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SATELLITE STRUCTURE IN THE PHOTOELECTRON SPECTRA OF RARE GASES,
SOME SIMPLE GASEOUS MOLECULES, AND ALKALI METAL HALIDES
By: David P. Spears

Major Professor: H.J. Fischbeck

A study is made of the satellite structure in the photoelectron
spectra of Ar, Kr and Xe. This includes a study of the photoelectron
spectra of both the inner and outer shells using Al Ka, Mg Ka, and, in
some instances, Zr M; x-rays for irradiation of the atoms. The satel-
lite structure observed in the photoelectron spectra of the inner
shells is consistent with the sudden approximation. The satellite
structure in the outer shell photoelectron spectra of Ar, Kr and Xe
are found to be due mainly to configuration mixing. The satellite
structure associated with the outer shell photoelectron spectra of
the alkali and metal ions are compared with those of the isoelectronic
rare gases.

Also, a study is made of the inner orbitals of nitric oxide,

nitrous oxide and water using Mg Ka x-rays for irradiation. The

energy separations of the satellite lines are compared with monopole-
allowed states of the neutral molecule and of an isoelectronic ion.
Finally, the photoelectron spectrum of the valence shells of nitrogen

is studies using a Zr MC characteristic x-ray as a photon source.



CHAFTER I
INTRODUCTION

History

Electron spectroscopy is an experimental technique in which the
kinetic energy of an ejected electron is measured. The field can be
broken down into several different subgroups which depend on the excita-
tion process and origin of the ejected electron. They are electron
impact electron spectroscopy, beta-ray spectroscopy, Auger spectroscopy,
Penning ionization spectroscopy (a study of ejected electrons produced
by bombarding material with excited atoms or molecules) and, the topic
of this study, photoelectron spectroscopy.

Photoelectron spectroscopy was introduced as an experimental tool
in the first part of this century. Innes(l) was one of the first to
analyze the kinetic energies of the "cathodic" particles using a
magnetic field. He used soft x-rays for the photon source and photo-
graphic plates for his detection system. In 1914 Robinson and
Rawlinson(2) repeated Innes' experiment in greater detail.

Little was done in the field for several decades until 1951 when
Steinhardt and Serfass(3) pointed out the possibility of using photo=~

electron spectroscopy (PES) as a method for chemical analysis. How-

ever, this work was not followed up with an extensive research effort.

1



About this same time Siegbahn and his group at Uppsala, Sweden
initiated a program in high resolution electron spectroscopy. Siegbahn,
whose previous experience had been in B-ray spectroscopy, was able to
design and build a high resolution magnetic spectrometer.(4) Their

(5)

first measurement of electron binding energies was published in 1957.

The basic relation of PES is given by

win = DV - By (1)

where E; ;. is the kinetic energy of the ejected photoelectron, hv

is the photon energy and Eb is the binding energy. This is the "normal"

photoelectron process. Ej, can be defined as
By = Bg = B (2)

where E; and Eg are the total energies of the initial and final states

of the neutral atom and the resultant ion., In the normal photoionization
process there is only one final state, Eg, of the ion. For monoenergetic
photons the electrons ejected from each subshell of the atom should

have one specific kinetic energy, i.e. when Eggives the energy of the
ground state of the ion. However, in some instances of photoioniza-
tion there is a possibility of multiple ionization or excitation where
one or more electrons will be ejected into the continuum or move to
different orbitals,leaving the ion in an excited configuration. When
this happens the energy of this final excited state is E?. In the case

of excitation the energy of the ejected photoelectron will be given by

*
Epsn = hv - (Eg - Ej) (3)



The energy of the photoelectron will differ from the energy of the
normal photoelectron by the amount Ef* - Ef. In this thesis the processes
that lead to excited configurations are to be studied. Thnis will include

(1) configuration-interaction and (2) electron shake-up.

Configuration-Interaction
Separate single electron wave functions do not adequately describe
a many-body system. It is necessary in order to describe such a situa-
tion to consider an admixture of excited unoccupied orbitals, i.e.
configuration mixing. These excited orbitals, or other possible final
states, must follow specific selection rules. They all must be of
the same parity and have the same total angular momentum, and where

Russel=-Saunders coupling is valid, the same total L and S.(é)

Electron Shake-up
Upon photoionization of an electron from an innershell the outer
electrons feel a sudden change in potential. This sudden change can
cause the outer electrons to be excited to another orbital, '"shake-up,"
or to be ejected into the continuum, "shake-off." The shake-up,
shake-off phenomena fall within the framework of the sudden approxima-
tion(7) and therefore the transitions are restricted by the monopole

selection rules
AJ=80L=AS=0 .

This means that the allowed transitions for an electron in level ntj
can be excited to the orbital n’#j, i.e. only the principal quantum number

changes for a monopocle transition,



Research Topic

If either shake-up or configuration-interaction occurs following
ionization, it will be evident in the photoelectron spectrum. These
excited states will appear as small satellite peaks with higher binding
energies than the normal photoelectron line.

Previous studies of satellite lines in the photoelectron spectra of
He(8,9,10,11) and Ne(10’12’13’14’15) have been made. Previously, there
has been preliminary study of the satellite lines seen in the photoelec-

(11,14) performed an

tron spectrum of Ar.(lo) Wuilleumier and Krause
angular and energy analysis of the photoelectron spectra of He and Ne.
The satellite lines in both the He and Ne photoelectron spectra were

found to be, for the most part, a result of monopole transitions. How-
ever, it has been observed for photoionization in the outer shells(a) that
the theoretical probability of multiple ionization using single-electron
wave function was lower than the measured value. It was found, using
correlated wave functions for the ground state of He instead of single
electron wave functions, that there was excellent agreement with the

experimental values.(zl)

Wertheim and Rosencwaig(lé) have conducted studies of the satellite
lines in the photoelectron spectra of the valence shells of the alkali
metal ions. They attributed the intense satellite lines to configura-
tion-interaction.

