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High-resolution photoelectron–Auger-electron coincidence study
for the L 23-M 23M 23 transitions of argon
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We report a high-resolution coincident experiment between the Ar 2p1/2 and 2p3/2 photoelectrons and
subsequently emittedL23-M23M23 Auger electrons, where the 2p photoelectrons were ionized far above the
threshold. We demonstrate the applicability of the coincidence method when separating the different ionization
and decay channels even in the case of strongly overlapping peaks. The measurement was carried out with a
new high-energy-resolution electrostatic analyzer that is capable of recording the single and coincidence
spectra at large range of emission angles simultaneously. An anomalous value was found for the
2P3/2-(

3P012/1D2) intensity ratio in the 2p3/2 coincidence spectrum, while all the other relative intensities are
in good agreement with the previously published data. The possible reasons for the difference are discussed.
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I. INTRODUCTION

The high-resolution Auger spectroscopy is a very effici
tool for checking the adequacy of theories in the descript
of the decaying excited states and the electronic structur
atoms, molecules, and solids. This is especially true, w
the instrumental energy resolution is the same or sma
than the natural linewidth of the excited states thus revea
much of the fine structure in the spectra. If the final states
the Auger transitions overlap within their natural widths, it
possible that they cannot be separated, not even with
highest experimental resolution. However, by applying
coincidence technique, relatively clean experimental con
tions can be provided for separation of the different exc
tion and rearrangement processes at high-energy photo
ization. This method is very useful, especially for studyi
the decay of the inner-shell hole at photoionization/excitat
in synchrotron radiation experiments. This has been sho
recently in the case of the Auger-electron–photoelect
@1,2#, Auger-electron–Auger-electron@3,4#, Auger-electron–
photoion@4#, and fluorescent-photon–Auger-electron@5# co-
incidence experiments. It is also possible to perform co
plete measurements@6–8#, where all parameters describin
the photoprocess~matrix elements and their phase-shift d
ferences! are determined.

Many experimental and theoretical studies have been p
lished on theL23-MM Auger spectrum of argon~see, e.g.,
@9,10#, and the references therein!. Good agreement amon
the experimental data for different projectile impact~photon,
electron, and ion! verifies the prediction of the two-step hy
potheses~the separability of the excitation and relaxatio
processes!. The measured intensities and energies are in
pendent from the mass and charge of the projectile. The
isting theories, however, overestimate the transition energ
The deviations are much larger than the uncertainty of
published experimental data. The agreement between the
perimental and theoretical data is more or less good for
branching ratios. However, noticeable differences w
found between the experiment and the theory for the int
1050-2947/2002/65~4!/042707~7!/$20.00 65 0427
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sity ratios in the energy region of theL23-M23M23 transitions
of argon. All theoretical values differ from the measur
ones for the3P012/1D2 intensity ratios~see, e.g., Tables 4
and 5 in Ref.@10#!. The L23-MM Auger spectrum of argon
consists of many overlapping lines, originating from diffe
ent excitation and rearrangement processes. It may be
some shake-up and/or shake-off satellite lines overlap w
the diagram transitions. In spite of the excellent energy re
lution of the earlier studies@9,10# where the instrumenta
resolution~;60 meV! was smaller than the natural width o
the 2p shell of argon (G2p'120 meV), the overlap among
the Auger peaks still remains.

Because noncoincident measurements cannot appar
solve the possible satellite contribution on the
L23-M23M23 Auger spectrum, we decided to detect the Aug
electrons in coincidence with 2p1/2 and 2p3/2 photoelectrons.
Such a measurement seems to be rare in the paper; we c
not find any that would include high-kinetic-energy reso
tion, whole kinetic-energy range of ArL23-M23M23 transi-
tions ~200–208 eV!, and high photon energy~;440 eV!.
Such measurement is extremely useful in this case bec
the coincidence condition between the photoelectrons
Auger electrons reduces the overlap between the peaks.
thermore, because of the high kinetic energy of the pho
electron, the postcollision interaction~PCI! distortion to the
line shape is small@11,12#. A recently developed angle re
solving electron-electron coincidence spectrometer was u
to perform the measurements utilizing simultaneous de
tion of the single and the coincidence spectra.

