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We describe the techniques used in calibrating a monochromator /spectrometer system for gas-phase photoelectron angular
distribution and branching ratio measurements. We report a self-consistent set of values for the Ne 2p, Ar 3p, Kr 4ps .y and 4py o,
and Xe 3p; , and 5py » photoelectron asymmetry parameters and for the Kr 4p; 2 :4py ,» and Xe 5p, ,2:5py s, branching ratios for

the kinetic energy regions from threshold to approximately 15 eV,

1. Introduction

The measurement of wavelength dependent photo-
electron angular distributions, branching ratios, and
partial cross sections is one of the important applica-
tions of synchrotron radiation in atomic and molecular
physics. In combination with theoretical studies, photo-
electron measurements reveal the structural and dy-
namical factors which underlie photoionization process-
es. For example, the tunable continuum property of
synchrotron radiation has allowed the study of resonant
processes such as those due to shape resonances and
autoionization [11.

Quantitative photoelectron measurements using syn-
chrotron radiation require knowledge of the wavelength
dependent intensity and polarization of the photon beam
and of the transmission(s) of the electron analyser(s) as
a function of photeelectron kinetic energy and ejection
angle. Here we describe the techniques used in calibrat-
ing a monochromator /spectrometer system for mea-
surements of photoelectron angular distributions and
branching ratios. The spectrometer [2] was a second-
generation instrument designed for high resolution
molecular studies. The monochromator [3] was the high
throughput, 2 m, normal incidence instrument located
at the Synchrotron Ultraviolet Radiation Facility.
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Ne, Ar, Kr and Xe were used for calibration studies,
because their angular asymmetry parameters, 8’s [4-11],
and total cross sections [7,8,12] are known fairly well.
As discussed fully below, some discrepancies occurred
at certain energies in the calibration results based on the
different rare gases. Our approach was to derive spec-
trometer calibration functions which were most con-
sistent among all of the rare gas data. We present here
the resulting self-consistent set of 8’s for the Ne 2p, Ar
3p, Kr 4p; , and 4p; ,, and Xe 5Py, and 5p, , sub-
shells and of the branching ratios Kr 4p, /21 4p;  and
Xe 5p; 21 5Py 2.

2. Photon beam calibration

The monochromator [3] was used with an osmium
coated folding mirror and a 2400 1 /mm osmium coated
grating blazed for 500 A in first order. Tungsten photo-
diodes were used to monitor the intensity of the radia-
tion. With the present grating, the maximum light inten-
sity occurred near 20 eV, and the intensity fell (o below
10% of maximum for hr> 30 eV. However, it was
possible to record photoelectron data above 30 eV with
high beam currents and long collection times. The elec-
tron spectrometer was used to observe photoelectrons
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produced by second-order light and thereby determine
that the second-order light intensity was negligible for
this grating. However there appeared to be a scattered
light component which caused difficulty in determining
the transmission functions of the electron analyzers.
This point is discussed further below.

Although synchrotron radiation is elliptically polar-
ized, it has been shown [13] that the form of the
photoelectron angular distribution is the same as that
for partially linearly polarized light. Therefore it has
become common to describe the photon beam as having
a degree of polarization

=L~ 1) /(L +1,),

where 7, and 7 ', are the intensities, respectively, of the
major and minor components of linear polarization.
The polarization p was measured using triple-reflection
analyzers and found to be typically 70-75% over the
energy range kv = 12-33 eV. The measured values of p
are close 1o those calculated for the inherent polariza-
tion of the synchrotron radiation in this energy range,
confirming that the normal incidence reflections from
the beam line optics did not greatly modify p.

It is worth noting that Schmidt and coworkers {6,14]
have retained the point of view of an elliptically
polarized photon beam and have measured for their
beam line a tilt of the polarization ellipse with respect
to the synchrotron orbit. In the present work we have
assumed that the major axis of polarization remains
parallel to the synchrotron orbit, which seems reasona-
ble considering the simple geometry of our beam line
optics.

‘The monochromator is of the type in which no
physical entrance slit is used, that is, the source region
of synchrotron radiation is imaged directly. Therefore
the bandwidth of the monochromatized radiation de-
pends strongly on the source size. With the storage ring
operated to give minimum vertical source size (=100
pm), we obtained a bandwidth of 0.35 A fwhm (full
width at half maximum) with the present grating used
with a 100 pm exit slit. However the storage ring was
operated typically with a larger source size in order o
increase beam lifetime, and the bandwidth of the radia-
tion increased accordingly. Since only moderate resolu-
tion was necessary for the present rare gas measure-
ments, they were obtained typically with 2 bandwidth of
2.2 A fwhm.

