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High-resolution projectile Auger spectra of singly and doubly core-excited oxygen ions are studied as a
function of incident beam energy (2-18 MeV), exciter gas (helium, neon, argon, and krypton) or foil

(carbon), incident charge state (1+ to 4+), and delay time. Augerwlectron production from excited oxygen
states varies considerably for collisions with different beam energies and exciter gases. A striking similarity

in both the linewidths and relative Auger line intensities is observed for single-collision gas and multiple-

collision foil excitation. The incident ion charge state does not appreciably affect the excitation cross sections
and the charge state of the outgoing projectile. In order to assign the measured Auger peaks numerous
excitation and Auger transition energies for singly and doubly core-excited states are calculated using
semiempirical and ab initio methods. Calculated transition energies are compared with experimental line

structures. Possible excitation and deexcitation mechanisms are suggested and discussed within a
quasimolecular single-particle model.

I. INTRODUCTION

Detailed information concerning the atomic
structure of highly excited and ionized atoms is ob-
tained from high-resolution measurements of Auger
electrons produced by heavy ion bombardment. ' '
In particular, measurements of the relative Auger
yield of specific core-excited states as a function
of beam energy, exciter target (i.e. , gas or foil),
initial charge state, and observation angle can give
additional information with respect to the ion-atom
excitation mechanism. '"

Until recently, high-resolution measurements of
Auger electron production in ion-atom collisions
were mainly restricted to light ion bombard-
ment. " ' In Auger electron spectra for 30-MeV
0~-0, collisions reported by Stolterfoht et al. ,"
the energy resolution was not sufficient to resolve
individual projectile Auger lines. Although indi-
vidual lines attributed to the decay of metastable
oxygen and fluorine states were resolved in delayed
emission beam-foil measurements (summarized in
articles by Pegg et al.'e and Sellin et al."},attempts
to measure prompt beam Auger electrons by di-
rectly viewing the back of a foil were hampered by
enhanced line broadening and many overlapping
Auger features.

Schneider et al.' measured high-resolution spec-
tra from 2-MeV C' ions excited by collisions with
thin carbon foils or Ne target gas. A comparison
of the prompt C projectile electron spectra indi-
cated a striking similarity of excitation and ioniza-
tion processes for multiple-collision beam-foil
and single-collision beam-gas excitation.

Quite recently charge distributions of oxygen ions
after small-impact-parameter collisions between
0"' and rare gases were studied by Rosner eg g$."'
These measurements indicated that for the heavier
gases equilibrium charge distribution may be at-
tained under single collision conditions. Thus
Rosner el; gl. observed average outgoing charges
after a single collision as high as those measured
after the passage through foils. Another surprising
result of this study was the insensitivity of the out-
going charge-state distribution on the initial pro-
jectile charge state, especially for the heavier tar-
get gases.

High-resolution measurements of the Auger de-
cay of energetic oxygen ions excited by collisions
with noble gases and foils are the subject of this
work. In the present study, kinematic scattering
is reduced and energy straggling of the ion beam
in the foil is avoided using a thin gas target so that
projectile electron emission is measured under
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single collision conditions. By selecting small ob-
servation angles with respect to the incident ion
beam, we further reduced the observed line
widths 7

In addition to the work of Schneider eg al."'"
we present here oxygen projectile Auger spectra
as a function of incident beam energy, exciter gas
or foil, incident charge state and delay time. In-
dividual prompt Auger transitions from fast mov-
ing oxygen beams are partially resolved and com-
pared with theoretical calculations. Our measure-
ments show that the Auger structures are rather
insensitive with respect to the initial charge state,
and that the foil-excited Auger spectra are very
similar to gas-excited spectra, in particular for
target gases with higher Z.23

The experimental setup is described in Sec. II
and the experimental results are presented in Sec.
III. In order to assign the most prominent Auger
features we performed theoretical estimates and
ab initio calculations which are discussed in Sec.
IV. A comparison of the experimental data with
theoretical results is given in Sec. V. Finally,
Sec. VI is devoted to specific excitation and deex-
citation processes.

H. EXPERIMENTAL PROCEDURE

Figure 1 shows the experimental setup for high-
resolution proj ectile Auger- electron detection. "
Oxygen ion beams were produced by the University
of Texas at Austin model EN Van de Graaff accel-
erator. The energy and charge state of the beam
were determined by a calibrated analyzing magnet.
Since the laboratory energies of beam Auger elec-
trons depend sensitively on the projectile velocity,
the analyzing magnet was carefully calibrated to
ensure accurate determination of beam energies
to within 0.3%%ug. Beam dispersion (angular spread
of the beam) in the collision region was less than
o Po.

For the beam-gas measurements, a grounded
tantalum aperture (1 mm in diameter), placed in
front of the gas-jet holder, excluded stray particles
from entering the collision region; then two biased
tantalum apertures (of increasingly larger diame-
ters) removed any stray electrons that may have
been traveling with the beam or produced at the
ground aperture. The oxygen ions then crossed
diffuse target gas beams of He, Ne, Ar, or Kr at
a distance of 3 mm from a 0.3-mm gas nozzle.

EXPERIMENTAL SET UP
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FIG. 1. Diagram of the experimental arrangement used for detecting beam Auger electrons at a laboratory emission
angle of 23.7'. For beam-gas and beam-foil measurements the interchangeable "Gas Scattering Jet" and "Movable
Foil" apparatus (shown in the inset circles) were attached at the entrance to the spectrometer.
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I

After I;caving the collision regi. on, the beam final-
ly passed through a 2-mm grounded aperture and

was collected in a small, Faraday cup electrically
floating at 80 V (see "Gas Scattering Jet" inset in
Fig. 1}.

. The pressure during each run was maintained at
about a few 10 ' Torr in the collision region, at
about 1&10 4Torr a few cm from the gas jet, and
at less than 5&&10 Torr inside the spectrometer.
Relative intensities of spectral features were mea-
sured as a function of gas pressure to ensure single
eolhsion conditions.