II. EXPERIMENT

The measurements were carried out at the beamline I
@13,14# on the third-generation MAX-II storage ring in
MAX-Lab, Lund, Sweden. The main components of t
beamline are a hybrid undulator, a modified SX-700 mon
chromator, and different end stations. The differential pum
ing stage between the monochromator and the experime
stations maintain the beamline at UHV condition during g
phase measurements. Before the permanent end station
©2002 The American Physical Society07-1
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m section is reserved for different experimental setups.
usable photon-energy range is 50–1500 eV and the flu
1011– 1013 photons/(s3100 mA) at 0.1% bandwidth. The
degree of the linear polarization of the light is 98% or bett
The used electron analyzer~ESA-22! was mounted at the
one-meter section where the horizontal and vertical size
the photon beam was 0.531 mm in the target region, respec
tively.

In order to perform electron-electron coincidence m
surements, two spectrometers are needed. In Au
photoelectron-coincidence spectroscopy@15#, one spectrom-
eter is kept fixed to photoelectron kinetic energy and
other is used to scan the Auger kinetic-energy range, yield
an Auger coincidence electron spectrum. During the coin
dence measurements also the noncoincidence single s
trum is stored. The electron-electron coincidence meas
ments are very time consuming due to the limited solid an
of the spectrometers. Furthermore, finding the common s
sitive volume of the spectrometers requires serious alignm
procedures. In order to overcome these experimental diffi
ties, a new electron-spectrometer~ESA-22! was developed in
ATOMKI, Debrecen in cooperation with the University o
Oulu, Finland. The schematic cross section of the spectr
eter is shown in Fig. 1.

The analyzer consists of a spherical and a cylindrical m
ror. It is very similar to our previously built ESA-21 analyze
@16#. The main difference is that the focal ring can be form
at different diameters, thus, either a series of channeltr
~CHS in Fig. 1! or a position sensitive detector~PSD! can be
applied for simultaneous angular recording of electrons. F
thermore, the outer sphere and cylinder are cut into
parts, resulting in two spectrometers, named as 1 and 2
Fig. 1, OS1 and OC1 sign the outer sphere and cylinde
the spectrometer 1, while OS2 and OC2 are the same fo
spectrometer 2. This concept enables us to analyze two i
pendent angularly resolved electron spectra in different
ergy regions, simultaneously.

At the exit of both spectrometers there are ten chan
trons mounted at every 15° from275° to 75° relative to the
electric vector of the light. Each channeltron can detect e
trons within the vertical~w, see Fig. 1! and horizontal~u!
angular windows of61.5° and65°, respectively. The angu
lar acceptance of the position sensitive detector is61.5° ~w!
in the vertical direction covering angles from282.5° to
82.5° with respect to electrical vector with high angular re
lution of 61.5°. Further advantageous property of the PSD
that the spectrometer works as a spectrograph cove
60.8% energy band around the selected pass energy
note that we are not restricted to use only PSD with o
spectrometer and channeltrons with the other, but we
also focus the electrons with both spectrometers to the P
or to the channeltrons.

Both spectrometers share the same inner sphere and
cylinder. The eccentricity (Dx/r outer) and precision of the
shape (Dr /r ) of the electrodes are better than 1023. Dx is
the radial displacement between the outer and inner e
trodes andr is the radius of the electrodes. It means that
sensitive source volume is the same for both spectrome
within this error. In the present experimental geometry
04270
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cylinder axis is parallel to theZ axis as shown in Fig. 1. The
analyzer collects the electrons from thescattering plane,
which is identical with the plane determined by the mome
tum ~k! and electric~E! vector of the photon beam. Thu
nondipolar effects~see, e.g., Refs.@17,18#, and the references
therein! to the angular distribution of the electrons can
detected with this setup. Around the target region a spher
retardation lens~RL! was built to increase the energy res
lution ~RL in Fig. 1!. The solid angle of one spectrometer
determined by the slit size of the inner sphere around
scattering plane and it is'1% relative to 4p in the present
setup.

