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Electron loss and single and double capture of € and O°* ions in collisions with noble gases
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Cross sections for the processes of projectile electron loss and single and double capfiireantl @ *
projectile ions impinging on He, Ne, Ar, Kr, and Xe targets were measured in the energy range of 1.0-3.5
MeV. The measured cross sections present a strong saturation as the target atomic number increases, for all the
systems and collision channels studied. The single-capture data are compared with calculations based on a
semiclassical model and on the eikonal approximation, both presenting a good general agreement with the
experiment. In the case of electron loss, the observed saturation is in accordance with previous measurements
for He' projectiles, and is present in the first-order calculations for the antiscreening contribution but not in
those for the screening. This is due to the fact that, for heavy target atoms, the screening mode can be highly
nonperturbative. Calculations for the screening contribution to the electron loss, based on the free-collision
model, together with first-order results for the antiscreening, are compared with the experimental data, pre-
senting good agreement in most cases. However, this comparison also shows that one has to include other
competitive channels in order to give a better description of the collig®h050-294{9)04208-0

PACS numbe(s): 34.50.Fa, 52.20.Hv

I. INTRODUCTION for heavier targets, when the dominaiit dependence of the
screening contribution predicted by the PWBA for the total
In collisions between multiply charged dressed ions anctross section, wherg, is the target atomic number, is not
neutral atoms there is a multiplicity of collision channels confirmed by the experiment as, for example, in the data
acting simultaneously, which result in single- or multiple- presented by Sant'Annat al. [5]. These authors measured
electron transitions within and between the participating Systotal electron-loss cross sections for Herojectiles as a
tems. Some of these channels include the single or multiplgnction of Z, and observed a strong saturation &= 10,
ionization of the projectile and of the target atom, fol-\yhich is present in the first-order calculations for the anti-
lowed — or not — by the capture of one — or more — gcreening contribution but not in those for the screening.
target electrons by the incoming ion. More recently, Sigauet al.[6] also reported on a similar

The simultaneous occurrence of these processes rendesrituration with increasing target atomic number in measure-

d]fflcult a cpmprehgnswe theoretical descnpuon of the COIII'ments of the cusp yields of the electron loss to the continuum
sion. Only in the simplest cases can single-channel analys

be used to describe properly the experimental results. Hov?—ELC) process for 1.0 MeV He projectiles impinging upon

ever, for a rather large variety of combinations of collision ato;mchand molec_ularf gasheous targ_ets. ready ob d
partners and velocities, the probabilities for several of these =UCN @ saturation for the screening was already observe

processes are of the same order of magnitude and, thus, ha_%peri.mentally in the excitation of highly charged proje_ctiles
to be considered simultaneously, since they are no longdP collisions with neutral targets7—12]. Several theoretical
independent. This is the case, for example, when one wangtempts to describe those experiments, using either nonper-
to study the projectile electron loss for such a combination ofurbative or second-order approaches, have been made,
projectile charge state and velocity so that the capture charsometimes quite successfully,8,11-18.
nel may become very important as compared to the loss. In The failure of first-order perturbative treatments of the
this situation, the coupling of these channels has to be takescreening contribution to the electron loss of dressed ions by
into account for a correct description of the probléfj.  heavy neutral atoms is due to the fact that, in this case, there
There are cases where even the double-capture channel ceem be a significant contribution from collisions occurring at
play an important role for sufficiently low velocities. Thus, a small impact parameters. This implies that the interaction
detailed understanding of each of these mechanisms is mabetween the projectile active electron and the target nuc-
datory to a satisfactory description of the collision. leus—screened by the target electrons to different degrees —
In the case of projectile electron loss, it has been wellcan be highly nonperturbatiiel 7]. On the other hand, the
established that this process is governed by two competingntiscreening contribution can be conveniently treated per-
mechanisms, the so-called screening and antiscreening dfirbatively since it is due to a sum of several electron-
fects[2,3], whose behavior for light targets is conveniently electron interactiong3].
described by first-order models, such as the plane-wave Born Nonperturbative calculations, using the coupled-channel
approximation(PWBA) [3,4]. This does not hold, however, method, for the screening contribution to the total electron-
loss cross sections were presented by Graatds. [18] for
the He™ data of Ref[5]. These calculations were only par-

*Present address: Instituto désier, Universidade Federal Flu- tially successful since, although a great improvement was

minense, Niterp RJ, Brazil. obtained when compared to first-order results, this model
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was still unable to explain completely the experimental data TABLE I. Total electron-loss cross sections fo? ‘C(Mb).
for the heaviest targets.
In a recent paper, Voitkiet al. [19] compared the same E
data of Ref[5] with calculations using the sudden approxi- (MeV) — He Ne Ar Kr Xe
.ma'tior;. Theﬁe a“tlh?rs showed the imfo(;tance t‘,’f theft"’t‘;lg‘it.oo 6.14:0.74 12.0:1.4 13.6:1.6 7.24:0.87 21.2:25
) ' 15.51.9 27.8:3.3 66.8-8.0 45.3t5.4 78.9:9.5

phisticated as these applied to the electron loss of more corT}—'SO 16720 30648 82300 72887 O7.4-117

plex, multielectron projectile ions.
In the case of the single-capture channel, a similar san 200 16.6-20 47857 87.1:10.5 86.6-104 105-13
16.9-2.0 51.2t6.1 87.4-10.5 95.9-11.5 11G:13

