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MOLECULAR PHOTOEMISSION STUDIES 
USING SYNCHROTRON RADIATION 
Carlton Maurice Truesdale 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

Department of Chemistry 
University of California 

Berkeley, California 94720 
Abstract 

The angular distributions of photoelectrons and Auger electrons 
were measured by electron spectroscopy using synchrotron radiation. 
The experimental results are compared with theoretical calculations to 
interpret the electronic behavior of photoionization for molecular 
systems. 

The synchrotron radiation source provides a time structure which 
allows the collection of time-of-flight (TOF) spectra. The photoelec-
tron spectroscopy using the double-angle-time-of-flight method is dis
cussed. Two advantages of this technique are the increased electron 
detection efficiency and a decreased systematic error. Automated con
trol of the experimental data collection and on-line data analysis 
provide many advantages, such as increased ease of data acquisition 
and manipulation. 

The photoelectron partial cross sections and asymmetry parameters 
8 for the valence orbitals of H,0 were measured in the energy range 
hv = 18-32 eV. The measurements are compared with earlier data and 
also multiple-scattering (MSMXa), atomic-extrapolation (AE), and 
Stieltjes-Tchebycheff moment-imaging (STMT) calculations. The 
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multiple-scattering model calculations agree well with our measurements 
of the photoelectron asymmetries e for the lb., 3a., and lb, molecular 
orbitals of H-0. The atomic character of the molecular orbitals is 
discussed in the context of the photoelectron angular asymmetry param
eter a. 

The vibrationally averaged photoelectron partial cross sections 
and asymmetry parameters B for the four outer valence orbitals of 
N ?0 (X, A, B, and C) were measured over hv * 19-31 eV. Vibrationally 
resolved data for the A and C ionic states were also obtained. The 
results are compared with previous measurements and multiple-scattering 
model calculations. A state-to-state comparison of the vibrationally 
averaged asymmetry parameters B of N 20 and CO- was performed 
to show the behavior for these two isoelectronic triatomics. Similar 
changes in the asymmetry parameter are observed. 

Vibrationally resolved measurements of the 1* molecular orbital 
of C0 ? over hv « 18-26 eV were carried out. The vibrational states 
show shape resonances that are displaced in kinetic energy because of 
the different binding energies associated with each vibrational mode. 
Vibrationally resolved data for the 8o molecular orbital of OCS were 
also obtained. The behavior of all but the (1,0,0) vibrational state 
of the 8o are similar. The results for CQ~ are compared with 
other synchrotron measurements, (e,2e) electron impact results, reso
nance-line measurements, and the vibrationally resolved multiple-scat
tering model calculations. The OCS results are compared with other 
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synchrotron measurements, and vibrationally averaged measurements of 
OCS are compared with theoretical predictions based on the multiple-
scattering model. 

Auger electron and photoelectron cross sections and asymmetry 
parameters were measured in the studies of the inner shell ionizations 
for CO, COp, CF., and OCS in the vicinity of the carbon (Is), oxygen 
(Is), and sulfur L- 3 (2p) edges. The branching ratio for the 01s 
shake-up states of CO and C0 2, and the S2p shake-up states of OCS 
were also measured. Molecular shape resonances were observed for all 
of the carbon K-shell studies. Comparisons are made between other 
measurements and multiple-scattering, Stieltjes-Tchebycheff moment 
imaging, Hartree-Fock static exchange, and configuration interaction 
calculations. There are instances where each of these theoretical 
models has some success in predicting many of the observed molecular 
effects, such as shape resonances and the intensity of satellite-line 
intensities. To help explain the photoionization of the S2p level 
of OCS, "quasi-atomic" calculations have been performed. The S2p 
quasi-atomic calculations may suggest that correlation effects exist 
between the shake-up states and the S2p, because of the peculiar 
behavior in the S2p asymmetry parameter 8 near the ionization 
thresholds of S2p shake-up states. 

DAM CJL-^ 
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I. Theory 

Sing softly young, 
Bring bountiful gifts thee that have wealth. 
Give tiny praises where praise is just, 
And be what is intended you to be in this world. 
Commit yourself (do not overthrow), 
For the scenes and sights you focus on are totally unreal. 
The world is a ripple in a pond, 
A note to be sung. 

From the travels of CMT 

A. Introduction 
The character of electronic structure and the photoionization 

process can be fully addressed when experimental measurements, 
collected over a range of photon energies, are compared with pre
dictions based on theoretical models. Tunable synchrotron radiation 
makes it feasible to investigate energies, intensities, spin polar
izations, and angular distributions of Auger electrons and photo-
electrons. The measurements described in this dissertation in the 
tunable VUV and soft x-ray continua combine a synchrotron source and 
photoelectron spectroscopy in order to determine energy dependent 
photoelectron and Auger photoionization cross sections, angular 
distributions, and branching ratios. 

Experimental measurements provide a test for the accuracy of 
theoretical results. In providing valid models that describe the 
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photoionization process, a requirement is for the mathematical solution 
to provide tractable information, so that experimental results can be 
interpreted. The marriage between experimental measurements and 
theoretical calculations will eventually lead to an accurate 
description of the photoionization process. 

Experimental studies and theoretical calculations for molecular 
systems are at an early stage. Nonetheless, a large body of experi
mental data has been collected for a few molecular systems. Therefore 
a solid interpretation of molecular photoionization measurements awaits 
a clearer description to evolve from the comparision of theoretical 
models and experimental data. There are calculational difficulties in 
determining the continuum wavefunctions for multi-center systems; 
present models have schemes of approximation to circumvent these 
problems. 

Measurements of photoelectron photoionization cross sections and 
angular distributions from the studies of H-0, N»0, CO-, OCS, 
CO, and CF. are included in this dissertation. Vibrationally 
resolved results for N-0, C0 2, and OCS were obtained. The Auger 
electron cross sections and angular distributions for CO, C0 2, CF., 
and OCS were also measured. The cross sections of the CO and C0 2 01s 
shake-up states and OCS S2p shake-up states were also obtained. 

In the remainder of this chapter, theoretical background material 
is presented. The list of references that accompany this discussion 
is not meant to be complete, but are examples to illustrate the topics 
presented. 
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In Chapter II the experimental apparatus and methods are 
described. The experimental results are discussed and compared with 
theoretical conclusions in Chapter III—VI. 

8. Photoelectron Angular Distributions 
A goal of molecular calculations is the proper treatment for ths 

dynamics of molecular photoionization. A molecule (M) in the ground 
electronic state excited with monochromatic radiation hv of suitable 
energy emits an electron as shown by 

2S +1 2S +1 + 
0 M(x Q) + hv •* c M (x c) + e ( s i ) , (1) 

where the x and x are the quantum numbers describing the 
rotational angular momentum of the initial state and ionic state pro
jected on the molecular axis, respectively. The geometrical factors 
upon which the distribution of final ionic states depend are not 
affected by particular vibrational states of the neutral molecule and 
ionic state. Full consideration for vibrationally resolved ionic 

2 states demonstrates that nuclear effects are apparent. In the 
Born-Oppenheimer approximation which allows the separation of nuclear 
and electronic motion, the.rotational quantum numbers of the ionic core 
need not to be considered when rotational structure is not resolved. 
A full treatment of molecular rotation for diatomic molecules is given 

3 by Buckingham. 
Tunable radiation combined with photoelectron spectroscopy allows 

information to be derived from electronic structure of molecules 
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(atoms) by the measurement of ionization energies for the orbitals. 
The difference in energy between the final ionic state and initial 
state is called the ionization energy I. The kinetic energy e of 
ejected electrons and ionization energy I are restricted by the 
conservation of energy as shown by 

hv . I + e (2) 

Angular momentum (j) and parity (*) conservation lead to other 
restrictions placed on the ionization process as shown by the 
following equations: 

M J Y - 1 , H T ~ 1 ) + M(j0,it0) - M +(o c,» c) - e-(sn, v(-l)*) (3) 
j - 1 Y

 + j„ - J c
 + S + 1 (4) 

" * V° * Ve ( 5 ) 

The photon has values j > 1 and « - -1 to specify electric 
dipole interaction during the absorption via collision with the target 
M. The parity of the photon is equal to -1 because the parity of a 

a A 

particle is defined as (-1) . The photoelectron spin s will be 
neglected in the remainder of the discussion because the electron spin 
is not observed. 

Two cases need to be discussed in identifying the parity 
conserved values of the asymptotic photoelectron angular momentum l. 

In the first case, the initial state and final state parities ir and 
o 
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» are identical (equal symmetry), such that l takes odd values of 
angular momentum (£»1,3,5,...)• In the second case, the initial 
state and final state have different parities, and l takes even values 
of angular momentum (£.*0,2,4,...). For a thorough treatment of 
angular momentum topics refer to !..-ink and Satchler. 

The pftotoionization cross section and photoelectron angular 
distribution (spin-unobserved) are additional parameters necessary to 
describe the photoionization process. In the electric-dipole 
approximation, the differential cross section da/da of molecular 
(atomic) photoionization for a randomly oriented target (molecule or 
atom) which is excited by 100 percent linearly polarized radiation is 
given by 

J2^°l 2J£l [1 + B( e)P 2(coso)] . <6> 

The differential cross section do/dfi is a function of the kinetic 
energy c of the photoelectron measured at an angle e between the 
photoelectron emission referenced to the photon polarization 

7 8 axis. * P2(cose) is the second Legendre polynomial given as 
3 cos e - 1 . The angular distribution is completely described by 

~T T 
the asymmetry parameter e(e). The -.symmetry parameter has physical 
solutions when the cross section ha? non-negative values, so that B(E) 
is restricted to the range (-1 £ 8(c) < 2). For low photon energies 
Eq. (S) is quite accurate. At higher photon energies, where the 
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photon momentum 1s on the order of the photoelectron momentum or the 
photon wavelength is nearly equal to the atomic dimension: (-A), 
additional multipole components are needed to describe the angular 
distribution. 9' 1 0 

The electronic structure of a molecule (atom) is sensitively 
described by measured cross sections and asymmetry parameters B(e). 
The formulation of photoionization dynamics usually necessitates a 
definition of the continuum wavefunction, which is expanded in terms 
of alternate values of orbital angular momentum l, partial-wave 
amplitudes, and interference terms. The cross section o(e) is found 
to be only dependent upon the magnitude of the partial-wave amplitudes 
given by the squares of the dipole matrix elements. Yet, the 
asymmetry parameter s(e) is in addition dependent on the interference 
caused by non-Coulomb and Coulomb relative phase-shift differences and 
the signs of the dipole matrix elements. 

Two energy domains characterize the angular distribution of 
photoelectrons. First, for non-resonant photoionization, the rapid 
variation in the asymmetry parameter s(e) has been shown to be caused 
by the Coulomb phase-shift differences of the continuum waves. 
Secondly, in the resonant case (excluding autoionization) variation in 
the asymmetry parameter e(e) is attributable to variations in the 
dipole matrix elements. 

It has been shown that an alternative description of angular 
momentum dynamics can be achieved by defining the angular momentum 
transfer jt. Upon defining the angular momentum transfer jt, 
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12 13 bookkeeping of allowed momentum states for Eq. (4) is simplified. * 
The angular momentum transfer jt is the angular momentum vector 
difference taken between the final ionic state and the initial state 
or the photoelectron (£.) and the photon (1), shown by the following 
equation. 

jt - j c - J Q - t - 1 (7) 
Transitions which have odd values of the sum jt + I * j are "parity 
favored" transitions. Even values for the sum jt + I * j refer to 
"parity unfavored" transitions. The asymmetry parameter for parity 

12 unfavored transitions is always equal to -1. 
The molecular symmetry requirements for molecular photoionization 

have been used to determine the selection rules governing jt based 
on the character of the symmetry group. In that way, the role of 
symmetry properties in characterizing the angular distributions has 
been explicitly formulated for the direct ionization model. Table I. 
lists a few molecular point groups and the forbidden jt given by 

14 Oruger. 

C. Auger Electron Angular Distributions 
The present discussion will consider the ionization of K-shells 

for molecular systems. The vacancies produced in inner shells of 
molecules decay by an Auger process. The Auger decay accompanies the 
filling of the vacancy by an outer or inner valence electron. For 
photon energies that are insufficient to ionize core levels, excited 
electrons occupy discrete levels. After valence "levels fill the 
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initial vacancy, singly-charged ionic states are subsequently 
produced. Doubly charged ions are produced when the photoexcitation 
energy is sufficient to ionize core levels. Molecular valence Auger 
spectra have been used to identify and analyze the elemental 
composition of large systems. Analysis of these spectra allows the 
possibility for unraveling final state assignments using atomic 

nomenclature, because core-level type Auger exhibit essentially atomic 
15 character. Molecular Auger spectra have been studied 

experimentally 1 7 - 1 8 and theoretically. 1 5 , 1 9~ 2 3 

The kinetic energy of the ejected Auger electron e. (relaxation 
21 neglected) is given by 

'A - lc - l i ' h ' ueff • ( 8 ) 

where I , I., and I k are the ionization potentials of the core, 
jth and ktji valence levels, respectively. U - f is the spin-
dependent effective hole-hole interaction in ths final state and is 
equivalent to the difference between the energy of the doubly ionized 
system and the ground state energy with additional energy given by 
Ij and I k. 

Molecular photoabsorption is expected to be highly anisotropic 
for discrete transitions because the excited states have particular 

24 symmetries and energies. The interpretation of molecular Auger 
spectra is complicated by molecular orbital relaxation, 

22 localization of the final hole states, and hole-hole interaction 
24 in the final state. 
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To calculate Auger electron intensities, Auger electron transition 
moments are required. The Auger transition moments can be expressed 
in terms of Coulomb (J a b) and exchange (K a b) integrals involving 
the continuum orbital 6(e), the ionized Is orbital, and the final 

13 state with holes in the outer molecular orbitals a and b. The 
values of these Auger matrix elements are expected to be independent 
of the photon energy because the relative phases and Coulomb 

ix e 
19 

interaction should be static, and the Auger matrix elements have 
been shown to be proportional to the atomic charge. 

The orientation of the molecular excited state affects the Auger 
electron angular distribution because the decay of the K-shell is a 
fast process compared with molecular rotation. For that reason, 
photoabsorption to a * excited state creates excited molecules that 
are expected preferentially to orient perpendicular to the electric 

24 25-27 
vector of the light, as for example, in CO. In contrast, 
the o shape resonance is expected to yield molecular ions preferentially 

24 oriented parallel. Therefore the energy dependence of molecular 
Auger electron angular distributions should provide information about 
the anisotropy and identification of the symmetry of discrete excited 

24 and continuum states. 
The angular distribution of Auger electrons has been 

24 theoretically determined by Dill et al. to be 

^ S l . £|M [1 + B m ( h v )AP 2(cos«,)] , (9) 

where s m(hv) is the orientation parameter (-1 <_ im <_ Z) and A is a 
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constant (-1/2 <_ A <_ 1) that is characteristic for each Auger decay 
and is independent of the photon energy hv. One makes the 
Identification that the Auger electron asymmetry parameter, 
8.(hv) - B_(hv)A, where A is expected to be nonzero. 

28 The orientation parameter 8 (hv) determines the alignment 
due to unequal molecular orientations, parallel and perpendicular to 
the photon polarization vector, and is given by 

a- •--• -« (10) 2 [ D > v ) - Df(hv)] 
(hv) -

[Of(hv) + 2D*(hv)3 

Unlike the photoelectron asymmetry parameter 8(c), which includes 
interference between a and ir channels, the orientation parameter 
8 (hv) measures the photoabsorption strengths D and D , 
referenced to the photon polarization axis. In Chapter VI additional 
theoretical discussion of Auger asymmetry and experimental results is 
presented. 
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Table I. Character table of forbidden values of jt for representative 
symmetries and orbitals. 

Sywietry group (orbital) Forbidden values of jtl* 

°-h <**) All eve 

0-n in 1 

In M 0 

° J . W 0,1 

C 2 v ( B 1 > B 2 ) 0 

C 3 v (E) 0 

T (A) 1 , 2, 5 

T (E) 0, 1 , 3 

T (T) 0 
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II. Experiment 

We embark on a self discovery, 
And impose the restriction that 
The universe is not under the command of chaos, 
But directed by natural law. 

A. Introduction 
The molecular photoemission measurements discussed in this 

dissertation were all taken at the Stanford Synchrotron Radiation 
Laboratory (SSRL). The following discussion will describe the double-
angle-time-of-flight instrumentation, analysis, and programming used 
in measuring photoelectron and Auger electron angular distributions. 
Many components have been discussed in detail by M.G. White, R.A. 

1-4 Rosenberg, S. Southworth, and P.H. Kobrin. 

B. Properties of the Synchrotron Radiation Source 
TOF measurements were performed at SSRL because of the time 

structure and highly polarized character of the synchrotron radiation 
supplied to experimental stations (beam lines). Winick has given a 
description of th<> properties of the electron storage ring (SPEAR) and 
its associated instrumentation at the SSRL facility. 

Two beam lines were used to obtain TOF photoelectron and Auger 
spectra. The (8*) VUV beam line 1-3 uses a Seya-Namioka 
monochromator and has an operable energy range of hv = 4-36 eV. The 
monochromator coupled with a 1200 line/mm grating and -2.5 A bandpass 
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delivers a flux of -10-10 photons per second/cm when SPEAR 
operates with a 10 «A electron current. An aluminum window with a 
thickness of 1500 A was used to separate our chamber vacuum (-10 
torr) from the monochromator ultra-high vacuum (-10 torr). 

Soft X-ray measurements can be performed at the (new 4*) beam 
line III—1. Depending upon which grating is used, a grazing 
incidence "grasshopper" monochromator provides photon energies from 
hv - 20-1000 eV. A 1200 line/mm grating was used for the measurements, 
so that 50 eV was the lowest attainable photon energy. Entrance and 
exit slits of the monochromator were adjusted to obtain a bandpass 
from 0.5 and -5.0 eV. Depending upon the electron current in SPEAR 
and the monochromator bandpass used, the photon flux varies between 
8 10 ? 

10-10 photons per second/cm . On separate occasions an 
aluminum (1500 A thick) and vitreous carbon (1000 A thick) windows 
were used to separate the chamber vacuum from the monochromator vacuum. 

C. Time-of-Flight Angular Distribution Measurements and Analysis 
The experimental scheme is illustrated in Fig. 1. For single 

electron bunch operation of SPEAR, the photon pulses, which have a 
period of 780 nsec and a width of -0.3 nsec, are monochromatized before 
entering our chamber. At the interaction region inside the chamber, 
the photon beam intersects a gas sample which has been introduced by 
an inlet probe positioned between two TOF detectors. The electrons 
emitted from the sample are detected by the TOF detectors placed at 
angles o » 0* and » » 54.7* relative to the photon polarization 
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direction. The electron signals are coincidenced with the signal from 
the electron storage ring to define the electron time-of-flight. The 
signals from the detectors are directed to a time-to-energy converter, 
and with routing electronics are stored in two quadrants of a multi
channel analyzer (MCA). Additional information about the instrument 
can be found in Refs. 1-4. 

The TOF detectors provide major advantages for measurements of 
cross sections o(e) and asymmetry parameters B(e) at low resolution. 
The entire spectrum is collected simultaneously at each photon energy, 
thereby enhancing the sensitivity, and the low duty cycle at each 
photoelectron and Auger electron kinetic energy enhances the signal/ 
noise ratio. 

As stated in Chapter 1, the differential cross section for 
excitation by plane-polarized photons takes the form 

d
d
(ft e' e ) « -2fek 1 + B(*)P2(cos9) ] (1) 

At the "magic angle" of 54.7*, P, vanishes and the do/dfl measurement 
yields <r(e). Measurement of the relative intensities of electrons 
collected in the 0* and 54.7* spectra yields 8(e). We note that 
simultaneous data collection at two angles is intrinsically a more 
reliable method for obtaining B(C) than measurements based on moving a 
single detector to several angles. Not only are the errors in 
reproducing the detector placements avoided, but fluctuations in 
photon beam intensity and sample gas density during each counting 
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period are totally compensated. The remaining principal sources of 
systematic error — relative detector efficiency for e(e) measurements 
and transmission of the 54.7* detector for o(e) measurements — are 
dealt with in a calibration procedure. 

Helium, argon, krypton, xenon, and neon are used as calibration 
gases. The asymmetry parameters given in the literature for these 
gases are compared to the ratio of the intensities measured by the 0* 
and 54.7" detectors in order to determine the relative efficiency of 
the two detectors as a function of the kinetic energy of electrons. 
Literature cross sections for these gases are compared with the rela
tive intensity measurents taken by the 54.7* detector to determine the 
transmission of the 54.7" detector over the relevant electron kinetic 
energy. The calibration gases and sample gases were introduced into 

g the sample chamber through an inlet probe described previously. 
The sample density in. the interaction region was taken as being 
proportional to the backing pressure (nominally 3 torr), which was 

g 
monitored by a capacitance manometer. The photon intensity was 
monitored by a sodium salicylate scintillator, phototube, and 
picoammeter. For each counting period (typically 1000 s), the 
relative photon flux and sample pressure were integrated and stored 
with electronic counters. 

