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The photoionization of Ar 2p3/2 has been investigated by Auger electron–photoelectron coincidence experi-
ments. The results have shown that the basic quantities that define the photoionization, i.e., the dipole matrix
elements, can be extracted from these experiments and all the observables of the process, apart from the sign
of the circular dichroism, can be predicted. The analysis also proved that a description of the process in terms
of LSJapproximation is satisfactory.
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I. INTRODUCTION

The realization of complete experiments, where all the
basic quantities, i.e., the amplitudes of the matrix elements of
a particular process, are measured, is one of the main goals
in atomic physics. Indeed the knowledge of these elements
allows us to predict all the other observables of the process
and represents the ultimate test of any theoretical description.
In this work a complete description of the Ar 2p3/2 photoion-
ization has been achieved by a set of Auger electron–
photoelectron coincidence measurements.

Auger electron–photoelectron coincidence experiments
have been pioneered by Haaket al. [1], who introduced this
technique to unravel the Auger spectrum of solid Cu, and
then transferred to free atoms in gas phase[2]. In these ex-
periments the inner shell photoionization process and its
nonradiative decay to the double continuum are investigated
in detail. When the intermediate state corresponds to a well-
defined isolated resonance in the double ionization con-
tinuum, the competing direct double ionization is negligible
and the lifetime of the intermediate state is long enough to
prevent any final state interaction then the process can be
considered a sequential one, consisting of two incoherent
steps. In such a case Auger electron–photoelectron coinci-
dence experiments are a suitable tool to achieve(i) a better
and unambiguous spectroscopic characterization of the emit-
ted electron spectra[2] and (ii ) a deep insight into the two
constituent processes[3–5]. Indeed this kind of experiment
has been proposed as “complete experiments”[6] where the
photoionization dipole matrix elements can be obtained ex-
perimentally. However, in previous work[3–5] coincidence
data have always been combined with the results of nonco-
incidence experiments to obtain the “complete” information
on the process. Here, following the theoretical suggestions of
Kabachnik[6] only coincidence data are used to obtain the
values of the amplitudes and then to predict all the other
observables that characterize the process.

II. EXPERIMENT

The experiment has been performed at the Gas Phase
beamline of the Elettra storage ring using the multicoinci-
dence end-station[7]. Detailed descriptions of the beamline,
the experimental station, and experimental procedures have
been given elsewhere[7]. The experimental station hosts ten
hemispherical electron energy analyzers mounted on two in-
dependent turntables. Seven of these are on a larger frame
and placed at 30° angular intervals on a turntable that can
rotate in the plane perpendicular to the direction of propaga-
tion of the incident radiation. The other three analyzers are
mounted on a smaller turntable at 0°, 30°, and 60° with
respect to the polarization vector of the light. This second
turntable can be rotated around the polarization vector. In
these measurements both arrays have been kept in the per-
pendicular plane. The energy resolution in the present experi-
ment was about 80 and 200 meV for the detection of the
photoelectrons and the Auger electrons, respectively. The an-
gular acceptance in the dispersion plane of the spectrometers
was ±3°. Theoverall energy resolution was sufficient to
separate theL2 andL3 Auger components in the coincidence
experiment, but not enough to resolve the spin–orbit struc-
ture of the final Auger state. In the experiment the signals of
each of the three analyzers of the small turntable are used as
“starts” and the signals from the other seven as “stops” in the
coincidence electronics. In this way 21 coincidence pairs are
collected simultaneously. The angular distribution is ob-
tained by successive rotations of the larger frame.

The experiment has been performed at the photon energy
hn=253.6 eV, i.e., 5 eV above the ArL3 threshold. The rela-
tive efficiency of the analyzers has been calibrated via the
measurement of the photoelectron angular distribution of the
He+sn=3d and of the Xe+s4d9d states at 5 and 200 eV above
their respective thresholds[8,9] and checked in the angular
distribution of the He+s1sd state. Then the same efficiency
correction has been assumed for the coincidence measure-
ments. All the data are internormalized and therefore each set
of the experimental coincidence angular correlations is re-
ported on a common scale of counts.*Email address: lorenzo.avaldi@imip.cnr.it
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III. RESULTS AND DISCUSSION

