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Auger resonant Raman spectroscopy used to study the angular distributions
of the Xe 4d5,,—6p decay spectrum
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The Auger resonant Raman effect can be used as a method to eliminate natural lifetime broadening in
resonant Auger spectra. We have coupled this method with high-resolution photons from the Advanced Light
Source to study angular distributions and decay rates of thedXe-46p resonant Auger lines. The angular
distribution parameterg of almost all possible final ionic5*(°P,'D,*S)6p states have been determined. Our
data, which remove the discrepancy between previous lower-resolution experimental results, are compared to
different theoretical results.

PACS numbg(s): 32.80.Dz, 32.80.Fb, 32.80.Hd

Auger resonant Ramdn] spectroscopy is a powerful tool After a Xe 4d—6p excitation the decay process can in-
for studying the resonant Auger decay processes with a reswolve (1) an excited electrofparticipator decayresulting in
lution narrower than the natural lifetime width of the initial an enhancement of thep5* or 55! main lines or(2) an
inner-shell-hole statg2]. This effect has been used to ana- excited @ electron that remains in its state during the decay
lyze branching ratios of resonantly excited atofg}] and  procesgspectator decayleaving the ion in a two-hole, one-
moleculeq5]. In this paper, we present results of a study ofelectron(satellitg state. The spectator decay is the dominant
the angular distributions of the spectator decay lines of Xeprocess(57%), followed by simultaneous emission of two
following 4ds;,— 6p excitation using the Auger resonant Ra- electronsshake-off, leaving almost no intensity for the par-
man effect and highly resolved photons from the Advancedicipator decay[11]. During the decay, the excitedp6elec-
Light Source(ALS). tron can also move into thep/orbital (shake-up enhancing

The resonant Auger decay spectrum of the Xig,4-6p  the 5p*7p final states. In this paper we focus on the stron-
resonance was first reported by Eberhardt, Kalkhoffen, angest spectator decay channelg6'P,'D,'S)6p.

Kunz in 1978[6] and has been followed by other experimen-  Using elliptically polarized synchrotron light, the differ-
tal and theoretical studigg—12]. It took more than a decade ential photoionization cross sectialer;;/d{) measured per-
after the first observation until measurements on the angulgrendicular to the light's propagation direction can be written
distribution were performed by Carlsoet al. [13], who  as[21]

found anomalously negativ@ values in the decay spectrum. q p

Such behavior was first explained theoretically for the decay Oit _ Oijt if

of the Ar 2p—4s resonance by Coopéf4], who applied a0 aq |t g (1H3PcosH), @
angular-momentum-transfer theory, treating the resonant de-

cay as a single-step process. merling, Krasig, and whereo;; and 8;; are the partial photoionization cross sec-
Schmidt[15] compared resonant Auger and normal Augertion and the angular distribution anisotropy parameter, re-
angular distributions experimentally and theoretically. Thesespectively, for the transition from the initial stafi¢ to the
experimental studies were limited by the low resolution offinal state |f). P, is the degree of linear polarization
the photon sources as well as of the electron spectrometeld?;=0.9912) in our casé and 6 is the angle between the
making it difficult to compare the results with the various electric-field vector of the light and the propagation direction
theoretical calculationgl4-19. of the emitted electrons.

Recently, however, the development of new synchrotron The experiment was performed at the Advanced Light
sources and high-resolution monochromators in combinatio®ource (ALS) in Berkeley under double bunch operation.
with high-resolution electron spectrometers has made it posXenon atoms were ionized by monochromatic synchrotron
sible to study the energy positions and intensities of theadiation from an 8-cm, 55-period undulator and spherical
peaks in the Xe 45,26pH5p46p decay spectrum with a grating monochromator on beamline 9.0.1. Figure 1 shows
resolution better than the natural linewidth06 meV[20]) electron spectra taken simultaneously at different angles
of the 4d inner-shell hole by utilizing the Auger resonant (6=0°,54.79 by two time-of-flight spectrometers, which
Raman effecf3,4]. Using this technique, we are now able to were mounted on a rotatable chamber. A retarding voltage
determine the angular distribution parametémsf almost all  could be applied to these spectrometers to increase the flight
of the possible final ionic p*(3P,'D,'S)6p states. time of the electrons and therefore improve their energy

