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Complete characterization of the Ar 2p5/, photoionization via Auger-electron—photoelectron
coincidence experiments
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The photoionization of Ar @3, 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 II. EXPERIMENT

The realization of complete experiments, where all the The experiment has been performed at the Gas Phase
basic quantities, i.e., the amplitudes of the matrix elements dbieamline of the Elettra storage ring using the multicoinci-
a particular process, are measured, is one of the main goatence end-statiof¥]. Detailed descriptions of the beamline,
in atomic physics. Indeed the knowledge of these elementhe experimental station, and experimental procedures have
allows us to predict all the other observables of the procesbeen given elsewhel@]. The experimental station hosts ten
and represents the ultimate test of any theoretical descriptiomemispherical electron energy analyzers mounted on two in-
In this work a complete description of the Apz, photoion-  dependent turntables. Seven of these are on a larger frame
ization has been achieved by a set of Auger electron-and placed at 30° angular intervals on a turntable that can
photoelectron coincidence measurements. rotate in the plane perpendicular to the direction of propaga-

Auger electron—photoelectron coincidence experimentsion of the incident radiation. The other three analyzers are
have been pioneered by Haekal. [1], who introduced this  mounted on a smaller turntable at 0°, 30°, and 60° with
technique to unravel the Auger spectrum of solid Cu, andegpect to the polarization vector of the light. This second
then transferred to free atoms in gas phgeIn these ex-  rntaple can be rotated around the polarization vector. In

periments the inner shell photoionization process and it$hese measurements both arrays have been kept in the per-
nonradiative decay to the double continuum are mvestlgatee1

in detail. When the int diate stat ds t : endicular plane. The energy resolution in the present experi-
In detail. vhen the intermediate state corresponds 10 a Welly, o e \yas about 80 and 200 meV for the detection of the
defined isolated resonance in the double ionization con-

i h tina direct double ionization i licibl photoelectrons and the Auger electrons, respectively. The an-
inuum, the competing direct double 1onization 1S Negigivie acceptance in the dispersion plane of the spectrometers
and the lifetime of the intermediate state is long enough t

X final state int tion then th A as +3°. Theoverall energy resolution was sufficient to
prevent any final state interaction then the process can eparate thé, andL; Auger components in the coincidence
considered a sequential one, consisting of two incohere

¢ | h A lect hotoelect .~ experiment, but not enough to resolve the spin—orbit struc-
Steps. In such a case Auger electron—pnholoelectron CoNCly, o of the fingl Auger state. In the experiment the signals of
dence experiments are a suitable tool to achigve better

q bi ¢ e ch terizati £ th .?ach of the three analyzers of the small turntable are used as
?nd ulnatm |guoust Spec r(()jsgoplcdc arac e.”ﬁf.'otn ?h te eMitarts” and the signals from the other seven as “stops” in the
ed electron spec rE2] and(ii) a eep nsight Into the o .y iqence electronics. In this way 21 coincidence pairs are
constituent processd8-5|. Indeed this kind of experiment

. I imultan ly. Th ngular distribution i -
has been proposed as “complete experimef8sihere the collected simultaneously e angular distribution is ob

hotoionization dipol trix el A be obtained tained by successive rotations of the larger frame.
photolonization dipole matrix elements can be obtain€d €x- g experiment has been performed at the photon energy
perimentally. However, in previous wollB-5] coincidence

data h | b bined with th Its of hv=253.6 eV, i.e., 5 eV above the A threshold. The rela-
ata have always been combined wi € results of noncqy, . efficiency of the analyzers has been calibrated via the

|nC|t(:]ence exper:Tents% tlcl) Opta'rt]hth?h comtple}e 'nforTat'onqweasurement of the photoelectron angular distribution of the
Kabachnik[G] only coincidence data are used to obtain thel S (=) &1 Of the Xe(dd") states at 5 and 200 eV above
values of t[h]e amy litudes and then to predict all the otheFheir respective threshol8,9] and checked in the angular
P - P distribution of the Hé&(1s) state. Then the same efficiency

observables that characterize the process. . L

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-

*Email address: lorenzo.avaldi@imip.cnr.it ported on a common scale of counts.
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Ill. RESULTS AND DISCUSSION
dga'/dﬂl dQZ dEl o poo(J, ﬁly@l) 1
The processes investigated are the Ag,2 photoioniza-

tion and the following decays of th hole:
g y 32 2 e, A, (300
ko>0,even az
hv+ Ar — Ar2p3,(°PS,) + epn(eSyz 83 e0s)) am
X 2I(2—+1Yk2q2(192,§92) B (2)

