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Singly and doublyK-shell-vacant states in atomic Li, produced by 95-MeV/d®Amprojectiles, have been
investigated. At this high velocity, excitation and ionization are expected to be well described by perturbation
theories. High-resolution spectra for Auger electron emission, occurring in the energy-+&0g®0 eV and
resulting from the deexcitation of singly or doubly excited states, were measured for various electron emission
angles. Both singlé-shell excitation and doublk-shell vacancy production show strong dependences on the
electron emission angle. Experimental anisotropy parameters fotRtestates resulting from singlé-shell
excitation are in good agreement with predictions of the Born approximation. In the case of Hestidd-
vacancy(i.e., hollow atom production, the twdk vacancies are found to come about mainly by ionization plus
excitation of the atomic Li target giving rise to excited states ih. IStrong line intensities from thes? 'S and
2s3s 3S excited-state configurations are explained in termsstudike processes, providing direct spectral
identification for the electron-electrde-e interaction in producing the doubly vacagishell configurations.
Production of the 83s 3S state, which has an intensity greater than that of tfe! state, is attributed to a
three-electron transition involving two shake transitions. Production of #2@ 3P state has a large contri-
bution from thedielectronicmanifestation of thes-einteraction resulting from slow electron emission.

PACS numbes): 34.50.Fa, 32.80.Hd, 32.80.Dz

[. INTRODUCTION the electron emission angle relative to the beam dirertion
angular dependence characteristic of dipole transitions. Thus,

For transitions occurring in fast ion-atom collisions, high-resolution measurements of Auger-electron emission
where the projectile velocity is much greater than the velocprovide a sensitive probe of the expected connections to
ity of the active bound electron, the collision interaction is photon-induced processes. Such comparisons, as well as de-
weak so that perturbative metho@sg., the Born approxi- viations from photon-induced expectations, provide impor-
mation) can be used to treat the collision dynamics. Furthertant insight into the dynamics of Coulombic interactions be-
more, the collision interaction is expected to resemble that ofween atomic systems at high velocities.
a photon interacting with an atom because the momentum |n addition to single transitions, excitation and ionization
transferred is small1,2]. Such connections between photo- can be part of multielectron transitions. In ion-atom colli-
ionization and the single ionization of atomic H8] and  sions, multielectron transitions can result from the nucleus-
atomic Li [4] have recently been investigated experimen-electron(n-e) interaction, from the electron-electré@-e in-
tally. teraction, or from a combination of the two. If a

For ions traveling near relativistic speeds~100a.u.), multielectron transition leads to an empiy shell, then a
the interaction time with a target atom is about ¥, so-called “hollow atom”(or ion) is produced. Such double-
while single ionization times+1071¢s) and atomic relax- K-shell vacancy production in a target atom by fully stripped
ation and autoionization times>(10 1°s) are typically ion impact can be caused by sepanateinteractions, or by
much longer than this. So, the projectile is already far re-an n-e interaction followed by ane-e interaction. In the
moved from the collision region when the residual targetformer case, the process is referred to as {t@®-step with
atom(or ion) “relaxes” [5], and the ion plays no further role two projectile interactions and in the latter case it is called
in the subsequent relaxation processes. This separation of th&1 (two-step with one projectile interactipnBecause it is
excitation (or ionizatior) phase of an interaction from the mediated by separatee interactions, TS2 does not require
subsequent deexcitation is important because it plays a keyme ordering[6] for the production of twdK vacancies. On
role in the interpretation of high-velocity collision phenom- the other hand, for TS1 to take place, a definite time-ordering
ena. is required where tha-e interaction produces an intermedi-

Because of their similarity to photon-induced interactions,ate state which is the initial state for the subseqeeapro-
excitation and ionization by high-velocity projectiles are ex-cess. Moreover, the TS1 process implies dynamic electron
pected to occur almost exclusively by dipol&l(=1) tran-  correlation[7,8], an effect that is well known in photoioniza-
sitions[1]. Moreover, electron emission which results from tion [9,10], where multielectron transitions resulting from the
P to Stransitions is expected to show the%fh(where@is interaction with a single photon can only be caused by the
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e-e interaction. Thus, hollow-atom production by photons
corresponds to TS1 in the case of ion impact. —

Multielectron transitions in atoms are of importance be- Shield Spactometsr
cause they delve into the fundamental nature of atomic struc

ture and dynamics. Specifically, such studies provide infor-_J __________________ @

Faraday Cup

mation that goes beyond single-electron transition models by
probing dynamical electron correlation effects. In recent
years, the importance of the electron-electfers interac-
tion in understanding the multiple excitation or ionization of
atoms has been widely recognizéd-13]. Furthermore, dur-
ing the past decade, doul#eshell ionization of He by fast
ions and photons has attracted much intef&4t due to the

To Pump I
Radbroet al.[16]. More recently, hollow Li has been inves- FIG. 1. Schematic of the experimental apparatus.
tigated using photoionizatiofl7-2Q and fast iong21]. In

addition to these works, Mier et al.[22] have investigated | ; vapor emerging from the oven formed a jet of about 3—4

hollow Li production in collisions of LT ions with electrons. mm diameter. Continuum electrons emitted from the Li were
Concerning the present work involving fast collisions be-measyred with a parallel-plate electron spectrometer. The
tween highly charged ions and Li atoms, preliminary reports;cattering chamber and the electron spectrometer were simi-
of some aspects of this work have already been publisheg, 15 those used previousli4], and more details can be
[23-25. ) . ) o found in Ref.[26].