1050-2947/96/5@)/19464)/$10.00 53 R1946 © 1996 The American Physical Society



53 AUGER RESONANT RAMAN SPECTROSCOPY USED TO STUD. . R1947

o
~
-3
T
]

500

1000 I T T T | T T T I T T T 1000 | AT I ! ' T | ! ' ! |+
L T (ts)ep Xe+ p=0° 1 - a) 6=0° Xe™
| a) (‘D)ep ] = ] I hv=65.11eV 7
(p)ép - b
L ] 1
.-g r 7 500 — 43meV -]
5 500 — L i
o satellites, b . T
5 shake-up | - ]
:.E | L 4
FE 0 1y T : T | T Ll T | ¥ T : | ]
~— 0 500 _b) 46 44 8=54.7° 41 —]
B
:‘%
=
2z
i

(%3
Piia

Intensity (arbitrary units)

0 el -
500 [-¢) §=90° -
0 i ]
34 35 36 37 38 39 L ]
Kinetic energy (eV) C ]
5" : :
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tation at(a) 0° and(b) 54.7° with respect to the polarization of the | 4d7%6p » 5pi(D)ep i
incident photons. The spectra were recorded with a 30-V retarding @ | o 2 2 o
potential, which corresponds to a spectrometer resolution of be- 0 Dsyz Doya ‘;ﬂﬂ Fora
tween 45 and 70 meV in the displayed region. L %Pye Py U 4
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resolution. Figure 2 shows a section of the decay spectrum Kinetic energy (eV)
recorded with a 32-V retarding potential at three different
angles(6=0°,54.7°,90}. Areas of the peaks were determined . .
by fitting Gaussian profiles to the data. In order to stabilize FIG- 2. Xe $"nl decay spectra afterdd,— 6p resonant exci-
the fitting procedure the energy differences between overlagtion in the kinetic-energy range of 36.4-37.1 eV(@t 0%, (b)
ping peaks were fixed using experimental energy values from* 7" and(c) 90° with respect to the p_olanzaﬂon of th(_e |nC|dent_
Aksela et al. [4]. With our time-of-flight spectrometers the photons. The spectra were measured wnh a 32-V retarding potential
linewidth is a nearly linear function of the electron kinetic €0"éSPonding to a spectrometer resolution of between 43 and 50
2 . meV in the displayed region(d) shows the angular distribution
energy. From the well separatetP() 6p( P40 peak(line 26 2,1 :
. . o - ; . parameterB for the 5p”*(*D)6p spectator lines.
in Fig. 1) the kinetic-energy resolution for this experiment
was found to be 1.1% and 1.0% of the final kinetic electron
energy with retarding voltages of 30 and 32 V, respectivelycalculation. All the theoretical calculations have in common
We therefore fixed the linewidths of all peaks to these valuesthat both the direct photoionization and the participator de-
We found no evidence of higher-order lines in the spectracay are neglected, and these approximations have been veri-
Since the photon resolutiofabout 15 meY was much fied experimentally8,9].
smaller than the resonance width, we did not have to subtract Besides the p*6p spectator lines, Table | also includes
the nonresonant satellite background. The angular distribusome pure satellite lines. There is fair agreement between our
tion of the P)6p(?P3,) peak(line 26) was determined by intensities and those reported by Aksedaal. [4] (not
comparing its intensity to several groups of lines at differentshown) at least for the most intense lines. For small lines that
angles. This line was then used as an internal reference #re close to a strong line, our intensities tend to be larger
which all other lines were compared. than those of Akselat al. [4]. This may be due to the fact
The results for the relative intensities and the angular disthat we used Gaussian profiles, which drop more rapidly than
tribution parameters3 are shown in Table | together with the Lorentzian profiles used by Aksedaal. [4].
theoretical calculations from Tulkki, Aksela, and Kabachnik Comparing our results to the different calculations, we
[19], Chen[18], and Hergenhahet al. [16,17]. Chen[18], find that the agreement varies between excellent and poor,
Tulkki, Aksela, and Kabachnik19], and Hergenhahet al.  depending on the configuration and method used. For some
[17] used a multiconfiguration Dirac-Fock method in inter- lines (20, 22, 31, 39 there is excellent agreement and for
mediate coupling with configuration interaction, whereas theothers(24, 43, 44 good agreement between our experimen-
older calculations of Hergenhahn, Kabachnik, and Lohmantal anisotropy parameters and the results from all four calcu-
[16] were carried out ifK coupling applying a strict spec- lations. For other line$30, 34, 41, 65the theoretical values
tator model. Only Tulkki, Aksela, and Kabachn9] in-  are in disagreement with each other and with our experimen-
clude exchange with different continuum channels in theirtal values. Finally, there are some configurations where our
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TABLE I. Intensities andB parameters of the electron spectrum of Xe aftelg,4—6p3/, excitation (65.110 eV. Intensities are
normalized relative to the well separatetP§6p(?Ps) line (line 26). The statistical uncertainty of the last digits is given in brackets. The
identification of the peaks from Ch¢a8] was done with respect to their calculated energies. For Hergergiadini 16,17 the energies of
Hansen and Perss$®2] were used. Peaks where the leadii8terms differ from that given by Akselet al.[4] also used by Tulkki, Aksela,

