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Eero-degree Auger spectra were measured in collisions of

oxygen and carbon on He wfth incident charge states of q = 2 to

5 and for energies from 5 to 30 MeV. Since the light target par-

ticle He acts selectively on the projectile ion, we refer to the

present method as ion surgery. Apart from the one-electron pro-

cesses single excitation and single loss, two-electron processes

such as transfer excitation and transfer loss are studied.

1. Introduction

The study of highly charged ions has received considerable attention in

the past few years. An important method to obtain detailed information about

multiply charged ions is the spectroscopy of Auger electrons produced in en-

ergetic ion-atom collisions. In particular, the use of the projectile Auger

spectroscopy [l] at high-energy accelerators has the advantage that high in-

cident charge states may selectively be produced by stripping and magnetical-

ly analyzing the projectile prior to the experiment. Generally, projectile

Auger spectroscopy involves serious problems with kinematic line broadening

effects which can, however, essentially be avoided by measuring the Auger

electrons under che observation angle of 0°. Recent experiments [2,3] in-

dicate the method of zero-degree Auger spectroscopy [4] yields excellent

spectral resolution at incident energies as high as 100 MeV.

Another serious problem involved in Auger spectroscopy is the copious
number of states produced in violent ion-atom collisions. The number of sta-
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tes can be significantly reduced by using light target atoms such as hydrogen
or helium [2], Low Z particles have the ahility to act as a 'needle' in
selectively ionizing the inner shell without substantially disturbing the
outer shells. Thus, for instance, the outer-shell configuration of the pro-
ject ile)fpreserved during needle ionization so that the number of charge sta-
tes produced is limited. This needle ionization, exploited by Itch et al.
[2,3], may be considered as a specific example of the more general concept of
ion surgery. [5]

The method of ion surgery involves ionization, excitation, and capture of
one or, a most, two electrons in a fast, highly stripped projectile without
affecting its other electrons. The idea is to consider the projectile ion not
as a simple point source for a Coulomb force but as a structured object whose
properties can be investigated by the action of a light incident target par-
ticle. Ion surgery in conjunction with zero-degree Auger spectroscopy allows
for the conclusive identification of the projectile charge state after the
collision obviating charge selective coincidence measurements [6]. In addi-
tion to t h u ^ high resolution Auger spectroscopy separates bet-
ween specific energy levels excited in the collision. This state selectivity
is the outstanding feature of the ion surgery used together with^the high
resolution Auger spectroscopy.

The analysis of the Auger spectra yields information about the atomic
structure [7] as well as information about the excitation mechanisms [8] of
the inner-shell vacancy states involved. The atomic structure information may
be used as a testing ground for fundamental theories including relativistic
many-body problems [9]. In this case, the zero-degree Auge spectroscopy is
particularly attractive since it yields results of unprecedented accuracy.
Recently, Itoh et al. [2,3] and Bruch et al. [11] performed detailed atomic
structure studies by comparing experimental and theoretical level energies.
In contrast to this, the mou£ of work devoted to the
using zero-degree Auger spectroscopy is still limited.
In contrast to this, the amou^ of work devoted to the excitation mechanisms

The present article emphasizes aspects of the reaction mechanism involved
in collisions of multiply charged oxygen and carbon projectiles on He. The
projectile energies used range from several MeV to several tens of MeV. At
the high energy limit one-electron processes such as single excitation and



single loss dominate. However, at decreasing projectile energy two-electron

processes such as transfer excitation or transfer loss gain importance. Here,

the ion surgery becomes an interesting and challenging task. s

2. The system 0**+ + He, 0 3* + He, and 0 2 + + He

The experiments were performed at the Oak Ridge National Laboratory EN

Tandem facility using the zero-degree Auger spectroscopy apparaturs tempo-

rarily transported from the Hahn-Meitner-Institut, Berlin. The apparatus has

been described in detail before [2,3]. Fig. 1 displays 0-K Auger spectra ob-

tained in collisions of 10-MeV 01++, 0 3 +, and 0 2 + with He. It is noted that

the electron energy scale refers to the projectile rest frame and that the

continuous electron background is subtracted. The experimental line energies

are determined with the relatively high accuracy of 0.2 eV which is obtained

usig kinematic line doubling and compression effects [4,5]. The line assign-

ment is discussed in detail elsewhere [8,10].

In Table I results from the Auger spectroscopy spectra concerning various

reaction mechanisms are shown. The total cross sections given in this work

are obtained with the assumption that the emission of the Auger electrons is

isotropic in the emitter rest frame. The experimental results may be compared

with calculations using the binary encounter theory (BEA) [11] which has been

found to be accurate within 20 % for the reversed collision systems [12]. For

0J++ »<*|>acHhe BEA results compare reasonably well with the experimental data

whereas for the other (ov^s 0 3 + and 0 2 + theory and experiments shows

discrepancies which are not understood at present. In the calculations K-

shell binding energies for ionized oxygen are used. It is noted that the use

of such binding energies instead of those for the neutral atom effects the

cross section by nearly a factor of 2.