For the beam-foil measurements, the oxygen
ions passed through thin carbon foils of nominal
thickness 5 pg/cms. The foil could be moved from
zero distance (i.e., within the analyzer viewing re-
gion) to about 8 cm upstream. This allowed the
study of delayed electron emission as a function of
distance downstream from the exciter foil. A
grounded preentrance slit 10.2 &1.0 mm was placed
in front of the primary entrance slit to the spectro-
meter to reduce the number of scattered electrons
at the analyzer entrance (see "Movable Foil" inset
in Fig. 1}.

The analyzer and collision regions were shielded
against stray magnetic fields with double layers
of Permalloy. Residual magnetic field strengths
were determined to be less than 1 mG within the
analyzer and less than 10 mo in the collision re-
gion.

Electrons ejected from the beam-gas collision at
a lab emission angle (e~) of 23.7'were energy
analyzed with a double focussing electrostatic ana-
lyzer (McPherson ESCA-36}. The intrinsic resolu-
tion of the spectrometer was 0.02% full width at
half maximum (FWHM). Energy and efficiency
calibrations of the spectrometer had been accom-
plished'~ by substituting an electron gun for the
Van de Graaff accelerator and performing elastic

scattering measurements as well as comparing
Ne-KLL Auger line energies and intensities (for
e~ = 90') with the e +Ne data of Krause ef al." Due
to kinematic line broadening effects, the obtained
energy resolution in this experiment was degraded
to about 0.8/0 FWHM (see Table 1).

The data-acquisition system, controlled by a
PDP 7 computer, has been described indetail else-
where. 23'2~ Data were accumulated in a single
channel of computer memory until a fixed number
of pC had been collected in the Faraday cup. The
typical accumulation time per channel was about 1
sec. Several runs were taken for each beam ener-
gy, incident ion charge state, and exciter gas or
foil. After assuring that no energy shifts or
changes in relative line intensities had occurred,
corresponding runs were added to improve statis-
tics.

m. EXPERIMENTAL RESULTS

A. Energy, exciter gas and charge-state dependence

The Auger decay of the oxygen ions was studied
as a function of exciter gas (helium, neon, argon,
or krypton), incident beam energy (2-18 MeV),
and incident ion charge state (1+ to 4+).

/. Energy dependence

Figure 2 shows the energy dependence of oxygen
Auger electron emission for 0"'-Ne bombard-
ment. As can be seen the strength of spectral fea-
tures shifts to lower energies for higher beam en-
ergies and higher initial charge states. Higher
beam energies, in general, produce higher degrees
of multiple ionization. We further note that the ob-
served linewidths increase considerably with beam
energy.

TABLE I. Comparison of estimated kinematic broadening to measured peak widths.

Dependence Ion
Energy
(MeV) Exciter

Kinematic line broadening
aEIE (%)

r Es /E' r Er/Eb comb'
Measured
peak width

Exciter
gas

Beam
energy

Charge
state

{}+
Q+

0+

0+
0'
Q2+

Q2+

Q3+

1,2, 3,4+

2
2
2

2

8
18

He
Ne
Ar
Kr
Ne
Ne
Ne
Ne
Ne

0.62
0.62
0.62
0.62
0.62
0.71
0.83
1.1
0.71

0.07
0.35
0.63
1.27
0.35
0.13
0.08
0.03
0 13

0.52
0.62
0.81
1.37
0.62
0.73
0.84
1.1
0.73

0.5
0.6
0,9
1.5
0.6
0.8
1.0
1.3
0.9

~ Estimated broadening EEe /E due to the finite spectrometer acceptance angles (Ref. 21).
b Estimated kinematic (Dopp er) broadening AE&/E (Ref. 21).
'Combined effects of 6Ee~/E and bEr/E computed as [(nEe~) + (&Er) 1 /E,
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FIG. 2. Beam-gas Auger electron emission spectra
for 2-MeVO+, 5-MeV Q2+ 8-MeV Q +, and 18-MeV
03 ' ions excited by collisions with Ne (recorded at 8z,
=23.7'). Energy scales are normalized to the ionic rest
frame electron energies (E&). Measured laboratory
electron energies (Ez,) a,re also given to demonstrate
the transformation to higher laboratory energies as the
incident energy is increased.

In Fig. 3(a) and 3(b), representative 2-MeV 0'on
C-foil and a 5-MeV 0 ' on C-foil spectra are dis-
played. Since the foil region is viewed directly by
the analyzer, prompt transitions are measured.
However, due to the finite acceptance length of the
spectrometer, a small percentage of the decay of
metastable states is also observed. The spectral
features in Figs. 3(a) and 3(b) originate mainly
from the decay of three-to-six electron oxygen
ions (see Sec. V).

2. Exciter ges dependence

In Fig. 4, 2-MeV 0'on He, Ne, Ar, and Kr spec-
tra are shown. Some qualitative features are

FIG. 3. Comparison of Auger electron emission spec-
tra for (a) 2-MeV 0' and (b) 5-MeV O~' ions excited
by collisions with carbon foils.

noted. First, the overall structure in the spectra
is shifted to lower energies for collisions with
heavier target atoms, i.e., heavier exciter gases
generally produce higher degrees of multiple ion-
ization. Second, increased line broadening is ob-
served for heavier target gases.

3. Charge&tate dependence

Figure 5 shows the charge-state dependence for
beam-gas Auger electron emission in 5-MeV 0"'
-Ne collisions for pg =1-4. The spectra exhibit lit-
tle change in strength or broadening of spectral
features. The lack of a pronounced charge-state
dependence indicates that the degree of ionization
produced in these collisions is nearly the same.
Thus, it appears that for the 2-MeV colhsions in-
vestigated, the incident-ion charge-state does not
appreciably affect the charge- state distributions
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(see Secs. IV and V) is consistent with this as-
sumption.

