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Triple electron capture in fast 0.5-1.1 MeV/u C%* on Ar collisions
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Doubly excited KLL states were populated by triple electron capture in collisions of fast (
=4.5-6.6 a.u.) € ions with Ar atoms. Measurements of the Auger-electron emission in the direction of the
ion beam were used to determine the absolute single differential cross sections for the triple electron capture to
all autoionizingKLL states. The results were compared with cross sections calculated within the independent-
particle model, in which the simultaneous capture of all three target electrons was assumed. Single electron
capture probabilities, employed by the model, were calculated using the two-center semiclassical close-
coupling method, based on an atomic orbital expansion. In order to allow comparison of the measured zero-
degree differential cross sections with calculated total cross sections, the Auger-electron emission from the
doubly excitedKLL states was assumed isotropic. Model calculations were found to be in a good agreement
with the experimental data. An adequate description of the triple electron capture by the model implies that the
projectile screening and electron-electron correlation effects in multiple electron capture are significantly
reduced in fast, highly charged ion-atom collisions.
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[. INTRODUCTION and ion-beam—recoil-ion experiments made it possible to ac-
count for the projectile or excited target charge change
Multiple electron capture in collisions of highly charged caused by the Auger decay following the collision. Thus,
ions with multielectron atoms or molecules has become dight elements, for which Auger decay is dominant, were
very active area of atomic physics research in the last dencluded in the multielectron capture studies.
cade. Transfer processes with more than two active electrons Theoretically, the quantum-mechanical or even semiclas-
represent a fundamental problem of a many-body dynamisical treatment of collision systems with more than two ac-
system, thus providing tests for most contemporary atomitive electrons is generally a difficult task since a large num-
models. The present understanding of multiple electrorber of reaction channels are involved. In view of that, the
transfer has come from numerous experimental and theoresimple classical overbarrier moddl0] was extendefl11,12]
ical studies primarily in terms of the classical quasimoleculato account for multielectron processes. Predictions of this
description of the process. To date, however, a unified treatmodel have been found to be in reasonable agreement with
ment that accounts for a wide range of energies has not yehe experimental results. However, due to the fact that it
come forth. In particular, the role of electron-electron corre-ignores the electron-electron correlation and oversimplifies
lation effects in multielectron capture still remains unclear,the electron transfer processes, the model could not give a
raising the demand for a more comprehensive model. precise description of multiple electron capture in slow col-
The investigation of multiple electron transfer processedisions [13], whereas the breakdown of the first Born ap-
has been stimulated by the introduction of more advance@roximation at higher impact velocities &1 a.u.) makes
ion sources during the 1980s, as attested by a number diis representation inapplicable in the case of fast ion-atom
experimental publication§1—7]. Projectile charge-change, collisions. An alternative treatment of multielectron transfer
recoil-ion production, and total charge-transfer—4,8,9 processes has been introduced by the independent electron
cross sections were obtained for collisions of Arl9*, and  model utilizing the uncorrelated Hartree-Fock approximation
Xe%* projectiles with various targets. Triple electron capture[14]. Although, the study was on double electron capture in
stabilization ratios were investigated by measuring the visHe? " + He collisions at high impact velocities, it allows for
ible photon emission from Rydberg transitiof§]. The the extension to systems with more than two electrons. Re-
Auger-electron spectroscopy was initially implemented insulting in overall favorable agreement with experiment, this
coincidence experiments with charge-state analyzed recoilork indicated the diminishing role of the electron correla-
ions [6,7] and then subsequently employed in time-of-flighttion effects at increasing impact velocities.
(TOP triple coincidence with scattered projectile and target Experimental investigation of multiple electron transfer
ions to study collisions of O and >N’ with Ar gas targets  resulting from fast, highly charged ion-atom collisions is
[8,9]. The use of Auger-electron spectroscopy in ion-beamhampered by the rapid falloff of capture probabilities with
increasing velocity of the ion. To the best of our knowledge,
the study of true triple electron capture in fastX1 a.u.)
*Email address: benis@phys.ksu.edu collisions has not yet been attempted experimentally. Mean-
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while, the problem of multiple electron transfer at high im-
pact velocities becomes more appealing, instigated by the
dominant role of the process in populating lower-lying mul-
tiexcited states, recently a very dynamic area of atomic re-
search. Additional incentives to investigate multielectron
processes in fast collisions are provided by their importance
in such diverse areas as high-temperature plasma studie
astrophysics, and laser technology.