The processes investigated are the Ar 2p3/2 photoioniza-
tion and the following decays of the 2p3/2 hole:

hn + Ar → Ar+2p3/2
5 s2P3/2

o d + ephs«s1/2,«d3/2,«d5/2d

→Ar2+3p4s1S0
ed + eAugers«p3/2d

s1ad

→Ar2+3p4s1D2
ed

+ eAugers«p1/2,«p3/2,«f5/2,«f7/2d
s1bd

→Ar2+3p4s3P0,1,2
e d

+ eAugers«p1/2,«p3/2d. s1cd

The angular distribution of theL3M23M23 Auger electrons
has been measured in coincidence with a photoelectron de-
tected at fixed directions. In the case of the Ar2+ s1S0

ed final
state the complementary experiment, in which the angular
distribution of the 5 eV photoelectron is measured in coinci-
dence with theL3M23M23 s1S0

ed Auger electron detected at a
fixed direction, has been performed too.

The basic quantities to describe the Ar 2p3/2 photoioniza-
tion in the dipole approximation are the three dipole matrix
elementsDj =k2p6 1Sidi2p5 2P3/2«l jl= uDjue−iD j with l =0, j
=1/2, andl =2 j =3/2,5/2. Anabsolute phase is irrelevant,
so we shall consider only two independent phase differences
Di j =Di −D j. Thus the quantities that fully characterize this
process are five. In order to achieve a complete description
of the photoionization, previous experiments used either the
cross sections, the b parameter, and the three spin-
polarization parameters,j, h, and z, of the photoelectrons
[10]; or the cross sections, the b parameter, of the photo-
electrons, the alignmentA20 of the photoion, and a set of
parameters from the representation[3] of the Auger-
photoelectron coincidence angular correlation[11,12]. At
variance, in the present work only the coincidence angular
correlation has been used. This has been described by the
general expression derived using the density matrix and sta-
tistical tensor formalism by Kabachnik[6]. The amplitudes
uDju and relative phasesDi j of the dipole matrix elements are
contained in this general expression and therefore these are
the quantities used as free parameters in the fit to the data.

In the two step approximation the coincidence angular
correlation, which is represented by the triple differential
cross section(TDCS) d3s /dV1 dV2 dE1, is given by an ex-
pression[6], which disentangles the properties of the light
polarization, the geometry of the two electron emission, and
the dynamical parameters

d3s/dV1 dV2 dE1 ~ r00sJ,q1,w1dF1

+ o
k2.0,even

ak2o
q2

Ak2q2
sJ,q1,w1d

3Î 4p

2k2 + 1
Yk2q2

sq2,w2dG , s2d

where labels 1 and 2 refer to the photoelectron and Auger
electron respectively,r00 describes the angle-dependent in-
tensity for the noncoincident observation of the photoelec-
tron, ak2

are the Auger anisotropy coefficients[13], Ak2q2
the

alignment tensor which describes the ionic stateJ produced
by the inner shell photoionization with the photoelectron de-
tected in the directionsq1,w1d, and Yk2q2

the spherical har-
monics. In the Ar 2p3/2 photoionization[6] with linearly po-
larized radiation, both electrons detected in the perpendicular
geometry, and considering the case of the Ar2+ s1S0

ed final
state, where part of the Auger decay reduces to a known
numerical value(i.e., a2=−1) [6], the TDCS becomes

d3s/dV1 dV2 dE1 ~ r00S3

2
,q1DF1 −Î4p

5 o
q2

A2q2

3 S3

2
,q1DY2q2

sq2dG . s3d

The magnitudesuDju of the dipole matrix elements and their
relative phasesDi j enter in the expressions of theA2q2

statis-
tical tensors[6]. TheDi j appear only via the cosine function,
thus the sign of these phases remains undetermined. Condi-
tions for the validity of the two step approximation are that
the two electrons are distinguishable, which is the case in the
present experiment because they have different energies, and
postcollision interaction(PCI) is negligible. The shift in en-
ergy due to PCI has been taken into account in the experi-
ment by tuning the analyzers to the peak of the photoelectron
line shape. As for the PCI effects in the angular correlation it
has been shown[14] that they become relevant when the two
electrons have almost the same energy and they are detected
at a small relative angle. None of these conditions occurs in
this work, thus these effects have been neglected.