24n, 4(1 where labels 1 and 2 refer to the photoelectron and Auger
—Ar3p ( Sg) + Cauger P2 electron respectivelypyg describes the angle-dependent in-
(1a) tensity for the noncoincident observation of the photoelec-
tron, o, are the Auger anisotropy coefficients3], Akzq2 the
alignment tensor which describes the ionic sthjgroduced
— Ar*3p*(iD9) by the inner shell photoionization with the photoelectron de-
tected in the directior{d4, ¢;), and Ykzqzthe spherical har-
+ Baugel P12, P32 8152, 6f72)  monics. In the Ar ps, photoionization[6] with linearly po-
(1b) larized radiation, both electrons detected in the perpendicular
geometry, and considering the case of thé*A(rlsg) final
state, where part of the Auger decay reduces to a known

—>Ar2+3p4(3P8'112) numerical valugi.e., a,=-1) [6], the TDCS becomes

3 4
+ augelePuz oPe). (10 dPaldQ; 0, dE, poo( }m) {1 -\ 2 A,
a2

The angular distribution of thé&;M,3M,3 Auger electrons 3

has been measured in coincidence with a photoelectron de- X (5"91)\{2(12(192)} 3
tected at fixed directions. In the case of the'Af'S)) final

state the complementary experiment, in which the angulaThe magnitude$D;| of the dipole matrix elements and their
distribution of the 5 eV photoelectron is measured in coinci-relative phased;; enter in the expressions of tihe,, statis-
dence with thel.sM23M3 (1S5) Auger electron detected at a tical tensorg6]. TheA;; appear only via the cosine function,
fixed direction, has been performed too. thus the sign of these phases remains undetermined. Condi-

The basic quantities to describe the As;3 photoioniza-  tions for the validity of the two step approximation are that
tion in the dipole approximation are the three dipole matrixthe two electrons are distinguishable, which is the case in the
elementsD;=(2p° 19|d|[2p°® 2P3/,¢;;)=|D;le"™* with 1=0, j  present experiment because they have different energies, and
=1/2, andl=2 j=3/2,5/2. Anabsolute phase is irrelevant, postcollision interactiofPCl) is negligible. The shift in en-
so we shall consider only two independent phase differenceasrgy due to PCl has been taken into account in the experi-
Ajj=A;-Aj. Thus the quantities that fully characterize this ment by tuning the analyzers to the peak of the photoelectron
process are five. In order to achieve a complete descriptioline shape. As for the PCI effects in the angular correlation it
of the photoionization, previous experiments used either théas been showfl4] that they become relevant when the two
cross sectiono, the B parameter, and the three spin- electrons have almost the same energy and they are detected
polarization parameters;, 7, and ¢, of the photoelectrons at a small relative angle. None of these conditions occurs in
[10]; or the cross sectiom, the B8 parameter, of the photo- this work, thus these effects have been neglected.
electrons, the alignmem,, of the photoion, and a set of The measured TDCSs relative to proc€sg) are shown
parameters from the representatigB] of the Auger- in Fig. 1. Only the TDCS measured 84=0°, i.e., with the
photoelectron coincidence angular correlatipii,12. At photoelectron detected along the polarization axis of the in-
variance, in the present work only the coincidence angulacident radiation, displays a cylindrical symmetry around the
correlation has been used. This has been described by tlirection of polarization. For the other two TDCSs neither
general expression derived using the density matrix and stdhe direction of the photoelectron nor the axis of polarization
tistical tensor formalism by Kabachnilé]. The amplitudes of the incident radiation represents an axis of symmetry.
|Dj| and relative phases;; of the dipole matrix elements are Formula(3) has been used in a simultaneous fit of the
contained in this general expression and therefore these atieree sets of data at different;. As already discussed by
the quantities used as free parameters in the fit to the dataprevious work[11,17 the dipole matrix elementd; in for-