Here, we investigate singlé-shell excitation and double- | connection with the lithium vapor target, several instru-
K-shell-vacan&/ production in Li induced by collisions with enta difficulties had to be solved. First, the metallic
95 MeViu Art . This projectile energy correspondsuéc |ithium had to be heated slowly to drive contaminants from
=0.42 (v is the ion velocity andt is the speed of lightand  {he surface. Then, the lithium temperature was set just high
a perturbanqn strength_ (il‘/v=0.31(|n atomlg unitg. This enough above the melting poift80 °O to obtain a stable
latter value. is well ywthm the region of \{alldlty of Fhe Bor.n jet of Li atoms without producing significant amounts of
approximation. An important reason for investigating excita-mlecular lithium, i.e., Li. In this way, data could be re-
tion in Li is the fact that both single-and doutifeshell va-  corded for several hours before it was necessary to refill the
cancy production can be measured in the same experimegyen with lithium. The target thickness for the measurements
via Auger-electron emissiofthis is not possible for He was estimated to be aboutxil0"*atoms/cr. For the reli-

The 'megsuremepts for singkeshell excitation perr_nlt the  aple detection of low-energy electronis100 eV}, the pos-
determination of anisotropy parameters corresponding to Alsihjjity of perturbing effects due to the electric and magnetic
ger emission from the excitation of specific intermediatefie|gs associated with the relatively large current used to heat
states. The results are compared with predictions of the Borfhe metallic lithium. as well as effects due to lithium
approximation, which is found to give good agreement as,jid-up on the spectrometer surfaces, must be considered.
expected at this velocity. For the production of doulle- | the former case, measurements were taken with the heat-
shell vacancies, we find that the resulting “hollow” states jng current on and off, and no significant differences were
correspond to configurations in Li Thus, these two- noted in the observed spectra, showing that the measured
electron configurations come about t{shell ionization  ghectra were not altered by stray fields. In the latter case, an
plus K-shell excitation events. Relatlv.ely strong intensitieseficient baffle system was used to protect the sensitive parts
for two-K-shell vacancyS states are attributed almost wholly o e spectrometer. With the procedures used, electron

to thee-einteraction. TheP states, though found to contain a yije|ds could be measured reliably for emission energies as
contribution from then-e interaction, are dominated by the oy as 5 ev.

insight it provides into dynamic correlation effects.
Early attempts to produce hollow Li with incident ions of ﬂ
intermediate energy were made by Zieshal. [15] and

e-einteraction as well. Thus, these doulileshell vacancy Doubly differential electron yields were measured for
results provide direct spectral identification efe interac-  k_ghell Auger-electron emission, which occurs in the range
tions in fast ion-atom collisions. ~50-90 eV, as a function of the emitted electron angle. The
spectrometer angle could be varied in the range 25°-160° to
Il EXPERIMENTAL PROCEDURE determine the angular dependence of the emitted electron

yields. To perform the high-resolution Auger measurements,

The measurements discussed in this work were carried otihe electrons were decelerated prior to entering the parallel-
at the GANIL facility in Caen, France. A schematic of the plate spectrometer.
apparatus is shown in Fig. 1. An intense bedm2 uA) of
95 MeV/u Ar8* ions made possible high-resolution mea- Il RESULTS AND ANALYSIS
surements for single- and doulfteshell vacancy produc-
tion. The beam was incident on a Li vapor target obtained by As stated above, electron emission spectra were recorded
heating metallic Li in a small temperature-controlled oven.for 95 MeV/u Art®" ions colliding with atomic Li. Typical

032715-2



ONE- AND TWO-K-SHELL VACANCY PRODUCTION IN . .. PHYSICAL REVIEW A62 032715

2000

200

. T T — — T x T —
Single-K-shell excitation o 25° 400 Double-K-shell vacancies 0o
a g B 90
£ (xo0.25) & o
1500 | & o =
& @ ° a
& Ty § & 300
1zl - @
1000 - T, 2
T &

*es — 1s(2s2p 'P)°P
— 1s2p*’s

500 | I(\

1500

100

1000 200

500
100

Differential Cross Section (arb. units)

sl

Differential Cross Section (arb. units)

