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High-resolution experimental determination of the angular distribution and spin polarization
of xenon 7d8 and 9s8 photoelectrons and comparison with theoretical results

M. Spieweck, M. Drescher, F. Gierschner, R. Irrgang, and U. Heinzmann
Fakultät für Physik, Universita¨t Bielefeld, Postfach 100131, 33501 Bielefeld, Germany

~Received 23 January 1998!

Using narrowband tunable linearly or circularly polarized VUV radiation an examination of the dynamical
parameters describing the autoionization process of atomic xenon was performed. With a resolving power of
;105 in the excitation step a fully resolved determination of the position, magnitude and shape of the angular
distribution and integral spin-polarization resonances was possible for the low Rydberg ordersn57 andn
59 of the d and s series, respectively. Comparisons are drawn between the experimental data and some
theoretical calculations published in recent years.
@S1050-2947~98!00108-5#

PACS number~s!: 32.80.Dz, 42.62.Fi, 32.70.2n, 42.65.2k
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I. INTRODUCTION

The rare gases are relatively easy to deal with experim
tally and thus far have been the best candidates for a pr
ising comparison between theoretical calculations and
perimental measurements due to their simple electro
structure in the ground state with filled shells and a to
angular momentumJ50. Therefore during the last decad
the rare gases were used as a test case for a most de
comparison between theory and experiment@1–5#. Special
attention was paid to the region of autoionization resonan
between two2P ionization thresholds. Comparison with th
observed quantity and shape of the relative cross section
angular distribution, and the transferred spin polarizat
served as a sensitive test of different theoretical approa
@6#. However, up to now even for the lowest Rydberg ord
no experimental data exists fully resolving the narrows reso-
nances in the Xe spectrum@3,4#. With the narrow band VUV
radiation and high wavelength resolution used in this wor
is now possible to perform an experimental examination
the behavior of theb andA parameters of the Xe 9s8 auto-
ionization resonance.

II. EXPERIMENT

To generate photoelectrons from xenon 7d8 and 9s8 auto-
ionization resonances a windowless nonlinear sum freque
mixing technique is utilized because the excitation energ
the range of 96.2–97.1 nm lies well below the LiF cuto
~105 nm!. Furthermore, narrowband VUV light has to b
circularly polarized for measurements of the Fano effect@7#.
Both demands can be met with the experimental setup
was used in a series of previous high resolution experim
on molecular targets like HCl, DCl, and HBr@8–10#: Two
pulsed laser beams with frequenciesvR andvT are focused
into a pulsed Xe jet serving also as the nonlinear opt
medium for frequency conversion. The radiation withvR is

tuned to the 6p8 @ 1
2 #0 two-photon resonance at 222.57 n

leading to strong enhancement of the intensity at the s
frequencyvVUV52vR1vT @10#. For the production of cir-
cularly polarized VUV light the tunable radiation with fre
PRA 581050-2947/98/58~2!/1589~3!/$15.00
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quencyvT in the range of 709–761 nm can be circular
polarized using al/4 retarding plate@11#. A normal-
incidence monochromator with a transmission of about 2%
used to separate the generated sum frequency from the
damental and other conversion products. The degree of
cular polarization, intensity, and optical alignment of t
light beam with a flux up to 1010 photons/s is monitored
using a four-mirror analyzer and a quad-photodiode, resp
tively. Wavelength calibration of the tunable light is carrie
out by recording optogalvanic spectra of a Xe/Ne-filled h
low cathode lamp with an absolute accuracy of62 cm21.
The VUV bandwidth was determined to be less th
1.2 cm21. A detailed description of the VUV source is give
in Ref. @11#.

In the ionization region, the VUV light perpendicularl
intersects the supersonic target beam. This beam is prod
by a pulsed nozzle-skimmer combination. The genera
photoelectrons are extracted by a static dc field of 300 V/
and after acceleration to 100 keV they are guided into
Mott-polarimeter@12,13#. In addition to the two backward
and two forward counters needed for spin-polarization de
tion the instrument contains a straightforward counter
measure the integral photoelectron yield. The whole setu
shown in Fig. 1.

In the case of angular distribution measurements of
photoelectrons the setup is much simpler because no c
larly polarized light and no spin-polarization detection sy
tem are needed: Thel/4 retarding plate is replaced by al/2
Fresnel rhomb to rotate the plane of linear polarization of
light. The Mott-polarimeter and electrostatic lens system
replaced by a double multichannel plate for differential ph
toelectron yield detection with no extraction field applied.

III. RESULTS AND DISCUSSION

Due to the fact that the studied atomic target xenon is a
used as a nonlinear optical medium for VUV light generati
it is not possible to obtain a high photoelectron signal ove
wide energy range, since photoelectron yield as well as ph
matching and susceptibility are strongly influenced by au
ionization resonances@14–16#. Only at resonance position
can angular distribution and, in particular, spin measu
1589 © 1998 The American Physical Society
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ments be performed with sufficiently small statistical erro
Each data point of the spin polarizationA in Figs. 2 and 3
represents an average over 10 000–20 000 laser shots
was reproduced several times. Instrumental asymme
have been eliminated by changing the helicity of the circu
polarization between each measurement. The absolute va
of the integral spin polarization are subject to an uncerta
of 10% due to limited determination of the effectiv
Sherman-function (0.24760.021) @12# and the degree of cir
cular polarization of the light (97.762.2%).