In the two step approximation the coincidence angulamula (3) present strong statistical correlation. Thus the ex-
correlation, which is represented by the triple differentialtraction of their values from the fit is not straightforward.
cross sectiofTDCS) d®o/dQ); dQ), dE, is given by an ex- The use of three internormalized TDCSs provides the advan-
pression[6], which disentangles the properties of the lighttage to sample a larger region of the multidimensional space
polarization, the geometry of the two electron emission, anaf the fitting parameters. In the fitting we have written for-
the dynamical parameters mula (3) in terms of the amplitude ratiofD,,,/ D3, and
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FIG. 1. Auger-electron—photoelectron coincidence angular cor-
relations for the Af* (lﬁ) state. The photoelectron was detected at
91=0° (dotg, 30° (lozenge§, and 60°(open circleg respectively.

The curves are the result of a simultaneous fit to the three sets of
data using formul#&3) with the LSJconstraintgsolid line) or with-
out any constraintsdashed ling

180

counts (arbitrary units)
[=]

|Ds/o/ D4yl (because in this experiment no absolute values
are measuredphase differenced;»_z»and As,»_35 and a
scaling factor. In this way the number of free parameters is
reduced to five. First we worked in tHeSJ approximation FIG. 2. Auger-electron—photoelectron coincidence angular cor-
and neglected the spin—orbit interaction in the continuumyejations for the A% (°PS , ) (a) and (*DS) (b) states. The photo-
i.e.,|Ds/2/ D3l =3 andAs,_3,=0 [15]. The results of this fit  electron was detected at;=0° (dots, 30° (lozenge§ and 60°
are represented by the full lines in Fig. 1. Next we removedopen circley respectively. The curves are the result of the simul-
the above mentioned constraints and repeated the fit. In thianeous fit of the three sets of data for each final state using the
latter case it should be noted that, depending on the initizhmplitudes and relative phases obtained in th& A1) case.
guess of the parameters, it is possible to achieve almost . i , )
equivalent fits of the experimental data, according to statist'ngu's’hable(_':'g' D an_d give a reasonable representation of
tical tests, with values of the phasés, s, and Ag_g/ the dat_a. T_hls _analy§|§ leads to the co_nc_lu5|on that_Bé
which differ more than their uncertainties. We selected thePProximationiis sufficient for the description of the Asg
set of parameters with the lowegt value. These parameters, photoionization. Therefore_ we have analyzed the. TDCS of
which produce the dashed curves of Fig. 1, are reported iwe other ‘V.VO channels using the results of the fit inlt&3
Table | and compared with the ones obtained from the Ls§Pproximation. ]
approximation. The results of the two procedures are consis- The other two deqay channels of the”/2p;;, vacancy
tent, but the parameters obtained without 8 constraints represented by_ reactior{sb) and (10 are chara_cterlzed by
are characterized by larger uncertainties. The TDCSs calc hqe (Slz)meTh";atr'Xue;:n;;rt;ﬁ;tgewﬁrg;o('j?f?ézrgtr']?gepggggfnsgas
. . . = . . a2
lated with the two sets of parameters are practically undlson the final AR ion state. Thus in the fits of the TDCSs for
TABLE I. Amplitudes and relative phases obtained in the fit channelg1b) and(lc) the values oD; have been kept fixed
with and without the constraints of tHeSJ approximation to the 0 those extracted from chanr@a), and onlya, was left as
L3My3M 3 (1) Auger electron—photoelectron angular correlations.free parameter. The results are shown in Figs) and 2b)

360-

(b)

The values in the last row are the reduggd for the A" (3P§ , ) and (*D$) final states, respectively. A
satisfactory representation of the data is obtained in both
LSJ ii cases. They, values obtained from the fit are compared in