Also, there have been studies of the satellite lines in the

. (10,13,15)
photoelectron spectra of several simple gaseous molecules. The

spectra of the valence shells can be compared with optical data, whereas for

photoionization of inner shells the satellite structure has been explained



by comparing the energies with monopole allowed transitions of the

(17

neutral molecule and an isoelectronic molecule.(lo) The monopole

selection rules for a molecule are
AJ=A0M=AA=AZT=0 .

Thus, the photoelectron spectrum reveals the nature of excitation pro-
cesses by the presence of satellite structure. To better understand}
atomic and molecular systems and to get some insight into the excita-
tion mechanism involved in the transitions to excited states, a study
of the rare gases Ar, Kr and Xe, the alkali metal ions, and several simple
molecules was carried out, The study of the rare gases included a
study of the satellite lines in the photoelectron spectra of both the
inner and outer shells. The satellite structure in the photoelectron
spectra of the inner shells are examined as a function of core vacancy.
Comparing the energies of the satellite lines with calculation by
Nestor* the energy separations of the satellite peaks were shown to
be consistent with the assumption that they could be explained by
invoking the sudden approximation,

The satellite lines in the photoelectron spectra of the outer
shells of the rare gases are compared with optical data.(ls’ 19, 20)
In the case of argon and krypton excellent agreement with optical data
was found and the proper configuration assignments are made. For argon
and krypton configuration~interaction was found to be more important

than electron shake up. For xenon definite configuration assignments

could not be made.

*Cf. Table II (g).



The alkali metal ions are isoelectronic with the rare gases, and
one might expect their satellite structure to be similar. The photo~
electron spectra of the valence shells of the alkali halides NaCl, KCI1,
KBr, RpClL and C.,Cl were run and the satellite structures are compared
with those of the rare gases.

In the final part of the thesis the satellite lines in the spectra
of NO, N3O, HO and N, are discussed. The satellite structure assoclated
with the photoelectron spectra of the inner shells of NO, N,O and H;0
are studied using the MgKa x-rays for irradiation.

The data are analyzed by comparing them with the monopole excited
energy levels of the neutral molecule and with monopole allowed excita-
tion of an isoelectronic ion. The spectrum of the outer molecular
orbitals of N, is taken using a Zr M{ 151.4 eV x=-ray as the photon source.
The N, spectrum is compared with a spectrum taken using MgKa(la) and

AlKa(ls) x~rays as the photon source.



CHAFTER II
EXPERIMENT AL
Electron Spectrometer

The double focusing electron spectrometer used in this experiment
is located in the Physics Division of the Oak Ridge National Laboratory.
The spectrometer was built by the ORNL machine shop and is described
elsewhere.(zzo The main part of the spectrometer is shown in Figure
1 illustrating the source chamber used for the irradiation of solid
samples; the two spherical sector plates which, by placing equal posi-
tive and negative potentials on the inner and outer plates respectively,
generate an electric field used for the kinetic energy analysis of the
electrons; and the electron detector. The shape of the two electro-~
static plates and the rods used to correct for any fringe effects on
the electric field are shown in Figure 2. In Figure 3 the target
chamber used for gases and the electron gun used for the inelastic
collision studies are illustrated.

The basic procedure of the experiment is to irradiate the sample
in the target chamber with soft x~rays and to analyze the ejected photo-
electrons according to their kinetic energy. The photoelectrons pass
through the spectrometer entrance slits, and are then focused by the
electric field between the spectrometer plates, so that those electrons

7
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which have the proper kinetic enexrgy determined by the plate voltage
pass through the exit slits and strike the electron detector. A scan
of the spectrum is accomplished by applying identical sawtooth voltages,

but of different polarity, to the spectrometer plates.

X-ray Tube

For all experiments the x-rays used to produce the photoelectrons
were generated in the tube shown in Figure 4. The basic parts of the
x-ray tube are a tungsten filament, the anode and the window. The
tungsten filament, which is at ground potential, is operated with
approximately two amperes flowing through it to provide the electrons
for the emission current, The operating conditions depend on the anode
being used. For the aluminum anode the anode voltage was 8 KV and the
emission current was 30 ma, 7 KV and 20 ma was used for the magnesium anode,
and 5 KV and 30 ma for the zirconium anode. The anode tip in all cases was
cut of an angle of 20° with respect to the spectrometer center line (see
Figure 4). Aluminum has a characteristic doublet x~ray Al Kc:v.l,2 with
an energy of 1486.6 eV and a full width at half maximum (FWHM) of 0.9 eV.
-Magnesium has a characteristic doublet x-ray Mg Kal’z at 1253.6 eV with
a FWHM of 0.7 eV. There are two other characteristic x-rays associated
with Al and Mg that may cause interference. These are the Al Ka3’4

and Mg Koj,, satellites which have an energy 9.5 eV and 7.7 eV respec-

23
tively larger than the Ka1 2.( ) The intensities of the Al Kaa . and
H4 s

Mg qu 4satellites are 12% and 9.5% respectively compared to the Kul 2
L] b

For Zr the characteristic x-ray of interest was the Zr My-Nyyp (M(C)

with an energy of 151.4 eV and a FWHM of 0.77 eV.(14)
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The x-rays emitted from the anode pass through a thin window before
striking the sample. The window eliminates most of the low-energy
bremstrahlung and stops any stray electrons from the x-ray tube from
getting into the spectrometer. These along with electronics, and in
the case of solids the secondary electrons, are sources of background
noise. In addition, the window allows the diffferential pumping of the
x=-ray tube, which must be at lower pressure than the source chamber
when used with gases. The vacuum in the x~-ray tube is maintained by an
0il diffusion pump. The pressure was normally in the low 1077 Torr
or high 10™® Torr range.

