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Abstract. We report on measurements of the triply differential crasstien for the 45>
inner-shell photoionization in Xenon followed Bys0, 30,3 Auger decay using electron-
electron coincidence spectroscopy. The experimentabseade it possible to obtain the first
coincident angular distributions for thB, and3P; final states at a photon energy of 97.45 eV.

PACS numbers: 32.80.Fb, 32.80.Hd

Keywords photoionization, inner-shell, Auger decay, double plaization, xenony-(2e),
photo double-ioniztionSubmitted toJ. Phys. B: At. Mol. Phys.

1. Introduction

Photo double-ionization (PDI), the emission of two elestr@esulting from single photon
absorption, has been intensively studied by many reseaotlpg over the past two decades
(Mazeau et al. 1991, Selles et al. 1998, Briggs and Schmi@0,28chwarzkopf et al.
1993, Dorner et al. 1998, Viefhaus et al. 1998, Viefhaus|etl@96, Avaldi and Huetz
2005) since it is related to two important topics of modewnat physics, namely electron
correlations and the three-body Coulomb problem. Undedstg the role of both effects in
the PDI process can be achieved through a detailed descriggtthe Triply Differential Cross
Section (TDCS),ﬁ%‘Z’dGZ, that can only be carried out through coincidence measuresme
between two of the ionization fragments.

In sequential PDI, such as thels}, inner-shell ionization in Xenon with subsequent
N5O,,30; 3 Auger decay

y+Xe— Xet (4d5‘/12) +€pho — XET(5p™2) + eayg 1)
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the singly charged intermediate 4d core hole can decay viauger process into a doubly
charged final state. The two outgoing electrons are coe@bat the intermediate state, and
further through the final states under particular expertaleonditions, such as both electrons
having similar kinetic energy or ejection direction. Besawlectrons are indistinguishable,
it is necessary to describe the Auger electron as a resoeamioedded in the PDI continuum
(Aberg 1980,&berg and Howard 1982, Tulkki et al. 1987). The striking ttetiwal prediction
within this model (Vegh 199 Vegh 1994) of strong interference effects in the TDCS for the
case when both free electrons have the same kinetic enda@gesaught researchers attention
and was investigated experimentally in the valence outel-$°DI of Neon (Schaphorst
et al. 1996) and inner-shell PDI of Xenon (Schwarzkopf andn3dt 1996, Viefhaus et al.
1998, Selles et al. 1998). Earlier experimental work (Setfeal. 1998) has also shown how
the spin state determines the constructive or destructware of the interference, which is
a consequence of a general selection rule (Maulbetsch agdsBi995) already verified in
direct PDI of Helium (Schwarzkopf et al. 1993). With threeaded particles in the final
state, PDI requires in addition a detailed delineation afil@mb interactions in the resulting
few body system, also called Post Collision InteractiorSIJPThe common manifestations
of PCI in non-coincident measurements are significantsbifthe atomic lines whose tails
also become asymmetric. These effects disappear in pimiatoon experiments when the
difference in velocities between photo and Auger electsdarnge (Armen et al. 1987, Borst
and Schmidt 1986). Recent studies (Lablanquie et al. 200chLet al. 2001, Scherer et al.
1999, Scherer et al. 2001, Rioual et al. 2001) of PDI haventalethe challenge posed by
the most intricate kinematics conditions, where excharffigets and PCI effects are expected
to both influence equally the angular dependency of the TxCBarticular for the case of
small relative angles and the small velocity differencetd two electrons (Scherer et al.
2001, Rioual et al. 2001). Recently, the reduction of the EDIGr small angle in the
angular distribution ofS final state of the Xenols0, 30, 3 decay was reported (Scherer
et al. 2004). Although two further angular distributionstieé TDCS for photoelectron and
Auger electron in Xenon have been shown (Selles et al. 1988gnt angular distribution
measurement concentrated on double Auger decay procésstis(is et al. 2004, Viefhaus
et al. 2005).

Based on this motivation, we report here on the first kinetiergy and angular
distributions for the Auger decay from Xenodsg, photoionization leading t&P,, 1D, final
state of theNsO, 30, 3 Auger decay. We also show that it is possible to adequatedgriee
these coincident angular distributions using a two-steplehapproach. Furthermore, the
angular distribution data allows one to extract some infdrom about the amplitude and
phases of the emitted Auger electron and photoelectrores f@eexample Kammerling
et al.(1993), Schaphorst (1997). Although our experimemnidt meant to deliver precise
and absolute values.