Data reduction is straightforward because of the calibration 
procedure. A more detailed description of this procedure has been 
given by Southworth et al. Briefly, 8(c) values are determined 
from the ratio of the peak areas determined from the ratio of the peak 
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area measured at 0* [A(0",t)] and 54.7" [A(54.7*,e)] and the relative 
collection efficiency [fg(e)] of the two detectors, 

, o ( c ) , .1 • A (0-,c)/A(54.7-,c) ( 2 ) 

The flg(e) measurements are corrected for a small unpolarized 
photon-beam component, for angle averaging over the finite source 
region and the collection solid angles, and for the difference between 
the measured 6(e) value and that of the calibration photoelectron line. 
It should be noted that because of the internal calibration procedure 
performed, the derived asymmetry parameters are only rather weakly 
dependent on the degree of polarization of the radiation, on geo
metrical parameters of the interaction and detection system, and on 

o 

certain experimental systematic errors. 
Peak areas measured at 54.7*, after normalization for sample 

density, photon intensity, and transmission of the 54.7° detector, 
were corrected in an analogous fashion to the s(e) values to yield 
relative partial cross sections. Th>»se were then scaled to yield 
absolute cross sections (usually) with the use of previously measured 
total cross sections. 

D. Time-of-Flight Programming 
The experimenter can effectively handle the stress of recording 

data, while being able to condense those measurements into meaningful 
results, with the aid of automation. On the average, it is necessary 
for TOF experimenters working at SSRL to be able to take data for 24 
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hours per day for a period of two weeks and interpret the data 
simultaneously. Therefore the experimenter must be prepared to be 
make efficient use of beam time granted, by possessing reliable 
hardware and effective software to control experimental data 
acquisition and manipulation. 

The TOF experiment has evolved from being equipped with the bare 
necessities to a more sophisticated method for taking measurements and 
performing data analysis. In the early stages of this project, the 
data were stored on magnetic tape. The on-line data analysis con
sisted of integrating peaks from the 0* and 54.7* detectors by using a 
pen plotter that digitized the background and peak locations to cal
culate peak areas. Although we could determine relative cross sections 
with the peak intensities measured at 54.7*. the limited size of 
memory provided by an Motorola 8080 microprocessor (8K words) did not 
afford us the opportunity to program withct severe restrictions on 
the size and capabilities of the software package. Presently, our 16 
bit LSI-11/23 microprocessor has 54K bytes program space and a total 
addressable memory of 256K bytes. 

In the discussion to follow, a brief description will be given of 
some of the hardware devices used for the TOF measurements. The 
discussion will concentrate on important topics that will in general 
guide the experimenter to produce software with simple, standardized, 
and understandable routines. The focus of these topics describes the 
development of the program called TOFCON (time-of-flight control), its 
structure, the inherent problems in its specific operation, and the 
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considerations needed to inprove its capabilities. This program is 
designed to allow the experimenter to record and analyze photoelectron 
and Auger electron spectra with relative ease without sacrificing the 
attributes of performing rigorous data reduction. Topics that are 
related to program development are discussed to help future workers 
in the TOF "group" avoid some problems and pitfalls that can easily 
hinder one during experimental measurements, and understand the TOFCON 
program structure in order to be able to effectively change it without 
being forced to create an entirely new program. 

A short list of the hardware devices (excluding signal processing) 
that record, store, and help in handling the data is given below. 

1. Canberra Series 40 MCA (multi-channel analyser). 
2. Hewlett-Packard 7220A pen plotter (microprocessor-based, 

RS-232C interface). 
3. Ortec 778 dual counter. 
4. Digital LA-120 line printer. 
5. Digital VT-5S terminal. 
6. Oata Systems Design 8" floppy disk drive. 
7. Digital LSI-11/23 microprocessor. 

The Canberra Series 40 MCA records the time-of-flight spectra in 
two of four quadrants. With the use of Macro-11 routines supplied by 
the manufacturer, the MCA can be programmed to send peak locations and 
data to the LSI-11/23 microprocessor. The data are finally stored 
on double-density floppy disks. There are many static control 
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capabilities of the MCA. The data can be expanded, presented on a log 
scale, the area can be approximated, simultaneous live display of the 
0* and 54.7* spectrum can be presented, and regions of the spectra can 
be highlighted (regions of interest) to locate peaks. 

One of the indispensable hardware devices for TOF studies is a 
plotter. The plotter produces hard copy of spectra, graphs, and 
figures. An added value imparted to the Hewlett-Packard 7220A plotter 
is the ability to be programmed with the HP-GL plotter language. The 
pen plotter can perform tasks like drawing curves, digitizing points 
and graphs, and making special symbols (e.g., greek characters). 

In order to derive partial cross sections, the intensity measured 
by the 54.7* detector must be normalized for sample density and photon 
flux. The sample density is monitored with a Sarytron capacitance 
manometer, and the photon flux is detected with a sodium salicylate 
scintillator, phototube and picoammeter. The signals from the 
manometer and picoammeter are sent to separate channels of the Ortec 
778 dual counter in order to store the integrated sample density and 
photon flux. The computer can start and stop the counter, and read 
the integrated sample density and photon flux for later storage with 
the experimental data on floppy disk. 

The data or results can be printed with the Digital LA-120 line 
printer. This high speed (-120 char/sec) printer can be used to print 
quickly calculations and data, so that large amounts of time are not 
wasted generating our large volume of output. The LA-120 printer can 
also be used as a terminal. 
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The Digital VT-55 terminal is used to direct processes executed 
by the IS1-11/23 microprocessor or other peripheral devices. The 
keypad can be controlled by a text editor for easy creation/modification 
of text, such as program sources. The progress of tasks can be 
monitored by printing information to the terminal, and the 
experimenter can be prompted to supply additional information to 
complete certain menus. 

The DSD 440 floppy disk system can read, write, modify, create, 
and delete data in the form of files. Two 512K byte floppy disks are 
managed by the controller. One of the disks is a system disk having 
routines for directory maintanence, program generation, and general 
file utilities. The other disk usually contains data of some sort 
and/or Fortran sources. 

The Digital LSI41/23 microprocessor performs calculations and 
directs tasks to be carried out by appropriate hardware devices* In 
addition this device allows software routines of a program to be 
overlaid. With this feature, many routines can be added together. 
These routines are grouped into certain regions and segments. 

The TOFCON program is command activated. The main routine 
requests that the user specify a valid command. A valid command is a 
four letter descriptor that is defined prior to program execution. 
The four letter command activates a particular task or tasks to be 
completed. Besides having the ability to act on elementary commands, 
one can generate a menu consisting of a repetition of elementary 
commands. 
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There are two modes of operation for TOFCON. Firstly, one can 
work 1n an "echo" mode. In the echo mode there are forced instances 
where the terminal requires the user to input information before a 
task can be completed. In contrast, the "no-echo" mode allows answers 
to questions to be predefined and supplied internally to the program. 
A file contains the default answers that the TOFCON program uses to 
determine appropriate methods of action for certain tasks. The 
default values also reside in memory and can be easily changed. If 
the user wishes to know the individual questions that are allowed to 
be answered by defaults, he need only type that command-and the 
default questions and their current values can be seen on the terminal 
or directed to be printed by the line printer. One power of the 
no-echo mode is that answers to question can be defined, so that the 
user can alleviate supplying monotonous and unnecessary input. An 
entire process can in principle take place with the user only 
inputting the appropriate command. 

To understand the capabilities of the TOFCON program, one needs 
to know the specific tasks it has been designed to perform. There are 
three classes of operations that TOFCON can carry out. The TOFCON 
program can be used in conjunction with hardware devices to retrieve 
data stored in the MCA, analyze data, and manufacture figures. The 
following discussions will only give a few of the possible uses of the 
TOFCON program. 

The first class of tasks include the transfer of data to and from 
the MCA. The TOFCON program can be used to transfer data from the MCA 
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to floppy disk and vice versa, to retrieve the spectral peak and 
background locations from the MCA, and to retrieve the output of the 
dual counter. While data are being collected in two quadrants of the 
MCA, the previous spectrum can be analyzed in the other two quadrants 
of fie MCA or by the pen plotter. The specification for this class of 
operations is that data acquisition is never restricted by data 
manipulations. 

The second group of tasks that TOFCON can perform is data 
analysis. TOFCOH contains routines that can determine peak areas, 
backgrounds, photoionizatipn cross sections, asymmetry parameters, and 
branching ratios. TOFCON can also be used to do peak fitting, time-

4 to-energy conversion of spectra, digitization of points or graphs, 
and column algebra. 

The last category of uses of the TOFCON program is for making 
figures. The natural path from obtaining data, to deriving the 
important results, is to present the results in a clear illustration. 
The TOFCON program allows one to plot graphs with variable-automatic 
axes and special characters. Easily understandable routines make it 
possible to make figures of journal quality without requiring a 
draftsman to produce them. Thus time is saved and experimenters can 
effectively proceed from the process of taking measurements to the 
completion of a paper, which presents the significant experimental 
results. 

In some instances, high-quality graphics can be generated with 
programs on the VAX. The VAX is 32 bit interactive minicomputer that 
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contains other routines capable of data analysis and graphics. A 

program called RPN was written by John Barton, Charlie Bahr, students 
of the same research group as myself, and Dennis Trevor (former 
graduate student). The RPN program stands for Reverse Polish 
Notation. Without giving a detailed explanation of the design and 
operations possible using this program I quote Charlie Bahr, "the 
general purpose Reverse Polish flotation {RPN) program residing on the 
VAX computer (with a condensed version capable of being operated on a 
DEC LSI-11/23) has been used for graphics, curve fitting, Fourier 
analysis, spectral manipulations (summing, subtracting, smoothing, 
etc.), and various I/O specific to different types of data. The 
command structure is very sophisticated, allowing compound commands to 
be defined in terms of elementary operations. RPN can be programmed 
to perform a series of repetitive operations. The extreme generality 
of RPN has given it great flexibility and consistency." 

Looking to the future, the TOF method can improve its capabilities 
in collecting data and performing data analysis by making further 
improvements in the TOFCON program. A major improvement in the TOF 
method can be achieved by allowing the experimenter the ability to 
take measurements in a monorhromator scanning mode. With a few 
modifications and additions to existing routines, one could auto
matically scan the monochromator and monitor the peak areas of the 0* 
and 54.7* detector as a function of photon energy. The peak locations 
can be determined by modifying the time-to-energy conversion 
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routine to provide the peak locations for peaks with binding energies 
Eg. By including the total experimental resolution one can describe 
the peak shapes. 

TOFCON can become a simpler and more general program by 
considering only a few ideas. The limitations and problems associated 
with the TOFCON program must be described if any effective resolution 
to those difficulties is achieved, so that the TOFCON can evolve into 
a more sophisticated sofware package. In the future the TOFCON program 
should be able to accept future "undefined" data characteristics and 
data types (e.g., 3 angle spectra). To this end, the flexibility of 
the program is improved. 

A modification of the command structure and menu selection can 
also improve the general use of the TOFCON program. If commands are 
created that answer specific questions, unnecessary queries by the 
program can be reduced. To be able to access any task from any 
location in the program is highly desirable. With that capability, 
the full power of the TOFCON program can be utilized. 

In summary, the continued development of the TOFCON program is 
encouraged. Experimenters can effectively handle the burdens of 
taking measurements and simultaneously analyzing the measurements 
with the TOFCON program. It is wise to build upon the routines of 
this program to create a flexible and adaptable software system by 
improving the command structure, and increasing the task capabilities 
of the TOFCON program. 
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Figure Caption 
Figure 1. Schematic diagram of the double-angle-time-of-flight 

experiment for measuring photoeiectron and Auger electron 
angular distributions. The synchrotron radiation time 
structure is used to record time-of-flight spectra. One 
detector placed at 0* and another detector placed at 54.7* 
with respect to the photon polarization axes simultaneously 
measure electrons. 
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III. PH0T0ELECTRON ANGULAR DISTRIBUTIONS OF HgO 

A. Introduction 
Photoionization of the water molecule is a reaction of very wide 

interest. As in any photoionization process to which Yang's criteria 
of initial-state random orientation and dipole multipolarity apply, 
and where the spin of photoelectrons is not detected, two parameters 
must be measured to describe photoionization to a given ionic state 

2 
through a given channel. These are the angle-integrated cross-
section, o(e), and the asymmetry parameter e{e), where e is the photo-
electron kinetic energy. If e denotes the angle between the photo-
electron propagation direction and the polarization vector of the 
exciting radiation, the differential cross section for excitation by 
plane-polarized photons takes the form 

4§j"i . « J E 1 [i * B(c)P 2(cosa)] , (1) 

where P-(cos a) is the second Legendre polynomial, equal to 
1 2 
j (3cos e - 1). Thus, the photoionization of H-0 can be characterized 

C. M. truesdale, S. Southworth, P. H. Kobrin, D. W. Lindle, 
G. Thornton, and D. A. Shirley, J. Chem. Phys. 76, 860 (1982). 
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by measuring [do(e)/d8] at two or more ejection angles for the various 
photoionizatlon channels, each of which corresponds to ejection of an 
electron from a particular molecular orbital. e(0 characterizes the 
angular distribution of the photoelectrons. The complementary 
measurement of photoelectron spin polarization, in addition to o{c) 

3 and B(e)> would completely describe the photoionization process. 
In this paper we report o(e) and B U ) measurements for the 

processes 

H 20 + hv * H 20* (^.lb" 1) + e" (2a) 

H 20 + hv » H 2 0 + (^j.SaJ1) + e" (2b) 
and 

H 20 + hv » H 2 0 + {hz,lh-1) + e" (2c) 

for photon energies in the range hv » 18-31 eV. These measurements 
are compared with previous experimental results and with theory. 

The experiments were performed at the Stanford Synchroton Radiation 
4 Laboratory, on the VUV beam line. This source provides highly 

(>97 percent) linearly polarized radiation. The time structure of 
this source (0.3 nsec pulse length, with a 780 nsec period) facilitated 
the use of a specially designed time-of-flight (TOF) detector. 
These experiments were performed with a. 2.7A (FWHM) mcnochromator band 
pass throughout the available radiation energy range of 18-31 eV. 
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As calibration gases we used helium and a rare gas mixture of 
argon, krypton, and xenon. The asymmetry parameters for these gases 
were taken from previous resonance-line and synchrotron-radiation 
measurements. ' Both the relative efficiencies of the two detectors 
and the transmission of the 54.7* detector over the rjlevant electron 
kinetic-energy range were thereby obtaineo. A detailed description of 

g 
the calibration procedure has been given by Southworth et al. The 
calibration gases and sample gas (H»0) were introduced into the sample 
chamber, through an inlet probe described previously. The photon 
intensity was monitored by a sodium salicylate scintillator, phototube, 
and piceammeter. For each counting period (typically 1000 sec), the 
relative photon flux and sample pressure were integrated and stored on 
scalers. The backing pressure for the gases was nominally 3 torr. A 
typical TOF spectrum for the outer three molecular orbitals of H 20 is 
shown in Fig. 1. There is good separation of the molecular orbital 
peaks, but vibrational structure is not resolved. 

The derived relative cross sections measured by the 54.7* detector, 
which are normalized for sample density, photon flux, and transmission of 
the 54.7* detector, were scaled to yield absolute partial cross-sections 
by the use of the total photoabsorption cross- sections measured by L. de 

g 
Reilhac and N. Damany and the ionization efficiencies reported by 
Katayama, et al. 

There are two Sections to follow. Results are presented and 
discussed in Section 8 and conclusions are given in Section C. 
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B. Results and Discussion 
At this early stage in the development of theories of molecular 

photoionization, any discussion of molecular o(c) and a(c) parameters 
must be somewhat tentative. Therefore, comparisions of results from 
different experimental and theoretical sources must perforce be an 
implicit evaluation of the methods employed by those sources. Thus, 
in the context of discussing our results we are addressing methodologies 
as well as the physical properties of the water molecule. 

The ground-state electronic configuration of water is 
{ l a ^ 2 (Zaj) 2 (lb 2) 2 ( Z ^ ) 2 (lbj) 2. In the UV range available, the 
la. and 2a. electrons are too strongly bound to be ejected. The 
other three orbitals can be ionized according to the channels in 
Eq. 2. In Table I, we present the oartial cross-sections and asymmetry 
parameters for the*e three channels in the photon energy range 
18-31 eV. Also shown for comparison are B(C) values at h\i » 21.2 eV, 
reported by Carlson and McGuire and by Katsumata, Achiba, and 

12 Kimura, and the o(e) measurements at 21.2, 23.5, and 24.5 eV 
reported by Katsumata, et al. and dipole (e,2e) results of Tan, Brion, 
van der Leeuw, and van der Wiel. The agreement is good. 

Before separately discussing our results for the three channels, 
we note a strong similarity among them. This arises, as Roche, 

14 Salahub, and Messmer have pointed out, because the lb., 3a., and 
lb. molecular orbitals are all derived from the 0 2p shell. Banna 
and Shirle> carried this analogy further in discussing photoemission 

15 from the second-row hydrides, noting both their conceptual 
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derivation from neon and the dominant contribution of the second-row 
atom's valence orbitals (rather than a hydrogen "Is" orbital) to the 
photoemlssion cross-sections. Roche, et al. computed o(e) and »(t) 
values for 0 2p to compare with their H^O molecular-orbital o{c) and 
B(C) results, which are based on the multiple-scattering Xa method. ' 
Thus, the strong similarity among the o(e) and B(C) curves (Figs. 2, 
3, and 4) for the three channels is the first qualitative success of 
this theoretical picture. A more quantitative measure of the success 
of Xa computations is obtained by comparison with other theoretical 
curves and with experiment, as discussed below. 

The lone-pair lb, orbital is least distorted from an atomic 0 2p 
orbital by the presence of the atomic hydrogens because this orbital 
is orthogonal to the plane of the molecule and is nonbonding. As 
predicted, both o(c) and e(e) follow the atomic orbital curves 
quite closely as shown in Fig. 2. The observed -60 percent increase 
of B(e) with increasing energy agrees well with the Xo calculation, 
and the agreement of the a(e) behavior near the end points leaves 
little to be desired. The HSXa calculation predicts a decrease of 
o(e) by about 20 percent with increasing energy, although the absolute 
value of o(c) is typically 20 percent higher than predicted. There is 
better agreement between our a(e) results and Xa calculation below 
20 eV photon energy. 

The magnitude of o(e) was predicted more accurately by Williams 
18 19 

and Langhoff, and by Hilton, Nordholm, and Hush. The former 
calculation was based on the Stieltjes-Tchebycheff (ST) moment imaging 
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theory, * and the latter is developed by use of the ground state 
inversion potential method (GIPM). The ST approach uses variational 
calculations of square-lntegrable wavefunctions of the photoelectron 
interacting with a non-local and noncentral molecular-ionic potential. 
It yields pseudospectra and oscillator strengths from which the cross-
sections are derived by moment-imaging methods, but s(e) is not cal
culated because the continuum wavefunctions are not determined. It 
should, however, be capable of predicting structure in u(e), a subject 
to be discussed latter. The ST calculation of Delaney, Saunders, and 
Hillier is in only qualitative agreement with our results for 
predicting the decrease in o(e) as a function of photon energy. 

The GIPM calculation determines the molecular orbital 
cross-sections from those of the atomic subshell components. It 
can include the interference effects between the atomic components of 

21 the molecular orbital. As stated, the calculations of Hilton, 
et al. predict o(e) with rather good accuracy. Their model determined 
that interference effects between the atomic components of the lb. 
molecular orbital are negligible. 

We conclude our comments on the gross form and magnitude of a(e) 
2 i for the B,(lb7 ) transition by noting that, although the (e,2e) data 

do not show any resonance structure, there is otherwise good quali
tative agreement between our results and the (e,2e) data of Tan, 

13 et al. throughout the range of our measurements. Maxima in our 

o(c) data appear near 22 eV and 25 eV, and some structure is present 
below 20 eV. Outuit, et al. reported photoelectron intensities for 
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this state up to 20 eV, with structure at 19 eV, but their reported 
?3 

cross-sections are higher than ours in the small region of overlap. 
Those authors suggest that the broad maximum at 19 eV may be due to a 
competition between neutral dissociation and autoionization to ionic 
states of H-0. wu and Judge, who reported recent measurements of 
Lyman a fluorescence of neutral dissociation products of H-0, have 
suggested that a sharp structure present in absorption spectra at 
-18.5 eV corresponds to an s-like Rydberg state, converging to the 
2 24 
B ? ionic channel, from which predissociation occurs. This 

explanation accounts for resonance structure in, and competition 
between, the photoionization and dissociation channels. 

The two ST calculations are somewhat different in detail, one being 
18 based on the time-dependent Hartree-Fock (TDHF) approximation and 22 the other on a static-exchange approximation, and their resulting 

<J(E) -urves differ as well. In particular, excitations of virtual 
discrete states and states in the ionization continuum (e.g., 

18 lb. * 4a, ) in the TOHF calculation were found to yield maxima in the 
2 -1 sub-channel cross sections for the B, (lb, ) channel. These 

maxima were smaller or absent in their final curves. A broad shape 
resonance centered around 22 eV photon energy due to excitation of a 
o*a, valence-like orbital predicted by Williams and Langhoff may 
identify the resonance structure located at -22 eV in the present work. 

22 Figure 2 shows that Oelaney et al. also find structure in the o(e) 
curve at -18 eV for the B, state, but with small amplitude. The 

2 experimental response feature in a(e) for the B, state below 20 eV 
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nay also result from the shape resonance predicted by Oelaney, et al. 
Until confirmatory measurements are made it seems prudent to defer 
further interpretation. 