In the case of the aluminum anode, the window consisted of three
layers of aluminum foil giving a total thickness of approximately 0.18
mm., While for the magnesium anode only two layers weie used. For the
zirconium anode the window was a thin carbon film. The carbon film was
made by vacuum depositing graphite (25-40 pgm/cm2) on a glass slide
that had previously been coated with a thin soap film. Normally, the
carbon film has small pinholes in it which need to be avoided for the
portion of the film used for the window., However, the holes can be
seen by placing the slide over a non-glare light and looking with a
magnifying glass for the holes. The pinhole free portion is then
obtained by floating the film off on top of distilled water. The film
is then carefully picked up on a thin, curved metal sheet with a hole
cut in it, and dried in a vertical position, It was found that this
particular arrangement that a "hard"” metal, such as tungsten, worked

better than a "soft" metal like indium.
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Spectrometer Slits and Plates

The variable entrance and exit slits are 180° apart. Each slit system
has a secondary set of slits that define the angle of the beam of electrons
being analyzed. For most of the runs the entrance and exit slits were 0.2
mm X 1.0 ¢cm and the entrance and exit baffles were 0.6 mm x 1.0 cm. This
gave a resolution of approximately 0.1%.

The plates, shown in Figure 2, are two concentric spherical sectors
5 cm apart. The radii of curvature are 22.5 cm and 17.5 cm, and the
sector angles are 145° horizontally and 60° vertiéally. Fringing fields
have been minimized by use of circular rods which can be seen in Figure
2. The spectrometer plates are enclosed in an aluminum housing that
contains two slide valves which enable the spectrometer to be sealed off
from the target chamber and the detector.

There is a positive potential applied to the inner plate and an
identical negative voltage applied to the outer plate. A block diagram
of the basic experimental configuration and electronics are shown in
Figure 5. The plate voltages are supplied by two Fluke model 412B DC
power supplies. The voltage on each plate is calibrated with a Fluke
model 817A differential voltmeter. To each plate a sawtooth voltage of
the same polarity is superposed on the DC plate voltage. The sawtooth
voltages are supplied by a Tektronix 541A oscilloscope and are applied
to the plates first through a set of resistors connected in series, By
connecting a bypass wire at different points along the series and
varying the output position the amplitude of the sawtooth voltage can
be changed and thus the energy scan is determined. The sawtooth is
synchronized with the channel advance of a 400-channel analyzer by

means of a pulse generator which is set for 100 milliseconds.

\
[}
)
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identical negative voltage applied to the outer plate. A block diagram
of the basic experimental configuration and electronics are shown in
Figure 5. The plate voltages are supplied by two Fluke model 412B DC
power supplies. The voltage on each plate is calibrated with a Fluke
model 817A differential voltmeter., To each plate a sawtooth voltage of
the same polarity is superposed on the DC plate voltage. The sawtooth
voltages are supplied by a Tektronix 541A oscilloscope and are applied
to the plates first through a set of resistors connected in series. By
connecting a bypass wire at different points along the series and
varying the output position the amplitude of the sawtooth voltage can
be changed and thus the energy scan is determined. The sawtooth is

synchronized with the channel advance of a 400-channel analyzer by

means of a pulse generator which is set for 100 milliseconds.
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The sweep voltage was typically set to give a 50 eV sweep. The
sweep calibration was checked several times preceding, during and
following the taking of the data using the following procedure. The
plate voltages are set so that a sharp photoelectron or Auger line is
located in the last few channels of the analyzer, Then the plate
voltages are raised until the same is located in the first few channels
of the analyzer, Next, the change in plate voltage is multiplied by the
plate constant and divided by the number of channels between the two
peak locations.

The plate constant is found by observing two lines of known but
of considerably different kinetic energies. Two different runs have
to be made with the plate voltages set so that the center of each peak
is in the same channel. Then knowing the kinetic energy separation in
electron volts and the plate voltage difference, the plate constant
can be found. This constant is (4.057 % ,002) eV/volt.

The electrons of proper kinetic energy passing through the exit
slit are post~accelerated by a 50-volt potential before striking the
detector. The detector is a Mullard model B419BL channeltron. The
signal from the channeltron is amplified and then fed into a multi-
channel analyzer where it is stored.

The path of the electrons in the spectrometer, and therefore the
energy analysis, is affected by magnetic fields at the spectrometer.
Any change in the field during a run will show up either as a broadening
of the peak or in some cases as a double peak., Cancellation of the
earth's magnetic field and any stray magnetic fields is achieved by

using three pairs of mutually perpendicular square Helmholtz coils, each
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approximately 2 meters on each side. Two model 313A Fluke power
supplies are connected to the coils to supply the proper current. The
vertical magnetic field is constantly monitored by a Hewlett=-Packard
model 3529A magnetometer and the current in the horizontal coils is

automatically adjusted by a servo-mechanism to cancel fluctuations in

the field.

Experimental Procedure

The gases, liquids and solids were either commerically available
or obtained from the ORNL supply. Their purities are given in Table 1.
The gas to be studied was allowed to flow into a one liter storage
tank, which had previously been pumped down to a pressure of approxi-
mately 134, until the pressure in the storage tank was approximately one
atmosphere. Then by opening a leak valve the gas flowed into the
target chamber where the x-rays irradiated the samples. The leak
valve was adjusted until the gas pressure in the target chamber was
about 104 while the spectrometer pressure was kept in the 10°° Torr
region by continuously pumping with a Sargent-Welch turbomolecular
vacuum pump.