ration was also reported by Anhdt al.[20] for C ions, with

energies ranging from 10 to 42 MeV, colliding with gaseous

and solid targets. These authors compared their data witslit scattering. After traversing the target chamber, which is a

calculations based on the eikonal approximati@i—23, gas cell with an effective length of 7.2 cf30], where it

with reasonably good results. However, the theoretical deeollides with high-purity(better than 99.999%He, Ne, Ar,

scription of the capture process in the low- to intermediateKr, and Xe gas targets, the beam was charge-state analyzed

velocity regime — i.e., near the limit of validity of perturba- by a third magnet. Four charge states, corresponding to the

tive approaches — is not an easy task. loss and single- and double-capture channels, besides the im-
In this work total cross sections for the projectile electron-Pinging charge state, were detected ixyaposition-sensitive

loss and single- and double-capture processes in collisions #ficrochannel plate detector, located4.5 m downstream

C3* and G with He, Ne, Ar, Kr, and Xe targets, with from the coII|S|qn chamber. This dptector was also used to

energies ranging from 1.0 to 3.5 MeV, are reported. For thd2Cat€ any spurious beams that might be created by charge-

projectile-loss channel, the main objective is to study thechanging collisions of the main beam with the residual gas

dependence of the total cross sections with the target atom Es'de thg b‘?a'g"”e t_)eforg the g?s cellr.] In O(der to Sﬁp%rate

number in order to have a more detailed insight into the rol aessszls"lh(ra;ljrgeh Zpglré%?inge?nrgsgngmlécztrggjgtcz)n% tug- eam

played by screening and antiscreening contnbuyons beyon tream from the center of the collision chamber.

the perturbative limit. For this purpose, calculations for the

) - . g Total absolute electron-loss and single- and double-
screening contribution using the free-collision mojdd] are capture cross sections were obtained by the growth-rate

pre_sented _and, together with first?order calculations for th‘?nethod[l]. The single-electron capture is the most important
antiscreening25], are compared with the electron-loss data,charge-changing channel for these projectiles at the lowest
including the previous ones for Heprojectiles from Ref. yelocities considered here — the cross sections may reach
[5]. These calculations were also performed for'Hend  some thousands of Mb. Thus, the absolute pressures used in
C** projectiles impinging upon atomic hydrogen targets ancthe gas cell, measured by an absolute capacitive manometer
are compared with experimental results recently reported byMKS-Baratror), were always smaller than 2.0 mTorr to
Sant'/Annaet al. [26]. In the case of the single capture, the guarantee single-collision conditions.

data presented here are compared to two different models, The experimental results are shown in Tables I-VI for the
the eikonal approximatiof23] and the semiclassical model projectile electron-losgTables | and Il and single-capture

of Ben-ltzhaket al. [27]. (Tables 1l and IV} and double-capturéTables V and V)

The paper is arranged as follows: in Sec. Il the experichannels, as functions of the projectile energy and the target
mental setup and data analysis are briefly described and ti&omic number, for the € and G projectiles, respec-
experimental results are presented; in Sec. Ill the calculatively. The main sources of uncertainties are the impurities in
tions for the screening and antiscreening contributions to théhe gas targets due to the gas-admittance systen (
electron loss are presented and compared with the data; in3%), the determination of the length of the gas cell
Sec. IV the calculations for the single-capture channel aré~5%),counting statistics{ 5%), andinterference of spu-
compared to the data; and, finally, in S&a summary of rious beams {-1%).
the work is presented. In the Appendix, the analytical expres-

sion, based on the semiclassical model of Ben-Itzbi#l. lll. TOTAL ELECTRON LOSS AND THE TARGET
used in the single-capture calculation is deduced. ATOMIC NUMBER: SCREENING, FREE-COLLISION

MODEL, AND ANTISCREENING

Il. EXPERIMENT The calculations for the scre_ening contribu_tion to the elec-
tron loss were carried out using an extension of the free-
The G* and " beams, with energies ranging from 1.0
to 3.5 MeV, were obtained from Cand O" or O** beams,
provided by the 4.0 MV Van de Graaff accelerator of the
Catholic University of Rio de Janeiro, which passed throug V)
a gas stripper. The experimental setup is essentially the same
used in Refs[5,28,29 for singles measurements, so that2.00 1.34-0.16 0.82:0.10
only its most important features will be described here. The.50 2.24-0.27 2.37:0.28 4.35:0.52 2.54:0.30 5.04:0.60
beam is charge and energy analyzed by two magnets befogoo  2.72:0.33 3.50:0.42 10.}-1.2 5.22:0.63 12.8:1.5
entering the experimental beamline, where it is collimated t&3. 50 3.76-0.44 5.78-0.69 18.5-2.2 10.4r1.2 19.8-2.4
a spot smaller than 1 nfmGreat care was taken to reduce

TABLE II. Total electron-loss cross sections foP O(Mb).