2 1 
The e(t) parameter for the B, (lbT ) channel has been 

measured previously only at fixed energies (see Table I), and has been 
calculated only by Roche, et al. As noted above, agreement between 
experiment and theory is excellent, except for the structure near 
hv » 22 eV and 25 eV, as in o(e). In particular, S(E) starts rela
tively high (0.76) at hv - 18 eV, rises quickly to 1.0 by hv » 20 eV, 
and (except for the structure near 22 eV and 25 eV) remains large and 
increases to -1.4 near 30 eV, in good accord with the Xa results. 2 -1 Results for the A.(3a, ) channel are shown in Fig. 3. There is 

23 good agreement among our measurements, the results of Outuit, et al. 
13 above 22 eV, and the (e,2e) results fo the entire photon energy 

range. This channel involves the "0 2p-like" orbital, which is in-
plane and directed along the C- v axis. It has significant involve
ment with the hydrogen atoms. This fact is evident in photoemission. 

15 2 For example, in earlier work the A, intensity was shown to 
increase much more between spectra excited by soft-x-ray radiation 
(132.3 eV) and those excited by higher energies (1487 eV) than did 

2 2 
those of the B, or B- states. This suggests that 0 2s ad
mixture is present in the 3a, orbital. We interpret this as being 
due to sp hybridization, which is allowed by symmetry. Thus, unlike 
the lb, and lb- orbitals, the 3a, orbital does not have a nodal 
plane through the oxygen nucleus. 
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There is little difference between the present experimental o(e) 
values for the ^ (lbj1) and 2Aj p a j 1 ) states, although the 
calculated a(e) values of Roche, et al. are somewhat higher for the 
2 A.. On the average, the Xo calculation is somewhat closer to 
experiment than the S T 1 8 , 2 2 or GIPH 1 9 results. The GIPM calculation 
that includes interference effects for the A, channel is presented 
in Fig. 3: the GIPH calculation without interference effects would be 
in better agreement with the present results, judging from the four 

1Q 
points given by Hilton, et al." The GIHH o(e) curve shown in Fig. 3 

19 22 
predicts a broad maximum near 20 eV. Delaney, et al. predict 18 a resonance at -19 eV. Williams and Langhoff predicted that a 
continuum subchannel resonance -25 eV is present for the excitation 
into the continuum o*a, orbital. The experimental structure falls 
at -18 eV, -22 eV, and -25 eV. 

2 1 The prediction of 8(e) for the A, (3a7 ) ionic state is a 
success for the X<x model. The theoretical curve starts at a low value 
of 0.6 at hv » 18 eV and rises to a value of 1.2 near hv * 31 eV, in 
good overall agreement with the data. This behavior is to be con-

2 -1 trasted to the 8(e) curve for the B, (lb, ) channel discussed 
above. The two 6(c) curves are quite different in detail, as a careful 
comparison will show, and on a coarse scale the predicted differences 

2 -1 are closely followed experimentally. The difference of the A, (3a, ) 
2 1 8(e) curve from that for the 8, (lb, ) state, which closely 

follows the differences from the e(e) curve of an 0 2p orbital, can be 
attributed to perturbations of the 0 2p orbital by the hydrogens, 
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leading to hybridization. Table II presents the theoretical e(e) and 
2 2 

experimental difference between B, and A, ionic states of H-O. Both 
the experimental and the theoretical average differences &a for these 
two states are -0.3 B unit. The Xa calculation is in excellent 
agreement with experiment in predicting this molecular bonding effect. 
Again weak resonance-like structure is found in a(e) at hv - 20 eV and 
24 eV. 

2 -1 The B- (lb, ) cross section is larger than those of the other 
two states as shown in Fig. 4, which is consistent with a larger 
difference of this 0-H bonding orbital from an 0 2p orbital. The Xa 

14 calculation predicts this result well, while the GIPM curve is low 
lfl ?2 and the ST calculations ' are typically 30-50 percent higher than 

experiment. Our data agree well with the (e,2e) results and with 
23 Dituit, et al. There appears to be two small resonances in our 

in 
data at -22 eV and -25 eV. Williams and Langhoff ° predict a broad 
subchannel resonance centered around 25 eV due to transitions into a 
o*a. orbital in the continuum, but no maximum appears in the final 
o{e) curve. Cross section measurements of Dituit, et al. seem to con-

23 firm that there is structure near 22 eV. The ST calculations of 
19 Delaney, et al. also predict a resonance feature near -23 eV. 

2 -1 The s(e) parameter for the B« (lb- ) channel is much lower than 
for the other two channels and for the 0 2p orbital, owing to its strong 
molecular 0-H bonding character. The e(e) value increases smoothly from -0.1 
to 0.6 as h« increases from 21 eV to 30 eV. This behavior is well predicted 
by the Xo model, which is in very good agreement at the high-energy end. 
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C. Conclusions 
Several conclusions can be drawn from this work: 

» 1 ? _1 
1. The <T(C) and 8(e) parameters for the B, (lbj ), A, (3a, ) , 

2 -1 and B- (lb- ) channels in the photoionization of H-0 
correspond with the parameters for 0 2p orbitals from which 
these molecular orbital are derived. The o(e) and 8(e) 
parameters are sensitive to chemical bonding. 

2. The Xa calculation of Roche, et al. predicts the overall form 
of o(e) and »(e) for these orbitals very well. 

3. The SIPM calculation of Hilton, et al. predicts a(e) equally 
well, on the average. 

4. The two available ST calculations predict o(e) values which 
tend to be somewhat higher than experiment. 

5. Our work agrees well overall with the (e,2e)-derived o(e) 
results of Tan, et al.; however, their results do not show 
any structure. 

6. Our measurements show weak resonance-like structure in both 
o(e) and 8(e), as do the results of Dutuit, et al. There is 
good qualitative agreement with Dutuit, et al. at photon 
energies higher than 21 eV. 

7. The ST models show resonances in the ionization sub-channels, 
corresponding to excitation of virtual discrete orbitals 
imbedded in the continuum. The location of broad continuum 
resonances predicted by Williams and Langhoff may identify the 
underlying resonance structure present in our data at 22 eV 
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2 2 2 
for the B,, and 25 eV for the A, and EL ionic states 
calculations of Delaney, et al. give further indication that 
the ST method may possibly determine resonance structure in 
the cross sections of the ionic states of H-0. More 
experimental and theoretical study is needed to provide a 
definitive understanding of the usefulness of the ST model in 
the prediction and identification of resonances in H,0. 

2 2 8. Vibrationally resolved measurements of the B,, A,, 
2 

and B_ ionic states would help in the identification of 
weak features in the data that are possibly due to 
autoionization, predissociation, and shape resonances. 
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Table I. Cross sections and asymmetry parameters of the 
'Bi, 2*i and 'B 2 ionic states of HjO. 

hi *H hz 

hv(eV) o(Mb) a o(Mb) 6 o(Mb) • 

18. 5.60(14)* .76(5) 6.51(16) .35(4) ... 
19. 5.91(15) .88(5) 5.83(14) .45(4) ... 
19.5 5.01(15) 1.18(8) 4.83(14) .63(6) 

20. 5.24(15) 1.09(6) 4.71(14) .85(6) ... ... 
20.5 5.23(13) 1.08(7) 5.23(13) .75(5) 

21.2 5.77(14) .99(8) 5.87(16) .68(5) 7.03(16) - .11(3) 
5 . 9 ( 4 ) a 1 . 0 9 ( 4 ) a . 1 . 0 ( l ) b 6 . 0 ( 4 ) a . 4 5 ( 5 ) a . . 3 ( l ) b 8 . 4 ( 8 ) a - . 09 (10)* , - . 1 (2 ) 

22 6.06(15) .96(6) 5.70(15) .72(5) 8.05(18) - .10(3) 

23 5.92(15) .96(6) 5.65(14) .64(5) 7.32(17) - .06(3) 

23.3 5.46(14) 1.06(7) 5.41(14) .76(6) 7.38(18) .02(3) 

23.5 5.23(13) 
6 . 0 3 c 

1.24(7) 5.00(13) 
5.44C 

1.00(5) 6.91(16) 
6.63= 

.02(3) 

24 5.11(14) 1.19(7) 4.77(14) .85(6) 6.81(17) .06(3) 

24.5 5.23(13) 
5 .65 c 

1.20(7) 4.83(13) 
5 .30 c 

.94(6) 6.69(16) 
6 .59 c 

.20(3) 

25 6.16(14) .88(5) 6.00(14) .75(f) 7.83(17) .22(3) 

26 5.55(15) 1.05(5) 5.03(13) .90(5) 6.94(17) .23(4) 

27 5.26(13) 1.21(6) 5.45(13) .80(3) 6.70(15) .37(4) 

28 4.92(14) 1.31(8) 5.14(14) .85(6) 6..15(15) .48(5) 

29 4.63(13) 1.12(8) 4.66(13) 1.01(7) 5.77(15) .54(5) 

30 4.40(12) 1.38(8) 3.11(13) 1.20(9) 5.43(15) .55(6) 

31 4.38(1«) 1.36(9) 3.72(12) 1.21(9) 5.54(15) .56(5) 

•Errors in the 
•Reference 12. 
Reference 11. 
Reference 13. 

last place are given parenthetlca' l l y . 
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Table II. Asymmetry parameter differences between the 
'Bi and 'fy ionic states of HjO. 

hv 48(experiment) aa'theory) 
18 .41(4) .30 
20 .24(6) .30 
22 .24(5) .29 
24 .34(6) .29 
26 .15(5) .25 
28 .46(7) .28 
30 .13(8) .26 

*Prt?sent results. 
**Roche, et a!. 1 4 
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Figure Captions 
Tl 
2, 

2 2 Fig. 1. TOF photoelectron spectrum showing the B,, A,, and 

B 2 ionic states pf H,0. 
Fiq. 2. o(e) and B(E) for the ^B, (lbT ). For the o(e) curves, A 

is the Xa calculation of Roche, et al., B is the GIPM 
a culation of Hilton, et al., C is the ST calculation of 
Williams and Langhoff, D is the ST calculation of Delaney, 
et al., O - are t n e (e,2e) data of Tan, et al., • - are the 
measurements of Dituit, et al., and iare the present 
me lsurements. For the s(c) curves, the solid curve is the 
Xa calculation of Roche, et al. and • are the present 
me isurements. 

Fig. 3. Photoionization cross section o(e) and photoalectron 
+ 2 -1 asymmetry for H-O A. (la. ). The experimental and 

theoretical results are denoted as in Fig. 2. 
Fig. 4. Photoionization cross section o(e) and photoelectron 6(e) for 

+ 2 -1 H„0 B- (lb- ). The experimental and theoretical results 
are denoted as in Fig. 2. 
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IV. PHOTOELECTRON ANGULAR DISTRIBUTIONS OF THE N 20 OUTER 
VALENCE ORBITALS IN THE 19-31 eV PHOTON ENERGY RANGE* 

A. Introduction 
Photoelectron spectroscopy of the individual molecular orbitals 

of molecules, using tunable-energy radiation, is in principle capable 
of yielding a great deal of information about molecular electronic 
structure. This is a consequence of the fact that the photoionization 
process is sensitive to dipol; amplitudes and asymptotic phases, which 
in turn depend on both the ionization channel and the molecular field. 

It is useful first to write the expression for the differential 
cross section for (dipole) photoemission from a randomly-oriented 
sample of molecules irradiated by linearly-polarized light: 

* ^ p 2 l . 5jil [i + 6 ( e)P 2(cos 9)] , (1) 

where P,(cose) « (3cos e - l)/2 is the second Legendre polynomial, 
© is the angle between the polarization direction and the 
photoelectron propagation direction, and e is the photoelectron 
kinetic energy. If spin is neglected, measurement of both o(e) and 
s(e) as functions of c will yield all the measurable information about 

C M . Truesdale, S. Southworth, P.H. Kobrin, O.W. Lindle, and D.A. 
Shirley, accepted for publication in J. Chem. Phys. (1983). 
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a given photoionization channel (e.g., ionization from a given 
molecular orbital). Variation of c is effected by adjusting the 
photon energy h\» from a tunable source, such as synchrotron 
radiation. The two energies are related by 

hv - e + B (2) 

for photoionization from an orbital of binding energy B. Thus 
photoelectron spectroscopy can provide more information than that 
obtained from more conventional methods, such as absorption 
spectroscopy, because each photoionization channel with a particular 
binding energy can be monitored independently. In addition, o(e) and 
s(e) are sensitive to the molecular potential in different ways. 

As yet, the development of variable-energy photoelectron 
spectroscopy is in a very early stage. On the experimental side, the 
increasing availability and use of synchrotron radiation is facili
tating the acquisition of a rapidly growing body of data. For 
example, recently reported data on molecules such as H-0, OCS, 
CS-, CO-,' N-, and 0~ nave measured the sensitivity of both <s[c) 

and B(e) to shape resonances, autoionization, and predissociation, as 
well as confirming the sensitivity of these parameters to the 
molecular potential. 

The theoretical situation is still evolving. Modelling the 
photoionization process is a challenge to theory if the goal is to 
provide a reasonably accurate description of o(e) and 8(e), while 
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preserving both computational tractability and a faithful description 
of physically interesting features in the molecular potentials. Among 
the models used to date, the multiple scattering method (MSM) seems to-
describe the photoionization process well. Although it assumes a 
muffin-tin molecular potential and the results are not always 
quantitative, it has been very successful in describing the energy 

p 
dependence of B and a for some molecular systems. Yet to come are 
a sufficient number of comparisons between theory and experiment to 
allow broad conclusions to be drawn concerning the efficacy of various 
theoretical approaches. Still further away is the stage in which 
quantitative interpretation of the parameters is feasible, without 
recourse to careful comparison with theory, to obtain quantitatively 
useful information. 

The photoelectron spectra were obtained using a double-angle 
time-of-flight spectrometer. A detailed discussion of this instrument 
has been published. Two detectors, one placed at 0* and another at 
54.7* with respect to the polarization axis of the radiation, detect 
photoelectrons with microchannel plates. A time spectrum of the 
photoelectrons is collected, and their intensities as functions of 
kinetic energy are analyzed to yield o(c) and s(e). All spectra 
presented here were collected for 1000 seconds. The 6(e) parameters 
are obtained from the intensity ratio of photoelectrons measured at 0* 
to those measured at 54.7*. The ratios were corrected for the 
relative efficiency of the two detectors by a calibration procedure 
which has been explained in detail. Relative partial cross 
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sections were obtained from the intensity of photoelectrons measured 
at 54.7", the "magic angle". At this angle the intensity is 
independent of the asymmetry parameter. After correcting partial cross 
sections for the transmission of the 54.7* detector, they were 
normalized for photon flux and sample density, then scaled to the 
(e,2e) total cross sections given by Hitchcock et al. 

The Stanford Synchrotron Radiation Laboratory provides a tunable 
ultraviolet radiation source at the 8* beam line. Our measurements 
used photon energies in the range 18-31 eV. The bandpass of the 
monochromator was 2.7 A for these experiments. Additional energy 
resolution broadening from our spectrometer of - 3 % of the kinetic 
energy of the photoelectrons increases the overall experimental 
resolution. 

This paper is organized in two more sections: B. Results and 
Discussion, and C. Conclusions. The body of the paper appears in 
Section B, in which photoionization of each valence orbital is 
discussed in turn. 

B. Results and Discussion 
The ground state electronic configuration of N,0 can be written 

(l<T)2(-2ff)2(35)2[40)2(5o)2(6a)2(l7.)4(7o)2(2i,)4 1 2 + . We present the 
partial cross sections, branching ratios, and asymmetry parameters for 
ejection of ohotoelectrons from the 2», la, In, and 6o orbitals of 
N.O, leading respectively to the X, A, B, and C states of N_0 . 
A complete designation of these channels is given by 
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N 2 0 ( V ) + hv - N20+(X2n2») + e 

- N20*(A2Z+7?) + e" 

+ N 20+(B 2El7) + e" 

- N 20 +(C 2Z +67) + e" , 

4 
where 2* denotes a hole in the (2») configuration, etc. A comment 
on notation is needed. Because the photoionization process involves 
both initial and final states, we believe that clarity is best served, 
at the cost of a little redundancy, by fully specifying "the X H2T 
channel", etc., throughout. 

The mean binding energies of these electronic states are 12.9(X), 
16.4(A), 18.3(B), and 20.1(C) eV. A typical spectrum, taken at 24.5 
eV photon energy and converted to an energy scale, is shown in Fig. 
1. The density of data channels varies with the kinetic energy of the -3/2 detected pnotoelectrons as e . Vibrationally-resolved data for 

2 + — 9 + 
the A S 7o and C £ 6a channels are shown in Figs. 2 and 3, 

12 respectively. It has been proposed by Domcke that the asymmetry 
parameter as a function of vibrational state may be used to probe 
vibronic coupling effects in photoelectron spectra. A simplex 
algorithm determined the initial estimates for a nonlinear least 
squares fitting routine, which deconvoiute selected spectra. The peak 
shapes were assumed to be Gaussian. The accuracy of the fitted areas 
is 10-20% . The variation of th,e derived partial cross sections and 
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asymmetry parameters for the vibrational channels is more accurate 
than an absolute comparison of their values. The assignments of the 

+ 14 
vibrational modes in N.O are given by Oehmer et al. 

Our results are discussed in the following format. First, the 
branching ratios of the ionic states referenced to the total cross 
section are shown in Fig. 4, along with the total cross section. 
'.i.r. I contains a tabulation of the partial cross sections and s(c) 
,. t.i > first four states of N.O . There are four subsections to 

1 Section Bl will discuss the X 112* channel. Section B2 the 
A' E .. channel, Section B3 the 8 III* channel, and Section B4 the 
2 + — C 1 60 channel. 

The other figures fall into two groups. Figs. 7 and 10 show 
vibrational partial cross sections and asymmetry parameters for the A 
and C states. They are described in the appropriate subsections. The 
remaining four figures (5, 6, 8 and 9) display the main results of 
this work. They all have the same format. The MSM calculations of 
Whitley and Grimm, which will be discussed in detail in a later 
publication, are represented by the solid curves for both o(c) and 
6(c). The (e,2e) results of O(E) from Brion and Tan are 
represented by open circles, and the filled circles represent the 
present N ?0 measurements. The open triangles in the lower panel of 
Fig. 5 are our recent 8(e) results for CO,, which will be described 
in detail in a later publication. 

The C0 2 results have been corrected for the difference between 
+ + the binding enemies for the X states of C0 ? and N.O , in 

order to compare 8(e) at equal kinetic energies. The motivation frr 
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making a comparison between CO, and N-0 is that these two 
molecules are isoelectronic and have similarities in spectral 
features. The remarkable similarity between the s(e) parameters for 
the X ionic states of N,0 and CO- is intriguing — especially so because 
the molecules are isoelectronic and the two X states both have IT 
symmetry. The other three states of N-0 show s(e) values quite 
similar to those of the A, B, and C states of CO,. However, we 
are reluctant to draw conclusions from this observation because states 
of different symmetry must be paired to produce the best match of B(C) 
values. 

Bl. The X2II2T Channel 
McLean and Yoshimine have described the 2n molecular orbital 

as a combination of N-,(2p) and 0(2p) atomic orbitals. Fig. 5 
presents the cross section and asymmetry parameter for photoelectrons 
emitted via ionization of this orbital. The partial cross section 
indicates a probable maximum at -19.2 eV and a minimum at 21 eV, 
superimposed on a monotonically decreasing overall o(e). Dibeler 

18 et al. obtained a photoionization curve for N 20 which shows an 
autoionizing peak at 19.2 eV that could be due to the population of 
superexcited, preionized states followed by internal conversion. 

19 Eland observed an (nso) type resonance at -18.6 eV that appeared 
strongly in the first four ionic channels. 

The MSM calculation agrees only qualitatively with the data in 
describing the general shape of the decrease in cross section. Our 
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cross section measurements are in good overall agreement with the 
(e,2e) results. 1 6 

The 6(e) results for the X n3iT channel, also shown in Fig. 5, 
start at a low value of -0.2 at 19 eV and increase to an asymptotic 
value of -0.8 at 30 eV. Because o(e) does not show any resonance 
behavior in the high-energy portion of our measurements, Coulomb phase 
shifts are presumed to be responsible for the gradual variation in 

20 2 — 8(e). The X II I* channel in C0~ is particularly 
interesting to consider at this point, because it seems to have an 
almost identical 8(e) behavior to that of the X n2» channel in N ?0 
(Fig. 5, lower panel). The In molecular orbital in C0 ? is 
composed of out-of-phase overlap of the p* atomic orbitals on each of 
the oxygen atoms. Like the N-0 2n orbital, it is nonbonding with a 

21 
two-fold degeneracy . The similarity in s(e) is probably a 
consequence of the similarity in the ionic potentials. The MSM 
calculation of 6(e) for N-0 agrees qualitatively with the present 
measurements. 

B2. The A 2£ +7o Channel 
Calculations suggest that the la molecular orbital of N-0 is 

composed mainly of N.(2s), Np(2p), and 0(2p) character, and is 
weakly bonding. The partial cross section for the corresponding 
2 ^ 

A I 7o channel is shown in Fig. 6. The a(e) data again show a 
maximum at around 19.2 eV, and a monotonic decrease to 31 eV photon 
energy. The maximum in the partial cross section could again be due 
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2 
to an autoiom'ztng resonance, as for the X H2* channel. There is 
little agreement with the MSM calculation. The (e,2e) results of 
Brion and Tan are in excellent agreement with the present 
measurements, except at -19.2 eV. 