3. Electron spectrometer calibration

The spectrometer [2] contains two 10.2 cm mean-
radius hemispherical electron analyzers which are posi-
tioned to detect photoelectrons gjected in a plane which
13 perpendicular to the propagation direction of the
photon beam. With this geometry the differential cross
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section appropriate for electric dipole photoionization
of randomly oriented (typical gas phase) targets can be
expressed as

e (2= (2o s ]

where ¢ is the total (angle-integrated) cross section, f§
is the photoelectron asymmetry parameter, p is the
degree of polarization of the photon beam, and # is the
photoelectron ejection angle with respect to the major
polarization axis of the photon beam.

One of the analyzers is fixed to detect photoelectrons
ejected at # = 0° while the other analyzer is rotatable
over the range # = 0°-90°. However in the present set
of measurements the rotatable analyzer was held at a
fixed angle of §=90°. f’s and branching ratios were
derived from the relative intensities of photoelectrons
detected at 0° and 90°. Apertures of 1.5 mm diameter
were used on the entrance and exit lenses, vielding an
angular resolution of 4°. For the rare gas measurements
reported here the electron analyzers were operated at 10
eV pass energy for which the intrinsic resolution of the
electron analyzers was measured to be 90-100 meV.
The overall energy resolution was given by the spec-
trometer resolution convoluted with the photon band-
width.

Studies were made to check for pressure dependent
effects which can arise due to photoelectron scattering
from the sample gases. We observed, for example, pres-
sure-dependent angular distributions in Kr and Xe at
kinetic energies where those gases have strong maxima
in their electron scattering cross sections [13]. To avoid
these effects, the photoelectron intensity in each analyzer
was measured as a function of pressure for each sample
gas at or near the maximum of the scattering cross
section [15]. From such measurements a pressure range
was determined over which the angular distribution
results are free of significant scattering effects. 8 and
branching ratio measurements were obtained typically
with a background pressure of 1x107° Torr in the
spectrometer chamber.

The Ar 3p subshell was used for the primary calibra-
tion standard. A typical calibration data set consisted of
the 0° and 90° photoelectron spectra of Ar 3p recorded
over a range of kinetic energies. Using literature values
for the Ar 3p B’s [4,8-10] and cross section {12] along
with the measured relative intensity and polarization of
the light beam, the data were reduced to obtain the
relative transmissions of the §° and 90° analyzers as a
function of kinetic energy. A set of computer programs
was developed to automate the data reduction proce-
dure so that the stability of the system could be checked
quickly and frequently. Based on regular calibration
runs with Ar 3p, the relative transmissions of the
analyzers were found to be stable over a period of
several months. During this time, measurements were
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made on the other rare gases and on molecular samples.
The transmission functions of the electron analyzers
were incorporated in the fitting procedure for new data
which corrects the raw spectra and derives asymmetry
parameters and branching ratios.

4. Results for the rare gases

Note that to determine £’s with the present tech-
nique we need to know only the ratio of the transmis-
sions (the “angular ratic™) of the 0° and 90° analyzers
as a function of kinetic enmergy, in addition to the
polarization p. In turn, the calibrated angular ratio
depends only on the values of 8 assumed to be correct
for the calibration gas, along with p. However, the
branching ratio results depend on the variation of the
analyzer transmissions with kinetic energy. Calibration
for the branching ratio results therefore requires knowl-
edge of the relative intensity of the first-order compo-
nent of the light beam and of the total cross section for
the calibration gas. First we discuss results for the rare
gas f’s and then discuss the branching ratios.