In Fig. 1 the lines labeled A, B, and C refer to Li-, Be-, and B-like

states, respectively. The spectra show that the prominent lines are produced

by needle ionization as pointed out previously for neon impact [3]. Thus, the

most probable charge state of the emitting ion is one unit higher than the

incident one (see also Table I). Similarly, needle excitation produces the

projectile charge state equal to that of the incoming ion. Moreover, lines

are also observed corresponding to a charge state which is two units higher



than the incident one. The ocurrence of the double electron loss process in-

dicates the l imit for the applicabil i ty of the needle ionization concept. For

10-MeV 03 + and 02+ the contributions from double electron loss ai»e 21 % and

35 %, respectively (Table I ) . This shows that the two-electron process are

signif icant for the present coll ision systems. Nevertheless, the number of

lines in the Auger spectra is s t i l l suff iciently small so that individual

lines Cf-n separately be studied.

The state select ivi ty of the ion surgery method yields detailed informa-

t ion. As noted above, needle ionization favors the preservation of the outer-

shell configuration during the col l is ion. In Fig. 1 several states are seen

where the outer shell is not in i ts ground state configuration. Hence, i t may

be inferred that a significant fraction of the incident beam is in a meta-

stable state [3 ,5] . For example, the four-electron ion 0**+ is highly meta-

stable in the state Is2?s2p 3P. I t may be converted by Is ionization into the

states Is2s2p V (l ine A2) and Is(2s2p 3P)2P (line A3) which clearly demons-

trate how the incident ( t r ip le t ) state of the outer shell is preserved during

the col l is ion. Similarly, the incident ground state Is22s2 1S is converted to

Is2s2 2S (l ine A l ) . From the intensity of the lines A2 and A3 relative to the

intensity of al l L i - l ike l ines, one obtains a value of 65 % for the^fraction

of metastable ions in the incident beam [13]. Similar considerations yield a

fraction of 55 % for the metastabel quartet states of the incident f ive-elec-

tron ions 03+. These numbers which may be appear to be surprisingly large are

understood when a stat is t ical population of the multiplets is assumed [5 ] .

Since two-electron processes are expected to occur in the present c o l l i -

sion systems, i t may be anticipated that in the system O1*"*" + He the configu-

ration Is2s2p is produced by a loss-excitation process, i .e. by the loss of a

Is electron accompanied by a 2s-2p transit ion. To verify the importance of

this two-electron process, one can use the fact that spin f l i p is negligible

in the present col l is ion systems. Hence, the loss-excitation process produces

essentially the Is(2s2p *P)2P state corresponding to the line A4 whose in-

tensity, nowever, is seen to be small (see also Table I ) . Furthermore, the

state Is(2s2p 3P) 2P could be produced by 2s electron loss accompanied by

ls-2p excitation. However, i t is noted that this loss-excitation process

cannot produce the Is2s2p **P state.
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The influence of the loss-excitation process may further be verif ied at

higher energies where needle ionization works more ef f ic ient ly . As expected

i t is found that the Is(2s2p XP)2P line is reduced when 25-MeV O4** is used

instead of 10-MeV 0h+. On the other hand, the Is(2s2p 3P)2P line does not

change in relative intensity as the projectile energy increases. This shows

that the Is(2s2p P) P line is not much effected by the loss-excitation pro-

cess. Rather, as pointed out before this state is expected to be due to the

metastable fraction in the ion beam.

In a quantitative analysis of the line intensities i t should be taken

into account that the states designated to the Auger lines are only the main

components among other ones. For example, the line A4 attributed to

Is(2s2p XP)2P contains a significant admixture of the state Is(2s2p 3P)2P.

Similarly, the line A2 designated to Is2s2p **P contains the 2P states as ad-

mixtures produced by the spin-orbit interaction. Further work is needed to

study the mixing coefficients for the spates under considerations here.

3. The system 05* + He

The specific feature of 0 5 + is that the single loss cannot be observed by
means of Auger spectroscopy, as the states produced are not autoionizing. In
this case the most prominent lines in the Augar spectra are produced by
single excitation. This can be seen in Fig. 2 which displays 0 5 + + He spectra
for incident energies between 5 MeV and 20 MeV. The contributions of dif-
ferent reaction mechanisms for this systems are given in Table I. Single ex-
citation is responsible for the production of the Li-like states except for
Is2s2p HP. This quartet state is produced by a transfer-loss process where

the Is electron is accompanied by the capture of. a 2p electron. Furthermore,
the Be-like states are created by transfer excitation [14].

Fig. 3 shows cross sections for the production of various states produced
in the 0 5 + + He system. From Fig. 3a it is seen that the dominant excitation
process corresponds to the dipole transition ls-2p. The related cross section
curve exhibits a maximum whose position is understood from the well-known
Massey criterion. A similar maximum shifted to lower energies is seen for the
cross section curve refer ing to the quadrupole transition ls-2s.
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Fig. 3b shows that the cross section for the production of the Is2s2p "*P

is strongly enhanced at low energies. This behaviour is typical for electron

transfer processes. It supports our interpretation that the quartet state is

produced by a transfer-loss process. Similarly, the fact that the cross sec-

tion for the production of the Is(2s2p 1P)2P state is enhanced at low ener-

gies may indicate that the transfer-loss process pi ays,certain role in th is

case.