and KabachniK19] are marked with an asterigk).

Linein  Kinetic B theory?
Final ionic state experi- energy Relative

TernP menf (ev)® intensity B Ref.[19]  Ref.[18] Ref.[17]  Ref.[16]
5p*(®P)6p Pap 19 39.119 2.(6) 1.46) 1.045 0.984 0.061 1.014
(®P)6p “Pg)p 20 39.098 23.7) -0.853) -0.994  -1.000 —0.999 —0.998
(®P)6s 2Dy 21° 38.975 0.8712) 2.003)
(®P)6p 2Dy, 22 38.906 37.8) -0.96712 —0.994  —1.000 —1.000 -0.998
(éP)6p 25, 23 38.886 —0.448 0.21% 0.157% 0.45T
(éP)6p 4Dy 24 38.882 17.18) —0693 -0.588  —0.974  —0.923 —0.932
(*D)5d ’Go712 25° 38.738 4.12) —0.163)
(®P)6p Pap 26 38501 100 1.30) 1.030 1.018 0.972 1.014
(*D)5d *Fs 27°  38.216 2.92) 0.60(11)
(éP)6p 2Py 28 37.988 5.2) 1.037) 0.984 0.962 0.749 NA%
(®P)6p P 30 37.955 7.13) -0.136) 0.233 0.774 0.927 1.000
(®P)6p 2Dy 31 37.899 42.65) 0.733) 0.656 0.653 0.910° 0.800°
(®P)6p Dy 32 37.716 1.8 0.3(6) -0.188  -0.331  —0.323 0.737
(éP)6p 4Sy0 33 37.627 24.() 1.135) 0.748 0.955 0.557 —0.861
(éP)6p Dy 34 37.570 —-0.53¢ —0.860° —0.764 —0.86T
(®P)5d Gy 35 37567 2210 —0.143
(®P)6p 2Dy 36 37.535 19.8) 0.523) 0.593 0.93% 0.817 1.000¢
(*D)5d 2P 37 37.232 5.62) 1.366)
(*D)5d 2Dy, 3¢ 37.169 2.12) 0.6911)
(*D)6p 2k, 39 37.001 2104 —0.8510 -0.875 -0.860 —0.914 -0.928
(*D)6s 25, 40 36.959 3.02) 2.003)
(*D)6p 2Py, 41 36.902 82.(1L0) 0.472) 0.175 0.073 —0.319 —-0.399
(*D)6p 2k, 42 36.853 24.®) —-0.11(3) 0.246 0.052 0.116 0.112
(*D)6p 2Dy, 43 36.621 39.M) -0.662) -0553 -0529  —0.375 —0.399
(*D)6p 2Dg) 44 36.587 51.(8) —0.652) -0.888  —0.882  —0.930 —-0.928
(3P)7s Py, 45°  36.550 1) SN
(*D)6p 2P 46 36.521 63.06) 1.662) 1.503 1.307 0.550 0.373
(CP)7s Pap v 36.232 13.8) 0.944)
(*s)6p P 65 34.602 1.0 0.734) 0.130  —-0.139  —0.035 NAY
(*s)6p 2Py, g; gigg 98.96) 1.174) 0.829 0.847 0.754 0.800