The s(e) parameter for the A z 7<J channel starts at a low 
value, near zero, and increases to an asymptotic value of -1.2. The 
MSM calculation is in poor agreement with the measured asymmetry 
parameter. The C0 2 A riT7 channel 6(e) parameter (not shown) 
matches the N-0 data remarkably well. However, the two channels are 
very different. The IT orbital of C0 2 is composed of two 
perpendicular pairs of 2p* orbitals on each atom which are overlapping 
in-phase to form C — 0 bonding. Thus, if the symmetry assignments of 
the two A states are correct — and they appear to be correct — the 
similarity of the two 8(e) parameters remains unexplained. 

Fig. 2 shows a typical vibrationally-resolved spectrum collected 
at hv » 20 eV plotted linearly in time. Both the log and linear plots 
were fitted with the simplex and nonlinear least-squares routines. 
The log plot confirms that there are five vibrational peaks in the 
spectrum: in particular, the (0,0,2) line is evident. We could not 
determine o(e) and a(e) values for the (0,0,2) peak, because of its 
weak intensity. The four vibrational peaks analyzed correspond to 
the (0,0,0), (1,0,0), (0,0,1), and the (1,0,1) vibrational modes, 
with binding energies of 16.40, 16.57, 16.71, and 16.85 eV, respec-22 tively. The quantum numbers represent, from left to right, the 
symmetric, bending, and asymmetric stretch modes. 
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The derived o(e) and e(e) values for the vibrationally resolved 
A Z To"channel at selected photon energies are presented in Table 
II. The o(e) and e(e) values of the (0,0,0), (1,0,0), (0,0,1), and 
(1,0,1) channels are shown in Fig. 7. The s(e) parameter for the 
(0,0,1) channel is not plotted for clarity, because it has poor 
statistical error over most of the 19 to 21 eV photon energy range. 
The o(c) and e(e) values for individual members of this vibrational 
manifold show varied behavior, indicating that more information is 
available at higher resolution. The vibrationally-unresolved cross 
section, illustrated in Fig. 6, shows only weak structure in the hv = 
19-21 eV region, whereas the resolved cross sections show more 
variation. The unresolved e(e) values tend to smooth out structure 

because the radial dependencies of the various channels are 
23 averaged. Vibrationally-resolved asymmetry parameters could 

contain information about a whole range of non Franck-Condon effects, 
as well as the dependence of s(e) on the internuclear separations in 

24 molecules. The consequences of these effects on the asymmetry 
25 parameter have been discussed theoretically by Itikawa for 

non-resonant cases, Dehmer et al., Stockbauer et al., and West 
28 et al. have studied the shape-resonance effects, and 

29 
autoionization effects have been discussed by Jungen et al. 

B3. The B 2n!7Channel 
According to McLean and Yoshimine, the lir molecular orbital 

is mostly the result of N-0 » bonding with little N-N bonding 
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character. Our o(e) and 6(c) results are presented in Fig. 8. The 
partial cross-section data show a low point at 20 eV and a high value 
at 21.2 eV. The low point may arise through a competing mechanism 
dissociating this channel. Lorquet and Cadet have calculated 
potential energy surfaces of N-0 and a correlation diagram of the 
N-0 ion to show the possible dissociation channels. Their 
calculations predict an asymptotic dissociation at 20.29 eV above the 
ground state of N-O. The process is 

N 20 +(B 2n) * N g t x V ) + 0( 2P°). 

More careful measurements near 20 eV are warranted. The MSM 
calculation predicts o(e) values that are about 50 lower than the 
present results and that show a different energy dependence. Again, 
there is good agreement between our data and the (e,2e) results. 

The s(e) values show variations at -22 eV and below which could 
arise from the same causes as the variations in o(e). The asymmetry 
parameter B(E) starts at a low value, near zero, and increases to 
unity. There is only fair agreement with the MSM calculation of 
Whitley et al. 1 5 The C Z£^3o results for g(e) in C0 2 

(not shown) are in fair to good agreement with $(e) for the B IIItr 
channel in N.O. However, we are again reluctant to draw any 
conclusions from this similarity because the states have different 
symmetries. 
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B4. The C 2X*67 Channel 
The 6a tno'.'ecular orbital is a combination of N-0 and N-N 

antibonding s-like orbitals. The partial cross sections and 
asymmetry parameters for this channel are shown in Fig. 9. The cross 
section varies slowly over the entire photon energy range, and there 
is no evidence of resonances. The agreement between the behavior of 
the calculated HSM partial cross sections and the present results is 
poor, but once again there is excellent agreement with the (e,2e) 
measurements. 

The asymmetry parameter for the C 2 6o rhannel shows a steep 
increase from -0.5 at 21 eV to 1.0 at 31 eV, with most of the rise 
occurring between 24 and 27 eV. The variation of e(e) for this 
channel is very different than that of the first three channels. As 
was the case for o(c), there is poor agreement between the MSM 
calculation of 8(e) and our results. However, the s(e) data for the 
B E 3a channel in C0 2 (not shown) follow these data quite 
closely. The 3o molecular orbital of C02» according to 
Mulligan, is also nearly nonbonding, with "sp" oxygen character. 
Hybridized 2s and 2p orbitals on the oxygen atoms overlap a 2po 
orbital on the carbon atom. 

Tig. 3 shows the partially-resolved vibrational peaks observed in 
2 + 

the time-of-flight spectra for the C S ha channel. There are three 
peaks, corresponding to the (0,0,0), (1,0,0), and (0,0,1) channels, 
with binding energies of 20.15, 20.30, and 20.43 eV, respectively. 
The o(e) and s(e) values for these peaks are shown in Fig. 10. 
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Partial cross sections and asymmetry parameters are tabulated in 
Table III. The 6(e) results do not show any resonance behavior, but 
they vary over a large range, and s(c) for the (1,0,0) vibrational 
mode is near -1 for the entire region measured. 

C. Conclusions 
The main conclusions of this work are as follows: 

1. The partial photoelectron cross sections and asymmetry 
parameters for the first four ionic states of N 20 were 
measured. They were found to be substantially different for 
the X, A, B, and C ionic states, demonstrating the 
sensitivity of o(e) and s(e) to details of the different 

channels sampling the molecular potential. 
* • - . 

2. Resolved measurements of o(c) and s(e) for individual 
vibrational levels in the A and C states showed large 
variations with vibrational quantum numbers, demonstrating 
high sensitivity to non-Franck-Condon effects and/or 
internuclear spacing. 

3. The published (e,2e) partial cross sections of Brion and Tan 
are in good or excellent agreement with the present results. 
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There 1s a close empirical, pairwise correspondence between 
the s(e) values for the molecular orbitals of CO- and 
N 20. The correspondence is between the C0 2 X II TT and NoO 
X 2H27, CO, A2!!, 17 and N,0 A 2E +77, CO- C2Z*47„ and N,0 Z u u Z Z g g i. 
B Hl7, and C0 2 B i*3o"u and NgO C I +B7 ionic states. The sig
nificance of this observation is unclear. In the first and 
last pairs, states of the same symmetry are matched, but the 
other two pairs involve states of opposite symmetry. 

Better calculations are needed to describe the measured 
asymmetry parameters and partial cross sections. 
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Table I . Cross sections and asymmetry parameters of the X, A, 6, and C Channels of NgO . 

X2JI2, A2^7o 

hv(eV) o(Mb)a •(>) o(Mb) 1(c) 

19.0 15.29(34)" 0.24(2) 12.09(28) 0.07(1) 

19.2 17.00(40) -0.15(3) 15.57(37) 0.00(3) 
20.0 15.64(35) -0.12(2) 10.90(25) 0.20(3) 
20.5 14.30(32) -0.06(3) 9.12(21) 0.39(4) 

21.2 12.27(27) -0.03(3) 
0 . 0 ( l ) c 

8.76(21) 0.43(1) 
0 .35(10) c 

21.8 13.03(30) 0.15(3) 6.30(15) 0.67(5) 
23.0 14.18(31) 0.32(3) 6.34(15) 0.81(2) 
24.0 13.12(29) 0.41(4) 5.55(13) 0.90(3) 
25.0 13.74(30) 0.50(4) 4.59(12) 1.00(3) 
26.0 12.52(28) 0.61(4) 4.27(11) 1.06(3) 
27.0 12.70(31) 0.68(5) 4.38(13) 1.07(6) 
28.0 12.29(22) 0.86(5) 4.23(10) 1.15(7) 
29.0 11.27(29) 0.76(5) 4.88(15) 1.03(4) 
29.5 8.80(22) 0.88(6) 3.83(11) 1.17(8) 
31.0 9.87(31) 0.78(6) 4.37(18) 1.16(5) 

B?nIT tfriC" 

o(Mb) • («) o( t ) •(«) 

8.89(22) 0.20(4) 
7.89(18) 0.22(3) 

10.17(23) 0.18(3) 
11.48(27) 0.11(3) 6.70(16) -0.36(2) 

-0 .2 (2 ) ° -0 .4 (Z) C 

10.26(25) 0.48(4) 5.94(14) -0 .26(2) 
10.28|24) 0.45(4) 6.24(12) -0.17(2) 
9.93(23) 0.58(4) 5.70(14) -0.13(3) 

10.01(24) 0.73(5) 5.39(13) 0.13(3) 
9.31(22) 0.85(5) 4.61(12) 0.45(5) 
8.49(22) 1.08(7) 4.58(13) 0.80(7) 
8.46(19) 1.00(6) 3.67(9) 0.87(6) 
8.56(22) 1.06(7) 3.13(10) 0.90(7) 
7.61(19) 1.01(6) 3.04(12) 0.95(7) 
7.92(25) 1.09(9) 3.26(15) 0.96(10) 

(a) Absolute cross sections were obtained by si- j l tng to (e,2e) data (Ref. 11). 
(b) Errors in the last place are given parenthet ical ly. 
(c) Ref. 32. 



Table II. Cross sections and asymmetry parameters of the Â jr*-fJ vibrational channels of N2O*. 

(0.0.0) (1,0,0) (0,0,1) (1.0.1) 

Iw(eV) o(Mb) a B(e) o(Mb) »(«) o(Mb) • («) o(Mb) • (« ) 

19.0 7.42(16) 0.16(3) 3.39(16) 0.04(5) 0.72(7) 0.76(9) 0.55(13) - .45(7) 
19.2 9.33(34) 0.11(3) 4.91(35) -0.34(5) 0.94(19) 0.70(25) 0.39(5) .02(12) 
20.0 6.12(47) 0.36(2) 3.46(47) -0.30(10) 1.09(40) 0.23(45) 0.21(2) .28(16) 
20.5 5.37(38) 0.76(11) 3.61(40) -0.21(8) 0.52(10) 0.90(36) 0.42(11) .18(36) 
21.2 5.86(12) 0.57(3) 

0.35" 
1.78(8) 0.61(9) 

0 .45(5)" 
0.76(4) 0.49(15) 

0.20(20)" 
0.35(4) .02(26) 

(a) The total cross section was obtained by scaling to (e,2e) data (Ref. 11). 
(b) Ref. 32. 



Table III. Cross sections and asymmetry parameters of the C 2 E + 6 O 
vibrational channels of NgO*. 

(o.o.Q) 
hv(eV) 0(Mb) a B(C) 

23.0 4.05(10) .36(3) 
24.0 3.53(38) .15(11) 
25.0 3.45(38) .57(12) 
26.0 3.14(23) .80(5) 

(1.0.0) (O.O.D 

o(Mb) B(e) o(Hb) 6(e) 

1.32(7) -.75(4) 0.88(7) -.51(6) 
1.17(24) -.72(6) 1.38(17) -.46(9) 
1.65(70) -.70(13) 1.35(23) -.18(12) 

1.47(18) -.17(11) 

(a) The total cross section was obtained by scaling to (e,2e) data (Ref. 11). 
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Figure Captions 
Figure 1. TOF photoelectron spectrum showing the X^II27, 

o p + + 
B ni», and C £ 6a ionic states of N.O . 

2 + 
Figure 2. TOF photoelectron spectrum showing the A E la 

vibrational states of N-0 . The curves in the linear 
spectrum are deconvoluted peaks from nonlinear least-
squares fits. The curve in the log plot represents the 
sum of deconvoluted peaks calculated with tha same fitting 
method. 

Figure 3. TOF photoelectron spectrum showing the n 6o 
vibrational states of NgO. The curves are the 
deconvoluted peaks as in Fig. 2. 

Figure 4. Branching ratios to the ionic states in N-0 , and 
total photoionization cross section of N 20. The symbols 
represent states as follows: X ( A ) , A ( O ) . B ( H ) , a" d 

C ( Q ) . All are referenced to our total cross-section 
measurements, denoted by •. The A are (e,2e) total 
cross-section measurements of Brion and Tan. 
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Figure 5. The <r(e) and s(e) results for the X H2T ionic state. 
The present results are plotted as filled circles. The 
curves are uie MSM calculations of Whitley and Grimm. 
Open circles in the o(e) plot are the (e,2e) results of 

Brion and Tan. Open triangles in the B(E) panel are 
2 our measurements on the X H 1* state of CO-. The 9 9 2 

CO- results were adjusted by 0.9 eV to compare equal 
kinetic energies. 

Figure 6. The o(e) and B(E) results for the A Z 7c ionic state. 
The notation is similar to Fig. 5. 

Figure 7. Vibrational resolved ale) and a(e) of the A £ To" ionic 
state. 

2 
Figure 8. The o(e) and B(C) values for the B Iflir ionic state. The 

notation is similar to Fig. 5. 
The a(e) and B(E) values for t 
The notation is similar to Fig. 5. 

2 + 
Figure 9. The a(e) and s(e) values for the C E 6o ionic state. 

2 H 
Figure 10. Vibrational recolved o(e) and s(e) of the C I 6o ionic 

state. 
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V. VIBRATIONAL!.* ANGLE-RESOLVED PHOTOELECTRON 
STUDIES OF C0 2 AND OCS* 

A. Introduction 
Studies of the vibrational levels via photoionization can provide 

information about internuclear-distance dependent structure and non-
Franck-Condon behavior for the vibrational intensity distribution and 
photoelectron asymmetry parameters. The asymmetry parameter B U ) , which 
describes the angular distribution of photoelectrons, is related to the 
differential cross section do/dn , by 

ffi'8? - *£k 1 + »(«)P2(co») ] . (1) 
Here P.(cose) is the second Legendre polynomial [{3cos e-l)/2] and 
e is the angle of photoelectron emission referenced to the photon beam 
polarization direction. The total cross section <x(e) and the asymmetry 
parameter a(e) are functions of the photoelectron kinetic energy e. 
Two time-of-flight (TOF) detectors, placed at e * 0* and 54.7*, can be 
used to analyze ejected photoelectrons. From equation (1), measurements 
at these two angles suffice to determine o(t) and 8(e). 

CM. Truesdale, S. Southworth, P.H. Kobrin, U. Becker, D.W. 
Lindle, and O.A. Shirley, submitted to Phys. Rev. A (1983). 
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The vibrational branching ratios (R ) are defined by 

5 0 ^ ° "^nT 
where o(v ) is the photoionization cross section of the v tt» 
vibrational channel and a(vQ) is the cross section of the ground 

2 
vibrational channel (0,0,0). For the A II ionic channel of CO., 

v will refer to the symmetric stretch vibrational channels (n,0,0). 
The first quantum number n designates the symmetric stretch modes, 
where n » 0. 1, 2, 3, and 4. The other quantum numbers refer to the 
bending and asymmetric stretch vibrational modes. During TOF 
measurements, all photoelectrons are simultaneously measured. The 
vibrational branching ratios are inherently more accurate than 
absolute cross sections, because normalization of photoeiectron 
intensities for sampia density and photon flux are not needed. 

The purpose of this paper is to report vibrationally-averaged 
photoionization cross sections and photoeiectron asymmetry parameters 
for the In and 8o orbitals of CO, and OCS, which lead to the ionic 

2 2 * 

A it and C £ states, respectively. The vibrationally-resolved 
branching ratios and asymmetry parameters for these ionic channels are 
also reported. These data ara compared to other synchrotron results, 

11 12 18 
dipole (e,2e) results, and He I resonance light source results. 
Multiple-scattering model (MSM) calculations 1' 6 , 7 , 1 2 for C0 2 and OCS, 19 and Hartree-Fock static-exchange (HF) calculations and Stieltjes-

20 Tchebycheff moment theory (STMT) results for C0 2 are compared to the 
experimental results. 
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The photoelectron spectra were obtained with a double-angle-time-
of-flight spectrometer. Two detectors, one placed at 0* and another placed 
at 54.7* with respect to the photon polarization axis, were used to measure 
ejected photoelectrons by means of microchannel plates. The 

21 
instrument was described previously. The experiments were performed 
at the Stanford Synchrotron Radiation Laboratory, on the VUV (8") beam 
line with a monochromator resolution of 2.7 A (FUHM) throughout the 
entire photon energy range hv . 18-30 eV. The spectrometer kinetic 
energy resolution Ae is 3 percent of e. By retarding the photoelectrons 
over part of the 28 cm flight path the resolution could be improved 
significantly. 

The intensity measurements at 54.7", for which P, = 0, provide 
angle-independent relative cross sections. The counting period was 
typically 1000 seconds for the vibrationally-averaged studies of CO-
and 0CS and the vibrationally-resolved studies of CO- and 2000 seconds 
for the 0CS vibrationally resolved measurements. The total relative 
cross section for the photoionization of the four outer valence orbitals 
of C0 2 and 0CS was compared to the dipole (e,2e) total cross sections 

22 23 
given by Hitchcock et al., and White et al., respectively, in 
order to determine the scaling factor and place the relative cross 
sections for the ln~ and 8o~ ionic channel'; on an absolute scale. 

The ratio of photoelectron intensities measured at 0* and 54.7* 
determines the asymmetry parameter. This ratio was corrected for the 
relative efficiency of the two detectors in a calibration procedure 
which has been discussed in detail. 
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2 1 Results and discussion for the A n
u U » ~ ) channel of 

2 + _1 CO- and the C I (Bo ) channel of OCS are presented in 
Sections B and C, respectively. 

2 1 8. CO, A H (1» ) Results and Discussion 

The ground electronic state of CO, can be written 

(la g) 2(l< J u) 2(3a g) 2(2o u) 2(4o g) 2(3 0 u) 2{U u) 4(U g) 4 h*. We present 

partial cross sections, branching ratios, and asymmetry parameters for 
2 1 the photoionization of CO, into the CO. A H (IT ) channel. 

This work addresses the first five symmetric vibrational channels 
of the li~ , viz. (n,0,0), for 0 <_ n £ 4. From the high-resolution 

25 spectra of CO,, Potts and Fattahallah have assigned these levels 
binding energies of 17.31, 17.45, 17.59, 17.72, and 17.86 eV, 
respectively. Time-of-flight spectra of CO, taken at 19.3 eV photon 
energy are shown in Fig. 1. Comparison of intensities measured at 0* 
and 54.7* shows asymmetries that are vibrational-state dependent. 

The vibrationally-unresolved branching ratio for the A/B ionic 
channels of CO* are included in Table I for a few selected photon 
energies. The A/B branching ratio generally increases monotonically 
with increasing photon energy. The branching ratio at 21.2 eV measured 

28 by Samson and Gardner, including the statistical uncertainty, is 
within the range of the present results. In Table II the He I resonance 
lamp asymmetry parameter measurements are presented along with our 
results. There is excellent agreement by all groups for the vibrationally-
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averaged asymmetry parameters. The He I resonance lamp measurements 
of vibrational branching ratios and asymmetry parameters are also 
presented in Table II. Good agreement is found among all the data for 
the vibrationally-resolved asymmetry parameters. 

8 11 Previous measurements of partial cross sections * could not 
2 2 + 

completely separate the A H and B E peaks, and early experimenters 
were obliged to sum over the A and B states. The present measurements 
have significantly higher resolution, with well separated A and B 
states. To deconvolute the vibrational peaks of the A n channel, 
two methods of analysis were performed. A grid search routine was 
used when the peaks were only slightly overlapping. When the vibrational 

27 peaks were more severely overlapping, a simplex algorithm was used 
to supply the initial guesses of peak parameters for a nonlinear least 
square fitting routine. In both cases the peak shapes were assumed to 
be Gaussian. 

The vibrationally-averai ! results for the A n channel of 
CO. will be presented first, followed by the vibrationally-
resolved results. In Fig. 2 the vibrationally-averaged partial cross 
section and asymmetry parameter are illustrated. The top panel shows 

20 the fixed nuclei STMT results, the HF velocity and HF configuration 
19 11 

interaction (HFCI) results, and the dipole (e,2e) measurements 
compared to the present measurements. The (e,2e) experiment could not 
completely resolve the ATI and B I ionic channels. Instead, the 

2 2 + total cross sections for the O and B E were integrated and the 
2 2 + PR 

branching r3tio of the A II : B E taken from Samson and Gardner 
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was used to represent the (e,2e) results for photon energies of 21.2 
and 23.1 eV. 