We present in section 2 the method for coincident data dudle@nd data analysis and in
section 3.1the coincident energy distributions. Secti@dcusses the angular distributions
of the photoelectron and the angular distributions of thgewelectron when one of these
two electrons is detected along the polarization vectohefinhcident light. At the end of
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section 3.2 we estimate the amplitude and phases of theeeheiktctrons from the angular
distribution results.

2. Experimental method and data analysis

The experiment was performed at the high resolution Atomateldular and Optics Beamline
10.0.1 at the Advanced Light Source (ALS) in Berkeley, CAe Bilxperiments were conducted
during the timing (double bunch) mode of the synchrotronrafien. Figure 1 shows the
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Figure 1. Schematic of (a) the experimental set up (see text), andhéamgle notation used

here.

schematic of the experimental apparatus. It consists of afgkrotating electron time-of-
flight (TOF) energy analyzers, which are well suited to perfacoincident measurements
where the kinetic energy of the two emitted electrons sead over a wide kinetic energy
range. The 4 TOF analyzers are placed in a plane perpendiouke direction of the incident
light which crosses an effusive gas beam. Mechanical cainstr(size of the vacuum vessel)
limit the length of the drift tube of the analyzers to 12.5 crihis drift tube leads to a
relative kinetic energy resolution &E /E =~ 5%.The analyzer provides a higher detection
efficiency with an acceptance angle @f2 = 5° (solid angle). The TOF drift tube has a
two step potential to minimize lens effects when a retardiolgage is applied, improving
the absolute energy resolution. For the measurementsildeddrere we applied a retarding
potential Vet = —28.5 V. This resulted in an absolute energy resolution of abédun@éV for
electrons with a kinetic energy of 30 eV and about 275 meV a&\24The photon energy
was set tdav= 97.5 eV, with a resolution of 50 meV. The total coincidence ra8oh AE.ginc

may be be approximated quElz +AE§. The analyzer labeled 'TOF1’ in figure 1 can rotate
independently from the rotation of the TOF analyzers 2-4isTihis possible to set any relative
angleB1, between TOF1 and the other three, the smallest angle pessiliigd,, = 35°. The
coincident data of each detector pair were recorded in a 2rsional map of the flight times
of the electrons detected in TOF1 and TOF2 as x and y coosdinmaispectively, and the
TDCS intensity in the z coordinate. Also, the non-coincidgrectra for each analyzer were
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recorded simultaneously. Commonly, the TDCS is preserggdeaangular dependend®
of the emission probability of one electron, when the kinetnergy and the angle of the
second @) are fixed, rather than as energy distribution. An examptetha notations of the
coordinate system used is given in figure 1(b). The afgl6, lie in the plane perpendicular
to the propagation directiok of the light, with® = 0° in the direction of the polarization
vector of the light. In order to extract an angular distribnfpattern many measurements with
severalf,, settings are necessary. During the different measureni@id was held fixed
at a ‘reference’ angle d = 0° with respect to the polarization vector of the incident tigh
In this way several sets of thré&g, values ranging from 35- 180" were taken successively,
by varying the positions of TOF2-4. Each set had a recordmg bf 10,000 s to 20,000 s
depending on the experimental conditions.

The kinetic energy scale associated with each TOF analyasicadibrated by recording the
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Figure 2. Non-coincident Xenom,5023023 Auger spectrum recorded at a photon energy
of 97.45eV after final time-to-energy conversion. The fituless(shown as thin lines) were
needed to determine the nominal enerdigg, and Eayg, in order to minimize uncertainties
in the time-to-energy conversion of the time-of flight dilste that at this photon energy the
4ds/2-photoline overlaps with th&S final state. The photoline is shown here, scaled down
by 25

Neon 2s and 2p lines, having well known binding energies TN2807), at various photon
energies. The xenon time spectra were then converted takareergy. In order to improve
the precision of the time-to-energy conversion, the resyiénergy spectra were then fitted
with multiple Voigt profiles (see figure 2). The resulting emevalues for the different photo
lines and Auger lines were again compared with literatuhees Significant deviations were
incorporated in a corrected time-to-energy table and theroned conversion was performed
again until a consistent conversion was found which finallgveed an overall agreement
within 30 meV in all cases.

