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One- and two-K-shell vacancy production in atomic Li by 95-MeVÕu Ar 18¿ projectiles
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Singly and doublyK-shell-vacant states in atomic Li, produced by 95-MeV/u Ar181 projectiles, 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 range;50–90 eV and
resulting from the deexcitation of singly or doubly excited states, were measured for various electron emission
angles. Both single-K-shell excitation and double-K-shell vacancy production show strong dependences on the
electron emission angle. Experimental anisotropy parameters for the2P states resulting from single-K-shell
excitation are in good agreement with predictions of the Born approximation. In the case of double-K-shell-
vacancy~i.e., hollow atom! production, the twoK vacancies are found to come about mainly by ionization plus
excitation of the atomic Li target giving rise to excited states in Li1. Strong line intensities from the 2s2 1S and
2s3s 3S excited-state configurations are explained in terms ofshakeprocesses, providing direct spectral
identification for the electron-electron~e-e! interaction in producing the doubly vacantK-shell configurations.
Production of the 2s3s 3S state, which has an intensity greater than that of the 2s2 1S state, is attributed to a
three-electron transition involving two shake transitions. Production of the 2s2p 3P state has a large contri-
bution from thedielectronicmanifestation of thee-e interaction resulting from slow electron emission.

PACS number~s!: 34.50.Fa, 32.80.Hd, 32.80.Dz
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I. INTRODUCTION

For transitions occurring in fast ion-atom collision
where the projectile velocity is much greater than the vel
ity of the active bound electron, the collision interaction
weak so that perturbative methods~e.g., the Born approxi-
mation! can be used to treat the collision dynamics. Furth
more, the collision interaction is expected to resemble tha
a photon interacting with an atom because the momen
transferred is small@1,2#. Such connections between phot
ionization and the single ionization of atomic He@3# and
atomic Li @4# have recently been investigated experime
tally.

For ions traveling near relativistic speeds (v;100 a.u.),
the interaction time with a target atom is about 10218s,
while single ionization times (;10216s) and atomic relax-
ation and autoionization times (.10215s) are typically
much longer than this. So, the projectile is already far
moved from the collision region when the residual targ
atom~or ion! ‘‘relaxes’’ @5#, and the ion plays no further rol
in the subsequent relaxation processes. This separation o
excitation ~or ionization! phase of an interaction from th
subsequent deexcitation is important because it plays a
role in the interpretation of high-velocity collision phenom
ena.

Because of their similarity to photon-induced interactio
excitation and ionization by high-velocity projectiles are e
pected to occur almost exclusively by dipole (DL51) tran-
sitions @1#. Moreover, electron emission which results fro
P to S transitions is expected to show the sin2 u ~whereu is
1050-2947/2000/62~3!/032715~10!/$15.00 62 0327
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the electron emission angle relative to the beam directi!
angular dependence characteristic of dipole transitions. T
high-resolution measurements of Auger-electron emiss
provide a sensitive probe of the expected connections
photon-induced processes. Such comparisons, as well a
viations from photon-induced expectations, provide imp
tant insight into the dynamics of Coulombic interactions b
tween atomic systems at high velocities.

In addition to single transitions, excitation and ionizatio
can be part of multielectron transitions. In ion-atom col
sions, multielectron transitions can result from the nucle
electron~n-e! interaction, from the electron-electron~e-e! in-
teraction, or from a combination of the two. If
multielectron transition leads to an emptyK shell, then a
so-called ‘‘hollow atom’’~or ion! is produced. Such double
K-shell vacancy production in a target atom by fully stripp
ion impact can be caused by separaten-e interactions, or by
an n-e interaction followed by ane-e interaction. In the
former case, the process is referred to as TS2~two-step with
two projectile interactions!, and in the latter case it is calle
TS1 ~two-step with one projectile interaction!. Because it is
mediated by separaten-e interactions, TS2 does not requir
time ordering@6# for the production of twoK vacancies. On
the other hand, for TS1 to take place, a definite time-order
is required where then-e interaction produces an intermed
ate state which is the initial state for the subsequente-epro-
cess. Moreover, the TS1 process implies dynamic elec
correlation@7,8#, an effect that is well known in photoioniza
tion @9,10#, where multielectron transitions resulting from th
interaction with a single photon can only be caused by
©2000 The American Physical Society15-1
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e-e interaction. Thus, hollow-atom production by photo
corresponds to TS1 in the case of ion impact.

Multielectron transitions in atoms are of importance b
cause they delve into the fundamental nature of atomic st
ture and dynamics. Specifically, such studies provide in
mation that goes beyond single-electron transition models
probing dynamical electron correlation effects. In rece
years, the importance of the electron-electron~e-e! interac-
tion in understanding the multiple excitation or ionization
atoms has been widely recognized@7–13#. Furthermore, dur-
ing the past decade, double-K-shell ionization of He by fast
ions and photons has attracted much interest@14# due to the
insight it provides into dynamic correlation effects.