The liquids studied in this investigation were poured into a small
pyrex test tube and then purified by vacuum distillation. The frozen
liquid was then heated up until it vaporized. The vapor was then
allowed to flow into the samez storage tanks that were used for the gas
until the vapor pressure of the liquid was reached. The experimental
procedure followed for the liquids (now in the gas phase) was the same

as for the gases. The leak valve did have to be heated to keep a

uniform flow rate.



Table 1

Sample Purity

Ar >99.9%
Kr >99.,9%
Xe >99,9%
NO 99.0%
N0 98.0%
Ny 99.9%
H,0 Distilled*
CHaI 99.0%
NaCl 99.9%
K C1 ' 99.9%
K Br 99.7%
Rb Cl Purified
Cs Cl 99.9%**

*Distilled water from ORNL

**Possibly contaminated by air before loading
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The solid samples were prepared as a fine crystal powder which was
sprinkled on a tape that had adhesive on both sides. The tape was
attached to an aluminum planchet. Four samples were then loaded onto
the sample holder, seen in Figure 6, by sliding the planchets into the
dove-tailed grooves on the sample holder. The hygroscropic sample
CsCl was prepared in a dry box filled with argon to minimize contamina-
tion. The transfer chamber, shown in Figure 6, can be sealed by
means of a slide valve so that_an argon atmosphere can be kept until

the chamber is attached to the target chamber.

Sources of Error

There are several sources of error to be considered when analyzing
the data. Before taking data, the equipment ought to be checked and
calibrations made to make sure everything is working properly. An
inconsistent pulse rate from the pulse generator or improperly con-
trolled magnetic field can cause a broadening of a line or in some
cases there will be two peaks instead of one, This could be interpreted
as a satellite line and must be eliminated as a possibility.

Another possible source of spurious peaks that might be interpreted
as satellite lines is contamination of the sample. This possibility
can be eliminated by taking several runs and looking for the disappear-
ance or change in intensity of the lines under the same experimental condi-
tions and by looking for other lines characteristic of the possible contami-
nants. Spurious peaks can be due to either atomic orbitals of other ele-
ments or different molecular orbitals of the same element. Chemical shifts

often occurring when observing solid samples are too small in the alkali
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Figure 6. Sample holder and transfer chamber for solids.
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metals to be of any bother. To determine if there are any Auger lines
present, two different x-ray energies can be used. The kinetic energy
of the Auger lines is independent of the excitation source; and by using
two different x-ray energies for irradiation, the Auger lines can be
identified. Corrections also have to be made for inelastic collision
peaks. For gases there are two methods for determining the inelastic
collision peaks. Each spectrum can be run several times with the gas at
different pressures and observed for the pressure dependence of the peak
heights. The other method is to use an electron gun for excitation.
The simple electron gun shown in Figure 3 was used for this purpose.
The gun was positioned so that the electron path was approximately the
same as that of the photoelectrons. The pressure of the gas was the
same as for the taking of the photoelectron spectrum.

For the CsCl, the collision loss peak, which is due primarily to
a plasmon loss, was subtracted from the satellite region by using the
Cl2s plasmon peak as a reference., An empirical /E dependence(zs) on
the intensity of the plasmon loss was considered, where E is the kinetic
energy of the ejected electron, but was found to make little difference
in the corrections.

Most of the background noise for solids is due to secondary elec-

trons. In the case of gases it was found that most of the background

noise was due to the electronic equipment.



CHAPTER III
THEORY

A. Sudden Approximation
Earlier studies have shown that the satellite lines seen in the photo-

(8,9,10,11) (10,12,13,14,15)

electron spectra of He and for the most part Ne

are explained by invoking the sudden approximation. However, it has been
found(e’lo) that when using single electron wave functions the theoretical
probability of multiple ionization in the outer shells has been lower than
the experimental value. It was pointed out by Byron and Joachain(ZI) that
for He if electron correlation is considered in the ground state wave func-
tion there is excellent agreement between the experimental and theoretical
probabilities of multiple ionization. By assuming the excitation to be
those of monopole transitions and then using Hartree-Fock wave functions
for calculating the satellite separation for inner shell ionization there is
good agreement with the experimentally measured energies.

The sudden approximation was initially used for calculation involving

(24) and later used for finding elec-

(25,26)

excitation following electron impact
tron shake off probabilities following B decay. Photoionization
of a core electron is similar to the situation in B decay and the sudden
approximation can be épplied.(27’28’29)

In the sudden approximation it is assumed that there is a sudden
change in the Hamiltonian.(7) This change must happen very fast in

22
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comparison with the period involved in a transition (7 °‘h/En-EO). It
is assumed that at t = 0, the Hamiltonian suddenly changes from H; to
Hz and then remains constant. Before the disturbance, the eigenfunctions

are given by

-3 E?