During the experiment the partial pressure was kept belewl@ ° Torr in order to keep the
random coincident detection rate below an acceptable bitite data handling electronics.
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Random coincident detections are mostly due to electromggnating from two different
atoms ionized by the same light pulse. To further processddta, the non-coincident
spectra of the two analyzers involved were used to calcthatstatistical random coincidence
probability, taking into account the corresponding deawes of the analyzer electronics.
These 'random’ coincidences were then subtracted from dted toincidence data. The
ratio of 'true’ to random’ coincidences was around-20% depending on the angle pair in
question. Since a retarding voltage of -28.5 V was appliet, the 45, photoelectrons and
N4502,302 3 Auger electrons could be measured in coincidence (theikiaaergy of the Xe
4ds/2 photo line is just about 28eV av = 97.45V). The vanishing (random) coincidences
betweenN40, 30, 3 Auger electrons antlls photoelectrons serve as a good indication of the
quality of the random subtraction.

Finally, the analyzer transmission had to be considered TB# analyzers the transmission
efficiency is a function of the electron kinetic energy. THhisiction was calculated by
comparing the measured ratio of Neon 2s over 2p photo lina$agction of the varied photon
energyhv to the literature values (Wuilleumier and Krause 1979). INeting effects due
to differences in the effective source volume for the nomacdent and the coincident case
respectively, the coincident transmissibn(E;1, E2) can be calculated from non-coincident
transmissions of TOFIT(1(E1)) and TOF2 Tr2(Ey)) as follows:

Treo(E1, E2) = Tr1(E1) Tro(E2) (2)

The applicability of the formula was verified by the compan®f coincident data measured
in equivalent geometries.

3. Resultsand discussion

3.1. Energy distribution of the TDCS including Post-Cadiisinteraction Effects

In this section, we discuss the kinetic energy distribugiah the triply-differential cross
section (TDCS) for the final states @fD,) and(3P,) of the doubly ionized Xenon following
4ds/, photoionization. An example of our two-dimensional datacady converted to an
energy axis, can be seen in figure 3(a) at the smallest relatigle81, = 35°. As it was
pointed out before, thed4,, photoelectron was prevented from reaching the detectotaiue
the choice of retarding potential, so only the coinciderfuetsveen the ds,, photoelectron
and theNsO, 30, 3 Auger electrons can be seen. The final states are from cevitenbto
top (1) at 29.95 eV(Dy) at 32.3 eV,(3Py1) -not resolved- and®P;) at 34.45 eV. ThéP;
doubly charged final state data shown in figure 3(b) are obdidiy integrating the intensities
(over the width of the selected final state) along the poirievhe sum of the kinetic energies
recorded in detector 1 and detector 2 is a constant and emted sum of the nominal energy
of the Auger electron plus the energy of the photoelectronthé absence of PCI effects, one
would only measure a coincident signal at the nominal kinetiergies of the Auger electron
and photoelectron. However in this case we clearly recoadgdnal widely distributed along
energies, where the sum of the two kinetic energies is a aotsfThe signals appears as
the "horizontal lines” in figure 3 (a). This shows the main adtage of the time of flight
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Figure 3. a) The 2D map of the coincidences in analyzer 1 and 2 illussdrtite data handling
(Lighter colour = higher intensity). The final states areniroenter bottom to togp'S) at
29.95 eV,(1Dy) at 32.3 eV,(3Py1) -not resolved- and®P,) at 34.45 eV. b) A slice of the
2d-map intensity plotted VB, of the electron detected in TOF1 [eV] for the final st&t).
The left pealshows the photoelectron in TOF1(3%nd the Auger electron in TOFZ2(Q the
right peakcorresponds to the detection of the photoelectron in TORtla@ Auger electron
in TOF1.

technique that also electron intensities at "unexpectedigies (i. e. in between and off
the nominal energies) are simultaneously recorded. In thasorements of the TDCS as a
function of the kinetic energy of one of the electrons (seeréd(b) the PCI effect manifests
itself in an asymmetric line profile of the TDCS and some isigrbetween the two expected
peaks.

In order to account for this PCI effect we use the formulatibthe sequential PDIﬁ(berg
1980,,&berg and Howard 1982). According to Sheinerman and Sch{h@f7) the transition
amplitude for the process of inner shell ionization and sgbent Auger decay can be given

by:

1 < | Mu(kp)Ma(kn)
Thi= \@z sA—sgup+i%

HereM1 (kp a) is the amplitude of the inner shell ionization with an ejentdf the (photo)
electron of momenturk, and a kinetic energy ofp, while Mx(kpa) describes the Auger
decay, with kinetic energga and momentunka . I is the width of the intermediate state.