Early attempts to produce hollow Li with incident ions
intermediate energy were made by Ziemet al. @15# and
Rødbroet al. @16#. More recently, hollow Li has been inves
tigated using photoionization@17–20# and fast ions@21#. In
addition to these works, Mu¨ller et al. @22# have investigated
hollow Li production in collisions of Li1 ions with electrons.
Concerning the present work involving fast collisions b
tween highly charged ions and Li atoms, preliminary repo
of some aspects of this work have already been publis
@23–25#.

Here, we investigate single-K-shell excitation and double
K-shell-vacancy production in Li induced by collisions wi
95 MeV/u Ar181. This projectile energy corresponds tov/c
50.42 (v is the ion velocity andc is the speed of light!, and
a perturbation strength ofZ/v50.31 ~in atomic units!. This
latter value is well within the region of validity of the Bor
approximation. An important reason for investigating exci
tion in Li is the fact that both single-and double-K-shell va-
cancy production can be measured in the same experim
via Auger-electron emission~this is not possible for He!.

The measurements for single-K-shell excitation permit the
determination of anisotropy parameters corresponding to
ger emission from the excitation of specific intermedia
states. The results are compared with predictions of the B
approximation, which is found to give good agreement
expected at this velocity. For the production of double-K-
shell vacancies, we find that the resulting ‘‘hollow’’ stat
correspond to configurations in Li1. Thus, these two-
electron configurations come about byK-shell ionization
plus K-shell excitation events. Relatively strong intensiti
for two-K-shell vacancySstates are attributed almost whol
to thee-einteraction. TheP states, though found to contain
contribution from then-e interaction, are dominated by th
e-e interaction as well. Thus, these double-K-shell vacancy
results provide direct spectral identification ofe-e interac-
tions in fast ion-atom collisions.

II. EXPERIMENTAL PROCEDURE

The measurements discussed in this work were carried
at the GANIL facility in Caen, France. A schematic of th
apparatus is shown in Fig. 1. An intense beam~1–2 mA! of
95 MeV/u Ar181 ions made possible high-resolution me
surements for single- and double-K-shell vacancy produc
tion. The beam was incident on a Li vapor target obtained
heating metallic Li in a small temperature-controlled ove
03271
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Li vapor emerging from the oven formed a jet of about 3
mm diameter. Continuum electrons emitted from the Li we
measured with a parallel-plate electron spectrometer.
scattering chamber and the electron spectrometer were s
lar to those used previously@4#, and more details can b
found in Ref.@26#.

In connection with the lithium vapor target, several instr
mental difficulties had to be solved. First, the metal
lithium had to be heated slowly to drive contaminants fro
the surface. Then, the lithium temperature was set just h
enough above the melting point~180 °C! to obtain a stable
jet of Li atoms without producing significant amounts
molecular lithium, i.e., Li2. In this way, data could be re
corded for several hours before it was necessary to refill
oven with lithium. The target thickness for the measureme
was estimated to be about 131014atoms/cm2. For the reli-
able detection of low-energy electrons~,100 eV!, the pos-
sibility of perturbing effects due to the electric and magne
fields associated with the relatively large current used to h
the metallic lithium, as well as effects due to lithium
build-up on the spectrometer surfaces, must be conside
In the former case, measurements were taken with the h
ing current on and off, and no significant differences we
noted in the observed spectra, showing that the meas
spectra were not altered by stray fields. In the latter case
efficient baffle system was used to protect the sensitive p
of the spectrometer. With the procedures used, elec
yields could be measured reliably for emission energies
low as 5 eV.

Doubly differential electron yields were measured f
K-shell Auger-electron emission, which occurs in the ran
;50–90 eV, as a function of the emitted electron angle. T
spectrometer angle could be varied in the range 25°–160
determine the angular dependence of the emitted elec
yields. To perform the high-resolution Auger measureme
the electrons were decelerated prior to entering the para
plate spectrometer.

III. RESULTS AND ANALYSIS

As stated above, electron emission spectra were reco
for 95 MeV/u Ar181 ions colliding with atomic Li. Typical

FIG. 1. Schematic of the experimental apparatus.
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high-resolution spectra for various angles are shown in Fi
for single-K-shell excitation and in Fig. 3 for double-K-shell
vacancy configurations. The energy resolutions for th
spectra are 0.25 and 0.55 eV, respectively. Specific st
corresponding to the observed Auger-emission lines are
dicated. The single-K-shell excitation Auger-electron emis
sion lines occur in the range;50–60 eV, and the double-K-
shell vacancy lines occur in the range;70–85 eV. The
measured emission spectra were verified to be symm
with respect to 90°, and this result is taken into accoun
the angular dependence analysis described below.

The single-K-shell excitation spectra of Fig. 2 are seen
be dominated by the strong 1s(2s2p 3P)2P line formed by
the 1s→2p dipole transition. The corresponding 1s→2s
monopole transition, giving rise to 1s2s2 2S, is found to be
about 50 times smaller than the dipole transition. In Fig.
the observed double-K-shell vacancy Auger lines result pr
marily from configurations in excited Li1, indicating that
these lines are produced byK-shell ionization plusK-shell
excitation.