X = Uje iE] t/n (1)
where H,U; = E?Ui. Following the perturbation the eigenfunctions can
be denoted by

~iE-t/?
v e 1Bt/ (2)

where Hp Vf = Ef Ve assuming that at the time of perturbation, t = 0

the system is in the i th eigenstate giving

X=U(x) - (3)

The wave functions must remain continuous at t = O, Expanding the
final wave functions as a series of eigenstates, i.e. in a series of

solutions of Schrddinger's equation gives at t = O
U; (X) = B¢ Cgz Vi(Y) (4)
multiplying by Vf *(X) and integrating over all space
= SVER U R (5)
and the probability of a transiticn from state i to f is given by

Py~ = | Vi (R U (R ax |® (6)
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where the selection rules governing such a transition require that
AJ=AL=48S=0 . (7

This shows that following photoionization in an innershell the probability
for simultaneously exciting or ejecting an electron from an orbital

n;£;3j; is given by
—_ * 2
Piongi=fon?e?5 = | [ ¥ e, 000057 ¥i,ne5 9 | (8)

where wi,nﬂj is the single-electron wave function for the orbital ntj
in the ground state of the neutral atom and wf’nlzljl is the single-
electron wave function for an ion which does not have to be in the
ground state. For a monopole transition £ and j have to remain the same
but n # n’. However, it is difficult to describe excited states of an
ion and what has usually been done(s’lo’26) is to calculate the probability

that an electron will remain in an orbital with the same quantum numbers,

i.e. N=n’,4 =4’ j=3' and substract this from one. Thus

2
P, . . =1 - * d
i,ngi~fsn’g3 l \r w’f,n,ﬁ,j wi,an v l . (9)
If there are N electrons in orbital n£j then Eq. (9) is written
pi,n.Ej—'f,n'zj =1 = [' J" “J* v |3]N (lO)
fyn,2,3 "i,nej

or in the final form

= N
Pimstingy =1 LS Veongs Yanes 1] P (L)
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where Pf is a correction(27)

which arises from the condition that elec-
tron shake-up transitions to occupied levels are not physically allowed.

The corrections for contributions to filled states can be written

] N’
\ r—
P. = N 533
f n,‘,_l 23+ | f wf,n,zj ¥

ing5 97 |2 (12)
where n”’ % n, and N’ is the number of electrons in the orbital designated
n‘gj.

In the case of molecules the sudden approximation should also apply
for innershell ionization. The wave function y and Y  for a neutral
molecule and the ion with a core vacancy on the atom a have been expanded

as 1cA0s.(?8) These can be written

n
vE Gy 2y (13)
u=1
n
I_V .
Yy = Ky ¢ (14)
a \éﬁ u ¥u

where n is the number of orbitals in the basis set in which ohly valence
orbitals are considered. The atomic orbitals ¢é for (o) from which
ionization occurs are for the ion whose effective nuclear charge is

Z + 1, Z being the effective nuclear charge of the neutral atom. The
probability for transitions from molecular orbital i of the ground

state of the neutral molecular to orbital fa of the ion is given from

Eq. (8)
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n
Pintq =N | 2& Kug Cus €00 | 80 |? (15)
V=, .

where N is“the number of electrons in the initial ground state orbital
ntj. Using the zero differential overlap (ZDO) approximation, Eq. (15)

b ecomes

n
P =N 1 ) Kue Gy (00 100 [° - (16)
u=1i
Aarons et 31(28) have calculated the position and intensities of
satellite lines, assuming a localized hole approximation, associated
with core ionization of several molecules dsing the above approxima-
tions. They were able to get general agreement with experimental

results.

B. Configuration-Interaction
When attempting to find a wave function to describe a system it has

(34) Kuhn(6) (63)

been pointed out by Slater, and Condon and Shortley
that sometimes several configurations have to be considered simultaneously.
If upon photoionization an atom makes a transition from the ground state
of the ion to one or more of these allowed excited configurations there
will be seen small satellite lines with a higher binding energy than the
main photoelectron peak. This mixing of the wave functions can be caused
by both electrostatic and magnetic interactions, but the electrostatic

is the most important.

The electrostatic interactions are restricted by two selection

rules. Only configurations of the same parity (Zy; is odd or even) and
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only states with the same value of J interact. "Even for the strongest
configuration interaction, parity and the value of J remain well
defined.“(ao) For Russell-Saunders coupling the quantum numbers L and S
must remain the same for configuration-interaction transitions. Con-
figuration interaction is a two-electron excitation process. For example,
the transition from 4s24p® — 4524pﬁ4d has the selection rules A L =1,

A S = 0. The process that occurs is (1) a 4s electron is ejected into
the continuum (2) one of the 4p electron refills the 4s hole (3) one

4p electron goes to the 4d subshell.

C. SCF Hartree-Fock
Hartree(so) first introduced the method of a "self consistent
field" for finding the eigenvalues of a many electron atom. In this
it was assumed that the total wave function could be written in the

symmetric form as a product
Y(;1s;2 o o o o ;z) =¢’1(;1) ¢2(;a) o o o o ¢z(-£z) . (17)

Each electron is assumed to move in its own orbital and to be moving in
an effective field. Each electron experiences a central potential with

an effective charge zeff
Zeff =Z-0c (18)

where Z is the nuclear charge and o is the screening factor for each
electron orbital. The principal approximation that is made is the
averaging of the potential energy over the angles of Ek to make it

spherically symmetric. Under these conditions the radial portion can
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be separated from the angular and the angular portion can be considered
as a constant. This means that only the radial part of the wave function
has to be considered when doing the calculations.

Latexr Fock(31) used an antisymmetric wave function and the varia-
tional technique(sz) to arrive at a solution of a many electron system
in a manner similar to that of Hartree. The antisymmetric wavefunction

is

Coa(Dall) g (1)B(L) .+ .+ . on(Dall) en(1)B(1)
¢2(2)al(2) ¢, (1)B(2) . . . pp(2)al2) ¢, (1)8(2)

3

:;¢1(N)a(N) 21 (N)B(N) . . . op(Ma(N) @ (N)B(N) (19)

where N is the total number of electrons in the system and N = 2n. This
Slater determinant is made up of n one-electron orbitals. Each orbital
is composed of a product of a spatial part and a spin part a and B.