The nominal energy of the Auger electron is denotectm . The factorR(A, B) takes the

PCI effect into account. The triply-differential cross sea (TDCS)dsp(i% is found then

by :

sM1(Ka)M2(Kp)

R(p,A 3
o 9 1] (P:A) (3)

R(A, p) - (-1)

TDCS=2m|Tpi|*8(hv — EZ" —ep—£a) 4)

In this presentation, the data were evaluated such thautheo$ kinetic energies of the two
emitted electrons equals the total excess enEggy or

L (5)
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Hence the sum of the kinetic energies is a constant as isreghjby energy conservation.
Equations (3),(4) then lead to the distribution of the TDG%& dunction of the kinetic energy
of one electron (e@p), where the kinetic energy of the second electrex) {s given by
(5). Whenep —¢€p >> T one of the terms in (3) will become very small and interfeeenc
effects will contribute only a small part. This result in thaventzian like profiles around the
nominal energy of the photoelectron when= agug andep = agho and having a FWHM
of . The intensity of the TDCS will depend on the amplitudds»(kpa), hence the
momentum of each electron. The PCI effect as expressed ifathier R(A,B) will give
rise to an asymmetric shape of the cross section, dependirieorelative angl®pa and
the energies of the photoelectron and Auger electron. legdgnthe TDCS for give®pa
plotted as a function of the kinetic energy of one of the etatd will be approximately
Lorentziarie P, T7) % IR(p,A) |2 + Lorentziaexny', ') x [R(A, p)|2. The numerical details
of determining the PCI effect are found in the appendix.

To achieve reasonable statistics the measured intens#iesadded into kinetic energy
intervals of 40 meV. During the first qualitative analysis tbescribed equations were
evaluated and then the theoretical TDCS was convoluted avi(aussian to taking into
account the photon energy resolution and the combined T@ifyzar resolutions. The
calculated energy distribution was scaled in height to ta.dIn the range of interest, the
precise determination of the analyzer resolution did negéelaalarge impact to the outcome of
the final line shape.

Figure 4 shows the results for selected = 35,55,159 and 180. The agreement in
the line shape between theory and experiment is very goaithéowhole measured range of
B12. Note, that in figure 4he left peakshows the TDCS for the photoelectron in TOF1 and
the Auger electron in TOF2he right peakcorresponds to the detection of the photoelectron
in TOF2 and the Auger electron in TOF1. The x-axis is the kienhergy of the electron
detected in TOF1; energy conservation gives the kinetioggnaf the second electron. It can
be seen that the asymmetry in the TDCS changes direction wérging 61> from 35 to
18C°. For 012 = 35° the PCI effect is such that the center of the TDCS is shiftipgbout
40meV toward the point where the kinetic energy of both eters is equal. That means
that a fraction of the photoelectrons gain energy on - or frdhme Auger electrons. For an
angleB;, greater than about 8@he asymmetry reverses, and hence the Auger electrons gain
energy above their nominal kinetic energy, although mush pronounced by about 30meYV,
than for small relative angles. The change in the directiadhe shift occurs for this data set
at about9;, = 55°, no PCI effect is visible (full and dashed lines in figure 4nmidle). It is
for this angle that in (A.5) the paramet€(vy, v2,012) = 1 (sinceC(vi, V2, 012) = 0), and also
IR(A,B)[2=1in (A.6).