8. Comparison of gas- and foilwxcited spectra

L
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EA, c.m. Electron Energy (eV)

FIG. 4. Beam-gas Auger electron emission spectra
for 2-MeV 0+ ions excited by collisions with He, Ne,
Ar, and Kr (recorded at 81=23.7 ).

after the collision. Assuming that ionization pro-
cesses are more probable than electron capture to
lower charge states, this implies that most of the
observed lines correspond to transitions from high-
ly ionized initial states. Comparison of measured
line energies with calculated transition energies

Figure 6 shows spectra for 2-MeV 0' ions ex-
cited by collisions with (i) Ne gas and (ii) carbon
foil (5 gg/cm'). Both spectra were recorded with

the analyzer directly viewing the collision region.
For the beam-foil spectrum this was accomplished
by adjusting the foil position until a maximum yield
was detected.

The similarity in the spectra of Fig. 6 is a strik-
ing result. We note that the measured line widths
are nearly identical for single collision 0'- Ne as op-
posed to multiple O' -C -foil collisions for 2-,MeV
beam energy. This is surprising because multiple
scattering and energy straggling in the foil should in-
crease line broadening. It is concluded, therefore,
that broadening effects not associated with beam
scattering are dominant for 2-Mev O'-Ne and 0'
-C-foil collisions. Furthermore Fig. 6 seems to
indicate that ions which emerge from the foil with
a.K-shell vacancy have nearly the same degree of
L-shell vacancies as iona which have undergone a
single ion-atom collision. This observation is
consistent with the Auger data of Schneider et a$."

0+ Ne

2 HeV
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Q.hl f4
Ul lhN CV
Vl Vl

!
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3 l8
14 7I

0
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FIG. 5. Beam-gas Auger electron emission spectra
for 5-MeV O', 02', 03+, and 04' ions excited by
collisions with Ne (recorded at 8 I„=23.7').

I I I I

IOO asO SOO Ssa
EA,C.M. Electron Energy (eV}

FIG. 6. Comparison of beam Auger electron emission
(recorded at 81,=23.7 ) for 2-MeV 0' ions excited by
collisions with (a) Ne and (b) a thin carbon foil. The
similarity of qualitative features for the O' C -foi],
and O' Ne spectra indicates the similarity of ioniza-

,
tion mechanisms for beam foil and beam gas excitation.

', The 0+ ~C-foil spectrum has been shifted to slightly
higher energies to compensate for beam energy loss in

' the foll, .
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5 MeV 02+ C(Foi()
We also estimated the combined effect (added in
quadrature) of these two contributions. m"2 Table
I shows that the changes in spectral resolution are
in good agreement with the assumption that ~e8g,
and ~E~ are the dominant contributions to line
broadening.

IV. THEORETICAL ENERGY LEVELS

A. Hartree-Fock calcuhtions

d
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FIG. 7. Prompt and delayed emission beam Auger
electron spectra (recorded at gz, =23.7 ) for 5-MeV 02 '
ions excited by passing through a thin carbon foil. (see
Table VI.

In order to establish the energy-level schemes,
which are relevant to the experimental spectra, we
have calculated highly excited autoionizing states
in oxygen using semiempirical and ab initio meth-
ods. Thus, nearly all singly and doubly core-ex-
cited K I." terms of oxygen ions with charges 1-6
were estimated. First we have determined nonrel-
ativistic restricted Ha»t»ee-Fock (NRHF) energies
with the Froese-Fischer code.26 For details see
Ref. 27. The accuracy of these energy values is in

. the eV range. Second, the energies of single and

double K-shell hole states have been computed
semiempirically with the equivalent core model''9
using the relations

E(Ols&[2sl2P/I'LL]Nt&I ) E(F18 [2s&2PJNL]sL)

E(OL""L)= E(Ne" 2s'2p~ "L)

C. Time-delayed spectra

In heavy ion-atom collisions high states of multi-
ple ionization and excitation are produced. Many
excited states of multiply ionized atoms can decay
promptly by either x-ray or Auger-electron emis-
sion, but a surprisingly large number of highly
excited states are metastable to either or both of
these decay processes. Figure 7 shows prompt
and delayed electron spectra for 5-MeV Q" ions
excited by collisions with carbon foils. Peaks
strongly observed in the delayed emission spectra
(labeled 1 through 10 in the figure) are attributed
to transitions from metastable states. Prompt
transitions (not numbered) in the zero delay spec-
trum are diminished as the foil is moved upstream.
The line identification of the delayed spectra is
discussed in Sec. V.

D. Peak widths

In Table I estimated peak widths for all of the
spectra displayed in Figs. 2-7 are given. The ob-
served widths are compared to line-broadening ef-
fects due to finite acceptance angle of the spectro-
meter r Ee /E and Doppler line broadening AEs/E.

E(Ne 18 ) +6«F ~

a«„= ((2s I 1/» —Ji, I 2s) + (2p I 1/» —&i. I 2p&)

+ 2 lass Kiss@)

and for O(2s )'S

a«„=4(2sI1/»- J„I2s)+2K,~, .

(2a)

(2b)

Since the predicted energies are based on experi-
mental data, relativistic and correlation effects
are empirically accounted for. The excitation en-
ergies determined in this manner are expected to
be accurate within an eV.