(33) but only considering the atomic

Following an outline by Fadley,
case, and using references (32) and (34), the development of the Hartree-
Fock equations are briefly sketched below. The Hamiltonian for an N

electron system can be given by

(n) (B) (c)
N N 2 N
= U gie X 288 ¢ B
H=- A A T (20)
i=1 i=1 i>3

where the terms are (A) kinetic energy, (B) electron-nucleus interaction

(C) electron-electron repulsion. Using the above Hamiltonian and the
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variational principle ¥ can be found so that the energy
E=(Yy|H| Y (21)

is a minimum, and the Hartree-Fock equations are obtained. The n
Hartree~Fock equations then can be used to determine the self consistent
orbitals ¢,. For electrons at position (1) and position (2) these n

equations are

1 Z
[-2me 55 fa

n
+2 |: 2 Jo5%(2) ;_.—h— p5(2) drs _J 9;(1)
=1

n
- N L I ¢j*(2) ;%; (2) a1z

j¢j(1) =E; 95(1) . (22)

j=1

For simplification the above orbitals now include the spin function

a(k), ie gp(k) alk) = op(k) .

The last term on the left hand side of Eq. (22) is the exchange inter-
action term. Exchange interaction is only possible between terms with
parallel spin., If the exchange interaction terxm is multiplied and

divided by wi*(l) 93;(1) Eq. (22) can, in atomic units, be given by
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r_ 2 z
-3 -5 |e(1)

L
n
1 N . ¢-
+t2| 'Z.lJ 035" (2) T ¢5(2) drp | 1)
J:
[ n j
l .>:l J 9*(1) 03%(2) T3 #:(2) p5(1) arg
- l = * 9;(1)
b 2", (1) p31(1)
=ep (1) . (23)

This revised form of the Hartree-Fock equation shows that p;(1) is

a solution of a SchrBdinger equation with a Hamiltonian operator which
is a sum of several parts: These are (1) the kinetic energy, (2) the
potential energy in the field of the nucleus, (3) the potential energy
in the field of N electrons minus a correction term due to exchange
interaction. The exchange interaction term corrects for the inter-
action of the particle with itself(34) which is erroneously included
in the third term of Eq. (23). The correction term may be regarded as

representing the potential energy, at the position 1 of the electron

in question, of a charge distribution at point 2, of magnitude

<o 93(1) 9:(2) 5(1) vy(2)
5 23%(1) ¢3(1)

. (24)

Equation (23) is in the general form of an eigenvalue equation



Fo; =E; ¢4

where F is the Hartree-Fock Hamiltonian operator. By defining the

kinetic, coulomb and exchange operators Gi’ Jj and Kj

G(1) =- 3v2+% 5,01
350101 = [ 054(2) 1o7 03(1) 95(2) drs
Ky 95(1) = J 05%(2) 5= 93(2) 03(1) drp

writing for the expectation values Gi’ Js

ij and Kij

\)

6, = (9, (1)]6(1) oy (1)) = [ o3 (L)% (— 390 - L) e o

where Gi is in the form of a screened hydrogenic potential,

Ji5

Co3(1)[35105(1) )

= [ 93*(1) o5%(2) | r_ll; | ¢5(2) ary dg

Kij = | ¢i(1)lKj|¢i(l) )

= [[ o,*(1) o5%(2) 1-1%(05-(2) 85(1) dry drp .

Now using Eqgs. (29), (30), and (3l) E; is given by
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(26)

(27)

(28)

(29)

(30)

(31)
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,_|:,

E, = (9;(1) | F | e;(1) ) =g, + (2 355 - Ky35) - (32)
j=1

To solve for E; the usual approach is to use an iterative procedure.
First, an orbital ¢; is chosen that is an eigenfunc{ion of Eq. (32).
What is normally done is to assume that ®; is an eigenfunction of a
screened hydrogenic potential. Then calculate E{ to get an initial
estimate of the .energy. Adjust @5 by varying parameters and calculate a
new E{V. Keep adjusting ¢; and comparing energies Eim with Eim+l until
a minimum is found. Do this for all orbitals and sum the E; to give

the total energy E

-Ki:) . (33)

The calculations for inner shell ionization of the rare gases
were made by C. W. Nestor, Jr.* using a Hartree-Fock Program written by
C. Froese-Fischer.(ab)

To calculate the approximate change in the binding energy due to a
shake-up transition,first calculate the total energy of the ion in the
ground state using Eq. (33), second, calculate the total energy of the
ion in the excited state and subtract the two energies. In doing this

it is assumed that the orbitals ¢; for the ground state of the ion are

identical to the orbitals ¢i(excited) of the excited ion.

*Dr, C W. Nestor, Jr. of the Mathematics Division of Oak Ridge
National Laboratory.



CHAPTER 1V
RARE GASES AND ALKALI METAL IONS

Inner Shells of the Rare Gases

The first topic to be discussed in this chapter is the satellite
structure seen in photoelectron spectra of the inner shells. The
spectra resulting from inner shell photoionization of Ar, Kr, and Xe
are shown in Figures 7, 8, and 9 respectively. The photoelectron
spectrum of the Csd4d is shown in Figure 10 to compare the satellite
structure to that of the Xe4d spectrum. Also, the photoelectron
spectra of the I3d and I4d of methyl iodide shown in Figure 11 is
compared with the Xe3d and Xed4d shown in Figure 9. These can be
compared with the Xe3d and Xed4d since CsT and I” are isoelectronic with
Xe. In the case of the photoelectron spectra of the inner shells the
energy separation and relative intensities of the satellite lines are

(27) . the individual shell being

expected to be almost independent
considered.‘ The analysis of the inner shell satellite lines is

given in Table II. In Figure 7 it can be seen that there is some
difference in the spectra of Ar2p and Ar2s. 1In the case of Ar2p there
are two main contributions to the satellite area, with the average
separation from the Ar2p3/2 being 25.1 eV. The satellite structure
associated with Ar2s is located 23.6 eV from the Ar2s. Also, the
relative intensity ;f the satellite lines for the Ar2p is slightly less
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Figure 7, Photoelectron spectra of Ar2s, Ar2p and associated satellite

structures using MgKo, X-rays.
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Photoelectron spectra of Kr3p, Kr3d and associated satellite

structures using MgKqg x-rays.