As previously mentioned, the extended classical overbar-
rier (ECB) model cannot be utilized for predictions in fast
ion-atom collisions, due to the fact that the interaction time gc
at higher projectile velocities is not long enough for target (=
electrons to be molecularized. However, since in fast ion-
atom collisions projectile core states do not fully readjust due
to the small interaction time, and are thus only partly
screened by target electrons during the collision, greater con-

fidence is given to the independent-particle model which in- i 1. The zero-degree Auger-electron spectrograph showing
cludes the possibility of simultaneous capture of two or moreschematics of the gas cell, four-element lens, and hemispherical
electrons at similar internuclear distances. analyzer with a two-dimensional position sensitive dete¢ai-

The excited states of light projectiles decay mainly bypsp). The Faraday cufiFC) located at the exit of the spectrograph
emitting Auger electrons, thus favoring the use of Auger-is used for normalization purposes.
electron spectroscopy. In addition, the very low probability
of multielectron capture at high velocities necessitates thergy bandwidth of about 20% of the mean pass energy,
use of highly efficient spectrographs in such measurementswhich significantly facilitates experimental measurements of

In this work, high-resolution zero-degree Auger-electronlow intensity processes, such as triple electron capture. The
projectile spectroscopy has been used to study triple electrgsrojectile beam current was measured by a Faraday cup, lo-
capture to doubly excitelLL states of carbon in collisions cated at the exit aperture of the spectrograph, and the Auger-
of fast (v =4.5-6.6 a.u.) €" ions with Ar gas targets. Ab- electron emission intensity was normalized to the integrated
solute single differential cross sectio(88DCS’9 have been beam current. The experimental setup is shown in Fig. 1.
obtained from the double differential cross secti@DCS) The Ar gas target was maintained at constant pressure,
spectra and used to test the predictions of the independenitilizing a feedback-controlled baratron gauge. The target
particle model, in which the simultaneous capture of all thregoressure was set at appropriate values to assure single colli-
target electrons is assumed. Single electron capture prolion conditions. Figure 2 shows the target pressure depen-
abilities, employed by the model, were calculated using thelence of the Auger-electron emission from #iel_ states of
two-center semiclassical close-coupling metlitd], based the 13 MeV G* ions. The number of detected electrons
on an atomic orbital expansidd6]. In order to allow com- increases linearly with the target pressure in the range of
parison of the measured zero-degree differential cross se¢—40 mTorr, while it decreases to zero when the gas flow is
tions with calculated total cross sections, Auger-electronturned off. Consequently, the double collisions are still neg-
emission from the doubly excitedlLL states was assumed ligible up to Ar gas pressures of 40 mTorr.
isotropic. Model calculations were found to be in good Another potential source of an error is the possible beam
agreement with the experimental data. The influence of the

present study on the understanding of projectile screening 6x10°"

and electron-electron correlation effects in multiple electron ]
capture is discussed. 5x10*] 13MeVC™ + Ar

@ ]

5 ax10*]

Il. EXPERIMENTAL PROCEDURE 8 ]

The experiments were performed in the J. R. Macdonald E 3x10*]

Laboratory at Kansas State University, using the 7 MV EN ‘_é’ 45

tandem Van de Graaff accelerator. Th&"eam was mag- g 2107

netically selected after colliding the primary Li-like®€ = R

beam with a Bg/cn? carbon foil, and then focused into a 5 X107

cm long differentially pumped gas cell. In collisions with Ar 0

atoms, doubly excitedkKLL states of " ions were popu- 0 5 10 15 20 25 30 35 40 45
lated. These states decay dominantly by emitting Auger elec-
trons at energies corresponding to th&® iS ground state
transition. The Auger electrons emitted in the forward direc- FIG. 2. Target pressure dependence forKhé Auger electron
tion were detected with a zero-degree hemispherical spe@mission in 13 MeV €" + Ar collisions. The solid line represents
trograph[17—-19, capable of analyzing electrons in an en- the linear fit to the experimental data.

Gas Cell Pressure (mTorr)
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3500 charge will be only partly screened during the collision by
]13MeV C*” +Arg | —o—P=1x10"Tor the captured electrons. In order for the interaction time to be
—o—P-1x10" Torr considered small, the impact velocity has to exceed the pro-
jectile’s electron orbital velocity. In the investigated system,