In Table II we have collected the lowest possible
Auger transition energies associated with the
K'L"-K'I" +e and the K I."-K'I," '+e decay
processes. As can be seen, tran-sition energies

where the energies E on the right-hand side of
Eqs. (1) are known experimentally. so 3' d, «„ is the
difference of the NRHF interaction energies be-
tween the I,-shell and the different cores
F'+ls, Q 'ls and Ne'+la~, P +, respectively.
contains the nuclear attraction integral (I. I 1/» I L)
and the Coulomb and exchange integrals J~~ and

KE~, e.g. , for Ols(2s2p'P')'P'
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TABLE H. Lowest possible K Auger transition energies originating from singly and doubly
core-excited oxygen ions. Energies are given in eV,

Ion

Type of autoionization processes ~

g &I & g 2L,ft -2 g &I,ft -2

ECM NRHF ECM NRHF

p6+

ps+
p4+

p3+

p2+

p+

(He-like)
{Li-like)
(Be-like)
(B-like)
(C-like)
(N-hke)

413
425
436

415
426
435
448
459

463
472
482
498
51p

464
476
487
497
511

~ ECM: equivalent core model; NRHF: nonrelativistic restricted Hartree-Fock calcula-
tions ~

calculated with the equivalent core model are in
general lower than the corresponding NRHF energy
values, due to the missing relativistic and corre-
lation energies in the latter case. Since the nuclear
charge is less shielded in K L" mohan in K'L," states
(by nearly one unit), more energy (about 50 eV) is
released in K L"-K'L" '+e than in K'I."-K'L" '
+e Auger decays. We further note that the inter-
electronic repulsion increases with the number n
of L,-electrons; therefore Auger transition energies
increase (by roughly 10-15 eV} if n is increased by
one. We also mention that the energy range of
possible KLL Auger transition energies associated
with a specific initial K L" configuration (m =0 or
m=1) increases from about 1 a.u. for n=2 to
about 3 a.u. for n=6. Consequently the Auger fea-
tures arising from different initial configurations
are overlapping significantly.

B. Multiconfiguration calculations

We also performed ab initio calculations on

singly and doubly core-excited states using the gen-
eralized Brillouin theorem (GBT) multiconfigura
tion method (MC) of Chang and Schwarz. ' ""In
brief, the wave function is approximated by

(3)

orbitals /&and to correct the C„by a small NXN
CI calculation.

Besides the leading configuration the following
ones are included in expansion (3) (see Table III):

(i} internal correlation configurations (terms be-
longing to the same complex);

(ii} the most important semi-internal configura-
tions, i.e., those ones which differ in spin or or-
bital momentum coupling from the leading config-
uration;

(iii) configurations important for variational sta-
bility of highly excited states but not already in-
trinsically accounted for by the GBT-MC tech-
nique. ~ We found that K2L" configurations
have a negligible effect on K L" states. Also the
much lower-lying K +'L" 2 M-Rydberg configura-
tions can be neglected for the determination of
K I" states.

The calculated energies are semiempirically
corrected for external correlation using the pair
energy increments of Oksuz and Sinanoglu. " Fin-
ally it is necessary to account for the relativistic
energy contribution, which is of the order of an
eV. This was achieved on the basis of data given
in the literature. ' " The results are presented
in Table III along with previous calculations. 3

We expect our K'L" and K'I." energies to be ac-
curate within a few tenths of an eV.

(p, ) is a set of atomic orbitals (AO's), P„ is an LS
configuration formed from these orbitals, and C„
is a linear variational coefficient. The AO's were
expanded in a slightly contracted 12s/7p Gaussian
orbital basis of Duijneveldt~ augmented by two sets
of d functions with exponents 2.5 and 0.8. The AO's

y, and the configuration mixing coefficients C„are
simultaneously optimized in a variational calcula-
tion. This is achieved by diagonalizing the so-
called super-CI matrix. "'" Since this procedure
guarantees orthogonality of the orbitals and wave
functions only to first order, it is necessary after
each super-CI step to Schmidt-orthogonalize the

E(OK L"nl) =&(N K'Lenl) —&(NeK'L")

+E(OK L ) + 4 scF (4a)

In the case of OK' versus FK' states one has to
take account of the correct parentages, e.g. ,

C. Rydberg states

Finally, to obtain estimates of core-excited
Rydberg states we again applied the equivalent co~e
modeI, . For example,
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E[O(ls2s'S)3s'S]

=3/4E(FIs 2s3s'S)+1/4E(FIs 2s3s'S)
—E (F1s 2s) +E(Ols2s'S)

+ ((3s i I/r —J„~3s) + I/2K„, ) (4b) State
GBT b

MC
HG"

Corr.

TABLE Dt'. Energies of Auger electrons from ls2lnl'
(n = 3,4) states of 0~' according to the equivalent core
model compared with other theoretical data. (energies in
eV).

Estimated Auger transition energies associated
with initial I s2lnl (n =3, 4) states in Li-like ox-
ygen are presented in Table IV. The A s«correc-
tions are of the order 0-2.5 eV for n=3 and de-
crease rapidly for larger Rydberg quantum num-
bers.

In Table IV we compare our results to those of
Junker and Bardsley 2 and Holgien and Geltman. ~o

The data of Holffien and Geltman were corrected
for relativistic effects. We see that the predictions
of J'unker and Bardsley are up to 2 eV too high.

V. LINE IDENTIFICATION

A. Prompt spectra

l. 5-NeV spectre

A representative projectile Auger spectrum ob-
tained for 5-MeV 0~'-C-foil collisions is shown
in Fig. 8. The mainpeaks are numbered 1' to 21'
in the order of increasing energy. Calibration of
ionic rest frame energies was achieved by using
the (Is2ss)'S - (1ssss)'S transition energy.

Figures 9 and 10 are partial energy diagrams of
Li-like and Be-like singly core-excited states. ln
Table V experimental peak energies are tabulated
together with predicted transition energies between
424 and 535 eV.

It is evident from Fig. 8 that the prompt Auger
spectrum is composed of two basic line structures
around 430 and 490 eV. According to Figs. 9 and
10 and Table V the prominent lines in the first peak
group may be identified as being due to singly core-
excited Li-like and Be-like systems. Specifically,
the lowest energy line at 412.6 eV is attributed to
the initial (Is2ss)'S state in Li-like oxygen. The
high-energy tail of this line at about 416 eV origin-
ates from the decay of the metastable (Is2s2p}~po
term.