Ge



COUNTS /7 MIN

400

200

@)

400

200

Figure 9.

Photoelectron spectra of Xe3d, Xedd and associated satellite

structures using Mqu x-rays respectively for irradiation.
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Figure 10, Photoelectron spectra of Cs4d in CsCl and associated
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Table II
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Excitation Energy and Intensities of Satellite Structure in the
Photoionization of Core Shells of the Rare Gases

Intensity Excitation Ener eV
I hell
nner she (a) E (b) (a) ) Q) )
Vacancy B e Exp Theory Exp Theory
Ne 1s 870.2 617 8.7+0.7 19.6 38,8+0.3(h) 37.6
Ne 1s 384  9.620.7 19.6 39.0+0.3(h) 37.6
Ar 2s 326.3 14.6
927  8.4%l 14.6 23.620.3 22.2
604 10 =2(c) 14.6
Ar 2p 248.5 1238 6,71 15.4 25,3+0,3 20.9
1005  7.3%1 15.4 24,9£0,3 20.9
681 7 =2(¢)  1s.a
Kr 3p 214.4 1272 5.8+l 11.6 20,5%0, 3 -
1039 5.4+l 11.6 20.2+0.3 -
Kr 3d 93,7 1393 8.0+l 11.5 20.440,3 18.8
Kr 3d 1160  8,3%1 11.5 20.4%0,3 18.8
Xe 3dg/s 689.0 798 11 =1 12.4 16.9+0.3 15.9
565 8 &1 12.4 16.90.3 15.9
Xe 3ds s, 676.4 810 10.7xl 12.4 16.9£0.3 15.9
577  8.4%1 12.4 16.9+0.3 15.9
Xe 4dg sz 67.5 1419 6.3%0.5 9.6 17.0£0.3 -
1186  5.1%0.5 9.6 16.9+0.3 -
84  5,7xl 9.6 16.8+0.3 -
CHgI
I13dg s, 620  ~ 634 ~15 14.7+0.3 -
14d /" ~50  ~1204 ~12 15.1+0.5 -
CsCl
Ceddg fp ~ 77 ~L177 ~13 23.3+0.5 -
(13)

(a)Binding energies taken from Siegbahn et al.

In the case of

Ar2p, Kr3p, Kr3d and Xed4d the binding energy for the £+1/2 subshell is

given.
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Table II (continued)

(b)Photoelectron energies. The following x-ray energies were used:
1487 eV, 1254 eV, 930 eV, and 151 eV.

(C)Data taken with Cula x-rays as obtained by O. Keski-Rahkonen
and M. O. Krause (unpublished data).

(d)Total intensity of satellite structure relative to normal
photoelectron peak = 100,

(e)Calculation of total electron shake-up + shake-off for the
outermost p shell {cf. Carlson and Nestor, ref. 27) relative to normal
photoelectron peak = 100.

(f)As measured for peak of normal photoelectron peak to peak of
satellite structure.

(g)Calculations of difference of total energies between the free
atom and the excited state of ion using non-relativistic Hartree-Fock
program of C. F. Fischer. Calculations made by C. W. Nestor, Jr. The
ions had the indicated vacancy in the core shell and the outer shell
np electrons were excited to the (n + 1) p shell.

(h)Average of energy peaks corresponding to 2p53p (up), 2p°3p (down).
(Cf. refs. 10,13).
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than the intensity of the shake-up peaks associated with Ar2s. This is
(36)

in agreement with the results of Krause and Keski-Rahkonen using
Cul.cx,,_,a x~rays for excitation, where the relative intensity difference
is slightly more than for the MgKq x-rays (cf. Table II).

In the case of the inner shell spectra of Kr shown in Figure 8 the
spectra of the Kr3d and Kr3p are very similar., The separation of the
main satellite lines from Kr3d and Kr3p are approximately the same.

Both satellite structures associated with these two photoelectron peaks
have a main peak with a small contribution with a slightly higher bind=-
ing energy. The main satellite peaks of both the Kr3p and Kr3d are
located approximately the same distance from the normal photoelectron
peak.

The spectra of the Xe3d and Xed4d photoelectron lines, seen in Figure
4, again show the similarity of the inner shell shake-up peaks. The
satellite peaks have the same separation from the main photoelectron
line for both the 3d and 4d. The relative satellite intensity for the
Xe3d is significantly higher than that associated with the Xed4d, and
fall outside the error limits given in Table II. As with the shake-up
peaks in the spectra of the inner shells of Ar and Kr there is seen to
be multiple structure in the satellite lines of Xe3d. None was observed
in the Xed4d and may be because of the low intensity and resultant poor
statistics. From the sudden approximation it follows that the probability
of electron shake-up should be independent of the photon energy as long
as it is high enough to be in the region covered by the approximation.
Also, since the removal of a core electron changes the central potential

by approximately the same amount regardless of which core is involved,
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the probability for electron shake-up will be independent of the core
vacancy.

