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L 1-L 2,3M Coster-Kronig transitions in argon
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TheL1-L2,3M Coster-Kronig spectrum of argon has been measured by using photon excitation. The intensity
ratio of 0.3060.02 between theL1-L2,3M1 main lines and theL1-L2,3M2,3 lines is extracted from experiment.
The experimental results for the ratio and partial decay rates are compared with present and previous theoret-
ical estimates.@S1050-2947~99!03405-8#

PACS number~s!: 32.80.Hd, 32.80.Fb
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I. INTRODUCTION

The only publishedL1-L2,3M Coster-Kronig~CK! spec-
trum of argon was measured by Mehlhorn@1# thirty years
ago but the transition energies and intensity distributions
still not known very reliably. The electron beam excite
spectrum@1# consists of two broad low intensity groups
the kinetic energy range below 50 eV and a huge backgro
which increases strongly towards lower kinetic energies. T
first group of peaks originates from theL1-L2,3M1 CK tran-
sitions and the second one from theL1-L2,3M2,3 CK transi-
tions. The inherent widths of Coster-Kronig lines are ve
large which also make the analysis of the spectrum diffic
In this work theL1-L2,3M Coster-Kronig spectrum of argo
has been measured by using photon excitation. The gro
are now much better resolved from the background than
fore. This allows us to carry out a more reliable analysis
the spectrum, especially of the intensity ratio between
L1-L2,3M1 andL1-L2,3M2,3 groups.

Coster-Kronig transitions are typically more sensitive
the methods of calculations than normal Auger transitio
This is related to low kinetic energies of CK transitions a
to the heavy overlap of the wave functions needed to ca
late the decay rates. Transition energies are affected by
the spin-orbit and electrostatic interactions in the final sta
Changes in kinetic energies and in the potential, where
wave functions are generated, may easily affect the de
rates, as demonstrated by Dyall and Larkins@2#. Low kinetic
energy transitions are also sensitive to such effects as
exchange between the continuum electron and the bo
electrons @3# and the mixing of final-state channels@4#.
Coster-Kronig transitions thus offer a sensitive case to
the validity of various calculation methods in reproduci
the experiment.

II. EXPERIMENTAL

The measurements were performed at the Gas Phase
toemission beamline at the Elettra light source, Trieste, I
@5#. An undulator source~U12.5! with a 12.5 mm period
provides high-intensity synchrotron radiation in the phot
PRA 591050-2947/99/59~5!/4071~4!/$15.00
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energy range from around 20 to well above 900 eV. T
light is dispersed by a variable-angle spherical grating mo
chromator, equipped with five interchangeable gratings, w
fixed entrance and exit slits, and prefocussing and postfo
sing optics@6#.

TheL1-L2,3M CK spectrum of argon was measured usi
a VSW hemispherical electron analyzer with mean radius
50 mm mounted at the magic angle of 54.7° with respec
the electric vector of the incoming radiation. The analyz
was operated at 25 eV pass energy to give an energy res
tion of about 350 meV. Argon was introduced into the e
perimental chamber through a needle mounted on anxyz
translator, and the working pressure was of 5.731025 mbar
in the experimental chamber. Data were acquired at a pho
energy of 401.9 eV and resolution of 100 meV using grat
4 ~1200 l/mm, radius5 32 000 mm! and slits of 50~en-
trance! and 100~exit! microns. The kinetic energy scale o
the spectrum was calibrated to the kinetic energy of
L1-L2,3M2,3(

1S0) line given by Mehlhorn@1#. The spectrum
has been normalized to both the photon flux and the sp
trometer transmission. The incident photon flux was mo
tored by a photodiode~IRD Ltd. type AXUV-100! located at
the exit of the experimental chamber. To determine the sp
trometer’s transmission at kinetic energies of interest, thes
photoelectron line of He was measured at different pho
energies and compared to the published photoioniza
cross section@7#.

III. RESULTS AND DISCUSSION

A. Calculations

There are several calculations for the intensity ratio of
L1-L2,3M1 and L1-L2,3M2,3 manifolds and for their indi-
vidual transitions@1–4#. Intermediate coupling~IC! was used
by Mehlhorn @1#, and configuration interaction in the fina
state~FISCI! was introduced by Dyall and Larkins@2#. The
roles of exchange interaction, relaxation, and channel mix
were studied by Karimet al. @3,4#. We also repeated the
calculations for the kinetic energies and intensities of
L1-L2,3M transitions by using the nonrelativistic Cowan pr
4071 ©1999 The American Physical Society
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gram @8#. The single channel calculations of theL1-L2,3M1

transitions were made using two basis sets in the final s
first including the 2p53s1 and 2p53p43d1 configurations
and second, in addition to them, also the 2p53p44d1 con-
figuration. Continuum wave functions were generated in
field of the final ion which was different for the main an
satellite states. The results with both basis sets were ne
the same, which is related to the fact that the mixing is
strongest between the 2p53s1 and 2p53p43d1 configura-
tions and the 2p53p44d1 plays only a minor role. Due to the
FISCI the totalL1-L2,3M1 decay rate is divided by 60:4
between the main and satellite lines. The ratio is in go
agreement with previous calculations@2#.