However, the enhanced production of the Is(2s2p 1P)2P state may also be

due to another second-order process. At low energies the ls-2p transit ion

competes with the successive transitions ls-2s and 2s-2p. The one-step pro-

cess and the two-step process are described by the f i r s t and second Born ap-

proximation, respectively. I t is important to note that, contrary to the

Is(2s2p lP)2P state, the Is(2s2p 3P)2P state cannot be produced by the

two-step process ls-2s and 2s-2p. (Because of the Pauli principle the elec-

trons in the 2s subshell cannot have parallel spins.) Hence, the cross

section ratio of the 2P states may provide direct information about the con-

tr ibution from the second Born term. I t is noted that, in principle, th is

contribution may also be destructive.
s,

Fig. 3c shows the cross section data for the Be-like states Is2s2p2 1D

and Is2s2p2 3D which are produced by transfer excitation. The interesting

point with this process is that i t may proceed in a resonant type manner,

i .e. i f the target electron is regarded as being free, transfer exciation is

identical to a reversed Auger process which takes place via the electron-el-

ectron interaction. The resonant tranfer-excitation (RTE) process, f i r s t

studied by Tanis et a l . [15] , as received particular attention in the past

few years [16,17]. In Fig. 3c the data clearly show the resonant behaviour of

the transfer-excitation process as a maximum in the cross section curve. The

correspondence of RTE with the Auger process manifests i t se l f by the fact

that the maximum cross section occurs for a projecti le velocity equal to the

velocity of the Auger electron involved. Further information about the

present tranAfer-excitation data wi l l be discussed in a forthcoming publica-

tion by Swenson et a l . [14].
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4. The system C2+ + He, C1** + He, and C5+ + He

The Auger spectra obtained in collisions of multiply ionized carbon with

He are displayed in Fig. 4. I t is seen that the spectrum of the C2+ + He sys-

tem is similar to that of the isoelectronic system Qk+ + He (Fig. 1). The

strong excitation of the states Is2s2p **P and Is(2s2p 3P)2P indicates a sig-

ni f icant fraction of metastable ions in the incident beam. The fraction of

75 % obtained from the spectrum is even higher than that for oxygen.

The c"4"1" + He spectrum shows lines only due to Li - l ike states which are

very l ikely produced by one-electron transfer to projectiles in the meta-

stable state Is2s 3S. This has been pointed out previously by Dillingham et

a l . [ 8 ] . In addition, the most prominent l ine Is2p2 20 is created by a trans-

fer excitation process, i .e . the transfer into the 2p shell is accompanied by

a 2s-2p transi t ion.

The spectrum for the incident one-electron ion C5+ exhibits only weak

lilftes for L i - l ike configurations which might be produced by double electron

capture into shells with n > 2 [8 ] , Rather, at higher electron energies the

spectrum shows one prominent line which is designated to the He-like states

2p2 lD and/or 2s2p 1P. These states are produced by transfer excitation as

discussed by Itoh et a l . [17] for He+ impact. I t is noted that the projecti le

energy of 7 MeV is close to^the cross section maximum for resonant transfer

excitation. Future work is suggested to study the RTE process for incident

one-electron ions by means of high-resolution Auger spectroscopy.
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Table I: Absolute cross section for the production of 0-K- Auger electrons in
10-MeV Qfl+ + He collisions and res t i ve contribution cf-various
r&etion mechanisms. The error the absolute values is ± -30 %

Mechanisms

Single Excitation

Single Loss
Transfer Excitation

Transfer Loss

Loss Excitation

Double Excitation

Double Loss

Total Cross Section

[10- 1 9 cm2] j

| 05 +

[ 6 9 %
!
! 17 %

• 11 %

-

3 %

-

2.9

27 %

67 %

s m a l l

-

4 %

-

-

4.4

0 3 +

9 %

67 %

s m a l l

-

-

-

21 %

3.5

0 2 +

smal

62%

-

-

-

-

35 %

2.4

1
I

1

r

I
|



Figure Captions

Fig. 1 Auger spectra in 10-MeV 0q+ + He collisions with q =Z, 3, and4

Fig. 2 Auger spectra produced in 05+ + He collisions for different incident

energies. The Be-like states labeled D and 0 refer to the decay to

the f inal configuration Is22s and Is22p, respectively.

Fig. 3 Cross sections for the production of Auger electrons for different

i n i t i a l states produced in 5-to 30-MeV 05+ + He col l is ions.

Fig. 4 Auger spectra produced in 5-and 7-MeV Cq+ + He coll isions with

q = 2,4, and 5. The labels are as in Fig. 1.
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