1500 {x 0.25) 900
200

1000
100

500

0 1 A A , Ol.|.'|.f°°.'|°.|.°."|’o.|.|’:
51 52 53 54 55 56 57 58 59 70 72 74 76 78 80 82 84 86 88
Electron Energy (eV) Electron Energy (eV)
FIG. 2. High-resolution singlé&-shell excitation Li Auger spec- FIG. 3. High-resolution doubl&-shell vacancy Li Auger spec-

tra for electron emission angles of 25°, 60°, and 90° induced by 9%ra for electron emission angles of 90°, 120°, and 160° induced by
MeV/u Ar'®" projectiles. The specific excited-state configurations9s MeV/u Ar8* projectiles. The observed Auger lines correspond
are indicated. The strongly dominating(2s2p 3P) 2P peak has  mainly to doubleK-shell vacancy configurations in excited'Lie-
been divided by a factor of 4 for presentation purposes. Note thagulting from K-shell ionization plusk-shell excitation events. The
the singlyK-shell excited 32p? 2D configuration is a doubly ex- large intensities observed fors2'S and %3s 3S are particularly
cited state ($—2p+2s—2p). significant, as is the fact that th%S intensity is greater than thkS
intensity (see text
high-resolution spectra for various angles are shown in Fig. 2
for singleK-shell excitation and in Fig. 3 for doubk-shell tal resolution we should observe intensity from thissh3P
vacancy configurations. The energy resolutions for theséine if it is significant. In the recent work of Dieldt al.[27],
spectra are 0.25 and 0.55 eV, respectively. Specific statésis reported that the intensity of the 38*P line is about
corresponding to the observed Auger-emission lines are i25% that of the 83s S intensity. Close examination of the
dicated. The singlé&-shell excitation Auger-electron emis- spectra in Fig. 3 indicates some evidence for emitted electron
sion lines occur in the range50—60 eV, and the doublé-  yield between the s S and the 2,8p P lines. However,
shell vacancy lines occur in the range70-85 eV. The we infer that any contribution due to the 8 8P state does
measured emission spectra were verified to be symmetrigot significantly affect the extracted intensity of the32 S
with respect to 90°, and this result is taken into account inine. Thus, we conclude that the observed intensity near 83.3

the angular dependence analysis described below. eV is due almost entirely to thes3s S configuration, as
The singleK-shell excitation spectra of Fig. 2 are seen toindicated in the figure.
be dominated by the strongs(2s2p 3P)?P line formed by For the spectra displayed in Figs. 2 and 3, the background

the 1s—2p dipole transition. The correspondings+2s due to continuous electron emissiénom direct ionization
monopole transition, giving rise tos2s? 2S, is found to be  of the lithium target has been subtracted. Typically, this
about 50 times smaller than the dipole transition. In Fig. 3background was of the same order of magnitude as the ob-
the observed doublk-shell vacancy Auger lines result pri- served peak intensities in the douleshell vacancy region
marily from configurations in excited [j indicating that (Fig. 3). A study of this continuum emission has been pub-
these lines are produced t§+shell ionization plusK-shell  lished separatelj4]. A contribution to the measured Auger
excitation. intensity from molecular lithium is also observed near 52 eV
Concerning the doubl&-shell vacancy specti@ig. 3), a  in Fig. 2. Analysis of the measured spectra shows that this
line due to the 2,8p 1P state(not indicated in the figupeis  contribution does not exceed 10% of the observed electron
expected to occur just 0.3 eV higher in energy, at 83.6 eWield, however.
[16], than the 33s 3S line at 83.3 eV. With our experimen- Absolute cross sections for the individual lines of Figs. 2
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TABLE |. Absolute cross sections for specific sinddeshell vacancy states in Li resulting from bombardment by 95 NeXfi8*
projectiles. The listed states correspond to those shown in the spectra of Fig. 2 witR##p Iconfiguration whose main components are
1s(2s2p 3P)2P and 1s(2s2p *P)2P, respectively. Note that thes2p? 2D singleK-shell vacancy configuration is a doubly excited state
(1s—2p+2s—2p). The relative uncertainties in the cross sections are less than ati@%. The theoretical values are from the Born
approximatior{ 28]. Total cross sections for each configuration were obtained by integrating over the angle assunfifglapndence for
the P states and an isotropic dependence for3tsates(see text

Singly differential Integrated cross
cross sections (IG°cm/sr) sections Alignment
Angle (10" %cn) parameters
Expt. Theor?
State 25° 60° 90° 120° Expt. Thedr. AlA, A, lA,
1s2s% 25 1.2 0.82 0.99 1.0 13 21
1s(2s2p °P) 2P 49 85 89 81 950
1s(2s2p 'P) 2P 2.3 3.9 43 3.6 44
2p+2p 51 89 93 84 990 970 -0.22 -0.28
1s2p? ?D 0.36 0.75 1.1 0.80 9.5 18 —0.6040.09 —0.674+0.18
1s2s3p 2P 10 15 15 15 170 170 —-0.15 -0.28
1s2s4p 2P 4.5 5.5 5.5 5.8 67 83 —0.09 -0.28
1s2p? 2S 2.0 2.4 2.3 2.3 28 4.8
1s2snp?P 2.7 4.9 5.2 5.2 57
Summed 72 120 120 110 1300 1270

