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Measurements are reported of the resonant structure, caused by autoionization, in the
angular distribution of xenon photoelectrons. The measurements were made within the
autoionizing structure lying between the P3y& and Pqg2 ionization thresholds for the wave-
length range 956 to 1015 A. The results show a periodic variation in the asymmetry pa-
raxneter P with maximum excursions of about +0.9 to —0.9. The overall vari. ation and
magnitude of P is in accord with the recent theoretical predictions of Dill.

We report the first measurements of resonant
structure, caused by autoionization, in photoelec-
tron angular distributions. Although a number of
experimental determinations of photoelectron an-
gular distributions have been reported, ' "no
measurements exist of the variation of the angu-
lar distribution with energy across autoioniza-
tion resonances. A recent paper by Dill" con-
sidered, theoretically, the influence of autoion-
ization on the angular distribution parameter P. '
This paper gave the important general prediction
that P should fluctuate rapidly within the allowed
range of +2 and —1 across any autoionizing reso-
nance, atomic or molecular. fn particular, P
was calculated for xenon across the first auto-
ionizing resonance between the 'P,&, and Py/2
ionization thresholds. The current experiment
was designed to measure the xenon photoelectron
angular distributions as a function of wavelength
between the 'Ps)2 and P~(2 threshoMS to compare
with the predictions of Dill. The importance of
measuring P across a resonant structure was em-
phasized by Dill as a new and independent method
to probe atomic and molecular dynamics.

The experimental technique employed was to
measure the angular modulation of the photoelec-
tron count rate within a 6' cone of acceptance in

the plane normal to the beam of partially plane-
polarized radiation emerging from the exit slit
of a 2-m Seya-Namioka monochromator. This
method has not been previously used. From an
expression for the general angular dependence
of the photoelectron signal when using partially
plane-polarized light, "it is readily shown that

dQ x-z plane

1 ——+ -- [(g —1)sin'8+ 1]
o P 3P

4n 2 2(g +1)

where the photon beam is traveling along the +y
axis, 0 is the integrated cross section, 0 is the
angle of emission measured in the x-z plane from
the z axis, and g is the degree of polarization giv-
en by I„/I„ the ratio of the radiation intensity com-
ponents in the x and z directions, respectively.

The apparatus is shown schematically in Fig.
Electrons formed within the ionization region

were allowed to drift in a field-free region through
a series of five baffles to a Spiraltron detector,
and the resultant pulses were integrated with a
rate meter. Since angular distributions were to
be determined for xenon in the wavelength range
below the 'P, I, ionization threshold, no energy
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FIG. 1. Cylindrical ionization chamber with defining
baffles to provide a 6 field of view. The photon beam
is directed along the y axis. The ion chamber is rotat-
ed about the y axis. Electrons passing through the ser-
ies of baffles are detected by the Spiraltron electron
multiplier. The ion chamber and the baffles were con-
structed from Conetic AA magnetic shielding material.

analysis was necessary. The ionization chamber,
constructed of Conetic AA and annealed in a hy-
drogen furnace after fabrication, and the rotat-
able vacuum chamber that housed the apparatus
were placed at the center of a pair of Helmholtz
coils positioned to annul the earth's magnetic
field. Field penetration, both electric a,nd mag-
netic, into the ionization region was judged to be
negligible from studies on 0.6-eV argon photo-

0
electrons produced by 736-A radiation.

The expression given for the angular modula-
tion in the x-z plane shows that a functional de-
pendence of the form A+& sin'6) is expected,
where both 4 and B depend on the angular distri-
bution parameter P and the degree of polariza-
tion g. Hence g must be measured in an indepen-
dent experiment if P is to be determined. The
polarization of the monochromator used in the
current experiment was measured over the wave-
length range of interest by the method of Rabino-
vitch, Canfield, and Madden. " The monochro-
mator, fitted with a Pt-coated grating blazed for
700 A in the first order, was found to polarize
the radiation predominantly in the direction of
the rulings with an intensity ratio (1/g) of 2:1 at
wavelengths near 1000 A, rising to 5:1 at 584 A.

Preliminary measurements of the asymmetry
parameter indicated that an appreciable back-
ground of electrons scattered from the walls sur-
rounding the ionization region was being counted
along with the true signal at each angle. To de-

termine a correction factor for these scattered
electrons, the variation of the photoelectron count
rate with angle in the x-z plane was measured
for 584- and 736-A radiation incident on Xe, Kr,
and Ar for which the angular distribution param-
eters have been determined. ' The background
signal, which comes from multiple electron scat-
tering on the walls (and thus should be isotropic),
was assumed to be a constant fraction of the total
signal. The angular distribution parameter for
each gas at each wavelength was taken as the
mean of the 'P,&, and 'P», values, weighted by
the relative intensities of the transitions (these
were determined with an electron energy analyz-
er which produces true intensity ratios indepen-
dently of the degree of polarization of the radia-
tion or the angular distributions of the elec-
trons"). The measured angular distributions
were then corrected to give the known values of
P and the correction factor was plotted as a func-
tion of the electron energy (again the mean of the
'P,i, and 'P, i, values weighted by the experimen-
tal intensity ratios). The result was well repre-
sented by a gently sloping straight line with the
background increasing as the electron energy in-
creased. The linearity of the plot gave confidence
to the extrapolation of the background correction
factor to the lower electron energies produced
between the 'P,f, and 'P, i, thresholds in Xe.