A special gas nozzle was built in the retardation lens
produce beamlike gas target. A piece of a microchannel p
was fixed to the exit of the nozzle with open area diamete
0.5 mm. The diameter of the target beam is'3 mm in the
scattering plane. It was determined by measuring the siz

FIG. 1. The schematic cross section of the ESA-22 elect
spectrometer~a! and the geometry of the scattering plane~b!. The
bold dashed and solid lines show the outer electrodes of the s
trometers 1 and 2. The electron trajectories show the two diffe
focusing possibilities. The channeltrons are marked as CHS, p
tion sensitive detector as PSD, outer cylinder and the sphere o
spectrometer 1 as OC1 and OS2, outer cylinder and sphere o
spectrometer 2 as OC2 and OS2, gas nozzle as GN and a sph
retardation lens as RL.u is the angle between the direction of th
electron and the electric vectorE of the light, f is the angle be-
tween the direction of the electron and the scattering plane~plane of
E andk!, andk is photon-beam direction.
7-2
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the volume of the light emission. The light originated fro
the outer shells of the target atoms excited by electrons
the present setup, the sensitive volume of the spectromet
f431.3 mm disk and it is higher than the crossed volume
the photon and target beam. It means that the source vol
of the spectrometer approximately independent from
angle measured between the direction of the observation
the photon beam.

The above-described advantageous properties of the s
trometer are very useful in electron-electron coinciden
studies. The time for the angle-resolved coincidence m
surements can be then reduced, which is very impor
when working at storage ring beamlines where the be
time is limited.

A special measurement control and data-handling sys
as well as a software was developed for the spectrom
The high voltages of the spectrometers are controlled by
18-bit digital-to-analog converter regulated power suppli
The signals from the channeltrons are amplified with t
16-channel voltage-sensitive preamplifiers, and shaped
constant fraction discriminators~338 channel! before enter-
ing to the so-called single unit. The single unit transforms
fast negative pulse to a positive one and sends them to th
single scalersand also to the coincidence unit. The coinc
dence unit forwards the signals to the 20 coincidence sca
if they satisfy the coincidence conditions. The single a
coincidence data are stored simultaneously. This solutio
very useful in electron-electron coincidence measurem
because the single spectrum can be used to correct the
coincidence data with excellent statistical errors~see details
later!. The time spectrum originated from the time-t
amplitude converter~TAC! is measured and stored with
multichannel analyzer~MCA!. Time spectrum can be used
the estimate of the valid-to-accidental ratio in the coin
dence spectrum.

The current coincidence and single measurements w
performed at 440 eV photon energy. At this photon ener
the 120mm monochromator exit slit corresponds to the ph
ton bandwidth of 0.9 eV at beamline I411. The relative e
ergy resolution of the analyzer was set toDE/E'331023

and 1.531023 for the Auger and photoelectron side, respe
tively. A constant 100 eV retardation was used to increase
energy resolution. The resulting analyzer energy resolu
was 0.3 eV for the Auger electrons and 0.2 eV for the p
toelectrons, respectively. The resolution then changes w
scanning the Auger spectrum, but only from 0.3 to 0.324
in the kinetic-energy range of 199 to 208.5 eV. Such sm
difference relative to the total resolution is negligible, and
not affect the reliability of the data. Unfortunately we cann
decelerate more, because the time spread caused by diff
lengths of trajectories of electrons progressively reduce
time resolution at lower kinetic energies.

Photoelectrons were detected with the position-sensi
detector in the282.5° to182.5° angular region relative to
the polarization vector of the photon beam with the sp
trometer 2. The kinetic energy was adjusted so that the wh
area of 2p1/2 or 2p3/2 photoelectron line illuminated the PS
image. The total experimental resolution~0.92 eV! for the
photoelectron lines is clearly better than the difference
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binding energies for the 2p spin-split components
@DEB(2p)52.148 eV@19##, and thus, there was no overla
with the spin-orbit components on the PSD image. The
tector efficiency may vary on the detector surface and ca
uncertainties to the measurements. This effect was avoi
because the spectrometer 2 voltages were kept constant
ing the measurements, and so the photoelectron line illu
nated the same area on the detector.