3 rom Ref.[28].
bFrom Refs[29] and[28]. See also Eqg3) and (4).

and 3 were obtained by normalizing to the measured con- The experimentally determined cross sections for single-
tinuum spectra of Ref4]. By using the energies available in K-shell-excitation and for doublk-shell vacancy production
the literaturg 15,16 for the main single- and doublé-shell  are listed in Tables | and Il for each of the observed excited
vacancy lines in Li, the high-resolution spectra of Figs. 2 andstates and for each electron ejection angle measured. Also,
3 were fit to give relative intensities for each of the observedhe ratios for the totalsummed over all configurations
lines as explained in Ref25]. Then, by referring the peak doubleK-shell vacancy production to singleshell excita-
intensities to the continuous electron background, absolutédon are listed in Table Il. The angular distributions for
cross sections could be determined for each of the observesingle- and doublék-shell vacancy processes are plotted in
Auger lines in Figs. 2 and 3. Figs. 4 and 5, respectively. From these figures, it is seen that

TABLE II. Absolute cross sections for specific doutdeshell vacancy states in Liresulting from bombardment by 95 MeV/u &f
projectiles. The listed states correspond to those shown in the spectra of Fig. 3. The relative uncertainties in the cross sections are about
+25%. Total cross sections were obtained by integrating over the angle assumirfgalsirendence for the states and an isotropic
dependence for th8 states. Ratios of doublé-shell vacancy production to singleshell excitation are also listed for each angle, as well
as the average ratio for all angles.

. ) ) . Integrated
Singly differential cross sections (18 cn/sr) oSS
Angle sections
(10" %cnd)
State 60° 90° 120° 140° 160° Expt.
2s% 'S 0.36 0.31 0.24 0.26 0.30 3.6
2s2p °P 0.82 0.79 0.83 0.63 0.46 9.3
2s2p P 0.30 0.37 0.44 0.43 0.26 4.6
2p?1s 0.053 0.12 0.14 0.16 0.11 15
2s3s3S 0.56 0.43 0.51 0.46 0.45 6.0
2,3sp 3P 0.51 0.56 0.38 0.19 0.42 5.4
Summed 2.6 2.6 2.5 2.1 2.0 30
Avg. ratio
DoubleK to singleK ratio 2.3 2.0 2.2 2.2 2.7 2.3

(units of 10°?)
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FIG. 4. SingleK-shell excitation cross sections, induced by 95 0 30 60 90 120 150 180
MeV/u Ar'®" projectiles, for specific Li excited states vs electron L
emission angle. The plotted data points are the cross-section values Electron Emission Angle (deg)

from Table I. The smooth curves are fits to the data using the
function Bo+ B, sir? ¢ for the P states. In the case of the doubly
excited 2D state, the functiorBy+ B, sir? #+B, sir* § was used
(see text For theS states, which are expected to be isotropic, a
constant value was fit to the data.

FIG. 5. DoubleK-shell vacancy cross sections, induced by 95
MeV/u Ar'®" projectiles, for specific Li excited states vs electron
emission angle. The plotted data points are the cross-section values
from Table Il. The smooth curves are fits to the data, in the same
manner as for Fig. 4, assuming the functional foBgi B, sir? 0

S . . for the P states and a constant value for thetates.
the individual state cross sections depend quite strongly on

angle, while the double- to singke-shell vacancy ratios, uger-electron emission. For doutieshell vacancy pro-
listed in Table Il, are essentially independent of angle. ThiéA‘ 9 . y P

angular dependence of the cross sections is expected, sint%gecnsor;’ct?:’;c:g;?ufgrz:gggn Be ﬁiﬁiuﬁggnbeu:geg\t,gﬁ: f:gg_
dipole excitations dominate for the high velocity used here P - BY g P

[1]. Total cross sections corresponding to each measure%fals for the initial and final states, i.e., so-called “shake

single- and doublé-shell vacancy state were obtained by probabilities, the observed relative douldleshell vacancy

fitting the annular data and then integrating the singly differ-l'.ne Intensities can _be C‘?mpaf.ed with theoretical expecta-
ons. In the following discussion, we treat the cases of

ential cross sections over angle. The fitting results are also. o
shown in Figs. 4 and 5. More will be said about the angularsf'ngleK'She" excitation and doublk-shell vacancy produc-
dependence of the cross sections in Sec. IV A below. ThéIon separately.

resulting total cross sections for each state integrated over

angle are listed in Tables | and Il, and for sindgleshell A. SingleK-shell excitation

excitation the cross sections are compared with Born ap-
proximation calculations[28]. Comparison of the total

singleK-shell excitation cross section (30 ""cn?), angular momentunh and excitation cross sectian . This

summed over a!1t7herrgbs§rved configurations, with the Bom¢e i tyrn consists ofl2+ 1 degenerate substates associ-
theory (1.2<10"*"cn) gives excellent agreement, as S€€N5ted with the magnetic quantum numbdr If the excited

from Table . state decays via an Auger transition to @&state of the re-
sidual ion, the angular distribution of the ejected Auger elec-
IV. DISCUSSION trons is given by