3000 4
] 6-13 MeV C* +Ar, impact velocities(4.5-6.6 a.y. are
greater tharK- (4.2 a.u) andL- (2.1 a.u) shell velocities of
2500 -] C°*. As mentioned above, the ECB model cannot be em-

ployed in this case since the collision time is not sufficient
for target electrons to be molecularized. Instead, captured
1 electrons should rather be treated as independent particles,
2000 T captured by an unscreened potential. The total triple electron
220 225 230 25 240 248 capture probabilityP is then a statistical product of single
Auger Electron Energy (eV) electron capture probabilities. The detailed calculatiorP of
_ from single electron capture probabilities is presented at the
FIG. 3. 13 MeV C* + Ar Auger-electron spectra measured with end of this section.
low and high vacuum pressure in the area between the analyzing The two-center semiclassical close-coupling method,
magnet _and the gas cell. Solid circles zepresent experim(_antal da@ased on an atomic orbital expansion, has been used to cal-
taken with a vacuum pressure of><110_ Torr and open circles ulate single electron transfer probabilities. The method is
represent experimental data taken with a vacuum pressure of . - . .
%106 Torr. ound to be quite successful_ln explaining the state selective
electron transfer cross sections at least for loosely bound
o ) . . ) outer shell electrons. The motion of the projectile is approxi-
contamination with € and C'* ions. In this case, thELL  mated by a classical trajectory and the target electrons are
states of €" may be populated by single or double electronreated quantum mechanically. For treating electron capture
capture from the residual gas. Therefore, the effect of thgom the inner shells, an independent electron model is used,
vacuum pressure on the€LL Auger-electron emission was ang the active electron is described by a model potential
studied. The bare T ions travel a distance of about 2 m fitted so that the binding energies of the inner-shell electrons
after the analyzing magnet at a residual gas pressure of dre reproduced. Although the possible role of outer-shell
X 107° Torr before entering the gas cell. To evaluate theglectrongthe so-called Pauli exchange effeistnot included
contribution of a possible contamination, the vacuum presexplicitly in the theory it may be partially accounted for in
sure between the analyzing magnet and the gas cell was irﬂrsing a model potential.
creased by a factor of 100, up to<x1L0™* Torr, and mea- Since the triple electron capture process is expected to
surement of the Auger-electron emission from Kid lines  have a very low cross section at high collision energies, the
was repeated. Figure 3 shows tibL spectra taken for the collision system should be optimized to increase the electron
13 MeV C* +Ar collision system, normalized to the beam transfer probabilities. This can be achieved by matching the
current. The open circles represent the data taken with thglectron orbital velocities of the target and the projectile. In
lower vacuum pressure of X110 ° Torr, and the solid Fig. 4 the energy level diagram for°C and neutral Ar is
circles represent the data taken with the higher vacuum preghown. It is clearly seen that the binding energy for theLAr
sure of 1<10™* Torr. There are five peaks formed by an shell is located betweeki andL shell energy levels of T .
Auger decay of doubly excite(LL states of € in the  Thus, the electron capture probability from the lAshell to
spectra. For both vacuum pressure settings the integratg@He K andL shells of C* is enhanced. At the same time, the
KLL Auger-electron emission is the same. Therefore, the forgontribution fromK andM shells to the total capture is sig-
mation of C* or C** ions between the analyzing magnet nificantly reduced, as can be seen from the work édltto
and the gas cell that contribute to the populationKafL et al.[20], where contributions frori, L, andM shells of Ar
states is negligible. Consequently, the above study clearlyto the total single electron capture cross sections are com-
showed that the observed doubly excited states 6f &re  pared for fast proton on Ar collisions. In addition, the Ni-
formed in a single collision of € ions with Ar. kolaev Oppenheimer-Brinkman-Kramers approximafii]
was used in this study to estimate the relative influence of
capture probabilities from thi, L, andM shells of Ar nu-
merically. It was shown that, for the investigated collision
Since the independent-particle model generally does natnergy range of 0.5—1.1 MeV/u, tlieshell contributes less
specify a certain treatment of the involved electrons, a briethan 0.01% and th& shell contributes about 0.5% to the
description of its features, used in this study, is given. Thedotal capture. Therefore, target electrons are mainly captured
screening dynamics of the incident projectile ion by capturedrom the L shell and transfer probabilities froid and M
target electrons play an important role in understanding mulshells of Ar are negligible.
tielectron processes in highly charged ion-atom collisions. In  The L shell of Ar consists of three energetically resolved
the case of high impact velocities, if several electrons aresublevels (nlm), recognized in the nonrelativistic close-
transferred during the collision, the projectile’s energy levelscoupling code as$0, 2p0, and =1, filled with two, two,
will not fully readjust to reflect the dynamics of changes dueand four electrons, respectively. Out of these eight electrons,
to the insufficient interaction time. Therefore, the projectileone is captured to thi shell (1s0) of C°* and two others