Peak I' can be identified as the OV(ls2s 2P}sps
-(1s 2pes)'Po and the OVIls(2s2pspo)sP- (1s sp}'Po transitions. We further note that the
structure near 428 eV (peak g ) may be associated
with the decay of the initial (1s2s 2p}'Ps and
(1s2s2p )'P states in OV. The next higher lying
spectral feature, namely, peak 8' is assigned to the
OVIls(2s2p'po)'po initial state. Peak 4' at about
435 eV is a blend of Auger lines arising from the
initial OVI(ls2p )sD, OIV(1s2s 2p ) S,
OIV(ls2s 2p ) P, OV(ls2s 2p) sP', OV(1s2s2+},P
and OV(ls2s2p )'D states. Peak 5' is mainly at-

ls2s3s 4S

1s2s3s ~~S

ls2s3p4S

ls2s3sgP
ls2s3d4D

ls2s3s b2S

ls2s3d2D

ls2p3s4P'

ls2p3s~~P

ls2p3p4D

ls2s3pbP

ls2p3p~~P

ls2p3p4S

ls2p3d4Fo

ls2p3p4P

ls2p3p~~D

1s2p3d2D 0

ls 2s3d b2D

1s2p3d4D0

1s2p3 p~2S

3.s2p3d4P'

1s2p3d 2Fo

ls2p3dgP

ls2p3pb2D

ls2p3pb2P

ls2p3p 2bS

1s2p3d2F0

ls2p3sbP

ls2p3d 2D'

ls2psd2~
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1s2s4p 2P'

ls2s4d4D

ls2s4d ~~D

ls2s4s 2S
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ls2p4s2P'
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500.5 500.9

502.2

502.7

504.7

503.9 502.3

505.8

506.2

506.1

506.8

509.1

509.5

509.9

510.1

510.5
511.1
511.3
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512.2

512.7

513.2
513.5
513.8
514.1

515.5
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516.2

516.8

517.4
518.2

518.2

519.7
526.7
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528.7
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. 506.6

508.2 508.P
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510.2
511.1 511.4
511.8
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529.9 527.6
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531.8

535.9

497.8 498.0 500.2 498.0
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TAB~ IV. (Continued) 561
020 (1s2s) 3S

State

1s2p4p2P

ls2s4p bP

1s2p4p4S

ls2p4p4P

1s2p4d4Il0

ls2p4p2D

1s2p4d2D o

ls2p4p 2S

ls2s4db2D

1.s2p4d4D 0

ls2p4d4P'

ls2p4d2&0

ls2p4d2P'

1s2p4s Po

ls2p4p~bD

1s!2p4p ~~P

1s2p4p b~$

1s2p4d2EO

s2p4d 2D0

1s2p4db2P

ECM

536,1

536.3

536.5

536.6

536.7

536.9

537.2

537.4

537.4

537,5

537.8

537.9

538.3

540.2

541.6

541.8

542.1

542.4

542.8

543.3

GBT"
MC

HG"
Carr.

536.8

536.9

537.1 539.5

537.3

537.4

537.8

5383.

542.3

543.0

tributed to the (ls2s 2p)'Po- (1s 2sep)'Po transi-
tion. A possible explanation forjeak 6' may be
Auger decays associated with the initial
(1s2s2p2)SS, (Is2p }2S, (1s2s2p }'D, and

L

d
L

Q

5 MeV 0+ = C (Foil)
3I

t

~EquivaIent core model (this work).
Gener alized Brillouin-theorem multiconfigur ation

method (this work).
'Estimates of Junker and Bardsley (Ref. 42).
d Values based on the calculations of Holgfien and Gqlt-

man (Ref. 40), but corrected for relativistic effects.

440—
443.20) (1s 2p&) &s

—430—

Ql
L

c 420-
hl

410—

434.4 (1g 2p2) 20

412.6 (1g2 g

429.50)

.424.7

416.0b)

1s(2s2p1P ) PO

1s(2s2p P ) P

(1s2s2p) 4PO

400—

OZG (1s2) "S

FIG. 9. Partial energy-level diagram of singly core-
excited states in OVI. All energies are in eV. The
zero of the energy scale is the energy of the OVII (ls ) S
ground state. (a) Goldsmith; (b) experimental value
(this work).

460— 461,3'
456.9'

455,4 (1s2s2p ) 0

(1s2s2p ) 'S

(1s2s2p ) bP

(1s2s2p ) S

450- 4490C)

ill

(1s2s2p2) 30 448.4 (1s2s2p ) &P

4I 0 440.5 (1s2s 2p) 'P
438.2 ) (1s2s2p )~P

436.2 (fs2s 2p) P

(1s2s2p'),'P states (see Table V). Peaks 7'and 8'
might be due to initial (1s2s2p') 'D and (1s2s2p') 'S
states in Be-like oxygen, respectively.

According to Table V the dominant features
(labeled 9'-13') in the second peak group (see Fig.
8) may be interpreted as contributions from doubly
core-excited states in QVII, OVI, a&& OV. Peak
11' probably originates from initial 2s 2p and
2s 2pm configurations. The creation of doubly core-
excited states in the 5-MeV 0 '-C-foil excitation
process is also confirmed by the predicted double

0% (1s~2s) 2S

4l0 450 490 530
EA, c.~. Electron Energy (eV)

570

FIG. 8. High-energy portion of the 5-MeV 02 ' C
(foil) electron energy spectrum (see Table V).

FIG. 10. Partial energy-level diagram of singly core-
excited states in 0 V. All energies are in eV. The
zero of the energy scale is the energy of the O VI
(ls22s)2S ground state. (a) =CI calculation (this work);
(b) experimental value (this work); (c) estimated value
(this work).
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to single oxygen K-vacancy production ratio (see
Sec. VI).

