Takashi Kamiya for their technical support.
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