He Ne Ar Kr Xe
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TABLE Ill. Total single-electron capture cross sections fof C TABLE V. Total double-electron capture cross sections for C
(Mb). (Mb).
E E
(MeV) He Ne Ar Kr Xe (MeV) He Ne Ar Kr Xe

1.00 346-42  465:56 76392 965+116 1004120 1.00 37.6:45 56.0:6.7 111*13 138-17 103+12
1.50 17621 264t32 405-49 44053 41650 150 12.6:1.5 28.4:3.4 30.23.6 35.6:4.3 22527
2.00 10312 19924 205-25 235-28 23028 2.00 5.3%-0.65 15.4-1.8 8.79-1.05 9.40:1.13 10.6:1.3
2.50 66.5-8.0 133t16 140:17 14017 12715 250 1.86:0.22 6.47-0.78 3.55:0.43 4.370.52 4.07-0.49
3.00 38.3-4.6 100:12 72.9-8.7 86.5-10.4 96.8-11.6 3.00 0.79:0.09 3.70:-0.44 0.99:-0.12 1.770.21 1.59-0.19
3.50 29.73.6 74.1x8.9 42.2c51 42251 61.6:7.4

collision classical-impulse approximatigB81] presented by Qlvi)= E f smﬁdﬂf d¢f 7j(Vn,6)sin6do,
Riesselmannet al. [24]. These last authors applied this (oh]
model to evaluate the cross sections for the electron loss of
H(1s) and the single- and double-electron loss of pro-  where# is the scattering angle of the free electréa,is the
jectiles by gaseous atomic targets. Here an extension teritical angle that appears from the kinematic condition men-
heavier projectiles is presented. In this model, the electron dfoned aboveS is the angle between the velocities of the
the projectile is treated as a free electron, whose velocity igrojectile in the laboratory frame and of the active electron in
the vector sum of the velocity of the projectile center of masghe projectile frame, and is the angle between the plane
and that of the electron bound to the projectile. The basi¢ormed byvN and the electron initial velocity and the plane
assumption is, then, that the electron is scattered by a targ§rmed byv,, and the electron final velocity, all velocities in
atom with the same scattering cross section of a free electraie laboratory frameo;j(vy,6) is the differential electron-
with that added velocity. The momentum transferred to thescattering cross section for the procgss an angled for an
projectile-active electron during the collision must be suchelectron with velocityvy incident on a given target. Since in
that it acquires enough energy to be ionized. Thus, for kinethe screening mode the target electrons remain in the ground
matic reasons, the free-electron scattering angle must kgfate, the application of this model to that process is re-
larger than a critical value, which depends on the kinematistricted to considering only the elastic scattering of the free
quantities of the collision. electron. This approximation also takes for the electron ini-

In Ref. [24] a further restriction is made, that is, that the tial velocity, not the distribution of the electron velocities
calculations be limited to values of the projectile velocity about the projectile nucleus, but rather the root mean square
which are greater than the root-mean-square velocity of thef this distribution,u,s. All these velocities and angles are
active electron in the projectile. This approximation is alsoschematically depicted in Fig. 1.
used here, and leads to an important feature of the applica- The evaluation of the cross section using ED.can be
tion of the model to the calculation of the screening contri-very time consuming, mainly due to the dependence of the
bution, since it presents a threshold at the same projectileritical angle 6 on the angless and ¢ [24]. In order to
velocity where the onset for the antiscreening occurs. Howfurther simplify the calculations, we have used the expansion
ever, it also limits the application of the model to energiesmentioned in Ref[24] for u,,s<vy, SO that the critical
greater than 0.4, 1.4, and 4.0 MeV for the'HeC3*, and  angle can be rewritten as
O°" projectiles, respectively.

Following the notation of Refl.24], and within the high- Urms o 1/
velocity approximation cited above, the expression for the Oc= ™ [(1+Xx9)"=x], (]
electron-loss cross section as a function of the projectile

center-of-mass velocity in the laboratory frame,, Q(Vn).  where x=singcosé. Substituting this result into Eq(1),
in the free-collision model can be written as one obtains for the screening contribution to the electron-loss
cross section in the high-velocity approximati@ngcen

TABLE V. Total single-electron capture cross sections f6f O

(Mb). TABLE VI. Total double-electron capture cross sections for
O°" (Mb).

E

(MeV) He Ne Ar Kr Xe E (MeV) He Ne Ar Kr Xe

1.00 1117134 937112 1944:233 2667320 2744329 1.00 124-15  226t27 26432 36944 385-46
1.50 75490 716:86 1120134 1555-187 1566-188 1.50 92.5-11.1 12115 11614 161+19 158+19
2.00 498-60 545-65 857+103 988:119 1065-128 2.00 71.0-:8.5 10k12 12715
2.50 34141 43352 681+82 821+96  755:91 2.50 34541 96.5:11.6 52.16.3 66.4-8.0 97.5-11.7
3.00 199-24 394-47  402+48  526:£63  517+62 3.00 12.9-15 81.5:9.8 21.2-25 32.5:3.9 68.5:8.2
3.50 139-17 314-37  357+43 41750  415-50 3.50 7.410.89 59.5:7.1 16.4-2.0 30.0:3.6 41.3t5.0
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180 |- . He* + Ar .
160 [ 4
140 [ -
FIG. 1. Schematic view of the velocities and angles used in the '§
free-collision modelsee text v%
g 120} -
1 T
OscreehVN) = Wf dxf oe(Vn,0)sinede,  (3)
-1 Oc(x) 100 i
where oo (vy,0) is the differential cross section for the
elastic scattering of a free electron with velocity,. The
functions used in the last integration in E8) are interpo- 8 T
lations of the elastic differential electron-scattering cross sec-
tions calculated by McCarthet al. [32] using an optical
model 60 —
" , 0 1 5
In Fig. 2 the total experimental electron-loss cross sec-
tions of HE" by Ar from Ref.[5] as a function of the colli- Energy (MeV)