The measured TDCSs relative to process(1a) are shown
in Fig. 1. Only the TDCS measured atq1=0°, i.e., with the
photoelectron detected along the polarization axis of the in-
cident radiation, displays a cylindrical symmetry around the
direction of polarization. For the other two TDCSs neither
the direction of the photoelectron nor the axis of polarization
of the incident radiation represents an axis of symmetry.

Formula (3) has been used in a simultaneous fit of the
three sets of data at differentq1. As already discussed by
previous work[11,12] the dipole matrix elementsDj in for-
mula (3) present strong statistical correlation. Thus the ex-
traction of their values from the fit is not straightforward.
The use of three internormalized TDCSs provides the advan-
tage to sample a larger region of the multidimensional space
of the fitting parameters. In the fitting we have written for-
mula (3) in terms of the amplitude ratiosuD1/2/D3/2u and
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uD5/2/D3/2u (because in this experiment no absolute values
are measured), phase differencesD1/2–3/2 andD5/2–3/2, and a
scaling factor. In this way the number of free parameters is
reduced to five. First we worked in theLSJ approximation
and neglected the spin–orbit interaction in the continuum,
i.e., uD5/2/D3/2u=3 andD5/2−3/2=0 [15]. The results of this fit
are represented by the full lines in Fig. 1. Next we removed
the above mentioned constraints and repeated the fit. In this
latter case it should be noted that, depending on the initial
guess of the parameters, it is possible to achieve almost
equivalent fits of the experimental data, according to statis-
tical tests, with values of the phasesD1/2–3/2 and D5/2–3/2
which differ more than their uncertainties. We selected the
set of parameters with the lowestx2 value. These parameters,
which produce the dashed curves of Fig. 1, are reported in
Table I and compared with the ones obtained from the LSJ
approximation. The results of the two procedures are consis-
tent, but the parameters obtained without theLSJconstraints
are characterized by larger uncertainties. The TDCSs calcu-
lated with the two sets of parameters are practically undis-

tinguishable(Fig. 1) and give a reasonable representation of
the data. This analysis leads to the conclusion that theLSJ
approximation is sufficient for the description of the Ar 2p3/2
photoionization. Therefore we have analyzed the TDCS of
the other two channels using the results of the fit in theLSJ
approximation.

The other two decay channels of the Ar+ 2p3/2
−1 vacancy

represented by reactions(1b) and (1c) are characterized by
the same matrix elements of the photoionization process as
Eq. (1a). Thea2 Auger parameter will be different depending
on the final Ar2+ ion state. Thus in the fits of the TDCSs for
channels(1b) and(1c) the values ofDj have been kept fixed
to those extracted from channel(1a), and onlya2 was left as
free parameter. The results are shown in Figs. 2(a) and 2(b)
for the Ar2+ s3P0,1,2

e d and s1D2
ed final states, respectively. A

satisfactory representation of the data is obtained in both
cases. Thea2 values obtained from the fit are compared in
Table II with previous determinations in an ion impact ex-
periment[16] and from theoretical predictions[17]. A good
agreement exists between the two experimental determina-
tions, while a too large value is predicted by theory in the
case of the3Pe ion state.

The Dj values have then been used to calculate the
complementary TDCS, where theL3M23M23 s1S0

ed Auger

FIG. 1. Auger-electron–photoelectron coincidence angular cor-
relations for the Ar2+ s1S0

ed state. The photoelectron was detected at
q1=0° (dots), 30° (lozenges), and 60°(open circles), respectively.
The curves are the result of a simultaneous fit to the three sets of
data using formula(3) with theLSJconstraints(solid line) or with-
out any constraints(dashed line).

TABLE I. Amplitudes and relative phases obtained in the fit
with and without the constraints of theLSJ approximation to the
L3M23M23 s1S0

ed Auger electron–photoelectron angular correlations.
The values in the last row are the reducedx2.