Calculations for theL1-L2,3M2,3 transitions were also car
ried out by using our relativisticMCDF code@9#. The relativ-
istic partial decay rates of theL1-L2,3M2,3 transitions were
found to agree well with the nonrelativistic results. Also t
total decay rate was almost the same in both calculatio
MCDF calculations predicted slightly broader energy sp
tings for theL1-L2,3M2,3 transitions than the HF calculation
This is most probably related to the fact that the Cowan c
uses a scaling of Coulomb integrals in order to compen
for the missing electron correlation. We thus conclude t
besides the correlation also the relativistic effects are fa
well accounted for in the Cowan code.

Our calculated total linewidth forL1 , GL1
, is 2.33 eV.

The contributions of 0.45, 0.67, and 1.21 eV to the total r
arising from the correlation satellite,L2,3M1 and L2,3M2,3
final states, respectively, deviate somewhat from previ
predictions. In previous calculations the total linewidt
ranged from 2.34 to 3.11 eV@2,4# which are somewhat large
than our value.

B. Experimental results

The analysis of the CK spectrum is quite complicat
even when the spectrum is excited by photons and the b
ground is lower than in the electron-excited spectrum. Th
are large discrepancies between experimentally determ
linewidths forGL1

: 2.2560.15 eV was obtained from x-ra

emission spectroscopy and 2.2560.05 eV from photoelec-
tron spectroscopy~PES! @10#, whereas 1.8460.2 eV was ex-
tracted from Auger electron spectroscopy@1#. We assume the
PES result, since this method is the most straightforwa
The inherent widths of theL1-L2,3M lines are also broadene
by the lifetimes of the final states, which we estimate to
0.11 eV~or about the same as the natural widths of the 2p21

states@11#!. The Lorentzian contribution to the CK lines thu
amounts;2.36 eV. In comparison, the Gaussian broaden
due to the electron spectrometer is much smaller~0.35 eV!
and does not appreciably affect the line shape. A Lorentz
therefore remains a good approximation to the line profile
the analysis we have fixed its width to 2.40 eV. The shape
the background was then estimated so that the flanks o
CK groups and the region between between them were
reproduced by the Lorentzians of this width.

In order to gain information also about the relative inte
sities of the transitions within the CK groups, a least-squa
fit was carried out for the spectrum. The fit program, ho
ever, failed to find a trustworthy solution for theL1-L2,3M2,3
group, when the energies and intensities of these lines w
te,
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allowed to change freely. This was probably because th
are many unresolvable lines within a short energy range.
splittings of these lines were then fixed relative to the1S0

term using the semiempirically determined results of Me
horn @1#. Some nearby peaks were combined and their p
tions were set at weighted averages using the energie
Mehlhorn and intensities calculated with the Cowan co
@8#. The fit of the spectrum so obtained is shown in Fig.
Energies and partial decay rates obtained from the fit
given in Table I. Errors were defined as the maximum dev
tion from the average value, when the linear background w
set at different levels.

The overall intensity distribution agrees generally qu
well with the results of Mehlhorn@1#, considering the large
widths of the peaks. TheL1-L2,3M2,3(

1D2) transition, how-
ever, appears distinctly smaller in our spectrum. The rea
for this is not clear but it could be due to overlapping sat
lite transitions in the CK spectrum of Mehlhorn that w
excited with 4-keV electrons. TheL1-L2,3M1 transition en-
ergies are found to be 0.7–1.1 eV higher than in the previ
experiment@1#, which is clearly outside the experimental u
certainty. The relative intensities of these lines are simila
both experiments.

Despite obvious difficulties in the background subtracti
for the electron-excited CK spectrum, theL1-L2,3M1 to
L1-L2,3M2,3 branching ratio of 0.26 originally given by
Mehlhorn @1# agrees rather well with our result of 0.3
60.02. In fact, his later determination of 0.37@12# using the
same measurement differs slightly more from the present
sult.

C. Comparison between experiment and theory

The theoretical and observed kinetic energies and inte
ties are compared with each other in Table I. The calcu
tions reproduce fairly well the spread of the energies of
L1-L2,3M transitions. The calculated positions of th
L1-L2,3M1 satellite lines, which are at least as intense as
L1-L2,3M1(3P0) line, are more than 5 eV below the ma
lines which agrees fairly well with the experimental ener
separation of about 6 eV~correlation satellites are not show

FIG. 1. L1-L2,3M Coster-Kronig spectrum of Ar. Experimenta
data after normalization to light intensity and background subtr
tion are shown with dots. The thick solid curve shows the total
while thinner curves display individual components.
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TABLE I. Intensities and kinetic energies of the ArL1-L2,3M Coster-Kronig transitions relative to theL1-L2,3M2,3(
1S0) line.