3.2. Angular distributions of the TDCS

Coincident angular distribution patterns between the gélettron and Auger electron give
experimental values for the underlying matrix elements thed relative phases, describing
the correlation between the electrons during the innet phetoionization and the subsequent
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Figure4. The energy distribution for variows » for the (1Dy) (left) and(3P,) final states. The
solid lines are scaled results from (A.1). The dashed lihesighe non-PCl affected TDCS for
comparison8;, from top to bottom: 3%55°,159 and 180. The left pealshows the TDCS
for the photoelectron in TOF1 and the Auger electron in TQR& right peakcorresponds to
the detection of the photoelectron in TOF2 and the Augettlaén TOF1
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Auger decay. As Schmidt pointed out - for example in (Schrh@R9) - selecting processes
where either the Auger electron (or photoelectron) is dieedrby a single matrix element,
one can study the photoionization (or the Auger decay) cetafyl. This was demonstrated in
the photoionization of Xenon with subsequégO, 30, 3 (1S) Auger decay (Kammerling
and Schmidt 1991, Kammerling et al. 1993, Schaphorst di98l7), where the Auger decay
is described by only one matrix element. So far, to the bestuofknowledge, of all the
NsO, 30, 3 Auger decay channels in Xenon, experimental values for ¢ivecilent angular
distribution have been reported only of tli&) final state. We present here the first
experimental angular correlation pattern for both the Augectron and the photoelectron
while detecting the other at zero degree with respect to dherigation vector of the light for
the (1D,) and(3P,) final states of th&s0 30, 3 Auger decay process. For these final states,
where more than one matrix element describes the Auger gspae were able to derive the
experimental ratio of the amplitudes and the phase diftererf these matrix elements. To
gain access to these matrix elements, as a derivative ohthear distribution, the theoretical
(PCl-included) model function was fitted to the peak intgesiin the energy distributions
(see figure 4a-h). The data were then integrated over thespeigik a width of 0.6 eV. The
different sets of (energy) data, were scaled relative tt edber using the total counts in
the non-coincident spectra of the photoelectron and Autgatren lines. To account for
experimental values, such as changing flux, pressure ansumeaent time, the total counts
of theXe"5p, 5slines in the reference detector were used. The non-cointldeetic energy
transmission function of each analyzer for the photoebecind Auger electron was evaluated
as an average value at the nominal kinetic energies. Herthtotal (hon-coincident) counts
recorded for theds; line and the 45 ,(1D2) +4d3/,(*S) lines and 43/, (1D2) +4ds» (°P,)
lines (see figure 2) respectively were compared, using teerdtical angular distribution
(Snell et al. 2000). Again, the coincident transmissiomgakas evaluated by the product of
the two energy transmission values of the two contributimgyzers. In order to account for
the analyzer angular resolution the theoretical predistiere evaluated varying the angles
by 6pa = 0+ 5° @pa = 0£5° (see figure 1b for notation) and averaged. It turns out that
the pattern of the averaged curves, vary very little from ¢beves for a perfect analyzer
resolution.

Under the experimental condition studied here the diffeeebetween the nominal kinetic
energies of the photoelectron and Auger electron is grélager the intermediate hole-state
level width of T = 120 meV (Ausmees et al. 1995, Kammerling et al. 1993). Thatva us

to describe the process in the two-step model (Scherer 20@1.) as:

hv 4+ Xe— Xe™ (4d™1) + e elj,)
— X (4d1%55°5p") + € (€l )
In the dipole approximation the possible orbital angulanmeatum of the outgoing electrons
(Ejp,€]ja) is limited by the selection rule chl = +1. The photoelectron is ejected from
the d-shell, salj, can beeps ,,efs/», oref;/, , and it is found (Kammerling and Schmidt

1991, Johnson and Cheng 1992, Snell et al. 1999, Snell e0@l)2hat theef channel is
dominant near the maximum of the shape resonance ofdloeoés sectionhy ~ 100V) .
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The Auger electron for thblsO, 30, 3 is ejected from the p-shell, stbja can be in general
€51/, Of €dg),, £ds/,, depending upon the final state X#*" (4d'%s?5p?). For qualitative
description of the triple differential cross section we ab® the approach of Sheinerman and
Schmidt (1997) and Scherer et al. (2001). Considering thlotg, within ajj-scheme, of
the photoelectron angular and spin momeﬁ;aq Sp= fp, then coupled to thed§§:15/2 hole
state to get d¢ = 1 final state (since the ground statelis= 0) and the further coupling of
the Auger electron angular and spin momehta; Sy = ja (with Sp = sa = 1/2) that is finally
coupled to the residualpﬁ state to produce thed4 :15 /2 hole state, we get

2

loMsajp /> 12
d3oy Yo Dip Yin AiaYiamenin Kasko) L
e Y | B BT Rk o)+ (-1facrb]  (6)
wherey "™ (&, &) are the bipolar spherical harmonics, @R(ts, Ky) is the correction due

AMsala
to PCl effect.Dj, andAj, are the amplitudes of the possible photoelectron and Augetren

waves. The bipolar spherical harmonics are given by

lp Msp jp _ b 1/2 jp la  1/2 ja i ia 5/2 5/2jp 1
Viamsn in = mpzm Cmp—ms,p Msp Mp CmA—ms,A Ms A mAC—mp—mA MA —Mp C*mp mp 0
sTTHA