In an ion-atom collision, the target atom may be excited
to an intermediate discrete state that is specified by its orbital

The predominantly dipole interactiorifeading toL=1 do, L
intermediate statepoint to the photon-induced nature of the FTO E aiml Yim(Q)|?, (D)
K-shell excitationd1,2]. The good agreement between ex- M=-L
periment and the Born theory shows that this approximation
can be used with high confidence to extract additional inforwhereY y(€)) are the spherical harmonics. From symmetry
mation concerning the excitation of individual magnetic considerations o y=o0_ -y, and since |Y,_,M|2
(M=0,£1) substates, and the resulting anisotropy for=|YL,,M|2, Eqg. (1) can be written as
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do, L ionization excitation
EZULO|YLO(Q)|2+2M221 omlYim(@IZ Q) o

This equation, in conjunction with the fits to the data of Figs.

4 and 5, can be used to give values for the excitation cross X e-6

sectionso ;o and o4, for the magnetic substatéd =0 and 2p

+1, respectively. A similar procedure can be used for quad-2s —&——— ¢

rupole statesl(=2) to derive values fotryg, 05, andoy,, dibole )

for the 1s2p? 2D line in Fig. 2. P e-e | |diPole

From the values obtained far,; ando 1, the anisotropy

(or alignmen} parametersh,, can be calculated, since the 18S—eo—&——
angular distributionglo /d€) of the emitted electrons can 1s5¢p (n-€) 1s52p  (n-eor e-e) 2s2p >'P

also be written a§29] 15525 (e-e) 2s*'s

do, 3s (e-6) 2s3s°S

40 % 2 AanPan(coso), 3 o _
n=0 FIG. 6. Schematic showing doubkeshell vacancy production

in Li. lonization is assumed to occur first, followed by excitation.
where the A,, are the anisotropy parameters and theThe most prominent transitions are shown, as well as the dominant
P,n(cosé) are the Legendre polynomials. For instance, forinteraction involvedn-e or e-¢ in producing the indicated doubly
theL=1 states shown in Fig. 4, the anisotropy parameter iK-shell vacant intermediate excited states.
given by
[29], indicating a smaller excitation to states with=0 than
010~ 011 predicted by the theory. Because of the relatively poor count-
A2:(;10+ 201, (4) ing statistics for this line, and the resulting uncertainties as-
sociated with extracting the experimental cross sections
From this equation, it is seen thatl\,=—3. For A,=0, (~40%), we will not consider this discrepancy further here.
the electron emission is isotropic, while fés=—, emis- ~ We note that the 2p? D state is expected to be produced
sion occurs only from magnetic states wh==*1. In the almost exclusively via sequentiat-e interactions, and,
case of theL =2 states, corresponding expressions for théhence, the intensity of this state provides a measure of the

anisotropy parameters, andA, can be derived29]. importance of TS2 processésee the Introduction
From the fits to the data shown in Fig. 4, we obtain the
anisotropy parameters listed in Table I. Also listed are theo- B. DoubleK-shell vacancy production

retical results obtained from the Born approximati@8].
For the sum of the states corresponding to te8sPp con-
figuration, i.e.,2P+2P, there is quite reasonable agreement In the case of doublé-shell vacancy(hollow Li atom)
between the experimentally determined value and the calcyroduction, we are primarily interested in the contribution of
lated value. Furthermore, the relatively large negative valug¢he e-einteraction to the formation of these states. This in-
(about half the maximum negative vajuéound for A,  teraction has two aspects corresponding to whether the first
shows that the excitation cross section to magnetic substatetectron is emitted slowly or suddenly. For slow emission,
with M==*1 is dominant. This largely dominating dipole subsequent excitation or ionization of a second electron in-
transition, resulting from tha-e interaction, will be impor-  volves the mutual scattering of two electrons, i.e., idis
tant in the discussion of doubk-shell vacancy production electronicin nature, which is a manifestation of dynamic
below. electron correlatior}7,8]. On the other hand, sudden emis-

By comparison, the experimentah, values for the sion can result in a subsequent electron transition due to the
1s2snp?P states(n=2, 3, and 4 are seen to decrease sig- change in the potential seen by the second active electron as
nificantly with increasingn, indicating that the anisotropy the excited system relax¢$2]. This latter type of transition
decreases as the principal quantum number increases. Thisa “mean-field” effect referred to as shakeprocess.
decrease in the anisotropy does not agree with the theory, DoubleK-shell vacancy production from ground-staté Li
however, which predicts a constant anisotropy for increasing1s 22s) is shown schematically in Fig. 6. In the figure,
n. It is likely that this decrease in anisotropy for the higher ionization via a 5—ep dipole transition is accompanied by
states is due to cascade effects where electrons in thesecitation via a $— 2l transition(for | =1, the excitation is
higher levels deexcite to lowen levels prior toK-Auger  dipole, while forl =0 it is monopolg, thereby producing two
emission. K-shell vacancies in Li. For fast ionsn-einteractions give