Intensity Kinetic energy~eV!

Line Transition Calc.a Expt.b Expt. Calc.a Expt.

1a
1b

L1-L2,3M1(1P1)
L1-L2,3M1(3P0)

167c

1c J 76 7165 211.01
210.51J 211.7060.10

2a
2b

L1-L2,3M1(3P1)
L1-L2,3M1(3P2)

117c

3c J 57 5264 28.97
28.39J 29.5760.15

3 L1-L2,3M2,3(
1S0) 100 100 10064 ~42.54! (41.14)60.15

4 L1-L2,3M2,3(
1D2) 60 70 3565 2.08 1.86

5a
5b

L1-L2,3M2,3(
3P1)

L1-L2,3M2,3(
3P0)

14
13

9
16J 31610 3.00

3.49J 2.89

6a
6b

L1-L2,3M2,3(
3D1)

L1-L2,3M2,3(
3P2)

48
12

45
15J 4769 4.31

4.36J 3.88

7 L1-L2,3M2,3(
3S1) 61 41 3865 5.28 4.77

8 L1-L2,3M2,3(
3D2) 81 79 38610 5.76 5.27

9a
9b

L1-L2,3M2,3(
3D3)

L1-L2,3M2,3(
1P1)

124
10

122
8 J 120610 6.62

6.91J 6.14

aHFR calculation.
bExperimental results by Mehlhorn@1#.
cMulticonfiguration calculations with the 2p53s1 and 2p53s23p43d1 configurations.
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in Fig. 1!. Theory slightly underestimates the energy diffe
ence between theL1-L2,3M1 andL1-L2,3M2,3 groups.

Our calculatedL1-L2,3M1 ~main lines! to L1-L2,3M2,3 in-
tensity ratio of 0.55 does not agree well with our experime
tal value of 0.3060.02. The effect of channel mixing wa
shown by Karimet al. @4# to result in a transfer of intensity
from the L1-L2,3M1 channel to theL1-L2,3M2,3 channel; it
diminished theL1-L2,3M1 to L1-L2,3M2,3 intensity ratio by
;23% ~see Table II!. The channel mixing was omitted i
our calculations. If the effect is as strong as estimated in R
@4#, our calculated branching ratio would decrease to clos
0.40. This value is still quite far from the experimental resu
The CI value of Dyallet al. @2#, if corrected for channe
mixing, would give a branching ratio in better agreeme
with experiment.

Our calculations in estimating the total transition ra
agree well with the CI calculations of Dyallet al. @2# but
both predictions slightly overestimate the lifetime width
compared with experiment. If CI is omitted in the calcul
tions, the total rate is overestimated even more. Note tha
L1-MM Auger transitions have been neglected in all the
-

-

f.
to
.

t

he
-

retical total rates that are denoted in Table II. According
Mehlhorn @1#, the experimental intensity ratio between th
L1-MM andL1-L2,3M2,3 transitions is about 0.07, hence th
Auger channels are not particularly significant.

IV. CONCLUSION

The Ar L1-L2,3M Coster-Kronig spectrum was measur
with synchrotron radiation which allowed us to obtain
much lower background than in the electron excited exp
ment@1#. The extractedL1-L2,3M1 to L1-L2,3M2,3 branching
ratio of 0.3060.02 differs only slightly from the earlier ex
perimental determination, but substantially from the theor
ical branching ratio of 0.55 obtained from MCHF calcul
tions. The neglect of channel mixing does not fully expla
the discrepancy. The calculations predict a lifetime width
2.33 eV for the 2s21 state, in good agreement with the resu
of 2.2560.05 eV reported in the literature from x-ray pho
toelectron spectroscopy@10#. The contributions of 0.45, 0.67
and 1.21 eV to the total rate were computed to arise from
correlation satellite,L1-L2,3M1 and L1-L2,3M2,3 final states,
respectively.
TABLE II. The ratio of the ArL1-L2,3M1 andL1-L2,3M2,3 transitions, and the totalL1-L2,3M transition rate.

This work Mehlhorn Dyallet al. @2# Karim et al. @4#

Calc. Calc. Expt. Expt.@1# Expt. @12# HF a CI b NHF c Calc.a Calc.d

L1-L2,3M1 /L1-L2,3M2,3 0.55 ;0.4f 0.3060.02 0.26 0.37 0.56 0.40 0.51 0.62 0.48
Total L1-L2,3M rate ~eV! 2.33 2.84 2.34 3.01 2.93 3.11
Total L1 decay rate~eV! 2.2560.05e 1.8460.2

aNonrelativistic single-configuration Hartree-Fock calculation.
bNonrelativistic multiconfiguration Hartree-Fock calculation.
cNon-orthogonal Hartree-Fock approximation.
dNonrelativistic single-configuration Hartree-Fock calculation corrected for channel coupling.
eFrom photoelectron spectroscopy, Ref.@10#.
fApproximately corrected for channel coupling.
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