sion energy are compared with the total calculated cross sec-

tions, which .are the sum of t.he Screen.mg Cor.]mbuuon*function of the projectile energy. Experiment: triangles, Hél.
cglcu_lated using Eq(3) f"‘bo"e’ with the antiscreening con- Theory: thick-solid line, sum of screenirithis work, Eq.(3)] and
tribution calculated using the PWBA exltendec.i S’,um'rUIeantiscreeningRef. [25]) without correction for the target ioniza-
method of 'V"?”te_”egro and Meyerhi@5] (thick S_Ol'd “n_e- tion; thin solid line, sum of screeninghis work, Eq.(3)] and an-
Also shown in Fig. 2 are the total cross sections with thejscreeningRef.[25]), with correction for the target ionizatidiEq.
screening contribution calculated using the coupled-channghyy: thick dashed line, sum of screenirigudden approximation,
method from Ref[18] (dotted ling and the sudden approxi- Ref. [19]) and antiscreeningRef. [25]) without correction for the
mation[19] (thick dashed ling target ionization; thin dashed line, sum of screenisgdden ap-
Several points can be noted in this figure. First, the resultgroximation, Ref[19]) and antiscreeningRef. [25]), with correc-
obtained in the free-collision model are close to those obtion for the target ionizatiofiEq. (4)]; dotted line, sum of screening
tained using two other nonperturbative approaches, thé&oupled-channel method, R¢L8]) and antiscreeningRef.[25]).
coupled-channel method and the sudden approximation. Sec-
ond, the calculations for the screening contribution based ofh€ total loss cross section. The ionization probabilities were
these three models are in good agreement with experimerﬁ,stimated from the semiclassical calculations of Hansteen
within experimental uncertainties. This good agreement als€t al. [34] for protons, with aZ2; scaling for the Hé pro-
occurs for the electron loss of Fiey the other targets from jectile, whereZ. is a kind of effective charge of the He
Ref.[5]. “seen” by the target electrons. The value &f; was ob-
However, some differences between these three modetained by fitting Eq.(4) to the complete set of experimental
and the data can be observed. In the sudden approximation déta. In Ref[19] this value was 1.8, while in the case of the
Ref.[19], the possibility of multielectronic transitions occur- free-collision model, a value of 1.6 was found. The corrected
ring in the target atom concomitantly with the projectile losscross sections appear in Fig. 2 as the thin solid (iinee-
is taken into account naturally. The constraint of the nonion-<ollision mode] and the thin dashed linesudden approxi-
ization of the target atom during the collision is assumed inmation[19]).
both the free-collision model and the coupled-channel It can be seen that, with the inclusion of the target ioniza-
method, so that the inclusion of the target ionization channefion channel, better agreement with experiment is obtained,
must be madead hoc This can be done, for instance, by both qualitatively and quantitatively. But discrepancies still
combining the different collision channels within the inde- remain for the lowest energies. This is due to the fact that the
pendent electron mod€lEM) [33]. Following this proce- semiclassical calculations of Hanstestral. are not expected
dure, one can obtain the total loss cross section, including the be realistic for low projectile velocities. Also, the simpli-

FIG. 2. Total electron-loss cross sections of Hey Ar as a

target ionization channel, approximately [49] fication of using a single, average value for the projectile
effective charge for the whole energy and target ranges may
o= [1—P(0) 10 screent Tantis (4 not be correct.

The total experimental electron-loss cross sections for
whereP,(0) is the target ionization probability at zero im- C3* and G* on Ar are shown in Figs. 3 and 4, respectively,
pact parameter ana .. is the antiscreening contribution to as a function of the projectile energy, together with calcula-



1128 MELO, SANT'ANNA, SANTOS, SIGAUD, AND MONTENEGRO PRA 60

10 ——T——T——T——T——T— ] 108 —————T——T——

102 =

(Mb)
(Mb)

T I ‘-
o Ly o L
10! | I 7
4
101 L 1 L 1 N 1 N 1 L 1 L 100 N 1 N 1 N 1 L 1 L
0 2 4 6 8 10 12 0 5 10 15 20 25
Energy (MeV) Energy (MeV)
FIG. 3. Total electron-loss cross sections of'Cby Ar as a FIG. 4. Total electron-loss cross sections offCby Ar as a

function of the projectile energy. Experiment: triangles, this work; function of the projectile energy. Experiment: triangles, this work;
square, Ref[20]. Theory: dashed line, sum of screeni®NBA) circle, Ref.[35]. Theory: dashed line, sum of screeni(@WBA)
and antiscreeningRef. [25]); solid line, sum of screeningthis and antiscreeningRef. [25]); solid line, sum of screeningthis
work, Eg.(3)] and antiscreeninRef. [25]). work, Eq.(3)] and antiscreenin¢Ref. [25]).