Normalized Counts

Ill. THE INDEPENDENT-PARTICLE MODEL
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= . FIG. 5. Absolute Auger-electron DDCS spectra for the collision
2 | system of 13 MeV €' + Ar, recorded at zero degrees with respect
o 1 | to the beam direction. The formation of thé'G1s212l’) 2S,P,
3 a1 2p_,2p, , and?D doubly excited states by triple electron capture,
-160 which Auger decay to the € (1s?) ground state, is prominent.
170 Note that the larger width of thAP peak is due to spectroscopic
180 K considerationgsee discussion in Sec. JVThe solid line represents

the Gaussian fit to the experimental data.
FIG. 4. The energy level diagram for the®Gt+ Ar collision

system.K and L shell binding energies of ¢ match theL shell In order to determine the experimental SCDS for the
binding energy of Ar, which maximizes the electron transfer prob-Population of the Li-like doubly excited states via triple cap-
ability. ture, the area under the peaks was obtained after fitting the

DDCS data with Gaussian distributions, as can be seen in
are captured to the shell (250, 2p0, 2p+1). If Ci is the ~ Fig. 5. The integrated area was then converted to SDCS’s
number of possible ways for any three electrons fromlthe after accounting for certain corrections, as discussed below.

shell of Ar in a certain electron configuratipio be captured First, in order to correct the experimental cross sections
to theKLL state in carbon, then the total triple electron cap-for the x-ray decay channel, undetectable in this study, the
ture probability can be expressed as Auger yieldsY for the observed transitions were evaluated

from theoretical autoionization and fluorescence rags-
3 8 24]. Also, the decay path of the long-lived4s2p P state
P(b)=>, i [T PN [l Qi(b), (1)  was taken into account. It is a metastable state, with lifetimes
J i =4 of 25 ns forJ=5/2, 9.1 ns forJ=3/2, and 3.0 ns fod
=1/2[23,25, which are in general comparable to the ion’s
wherej is the sum over possible statistical configurations.tjme of flight in the gas celle.g., in the case of 13 MeV
Pik] is the probability for thath electron of Ar in thq level C6+, TOF=35 ns)_ However, due to the Spectrograph ge-
(2s0, 2p0, 2p=1) to be transferred to thielevel (K or L ometry, electrons emitted in the area between the gas cell and
shell of C>*. Q! is the probability for théth electron of Ar  the analyzer entrandsee Fig. 1 will still be recorded, thus
in thej level not to be transferred to either theor L shell of  enhancing the electron yield of the state but also decreasing
co, the energy resolution of the line, as is observed in Fig. 5. The
correct electron yield for thesPs2p *P state was obtained
IV. RESULTS AND DISCUSSION after bi{:\sing the gas cell by.a voltage ef30.\/', WhiCh
energetically separates the yield fractions originating from
Figure 5 shows the Auger-electron spectrum measured iinside and outside the gas cell area. The total electron yield
collisions of 13 MeV €' ions with Ar gas targets. The was then calculated from the available ion’s time of flight
formation of the G*(1s2121’) doubly excited states, and the exponential decay rate of the s{@8]. The above
namely, 1.2s?2S, 1s2s2p ‘P, [1s(2s2p)3P]2P_, corrections were included in the same fad®for each col-
[1s(2s2p)tP] 2P, , and 1s2p? 2D, which Auger decay to lision energy. Finally, the four doubly excited stafds, P,
the C**(1s?) ground state, is prominent. All the above states*P, and?S belonging to the same electron configuration
were populated by triple capture, which allows for the popu-1s2p? were populated by triple capture according to their
lation of all possible Li-like doubly excited states. Therefore statistical weight. However, since only tH® state is ob-
the 2S,2P, and *P states corresponding to thes2p? con-  served, as discussed earlier, the production of other states
figuration are also populated. However, tHe and P states  was accounted for as shown by the inverse term in(8g.

are not allowed to Auger decay to théd@1s?) ground state With the above considerations the single differential cross
due to parity conservation considerations, while fiSestate  section for the triple electron capture to tKéL states of
has a very low Auger decay rate to be observed. C3* is given by
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TABLE I. Correction factors for the extraction of the experimental SDCS’s for the triple electron capture
to the G KLL states, from the corresponding DDCS spectra. SDCS’s calculated within the independent-
particle model are also givel.is the Auger yield, andR is the correction factor accounting for the lifetimes
of the intermediate states. Transition energies are given relative to*th@ €) ground state in units of eV.

Both experimental and calculated SDCS’s are in units 6?3@n?/sr. All data are referred to the case of the
13 MeV C* + Ar collision system.