Table Il with previous determinations in an ion impact ex-

D1/2/ Dyl 1.8520.10 1.77£0.13 periment[16] and from theoretical predictiord7]. A good
D52/ D3yal 3 2.60+0.25 agreement exists between the two experimental determina-
A3 62°+2° 62°+13° tions, while a too large value is predicted by theory in the

Asosi2 0° 0°+13° case of the’P® ion state.
J¥: 1.2 13 The D; values have then been used to calculate the

complementary TDCS, where thiesM,3M,s (1S) Auger
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TABLE II. The anisotropy coefficienta, of the Auger electrons TABLE lll. Values of the observables of Arg3,, photoioniza-
emitted in the decay of them3,, hole to the AF* (3PS,1,2) and(lDS) tion calculated with the amplitudes obtainedLi8Japproximation.
states. A, has been derived assuming as a reference axis the direction of

polarization of the incident radiation, whike 4 has been calculated
a assuming a radiation fully circularly polarized.
This work Sarkadet al®>  Kabachniket al” This work Previous experiments Theory
(°P5.1.2 0.38+0.02 0.370.1 0.48 Bon 0.17+0.06 0.24+0.06 0.37
(*DS) -0.4420.02 -0.48%0.1 -0.44 0.19+0.03 0.6
aReferean:]_G]. AZO 0.32+0.02 027i0<1 01§
PReferencq17]. 0.17
Aso -0.13+0.05 -0.53
electron is detected dt,=30° and the photoelectron angular ¢ ~0.53+0.02
distribution is measured in coincidence with this Auger elec- ~0.36+0.01
tron (Fig. 3). Despite the error bars being larger than in theg _0.72+0.02

other TDCS, the shape of the TDCS is definitely different
from the noncoincidence angular distribution of the photo-"See Ref[19].
electrons. The TDCS, calculated using the values of the anfSee Ref[20].
plitudes of Table | and only a scaling factor as a free param-See Ref[21].
eter, is in reasonable agreement with the experiment. See Ref[24].
The other observables in a photoionization experiment areSee Ref[22].

the asymmetry para_met@(of the photoelectrons, the align- of the circular dichroism, which can be measured in experi-
mentAy, and the orientatior, of the photoion, and the, ot with circularly polarized radiation.

7, and ¢ spin polarization parameters of the photoelectrons Finally the|Dj| can be placed on an absolute scale using

[18]. All these quantities, calculated from the values of theyejr rejationship with the partial photoionization cross
parameters of Table I, are collected in Table lll where theysection

are compared with previous experimental determinations
[19-27 and theoretical predictiorjd9,22. The only observ-
able which cannot be derived from this set of data is the sign

47
a(2psp) = ?ahv(||31/2|2 +[D3?+[Dsd?),  (4)

- where « is the fine structure constant. Using the Ay ab-
solute photoionization cross section by Deslafgs and the
2p12/2ps;, branching ratio [24] we found |Dy
=0.18+0.01 a.u., |D3,/=0.096+0.01 a.u.,, and |Ds
=0.29£0.02 a.u. A complete description of Ap photoion-
ization was attempted previous]g21] via the measurements
of noncoincidence angular distributions of photoelectrons
andL3M,3M,; (1) Auger electrons in the framework of the
LS approximation. The absolute values of matrix elements of
the present work, when properly recoupled to give he
andDy matrix elements used in the LS approximation, are in
good agreement with the values derived in that work and the
present value of\;,,_3» 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
guantities needed to describe the A2 photoionization
process at 5 eV above threshold. The present results, consis-
tent with a previous analysiR21], prove that the LSJ ap-

FIG. 3. Angular correlation between the photoelectron and arProximation is sufficient to describe this process.

Auger electron detected dt,=30° (dotg for the Ar_2+ () state. ACKNOWLEDGMENTS
The curves represent the prediction of form@Bausing the ampli-

tudes and relative phases from the fit to the complementary TDCS The authors are indebted to N. Kabachnik for useful dis-
(solid line) and the noncoincidence angular distribution of the pho-cussions and suggestions and to U. Kleiman for sending the
toelectrongdashed ling respectively. results of his calculations in tabular form.
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