In the present experiment, the estimated gas density w
few times 1012 atoms/cm3 ~it is approximately equivalen
with 1023 mbar pressure! in the target beam and the bac
ground pressure was 1025 and 531026 mbar in the spheri-
cal and cylindrical mirror. These conditions are good enou
to minimize the multiple scattering of the photons and t
ejected electrons in the target and the rest gas region.

The Ar L23-M23M23 Auger electrons were detected b
channeltrons in the275° to 175° angular region at every
15°, using the spectrometer 1. The kinetic energy w
scanned between 199 and 208.5 eV. The time for one s
with ;80 kinetic-energy points was about 30 min and eve
individual kinetic-energy scan as well as their sum we
stored on the computer. The photon flux was measured b
photodiode and its current was transformed to frequen
This signal was led to the counter, and when the selec
number of counts was exceeded, the counter was reset
the measurements continued on the next kinetic-ene
point. This procedure together with a long lifetime
MAX-II storage ring~flux dropped'7 mA/h! should ensure
that the normalization with the flux was done properly.

The sum signal of the ten channeltrons initiated the TA
and the fast signal taken from the second-channel plate o
PSD was used to stop the TAC. If more than one elect
were detected simultaneously by the channeltrons, the
coincidence unit rejected those pulses and those events
not used to start TAC conversion. The time spectrum of
start-stop pairs was obtained using a multichannel analy
The full width at half maximum~FWHM! of the time peak in
the spectrum was;12 ns, from which 11 ns originates from
the angle-dependent time of flight of the electrons. The ra
of the true and accidental coincidence was 1.8, and the m
mum coincidence count rate was 0.13 Hz.

Two separate beam times were used to collect the coi
dence data. There was small difference in the analyzer r
lution ~about 20–40 meV! and in the kinetic-energy step siz
between the two beam times, but these should have ne
gible effect to our results considering the branching rati
Both cases, we could determine the angular distribution
the coincidence Auger spectra because the angle-integr
photoelectron events were used for the coincidence co
tion.

III. DATA EVALUATION

Due to the finite-time resolution and limited solid angl
the raw coincident data consist of valid and accidental co
cidence events. The shape of the random coincidence s
trum should be the same as with the single spectrum. Fig
2 shows the angle-integrated raw coincidence spectra
7-3
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tween the 2p3/2 ~a!, 2p1/2 ~b!, andL23-M23M23 Auger elec-
trons.

The accidental coincidence events can be seen clear
Fig. 2~a!, as an appearance of2P1/2-

3P012Auger peak at 207
eV. Similarly, the 2P3/2-

1S0 peak ~at 201 eV! is also well
visible in Fig. 2~b!. For the separation of the valid and acc
dental coincidence events we determined the ratios of
areas of these peaks from the raw coincidence and si
spectra. These values are in good agreement with the v
accidental ratios obtained from the time spectra. In orde
determine the true coincidence spectra, the single spe
were multiplied with these ratios and then subtracted fr
the raw 2p1/2, 2p3/2 coincidence spectra.

For checking the validity of the true coincidence spec
the same procedure was used on the raw coincidence sp
measured at different angles. The angle-dependent accid
correction ratios were determined from the single and co
cidence spectra measured at the same angle. The corr
data were integrated for the measured angles. The agree
was excellent between the two spectra obtained with the
methods.