For the 1s2p? 2D quadrupole [ =2) state, the relatively rise mainly to dipole transition§1], as seen from the
large negative value found f@k, indicates that most of the strongly dominant §—np singleK-shell excitation lines in
excitation is to magnetic substates with=*+2, and this Fig. 2. On the other hand, monopole transitions are expected
value is in quite good agreement with the theory. The valugo be induced primarily by the-einteraction since the prob-
found forA,, however, is about half of the theoretical value ability for such transitions via an-einteraction is very small

1. General considerations
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TABLE IIl. Calculated shake probabilities for the formation of doubleshell vacancyS states in
Li*(2sn9, following initial K-shell ionization of ground-state neutral L§2s). The overlap integrals for
the two-electron initial- and final-state wave functions, obtained from Slater determinants, were calculated
within the sudden approximation using the Grant atomic structure [@eThe initial-state wave functions
are taken to be those of “frozen” neutral Li, while the wave functions for the final state are taken to be those
for relaxed Li". In this table, the subscript “0” refers to these “frozen” neutral Li wave functions. It is
noted that two pathways, nametjirect andexchangefor forming the Z3s configurations are possibleee

text).
Direct Exchange Total
Transition matrix element probability probability Cross term probability
[(2s% 1915425, 1S)|? 0.0081 0.0081
3|(2s3s 3915425, 3S)|? @ 0.00048 0.0090 +0.0042 0.014
[(2s3s 151525 1S)[? 0.00016 0.0030 —0.0014 0.0018

#The factor of 3 is for the statistical weighting of the triplet state.

[4]. Furthermore, transitions mediated by shake processemncyS-state configurations, as initial excitation would give
(following sudden electron emissipian only give rise to  rise to the B(2s2p >P)2P state(see Fig. 2 which cannot
Al=0 (and AL=0) transitions because these processesesult in the formation of the & 'S or 2s3s 3S states via
cause an internal rearrangement of the residual ion, with theubsequent ionization.

consequence that the total orbital angular momentum of the propabilities for the formation of thes2 1S and x3s 3S

system cannot change. ~__states, from the initially ionized s2s *S states, via shake
The doubleK-shell vacancy spectra presented in Fig. 3¢5 pe calculated within the sudden approximation from the
are seen to be dominated by two-electron configurations iy erjap of the two-electron initial- and final-state wave func-
Li™. A spectrum similar to those of Fig. 2 was obtained by(ions which are obtained from the appropriate Slater deter-
Diehl et al.[19] for the excitation Of,L(? (1s°2s) by 197-€V ninants. In the sudden approximation, the initial-state wave
photons, an energy value which lies slightly above th& Li fynctions are those of “frozen” neutral Li, while the final-
doubleK-shell vacancy threshold. The fact that the spectraae wave functions are those of the relaxet! ioin. These
of Fig. 3 (and that reported in Ref19]) consist mainly of \yave functions were obtained using the Grant atomic struc-
two-electron Li" states is significant because it means that,re code[30]. The predicted shake results are shown in
doubleK-shell vacancy events due Koshell ionization plus  Tapje (i1, In the table we have included results for the
K-shell excitation are much more likely than those due t0y535 13 final state, which was not observed in the spectra of
doubleK-shell excitation. Furthermore, the total intensity in- gig 3. Wwhile this latter state cannot be identified in the re-
volving 2I31" configurations is seen to be as large as, Olgorded spectréthis will be discussed belowanalysis of it in
even larger than, the total intensity due 2P configura-  torms of shake provides additional insight into the interpre-
tions. This latter observation would not be expected based oftion of the observed spectra. We note that, in addition to
independenn-e interactions. shake, dielectronic interactioridue to slow electron emis-
sion could contribute to the formation of these states, but
such calculations are beyond the scope of the present work.
To explain the large intensities observed for Bstates, In the case of 82 1S, we note that this configuration can
namely, 2° 'S and %3s 3S, we consider again Fig. 6. The only result from the intermediatéfrozen”) 1s,2s, 'S con-
left side shows ionization, due to ame interaction, occur- figuration, whereby the &, electron goes to 2and the 3,
ring via the dipole transition 4—¢&p (the monopole transi- electron remains in thes2orbital of the Li" ion. Thus, there
tion is negligible. The right side of Fig. 6 shows the subse- is only one pathway for this transition, which we denote as
guent excitation possibilities that are expected to dominatedirect Consequently, we use this transition strength as a
The most probable excitation mediated by theinteraction  benchmark for the relative strengths of the other dowble-
is the dipole transition 4—2p, giving rise to the 22p *P  shell vacancy transitions.
state(see Fig. 3 Since the probability for a monopole tran-  For the 23s 3S and the 23s 1S states, two possibilities
sition (1s—2s) via ann-einteraction is negligible, the large must be considereésee Fig. 6. These configurations can
2s? 1S doubleK-shell vacancy intensity can only come from come about by means of direct 1s—3s transition (not
the e-e interaction, as is the case for the correspondingshown in the figurg or by anexchangeshake mechanism
photon-induced spectrum reported in the work of Diethhl. ~ where the % electron goes to  and simultaneouslyhe 25
[19]. Thus, this line can be used as a benchmark to comparaectron goes to thes3level, as indicated in the figure.
the present data with the photon results and with theoretical Considering first the €8s 3S state, the noteworthy ex-
calculations. A similar argument applies to the formation ofperimental feature is that the intensity of this line is greater
the 2s3s S configuration, which can only be due to thee  than the 22 S intensity (see Fig. 3 and Table)ll Since the
interaction as well. Moreover, we note that ionization must2s3s 3S configuration is a triplet, it can result only from the
precede excitation for the formation of doul{eshell va- intermediate $2s 3S configuration because this internal re-