Concerning the double-K-shell vacancy spectra~Fig. 3!, a
line due to the 2,3sp 1P state~not indicated in the figure! is
expected to occur just 0.3 eV higher in energy, at 83.6
@16#, than the 2s3s 3S line at 83.3 eV. With our experimen

FIG. 2. High-resolution single-K-shell excitation Li Auger spec-
tra for electron emission angles of 25°, 60°, and 90° induced by
MeV/u Ar181 projectiles. The specific excited-state configuratio
are indicated. The strongly dominating 1s(2s2p 3P) 2P peak has
been divided by a factor of 4 for presentation purposes. Note
the singlyK-shell excited 1s2p2 2D configuration is a doubly ex-
cited state (1s→2p12s→2p).
03271
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tal resolution we should observe intensity from this 2,3sp 1P
line if it is significant. In the recent work of Diehlet al. @27#,
it is reported that the intensity of the 2,3sp 1P line is about
25% that of the 2s3s 3S intensity. Close examination of th
spectra in Fig. 3 indicates some evidence for emitted elec
yield between the 2s3s 3S and the 2,3sp 3P lines. However,
we infer that any contribution due to the 2,3sp 1P state does
not significantly affect the extracted intensity of the 2s3s 3S
line. Thus, we conclude that the observed intensity near 8
eV is due almost entirely to the 2s3s 3S configuration, as
indicated in the figure.

For the spectra displayed in Figs. 2 and 3, the backgro
due to continuous electron emission~from direct ionization
of the lithium target! has been subtracted. Typically, th
background was of the same order of magnitude as the
served peak intensities in the double-K-shell vacancy region
~Fig. 3!. A study of this continuum emission has been pu
lished separately@4#. A contribution to the measured Auge
intensity from molecular lithium is also observed near 52
in Fig. 2. Analysis of the measured spectra shows that
contribution does not exceed 10% of the observed elec
yield, however.

Absolute cross sections for the individual lines of Figs

5

at

FIG. 3. High-resolution double-K-shell vacancy Li Auger spec
tra for electron emission angles of 90°, 120°, and 160° induced
95 MeV/u Ar181 projectiles. The observed Auger lines correspo
mainly to double-K-shell vacancy configurations in excited Li1 re-
sulting from K-shell ionization plusK-shell excitation events. The
large intensities observed for 2s2 1S and 2s3s 3S are particularly
significant, as is the fact that the3S intensity is greater than the1S
intensity ~see text!.
5-3



re
te

rn

J. A. TANIS et al. PHYSICAL REVIEW A 62 032715
TABLE I. Absolute cross sections for specific single-K-shell vacancy states in Li resulting from bombardment by 95 MeV/m Ar181

projectiles. The listed states correspond to those shown in the spectra of Fig. 2 with the 1s2s2p configuration whose main components a
1s(2s2p 3P)2P and 1s(2s2p 1P)2P, respectively. Note that the 1s2p2 2D single-K-shell vacancy configuration is a doubly excited sta
(1s→2p12s→2p). The relative uncertainties in the cross sections are less than about610%. The theoretical values are from the Bo
approximation@28#. Total cross sections for each configuration were obtained by integrating over the angle assuming a sin2 u dependence for
the P states and an isotropic dependence for theS states~see text!.

State

Singly differential
cross sections (10220 cm2/sr)

Angle

Integrated cross
sections

(10220 cm2)
Alignment
parameters

25° 60° 90° 120° Expt. Theor.a
Expt.

A2 /A4

Theor.b

A2 /A4

1s2s2 2S 1.2 0.82 0.99 1.0 13 21
1s(2s2p 3P) a

2P 49 85 89 81 950
1s(2s2p 1P) b

2P 2.3 3.9 4.3 3.6 44

a
2P1b

2P 51 89 93 84 990 970 20.22 20.28
1s2p2 2D 0.36 0.75 1.1 0.80 9.5 18 20.60/10.09 20.67/10.18
1s2s3p 2P 10 15 15 15 170 170 20.15 20.28
1s2s4p 2P 4.5 5.5 5.5 5.8 67 83 20.09 20.28
1s2p2 2S 2.0 2.4 2.3 2.3 28 4.8
1s2snp 2P 2.7 4.9 5.2 5.2 57
Summed 72 120 120 110 1300 1270

aFrom Ref.@28#.
bFrom Refs.@29# and @28#. See also Eqs.~3! and ~4!.
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and 3 were obtained by normalizing to the measured c
tinuum spectra of Ref.@4#. By using the energies available i
the literature@15,16# for the main single- and double-K-shell
vacancy lines in Li, the high-resolution spectra of Figs. 2 a
3 were fit to give relative intensities for each of the observ
lines as explained in Ref.@25#. Then, by referring the pea
intensities to the continuous electron background, abso
cross sections could be determined for each of the obse
Auger lines in Figs. 2 and 3.
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The experimentally determined cross sections for sing
K-shell-excitation and for double-K-shell vacancy production
are listed in Tables I and II for each of the observed exci
states and for each electron ejection angle measured. A
the ratios for the total~summed over all configurations!
double-K-shell vacancy production to single-K-shell excita-
tion are listed in Table II. The angular distributions fo
single- and double-K-shell vacancy processes are plotted
Figs. 4 and 5, respectively. From these figures, it is seen
are about