Based on the Ar 3p calibration, we obtained good
agreement with previous measurements and theory for
the £’s of the other rare gases for kinetic energies in the
range 0-10 eV. However, discrepancies occurred for
energies above 10 eV. This was attributed to two fac-
tors: (1) unresolved autoionization structure in Ar, Kr,
and Xe, and (2) the rare gas 8’s are less well known for
energies above 10 eV. The photoabsorption spectra of
the rare gases all display prominent Rydberg series
associated with the thresholds for ionization of the
valence. s-orbitals -as well as doubly-excited resonant
states [16-18]. It is known that these states autoionize,
resulting in strong, resonant variation of the #’s and
branching ratios for the valence p-orbitals [19]. Thus,
we could infer that, for example, in the kinetic energy
region just above 10 eV, our angular ratio calibration
was in error due to autoionization effects on the Ar 3p
B’s. Keeping in mind which energy regions for each rare
gas are susceptible to autoionization effects, we then
determined a modified angular ratio calibration based
on an optimum fit to all of the rare gas £’s. The
optimized calibration ratio was then applied to ali of
the raw data to generate a self-consistent set of 8’s for
the rare gases.

The resulting 8’s are plotied in figs. 1-4. We obtain
very good agreement with earlier measurements. The
hatched areas in figs. 2-4 denote the energy regions of
the prominent s — p autoionizing resonances in Ar, Kr,
and Xe. In those energy regions the measured B’s show
deviations from the theoretical results for which auto-
ionization effects were not explicitly included. A new
result of our data is that for Ne 2p we observe a
minimum in 8 near threshold as had been predicted
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Fig. 1. Photoelectron asymmetry parameter for the Ne 2p

subshell. Filled circles: present measurements; open circles:

measurements from ref. [6]; X: measurements from ref. [5];

dashed line: HF (dipole-length form) calculation from ref. [7];

solid line: RRPA calculation from ref. [§].

theoretically by Kennedy and Manson [7].

The Kr 4p; ,,:4p, ,, and Xe 5p, ,:5p, , branching
ratios also at first displayed deviations at higher kinetic
energies from previous measurements and theory, In
addition, the apparent transmissions of the electron
analyzers fell off with increasing energy more rapidly
than expected, based on theoretical considerations and
previous experience with analyzers of this type. These
discrepancies were attributed to lack of knowledge of
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Fig. 2. Photoeleciron asymmetry parameter for the Ar 3p
subshell. Filled circles: present measurements; open circles:
measurements from ref. [9] (2: 1 weighted averaged of Ar 3p, ,
and 3py 5 results); X measurements from ref. [10]: solid line:
RRPA calculation from ref. {&]. The hatched area denotes the
energy region of Ar 3s — np autoionizing resonances {see ref.
[17p.
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Fig. 3. Photoelectron asymmetry parameters for the Kr 4p, 5
and 4p, » subshells. Filled circles: present measurements; open
circles: measurements from ref. [9]; solid lines: RRPA calcula-
tions from ref. [8]. The hatched area denotes the energy region
of Kr 4s — np autoionizing resonances (see ref. [18]).

the wavelength dependence of the relative intensity of
the first-order light beam, resulting from a scattered
light component and use of a tungsten wire mesh photo-
diode which had not been directly calibrated. Conse-
quently, we modified the energy variation of the analyzer
transmissions, which are used to correct raw photoelec-
tron data, so as to best fit previously measured and
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Fig. 4. Photoelectron asymmetry parameters for the Xe 5p;
and 5p, ., subshells. Filled circles: present measurements; opéﬁ
circles: measurements from ref. [9], X measurements from
ref. [11}; solid lines: RRPA calculations from ref. [8]. The
hatched area denotes the energy region of Xe 55 — np auto-

ionizing resonances (see ref. [18]).
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Fig. 5. The photoionization branching ratios Kr 4p; :4p,
and Xe 5p;,,:5p; . Filled circles: present measurements;
open circles: measurements from ref. [20]; X: measurements
from ref. [11]; triangles: measurements from ref. [21]; dotted
lines: measurements from ref. [22]; solid lines: RRPA calcula-
tions from ref. [8); dashed hine: DF calculation from ref. [23].
The hatched areas denote the energy regions of the Kr 4s — np
and the Xe 5s — np autoionizing resonances (see ref. [18]).

calculated branching ratios for Kr and Xe. The results
are plotted in fig. 5 and show good agreement with
earlier measurements and theory. Note that we observe
some sharp variation of the Xe branching ratio in the
energy region of the s-— p autoionizing resonances
[18,19].

In summary, we have described our techniques in
performing quantitative photoelectron measurements
using synchrotron radiation. We have based the calibra-
tion of our apparatus on B’s and branching ratios for
the rare gases and have presented a self-consistent set of
vatues for those standards. We believe these resulis give
a measure of confidence in our results for molecular
gases reported elsewhere.
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