Intermediate Transition  Integrated Statistical SDCS SDCS
state energy peak area Y R weight Expt. Calc.
1s2s? %S 227.5° 1.8+06  =1" 1.00 1 1.8-0.6
1s2s2p *P 229.72 5.3+1.6 =1°¢ 0.51 1 10.53.2
1s2s2p °P_ 235.9° 1.1+0.5 0.9  1.00 1 1.10.3
1s2s2p 2P, 239.32 1.3+0.4 =19 1.00 1 1.3:0.4
1s2p? °D 242.32 1.3+0.4 =1®  1.00 3 3.81.1

SDCSsum 18.6+0.6 30.6

%From Ref.[27].
PAssumed 1 based on Ré24].
°From Ref.[23].
9From Ref.[22].

i -1 mental triple capture SDCS's by a factor of about 1.5. The

do do . 1 1 2J+1 X e L
rTo) =2 T} =E_ Z;Xp v , predicted collision energy dependence of the process is in
: : Ya R 2 (23+1) good agreement with the experimental one. Considering the
J fact that the theoretical single electron capture amplitudes

2 contain some uncertainty not shown in Fig. 6, the compari-
son gives enough evidence to conclude that the independent-
article model provides an adequate description of the triple
lectron capture in fast ion-atom collisions, therefore validat-
ing physical ideas incorporated in the model. Specifically, the
screening dynamics of the incident projectile ion by captured
target electrons can be understood through simultaneous
electron transfer, in which the energy levels of the projectile
do not completely readjust during the course of the collision
due to the insufficient interaction time. Therefore, if the im-
pact velocity exceeds the projectile electron orbital veloci-

wherei is the sum over the observd¢l L doubly excited
states. In Table I, the discussed correction factors are pr
sented for the 13 MeV € + Ar collision system.

The triple electron capture probabiliB(b) was obtained
within the independent-particle model as given by EL.
The total triple electron capture cross secti@nwas then
determined after integrating the probabiliB(b) over the
impact parameter, i.e.,

o = wa P(b)bdb. (3
0 104
In order to compare the independent-particle model cal- ] @ Independent Particle Model
culations with the experimental zero-degree SDCS, the total ] O Experimental Data
cross sectioro was differentiated with respect to the solid 0}
angle assuming an isotropic distribution for tkeL Auger e
electrons. Thus, the calculated zero-degree SDCS for the g° P
triple electron capture t&LL states is finally expressed as e 1 %
0
do(6=0°) o Q
—ia =1 4 &
In Fig. 6 the experimental zero-degree triple electron cap- ] %
ture cross sections tLL states measured for 6, 9, and 13 01
MeV C8*+Ar collisions are compared with the "5 6 7 8 9 10 11 12 13 14

independent-particle model calculations for the correspond-
ing collision energies. The experimental error bars are calcu-
lated by taking the quadrature sum of the statistical and ab- FiG. 6. Absolute SDCS measurements of triple electron capture
solute uncertainties. The latter incorporates mainly theo the G* KLL states, populated in fast collisions of bare carbon
electron detection efficiency of the spectrograph. ions with Ar targetgopen circles Independent-particle model cal-

It is seen clearly from Fig. 6 that the independent-particleculations(solid circles are seen to be in fairly good agreement with
model calculations systematically overestimate the experithe data.

Collision energy (MeV)
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ties, the ion nucleus remains essentially unscreened duririgotropic Auger emission. Model calculations were found to
the collision. In addition, since the independent-particlebe in fairly good agreement with the experiment, signifying
model does not account for the electron-electron correlatiothat the independent-particle model provides an adequate de-
explicitly, the role of the electron-electron correlation in scription of the triple electron capture in fast ion-atom colli-
triple electron capture by fast ions is believed to be not asions. In particular, it was concluded that target electrons are

significant as in slow collisiongL3]. captured simultaneously by an essentially unscreened poten-
tial of the projectile, reflecting the fact that the collision time
V. CONCLUSIONS is small for ion energy levels to readjust. The effects of

electron-electron correlation do not appear to be significant
Zero-degree Auger-electron spectroscopy has been usgdl multiple electron transfer at high collision velocities.
to determine the absolute single differential cross sections for

triple electron capture to doubly excit&dLL states of carbon

in collisions of fast { =4.5-6.6 a.u.) € ions with Ar at-
oms. Experimental data were used to test the predictions of
the independent-particle model that utilizes single electron This work was supported by the Division of Chemical
capture probabilities calculated using the two-center semiSciences, Geosciences and Biosciences, Office of Basic En-
classical close-coupling method, based on an atomic orbitargy Sciences, Office of Science, U.S. Department of Energy.
expansion. Single differential cross sections were obtaine@he authors would like to acknowledge insightful discus-
from the total cross section calculations after assuming asions with C. L. Cocke.
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