ell
TABLE II. Absolute cross sections for specific double-K-shell vacancy states in Li1 resulting from bombardment by 95 MeV/u Ar181

projectiles. The listed states correspond to those shown in the spectra of Fig. 3. The relative uncertainties in the cross sections
625%. Total cross sections were obtained by integrating over the angle assuming a sin2 u dependence for theP states and an isotropic
dependence for theS states. Ratios of double-K-shell vacancy production to single-K-shell excitation are also listed for each angle, as w
as the average ratio for all angles.

State

Singly differential cross sections (10220 cm2/sr)
Angle

Integrated
cross

sections
(10220 cm2)

Expt.60° 90° 120° 140° 160°

2s2 1S 0.36 0.31 0.24 0.26 0.30 3.6
2s2p 3P 0.82 0.79 0.83 0.63 0.46 9.3
2s2p 1P 0.30 0.37 0.44 0.43 0.26 4.6
2p2 1S 0.053 0.12 0.14 0.16 0.11 1.5
2s3s 3S 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
Double-K to single-K ratio

~units of 1022)
2.3 2.0 2.2 2.2 2.7 2.3
5-4
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ONE- AND TWO-K-SHELL VACANCY PRODUCTION IN . . . PHYSICAL REVIEW A62 032715
the individual state cross sections depend quite strongly
angle, while the double- to single-K-shell vacancy ratios
listed in Table II, are essentially independent of angle. T
angular dependence of the cross sections is expected,
dipole excitations dominate for the high velocity used h
@1#. Total cross sections corresponding to each meas
single- and double-K-shell vacancy state were obtained
fitting the annular data and then integrating the singly diff
ential cross sections over angle. The fitting results are
shown in Figs. 4 and 5. More will be said about the angu
dependence of the cross sections in Sec. IV A below.
resulting total cross sections for each state integrated
angle are listed in Tables I and II, and for single-K-shell
excitation the cross sections are compared with Born
proximation calculations@28#. Comparison of the tota
single-K-shell excitation cross section (1.3310217cm2),
summed over all the observed configurations, with the B
theory (1.27310217cm2) gives excellent agreement, as se
from Table I.

IV. DISCUSSION

The predominantly dipole interactions~leading toL51
intermediate states! point to the photon-induced nature of th
K-shell excitations@1,2#. The good agreement between e
periment and the Born theory shows that this approxima
can be used with high confidence to extract additional inf
mation concerning the excitation of individual magne
(M50,61) substates, and the resulting anisotropy

FIG. 4. Single-K-shell excitation cross sections, induced by
MeV/u Ar181 projectiles, for specific Li excited states vs electr
emission angle. The plotted data points are the cross-section v
from Table I. The smooth curves are fits to the data using
function B01B2 sin2 u for the P states. In the case of the doub
excited 2D state, the functionB01B2 sin2 u1B4 sin4 u was used
~see text!. For theS states, which are expected to be isotropic
constant value was fit to the data.
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Auger-electron emission. For double-K-shell vacancy pro-
duction, electron correlation effects can be identified fro
the spectral features alone. By calculating the overlap in
grals for the initial and final states, i.e., so-called ‘‘shak
probabilities, the observed relative double-K-shell vacancy
line intensities can be compared with theoretical expec
tions. In the following discussion, we treat the cases
single-K-shell excitation and double-K-shell vacancy produc-
tion separately.

A. Single-K-shell excitation

In an ion-atom collision, the target atom may be excit
to an intermediate discrete state that is specified by its orb
angular momentumL and excitation cross sectionsL . This
state in turn consists of 2L11 degenerate substates asso
ated with the magnetic quantum numberM. If the excited
state decays via an Auger transition to anS state of the re-
sidual ion, the angular distribution of the ejected Auger el
trons is given by

dsL

dV
5 (

M52L

L

sLMuYLM~V!u2, ~1!

whereYLM(V) are the spherical harmonics. From symme
considerations sL,M5sL,2M , and since uYL,Mu2
5uYL,2Mu2, Eq. ~1! can be written as

es
e

FIG. 5. Double-K-shell vacancy cross sections, induced by
MeV/u Ar181 projectiles, for specific Li excited states vs electro
emission angle. The plotted data points are the cross-section va
from Table II. The smooth curves are fits to the data, in the sa
manner as for Fig. 4, assuming the functional formB01B2 sin2 u
for the P states and a constant value for theS states.
5-5
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J. A. TANIS et al. PHYSICAL REVIEW A 62 032715
dsL

dV
5sL0uYL0~V!u212 (

M51

L

sLMuYLM~V!u2. ~2!