In Fig. 2 the results for the Xe 9s8 resonance are pre
sented. The total yield was taken with a step width
0.5 cm21. The peak position of the resonance@full width at
half-maximum ~FWHM!57.6 cm21# was determined to be
103 94562 cm21. In the same plot the calculated cross se
tion from Ref.@3# ~shifted by262 cm21! is displayed. Since
the absolute wave-number position is different for differe
calculations, for the three theoretical curves from John
et al. in this figure~s, b, andA! and for all other presente
calculations different shifts are used to enable a compar
of the shape and width of the resonances with the experim
tal data.

The minimum of the integral spin polarizationA was de-
termined to be20.44460.044 at 103948 cm21. This is in
perfect accordance with the calculations of Ref.@3# plotted in
the same figure, if the theoretical curve is shifted
237 cm21. However, there is a discrepancy between the
and experiment since the width of the observed resonanc
considerably smaller than in theory, while the oscilla
strengths are differing not so strongly. Therefore the exp
mental cross section in the resonance is five times hig
than the background while the theoretical ratio is only ab
3.5. This difference in the width leads also to essential
ferences between the shapes of the experimental and the
ical curves for theA andb parameters in the 9s8 resonance
@17#. This can be observed particularly on the low-ener
side of the spin-polarization peak. Unfortunately the stati
cal error is large in this region due to very low VUV ligh
intensity.

FIG. 1. Experimental setup for photoelectron spin-polarizat
measurements using VUV radiation, generated by sum-freque
mixing of two laser beams in xenon. In the case of angular dis
bution measurements thel/4 retarding plate is replaced by al/2
Fresnel rhomb to rotate the plane of linear polarization of the li
and the Mott polarimeter and electrostatic lens system is repla
by a double multichannel plate for photoelectron yield detection
.
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The results for the broad Xe 7d8 resonance are shown i
Fig. 3. The plotted experimental data of the total yield
scanned from Ref.@1#, digitized and converted to a correcte
wave-number scale. This procedure has been carried out
for all the theoretical curves in Figs. 2 and 3 to make
comparison possible. The experimental data for the inte
spin polarizationA obtained with the setup described abo
perfectly confirms the previous measurements by Heinzm
using synchotron radiation with a bandwidth of;53 cm21

@1#. Theoretical calculations from Johnsonet al. @3# are
added to this figure, too. This time the shape of the theo
ical curve~shifted by2100 cm21! fits very well the experi-
mental spin-polarization data, but there is a difference
DA50.1 of the maximum values.

For measurements of the angular distribution parameteb
in the case of a fixed electron detector it is necessary to ro
the polarization plane of the VUV radiation. For linear
polarized lightb can unambiguously be derived from th
ratio of intensities at 0° and 90°@18#. In order to exclude
experimental asymmetries,b has also been determined b
measuring a full angular distribution for selected energ
and fitting to a second Legendre polynomial. The values
tained this way were in good agreement with those from
two-angle method. Each data point forb-parameter measure
ments in Figs. 2 and 3 represents 20 000 laser shots for
angle. The statistical error typically is less than 4%.

Next to the spin polarization data the results for theb
parameter of the Xe 9s8 photoelectrons are presented in Fi
2. The minimum ~b520.245! is located at 103 938
62 cm21. In addition, two theoretical curves from Dill@4#
and Johnsonet al. @3# are displayed, shifted by117 and
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t
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FIG. 2. Total yield, angular distribution parameterb, and inte-
gral spin polarizationA of the photoelectrons at the Xe 9s8 reso-
nance. In addition to the experimental data theoretical curves f
Dill @4# ~dashed line! and Johnsonet al. @3# ~full line! are shown.
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275 cm21, respectively. For the low-energy side of the pe
the calculation of Dill is in good agreement with the expe
ment while the curve from Johnsonet al. is not in accor-
dance with the measured values. At the high-energy sid
the peak the situation changes completely. Here a g

FIG. 3. Total yield, angular distribution parameterb, and inte-
gral spin polarizationA of the photoelectrons at the Xe 7d8 reso-
nance. In addition to the experimental data theoretical curves f
Dill @4# ~dashed line! and Johnsonet al. @3# ~full line! are shown.
The experimental data for the total yield is scanned from Ref.@1#,
digitized and converted to a wave-number scale.
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agreement between theory and experiment is given only
the curve of Johnsonet al.But both theories do not reach th
minimum value ofb. For the angular distribution ofs reso-
nances a discrepancy remains between theoretical calc
tions and experimental data.

It is interesting to make the same comparison for
broader Xe 7d8 resonance~Fig. 3!: Here the minimum value
was determined to beb520.91 at 103 130 cm21. The ex-
perimental data is in excellent agreement with the calcula
from Dill ~shifted by 2130 cm21!. There is an agreemen
with the theory of Johnsonet al., too, but the width of this
curve~shifted by the same value as for the spin polarizatio!
is too large.

IV. CONCLUSION

In this report we present measurements of the ang
distribution parameter and integral spin polarization of
9s8 and 7d8 photoelectrons. Due to a VUV bandwidt
considerably smaller than the natural linewidth it was p
sible to obtain exact experimental data for the resona
position, magnitude, and shape. Though the theory descr
well the general characteristics, like the total photoionizat
cross section above thresholds, as well as the broadd-
autoionization resonances, there is still a lack of agreem
to be observed for the narrows resonances. A closer consid
eration of both thed ands series will lead to a more refine
theoretical description of the autoionization process of clo
shell atoms.
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