For the determination of the transmission and efficien
of the angular channels~channeltrons! we used the isotropic
2P1/2-

3P012 Auger transition from the single spectra. Th
A20 alignment parameter is zero for the2P1/2 intermediate

FIG. 2. The figure shows the raw Auger spectra in coincide
with 2p3/2 ~a! and 2p1/2 ~b! photoelectrons. The marked lines b
long to the valid coincidence peaks. The light gray part of the sp
tra was used for the determination of the valid/accidental correct
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state because the total angular momentum~J! is less than
unity ~see, e.g., Refs.@20,21#!. Ten noncoincident Auger
spectra at different emission angles were fitted with a Vo
function ~a convolution of a Lorentzian and a Gaussian fun
tion! and using a linear background. The Lorentzian lifetim
width was set to 120 meV for all of the peaks, and t
FWHM of the Gaussian distribution was linked between t
peaks and let to vary freely. From the fit results, the pe
areas for the2P1/2-

3P012 transitions were used to obtain th
efficiency factors for each measured angle. These fac
were then used to correct the single and coincidence spe
intensities at different angles~different channeltrons!. This
correction only changes the relative intensities of the spe
at different angles and does not change the branching ra
between the Auger peaks.

IV. RESULTS AND DISCUSSION

Figure 3 shows the measuredL23-M23M23 single and the
random coincidence corrected 2p1/2,3/2 photoelectron–
Auger-electron coincidence spectra of argon at 440 eV p
ton energy. The Auger data are integrated over the275° to
175° angular range~sum of ten individual spectra from th

e

c-
n.

FIG. 3. Comparison between the measured single and true
incidenceL23-M23M23 Auger spectra of argon. A solid line and fu
squares with error bars represent the single and the coincid
spectra, respectively.~a! In coincidence with 2p3/2 photoelectrons,
~b! in coincidence with 2p1/2 photoelectrons. The data were norma
ized to the2P3/2-

1D2 , and 2P1/2-
3P012 transitions.
7-4
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TABLE I. The energies and relative intensities of theL23-M23M23 Auger peaks of argon derived from the coincident~denoted as
‘‘Coinc.’’ in table! and single data.

Final state

Initial state

2P1/2
2P3/2

Ea ~eV! Singlea Coinc.b Coinc.a Singlec Theoryc Ea ~eV! Singlea Coinc.b Coinc.a Singlec Theoryc

1S0 203.10 0.265~7! 0.27~2! 0.26~2! 0.303~7! 0.233 200.97 0.238~2! 0.24~2! 0.27~2! 0.258~8! 0.234
1D2 205.51 1.0 1.0 1.0 1.0 1.0 203.38 1.0 1.0 1.0 1.0 1.0
3P012 207.08 0.682~1! 0.82~4! 0.78~4! 0.75~3! 1.07 205.02 0.896~1! 0.66~3! 0.72~3! 0.94~3! 1.26

aFrom fit.
bSum.
cFrom Vikor et al. @10#.
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channeltrons! and photoelectrons were integrated over
282.5° to182.5° angle region relative to the electric vect
of the light. The solid line is the well-known single Auge
spectrum~without coincidence condition!, the squares with
error bars represent the coincidence data. The single sp
are normalized to the intensity of the2P3/2-

1D2 and
2P1/2-

3P012 coincidence Auger peaks. Figures 3~a! and 3~b!
show clearly that we could eliminate the overlap between
L2-M23M23 andL3-M23M23 Auger transitions in the coinci
dent spectrum.

Table I compares relative intensities from our measu
ments with the earlier single data published by Vı´kor et al.
@10#. The coincident ratios were derived by two ways. One
them is the simple sum of the counts of the well-separa
Auger peaks and the other one is the results of the fit~see the
preceding paragraph!. The single and coincidence intensi
ratios agree well for all transitions except for th
2P3/2-(

3P012/1D2) ratio. This value is 0.92 Ref.@9# and 0.94
Ref. @10# for photon and electron bombardment without c
incidence condition, respectively. We obtained ratios 0.8
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60.001 for the single and 0.6660.06 for the coincidence
spectrum, respectively. Statistical accuracy is very good
our single measurements, since the Auger peak intensity
order of 106 counts. Similar value (0.560.1) was also found
for the 2P3/2-(

3P012/1D2) coincidence intensity ratio in ou
earlier test measurements with moderate-energy resolutio
350 eV photon energy. The kinetic-energy range was t
much narrower and the quality of the data was worse,
this finding is in good agreement with our current result. T
coincidence value 0.6660.06 is about 30% lower than th
present and earlier published single experimental rat
Even larger difference~50%! was found in comparison be
tween the coincidence and theoretical values~see Table I!.
However, we note that all theoretical calculations publish
in the paper overestimate these ratios for the2P1/2 and 2P3/2
initial states.