The cross section data show a weak maximum near 21 eV and a slow 
decrease from 20 to 30 eV. The maximum is interpreted as a shape 
resonance in the 1*~ ionic channel. The HSH calculations of 
Swanson et al. suggest that the maximum in the cross section near 

20 eV is due to a » shape resonance. The STMT results of Padial 
20 2 

et al. predict a resonance for the A n ionic channel near 20 
19 eV photon energy, and the HF results of Lucchese and McKoy suggest 

a resonance at 22 eV. Both theories conclude that the s ionic channel 
(ltr > kj) experiences the resonance. The STMT results of Padial et 

20 al. predict the position and qualitative shape of the maximum, but 
their value for the cross section is too high. Both HF calculations 
overestimate the cross section. Because the STMT calculations used a 
triplet static-exchange potential for the photoionization of the IT 
instead of using a singlet static exchange potential as in the H L 

calculations, there is a discrepancy in the energy of the maximum in 
19 the cross section. 

The asymmetry parameter results for the vibrationally-averaged 
9 

A 1 channel of CO- based on the fixed-nuclei MSM calculations 
of Swanson et al., and Grimm et al. , the HF calculations of 

19 fi 
Lucchese and McKoy, , the synchrotron results of Grimm et al., 
and the present results are displayed in the bottom panel of Fig. 2. 
There is good agreement with the theoretical results * and with 
the data of Grimm et al. The experimental results, as well as the 
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theoretical predictions, show an increase in the asywmetry parameter 
from threshold to an asymptotic value of 1. 

Results for the ground vibration channel (0,0,0) of the ATi u 

ionic channel are shown in Fig 3. In the top panel the partial cross 
section is presented. A maximum near 21 eV is probably evidence of 
the effect for the shape resonance on the cross section, predicted by 
Swanson et al. 

The asymmetry parameter for the (0,0,0) vibrational channel 
measured by Grimm et al. is displayed with the present results in 
the bottom panel of Fig. 3. There is excellent agreement with the 
measurements of Grimm et al. Both show the weak maximum structure 
near 21 eV photon energy in the asymmetry parameter, which is proposed 
to be due to a shape resonance. The theoretical results of Swanson et 
al., shown by the solid curve, are also in good oveiall agreement 

with experiment. 
2 The remainder of the vibrationally-resolved data for the A JI 

ionic state of C0 2 are shown in Figs. 4-7. The MSM results of 
Swanson et al. for vibrationally-resolved branching ratios, which 
account for both Franck- ndon and non-Franck-Condon effects, are 
il'jitrated alongside the present measurements in the top panels of 
these figures. The vibrationally-resolved asymmetry parameter results 
of Grimm et al. and the predictions based on a MSM calculation 
are included in the bottom panels of these figures. 

The vibrationally-resolved results for the (1,0,0) vibrational 
channel of the ATI channel of C0 7 are displayed in Fig 4. The 
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non-Franck Condon MSM results predict two very shallow maxima in the 
branching ratio. The Franck-Condon branching ratio is independent of 
photon energy. The experimental branching ratio shows two large 
maxima located near 21 and 24 eV photon energy, and the branching 
ratio is between 2 and 3. We attribute the ffrst feature to the shape 

2 
resonance effect in the A n ionic channel. The other feature 
could result from the a shape resonance as predicted by Swanson et 
al. or from a resonance in the 1* > ko subchannel as 

20 19 
suggested by Padial et al. and Lucchese and McKoy. 

The theoretical results predict vibrational branching ratios 
higher than the measurements. In addition, the observed modulatation 
of the branching ratio with photon energy is absent in the Franck-
Condon approximation and is very small in the non-Franck-Condon 
calculation. 

The asymmetry parameter for the (1,0,0) channel is presented in 
the bottom panel of Fig. 4. Again there is excellent agreement with 
the measurements of Grimm et al. and good agreement with the MSM 
results of Swanson et al. The experimental results show variations 
in the 21-22 eV photon energy range, possibly attributable to a shape 
resonance. 

The results for the (2,0,0) vibrational channel are displayed in 
Fig. 5. The experimental vibrational branching ratio takes values 
between 2 and 3.5. This channel is the most intense peak over most of 
the photon energy range of 18-25 eV. The theoretical results are in 
only fair agreement with the experimental measurements. 
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The asymmetry parameter for the (2,0,0) channel is displayed in 
the bottws panel of Fig. S. The agreement with the MSH predictions 
and asymmetry parameter measured by Grimm for the (2,0,0) channel 
are similar to that for the (1,0,0) channel. A possible broai shape 
resonance falls near 22 eV photon energy. The MSH calculation has 
significantly higher values near threshold than the data. 

Results for the (3,0,0) channel are presented in Fig. 6. The 
experimental vibrational ratio takes values between 2 and 3. The 
vibrational branching ratio shows a probable maximum in the 20-21 ;V 
region. Scatter in the data preclude further conclusions. 

In the bottom panel of Fig. 6 the asymmetry parameter of the 
(3,0,0) is displayed. Again there is excellent agreement with the 
measurements of Grimm et al. and good agreement with the HSH 
calculations of Swanson et al. . Like the previous vibrational 
channels the HSH results predict higher asymmetry values than are 
experimentally measured. A weak feature near 20-21 eV is present in 
our data and the data of Grimm et al. 

The last vibrational channel resolved in the present study of the 
A n ionic channel is the (4,0,0) channel, for which results are 
displayed in Fig. 7. In the top panel the measured vibrational ratio 
takes values between 1 and 2,3. Similar to all the other vibrational 
channels, the non-Franck-Condon predictions based on the MSM 
calculations of Swanson et al. suggest that two maxima are present 
for the vibrational branching ratio of the (4,0,0) channel. Two 
maxima appear to be present in our data, near 20 and 24 eV. The 
maxima are probably due to shape resonances. 
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In the bottom panel of Fig. 7 the agreement between our results 
and that of Grimm et al. and the theoretical MSM results of Swanson 
et al. is similar to the comparisons made for the other vibrational 
states. The MSM asymmetry parameters, similar to the other channels 
are higher than the measurements near threshold. 

In summary, we can draw a few conclusions about the 
vibrationally-resolved results for the ionic channel of CO-. 

(1.) The synchrotron radiation results of Grimm et al. are in 
very good agreement with the present data. 

(2.) The vibrationally-resolved branching ratios show non-Franck 
Condon behavior, as suggested by Swanson et al. Their 
MSM calculations predict two maxima in the vibrational 
branching ratios of all the vibrational channels. This is 
qualitatively confirmed by our results, but quantitative 
agreement is missing. 

(3.) The non-Franck-Condon results of Swanson et al. for the 
vibrationally-resolved asymmetry parameters for the A .. 
of CO, are generally in good agreement with the present 
measurements. However, near threshold the theoretical results 
predict asymmetries higher than the measured asymmetries. 
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C. OCS CT: (80 ) Results and Discussion 
The ground electronic state of OCS can be written 

(lo)Z(2a)2(3a)2(4(T)2(S2p)S(6a)2(7o)2(8o)2(9ff)2(2ir)4(3ir)4 V'. The 
valence-shell spectrum resulting from the ionization of the last four 

7 12 29 orbitals has recently been studied theoretically * * and 
7 10 23 31 

experimentally. ' * ' We present the first vibrationally-2 + resolved studies of the C z channel over the photon energy range 
hv » 19-24 eV. The vibrationally-averaged OCS measurements were 
performed separately, over the photon energy range of 20.5-29 eV. 

2 + The OCS C T. photoelectron peaks were fitted in the same way 
2 as the CO, A n peaks. The collection time per spectrum was 

typically 2000 seconds. 
Time-of-flight photoelectron spectra of the CT: (8a" ) ionic 

channel of OCS, converted to an linear energy scale, are displayed in 
Fig. 8. From left to right the peaks correspond to the (0,0,2), (1,0,1), 
(0,0,1), (1,0,0), and (0,0,0) vibrational channels with binding energies 
of 18.5, 18.34, 18.23, 18.08, and 17.96 eV, respectively.10 The 
quality of these spectra are comparable to those obtained by Deiwiche et 
al. It is very apparent that the asymmetry parameter of the (1,0,0) 
channel is significantly different from all the other channels, as noted 
by Carlson and McGuire, 

Our vibrationally-averaged and vibrationally-resolved asymmetry 
2 + 

parameters for the C £ ionic channel, along with the He I resonance 
lamp measurements of Carlson and McGuire, are presented in Table 
III. The two experiments show good agreement. 



94 

The vibrationally-averaged partial cross section results for the 
C E ionic channel of OCS from MSH calculations performed by Grimm 
et al., i £ synchrotron radiation measurements of Carlson et al.,' 

23 dipole (e,2e) results of White et al., and the present results are 
presented in the top panel of Fig. 9. No obvious structure is apparent 
in the synchrotron radiation cross section measurements, in contrast to 
the (e,2e) results. "P"1 partial cross section is fairly constant over 
the photon energy range of 20-29 eV. There is good agreement with the 
cross section results of Carlson et al. However, there is poor 

23 agreement with the (e,2e) results of White et al. and the cross 
section predicted based on MSM calculations by Carlson et al. 

2 + The vibrationally-averaged asymmetry parameter for the C Z 

ionic channel measured by Carlson et al., and by us is presented in 
the bottom panel of Fig. 9. The measured asymmetry parameter increases 
slowly with increasing photon energy. There is good agreement with the 
results of Carlson et al., but poor agreement with the asymmetry 

12 parameter predicted by Grimm et al. 
The vibrationally-resolved results for the v„, (0,0,0) ionic 

channel are displayed in Fig 10. In the top panel, the partial cross 
section increases slowly with photon energy. The asymmetry data and the 
He I resonance line result are illustrated in the bottom panel of 
Fig. 10. 

2 + The OCS C j ionic channel vibrational ratios are displayed in 
the top panels, and the He I resonance line results along with the 
present results are presented in the bottom panels, of Figs. 11-13. 
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2 + The vibrationally-resolved results for the (1,0,0) C Z ionic 
channel are presented in Fig. 11. In the top panel, the vibrational 
branching ratio generally decreases with increasing photon energy, with 
a possible maximum at the low energy end. 

The asymmetry parameter for the (1,0,0) channel is presented in the 
bottom panel of Fig. 11. The asymmetry parameter increases from -0.5 to 
0.5 over the photon energy range 19 to 24 eV. There is some discrepancy 
present between the He I results and the present results. Nonetheless, 
we confirm that the asymmetry oarameter for the (1,0,0) is dissimilar 
to the (0,0,0) vibrational channel, as discussed by Carlson and McGuire. 
The reason for this different behavior remains unexplained. 

Vibrationally-resolved results for the (0,0,1) asymmetric stretch 
2 + vibrational channel of the C J ionic channel of OCS are displayed 

in Fig. 12. The vibrational branching ratio for this channel is 
presented in the top panel. Its behavior is similar to that of the 
(1,0,0) channel. 

The asymmetry parameter for the (0,0,1) channel is displayed in 
the bottom panel of Fig. 12. The asymmetry parameter increases slowly 
from 19-24 eV. It is difficult to identify any resonance structure 
because of the scatter in the data. There is excellent agreement with 
the He I resonance line measurement for this channel. 

The final vibrationally-resolved channel that we studied was the 
(0,0,2) channel. Measurements for this state from 19-22 eV are presented 
in the top panel of Fig. 13. The branching ratio is very small 
(-0.05-0.10), and the scatter of the data preclude identifying any 
trends. 
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The asymmetry parameter for the (0,0,2) channel is displayed in 
the bottom panel of Fig. 13. A flat dependence for the asymmetry 
parameter is observed. There is excellent agreement with the He I 
resonance line result. The energy dependence of this asymmetry 
parameter is very similar to the (0,0,0) and (0,0,1) vibrational 
channels, in contrast to the (1,0,0) channel. 

The conclusions we can draw about the vibrational-resolved 
2 + results for the C £ ionic channel of OCS are as follows: 

(1.) There is good to excellent agreement with the vibrationally-
averaged and vibrationally-resolved He I resonance line 
results of Carlson and McGuire. 

(2.) The synchrotron radiation results of Carlson et al. are in 
good agreement with present measurements for the vibrationally-
averaged partial cross section and asymmetry parameter for the 
2 + C £ ionic channel of OCS. 

(3.) The vibrationally averaged partial cross sections obtained 
23 

from (e,2e) measurements of White et al. are in poor 
agreement, probably because their measurements have lower 
energy resolution and lower counting statistics than the 
present measurements. 



97 

(4.) The vibrationally-averaged cross section and asymmetry 
2 + parameter for the C ! ionic channel of OCS do not appear 

to have resonance features. 

(5.) The vibrationally-averaged results based on MSM calculations 
12 7 

of Grimm et al. and Carlson et al. are in poor 
agreement with the measurements. 

(6.) There seem to be maxima in the vibrational branching ratios 
for the (1,0,0) and (0,0,1) vibrational channels of the 

7 + 
C I ionic channel of OCS. 

(7.) The angular nature of the (1,0,0) vibrational channel in 
2 + forming the OCS C E state is significantly different from 

that of all the other vibrational channels. 
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Table I. Branching ratios of the A n (l»~*): 
2 + B Z ionic channels of CO-. 

hv(eV) A/B a hv(eV) A/B 

18.7 1.13(12) 22.3 0.60(7) 
19.3 0.75(3) 22.6 0.81(8) 
20.0 0.70(7) 22.8 1.28(15) 
20.3 0.70(8) 23.1 0.74(7) b 

20.6 0.74(9) 23.8 0.89(6) 
21.2 0.80(10) 24.3 1.14(10) 

0.65(5) b 24.8 1.05(11) 
21.6 0.75(8) 26.0 1.15(10) 

a. Errors in the last digit given parenthetically. 
b. Ref. 28. 



Table II. Comparison of He I (21.2 eV) resonance lamp vibrationally-averaged and 
resolved asymmetry parameter for the A L channel of CO, with the 
present measurements. 

avg. a *(Va BfVj) »<v2) •<»3> •(v 4) 

Ref. 12 1.01(5) M M M 

Ref. 13 0.80 
Ref. 14 0.80(5) 0.80(5) 0.80(5) 
Ref. 15 0.70(10) 0.90(7) 
Ref. 16 0.80(10) 0.90(20) 0.80(10) 0.70(5) 0.60(10) 
Ref. 17 0.83(8) 
Ref. 18 0.72(3) 0.72(3) 0.88(5) 0.78(3) 0.63(2) 0.49(2) 
Present 0.71(6) 0.85(5) 0.85(5) 0.80(6) 0.55(10) 0.50(7) 

a. The v Q - v 4 designations refer to the symmetric modes (0,0,0), (1,0,0), (2,0,0), 
(3,0,0), and (4,0,0) of the A 2!^!, - 1) Ionic channel of COg. 
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Table III. Comparison of He I (21.2 eV) resonance source 
vibrationally-averaged and resolved asymmetry parameter for 

2 + the C Z channel of OCS with the present measurements. 

avg. t *( vo) a «(vi) *(v2> ^ V 

Ref. 16 0.55(10) 0.55 0.25(7) 0.72(8) 0.68(10) 
Present 0.54(7) 0.61(6) -0.18(14) 0.74(7) 0.69(27) 

a. The VQ - V3 refer to the (0,0,0), (1,0,0), (0,0,1), and 
(0,0,2) vibrational channels of the C'E+(8o-~*) ionic channel of 
OCS. 
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Figure Captions 
Figure 1. Time-of-flight spectra of CO, taken at a photon energy of 

19.3 eV, showing the vibrationally resolved peaks of the 
2 2 + A n and B E ionic channels. The vibrational 

2 
peaks for the A H from left to right are: (4,0,0), 
(3,0,0), (2,0,0), (1,0,0), and (0,0,0). The quantum numbers 
refer to symmetric stretch, bending, and asymmetric stretch 
modes. The vibrational peaks for the B*Z from left to 
right are (1,0,0) and (0,0,0). 

Figure 2. Vibrationally-averaged o(e) and e(e) for the ten ionic 
channel of C0-. For the o(e) curves, (—) represents the STMT 
calculation of Padial et al., (— — ) the HF velocity 

19 
calculation of Lucchese and McKoy, the solid curve is the HFCI 19 calculation of Lucchese and McKoy, open circles are the dipole 
(e,2e) measurements of Brion and Tan , and filled circles are 
the present measurements. For the e(e) curves, the solid curve 
shows the fixed-nuclei MSM calculation of Swanson et al., the 
dotted curve the fixed-nuclei HF calculation of Lucchese 

19 and McKoy, and the dashed curve the MSM calculation of 
Grimm et al. Open circles show the measurements of 
Grimm et al., and filled circles the present measurements 
with statistical uncertainties. 

Figure 3. Photoionization cross section and asymmetry parameter s(e) for 
the (0,0,0) vibrational channel of the ATI ionic state of 
to,. Filled circles show the measured photoic.iizati 

u 
on cross 
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sections. For t(t), the solid curve shows the HSH 
calculation of Swanson et al., open circles the 
measurements of Grimm et al., and filled circles the 
present measurements. 

Figure 4. The vibrational branching ratio and a(e) for the (1,0,0) 
2 vibrational channel of the A H ionic state of COp. 

For the vibrational branching ratios, the solid curve shows 
19 the HSM calculation of Swanson et al., the dashed curve 

19 shows the Franck-Condon prediction, and the experimental 
results are shown by filled circles. For B(e), the solid curve 
shows the MSM calculation of Swanson et al., open circles 
represent the measurements of of Grimm et al., and the 
present measurements are shown by filled circles. 

Figure 5. Vibrational branching ratio and e(e) for the (2,0,0) vibrational 
channel of the A H ionic state of CO-. The experimental 
and theoretical results are denoted as in Fig. 4. 

Figure 6. Vibrational branching ratio and s(e) for the (3,0,0) vibrational 
o 

channel of the A II ionic state of COo. The experimental 
and theoretical results are denoted as in Fig. 4. 

Figure 7. Vibrational branching ratio and a(e) for the (4,0,0) vibrational 
2 channel of the A H ionic state of C0 2. The experimental 

and theoretical results are denoted as in Fig. 4. 
Figure 8. Time-of-flight spectra taken at the He I energy (21.22 eV), with 

2 + 1 a 2 V retarding potential, for the C E (8o ) ionic 
channel of OCS, after conversion to a linear energy scale. The 
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photoelectron peaks from left to right are the (0,0,2), (1,0,1), 
(0,0,1), (1,0,0), and (0,0,0) vibrational channels, with binding 
energies 18.5, 18.34, 18.23, 18.08, and 17.96 eV, respectively. 

2 + Figure 9. Vibrationally-averaged <j(e) and e(e) for the C I ionic 
channel of OCS. For the a(e) curves, O are the dipole (e,2e) 

23 
measurements of White et al., <t> are the measurements of 
Carlson et al., and * are the present measurements. For the 
B(e) results in the bottom panel, * are the measurements of 
Carlson et al., and • are the present measurements. 

Figure 10. o(e) and e(e) for the (0,0,0) vibrational channel for the 2 + C Z ionic channel of OCS. In both panels filled circles 
are the present measurements. In the bottom panel the open 
circle is the He I resonance lamp measurement of Carlson and 
McGuire. 1 6 

Figure 11. Vibrational branching ratio and e(e) for the (1,0,0) vibrational 
2 * channel for the C t ionic channel of OCS. The experimental 

results are denoted as in Fig. 10. 
Figure 12. Vibrational branching ratio and a(e) for the (0,0,1) vibrational 

2 + channel for the C E ionic channel of OCS. The experimental 
results are denoted as in Fig. 10. 

Figure 13. Vibrational branching ratio and g(e) for the (0,0,2) vibrational 
2 + channel for the C E ionic channel of OCS. The experimental 

results are denoted as in Fig. 10. 
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VI. CORE LEVEL PHOTOELECTRON AND AUGER SHAPE RESONANCE PHENOMENA IN 
CO, C0 2, CF 4, AND OCS* 

A. Introduction 
Direct photoexcitation of molecular core levels by variable-

energy synchrotron radiation yields photoelectrons and Auger electrons. 
The differential cross section for ejecting electrons by either process 
should vary as 

Jjojhv.o) _ o O p ^ j + B ( h v ) p 2 { c 0 S 9 ) ] (1) 

provided that the initial photoionization mechanism has electric 
dipole character and the initial system is randomly oriented. Here 
P-(cose) is the second Legendre polynomial, e is the angle between 
the polarization direction of the exciting light and the electron 
propagation direction, and hv is the photon energy. The present work 
addresses experiments in which the electron yields are recorded as 
functions of electron kinetic energy. Most of the spectral features 
of interest are peaks in the electron yield associated with either 
photoelectrons or Auger electrons. For the former, the kinetic energy 
E of a peak corresponding to a given orbital of binding energy E„ is 

* C M . Truesdale, S. Southworth, P.H. Kobrin, U.E. Becker, D.W. Lindle, 
H.G. Kerkhoff, P.A. Heimann, T.A. Ferrett, and D.A. Shirley, 
submitted to Phys. Rev. A (1983). 
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given by e - hv - Eg. For the latter, the kinetic energy of a given 
Auger channel is invariant with photon energy (post-collision 
interaction 1s negligible in this work). In both cases a complete 
description of the differential cross section can be given by the two 
functions c(hv) and e(hv), which are called the "cross section" and 
"asymmetry parameter", respectively. They in turn can be determined 
by measuring da(hv,e)/dft at two known angles e. Given the close 
relationship between hv and c, these parameters are often listed as 
O ( E ) and e(e) for photoelectrons. Sometimes the notation <j.(hv) and 
B.(hv) is used to denote properties of Auger transitions. In 
addition, Dill et al. have used the notation 6 {hv) to denote the 
alignment in the initial state of an Auger transition. The asymmetry 
of each Auger transition is described by the product of an orientation 
parameter B (hv) and a term dependent on the Auger decay process 
represented by the symbol A, where 

BA(hv) - Bm(hv)A. (2) 

Here the A parameter is independent of the excitation energy hv. 
For photon energies near the core-level binding energies of 

electrons in molecules, resonances in cross sections and associated 
variations in the asymmetry s are expected. A certain class of these 
resonances is associated with the scattering of the outgoing 
photoelectron by the molecular potential in a quasi-bound state. 
These are termed "shape resonances", and are expected to constitute 
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sensitive probes of the molecular potential. Although shape resonances 
for core-electron excitation in molecules have been the subject of 
extensive theoretical investigation, notably by Dehmer, Dili, and 

2 

co-workers, they have not to our knowledge been observed by a direct 
experiment. We define a "direct" experiment as one in which both the 
energy and direction of the incoming photon and the outgoing electron 
are defined. In this paper, and an earlier preliminary report on CO, 
we describe the first direct measurements of the core-level shape 
resonances in the photoelecton cross section o(e) and Auger cross 
section o.(hv) for several molecules, and the first measurements of 
any kind on the photoelectron asymmetry a(e) and Auger asymmetry 
B»{hw) of these same transitions. 