tions using Eq(3) and the PWBA for the screening contri- (dotted ling and the sudden approximatiol9] (thick
bution, both added to the PWBA extended sum-rule methodlashed ling In both these works calculations are presented
of Montenegro-Meyerhof{25] calculations for the anti- only up to the Kr target. In all the cases, the antiscreening
screening. The experimental values obtained by Angtodt. contribution was calculated using the extended sum-rule
[20] (10-MeV C**) and Bomaret al. [35] (16-MeV O*)  method[25]. They are shown in Figs. 6 and 7 fofCand

are also included in Figs. 3 and 4, respectively. As can b&°", respectively. It should be mentioned that the lines rep-
readily seen from these figures, the low-energy results do natsenting the theoretical values are only to guide the eye,
agree with the experiment, as they do in the'Hmse, since since they join the points were the calculations were effec-
in these velocity ranges, besides the target ionization, artively performed(the vertices appearing in these lines

other competitive channel occurs in the collision, namely, First of all, one observes that the same saturation which
the capture of a target electron by the projectile. This factppears in the experiment for the Heprojectile is also
will be discussed in more detail later. Also, the velocity present for & and G@*. Second, as observed in RS,
ranges of our experimental data lie close to the validity limitsthis saturation occurs in the first-order calculations for the
for the application of the free-collision model, mainly for the antiscreening contribution, but not in those for the screening,
O°* projectile. But for the high-energy data, the agreemenin all cases. It can be noted that the calculations for the
is very good for both projectiles. screening using the extended free-collision mddey. (3)

The improvement of the free-collision model when com-abovg provide total cross sections which are again close to
pared to first-order calculations is better shown when thehe ones obtained in the sudden approximafi® and with
behavior of the total electron-loss cross sections with thehe coupled-channel methdd8]. The quantitative agree-
target atomic number is analyzed. This is done in Figs. 5, 6ment with the experimental data is very good for the'He
and 7 for He (collision energy of 2.5 MeY, C** (collision  projectile up to the Ar target. For heavier targets, some dis-
energy of 3.0 MeV, and G (collision energy of 3.5 MeY,  crepancies appear, which can reach 45% for Xe. As pointed
respectively. Also included are the electron-loss cross semut before, these can be attributed to the constraint of the
tions of the Hé and C* projectiles by atomic hydrogen nonionization of the target atom during the collision. When
targets from Ref[26]. The theoretical total electron-loss this correction is included in the calculations, better agree-
cross sections calculated using E8). (thick solid ling and  ment with experiment is obtained, as can be seen in Fig. 5
the PWBA (screening (dash-dotted lineare also presented for the free-collision mode(thin solid line and the sudden
in all these figures. In the Hecase, comparison is also made approximation(thin dashed ling
with total cross sections with the screening contribution cal- For the heavier — and higher-charged —2*Cand G*
culated using the coupled-channel method from R&§] ions, the discrepancies between the calculations in the free-
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FIG. 5. Total electron-loss cross sections of 2.5-MeV' Hes a FIG. 6. Total electron-loss cross sections of 3.0-Me¥ @s a

function of the target atomic number. Experiment: triangles, Reffunction of the target atomic number. Experiment: triangles, this
[5]; open circle, Ref[26]. Theory: dash-dotted line, sum of screen- work; open circle, Ref[26]. Theory: dash-dotted line, sum of
ing (PWBA) and antiscreenin@Ref.[25]); thick solid line, sum of  screening PWBA) and antiscreenin¢Ref.[25]); solid line, sum of
screeningd this work, Eq.(3)] and antiscreeningRef.[25]) without screening[this work, Eg.(3)] and antiscreeningRef. [25]). The
correction for the target ionization; thin solid line, sum of screeningantiscreening calculations from R¢25| are shown as the dotted
[this work, Eq.(3)] and antiscreeningRef. [25]), with correction  line. The lines are only to guide the eye.
for the target ionizatiohEq. (4)]; thick dashed line, sum of screen-
ing (sudden approximation, RdfL9]) and antiscreeningRef. [25]) dences on the impact parameter of the collision are rather
without correction for the target ionization; thin dashed line, sum ofdifferent within first-order model§3]. A possible explana-
screeningsudden approximation, Re{ﬂg]) and antiscreenin(Ref. tion for the similar behavior observed here is the foIIowing.
[25]), with correction for the target ionizatidEq. (4)]; dotted line,  The extended free-collision model applied to the screening is
sum of screeningcoupled-channel method, Rdf18]) and anti- based on the elastic cross sections for (free) electron
screening(Ref. [25]). The lines are only to guide the eye. scattering by the target nucleus. However, as mentioned be-
fore, the requirement that the momentum transferred to the
collision model and the experiment in the low-velocity re- projectile-active electron during the collision must be such
gion are larger: they lie between 35% and 80% fdf @nd  that it acquires enough energy to be ionized implies that, for
factors of between 3 and 10 forP®. These discrepancies are kinematic reasons, the free-electron scattering afgleee
in contrast with the good agreement presented in the case &fg. 1) must be larger than a critical value, which is the
the He" and also of the Ml and H projectiles[24]. As  lower limit for the integration on the scattering angle. This
mentioned before, they are due to the occurrence of otharitical angle — which, according to E(), has a minimum
competitive collision channels and will be discussed in thevalue given by (,ms/Vy)(vV2—1) — is equivalent to con-
end of this section. sidering an upper limit for the impact parameters which con-
The most important feature concerning the results pretribute effectively to the screening. The electron-scattering
sented in Figs. 5-7 is that the behavior of the screeninglifferential cross sections calculated by McCarétyal. [32]
contribution with increasing target atomic number when thepresent deep minima at some given angles, which implies
extended free-collision model is used is the same as those difat the value off: with respect to these minima is very
the experimental data and of the first-order calculations foimportant. Also, the behavior of these differential cross sec-
the antiscreening, presenting the same saturation with irtion for a given electron velocity is such that they are large
creasing target atomic number. This was also observed bipr small scattering angles, decreasing very rapidly as the
Riesselmanet al. in the electron-loss cross sections of bothangle increases. But the values of the cross sections at small
H(1s) and H projectiles by noble gas§24]. The fact that angles for the Ar, Kr, and Xe targets are not very different
both the screening and antiscreening contributions — androm each othe[32], varying at most linearly witlZ,. This
consequently, the total cross section — present the sammeans that, if the critical angle is small — which is the case
saturation with the target atomic number is remarkable, sincevhen the collision velocity is greater than the root-mean-
these mechanisms have different origins and their depersquare velocity of the projectile active electron — the inte-
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— 1t ~ 1 1 T 1 The lack of theoretical models which completely describe
- these processes in intermediate-velocity collisions of highly
,,,,,,,,, i charged ions with heavy neutral atoms renders very difficult
10 O3(3.5 MeV) +Zz """" ] the evaluation of their contributions. However, the IEM can
be used again to provide estimations for these contributions.
This was done successfully by Montenegtoal to analyze
the electron loss of € and G projectiles by H and He
targets in the same energy range as héteFollowing the
A procedure adopted by these authors, the total electron loss
] Cross sectionr,¢s Of a one-active-electron projectile by a
neutral target, withN outer-shell active electrons, can be
written as