Above 500.5 eV corresponding to the
OVI(ls2s3s },, S-(ls es)'S Auger transition (see
Table V), decays from single core-excited
ls2lnl (n ) 3) states in OVI may overlap with
transitions from doubly core-excited states. For
example peag g6' centered at 512.5 eV might be a-
blend of lines arising from initial lg2l3l' states in
OVI and the OV(2s 2p')'D - [2s2s(2S)ed]'D transi-
tion. Finally, we note that above the (Is2s)'S~l- ls es series limit at 561.0 eV, no pronounced
structure occurs.
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0
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g e
gt
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cl cl
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2. 2-NeV spectra

Figure 6 shows typical ejected electron spectra
observed for (i) 2-MeV O'-Ne and (ii) 2-MeV 0'
-C-foil excitation. The energy scale was normal-
ized to the OVI(ls2s ) S-(ls es)'S transition. The
main peaks in the spectra shown in Fig. 6 have been

given numbers to facilitate reference to Table V.
At 2-MeV beam energy the projectile Auger spec-

tra are expected to be dominated by four-, five-,
and six-electron oxygen ions. The analysis of the
2-MeV oxygen spectra are complicated by the pos-
sibility of highly excited 8-like and C-like levels
decaying to more than one final ion state. A typi-
cal energy level diagram illustrating the Auger de-
cay channels of the (ls2s 2p') 'P, 'D, IP, and 2S

terms in OVI is indicated in Fig. 11. For example
the 8-like (ls2s 2p') ~P term decays to the

(ls2p )'P and the (ls 2s2p)'po final ionic states
resulting in ejected electrons of 435.7 and 452.0
eV, respectively.

The loosest-energy line in each of the 2-MeV

spectra is identified as corresponding to Auger
electron transitions from the (ls2s )'S and the

(ls2s2p)4P states in Li-like oxygen. The next-
higher-lying Auger feature labeled 1 is mainly as-
sociated with the (ls2s 2p)'Pa-(ls pcs)3PO transi-
tion in Be-like oxygen. pea) g is attributed pre-
dominantly to the OV(ls2s 2p)'P -(ls 2 cps)'P

decay, consistent with a predicted energy of 428.5
eV. I.g~e g is relatively'intense and may be at-
tributed to excitation of (ls2s 2p)cS and 4P in 8-
like OIVand of (ls2s'2p)'P' and (ls2s 2p")', P in 8-
like OV. The estimated position of fige 4 is 443.0
eV. In this region there may be several transi-
tions originating from Li-, Be-, and B-like states.
I.gee 5 is ascribed to singly core-excited states in

'. OIVand OV. Peak 6 is attributed to blends of
transitions from several states of four- and five-
electron oxygen ions. For the remaining lines no

detailed discussion can be given. It is likely that

$iyge 7 results from single K-vacancy states in Be-,
and 8-like oxygen. Peaks 8-13 may be associated
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FIG. 11. Partial energy-
level diagram showing
Auger decays originating
from initial singly core-ex-
cited states in 0 Dt". All
energies are in eV. The
zero of the energy scale is
the energy of the 0 V
(].s 2s )'g ground s

mith double K-vacancy states. The spectral region
above 500.5 eV pines 24-28) is due to double K-
vacancy states in OV, OIV, and OIII and due to
lines originating from 0VI(ls2lnf ) (n ~ 3) excita-
tion processes. This is supported by a predicted
double to single oxygen K-vacancy-production ratio
of about 6% and 1 F/p for .2-MeV oxygen on neon and
solid carbon, respectively (see Sec. VI).

Examination of Fig. 6 also reveals that the main
spectral features observed for (i) 2-MeV O'-Ne
and (ii) 2-MeV O'-C-foil impact, show little vari-
ation in relative line intensities, i.e. , nearly the
same initial states are created in both collision
systems.

9. Delayed spectra

Figure 7 is a plot of prompt and delayed projec-
tile Auger spectra observed for 5-MeV 0 '-C-foil
excitation. The delayed spectral features can be
assigned primarily to initial singly core-excited
states in Li-like and Be-like oxygen. Thus, the
lowest energy peak (labeled 1) is attributed to the
Auger decay of the metastable (1s2s2p)4P0 term in
OVI. Prom the present work we deduce a transi-
tion energy of 416.0x 1 eV for the OVI(ls2s2p)'P'
level. &e~g g is unresolved due to the close prox-
imity of transitions arising from. the OVI(ls2P2) P
and the OV(ls2s2p )'P initial states. Due to the
competing optical decay channel [i.e., (ls2s2p)'P'
—(1 s2p')4P] the (ls2p )4P terms should be dom-
inantly deexcited via E1 transitions. 4' It is there-
fore assumed that the (ls2p )~P levels are almost
entirely depleted after a time of flight of a few
nanoseconds.

The third strong line (labeled 3) at about 438.5
eV is identified as the (ls2s2p')'P state decaying
to the (ls 2s)~S final ionic state. We further note
that the weaker feature (p«& 4) at about 445 eV

may originate from the (ls2ps)'So state in OV.
This state should be depleted preferentially via
electric dipole transition [i.e. , —(ls2s2p')'P
(ls2p')'S'. It is expected that peaks (labeled
&-9) are due to initial OVI(ls2lnl') states with the
~)' electron being excited into the n =3 shell or
higher (see Table IV). Above the three electron
(ls2s)' series limit (label 10) at 561.0 eV no addi-
tional autoionization lines were observed.

In Table VI we present a comparison of our data
with those of Pegg et gl. ,

"Forester et gl. ,
44 Gold-

smith, ' Safronova and Kharitonova, "and Junker
and Bardsley. 4' We find reasonable agreement be-
tween our calculations and the experimental ener-
gies obtained in this work. %'hen comparing our
calculations with those of Junker and Bardsley de-
viations larger than 1 eV occur. Finally, we find
good agreement between our experimental results
and the work of Forester et gl.44

VI. EXCITATION AND DEEXCITATION MECHANISM

A calculation of the production cross sections for
the multiply ionized excited states mhich have been
resolved in this work lies outside the capability of
available theoretical approaches. A recent ap-
proach due to Bottcher4' does not apply in the pres-
ent situation since it requires collision velocities
mell above electron orbital velocities. In violent
collisions as those considered here, so many ex-
citation, ionization, and charge-exchange channels
are accessible, in particular for outer shell elec-
trons, that it is unfeasible to account theoretically
for the relative populations of the various excited
configurations and the corresponding I S com-
ponents. It is relatively easier to calculate the
basic cross section for vacancy production in the
relevant projectile or target-atom inner shells. In
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TABLE VI. Ejected-electron energies corresponding to Auger transitions from Li-like
(Is2s2p) P' and (ls2s2p ) P states. Comparison is made with earlier experimental and theo-
retical results.