Without coincidence condition, the Auger-electron spe
trum is the composition of the following processes~Ek rep-
resents the kinetic energy of the photoelectrons, Cos
Kronig transition is signed by CK!,
hn~440 eV!1Ar→ephoto3 HEk~2p1/2!5189.4 eV
Ek~2p3/2!5191.6 eVJ 1Ar1→eAuger1Ar21, ~1!

hn(440 eV)1Ar→ephoto3 HEk~2p1/2!5189.4 eV
Ek~2p3/2!5191.6 eV2E~3s,3p→nl !J 1Ar1*

→H eAuger1Ar21* ~spectator! ~2a!

eAuger1Ar21 ~participator!, ~2b!

hn(440 eV)1Ar→ephoto3$Ek~2s1/2!5113.7 eV%1Ar1→eCK1Ar21→eAuger1Ar31, ~3!

hn(440 eV)1Ar→ephoto3$Ek~2s1/2!5113.7 eV2E~3s,3p→nl !%1Ar1* ~nl !

→H eCK1Ar21* →eAuger1Ar31* ~CK spectator, Auger spectator! ~4a!

eCK1Ar21* →eAuger1Ar31 ~CK spectator, Auger participator! ~4b!

eCK1Ar21→eAuger1Ar31 ~CK participator!. ~4c!
7-5
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In process 1, the Ar atoms are ionized with 440 eV ph
tons, leading to a core hole vacancy in either 2p1/2 or in the
2p3/2 subshell. In this scheme, the intermediate-state dec
via L23-M23M23, L23-M1M23, andL23-M1M1 Auger tran-
sitions. The main interest in this study is the kinetic-ene
range ofL23-M23M23 transitions at 200–208 eV. In our co
incidence measurements, we selected photoelectrons tha
kinetic energies corresponding to scheme 1. This rules ou
other possible initial states as described in processes
and 4, because the photoelectron kinetic energy is then
ferent. As a result of this, we can observe only final sta
that have decayed from 2p hole state without initial-state
shake processes. However, if the shake up or shake off
curs during the Auger decay, it will be detected because
photoelectron energy is not changed. In noncoincidence m
surement of Auger electrons the situation is different.
possible decay channels that produce final states to
kinetic-energy range ofL23-M23M23 are detected.

Processes 1 and 3 show the 2p and 2s photoionization
with the diagram or cascade Auger transitions, respectiv
We note that the 2p photoionization with shake off from the
M shell produce similarL23(M )-MM (M ) Auger spectrum
as in process 3~hole in the subshell is indicated in brackets!.
Kylli et al. @22# studied the argon cascade and shake-off
ellite Auger transitions in theL-MM spectra. The measure
and calculated energies of theL23(M23)-MM (M23) transi-
tions are located between 150–201 eV, while the calcula
L23(M1)-MM (M1) transitions give many weak overlappin
lines in the 175–217 eV energy range due to the strong
tial and final ionic-state configuration interaction. Howev
they could not find any peaks corresponding to the calcula
L23(M1)-MM (M1) Auger transitions in the experimenta
spectra. Their conclusion was that these transitions prod
only a backgroundlike continuous electron spectra. Acce
ing their results, we believe that the cascade and shake
processes do not produce any peaks in the energy regio
the L23-M23M23 transitions. Therefore, these processes
not likely to create any structure of spectra that would
plain the difference between the single and coincidence
tensity ratios of our measurements.

Processes 2 and 4 describe the 2p and 2s photoionization
with shake up and with the subsequent rearrangement
cesses, respectively. The energy of the emitted photoelec
is much lower than in the cases of 1 and 3@the excitation
energyE(3s,3p→nl).10 eV#. It means, that the energy o
these shake-up peaks are far from the energy of the m
photoelectron line so they do not give any contribution to
coincidence spectrum. The decay processes 2~b! and 4~b!,
4~c! produce higher- and lower-energy peaks relative to
diagramL23-M23M23 transitions, therefore, they do not pla
any role in the single and coincidence spectra in the m
sured energy region.