This equation, in conjunction with the fits to the data of Fig
4 and 5, can be used to give values for the excitation cr
sectionss10 and s11 for the magnetic substatesM50 and
61, respectively. A similar procedure can be used for qu
rupole states (L52) to derive values fors20, s21, ands22
for the 1s2p2 2D line in Fig. 2.

From the values obtained fors10 ands11, the anisotropy
~or alignment! parametersA2n can be calculated, since th
angular distributionsdsL /dV of the emitted electrons ca
also be written as@29#

dsL

dV
} (

n50

`

A2nP2n~cosu!, ~3!

where the A2n are the anisotropy parameters and t
P2n(cosu) are the Legendre polynomials. For instance,
the L51 states shown in Fig. 4, the anisotropy paramete
given by

A25
s102s11

s1012s11
. ~4!

From this equation, it is seen that 1>A2>2 1
2 . For A250,

the electron emission is isotropic, while forA252 1
2 , emis-

sion occurs only from magnetic states withM561. In the
case of theL52 states, corresponding expressions for
anisotropy parametersA2 andA4 can be derived@29#.

From the fits to the data shown in Fig. 4, we obtain t
anisotropy parameters listed in Table I. Also listed are th
retical results obtained from the Born approximation@28#.
For the sum of the states corresponding to the 1s2s2p con-
figuration, i.e.,a

2P1b
2P, there is quite reasonable agreeme

between the experimentally determined value and the ca
lated value. Furthermore, the relatively large negative va
~about half the maximum negative value! found for A2
shows that the excitation cross section to magnetic subs
with M561 is dominant. This largely dominating dipol
transition, resulting from then-e interaction, will be impor-
tant in the discussion of double-K-shell vacancy production
below.

By comparison, the experimentalA2 values for the
1s2snp 2P states~n52, 3, and 4! are seen to decrease si
nificantly with increasingn, indicating that the anisotropy
decreases as the principal quantum number increases.
decrease in the anisotropy does not agree with the the
however, which predicts a constant anisotropy for increas
n. It is likely that this decrease in anisotropy for the highen
states is due to cascade effects where electrons in t
higher levels deexcite to lowern levels prior toK-Auger
emission.

For the 1s2p2 2D quadrupole (L52) state, the relatively
large negative value found forA2 indicates that most of the
excitation is to magnetic substates withM562, and this
value is in quite good agreement with the theory. The va
found forA4 , however, is about half of the theoretical valu
03271
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@29#, indicating a smaller excitation to states withM50 than
predicted by the theory. Because of the relatively poor cou
ing statistics for this line, and the resulting uncertainties
sociated with extracting the experimental cross secti
~;40%!, we will not consider this discrepancy further her
We note that the 1s2p2 2D state is expected to be produce
almost exclusively via sequentialn-e interactions, and,
hence, the intensity of this state provides a measure of
importance of TS2 processes~see the Introduction!.

B. Double-K-shell vacancy production

1. General considerations

In the case of double-K-shell vacancy~hollow Li atom!
production, we are primarily interested in the contribution
the e-e interaction to the formation of these states. This
teraction has two aspects corresponding to whether the
electron is emitted slowly or suddenly. For slow emissio
subsequent excitation or ionization of a second electron
volves the mutual scattering of two electrons, i.e., it isdi-
electronic in nature, which is a manifestation of dynam
electron correlation@7,8#. On the other hand, sudden emi
sion can result in a subsequent electron transition due to
change in the potential seen by the second active electro
the excited system relaxes@12#. This latter type of transition
is a ‘‘mean-field’’ effect referred to as ashakeprocess.

Double-K-shell vacancy production from ground-state L0

(1s 22s) is shown schematically in Fig. 6. In the figure
ionization via a 1s→«p dipole transition is accompanied b
excitation via a 1s→2l transition~for l 51, the excitation is
dipole, while forl 50 it is monopole!, thereby producing two
K-shell vacancies in Li1. For fast ions,n-e interactions give
rise mainly to dipole transitions@1#, as seen from the
strongly dominant 1s→np single-K-shell excitation lines in
Fig. 2. On the other hand, monopole transitions are expe
to be induced primarily by thee-einteraction since the prob
ability for such transitions via ann-e interaction is very small

FIG. 6. Schematic showing double-K-shell vacancy production
in Li. Ionization is assumed to occur first, followed by excitatio
The most prominent transitions are shown, as well as the domi
interaction involved~n-e or e-e! in producing the indicated doubly
K-shell vacant intermediate excited states.
5-6
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TABLE III. Calculated shake probabilities for the formation of double-K-shell vacancyS states in
Li1(2sns), following initial K-shell ionization of ground-state neutral Li(1s 2s). The overlap integrals for
the two-electron initial- and final-state wave functions, obtained from Slater determinants, were calc
within the sudden approximation using the Grant atomic structure code@30#. The 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
for relaxed Li1. In this table, the subscript ‘‘0’’ refers to these ‘‘frozen’’ neutral Li wave functions. It
noted that two pathways, namely,direct andexchange, for forming the 2s3s configurations are possible~see
text!.