The count rate of photoelectrons from xenon at
a pressure of about 1 m Torr was recorded as a
function of wavelength (956 to 1015 A) and angle
in the plane normal to the beam direction of the
dispersed radiation from a dc discharge in hydro-
gen, producing the many-lined molecular spec-
trum. Typical count rates with the monochroma, —

tor set for a 1-A bandpass were from 2 to 50
counts/sec. At each wavelength, the count rate
was recorded at eight 45 steps around one revo-
lution. Since the angular modula, tion is the same
in the four quadrants, the eight measured count
rates were averaged to give mean 0', 45', and
90' signals in the first quadrant. The assumed
isotropic background was removed using the cor-
rection factor explained above, and the ratios of
the 0' to 45' and 0' to 90' signals were both used
to generate a mean value for P at each wavelength.

0
Results were taken at 1-A increments and the
means of a number of runs were computed to pro-
duce the data shown in Fig. 2(a).

The experimental results for P as a function of
wavelength are shown in Fig. 2(a) superimposed
with the experimental total photoionization cross
sections of Xe." This figure illustrates the vari-
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FIG. 2. Asymmetry parameter P as a function of wavelength. {a) Experimental P value shown in relation to the
experimental autoionizing resonances (dashed curve). (b) Theoretical P values (solid-line curve) shown in relation
to the theoretical photoi. onization cross sections {dashed curve).

ation of P across the autoionizing structure. The
error bars represent the rms average of the de-
tector counts only. Systematic errors in the de-
termination of the degree of polarization and in
the correction factor for the scattered background
are estimated to give an uncertainty in P of about
+9%%uo. The s resonances are extremely narrow"

0
(~ 0.04 A) and it was not possible to obtain data
within these resonances. The widths of the s res-
onances shown in the cross-section curve of Fig.
2(a) reflect the resolution of the original mea-
surements. However, a variation of P is ob-
served in passing through the s resonances. To
compare the experimental results with theory,
the theoretical values for P and the theoretical
photoionization cross sections of Dill"" are re-
produced in Fig. 2(b).

The overall agreement in the structure and in
the absolute values of P between theory and ex-
periment is excellent. The calculation of Ref. 13
utilizes interaction parameters determined by ap-
plication of multichannel quantum-defect theory
to analyze semiempirically the Xe photoabsorp-
tion spectrum near the ionization threshold. As

such, the significant point of comparison between
theory and experiment is that the theoretical o

and p curves show essentially the same relation
ship to each other as do the measured Ir and p
curves.

The small shift ~et~een the two sets of curves
arises from the inability of the theoretical param-
eters to fit accurately the position of the mini-
mum and broad d maximum of 0. This is aggra-
vated by the fact that the minimum is not a very
sharp spectral feature. The corresponding min-
imum in P, however, is a much sharper spectral
feature and can therefore possibly aid in refining
the theoretical fit. Note that theory and experi-
ment do agree in absolute position very well at
the sharp s resonance. This is more clearly
shown in Fig. 3 where the experimental and the-
oretical P values are plotted. The s-resonance
minima for both experimental and theoretical P
values coincide. However, the d-resonance min-
ima for the experimental P values lie between l

0
and 3 A to longer wavelengths than the theoretical
results. As mentioned above this is an artifact
of the theory. Hence a direct comparison of the
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FIG. 3. Asymmetry parameter P as a function of
wavelength. The solid line represents the theoretical
values. The closed circles and dashed line represent
the experimental data. The error bars are omitted for
clarity but are shown in Fig. 2(a).

magnitude of P at a given wavelength is not too
m eaningful.

Unlike the integrated cross section, P is pre-
dicted to be only approximately periodic along
the Rydberg series of combined (s, d) resonances.
This is caused by the energy dependence of the
Coulomb phase-shift difference between the out-
going s and d waves, This effect is predicted to
be largest for the first resonance, which corre-
sponds to the largest change in photoelectron ki-
netic energy, and should decrease rapidly in im-
portance for successive resonances. This is ver-
ified in the present results where AP =0.4 across
the (Bs, 7d) resonance, whereas &P =0.2 across
the (9s, Bd) resonance.

The minimum experimental value for P at 970 A

is not as low as it should be, partly because of
0

the l-A wavelength resolution used and partly be-
cause an emission line may not fall exa.ctly on
the minimum.
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