Only the 2~a! and 4~a! decay processes may produce A
ger lines in our energy region. However, Pulkkinenet al. @9#
and Vı́kor et al. @10# investigating theL-MM Auger spectrum
of Ar with very high instrumental energy resolution~;60
meV!, did not observe any extra peaks between energies
04270
-

ys

y

had
all
3,

if-
s

c-
e
a-
l
he

ly.

t-

d

i-
,
d

ce
t-
off
of
e
-
n-

o-
on

in
e

e

a-

00

and 209 eV. Furthermore, the measurement carried ou
Pulkkinenet al.was at 265 eV photon energy, which is low
than the shake-up and shake-off thresholds@23,24#. Their
intensity ratios agree very well with Vı´kor et al. and the
present single ratios~see Table I in this paper and Table 3
the paper by Pulkkinenet al.!. Therefore the 2p213s21nl or
2p213p21nl shake-up processes are probably not resp
sible for the difference between the single and coincide
intensity ratios.

Another possible interpretation of the anomalous coin
dence ratio is the difference of the angular distribution b
tween the1D2 and 3P012 transitions. Arpet al. @25# found
angular correlation betweenKa photons andL23-M23M23

Auger electrons. In their experiment, x-ray photons we
used to create a core hole vacancy in the 1s shell. When the
2p electron fills the 1s hole, a fluorescence photon is em
ted. The 2p hole is an initial state for the Auger decay an
the situation is similar as with the direct photoionization
the 2p shell. In their experiment, theL23-M23M23 Auger
electrons were measured in coincidence with a fluoresce
photon. As a result of anisotropical angle distribution in t
Auger decay fromL3 initial state, they could observe a dif
ference of order of 5–20 % in relative peak intensities wh
comparing the Auger coincidence spectrum with the isot
pic single spectrum. To check similar effect from our data
have determined the angular distribution of t
2P3/2-(

1D2 , 3P012) Auger peaks from the coincidence dat
The anisotropy parameters and the intensities were fitte
the experimental data using Eq.~7! in Ref. @26#. The ob-
tained intensity ratio remained 0.6460.06 from the fit. This
value agrees very well with the simple-summed value 0
60.03 presented in Table I. Thus the anisotropic angu
distribution does not explain the discrepancy between
single and coincidence data in the angular range of our m
surements.

Another aspect is that the detection of the photoelectr
and Auger electrons was performed in such angles that
nondipole effects to the angle distribution are possible. Ho
ever, the magnitude of this effect is likely to be minor com
pared to the normal dipolelike angle distribution and can
considered negligible@17,27#.

In experimental point of view the main difference b
tween the single and coincidence measurement was th
the coincidence case the photoelectrons and Auger elect
were detected in the opposite directions, therefore, the in
action between the photoelectron and Auger electron
strongly reduced@11,12#. This interaction could play an im
portant role in the noncoincidence case.

V. CONCLUSIONS

The high energy-resolution photoelectron–Auger-elect
coincidence study of Ar has been reported to demonstrate
applicability of the coincidence method in order to separ
the different ionization and decay channels even in the c
of strongly overlapping peaks. TheL23-M23M23 Auger tran-
7-6
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sitions of argon were measured in coincidence with the 2p1/2
and 2p3/2 photoelectrons at 440-eV photon energy. The
vestigation was carried out with a new high energ
resolution electrostatic analyzer that enabled measureme
the single and coincidence spectra at different angles sim
taneously.

Our data were compared with the theoretical and exp
mental values from the literature. An anomalous intens
ratio for the 2P3/2-(

3P012, 1D2) transitions was found in the
coincidence spectrum. The ratio obtained from our sin
spectrum agrees well with the previous experimental d
We could not interpret the reason for the difference betw
the single and coincidence intensity ratio with the contrib
nd

t,

s.

d

H

hy
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n
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tion of the shake processes to the single spectrum or by
anisotropic angular distribution of the coincidence spectru
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