A

% Y my—me p (Kp) Y ma —mga (Ka) (7)

(With j = O for the final statedS and 3Py, j = 1 for 3Py, and j = 2 for 1D, and 3P,
Cil & &3 are the Clebsch-Gordon coefficieritigm jomp|jsmg)). Equation (6) reduces to
equation (1) given in (Scherer et al. 2001) for the speciak aaf the'S, final state, since
Cj,njﬁ,s/mf ma —mp = 1due toj = 0 and furthem, = —ma. The outgoing waves of the Auger
electron depends on the final state of the Auger transitiony eds/,, are allowed for the
15, final state, while for théP, final state the Auger electron is limited ¢ds/, andeds) .
Fortunately, this limits the number of possible parameieize fitted to the experimental data
for these two situations. But for tHd®, final state the Auger electron can hag,,,ed3)»,
eds/p). The amplitudes of each waves are complex values of the faym= D% and
Aj, = Aj€%i. Keeping with the notation of former reports, the magnitofithe amplitudes
Dj are denoted b, = |D7/5|, Do = |Ds/,|, andD_ = |D3/,|, and the same notation is used
for @j. Similarly, we chosé\; = |As),|, Ao = |Ag/2|, andA_ = |Aq |, the respective phases
&4, %o, andg_ .

As described above, the experiments were performed forgbeia case where one
analyzer was kept & = 0° with respect to the polarization vector of the incident tighus
either the Auger electron or the photoelectron was deteattégl, = 0°. This greatly reduces
further the complexity of (6).

A further goal was to derive estimates of the relative vallegsamplitudesD i and
Aj,- Since all amplitude are entering (6) in the form of prodwft®; A;, , we can only

estimate the ratio of magnitud%g %,%, andﬁ‘—i and phase differenceSp,m = @ — ¢
andA¢nm = &n — &m. The measured angular distributions of the TDCS of the petdron
and Auger electron for th&P; final state are shown in the top of figure 5 and ¥Bv, final

state at the bottom.
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Figure5. Polar plots of the angular distributions of the photoeletwr Auger electron. The
light lines (blue in the colored version) are derived from ((8ing the best fit values for each
set. The (red) dashed lines show (6) using the best commoalties for all 4 distributions
given in the text. The dark lines (black in the colored vangishow the influence of the PCI
effect and interchange effects of (3). TéB.) final state : (a) angular distribution of the
photoelectron, Auger electron ejected awth respect to the photon polarization direction.
(b) angular distribution of thé3P,) Auger electron.Both (a) and (b) show in general a very
good agreement with the theoretical model given here. Bott®,): c) angular distribution

of the photoelectron, Auger electron ejected at zero deg)eagular distribution of the Auger
electron. Again, the agreementis very good.

Calculated angular distributions, without PCI effect amderchange effect, using
amplitudes and phases gained by the method of (least sditafeach data set, are shown in
figure 5 as light lines (blue in the colored version). The tiedoal angular distributions were
scaled only in height to the experimental data. Includirg RCI and possible interchange
effects in the calculations results in the solid lines (klacthe colored version), simulating
a detector with a 0.6eV pass window. For our experimental thase effects are negligible,
and our data maybe described without including both

Each pattern in figure 5 was analyzed separately and mufiipl@ith different starting
points were performed. Due to the larger number of parameied the fact that they appear
as products in (6), a wide range of good fits to each parametgdescribe our data. Also the
sign of the phase differences cannot be determined witleiretjuations. From the fit results
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of the four patterns a common set of values, was chosen toiblegbe photoelectron in
each pattern. Applying these common values to (6) resuttsemed) dashed curves in figure
5. We found that all four angular distributions maybe repnésd byDo/D_ = 1.1+ 0.3,

D, /D_ = 7pnb. These are similar to the ratios of the theoretical valueddhnson and
Cheng (1992) wherBo/D_ = 1.01,D, /D_ = 4.6, and the experimental values of SeeHl.
(2001)Dy/D_- =1.1,D,/D_ = 4.9. The amplitude rati%%ﬂms exhibit a good agreement
with the general understanding that the photoelectronmsidated by thee, f7/,-wave. We
further foundAgy_ = 0.540.3 (similar to Johnson and Cheng 1992 -0.52 to &nell. (2001)
-0.65) andA@, . = —1.4+ 0.3 (compared to -0.41 and -.35 respective). In the best fisline
(blue/light curves) in figure 5 the ratigj% for the 3P, distribution and,lfﬁe.