Our results can be compared with related measurements in several 
3 4 5-10 

cases. These include photoabsorption, • electron energy loss, 
11 12 

electron-ion coincidence, Auger yield, and valence-orbital 
photoemission. 

Several theoretical predictions are available in addition to the 
MSMXa results. The Stieltjes-Tchebycheff Moment Theory (STMT) 
constructs ground state wavefunctions of Hartree-Fock quality from 
which static exchange potentials are approximated to account for the 
nonlocal properties of the core hole states. Pseudospectra are then 
produced that account for the frequencies and oscillator strengths of 
various transitions to discrete valence and continuum valence-like 
orbital channels. Padial et al. used the STMT formalism to 
calculate the partial cross sections for Cls and 01s photoemission 
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from CO and CO?. Recently a Hartree-Fock static exchange 
calculation by Lucchese and McKoy has yielded the Cls and Ols 
cross sections o{e) and asymmetry parameters e(e) for CO-. This 
calculation comes near to determining the correct ab-initio ground 
state and continuum wavefunctions. 

Our spectrometer has been described previously. A 
double-angle-time-of-flight (TOF) spectrometer detects ejected 
electrons by means of microchannel plates. The gas samples are 
excited by photons delivered to Beam Line III—1 at the Stanford 
Synchrotron Radiation Laboratory. One detector is placed at 0* and 
another is placed at 54.7* relative to the photon polarization axis. 
Relative cross sections are determined from the electron intensities 
measured with the 54.7* detector, and the asymmetry parameters are 
found from the ratio of signals measured at 0* and 54.7*. 

Cross sections and asymmetry parameters are corrected in a 
calibration procedure explained in Ref. 18. Briefly, the asymmetry 
parameters are corrected for the relative efficiency of the two 
detectors as a function of the kinetic energy of detected electrons. 
Comparisons are made between accepted literature values for the 
asymmetry parameters of Ne 2s and Ne 2p photoelectrons for photon 
energies of 50-300 eV and the ratio of their measured intensities at 
0* and 54.7*. A small (up to several percent) unpolarized 
comoonent of the synchrotron radiation and any small misalignment of 
the photon beam that intersects the gas sample in the interaction 
region would thereby be corrected for in the final determination of 
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18 the asymmetry parameters. Likewise, our measured relative cross 
sections have been corrected for the (energy-dependent) transmission 
characteristics of the 54.7* detector by a comparison with known 
experimental cross sections and partial cross sections of He 2s and He 

19 2p photoionization channels. 
Second-order light corrections for the C(KVV) Auger cross section 

(j.(hv) and asymmetry parameter B«(hv) were negligible because of 
the small observed intensity for the second-order Cls photoelectron 
peak. The cross sections o(e) and o.(hv) for the 01s and the 0{KVV) 
peaks measured with the second-order component of the light, and the 
first-order results, were scaled separately to the photoabsorption 
cross sections of Barrus and co-workers. 

Host spectra were collected for 1000 sec, the exceptions being 
those of the S2p and S(LVV) Auger peaks of OCS, for which the spectra 
were collected for 300 sec. In the CO, CO-, CF 4, and OCS carbon 
and oxygen K-shell experiments, an aluminum window (1500A thickness) 
isolated our chamber from the port of the ultra-high vacuum 
monochromator. A vitreous carbon window (1000A) was used for the OCS 
sulfur L-shell experiments. 

Stanford Synchrotron Radiation Laboratory provided tunable 
20 radiation from the grazing-incidence "grasshopper" monochromator, 

which was operated with a 1200 line/mm holographic ruled grating. 
Second-order light was used to measure the 01s and 0{KVV) electron 
oeaks while simultaneously measuring the Cls and C(KVV) electron peaks 
with first-order light for CO and CO.. 
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Excitation spectra of discrete subthreshold resonances (e.g., the 
a * * type) for CO, C 0 2 > and OCS, and (o * 3sa.) for CF^ were 
used to calibrate the monochromator energy scale. The overall 
experimental resolution was determined by the observed widths of these 
resonances, which were larger than the natural line widths. The 
entrance and exit slit settings of the monochromator for the CO 
measurements (275 eV £ hv £ 315 eV) were 20p and 50u, which yielded 
band passes of 0.5 and 2.0 eV FWHH. The 0.5 eV resolution 
measurements (275 eV £ hv £ 290 eV) were performed over the Auger t> > 
H discrete transition. During the CO- measurements (270 eV <_ hv 
<_ 340 eV) 50u slits were used. The S2p and S(LVV) Auger experiments 
(155 eV £ hv £ 190 eV) on OCS used 100p slits with a monochromator 
resolution of 1 eV, and the remaining studies used 100u slits which 
corresponds to a bandpass of 4 eV. In each case an additional 3 
percent of the kinetic energy of the electrons arising from the 
geometry of our spectrometer must be factored in to calculate the 
overall resolution of our measurements. The oxygen measurements 
performed with first-order light for CO were carried out with a 
monochromator bandpass of 5 eV, and the second-order oxygen measurements 
for CO and CO, were performed with 4.0 eV monochromator resolution. 
For some spectra, the electrons were retarded for 14.4 cm of the total 
28 cm path length of travel, before being detected by the microchannel 
plates, by means of retarding cages inside the flight tubes of our 
detectors. The resolution and separation of photoelectron and Auger 
peaks were significantly improved by this procedure. 
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There are five sections to follow. The results and discussion 
for CO, C0 2, CF 4, and OCS will be presented in Sections B-E, 
respectively, and conclusions will be presented in Section F. 

B. CO Results and Discussion 
Some of the CO shape resonance results reported here were 

21 presented and discussed in an earlier report. We include them 
here for completeness, but refer the reader to that report for its 
complementary discussion. 

The ground state electronic configuration of CO is 

(la 22o 23o 24o 2l* 45o 2) l E + . The la orbital is basically Ols-like (Eg = 

541.2 eV), the 2a is Cls (Eg = 295.9 e V 2 2 ) , and the other four 
orbitals are the valence orbitals of CO. 

Two time-of-flight (TOF) spectra, converted to kinetic energy 
scales, are shown in Figs. 1 and 2. The spectrum in Fig. 1 was 
collected with a retarding voltage of 150 eV. The (5a~ ), (ltr~ ) , 
and the (4o~ ) photoelectron peaks, with binding energies of 14.9, 
17.6, and 20.5 eV, respectively, are unresolved, but the (3o ) peak 
is distinct, with a binding energy of 35.4 eV. Peaks corresponding to 
the C(KVV), the Cls(from 2nd order), the 01s(from 3rd order), and the 
O(KVV) peaks are also observed. A spectrum taken with no retarding 
potential is shown in Fig. 2. The Cls and 01s peaks are evident, and 
the identities of the other features can be inferred from Fig. 1. 

We note that the C(KVV) Auger peaks have kinetic energies of ~220 
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23 to 273 eV. Using the notation of Moddeman et al., the 8-1 peak 
(5o , 1* final state) with a kinetic energy of -255 eV is 

2 -1 
convoluted with B-3 (5a ) and the weak B-2 Auger band (4a , 

-1 24 25 5o i). c"»»" The other structures observed by Moddeman, et al. 
(B-6 to B-10, and C-l to C-3) are grouped together into the peaks 
shown by the B and C labels. The Auger bands labeled by Moddeman et 
al. as A-l to A-ll (autoionization) have final kinetic energies 
corresponding to the kinetic energies of the ionized valence states, 
and cannot be unambiguously identified because of the presence of the 
valence ionic channels. The oxygen Auger peaks have kinetic energies 
of - 413 to 517 eV. The largest O(KVV) peaks have been identified as 
the B-5 (I* - 2) and B-7 (4o _ 1, In - 1) bands. 2 4 Our peak at a 
kinetic energy of - 495 eV corresponds to B-5 convoluted with B-7 
(shake-up) and B-4, and the shoulder at - 500 eV is the B-l (5o , 
1» ) band. The results of ab-initio molecular- Auger 

25 calculations by Agren suggest that the large C(KVV) Auger peaks 
arise from the vacancies in the 5a orbital, and that vacancies in the 
3o, io, and 1» orbitals dominate the O(KVV) Auger spectrum for CO. 

Asymmetry parameters for the C(KVV) Auger electrons of CO are 
shown in Fig. 3. The asymmetry parameters are set out in Table I. 
Spectra excited by photons of energies near the Cls edge energy 
contained valence orbital photoe' . „ron peaks that overlapped with, 
and were unresolvable from, the Auger peaks. However, extrapolation 
from spectra taken with photon energies too low to excite the Cls 
discrete resonances enabled us to estimate with some confidence the 
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effects of the valence photoelectrons on the Auger partial cross 
sections. In some cases a partial deconvolution of these peaks was 
attempted, but in most cases the peaks arising from higher order light 
and the first three valence photoelectron peaks could be only 
partially deconvoluted from the C(KVV) peaks, and some [3a ) 

component is unavoidably still included in the C(KVV) results. The 
effective asymmetry parameter 8 T(h«) for the sum of the C(KVV), the 
valence states, and the small second order Cls peak is also given in 
Table I. Of course the transitions represented by B T(hv) vary with 
hv. For example, for hv < 280 eV, 8 T(hu) corresponds to the 
effective asymmetry parameter for the sum of the valence states, 
because at these photon energies the C(KVV) Auger transitions do not 
exist. 

The cross section o„(h\>) for the 2o » 2ir(* ) resonance, at 
287.3 eV photon energy, * ' ' has been scaled to the integrated 
oscilMtor strength over this resonance given by Tronc et al. This 
discrete resonance is over an order of magnitude more intense than the 
continuum excitations, which lie above the Cls binding energy of 295.9 
eV. For phot n energies above the discrete resonance, the C(KVV) 
curve was scaled by a constant factor, to agree with the Cls 
phctoelectron cross section at 315 eV, which was normalized to the 
electron-ion coincidence measurements, shown by the dashed curve. The 
continuum region shows structure arising from the Cls photoelectron 
shape resonance, as discussed before. In normalizing the Auger yield 
to the Cls cross section we have neglected the fluorescence yield, 
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which could be accounted for in a more precise study. 
The asymmetry parameter B.(hv) for the C(KVV) channel in CO is 

nearly zero over the entire region where measurements were taken. The 
exception is near 295 eV. The published electron energy loss 
measurements showed a strong discrete resonance near this energy. 
Our data indicate that in this resonance the excited CO molecule is 
strongly oriented, leading to an asymmetry in the C(KVV) Auger 
channel. No further interpretation is warranted, because the nature 
of the discrete resonance at 295 eV is not well established. Turning 
now to the 287.3 eV resonance, the orientation parameter for the 

* excited state following the o * it transition is predicted to have a 
2 

value of -1. This prediction has essentially been confirmed by 12 Stohr et al. for CO adsorbed and oriented on a surface. It seems 
inescapable that CO is strongly oriented in the * resonance excited 
state. There are two possible ways to reconcile this orientation with 
our observations that the kinetic energy-integrated C(KVV) asymmetry 
parameter B.(hv) is essentially zero at h« = 287.3 eV. First, the 
A. factors for the various Auger transitions of fractional strength 
f. could have values that would average out the Auger asymmetry 
parameter B.(h\>) to zero, according to 

BTTnTT > Bm(hv)£Aif.(hv) ( -1 < A. < 1 ) (3) 
" m j J J ~~2— J -

This can also explain the discrepancy between the calculated 
orientation parameter B (h\>) and our asymmetry parametar B>(hv) 
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values for the C(KVV) channel above the Cls threshold at 295.9 eV. 
Hell-resolved Auger spectra will have to be measured to test this 
possibility. Our own attempts to obtain such spectra will be 
described below, after we address the alternative explanation for a 
near-zero asymmetry. 

The above idea that the Auger asymmetry B, is near zero because 
of cancellation of asymmetries strains our credulity, especially if it 
must be invoked twice; i.e., for the w resonance and again for the 
continuum states. An attractive alternative explanation for the 
near-zero s of the » resonance is the "spectator" model, in which the 

* excited electron retains the orientation information in a t orbital 
but is not significantly involved in subsequent Auger decays. The 
molecular "core" would then behave somewhat like an atom with a 
K-shell hole and exhibit no asymmetry in its Auger decay. This model 

21 was discussed earlier. 
In an attempt to test the first explanation, we used selected 

retarding potentials to study the kinetic energy distribution of the 
Auger electrons for photon energies above and below the Cls threshold 
at 2SS.9 eV. Two typical spectra, excited by photons on resonance at 
287.8 eV and above threshold at 296.8 eV, are shown in Fig. 4. 
Retarding potentials of 100 V and 150 V were applied to collect the 
287.8 eV and 296.8 eV spectra, respectively. The large C(KVV) peak in 
the 287.8 eV spectrum, which corresponds to the B-l band (5o ,lir ) 
in the 296.8 eV spectrum, has a kinetic energy of around 12.5 eV 
higher than its counterpart, because the initially excited electron is 
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still present. An electron-electron coincidence measurement by T.D. 
Thomas et al. has shown a similar shift between high resolution 
C(KVV) Auger spectra for CO and for comparable measurements by Ungier 
et al. 2 7 for the N(KVV) Auger of N ? spectra with and without the 
excited electron present. Because of the low resolution of our 
spectra we could only confirm tnat the mean energies and overall 
shapes of the spectra were different. We could not establish whether 
or not the asymmetry varies with kinetic energy across a spectrum. 

The results for the Cls photoelectron channel are presented in 
Fig 5. Our relative cross sections were scaled to the electron-ion 
coincidence measurements of Kay et al., shown by the open 
circles. The Cls cross section shows a weak shape resonance maximum 

centered around 306 eV, in good agreement with the results of Kay et 
11 14 

al. and with predictions of the STMT calculation, shown by the 
solid curve. In the STMT work two major subchannel excitations were 
invoked to describe the 2o K-shell excitations. Those were the 
2o • ko and the Za » k» continuum transitions. The JU3 partial wave 
in the a » ko(cf) transition has been suggested as being responsible 

28 31 for the o shape resonance. Also shown in Fig. 5 is a dashed 31 curve representing the MSMXo prediction. This curve shows a 
maximum at the right energy, but its width exceeds the experimental 
value and its contrast ratio is about twice the experimental result. 

The asymmetry parameter B(C) for the Cls photoelectron confirms 
the existence of a shape resonance with a weak minimum at 303 eV. The 
variation of the measured fl{c) falls between the predictions of the 
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localized-hole MSHXa calculations of Dill et al. , shown by the 
32 solid curve, and Grinwi, shown by the dashed curve. The overall 

shapes of the calculated s(t) curves are in very good agreement with 
the present results, except for predicting a contrast ratio larger 
than is observed, 

The cross section and asymmetry parameter of the unresolved peak, 
which included the X, A, and B states of CO derived by ionization 
of 5a, 1», and 4o electrons, arid the Cls peak in second order, was 
also derived from our data. The cross section showed little variation 
with photon energy in the range hv - 270-315 eV, and s ranged between 
1.5 and 2. The data showed a lot of scatter because of the difficulty 
of deconvoluting these peaks from the Auger structure, but their 
overall behavior assured us that the curves derived for the Auger 
peaks were entirely due to the behaviour of those peaks. 

The Cls(2nd order) peak could be deconvoluted in our spectra for 
hv » 308-314 eV; i.e., for 2nd order photon energies ranging from 616 
to 628 eV. In those five spectra the asymmetry parameter a(e) was 
determined, the mean value being s - 2.03 * 0.11. Of course ( > 2 is 
expected for an atomic ns » ep transition. In the high kinetic energy 
regime it may be plausible to treat the Cls excitations in molecular 
CO in an atomic model, because the scattering dynamics should not 
include resonances and the outgoing electron would have little 
interaction with the molecular potential. 

The oxygen Auger results are dispayed in Fig. 6. The data are 
incomplete because the oxygen edge was a low-priority secondary 
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objective of this study, as a consequence of the poor performance of 
the monochromator at this energy. Our results were derived by using 
both first-order and second-order light. No data were taken below 
hv » 540 eV in either order, and the range hv « 550-570 eV was largely 
missed, thereby precluding a definitive study of shape resonance 
phenomena. The results are nonetheless of some interest. 

The 0{KVV) cross section closely mimics the 01s cross section (to 
be discussed later), as it should. The O(KVV) asymmetry parameter was 
easy to work up because the peak fell at a high kinetic energy and was 
well separated from other features. Throughout the range hv « 560-630 
eV the data lie in the range B « -0.1 to 0.3 with no real trends, and 
a horizontal straight line fits the data within their statistical 
accuracy, yielding the value a » 0.10 ± 0.02. 

Our six points near threshold, in the range hv « 545-555 eV, show 
a larger B, in the range 0.3-0.5. It seems probable that these points 
provide the first evidence for an Auger shape resonance, as predicted 

2 by Dill et al. Their calculated curve for the orientation 
parameter i is shown in Fig 7. Clearly more work is needed on this 
question. 

The results for the 01s peak are presented in Fig. 7. There is 
general agreement among our cross section o(c) data, photoabsorption 

3 14 
measurements, and the STMT calculation of Padial et al. Our 
measurements based on first-order and second-order light, after 
being corrected for transmission efficiency, were scaled to the 
photoabsorption data at 545 eV, and 562 eV, respectively, because of a 
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small overlap in energies for the two sets of Measurements. The 01s 
cross section o(t) clearly shows a shape resonance near 550 eV. 

The dearth of measurements between 550 and 570 eV prevents our 
observing the minimum in the 01s asymmetry B(C) predicted by the 
localized-hole MSHXo calculations of Grimn and Dill et al. . 
However, we find that B(E) increased rapidly from 0.7 at hv * 545 eV 
toward an asymptotic value above 1.5 by hv « 570 eV. Whether there is 
more structure in the range hy » 550-570 eV is unknown. At higher 
energies our data appear to approach an asymptotic value of B - 1.6 ± 
0.1. The MSMXo calculations ' show good agreement with this 
result, approaching an asymptote this high or higher. Similar 
behavior was observed both experimentally and theoretically for the 
Cls asymmetry. 

Shake-up structure is observed near the 01s peak. A TOF spectrum 
taken with second-order light at hv « 630 eV, converted to an energy 
scale, is shown in Fig. 8. The shake-up structure labeled "S" is 
probably the lir » 2ir shake-up transition. We find that this structure 

is present at 13.0 * 3.0 percent of the 01s main-line intensity. 
33 Carlson et al. reported that this state has -10 percent of the 01s 

34 intensity. Aarons et al. performed an unrestricted Hartree-Fock 
(UHF) calculation to assign shake-up thresholds and intensities in the 
high-energy limit. They predicted that the In * 2it shake-up peak 
should lie 16 ev above the 01s peak and would have 15.4 percent of the 
01s intensity. The agreement between this calculation and our 
measurements is very good. 
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C. CO. Results and Discussion 
The ground state electronic configuration of CO. can be written 

lollahaholZolnahah^ui X £ * The lo„ and lo„orbitals g u g g u g u u g g g u 
(unresolved in this work) are linear combinations of atomic 01s 
orbitals with an average binding energy of 541.2 eV. The 2o 
orbital is basically a Cls atomic orbital with a binding energy of 
297,5 eV. The remaining molecular orbitals have binding energies 
below 50 eV, and were not studied in this work. A spectrum is shown 
in Fig. 9. The Cls photoelectron and C(KVV) Auger cross section 
results were scaled at 305 and 302 eV, respectively, to the Cls 
partial cross sections derived by the electron energy loss studies of 
Wight and Brion, which were themselves scaled to agree at 300 eV 
with the STMT calculations of Padial et al. . As in CO, all of the 
01s and 0(KVV) measurements in C0» were taken with the second-order 
light, and our relative partial cross sections were scaled to the 
photoabsorption measurements of Barrus et al. 