LSJ jj

uD1/2/D3/2u 1.85±0.10 1.77±0.13

uD5/2/D3/2u 3 2.60±0.25

D1/2,3/2 62° ±2° 62° ±13°

D3/2,5/2 0° 0° ±13°

x2 1.2 1.3

FIG. 2. Auger-electron–photoelectron coincidence angular cor-
relations for the Ar2+ s3P0,1,2

e d (a) and s1D2
ed (b) states. The photo-

electron was detected atq1=0° (dots), 30° (lozenges), and 60°
(open circles), respectively. The curves are the result of the simul-
taneous fit of the three sets of data for each final state using the
amplitudes and relative phases obtained in the Ar2+ s1S0

ed case.
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electron is detected atq2=30° and the photoelectron angular
distribution is measured in coincidence with this Auger elec-
tron (Fig. 3). Despite the error bars being larger than in the
other TDCS, the shape of the TDCS is definitely different
from the noncoincidence angular distribution of the photo-
electrons. The TDCS, calculated using the values of the am-
plitudes of Table I and only a scaling factor as a free param-
eter, is in reasonable agreement with the experiment.

The other observables in a photoionization experiment are
the asymmetry parameterb of the photoelectrons, the align-
mentA20, and the orientationA10 of the photoion, and thej,
h, andz spin polarization parameters of the photoelectrons
[18]. All these quantities, calculated from the values of the
parameters of Table I, are collected in Table III where they
are compared with previous experimental determinations
[19–21] and theoretical predictions[19,22]. The only observ-
able which cannot be derived from this set of data is the sign

of the circular dichroism, which can be measured in experi-
ments with circularly polarized radiation.

Finally the uDju can be placed on an absolute scale using
their relationship with the partial photoionization cross
section

ss2p3/2d =
4p2

3
ahnsuD1/2u2 + uD3/2u2 + uD5/2u2d, s4d

wherea is the fine structure constant. Using the Ar 2p ab-
solute photoionization cross section by Deslattes[23] and the
2p1/2/2p3/2 branching ratio [24] we found uD1/2u
=0.18±0.01 a.u., uD3/2u=0.096±0.01 a.u., and uD5/2u
=0.29±0.02 a.u. A complete description of Ar 2p photoion-
ization was attempted previously[21] via the measurements
of noncoincidence angular distributions of photoelectrons
andL3M23M23 s1S0

ed Auger electrons in the framework of the
LS approximation. The absolute values of matrix elements of
the present work, when properly recoupled to give theDs
andDd matrix elements used in the LS approximation, are in
good agreement with the values derived in that work and the
present value ofD1/2–3/2 is consistent with the phase differ-
ence of about 51° there determined.

In summary, in this work an Auger electron–photoelectron
coincidence experiment has allowed us to obtain all the basic
quantities needed to describe the Ar 2p3/2 photoionization
process at 5 eV above threshold. The present results, consis-
tent with a previous analysis[21], prove that the LSJ ap-
proximation is sufficient to describe this process.
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TABLE II. The anisotropy coefficientsa2 of the Auger electrons
emitted in the decay of the 2p3/2 hole to the Ar2+ s3P0,1,2

e d ands1D2
ed

states.

a2

This work Sarkadiet al.a Kabachniket al.b

s3P0,1,2
e d 0.38±0.02 0.37±0.1 0.48

s1D2
ed −0.44±0.02 −0.48±0.1 −0.44

aReference[16].
bReference[17].

FIG. 3. Angular correlation between the photoelectron and an
Auger electron detected atq2=30° (dots) for the Ar2+ s1S0

ed state.
The curves represent the prediction of formula(3) using the ampli-
tudes and relative phases from the fit to the complementary TDCS
(solid line) and the noncoincidence angular distribution of the pho-
toelectrons(dashed line), respectively.

TABLE III. Values of the observables of Ar 2p3/2 photoioniza-
tion calculated with the amplitudes obtained inLSJapproximation.
A20 has been derived assuming as a reference axis the direction of
polarization of the incident radiation, whileA10 has been calculated
assuming a radiation fully circularly polarized.

This work Previous experiments Theory

bph 0.17±0.06 0.24±0.06a 0.32a

0.19±0.03b 0.6d

A20 0.32±0.02 0.27±0.1c 0.15c

0.12e

A10 −0.13±0.05 −0.53e

j −0.53±0.02

h −0.36±0.01

z −0.72±0.02

aSee Ref.[19].
bSee Ref.[20].
cSee Ref.[21].
dSee Ref.[24].
eSee Ref.[22].
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