&The originally giveno, values are multiplied by- V2.
®According to Akselaet al. [4].

CSatellite line.
dNot allowed.

®Energy taken from Hansen and Pers§da.

fStrongly negative.

data agree with one or the other calculation. For instancejificantly larger. We were able to observe the splitting of the
Chen [18] comes close to ourB value for the (1S)6p(?Pj,) state(lines 67 and 68 as Akselaet al. [4]
(3P)6p(*S;),) state(line 33), whereas Tulkki, Aksela, and did, but the fitting procedure was very sensitive to even small
Kabachnik[19] and Hergenhahn, Kabachnik, and Lohmannchanges in the positions and widths of the peaks. Therefore,
[16] do not even have the correct sign. However, for thein Table | we give only the averagefor those lines. In Table
(®P)6p(*D4,,) peak(line 36), Tulkki, Aksela, and Kabach- Il we compare ou results with previous experimental data
nik [19] give almost the samg value as the experiment but from Carlsonet al.[13], Beckeret al.[23], and Kanmerling,

the other calculations are off. Interestingly, there is almosKrassig, and Schmidtl5]. There is, in general, good agree-
perfect agreement between all theories for our reference peakent between the latter experiment and these results.
(®P)6p(*P5,) (line 26), but the experimenta® value is sig- In summary, we have reported high-resolution angular
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TABLE II. B parameters of the electron spectrum of Xe afte,4— 6p3,, excitation: a comparison with
previous, lower-resolution data.

Line(s) B
Present

No2 No?l work Ic Ind e

19,20 la —0.666) —0.6003) —0.675) —-0.88
22-24 1b —-0.8972) —0.902) —0.933) -0.93
26 1c 1.302) 1.31(2) 1.356) 0.82
28-31 2a 0.6&) 0.582) 0.896) 0.26
32-36 2b 0.5%5) 0.543) 0.456) 0.16
39-42 3a 0.3@) 0.232) 0.555) -0.02
43-47 3b 0.2 0.335) 0.46(5) —0.09
67,68 5 1.174) 0.835) 1.096) 0.51

@According to Akselaet al. [4].
bCarlsonet al.[13].

‘Kammerling, Krassig, and Schmidi15].
dBeckeret al. [23].

distribution measurements of the Xe spectator lines followfor some lines.

ing Xe 4ds;,—6p excitation. The Auger resonant Raman We wish to thank the ALS for providing an excellent
effect was utilized to obtain energy resolutions well belowsource of photons. B.L. is indebted to the Alexander von
the natural linewidth of the d inner-shell hole. Our results Humboldt Foundation for partial financial support. This work
appear to remove the existing experimental discrepancyvas supported by the U.S. Department of Energy, Office of
Comparisons with different theoretical calculations showBasic Energy Science, Division of Chemical Science, under
partly good agreement, but there is room for improvementContract No. DE-FG02-92ER14299.
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