Transition matrix element
Direct

probability
Exchange
probability Cross term

Total
probability

z^2s2 1Su1s02s0
1S& z2 0.0081 0.0081

3z^2s3s 3Su1s02s0
3S& z2 a 0.00048 0.0090 10.0042 0.014

z^2s3s 1Su1s02s0
1S& z2 0.00016 0.0030 20.0014 0.0018

aThe factor of 3 is for the statistical weighting of the triplet state.
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@4#. Furthermore, transitions mediated by shake proce
~following sudden electron emission! can only give rise to
D l 50 ~and DL50) transitions because these proces
cause an internal rearrangement of the residual ion, with
consequence that the total orbital angular momentum of
system cannot change.

The double-K-shell vacancy spectra presented in Fig.
are seen to be dominated by two-electron configuration
Li1. A spectrum similar to those of Fig. 3 was obtained
Diehl et al. @19# for the excitation of Li0 (1s22s) by 197-eV
photons, an energy value which lies slightly above the0

double-K-shell vacancy threshold. The fact that the spec
of Fig. 3 ~and that reported in Ref.@19#! consist mainly of
two-electron Li1 states is significant because it means t
double-K-shell vacancy events due toK-shell ionization plus
K-shell excitation are much more likely than those due
double-K-shell excitation. Furthermore, the total intensity i
volving 2l3l 8 configurations is seen to be as large as,
even larger than, the total intensity due to 2l2l 8 configura-
tions. This latter observation would not be expected base
independentn-e interactions.

2. Shake processes: S states

To explain the large intensities observed for theS states,
namely, 2s2 1S and 2s3s 3S, we consider again Fig. 6. Th
left side shows ionization, due to ann-e interaction, occur-
ring via the dipole transition 1s→«p ~the monopole transi-
tion is negligible!. The right side of Fig. 6 shows the subs
quent excitation possibilities that are expected to domin
The most probable excitation mediated by then-e interaction
is the dipole transition 1s→2p, giving rise to the 2s2p 3P
state~see Fig. 3!. Since the probability for a monopole tran
sition (1s→2s) via ann-e interaction is negligible, the large
2s2 1S double-K-shell vacancy intensity can only come fro
the e-e interaction, as is the case for the correspond
photon-induced spectrum reported in the work of Diehlet al.
@19#. Thus, this line can be used as a benchmark to com
the present data with the photon results and with theore
calculations. A similar argument applies to the formation
the 2s3s 3S configuration, which can only be due to thee-e
interaction as well. Moreover, we note that ionization m
precede excitation for the formation of double-K-shell va-
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cancyS-state configurations, as initial excitation would giv
rise to the 1s(2s2p 3,1P)2P state~see Fig. 2! which cannot
result in the formation of the 2s2 1S or 2s3s 3S states via
subsequent ionization.

Probabilities for the formation of the 2s2 1S and 2s3s 3S
states, from the initially ionized 1s2s 3,1S states, via shake
can be calculated within the sudden approximation from
overlap of the two-electron initial- and final-state wave fun
tions, which are obtained from the appropriate Slater de
minants. In the sudden approximation, the initial-state wa
functions are those of ‘‘frozen’’ neutral Li, while the final
state wave functions are those of the relaxed Li1 ion. These
wave functions were obtained using the Grant atomic str
ture code@30#. The predicted shake results are shown
Table III. In the table we have included results for th
2s3s 1S final state, which was not observed in the spectra
Fig. 3. While this latter state cannot be identified in the
corded spectra~this will be discussed below!, analysis of it in
terms of shake provides additional insight into the interp
tation of the observed spectra. We note that, in addition
shake, dielectronic interactions~due to slow electron emis
sion! could contribute to the formation of these states, b
such calculations are beyond the scope of the present w

In the case of 2s2 1S, we note that this configuration ca
only result from the intermediate~‘‘frozen’’ ! 1s02s0

1S con-
figuration, whereby the 1s0 electron goes to 2s and the 2s0
electron remains in the 2s orbital of the Li1 ion. Thus, there
is only one pathway for this transition, which we denote
direct. Consequently, we use this transition strength a
benchmark for the relative strengths of the other doubleK-
shell vacancy transitions.

For the 2s3s 3S and the 2s3s 1S states, two possibilities
must be considered~see Fig. 6!. These configurations ca
come about by means of adirect 1s→3s transition ~not
shown in the figure!, or by anexchangeshake mechanism
where the 1s electron goes to 2s andsimultaneouslythe 2s
electron goes to the 3s level, as indicated in the figure.