2. Shake processes: S states
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TABLE IV. Measured and calculated relative intensities for the negligibly to the 2,3p3P state identified in Fig. 3. This
various doublek-shell vacancy states observed in this work com-conclusion is corroborated by the photon-induced results re-
pared with those of Ref19]. In each case, the intensities have beenported in Ref[27].
normalized to that observed for thes?2'S configuration. For the The measured relative strengths of Bstates, as well as
present work, the measured relative intensities were calculated fro%e P states, compared to thes®1S state are Iistl’-}d in Table
the experimentally determined angle-integrated cross sections Iistqq/ along Wit’h the predicted relative cross sections. The pre-
in Table Il. The calculated relative intensities for tBestates are . 3t ; )
from Table Ill. The relative intensities for the work of R¢fL9] dicted S_trength of @35 °S is seen to be in excellent agree-
were determined from Fig. 2 of that work. _ment with th_e measured strength. Values for the photon-

induced relative strengths from Rdfl9], for 197 eV, are
listed for comparison. It is noted that the values of the rela-
tive intensity for the 23s 3S configuration obtained here

Relative intensities

Present Work Ref.19] and that of Ref[19] agree very well. The photon energy of
Configuration Measured Calculated Measured 197 eV is significant because it is only slightly above the
e 1s 1 1 1 doubleK-shell vacancy threshold, and so only slow electrons
252p 3P 6 11 ywll .be ejected. This is §|mllar to the present case of fast
. : : ion-induced electron emission where most of the electrons
Zszpl P 1.3 0.80 are emitted with relatively low velocities, corresponding to
2p" S 0.42 0.18 energies<10 eV. Indeed, the spectrum shown as Fig. 2 of
283s°S 17 17 16 Ref. [19] is quantitatively similar to the spectra shown in
2s3s 'S 0.22 Fig. 3 of the present work, with essentially the same excited-
2,3p°P 15 12 state configurations being observed.

. 3. Dielectronic pro :
arrangement cannot change the spin angular momentum of processes: P states