Peak
number

Initial
state

Final ionic
state

Transition Energy (eV)
experiment theory

(ls2s2P)4P

(lg 2g2p2) 5P

(ls2p2)4P

(1s2s2P2)5P

(ls2)&S

(1s22P)2P'

(1+2)ig

(1s22s)2g

417~
416.2 ~ 0.5~

416.0+ 1'

425, 427
426 4+ 0 5c

426.2+ 1'
429~
429.4 ~ 0.5'
429 1+ 1

440 a

438 7g 0 5c

438.2 + le

417.3"
417 Od

416.9f
416.2~

428.3b

427.6'
426.7~

429 5"
429.3g

440 3
439.6'
438.7e

Pegg et al, (Ref. 16).
Junker and Bardsley (Hef. 42).

'Forester et al. {Ref.44).
dHolgien and Geltman (Ref. 40).' This work.

Safronova and Eharitonova (H,ef. 39).
~Goldsmith (H,ef, 37).

the present study, a theoretical estimate of the
ratio of the cross sections for single and double K-
vacancy production is important for the line identi-
fication, especially in the spectral region with
strong overlap of lines resulting from the decay of
single and double X-vacancy configurations (see
Sec. V).

A quasimolecular description~a is appropriate for
these collision systems in order to account for the
strong interaction of either nucleus with the elec-
trons cloud of the other partner. This approach is
particularly suited in slow collisions where elec-
tron orbitals may relax almost adiabatically in re-
sponse to the variation of the combined field during
the encounter. Then only a few channels may be
needed in the calculation. A simple description of
E-shell excitation processes in terms of the iso,
2po, and 2pn molecular orbitals (MO) (see Fig. 12)
has proven its validity in a variety of examples of
nearly symmetric co11isions systems. 4~ The basic
process in this model is the 2pa-2pp rotational
coupling. Considering that the 2pg orbital is not
fully occupied at small separations of the nuclei,
this coupling may result in the production of one or
two 2po vacancies. . Subsequently, the radial cou-
pling between the Iso and 2' MO may distribute
these vacancies over the two K shells of the colli-
sion partners. Universal expressions and scaling
rules for these processes are available. '~

In the present experiments of 2- and 5-MeV ox-
ygen impact on neon and carbon the collision vel-

02p C2p
~=-Ne2p 02p

-02s C2s
Ne2s 02s

2p e

2s-
-01s Cls
Nels Qls

1s-

0
united
atom

0 0
free + +

atoms Ne C

FIG. 12. Schematic diagram of the orbital energies in
the 0+Ne and 0+ C systems. Bold lines indicate those
orbitals which are most significant for k-vacancy pro-
duction. Hegion I; dominant 2pm-2po. rotational coupling,
and weak 2so-2po radial coupling. Begion II: 2po-1so
radial Demkov coupling.

ocity is no't much smaller than the relevant electron
orbital velocities. Since this is usually considered
to be a requirement for the applicability of a few
state MQ description, it may be questioned whether
such a simple treatment is valid. It is, on the other
hand, the only available model which cannot be
ruled out beforehand. First, we consider the 0
+Ne case.

Since the 2p subshell of the Ne target atom is
fully occupied, initially there is no vacancy avail-
able in the 2pw„orbital. (Referring to a frame with



PROJECTILE AUGER SPECTRA OF GAS- AND FOIL-EXCITED. . ~ 60$

g axis in the collision plane and perpendicular to
the internuclear axis, only the 2pn„component may
couple to the 2po MO). However, 2prr„vacancies
may be generated dynamically at intermediate sep-
arations by coupling to higher vacant MO's or to
the continuum. Assuming that the probability for
this process is t, per 2pn„electron, the probabil-
ities pr and p» that the 2prr, orbital at small sepa-
rations carries one and two vacancies, respec-
tively, are given by

p =2t(1 —t), p =t'.
Now let us define the cross sections

(5)

o"'=2m p 5 bdb, o i'=2m I' b bd5 6

in terms of the impact-parameter-dependent prob-
ability P(b ) for a 2prr-2po transition per 2pw„va-
cancy. The single anddouble 2po vacancy-produc-
tion cross sections er and o» may then be ex-
pressed as

or II I fir( I oIl
rot~II ~lr ~rr

Inserting the expressions of Eq. (5) we obtain the
following result for the single- to double-K-vacan-
cy production ratio

or/o„= (2/t)(or"'/or'r" ) —2 . (8)

os or re +2orrrrr(1- re), oo = orr Nr

where or and o» are given by Eqs. (6) and (7). But
Eq. (5) does not apply in this situation. For 2- and

The theoretical cross-section ratio on the right-
hand side may be obtained from the tables of
Taulbjerg et a$. ' For the parameter t we may em-
ploy semiempirical values determined by Halving. '
His results can be expressed in the parametrized
form (using atomic units)

t 1 g +e/v (9)

where & =1.55 for the 0+Me system.
Ignoring the radial coupling between the Iso and

2Po MO, Eq. (8) may be used to estimate the oxy-
gen single- to double-K-vacancy production patio
in 0+We collisions. However, in 0+C collisions
'the Iso'-2Pa' interaction is as important as the 2Prr-
2PO coupling since the oxygen E shell for this sys-
tem is correlated with the 1so MO (see Fig. 12).
Assuming that the probability of transferring a

,2po vacancy into the 1so MO can be approximated
'.by a constant ~ over the impact-parameter range
that is relevant for the preceding 2pv-2po coupling,

'

the cross sections o& and o'o for single- and (iou-
ble-vacancy production in the Iso' orbital (oxjrgen
g shell) can be expressed as

5-MeV oxygen projectiles in a solid, it is likely
that the valence shell is stripped almost immedi-
ately upon penetration. Since the 2p orbital is cor-
related with the oxygen 2p subshell (see Fig. 12)
we may then assume that

Pr=o Prr= j ~

Then we obtain

(o~/crrr) = (2/I )(or"'/or'r") —2 .
The vacancy tra-nsfer probability ro may be ob-
tained from Meyerhof's expression, "i.e., from
Eq. (9) with err = t and u = rr(v'2U„- $2U~), where
UH and U~ are the K-shell binding energies in
atomic units of the higher- and lower-g collision
partner, respectively.