Considering first the 2s3s 3S state, the noteworthy ex
perimental feature is that the intensity of this line is grea
than the 2s2 1S intensity~see Fig. 3 and Table II!. Since the
2s3s 3S configuration is a triplet, it can result only from th
intermediate 1s2s 3S configuration because this internal r
5-7
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arrangement cannot change the spin angular momentu
the system. For the same reason, this latter state cannot
duce the 2s2 configuration due to Pauli ‘‘blocking.’’ Becaus
there are two pathways, direct and exchange, to the final s
for the 2s3s 3S and 2s3s 1S states, there can be interferen
between the amplitudes for these processes. The sign
magnitude of this interference are listed as the cross term
Table III.

From the table, it is seen that the exchange mechan
dominates strongly over the direct mechanism for the form
tion of the 2s3s 3S configuration. Thus, we conclude th
formation of the 2s3s 3S state is principally athree-step
process involving onen-e interaction (1s→«p ionization!
followed by two e-e interactions (1s→2s12s→3s excita-
tions!. Moreover, the interference between the direct and
change mechanisms gives rise to constructive interfere
indicated by the plus sign, further enhancing the strength
this three-step transition. Since a triplet state for the 2s2

configuration cannot exist due to the aforementioned P
blocking, this constructive interference can be interpreted
the electron from the 1s→2s transition ‘‘pushing’’ the ex-
isting 2s electron to 3s. In other words, the Pauli blocking
that prevents the formation of 2s2 3S gives rise to an en-
hancement, via constructive interference, of the 2s3s 3S
state to conserve the total transition probability.

The 2s3s 1S state, from the calculations shown in Tab
III, is predicted to be much reduced in overall intensity,
nearly a factor of 8 compared to the triplet state 2s3s 3S,
and by nearly a factor of 5 compared to the 2s2 1S state.
There are two reasons for this. First of all, there is the s
tistical weighting factor that is three times smaller for t
singlet state than the triplet state. Second, the cross term
the singlet state gives rise to destructive interference, w
the cross term for the triplet state gives rise to construc
interference as discussed above. Thus, the 2s3s 1S state,
which occurs at;84.0 eV, is expected to contribute on

TABLE IV. Measured and calculated relative intensities for t
various double-K-shell vacancy states observed in this work co
pared with those of Ref.@19#. In each case, the intensities have be
normalized to that observed for the 2s2 1S configuration. For the
present work, the measured relative intensities were calculated
the experimentally determined angle-integrated cross sections l
in Table II. The calculated relative intensities for theS states are
from Table III. The relative intensities for the work of Ref.@19#
were determined from Fig. 2 of that work.

Configuration

Relative intensities

Present Work Ref.@19#

Measured Calculated Measured

2s2 1S 1 1 1
2s2p 3P 2.6 1.1
2s2p 1P 1.3 0.80
2p2 1S 0.42 0.18
2s3s 3S 1.7 1.7 1.6
2s3s 1S 0.22
2,3sp 3P 1.5 1.2
03271
of
ro-

te

nd
in

m
-

x-
e,

of

li
s

-

for
le
e

negligibly to the 2,3sp 3P state identified in Fig. 3. This
conclusion is corroborated by the photon-induced results
ported in Ref.@27#.

The measured relative strengths of theSstates, as well as
theP states, compared to the 2s2 1S state are listed in Table
IV along with the predicted relative cross sections. The p
dicted strength of 2s3s 3S is seen to be in excellent agree
ment with the measured strength. Values for the phot
induced relative strengths from Ref.@19#, for 197 eV, are
listed for comparison. It is noted that the values of the re
tive intensity for the 2s3s 3S configuration obtained here
and that of Ref.@19# agree very well. The photon energy o
197 eV is significant because it is only slightly above t
double-K-shell vacancy threshold, and so only slow electro
will be ejected. This is similar to the present case of f
ion-induced electron emission where most of the electr
are emitted with relatively low velocities, corresponding
energies,10 eV. Indeed, the spectrum shown as Fig. 2
Ref. @19# is quantitatively similar to the spectra shown
Fig. 3 of the present work, with essentially the same excit
state configurations being observed.

3. Dielectronic processes: P states

Finally, we consider the 2s2p 3P configuration. While
this state can be formed by separaten-e interactions (1s
→«p and 1s→2p), it can also have a contribution from th
e-einteraction. This latter process takes place if the«p elec-
tron, as it leaves the atom, interacts with the remainings
electron, exciting it to 2p while simultaneously giving up its
l 51 angular momentum to become a continuum«8s elec-
tron, i.e., (1s→«p)⇒(«p11s→«8s12p), thereby produc-
ing the 2s2p 3P state via a dielectronic~slow electron! pro-
cess. We note that this 2s2p 3P state cannot be formed vi
shake since an internal rearrangement cannot change th
gular momentum of the residual ion. Dielectronic intera
tions involving the exchange of angular momentum ha
been previously observed in low-velocity highly charg
ion-atom collisions@31#.

Since the 2s2p 3P state cannot be produced by shak
identification of thee-e contribution to 2s2p 3P makes it
possible to distinguish experimentally the dielectronic a
shake processes. To determine thee-e contribution to
2s2p 3P, we consider again the 197-eV photoinduced el
tron emission spectrum of Li reported by Diehlet al. @19#. In
this spectrum, double-K-shell vacancy configurations ca
only be produced by thee-e interaction ~dielectronic or
shake! because photons~at least those from a synchrotro
source! can interact with only a single electron.