In all four situations in figure 5 the Auger electron is chaeaized by a amplitude ratio of
theeds/2 toedsz/2 of A; /Ag=1.3+0.3. The phase differend,_, o was set to zero, to reduce
the number of fit parameters. In addition for tH2, final state we found ratio afds/2 to
€s1/2 of Ag/A_ = 1.3+ 0.3 and a phase difference &ty = —1.0+ 0.2 These values mean
that for the Auger decay thends,, andeads/, are nearly equal and that the Auger decay to
thelD, final state the Auger electron is dominated by ¢Rs; » wave.

Further improvement of the experimental uncertainty wdadddesirable to reduce the
error of this estimated results in particular the phasehbffices.

Similar to (Bolognesi et al. 2004) we can use patrtial cromsicmo(4d5/2) to estimate
absolute values foD_,Do andD.. One obtains the partial cross sectof#ds,,) from the
matrix element®_., Do, andD_ using (Huang et al. 1981)(in length form and atomic units)

AT W
o(dds)z) = —5— (D3 + D2 + D) (8)

Herea is the fine structure constant aaxdthe photon energy in hartree (a.u). We used (8) to
normalize our amplitudes to a cross sectiowfds ;) = 12.5Mb (Becker et al. 1989), using
the (4dss)2) /(4d3/2) branching ratio of (Southworth et al. 1983). The so ampétudre given

in the last row of tabl&?. The values oD _,Dg andD, are similar to the amplitudes found
by Johnson and Cheng (1992). We can further test our expetaineesults of amplitudes
and phases by calculating the angular distribution aropgtparametef using (Huang et al.
1981):

1, 32, 5, 6 /2
B(4d5/2) = (gD_ — 3—5D0+ ?D_;'_ - g\/;D_DOCO$O_

2 12 /1
—12/ 3eD-DiCosA+ = \@Dmo co$o+> /(D2 +D2+D3)  (9)

and furthermore the alignment parametep :
A20(4ds ) = —2(14D? +5D2 — 16DF) / (10v14(D? + D2 +DF))  (10)

Note thata,0 and3 do not change with the normalization chosen above. With éiselts
given at the bottom of table? we find B(4ds/») = 0.55(35) , and420(4ds/2) = —0.25(15)
which correspond well with the values @‘(4d5/2) = 0.46 of (Snell et al. 2000) , and
420(4ds/2) = —0.25 of (Southworth et al. 1983, Snell et al. 2000).
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4. Summary

We measured the triply differential cross section of praslg unexplored doubly charged
Xe?t states ¥D2,3P,) by coincident measurements of tNgO, 30, 3 Auger electrons with
the éblg/lz photoelectron for the two final staté*D;) and (3P;) of the doubly charged ion.
We found a very good agreement between our measurementsarioebretical models of
the PCI effect given by both Kammerling (1993) as well asidr@nan and Schmidt (1997).
Furthermore, the two-step model is applicable for innectet® angle®;, in the range of
35° to 180 if the energy separation between the two electrons is lahgerthe intrinsic level
width of the intermediate state. Moreover, we measured theangular distribution pattern
of the TDCS for these two final states and were able to repethem by a semi empirical
model which describes the transitions populating thesestates in the non-relativistic dipole
approximation. We found that for th@D,) final state the ratio of the amplitudes of the
outgoing s-wave and the two d-waves may be describdi-by,,_1/2/A|,—3/2,5/2 = 20+10
with A =&, _1/2 — &j,—3/25/2 = 1.0+ .4 rad. Evaluating the angular distribution of tf
final state we can approximated the rafe= AjA=5/2/AjA=3/2 = 1.34+0.3, a similar result
was obtained from evaluating ti€D;) final state. The photoelectron is dominated bfy 2
waves, but the values found are similar to the previouslgmep (Johnson and Cheng 1992,
Snellet al2001).
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Appendix A: Theoretical description of the Post collision interaction

To characterize the angular dependencies of the PCl-efiedhe line shape|R(p,A)|?)

as presented here, one may use either the approximate fosn gy Kammerlinget al
(Kammerling et al. 1993) or the description given by Shemen and Schmidt (Sheinerman
and Schmidt 1997). We have found that for our experiment& cenge of angles between
two detectors;2 = 35° — 180°) and where the energy difference between Auger electron
and photoelectron is much greater than the FHWM of the inteliate state both models give
no visible difference in the characterization of the PClati®d line shapes and the shift of
the positions.