the system. For the same reason, this latter state cannot pro- Finally, we consider the &p 3P configuration. While
duce the 22 configuration due to Pauli “blocking.” Because this state can be formed by separae interactions (%
there are two pathways, direct and exchange, to the final state ep and 1s—2p), it can also have a contribution from the
for the 2s3s 3S and 23s 1S states, there can be interference e-einteraction. This latter process takes place if épeelec-
between the amplitudes for these processes. The sign amebn, as it leaves the atom, interacts with the remainisg 1
magnitude of this interference are listed as the cross term iglectron, exciting it to p while simultaneously giving up its
Table Il =1 angular momentum to become a continushs elec-
From the table, it is seen that the exchange mechanistmon, i.e., (ls—ep)=(ep+1s—e’'s+2p), thereby produc-
dominates strongly over the direct mechanism for the formaing the 22p 3P state via a dielectronitslow electron pro-
tion of the Z3s S configuration. Thus, we conclude that cess. We note that thiss2p P state cannot be formed via
formation of the 23s3S state is principally athree-step shake since an internal rearrangement cannot change the an-
process involving one-e interaction (5—ep ionization gular momentum of the residual ion. Dielectronic interac-
followed by two e-einteractions ($—2s+2s—3s excita-  tions involving the exchange of angular momentum have
tions). Moreover, the interference between the direct and exbeen previously observed in low-velocity highly charged
change mechanisms gives rise to constructive interferencén-atom collisionq 31].
indicated by the plus sign, further enhancing the strength of Since the 22p P state cannot be produced by shake,
this three-step transition. Since a triplet state for tr®8 2 identification of thee-e contribution to 22p 3P makes it
configuration cannot exist due to the aforementioned Paujpossible to distinguish experimentally the dielectronic and
blocking, this constructive interference can be interpreted ashake processes. To determine thee contribution to
the electron from the 4—2s transition “pushing” the ex- 2s2p 3P, we consider again the 197-eV photoinduced elec-
isting 2s electron to 3. In other words, the Pauli blocking tron emission spectrum of Li reported by Diedtlal.[19]. In
that prevents the formation ofs2 3S gives rise to an en- this spectrum, doubl&-shell vacancy configurations can
hancement, via constructive interference, of the823S  only be produced by thes-e interaction (dielectronic or
state to conserve the total transition probability. shake because photon&t least those from a synchrotron
The 2s3s 1S state, from the calculations shown in Table source can interact with only a single electron.
1, is predicted to be much reduced in overall intensity, by In the present work, thes2p 3P state can come about
nearly a factor of 8 compared to the triplet sta38 3S, through a combination afi-e and e-einteractions. Since the
and by nearly a factor of 5 compared to the?2S state.  2s? S line is attributed entirely to the-e interaction (fol-
There are two reasons for this. First of all, there is the stalowing the initial ionizingn-e interaction, the 252p 3P line
tistical weighting factor that is three times smaller for theinduced by fast ions must be at least as large as this same
singlet state than the triplet state. Second, the cross term fdine in the photon-induced spectrum of Ref9]. From Table
the singlet state gives rise to destructive interference, whildV, the relative contribution from the 2p 3P state is seen
the cross term for the triplet state gives rise to constructivéo be significantly larger in the present work than in the work
interference as discussed above. Thus, te8s2S state, of Ref.[19]. The excess is attributed to theeinteraction. A
which occurs at~84.0 eV, is expected to contribute only similar situation occurs for thes2p P state. These com-
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parisons show that the-einteraction plays a significant role tions for excitation to specific intermediate states are gener-
in the formation of the doubl&-shell vacancy®*P and ‘P ally in good agreement with predictions of the Born approxi-
states in the present fast ion-atom collision work, and, furmation, as expected for the velocities used in this work. For
thermore, provides spectral identification for the dielectronicexcitedP-state configurationsl(=1), the cross sections for
(slow electron process. magnetic substates withl = =1 are found to be dominant
Finally, we consider the @ 'S configuration at~78 eV.  and the resulting anisotropy parameters are predicted reason-
We note here that in our earlier publication, REE5], we  ably well by the theory.
incorrectly identified this line as being due to the doukite- For doubleK-shell vacancy production in Li by the fast
shell excitation, three-electron state2p? ?D. While this  Ar'®" projectiles, the twd vacancies are found to originate
latter state can deexcite by emitting an electron-G®8 eV,  mainly by ionization plus excitation of the Li target. Addi-
the calculations of Chung and Gd82] indicate that the tionally, the production of B3I’ doubly K-shell excited con-
2s2p? ?D state deexcites to thes2s3S, 1s2s'S, and figurations is as large as, or larger than, that for th2l 2
1s2p °P final states with Auger energies of 80.35, 78.45,configurations. High-resolution measurements of the double-
and 78.09 eV and branching ratios of 48%, 19%, and 33%K-shell vacancy Auger lines permit spectral identification of
respectively. From our measured spedtréig. 3), lines at  contributions from the electron-electron interaction, and, fur-
these energies with the predicted relative intensities do nahermore, the identification of a correlated three-electron
exist, so it is unlikely that the observed line at 78 eV is duetransition.
to the 22p? D three-electron configuration. Instead, we at- DoubleK-shell vacancy configurations attributed to the
tribute this line to the two-electronp? S configuration in  e-einteraction were analyzed in terms of two-electron state
agreement with Ref[19]. A similar conclusion regarding “shake” calculations, i.e., the overlap integrals for the
this 78-eV line was reached by Chung and G88] in their initial- and final-state configurations. These calculations give
analysis of the Li spectrum reported by Ribro et al.[16]. results which are generally consistent with the observed in-
While the 20? 1S state can be formed by a combination of tensities of theS-state configurations. A significant finding is
ionization plus excitation processes involvingg or e-ein- that the 23s S state comes about mainly by means of a
teractions, a primary consideration for forming this state isthree-electron transition involving an exchange shake pro-
the configuration mixing with thes® S state. A calculation cess. Analysis of the £2p 3P intensity indicates that this
[33] of this mixing based on the Fischer cof®] predicts  state is formed largely by the dielectromieeprocess follow-
the 2p? intensity to be 33% of the & intensity, a value ing slow electron emission with an additional contribution
which is somewhat larger than that obtained from the data ofrom n-e interactions(shake cannot give rise to this state
Ref. [19] as seen in Table IV. On the other hand, in theFinally, the 202 1S line appears to have a significant contri-
present work the observeg? intensity is about 40% of the bution fromn-e interactions in addition to that resulting from
2s? intensity. Consequently, there appears to be a consideconfiguration mixing with the & S state.
ablen-e contribution to the intensity of the® !Sline at 78
eV in the present fast ion work. We note that this excess
intensity cannot be due te-einteractions because then this ACKNOWLEDGMENTS
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