102 F

(Mb)

Loss

) Tloss=[1—Pc(0)— PI(O)]NUscreen
F / ; +[1=Pc(0) =P (0) N Dorgys, (5)

10t

:I ] whereP(0) is the electron capture probability at zero im-
i pact parameter.

Even the use of this simple approach is far from being an
easy task for heavy atoms, since there are still no reliable
] ways to evaluate the direct ionization and electron capture
A R P TR SR T probabilities as functions of the impact parameter. However,
0 10 20 30 40 50 60 in order to verify whether the IEM can be employed to prop-

7 erly describe this case, E(p) was used to fit the calculated
values 0fogcreen@nNdo i t0 the experimental s, USing the

FIG. 7. Total electron-loss cross sections of 3.5-Me¥ @s a ~ cOmbined probabilityPc(0)+P,(0) as a fitting parameter.
function of the target atomic number. Experiment: triangles, thisThe values ofN were taken as 2 for the He and 8 for the
work. Theory: dash-dotted line, sum of screeniRyVBA) and an-  Other targets. The fitted values range from 0.06 to 0.8, pre-
tiscreening(Ref. [25]); solid line, sum of screeninghis work, Eq. ~ Senting a steep decrease with increasing collision energy and
(3)] and antiscreeningRef. [25]). The antiscreening calculations @ slow decrease with the target atomic number. These behav-
from Ref.[25] are shown as the dotted line. The lines are only toiors are in qualitative agreement with what was to be ex-
guide the eye. pected. The steep decrease with energy is characteristic of
the capture channel, while the slowly varying dependence

gration in ¢ of the differential cross section in E(8) may with the target atomic number can be explained by the use of

give approximately the same result, irrespecltive. of WhiChthe same number of target active electronsZge 10
target atom is considered, since the contributions from '

smaller anglesi.e., large impact parameteit® the integrals,
which are the dominant ones, are approximately the same. IV. SINGLE-ELECTRON CAPTURE

This does not happen in the PWBA calculations for the The calculations of the single-electron capture cross sec-
screening, where the dominant contributions come fro 9 P

small impact parameters, which implies that the projectile!Ons were made according to two dlffere.nt approaches. The

electron “sees” a weakly screened target nucleus, so that thiy'St 0n€ uses the closed general expression for the capture of

cross sections vary with the target atomic numberZas a target electro_n, |_n|t|a_lly in al §ubshel|, into &n’l" sub-

with 1=n< 2. shell of the projectile given by Eichl¢23]. Here, the exten-
The rather large differences between the cross sectiordon to multielectron targets proposed by that author is used.

calculated within the free-collision model and the experiment The second approach uses the semiclass®@) model

for the electron loss of & and G* in the low-velocity ~developed by Ben-ltzhaét al.[27] for the calculation of the

regime are mainly due to the fact that two other processeénpact parameter dependence of the single-electron capture

compete as alternative exit channels to the collision. Theserobability based on the classical capture model of Bohr and

are direct single or multiple ionization of the target atom andLindhard [37]. After integration of the impact parameter

the single or multiple capture of target electf®nby the probability, the total cross section for the capture of one

projectile. As can be seen from Tables IlI-VI, in the velocity targetnl-subshell electrong,;, can be written as

range considered here, the single capture can be up to three

— and the double capture up to two — orders of magnitude 16 Zi

larger than the loss cross sections. The importance of the an,=§w—7Nn,

direct ionization channel was already shown here for the VN

He" projectile. Coincidence measurements of the direct ion- _ L _ o

ization cross sections for the same targets as here by HeVhereZ, is the projectile chargerr])l is the principal quantum

and G* projectiles also attest to its importance for theseNumber of the active electrorz; is the effective target

velocities[36]. Thus, the coupling of these competitive chan-charge of thenl subshell of the active electron, aidis the

nels has to be taken into account for a correct description aiumber of electrons in subsheil. In the derivation of this

the problem. equation, it was assumed that the single-capture probabilities

2

, (6

nl
Zzeff
n
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FIG. 9. Total single-electron capture cross sections as a function
of the projectile energy for € on Kr. Experiment: solid squares,

© this work; open squares, Rd20]. Theory: thick solid line, total
10! : cross sections in the eikonal approximatidgref. [23]); thin solid
3 lines, contributions from the target subshells in the eikonal approxi-
E mation, as indicatedRef. [23]).