To summarize, we find that one may expect a
double-to- single oxygen K-vacancy-production ra-
tio of 6%%uq and 1.5%%u~ for 2-MeV oxygen on neon and
solid carbon, respectively. In case of 5-MeV ox-
ygen impact the corresponding expectations are
'l%%uo and 8%%, respectively. These estimates should
now be compared with our experimental results as
presented in Secs. III and V. According to Sec. V
Auger electrons from doubly core-excited states
can appear in the spectral region above 462 eV (see
Table V) whereas singly core-excited states of the
type Is 2''l' (n ~ 3) can occur above 498 eV (see
Table IV). The measured ratio between the yield
above 460 eV and the total yield of Auger electrons
is about I(Pq in the neon gas case; i.e., the mag-
nitude of the calculated cross-section ratio agrees
within a factor of 2 with the experimental value.
This supports the interpretation of Sec. V that
doubly core- excited states contribute significantly
to the high-energy Auger structure.

In case of oxygen excitation by carbon foils the
predicted cross-section ratio is much smaller than
the ratio between the experimental yield in the two
spectral structures. One may think of several ex-
planations of this. First, it is possible that some
of the approximations employed in the above esti-
mates become invalid. For example, it may be
incorrect to use the same zp to describe single as
well as double-K-vacancy sharing. Second, multi-
ple collision effects may play a significant role in
the generation of doubly core-excited projectile
states in a foil. ' "'~ Third, the experimental
data do not exclude that singly core-excited states
may dominate the spectral structure above 498 eV
at the expense of doub1y core-exci. ted states.

Finally we note that cascading processes" may
introduce difficulties in the study of K-shell ex-
~citationmechanisms. For instance theQV(2s'2p'}'p
;state can decay to the single core-excited
0VI(1s2s')'S state which in tui'npopulates the
OVII(ls')'S ground state giving two ejected-electron,
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t eV)
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(2s22p2) 1D ——- 924.8
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FIG. 13. Cascade feeding of the Li-like (lg2g ) 9 state
in 0 VI via Auger decays originating from initially Be-
like double-hole states in 0 V.

FIG. 15. Cascade feeding of the Be-like (lg2g2p ) P
state in 0 V via Auger decays from initially B-like
double-hole states in 0 IV.

(eV]

(2s2p3)&Po ——- 935.0

(2s2p3) 30o ———931.3

~&a
D

o
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Q g ++ 0
hlCL
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Ul ~ + (Il

@PAL
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(2s22P)3P ——— 921 2

err

(1s2s2p) P———————416 2

(1s2)1S 0

FIG. 14. Cascade feeding of the Li-like (1s2s2p) P
std. te in 0 VI via Auger decays from initially Be-like
double-hole states in 0 V.

energies of about 512.1 and 412.7 eV. This cascade
process is illustrated in Fig. 13.Another typical
caScade-feeding mechanism is depicted in Fig. 14.
As canbe seen theOV(2s 2ps) sPs, (2s2ps)sD, an/
(2s2p')sP initial states decay to the metastable &uto-
ionizing Li-like (1s2s2P)4P term. Figure 15 shows
Auger processes whe re the Be-like (1s2s2ps)'P state
is produced following the deexcitation of 8-like dou-
ble-E-vacancy states. From these examples it is
clear that the Auger cascade mechanism may iri-
Quence the production cross sections of singly core-
excited states.

VII. SUMMARY AND CONCLUSION

Initial high-resolution measurements of Auger-
electron emission spectra for oxygen-ion beams

excited by single-collision gas- and multiple-col-
lision foil excitation have been discussed and com-
pared to theoretical calculations. Auger-electron
spectra recorded at zero distance downstream
from the collision region are dominated by prompt
transitions, but the decay of metastable states is
also observed due to the finite acceptance length of
the spectrometer. For comparison with the beam-
gas spectra, beam-foil Auger electron spectra
were recorded as a function of distance down-.

stream from a carbon exciter foil.
Increased multiple ionization and enhanced line

broadening is found for heavier exciter gases and
higher incident beam energies, but little incident-
ion charge state dependence is detected. When
spectra for 2-MeV oxygen beams are recorded with
the analyzer directly viewing the collision region
(i.e., at zero distance downstream), enhanced line
broadening due to multiple collisions [O'-C -foil
spectrum] is observed to be negligible compared
to the broadening present for single ion-atom col-
lisions (O'-Ne spectrum) This o.bservation cer-
tainly deserves further investigation.

To study cross-section ratios of individual Auger
lines the instrumental conditions must be im-
proved. This can be realized by decreasing the
range of 8~ due ta finite acceptance angles of the
'electron spectrometer and selecting observation
angles 8~ close to 0' or 180' with respect to the
beam direction. In this manner a large number of
hitherto unresolved Auger. structures might be re-
solved. However, overlapping of Auger lines re-
sulting from initial singly and doubly core-excited
states may preclude unambiguous identification of
specific lines on the basis of energy calculations
alone. In order to facilitate the line interpretation



PROJECTILE AUGER SPECTRA OF GAS- AND FOIL-EXCITED. . . 605

there is a need apparent for detailed Auger transi-
tion probability calculations of Li-, Be-, and C-
like states.
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