Results for the C(KVV) asymmetry parameter are presented in Table 
II. The C(KVV) peak is convoluted with the valence photoelectron 
peaks: a partial deconvolution was achieved. The Auger asymmetries 
for the C(KVV) and O(KVV) channels of C0 2 are effective values 
integrated over the unresolved KVV Auger channels, similar to the 
results for the Auger peaks in CO. As for the CO C(Kvv) B.(hv) 
results, the effective asymmetry parameter in CO, for the sum of the 
C(KVV) peak, the valence states, and the second-order Cls peak, 
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» T(hv), is also found in Table II. To our knowledge, there are no 
published integrated cross sections over the discrete 
2o * 2* (» ) transition against which we can normalize our 

g U v * 

Auger cross sections. 
The time-of-flight spectrum of CO, in Fig. 9 has been converted 

to a linear kinetic energy scale, with the various peaks identified in 
the Figure. The dominant C(KVV) peaks have been assigned as having 
mainlv flu - 2) and Mo" 1-!*" 1! final states. 2 5 Some of the OfKVVl u g g 
peaks of CO- still do not have unambiguous assignments, but the 
In hole states should account for most of the high kinetic 9 
energy Auger peaks. 

The derived parameters for CCL are plotted in Figures 10-13. 
The format remains the same, where filled circles represent the 
present experimental measurements. The open circles with the Cls a(e) 
results and the dashed curve with C(KVV) Auger cross section o.(hv) 
are the electron energy loss measurements of Wight and Brion, and 
the open circles shown with the a.(h\)) for the O(KVV) channel denote 
photoabsorption measurements. The solid curves presented with the 
a(e) and a.(hv) data are the STMT results, and the dashed curves 
represent the HF static exhange calculations. For the e(e) 
curves, the solid curve represents the HF static exchange results, the 

32 dotted curve represents the localized MSM calculation of Grimm, 
and the dashed curve represents the unlocalized-hole MSMXa 

32 
calculations of Grimm. 
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In Fig. 10 the CO- C(KVV) Auger cross section oft(hv) shows a 
discrete resonance transition [2o > 2* (» )] centered near 290 
eV and the broad shape resonance [2o » 4%(° )] w 1 t n 1 t s 

maximum near 310 eV. Our C(KVV) Auger cross section o A(hv) results 
were scaled to the electron energy loss results at 302 eV. 

The CO, C(KVV) Auger asymmetry parameter B.(h-u) is also shown 
in Fig. 10. At the 2» (» ) resonance Bfl(hv) is small, similar 
to the result for the C(KVV) channel of CO at the 2»(» ) resonance, 
but apparently nonzero. As in CO, the remainder of the asymmetry 
points must be interpreted carefully. The highest asymmetry values 
fall at energies for which the Auger peak intensity is very weak; 
i.e., hv - 296, 300, and > 330 eV. These high values cannot be 
interpreted with any confidence, but probably arise from other 
channels, e.g., valence orbitals. In the range 300 < hv < 325 eV, 
S.(hv) shows scatter well outside of statistics, but again (as for 
CO) appears to be slightly positive. The discussion given for the CO 
C(KVV) Auger asymmetry would also be appropriate for C0 2. 

The results for the Cls photoelectron channel are presented in 
Fig. 11. The cross section o(e) for the Cls peak of C0 ? was scaled 
in the same way as was the C(KVV) cross section. The o shape 
resonance peaking at 312 eV is more evident than that of CO. Both of 
the theoretical models (HF static exchange and MSMXa) are fairly 
accurate in determining the shape of the peak in the cross section, 
but the energy of the broad shape resonance is calculated to lie 5-6 
eV closer to threshold; i.e., at c ~8 eV rather than the experimental 
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o 

value of e -14 eV. Wight and Brion suggested that the structure 
present at 301 eV is attributable to l*u shakeup (l* u * 2» ). 
Both theories miss this structure. 

The asymmetry 8(c) of the Cls peak in C0 2 is also more dramatic 
than for CO, appearing as a broad minimum centered around 318 eV. The 
HF static exchange calculation (solid curve) is in better agreement 
in predicting the overall shape of B(E) than is the unlocalized-hole 

32 MSHXo calculation, shown by the dashed curve. Nonetheless, the 
unlocalized-hole HSHXa predicts the energy position for the shape 
resonance minimum very close to our measurements. The localized-hole MSM 

32 calculation of B(e) (dotted curve) for the Cls channel given by Grimm 
predicts the shape resonance too close to threshold. Grimm suggested the 
Cls shape resonance is attributable to the 2,=2,3 channels in the 2o » 
4a (a ) continuum transition. 

The O(KVV) results are presented in Fig. 12. The cross section of 
the O(KVV) channel should be directly related to the 01s partial cross 
section when the photon energy used is above the 01s threshold. We shall 
use the Auger yield o.(hv) for the O(KVV) channel of C0 2 to make 
comparisons to previous 01s cross section measurements and 01s 
theoretical models. The partial cross sections for the CO- O(KVV) were 

3 scaled to the 01s photoabsorption measurements of Barrus et al. at 555 
eV to yield absolute partial cross sections. The Auger yield ?„(hv) 
for the O(KVV) peak is then in excellent agreement in its energy 
dependence with the photoabsorption measurments. Barrus et al. stated 
that they observed a weak structure at -580 eV in their absorption curve, 
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which was proposed to be related to shake-up structure. There also 
seems to be a weak structure present in our yield data. The o.(hv) 
data are in total agreement with the photoabsorption results. Both 
theoretical studies predict the energy of the Cls shape resonance to 
be near 560 eV, but the STMT calculation is in closer quantitative 
agreement with the experiment in predicting the shape of the cross 
section. 

The measured O(KVV) asymmetry parameter 6 A(hv), shown by the 
filled circles in Fig. 12, starts at a value near 0.3 at 550 eV, 
decreases to near zero at 575 eV, has a weak maximum at near 580 eV, 
and remains close to 0.1 from 500 eV to 680 eV. The possible 
structure near 580 eV corresponds to the same feature observed in the 

3 yield a.(hv), and may be a result of shake-up. 
The asymmetry parameter B(E) for the 01s channel is shown in Fig. 

13. It rises from 0.7 at 550 eV, to -1.3 at 555 eV, continues to 
increase to 1.5, and remains at this value from 560 to 680 eV. Our 
results are sparse at the low energies (the region where both the HF 
static exchange and the localized-hole MSMXo calculations predict 
minima in B ( E ) ) and the monochromator resolution was poor in this 
region. Therefore, we cannot infer anything about a possible minimum 
for the asymmetry parameter. 

After expanding the spectra around the 01s peak, 01s satellite 
structure was again observed. In Fig. 14 we present TOF spectra 
converted to an energy scale for a spectrum collected with the 
second-order light with an energy of 630 eV. The largest 01s shakeup 
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peak is located at about 16 eV above the 01s threshold. Allan et 
35 al. have attempted an assignment of the total 01s shakeup 

structure of CO,. They suggest that the two shake-up peaks at 
around 13.8 eV and 16.0 eV (referenced to the 01s main-peak) may arise 
from transitions between the excitations 4o » 5o (14.5 eV), 
l* u > 2» u (15.2 eV), and the 3<>u » 4o u (15.5 eV). The 
branching ratio for the total 01s shake up intensity to the 01s 
main-line intensity is tabulated in Table III. Theoretical 

34 calculations have indicated that -20 percent of the intensity of 
the 01s main line is borrowed to produce the 01s satellite 
structures. The present average value for the branching ratio of the 
satellite peaks from -11 to 22 eV above the 01s binding energy for 
photon energies between 592 and 632 eV is about 20 percent. Allan and 
co-workers found that when CO- was excited by Mg Ka radiation 
(1254.6 eV) the sum of the 01s shake-up peaks accounted for about 17.5 
percent of the intensity of the 01s photoelectron peak. 

D. CF. Results and Discussion 

The ground state electronic configuration of this tetrahedral 
molecule can be written: It!jla^2aj3a^2t^4aj3t!jie44t!;itj, ^ j . 3 6 

The It. and la, molecular orbitals are described by a linear 
combination of Fls atomic orbitals. The 2a, molecular orbital is 
formed almost entirely from a Cls atomic orbital with a binding energy 
of 301.8 eV. An electron spectrum of CF. excited by a photon beam 
of nominal (first-order) energy 318.8 eV is shown in Fig. 15. The 
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features present are the Cls peak, the C(KVV) peak, the valence 
photoionization channels, and the F(KVV) Auger peaks which arise from 
third-order light. We shall discuss only the Cls and C(KYV) peaks, 
which were observed in spectra taken at photon energies between 280 eV 
and 3S0 eV. 

A discrete resonance occurs at 298 eV, which has been assigned as 
arising mostly from the 2a, »• 3sa, Rydberg-type excitation, with 

q small contributions from 3p and 3d Rydberg orbitals." The derived 
parameters for the Cls and C(KVV) pedKS of CF. are plotted in Fig. 
16 and Fig. 17. In these figures, our derived partial cross sections 
are compared to the electron energy loss measurements of Wight and 

g 
Brion , shown as open circles, and the photoabsorption results of 
Bachrach et al., illustrated by the solid lines. There are no 
theoretical or other experimental B(e) results for the Cls and C(KVV) 
channels of CF.. A solid line is drawn through our data to show 
their trends more clearly. 

The measured C(KVV) Auger cross sections o.(hv) were scaled to 
a the results of Bachrach et al. at 302 eV. To account for the 

valence contributions to their results, their cross section below the 
discrete resonance energy (298 eV) was assumed to be the valence 
orbital contribution to the absorption curve and was subtracted prior 
to scaling our results. There is good agreement between the 
photoabsorption study and the present work. Differences observed 
between the two could be a result of our using a 4 eV bandpass in the 
monochromator, or the flux may not be well enough determined for the 
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1200 line/mm grating at the carbon edge in the CF. and OCS carbon 
K-shel) experiments, which were performed 3 months after the CO and 
COo experiments. The incident photon flux during the CF. and OCS 
experiments showed a stronger decrease at the carbon edge than 
observed for the CO and C0 2 measurements for which a new grating was 
used. The gratings become contaminated with carbon from hydrocarbon 
residuals in the vacuum of the SSRL beam lines. The intensity ratio 
of the discrete resonance to the continuum o shape resonance in CF. 
lies between those observed in CO and CO,. 

The C(KVV) Auger asymmetry parameter a.(hv) for CF. is also 
shown in Fig. 16. The value of B„(hv) at the discrete resonance 
(298 eV) is near zero, as was the case for the C(KVV) peak in CO and 
C0_. "ihe apparent C(KVV) Auger asymmetry s.(hv) for photon 
energies above the Cls threshold in CF. lies in the range 0.2-0.3. 
It shows no strong variation in alignment in the proposed continuum 
shape resonance region around 315 eV. Because the 3a, and 2t_ 
molecular orbitais are inextricably convoluted in our "Auger" peak, we 
are inclined tentatively to conclude that the nonzero value of the 
observed asymmetry of this peak may be largely ascribed to these 
orbitais. 

The results for the Cls peak are presented in Fig. 17. The Cls 
relative cross section was scaled in a fashion similar to the C(KVV) 
yielc, but at 310 eV. The yield a(e) for the Cls peak has a broad 
shape resonance centered at 315 eV. The width of the resonance agrees 
with the electron impact measurements. Because of the difficulty in 
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digitizing the weak shape resonance region of the carbon K-shell for 
the eiecton impact measurements, those data are rot plotted below 310 
eV. 

The Cls asymmetry parameter e(e) of CF. starts at a value of 
-0.6 at 305 eV, goes through a broad minimum value of about 0.3, 
steadily increases, and remains above 1.0 from 330 eV to 350 eV. The 
width of the minimum fails between the CO and C0 2 Cls results. This 
width is related to the depth of the potential barrier for the Cls, 
photoelectron, and the ordering CO < CF. < C0 2 is consistent with 
the Cls molecular shape resonance contrast ratio having the same 
order. Theoretical studies of the Cls cross section 0(c) and 
asymmetry parameter e(e) are needed. These experimental results 
appear to be useful in qualitatively describing the systematics of 
shape resonance phenomena. 

E. OCS Results and Discussion 
The ground state electronic configuration of OCS can be written : 

lo 22a 23o 24o 2S2p 66o 27c, 28o 29o 22it 43ii 4, V . We present angle 
resolved studies of the 3o orbital, which corresponds to the Cls shell 
with a binding energy of 295.2 eV, and the sulfur I- ,(2p) doublet, 
with edges located at 170.6 and 171.6 eV. We have not attempted to 
resolve the two sulfur photoelectron peaks, and will adopt an average 
ionization threshold of 171 eV for this shell, which we henceforth 
denote as S2p. The carbon K-shell studies will be presented first, 
followed by the S2p and the S(LVV) results. Spectra of OCS can be 
found in Fig. 18 and Fig. 19. 
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The C(KVV) and Cls results are shown in Fig. 20 and Fig. 21. Our 
measurements will be compared to the electron energy less measurements 

37 of Wight and Brion and to the MSHXa calculation on the Cls channel 
32 given by Grimm . From our earlier results, the B(C) values 

calculated for the localized hole potential model was expected to show 
better agreement w th our measurements than the unlocalized-hole MSM 
calculation of Grioi, and indeed this is the case. 

The 3o » 4»(* ) discrete resonance have been observed by the 
electron energy loss measurements, where the largest is centered 
at 288 eV. Might and Brion have also observed discrete structure in 

37 32 the continuum ranye. Grimm has predicted that the excitations 
of the Cls electron into the continuum would show two shape 
resonances. Thes.»3,4 partial waves are expected to have delayed 
onsets. Me therefore sought evidence to test this prediction. 

The OCS C(KVV) Auger cross section o A(hv), shown in Fig. 20, 
shows a large discrete transition below the Cls threshold. Above 
threshold there seems to be evidence for two maxima in the cross 
section, near 305 eV and 310 eV, which could be the f and g partial 
wave shape resonance features predicted by Grimm. The electron impact 
measurements, which correspond to the solid curve have been scaled 
to our data at 291.2 eV. The electron energy loss measurements of 

37 Wight and Brion are expanded (x3) to show the pre-edge discrete 
transitions for the Cls shell of OCS. The valence peaks intensities 
are apparent in the measurements below 285 eV photon energy. The 
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results of Wight and Brion show a much smaller intensity for 
energies above the carbon K-edge than do the present data, probably 
because our measurements were performed with a 4 eV monochronator 
bandpass (FWHM) compared with the 0.5 eV electron energy resolution 
measurements of Wight and Brion. 

The C(KVV) Auger asymmetry parameter s.(hv) is presented in the 
bottom panel of Fig. 20. Again B.(hv) is nearly zero at the discrete 
* resonance, as was true for all the other molecules. The value of 
B«(hv) generally is between -0.2 and zero through the entire energy 
range, although there is an increase near the Cls threshold. This 
also is a common feature for the C(KVV) Auger peaks. It may be the 
consequence either of an alignment caused by other discrete transitions or 
of the valence contributions under the Auger peaks. A broad minimum 
is present in the asymmetry parameter near 310 eV, which nay be a 
result of an alignment caused by a shape resonance. 

The Cls cross section o(e), shown in Fig. 21, has two maxima near 
305 eV and 310 eV. Because these features were also observed for the 
C(KVV) aeak, we are inclined to believe that these two maxima are really 
present. If the first and second maxima are indeed the f and g partial 
wave shape resonances, respectively, then the g-wave experiences a 
stronger resonance. 

In the bottom panel of Fig. 21 the Cls asymmetry parameter B(e) 
data are shown. The localized-hole MSMXo results of Grimm are 
represented by the solid curve. We have lowered Grimm's curve by 0.3 
units in beta. Although scatter is present in the data, it is clear 
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that the MSMXo calculation predicts the shape of our results. Two 
minima are observed, which would agree with the two shape resonances 
predicted by the MSMXo calculation. 

The sulfur 2p shell has been studied previously in the region of 
op 3g the sulfur-L edges by optical absorption * and electron impact 

methods. Our work is the first photoemission investigation for 
the sulfur 2p shell of carbonyl sulfide near the sulfur-L edges. He 
shall present results for the S2p and the S(LVV) channels. The S2p 
shell of OCS closely resembles the S2p shell in atomic sulfur. 
Deviations from atomic theoretical predictions might therefore 
highlight specifically molecular effects in S2p photoemission. The 
S(LVV) results will complement and test these interpretations. 

The S2p photoemission measurements were performed over the photon 
energy range 160-190 eV. For these measurements, the time structure 
of the synchrotron radiation source was poor. It had a period of 195 
ns between equally spaced bunches. Each bunch contained four pulses, 
spaced by -2.8 ns. As a consequence the low kinetic energy peaks were 
substantially broadened. Because of the high count rate in these 
studies, spectra were obtained after 300 sec, yielding data with 
excellent counting statistics. The data are presented in Figs. 22 and 

37 23, along with the electron energy loss results. The solid curves 
in these figures are used only to connect data points. We have scaled 
the electron impact data to ours as previously described. 

There is excellent agreement between the electron energy loss 
measurements and the relatively sparse data for the S{LVV) Auger 
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channel, as shown in Fig. 22. The large discrete resonances are 
associated with the excitation of the S2p electron to the 4»(« ) 
unoccupied molecular orbital. The S(LVV) Auger cross section a.(hv) 
has a maximum near 176 eV and slowly decreases at higher energies, 
following the electron loss curve quite well. There is a small 
feature near 179 eV. Wight and Brion reported observing a feature 
near 191 eV which they suggested might be caused by shake-up 
structure. He note these features because Allan et al. have shown 
that S2p shake-up states lie 9.6 and 15.3 eV above the sulfur L- , 
edges in OCS. 

The B.(hv) results for the S(LVV) channel are also presented in 
Fig. 22. Table IV lists B«(hv) and flT(hv) values. The B.(h-o) 
parameter includes contributions from OCS valence ionic channels, 
which could not be resolved out. It is therefore appropriate to note 
the trends in B.(hv), but not to draw any conclusions based solely 
on its precise value. The asymmetry parameter starts at a value near 
1.0 below the S2p threshold and decreases sharply to near zero at 165 
eV. Then e«(hv) has a small maximum near 167 ev (possibly due to 
alignment), decreases back to zero and varies little from 172 to 179 
eV. The data near 179 eV suggest there is evidence for a small degree 
of alignment. 

The S2p results are shown in Fig. 23. In the top panel the 
37 results of Wight and Brion are again shown. The cross section of 

the S2p has a maximum at 176 ei and slowly decreases over the rest of 

the energy range. The comparisons made with this work have been 
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discussed in connection with the S(LVV) cross sections. Therefore 
those findings are identical for the S2p when the excitation energy is 
above the sulfur (-2 3 edges. 

The OCS S2p asymmetry B(C) is presented in the bottom panel of 
Fig. 23. The data are connected by the solid curve only to emphasize 
trends. The asymmetry parameter has a minimum near 179 eV, increases 
to about 0.1, and again drops toward zero above 185 eV. The S(LVV) 
Auger cross section o.(hv) showed a weak feature near 180 eV, which 
coincides with a threshold for a S2p shake-up state. 

The changes of the S2p asymmetry parameter B(e) near 180 eV and 
above 185 eV suggests that e(e) might be sensitive to the population 
of shake-up states. In Fig. 24 a spectrum taken at 190 eV clearly 
shows the S2p shake-up peaks. We have determined that the binding 
energies of these states are about 9.5 (S2) and 15.0 eV (SI) above 
the sulfur 2p edges with intensities that are 6.3 * 0.6 percent and 

11.7 ± 0.7 percent of the S2p peak, respectively. Using Mg Ko 
30 radiation, Allan et al. found that the shake-up peaks were 4.8 ± 

1.5 percent and 5.4 ± 2.4 percent of as intense as the S2p peak. 
We shall treat the molecular photoionization of the S2p shell in 

OCS in a "quasi-atomic" model, as if it were the ionization of an 
atomic 2p subshell. We exercise caution due to limitations in this 
approach because of molecular dynamical effects such as shape 
resonances, anisotropic ion interactions arising from the asymmetric 
molecular field, and higher angular momentum states must be included 
to describe fully the molecular system. In particular, we shall 
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discuss the dynamics of the measured a(e) parameter, using the atomic 
40 model presented by Manson. 