In the present work, the 2s2p 3P state can come abou
through a combination ofn-e ande-e interactions. Since the
2s2 1S line is attributed entirely to thee-e interaction~fol-
lowing the initial ionizingn-e interaction!, the 2s2p 3P line
induced by fast ions must be at least as large as this s
line in the photon-induced spectrum of Ref.@19#. From Table
IV, the relative contribution from the 2s2p 3P state is seen
to be significantly larger in the present work than in the wo
of Ref. @19#. The excess is attributed to then-e interaction. A
similar situation occurs for the 2s2p 1P state. These com

-
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parisons show that thee-e interaction plays a significant rol
in the formation of the double-K-shell vacancy3P and 1P
states in the present fast ion-atom collision work, and, f
thermore, provides spectral identification for the dielectro
~slow electron! process.

Finally, we consider the 2p2 1S configuration at;78 eV.
We note here that in our earlier publication, Ref.@25#, we
incorrectly identified this line as being due to the double-K-
shell excitation, three-electron state 2s2p2 2D. While this
latter state can deexcite by emitting an electron of;78 eV,
the calculations of Chung and Gou@32# indicate that the
2s2p2 2D state deexcites to the 1s2s 3S, 1s2s 1S, and
1s2p 3P final states with Auger energies of 80.35, 78.4
and 78.09 eV and branching ratios of 48%, 19%, and 33
respectively. From our measured spectra~Fig. 3!, lines at
these energies with the predicted relative intensities do
exist, so it is unlikely that the observed line at 78 eV is d
to the 2s2p2 2D three-electron configuration. Instead, we
tribute this line to the two-electron 2p2 1S configuration in
agreement with Ref.@19#. A similar conclusion regarding
this 78-eV line was reached by Chung and Gou@32# in their
analysis of the Li1 spectrum reported by Ro”dbro et al. @16#.

While the 2p2 1S state can be formed by a combination
ionization plus excitation processes involvingn-e or e-e in-
teractions, a primary consideration for forming this state
the configuration mixing with the 2s2 1S state. A calculation
@33# of this mixing based on the Fischer code@34# predicts
the 2p2 intensity to be 33% of the 2s2 intensity, a value
which is somewhat larger than that obtained from the dat
Ref. @19# as seen in Table IV. On the other hand, in t
present work the observed 2p2 intensity is about 40% of the
2s2 intensity. Consequently, there appears to be a consi
ablen-econtribution to the intensity of the 2p2 1S line at 78
eV in the present fast ion work. We note that this exc
intensity cannot be due toe-e interactions because then th
same excess intensity would appear in the data of Ref.@19#.

V. CONCLUSIONS

Single- and double-K-shell vacancy configurations i
atomic Li, produced by 95 MeV/u Ar181 ions, have been
investigated from measurements of the resultingK-shell Au-
ger deexcitation spectra. The spectra were recorded in
resolution and measurements were conducted for sev
electron emission angles, so that anisotropy effects for p
ducing specific excited magnetic substates could be inve
gated. In the case of double-K-shell vacancy production, th
emphasis was to determine the role and extent of
electron-electron interaction in producing the twoK-shell va-
cancies.

Strong angular dependences of the measured cross
tions were observed. For single-K-shell excitation of Li by
Ar181, the total excitation cross section and the cross s
03271
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tions for excitation to specific intermediate states are gen
ally in good agreement with predictions of the Born appro
mation, as expected for the velocities used in this work.
excitedP-state configurations (L51), the cross sections fo
magnetic substates withM561 are found to be dominan
and the resulting anisotropy parameters are predicted rea
ably well by the theory.

For double-K-shell vacancy production in Li by the fas
Ar181 projectiles, the twoK vacancies are found to originat
mainly by ionization plus excitation of the Li target. Add
tionally, the production of 2l3l 8 doublyK-shell excited con-
figurations is as large as, or larger than, that for the 2l2l 8
configurations. High-resolution measurements of the dou
K-shell vacancy Auger lines permit spectral identification
contributions from the electron-electron interaction, and, f
thermore, the identification of a correlated three-elect
transition.

Double-K-shell vacancy configurations attributed to th
e-e interaction were analyzed in terms of two-electron st
‘‘shake’’ calculations, i.e., the overlap integrals for th
initial- and final-state configurations. These calculations g
results which are generally consistent with the observed
tensities of theS-state configurations. A significant finding i
that the 2s3s 3S state comes about mainly by means of
three-electron transition involving an exchange shake p
cess. Analysis of the 2s2p 3P intensity indicates that this
state is formed largely by the dielectronice-eprocess follow-
ing slow electron emission with an additional contributio
from n-e interactions~shake cannot give rise to this state!.
Finally, the 2p2 1S line appears to have a significant cont
bution fromn-e interactions in addition to that resulting from
configuration mixing with the 2s2 1S state.
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