In Fig. 9 the single-electron capture cross sections for a
Energy (MeV) more complex system, namely®Con Kr, is presented. The
FIG. 8. Total single-electron capture cross sections as a functioﬁon_mbu“on_S to the total c_aptu_re of the different subshells of
of the projectile energy fota) C3*, and (b) O°* on Ne. Experi-  Kr in the eikonal approximation are also shown. The 1

ment: solid squares, this Wor(a) open squares, Rd]20], (b) open COI’]'[I‘IbUtIOI’] doeS not appear II’] the f|gure S|nce |t |S f|Ve

triangle, Ref.[35]. Theory: dashed line, SC modgq. (6)]; solid  orders of magnitude smaller than the @ne.

line, total cross sections in the eikonal approximatiBef. [23]). The analysis of these figures shows tiatthe eikonal
approximation gives better qualitative and quantitative de-

are much larger than the double-capture ones in the velociyC'iPtions of the data than the simpler SC model in the whole
range studied, a fact that is confirmed by the experimentdf"€rgy range and for all the systems studiédas expected,
results presented in Tables IlI-VI. This analytical expres:siorjfha‘i""gr_eement W'gh the experiment is poorer f8f @han for

is valid when hydrogenic wave functions are used to describ&_ + Since the O projectiles are slower and lie closer to
the active electrons, which are here considered to lie in thée limit of validity of the eikonal approximation; ani)
outermost subshells of the target. Its derivation is presentet!® major contributions to the total cross sections from the
in the Appendix. different target subshells vary substantially within the inter-

Figure 8 compares the measured single-electron captuM®!S Of projectile energies shown.

cross sections by T [Fig. 8a)] and & [Fig. &b)] projec- In Fig. 10 the measured capture cross sections of Table 11l
tiles from Ne targets, presented in Table Il and IV, respectY C*" projectiles are presented as a function of the target

tively, with calculations using the eikonal approximation and@tomic number and compared to calculations made with the
Eq. (6), as a function of the collision energy. Also shown in W0 models described above. In the case of the eikonal ap-
these figures are the experimental data from Anébl. for proximation, calc_:ulatlons wh|ch_ mplude the contributions
C3+ [20] and from Bomaret al. for O>* [35] projectiles. from all the possible ;ubshel{sohd line) and_from only the
The cross sections were calculated for varying from 2 last subshell(dotted ling are shown. Also _mcluded is the
(divided by 2, since both projectiles have oreelectron to  €/€ctron capture cross section from atomic hydrogen from
40, added up to all possiblé values in each shell. In all the Ref- [40]- It should be mentioned again that, as in the loss

calculations, the values & for the various targets and 2S€: the lines rgpresenting the theoretical values are only to
2eff 9 guide the eye. First of all, it can be seen that the data show

active-electron subshells from Clementi and RA&#] were o same saturation with increasing target atomic number as
used. As pointed out in Reff23], for multielectron targets a j the projectile-loss case, and that this saturation appears in
parameter, defined as the ratio between the ionization en<ne calculations with both models. But, again, the eikonal
ergy of the target active electron anESﬁﬁ/ n)?/2, should be  approximation presents a better agreement with the experi-
used. The values of used here were also taken from Ref. ment than the SC model. It even shows the same kind of
[38]. In the case of the SC model, calculations were alsatructure observed in the data between the Ne and Ar targets,
performed using the Hartree-Fo¢k™ 1), values from Ref. although it provides values which can be up to 50% higher
[39] (see Appendix The differences in the calculated cross than the observed ones. It can also be noticed that, for this
sections using these values and hydrogenic wave funcrelocity, the relative importance of the contributions from
tions — Eq.(6) — are always smaller than 10%. the inner subshells increase with the target atomic number.
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T T T the electron capture by the projectile, whose cross sections
can be orders of magnitude higher than those for the loss in
the velocity range of the present experiments. These chan-
__ nels must also be included in other theoretical models, such
] as the sudden approximation. A rough estimate of the con-
tributions of these competitive channels within the indepen-
dent electron model showed that their coupling, in a unita-
rized way, is mandatory to a complete description of the
electron loss.
10t 4 This fact becomes even more evident when one analyzes
] C+(3.0MeV) + Z ] ; .
] 2 ] the single-electron capture data, which also present a satura-
tion with the target atomic number. The closed analytical
. . . . . . . . . . . expression derived here for the total cross section from the
0 10 20 30 40 50 capture probability in the semiclassical model of Ben-ltzhak
Z et al. does not present good quantitative agreement with the

experiment. On the other hand, a general expression for the

3+FIG. 10. Totall single-electron capture cross sections of 3-9'MeVn|—>n’| ' capture cross sections in the eikonal approximation
C°" as a function of the target atomic number. Experiment:

. ) ; ) _ gives a reasonable quantitative description of the data. How-
squares, this V\{c’rk’.c’p?n C'“.:Ie’ REAO). Thz_eory: dashed Ilne,_SC ever, it is not possible to extract the individual probabilities
model [Eq. (6)]; solid line, eikonal approximation with contribu-

tions from all possible target subshe(Ref. [23]); dotted line, ei- to be used within the IEM from this formulation.
konal approximation with the contribution of the last subshell only.
The lines are only to guide the eye. ACKNOWLEDGMENTS

102 H

(Mb)

cap

The authors would like to thank Professorg&ichler for
V. SUMMARY AND CONCLUSIONS providing theFORTRAN computer code for the capture calcu-

The main purpose of this paper is to present experimentﬁ“ons in the eikonal approximation. This work was sup-

data on electron-loss and single- and double-capture cro
sections of € and @* projectiles by noble gases in a
velocity range that encompasses the antiscreening threshold.