In the theoretical description given by Kammerling (1998 triply-differential cross section
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is given by:
d?c T 1 C(ra(t),ra(t),012) 0
TDCS= 36100, 271 (e — E8)2+ (F/2)2K ( Vi JEA— EAug> . (A.1)

This results in a Lorentzian profile g = Egug when the factoK = 1, elseK will give
rise to the asymmetries in the TDCS. The approximation made is that the post-collision
interaction effect between the two emitted electrons (&b&,2), which is dependent on the
Coulomb potentials between the two electrons and the datlidyged ions, is described in
terms of constant velocities of the two emitted electromas (@er Straaten et al. 1988, Kuchiev
and Sheinerman 1986), and not by functions;¢f) andra(t). A necessary condition for this
approximation of C is thathv — Et‘;n)2 > 100x I, which for the case reported here of photon
energyhv = 97.45 eV, binding energy of the inner shell ionizatiﬁgjn =67.5eV (King et al.
1977) and” = 0.12 eV (Ausmees et al. 1995) is well justified. Also it is assdrtteat the
electrons are emitted on a straight path, hence the relatigke61, between the two ejected
electrons remains constant during their path to the datecto

Clryra,B12)=1— % (A.2)
r1—r2|
\%1
V1 — V2|

C(I‘l,rz,elz) ~1-— (A.3)

with the velocities/; andv; in a.u. :

Vi = /2MoEd, V2 = \/2MoERQ (A.4)

Then the post-collision interaction can be approximatextoraling to Kammerlinget al
(Kammerling et al. 1993), by

TC(V1, V2, 812) C(v1,V2,012) 3 (2 —Eg —&1
SInh(rC(VL.v2.613)) exp {2 " tan (T[ . )} (A.5)
Note: A negative facto€(vi,Vz,012), as for small relative angl@;», gives rise to an energy
gain of the photoelectron, while a positive value leads taia g kinetic energy of the Auger
electron.

Sheinerman and Schmidt (Sheinerman and Schmidt 1997)ntraseodel of the PCI-
effect which should be used when studying cases where thie degyveen two detectors
is very small and especially when the two particles have wamjlar kinetic energies and
interference effects have to be considered. The factoesepting PCl-effectR(A,B) in (3)
is given by (using the following notatiorA=photoelectronB=Auger electronC the doubly
charged ion, an® the intermediate singly charged ion):

K (V17 V2, 612) —

2
with the parameters and; =V, —Vj andK;; = - V;;

& =¢&as+&ac—E&aD wher e & j =zzj/ (Vi) (A.7)

£\ 1b
RIAB) = exp(—TE/2)T (12T (0) (50— Shug 5 ) x2Falab12 (A6)
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FigureAl. TDCS of the final stat¢'Sy) at a photon energy d¢fv = 97.0 eV atf;, = 35° and
125. Theoretical curves: dot dashed line: according to (A.a¥hetd line: TDCS without PCI
and interchange effects, solid line: according to (3). Tighdy higher intensity ab12 = 35°
whereg, = €, is due to PCl-induced interference.

oF1(a,b, 1,2) is the full hypergeometric function with its parameters anguments:

a— —ifas  bo1+i(ac—fap)  z— - aBK/Wot Kap Vap) (A8)

0 il
(sp—sAug+|7)

whereink = (2€%h0+ir) 1/2. Again in the analysis of the data presented here, both model
give very similar result. However it must be stated cleahwgt (A.5) is only valid for cases
were the difference of kinetic enerye = €1 — €2 >> I" or larger angle 061>.

As stated before, iBE and the angle between the two emitted electron both becomes
small the PCI effects are such that a considerable overlapengy of the two electrons will
occur. This will lead to interference effects between thetphlectron and Auger electrons
and (A.5) becomes invalid. At the left side of figure Al for tbase off6,», = 35°, the
influence of the interference effect, although very smalthes configuration, leads to a
stronger TDCS between the two peaks. Here the enhancedpliestof the factorR(a, b)
given by Sheinerman and Schmidt (Sheinerman and Schmid) ¥®uld be used. On the
other hand the data féh o, = 125 is well described by the theoretical model used here. This
is due to the fact that the PCI effect leads to a further séiparaf the two electrons; hence
interference effects become even less likely. In summaeyywould like to note that when
using (A.1) through A.5 one must be aware of the experimextadlitions.
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