41 In the Cooper-Zare (C-Z) formalism, the asymmetry parameter 
8(e) can be written 

(8) 

B 

The radial dipole matrix elements are given by R ^ i , where 1 is the 
angular momentum of the specific orbital that is ionized and a(e) 
accounts for the algebraic sun of the two phase differences for the 
interfering 1*1 channels: 

4(e) - [«jt + 1U) - S J U J U ) ] + [ n i + 1(e) - n ^ U ) ] (9) 

The «j ±, and ti£±. terms correspond to the non-Coulomb and Coulomb 
phase shifts, respectively. It is assumed that both of the &.±, 

40 
vary slowly with energy. The Coulomb phase shift given by Manson 
is expressed as 

n l + 1(e) - n w ( t ) - tan - 1[-(2A+l)/( e
1 / Zl(l+l) - c~ 1 / 2)] (10) 

For 2p ionization, p * ed and p * es channels are allowed by 
the dipole selection rules. Using Eqs. (8) and (10) and defining the 
ratio O U M Q ' C V R - U ) , we have 
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B(c) • 1 -2p(e)CQSfl(e) . (11) 
1 + .5p(e} 2 

Assuming s (0)*2» and « d(0) « 0, and that both vary slowly with 
energy, the COSA(C) can be written approximately as 

cosa(e) - cos[tan - 1(-3e 1 / 2)/(2e-l)] (12) 

Hence the radial matrix element ratio p(e) can be determined as the 
solution of the quadratic equation 

p(e) 2 + p(e)4cos&(e) + 2 - _2 « 0 (13) 
fl(e) ~T^T 

which are 

p(e) . -2CQSA(C) * [ 4cosa(e) 2 * 2 - 2 ] 1 / 2 (14) 

An examination of p(e) requires that the positive root be taken. 
Using this solution for p(e), together with our s(e) values, we have 
determined that the value of p(e) is about 0.5. This confirms that 
the matrix element for the p •> es channel is always smaller than for 

40 the p » cd channel, as suggested by Manson. 
The coulomb phase shift difference and asymmetry parameter 

determined usino the quasi-atomic model is shown in Fig. 25. The 
values for radial natrix element branching ratio p(e) lie between 0.40 
and 0.54. The p > es channel contribution to photoionization should 
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generally decrease slowly with increasing excitation energy. Therefore 
deviations from that behavior probably arise from explicit molecular 
structural effects. In Fig. 25 it is evident that the radial matrix 
branching ratio p(e) shows abrupt increases near 179 eV and 186 eV, 
energies that correspond to the edge energies of the two strong 
satellites. 

42 
Using the atomic non-Coulomb phase shifts provided by Hanson 

the same quasi-atomic calculation was performed. It was determined 
that the radial matrix element ratio increased very rapidly over the 
photon energy range of 174-190 eV. By 187 eV the ratio of the dipole 
matrix elements is larger than 10. This suggests that the rise in the 
p » d non-Coulomb phase shift predicted from the atomic calculation of 42 Manson is increasing too rapidly, which may show that the potential 
barrier in OCS prevents the rise in the p » d non-Coulomb phase shift 
from occuring over the energy range of h« =. 174-190 eV. The Coulomb 
phase shift differences, asymmetry parameter, and the radial matrix 
element ratio calculated by the two above methods are listed in Table V. 

If the p » ed channel is correlated with the S2p satellite states, 
the radial matrix branching ratio o(e) could possibly increase as these 
new channels were opened. This would imply either that the p » ed 
channel had decreased or that the p » es channel was enhanced. 
Correlation effects for the 5p sub-shell of Xe have been observed 

43 44 45 
experimentally. ' Amusia and Ivanov have accounted for the 
correlation effects on the 5p * es and 5p » ed channels using the 
random-phase approximation with exchange. It was found that the 
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photoionization cross section for the 5p shell was only weakly affected 
by correlation to the 4d shell, but larger changes were observed in the 
angular asymmetry parameter s(e) of the 5p. A similar correlation 
for OCS in the S2p shell and the 3* and 8a molecular orbitals could 
explain the peculiar variation of p(c) and 8(e) at the S2p satellite 
threshold energies. A theoretical study of the effect of shake-up 
states on the S2p ionization channels is warranted to explain fully the 
observed variation in cross section o(e) and angular asymmetry parameter 
6(E). 
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F. Conclusions 
Many conclusions could be drawn from our experimental studies of 

the carbon K-shells of CO, CO-, CF^, and OCS, the oxygen K-shells of 
CO and CO-, and the S2p shell of OCS. The following conclusions are 
representative rather than exhaustive. 

(1.) The near-threshold electron distributions for the Cls, 01s, 
C(KVV) Auger, and O(KVV) Auger peaks of CO and C0 2, the Cls 
and C(KVV) Auger peaks of CF 4 and OCS, and the S2p and 
S(LVV) Auger peaks of OCS have been determined by measuring 
the cross sections and asymmetry parameters for these 
molecular systems. 

(2.) Shape resonances were observed in both the cross section and 
asymmetry parameter for all of the Cls photoionization 
channels in every molecule. The Cls cross section and 
asymmetry parameter for CO- shows the most dramatic effects, 
in the £-2,3 shape resonance region. The Cls measurements of 
OCS may show two shape resonances, wheren»3,4 partial waves 
would be the successive dominant ionic channels. The Cls 
results of CF^ are described in the scope of shape resonance 
phenomena, although no theoretical predictions are available, 
because of similarities to the other molecules in the 
variation of the cross section and the asymmetry parameter. 
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(3.) The C(KVV) partial cross sections show both the discrete 
resonances below the Cls ionization thresholds and the shape 
resonances in the continuum. The Auger asymmetry parameter 
shows no strong alignment at the » discrete resonances of CO, 
CO-, and OCS and the 3sa. resonance of CF.. Two 
alternative explanations were offered, of which a "spectator1" 
excited electron is the more appealing. Higher-resolution 
experiments are clearly needed. All the C(KVV) Auger peaks 
show small net alignments between the largest discrete 
resonance and the Cls ionization threshold which may be caused 
by other discrete resonances, although interference from 
valence shells is a problem. The shape resonances have small 
effects, or no effect, in the continuum region on the 
asymmetery parameter of the C(KVV) in all of the molecules. 
Small, but nonzero, asymmetries are observed. Again 
valence-shell interference cannot be ruled out. 

(4.) The partial cross sections for the O(KVV) and 01s peaks of CO 
and CO- clearly show the 01s shape resonance. The asymmetry 
parameter of the O(KVV) of CO shows an alignment in the shape 
resonance region. 

(5.) The Cls photoionization cross section of CO- given by the 
electron-ion coincidence measurements of Kay et al. is in 
good agreement with our results. 
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(6.) The electron energy loss results of Wight et al. and Uight 
8 9 37 and Brion * ' in the vicinity of the carbon K-edge, oxygen 

K-edge, and sulfur L 2 i(2p) edges, for the cross sections 
are in good agreement with the present measurements. 

(7.) The photoabsorption measurements of Barrus et al. for the 
oxygen Is shell of CO and CO- are in excellent agreement 
with the present results. 

14 (8.) The STMT partial cross sections of Padial et al. for the 
Cls and 01s channels of CO are in excellent agreement with the 
results. For C0 2 the Cls shape resonance is located too 
close to threshold, and the 01s cross section shape is 
only in qualitative agreement with the present results. 

(9.) The partial cross sections and asymmetry parameters s(e) 
predicted from the MSMXo calculations are in qualitative 

30 32 agreement with the experimental results. This model 
works well in identifying possible shape resonance features 
and in some cases predicts the location of the shape 
resonances in good agreement with the experimental 
measurements, but some discrepancies are noticed in particular 
between the calculated 01s asymmetries in CO and C0 2 and the 
present results. The MSHXo results of Grimm using the 
1 oca!ized-hole potential model is generally in better 

i 
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agreement with the results than is the unlocalized hole 
potential model. 

(10.) The HF static exchange calculations by Lucchese and McKoy 
for C0 2 show promise in correctly describing the Cls 
asymmetry parameter. The Cls photoionization cross section is 
predicted with the correct shape, but the maximum is located 
too close to threshold. 

(11.) Our measured intensity ratio of an 01s shake-up feature to the 
01s main line of CO at a photon energy of 630 eV is very 
nearly the same as that measured with Kg Ka radiation by Allan 

35 et. al. The unrestricted Hartee-Fock calculation by 
34 Aarons et al. predicted the ratio of the total shake-up 

peak intensity to the 01s main-line photoelectron peak to be 
about 20%, in reasonably good agreement with experiment. 

(12.) The asymmetry parameter for the S2p channel of OCS may be 
sensitive to the production of S2p satellite peaks. We 
observed a peculiar variation in the asymmetry parameter at 
photon energy corresponding to threshold energies of satellite 
states. 

(13.) A quasi-atomic calculation for the S2p channel in OCS, using 
the Cooper-Zare model, was useful in determing the ratio of 
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the two radial matrix element: J(E) from the asymmetry 
parameter and the phase shift differences for the es and cd 
ionization channels. The unusual behavior of-p(e) may be 
related to correlation effects between the S2p and the it and 
80 molecular orbitals, by analogy to similar phenomena in 
atoms. 
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Table I. CO C(KVV) Auger asymmetry parameter. 

hv(eV) B A(h«) s T(hv) 

275.8 1.08(9) a 

1.28(6) 
1.07(6) 
0.24(2) 

280.8 
1.08(9) a 

1.28(6) 
1.07(6) 
0.24(2) 

284.8 

1.08(9) a 

1.28(6) 
1.07(6) 
0.24(2) 285.8 0.17(2) 

1.08(9) a 

1.28(6) 
1.07(6) 
0.24(2) 

286.8 0.13(8) 0.46(3) 
287.1 0.03(3) 0.30(3) 
287.3 0.08(3) 0.10(1) 
289.0 0.32(3) 0.42(4) 
293.0 0.12(5) 0.25(5) 
294.9 0.30(5) 0.45(5) 
296.0 0.37(5) 0.53(5) 
296.7 0.24(3) 0.59(4) 
296.8 0.37(4) 0.54(6) 
298.0 0.09(4) 0.24(4) 
300.0 0.08(3) 0.42(3) 
300.9 0.12(3) 0.35(3) 
301.8 0.13(3) 0.30(3) 
302.0 0.18(3) 0.37(3) 
302.9 0.10(3) 0.24(3) 
303.8 0.14(2) 0.35(2) 
305.0 0.10(3) 0.38(3) 
305.8 0.10(2) 0.28(3) 
307.0 0.16(2) 0.28(3) 
309.0 0.00(2) 0.27(2) 
310.0 0.06(2) 0.31(3) 
311.0 0.11(3) 0.30(3) 
313.0 0.08(3) 0.31(3) 
315.0 -0.09(2) 0.32(3) 

a Errors in the last digit are given parenthetically. 
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Table II. COg C(KVV) Auger asymmetry parameter. 

hv(eV) BA(hv) Br(hv) 

270.0 1.40(1 
273.0 1.53(1 
279.7 — 1.28(1 
282.7 — 1.33(1 
284.7 — 1.42(1 
286.7 — 1.42(1 
287.7 — 0.99(1 
289.2 0.27(2 
290.0 0.21(2 i — 

291.7 0.35(3 0.45(3 
295.7 0.77(4 ) 0.84(4 
299.7 0.50(4 0.68(4 
301.7 0.20(2 0.58(3 
302.7 0.17(2 0.55(5 
303.7 0.16(1 0.48(3 
305.7 0.25(1 0.56(3 
306.7 0.15(1 ) 0.45(3 
308.7 0.05(1 0.30(3 
309.7 0.12(1 0.37(2 
311.7 0.12(1 0.27(2 
313.2 0.10(1 0.31(2 
314.7 0.17(2 0.39(3 
316.7 0.15(1 0.35(3 
318.7 0.15(1 0.36(3 
320.7 0.07(1 0.42(3 
322.7 0.07(1 0.38(3 
324.7 0.05(1 0.33(3 
330.7 0.13(1 0.41(4) 
335.7 0.36(4 0.30(4 
340.7 0.37(3 — 
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Table I I I . Total 01s shake-up Intensity relative to the Ols H i n 
line of CO.. 

hv(eV) branching ratio(percent) 

593.0 17.1 ± 1.9 
609.0 20.4 * 2.6 
615.0 23.9 ± 3.1 
625.0 21.1 ± 2.4 
631.0 21.9 ± 2.6 

(The average value for these results is 20.8 * 2.7 percent). 
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Table IV. OCS S(LVV) Auger asymmetry parameter •*.. 

hv(eV) B A(hv) a T(hv) 

160.0 1.13(7) 1.00(7) 
164.0 0.41(4) 0.85(5) 
165.5 0.14(3) 0.58(4) 
166.5 0.08(3) 0.61(4) 
167.0 0.18(3) 0.66(4) 
168.0 0.15(3) 0.67(4) 
170.0 0.06(3) 0.62(4) 
172.0 0.01(2) 0.43(3) 
174.0 0.00(2) 0.37(2) 
176.0 -0.05(1) 0.30(2) 
177.0 -0.06(1) 0.31(2) 
178.0 -0.07(2) 0.33(2) 
178.5 -0.05(2) 0.33(2) 
179.0 -0.07(2) 0.33(2) 
179.5 -0.02(2) 0.37(2) 
180.0 -0.13(1) 0.30(2) 
182.0 -0.08(2) 0.38(2) 
185.0 -0.19(2) 0.35(3) 
187.0 -0.23(2) 0.36(3) 
190.0 -0.16(1) 0.38(2) 
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Table V. The Coulomb phase shift difference 4(e), where the 
non-Coulomb phase difference (-2*) has been suppressed, the S2p 
asymmetry parameter 5(c) of OCS, and the ratio of the two radial 
matrix elements t>(e) calculated with constant non-Coulomb phase shifts 

42 
(*) and atomic non-Coulomb phase shifts calculated by Hanson (**). 

hv(eV) 4(c)* 8(e) b p(e)* p(c) 

174.0 -0.26 0.27(4) 0.51(3) 0.36{2) 
175.0 -0.23 0.27(3) 0.46(2) 0.37(2) 
176.0 -0.20 0.25(3) 0.45(2) 0.40(2) 
177.0 -0.19 0.29(3) 0.41(2) 0.41(2) 
173.0 -0 .18 0.13(3) 0.50(2) 0.60(2) 
178.5 -0.17 0.14(3) 0.49(2) 0.62(3) 
179.0 -0.16 0.07(3) 0.53(2) 0.75(3) 
179.5 -0.16 0.05(3) 0.54(2) 0.85(3) 
180.0 -0.15 0.12(3) 0.49(2) 0.86(4) 
182.0 -0.14 0.11(3) 0.48(2) 1.34(11) 
185.0 -0.13 0.13(3) 0.46(2) 2.42(11) 
187.0 -0.12 0.01(3) 0.53(2) 11.23(42) 
190.0 -0.10 0.03(3) 0.51(2) 13.27(52) 

The Coulomb phase shift is given in units of *. 
The errors are given to the last digit parenthetically. 
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Figure Captions 

Figure 1. Electron tine-of-flight spectrum from CO, after conversion 
to a kinetic energy scale. The sample was irradiated with 
photons of hv « 30S.8 eV energy (first-order), with some 2nd 
and 3rd-order radiation also present. Auger peaks are 
labelled B-l, etc., following the notation of Moddeman et 
al. For this spectrum the electrons were retarded by 150 
volts over 50 percent of their 28 cm flight path. 

Figure 2. Electron time-of-flight spectrum similar to Fig. 1, but with 
hv » 315 eV and a retarding voltage of only 5 volts, 
allowing the Cls and 01s(2nd-order) peaks to be recorded. 

Figure 3. The C(KVV) Auger results. Top panel: open circles show the 
total Auger intensity scaled to the results of Tronc et 
al. The * resonance at hv » 287.3 eV is striking. 
Filled circles show the region above hv » 290 eV, times 16. 
The dashed curve represents the electron-ion coincidence 
measurements of Kay et al., times 16. The a resonance, 
peaking at 306 eV, is evident, as is precursor structure 
below the 295.9 eV threshold. Bottom panel: filled circles 
show our asymmetry results. Curve shows the orientation 

2 parameter B calculated by Dill et al. 
Figure 4. The C(KVV) Auger spectra, taken at the * resonance (hv » 

287.3 eV) with a retarding potential of 100 volts, and at 
hv . 296.8 eV, above the Cls threshold, with a 150 volt 
retarding potential. 
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Figure 5. The Cls photoelectron results. Top panel: our o(e) values 
are represented by filled circles, while open circles show 
the elec.-on-ion coincidence results of Kay et al. The 

14 solid curve shows the STMT calculation of Padial et al., 
and the dashed curve the MSMXa calculation by Oehmer and 
Dill. Bottom panel: filled circles show our asymmetry 
results. The solid and dashed curves are results from 
localized-hole MSMXa calculations by Dill et al. and 

32 Grimm, respectively. 
Figure 6. The O(KVV) results for CO. Top panel: the experimental 

cross section (points) and the absorption results of Barrus 
et al. (solid curve). Bottom panel: the experimental 
asymmetry parameter (points) and the B curve given by 
Dill et al. 2 

Figure 7. The 01s results for CO. Top panel: cross section results. 
Filled circles are our data, open circles represent the 

3 absorption results of Barrus et al., and the solid curve 
14 represents the STMT calculation of Padial et al. Bottom 

panel: asymmetry data (points), compared with localized-hole 
32 

MSMXa calculations by Grimm (solid curve) and by Dill et 
al. (dashed curve). 

Figure 8. TOF spectrum of CO expanded around the 01s peak. Shake-up 
structure is evident. The peak labelled "S" is 13 percent 
as intense as the main peak. 
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Figure 9. Time-of-flight spectrum of C0 2, after conversion to a 
linear energy scale. A retarding voltage of 5 V was used 
in collecting this spectrum, but kinetic energies shown 
were corrected. 

Figure 10. The C(KVV) Auger results for C0 2. Top panel: our results 
(filled circles) and electron energy loss results of Wight 
and Brion, to which our data were norma11ZFd at 315 eV. 
Bottom panel: asymmetry values. Note that some of the 
asymmetry points fall at energies for whi'h there is very 
little spectral intensity (cf top panel) and are therefore 
very questionable. 

Figure 11. The Cls results for CO?. Top panel: ' ,ie cross section. 
Filled circles are present results, open circles the 

p electron energy loss results of Wv it and Brion. The 
15 dashed curve is the STMT prediction by Padial et al., 

and the solid curve represents the HF static exchange 
prediction by Lucchese and McKoy. Bottom panel: the 
asymmetry parameter. Filled ircles are present results, 
the solid curve is the HF calculation of Lucchese and 
McKoy, the dotted curve is the localized-hole MSM 
calculation by Grimm, aid the dashed curve is the 
unlocalized-hole HSMXo calculation of Grimm et al. 

Figure 12. Results for the O(KVV) peak in C0 ?. Top panel: cross 
sections. Filled circles are present results; open circles 
are photoabsorption results of Barrus et al. The dashed 
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curve and full curve display the theoretical predictions by 
Padial et al. and by Lucchese and McKoy, 
respectively. Bottom panel: the asymmetry parameter. 
Filled circles are the present results, connected by a line 
to guide the eye. 

Figure 13. The asymmetry parameter for the 01s peak in CO.,. The 
present results are shown as points. The solid and dashed 
curves represent predictions from localized-hole MSMXo 
calculations by Grimm and Dill, et al., 
respectively. 

Figure 14. The 01s peaks of C0 2 on an expanded scale, to show 
shake-up structure. 

Figure 15. The TOF electron spectrum from CF. excited at a nominal 
photon energy of 318.8 eV. The peaks are (left to right): 
Cls, C(KVV) plus inner valence states, 4a, + 3t 2, le + 
4t 2 •• ltp Clsfsecond-order), and F(KVV)(third-order). 

Figure 16. The CF 4 C(KVV) results, shown as filled circles. Top 
14 panel: the cross section curve of Bachrach et al., 

corrected for valence-electron contributions to the 
photoabsorption cross section, is shown as a curve. Out-
data were normalized to this curve at 302 eV. Bottom 
panel: experimental asymmetry. The line through the points 
is shown to guide the eye. 

Figure 17. The Cls photoelectron results for CF.. Our data are 

shown as filled circles. Open circles in the top panel 



171 

show some of the electron energy loss results of Wigfit amd 
g Brion, to which our data are normalized at 328 eVv ard 

the solid curve represents photoabsorption results ay 
4 Bachrach et al. The curve in the lover panel is drawn 

through the data. 
Figure 18. TOF electron spectrum of OCS excited at a photon energy of 

311.0 eV. The peaks are (left to right): Cls, S2s 
(6 o - 1 ) , S2p (with the left shoulder being the S(LVV) 
Auger peak), C(KVV) Au-;er plus valence states, and O(KVV) 
Auger. 

Figure 19. TOF electron spectrum of OCS excited at a photon energy of 
179.0 eV. Four electron pulses separated by 2.8 ns were 
present, which caused the S(LVV) Auger to look like four 
structures and the S2p to be broadened (in time). 

Figure 20. Cross section and asymmetry parameter for the C(KVV) of 
OCS. A small portion of valence peak intensity is included 
in the results. The solid curve in the top panel 
represents the electron energy loss (and x3) results of 
wight and Brion and the present measurements correspond 
to the filled circles. The measured asymmetry parameter is 
shown in the bottom panel. 

Figure 21. Cross section and asymmetry parameter for the C(ls) of 
OCS. The relative cross section is shown in the top 
panel. The measured asymmetry parameter, shown by the 
filled circles, and the localized-hole HSMXa calculation of 
Grimm is illustrated in the bottom panel. 
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Figure 22. The S(LVV) results from OCS. Our {lata are represented by 
filled circles in both panels. Open circles in the top 
panel are electron energy loss yield results of Might and 
Brion, scaled to our data. Solid curves are drawn to 
connect the points. 

Figure 23. The S2p results from OCS. The notation is the same as in 
Figure 22. 

Figure 24. An expanded TOF spectrum around the S2p peak region showing 
the two satellite peaks. Note that the satellites are more 

intense relative to the main peak than they appear, because 
of their greater data density. 

Figure 25. Phase-shift differences and radial matrix element ratio for 
S2p in OCS, calculated from the measured asymmetry 
parameter according to a "quasi-atomic" model described in 
the text. The non-Coulomb relative phase difference equal 
to —2JT has been suppressed to show variation of the Coulomb 
relative phase shift differences for the es and ed channels. 
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