These data lie in a lower-velocity range than previous data APPENDIX: SINGLE-ELECTRON CAPTURE
and present the same saturation as the target atomic number IN THE SC MODEL

increases which was observed before. . _ In this appendix, a simple analytical expression for the

_ Furthermore, an extension of the free-collision classicalypta| cross sections of the single-electron capture of an elec-
impulse approximation is presented and used to calculate thgon in anl subshell of the target atom is derived within the
screening contribution to the total electron-loss cross seCGsgmiclassical model of Ben-ltzha al. [27] and the inde-
tions. The comparison of these theoretical results with th%endent electron modéB3]. In the following, it was as-
data presented here, and also with the previous ones, showggmed that the single-capture probabilities are much larger
much better agreement than with first-order calculations foknan the double-capture ones, so that these can be neglected.
the screening contribution, including the saturation with the |4 the semiclassical model proposed by Ben-ltzkakl.
target atomic number. This was attributed to the fact that th?27]’ the probability of the capture of an electron, initially in

free-collision model is a nonperturbative approach based 0gpshelin| of a target of effective nuclear charg@s . and
realistic elastic differential cross sections for the electron . . o eff
scattering by the target nucleus. Since these cross sectio\rl1vs|,th awave funct|on/_/n|m, by a_prOJecnIe of chargé, and
are dominated by the contributions from small scatteringvelo_c'tyVN as a function of the impact parameterPcm(b),
angles, that is, large impact parameters, the electron loss i given by

caused by the almost completely screened potential of the

target nucleus, in contrast with the predictions of first-order Pe (b)= 2 ﬁfR f dr| ¢ |2E

theories for the screening, where the dominant contribution Col 3vy Sv nimt-p

comes from small impact parameters. However, first-order
calculations for the antiscreening predict a much broader dis-

tribution of impact parameters contributing to the loss pro-

cess. Thus, the calculations for the screening, using the free-

collision approximation, and for the antiscreening, using thg,here
PWBA, present similar behaviors because both take into ac-

count contributions from approximately the same region ofj (4 b,Rc)
impact parameters.

However, in spite of the qualitative agreement with ex-

: : . : o : 47R
periment, there still remains quite large quantitative discrep- _ ! anRe
ancies, which increase as the projectile charge increases. Qp) .
These were assigned to the com?)etjition with o?her collision l1(@nRe)Koanb) (if b=Ro),

exit channels, namely, the direct ionization of the target and (A2)

orted in part by the Brazilian agencies CNPq, FINEP,
APES, FAPERJ, and MCTPRONEX).

Z3, dk
CORY el = l(an biRe), (A1)
N k d

k
Qp

2
3

_Kl(a’ch)lo(a’mb) (|f b$RC),
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with ay =22, , Re=2Z;/v{, andlg, 11, Ko, andK; are
modified Bessel functionp41]. The integral in Eq(Al) is
performed over a cylindrical volum&' with radius R¢
around the projectile path. The) coefficients can be ob-
tained from the radial electron density as folloj2]:
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On the other hand,

1 N 1 o
— — 27 _ 2
<r>n| fvdr|¢nlm| r JO |Rnl(r)| I’dl’, (A8)

where the integral is now made over the whole space.

k

d
- (K _— —
r C exp — apyr
pnl( ) EK nl d ﬁ| nl )

(A3)
and

1 N 1
Pnl(r):m% |wnlm(r)|2:E|Rnl(r)|2- (A4)

The total capture cross section of an electron in nihe
subshell, containind\,,, electrons, of a multielectron target,

o, at high velocities, can be then approximately written as

But from Eq.(A4),

fwlRmmlzrdr=4wfm|pm<r>|2rdr. (A9)
0 0

Substituting Eq(A3) into the last result, one gets, after a
straightforward integration,

and, thus,

amszfO Pc, (b)2mbdb. (A5)

Substituting Eq(A1) into the above expression one finds

4 Zzeﬁ
N3y

O'n|:N

d< [
RS ¢ | “l(aw b.RODAD
K danl 0
(A6)

d“ 1 /1
N
k dp| Ap) nl
3
167 Z122,, /1
UnI:NnI? 7 F ’ (All)
VN nl

where the definition oR. was used.

Equation(A11l) provides a simple analytical expression
for the evaluation of single-capture cross sections. The val-
ues of (r~1),, can be obtained, for instance, by means of

either Hartree-Fock or hydrogenic wave functions. When the

The integral appearing in the above equation can be easil
done when Eq(A2) is used and is equal to (#R2)/(a?)).
Thus, the total cross section can be written as

k
w1

2
872 Loy, 3
C . Cni d Kk 2
dp| Ap

0'nI:NnIT Vi

(A7)

Mtter are used, one gets

I\ 2
o ——167T—Z§N (—de“> (A12)
nl— nl '
3 VL n

which is Eq.(6) of the main text.
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