We can use Table 11 to compare the above generalizations with the
data. First considering the independence of shake~-up probability on
photon energy there is seen to be no general trend in the case of the
MgKa and AlKa, x-rays. Also, even for the ZrM{ x-ray 151.4 eV there is
seen to be no energy dependence in the case of Xed4d. There is not seen to
be any strong dependence for the Culm; » x-rays.(sé) Earlier studies(éz)
were made of electron shake-off from the L shell as a result of photo-~
ionization in the K shell of neon as a function of photoelectron energy.
The probability for shake off remained constant from photoelectron
energies of 100 eV up to 17.5 keV. Below 100 eV the shake-off probability
rapidly decreased. At 65 eV above the Nels binding energy the shake~off
intensity dropped to 20% of its maximum, but the shake-up probabilities
were nearly unchanged from those taken at higher photon energies. Thus
the shake-up probability associated with inner shell ionization is fairly
consistent, for Ne through Xe, as expected from the sudden approximation.

As mentioned previously in Chapter III it is difficult to calculate
the probability of shake-up because of the problems of trying to deter-
mine the wave functions of ions in excited states. Specific calcula-
tions(lz) are available, however, for the excitation of neon into the
152s22p83p2S level, Because the calculations of shake-up alone are
difficult the total probability shake-up + shake=-off is calculated
using Eq. 11 in Chapter III. The calculated probabilities(27) of
shake-up + shake-off are given in Table II. It is interesting to note

that the calculations suggest a slightly higher probability of shake~-up
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following photoionization in the Xe3d shell than in the Xe4d, and as
noted earlier this is consistent with the observed results, This is
due to the fact that as an electron is removed from shells of lower
principal quantum number the effective change in the charge of the
nucleus, Z, increases and AZ approaches one.

Second, let us consider the energy of excitation due to electron
shake-up. The measured energies of excitation and those calculated by
taking the energy difference between the ground state and the most
likely monopole excited configuration of the ion are listed in Table
II.

The first monopole excited level would involve the excitation of
an outer p electron. The excitation energies listed are the average
of the configuration. The calculations were carried out by C. W.
Nestor, Jr.(27) using a program written by Fischer.(35) In Table II
the theoretical and experimental monopole excitation energies are
observed to be, for the most part, in good agreement. The trends in
the separation are in excellent agreement. The theoretical energies
however, are consistently lower than those observed and this is probably
due to the fact that electron correlation is neglected in the theoreti-
cal calculations.

The alkali metal cesium when singly ionized is isoelectronic with
xenon and one would expect the photoelectron spectra of identical shells
to be similar. CsCl was used in order to compare the spectrum of the
Cs4d to that of the Xed4d (cf. Figures 9 and 10). The similarity in the

spectra can be easily seen by comparing the Cs4d and Xe4d. The relative

satellite intensity is more for the Cs4d than for either the Xe3d or
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Xe4d. The large error listed in Table II for the shake-up intensity in
the case of Cs4d is due to the difficulty in determining the extent of
the plasmon peak. Also, the separation of the Cs4d shake-up peak from
the normal photoelectron line is more than that of the Xed4d or Xe3d.
The photoelectron spectra of inner shells of iodine, which has an
atomic number (Z = 53) one less than that of Xe, were also taken. The
molecule CHzI was used because it has a high enough vapor pressure to be
studied in the gas phase.
Both the I3d and I4d photoelectron spectra are shown in Figure 11.
As can be seen the I3d and I4d main satellite lines are located at
approximately the same positions. There are also indications of
other relatively large lines in addition to the main shake-up peaks.
The energies are such that they cannot be due to Auger lines in the
case of both the I3d and I4d. The satellite lines in the I3d spectrum
start at 14.7 eV and show a continuous contribution out to at least
23.5 eV. Observing the I4d it looks as if the I3d5/5 and I3d3/2
may have overlapping satellite lines. This would explain not seeing
a sharp peak located 14.7 eV from the 13d3/2. The width of the peak at
21.0 eV in the I3d photoelectron spectrum indicates that it is made
up of two unresolved lines. The spectrum of the I4d is similar to the
I3d with regard to both the distribution of the satellite lines and
their relative intensities. The relative shake-up intensity of the
satellite lines for the I3d and I4d are 15.2% and 12.5% respectively.
Comparing the inner shell photoelectron spectra of iodine, xenon,
and cst (cf. Figures 9, 10, and 11 and Table II) there is seen to be a

trend to higher satellite separation from the normal photoelectron peak
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as the atomic number increases. There is no trend observed in the
satellite lines relative intensities as a function of the atomic number.
Both the iodine and cesium ions photoelectron spectra have higher
relative intensities than that of xenon which is probably because of the
different chemical environment.
Satellite Lines in the X-Ray Photoelectron
Spectra of the Outer Shells

There have been several studies of the outer shells of the rare
gases. The satellite lines of He(g’lo) and those found in the spectra
of the outer shells of Ne(lo’ls) have been attributed to monopole
excitations. Recently Wuilleumier and Krause(l4) have made a very
thorough angular and energy-dependent study of Ne and concluded that
most of the satellite lines are due to monopole excited states and
that the contribution due to configuration-interaction is "small if
not negligible."”

The outer shells of Ar were also previously studied.(lo) The
satellite peaks were attributed to monopole excited states but with
discrepancies shown between the experimentally measured energies and
those calculated using the optical data.(ls)

Our measurement of the spectra of the outer shells of Ar, Kr,
and Xe are shown in Figures 12 through 17. An analysis of the data is
given in Table III. An analysis of the satellite lines in the spectra
of the alkali metal ions is given in Table IV. The spectra of the
outer shells of several alkali metal ions were rerun(lé) in order to
compare the data to those of the isoelectronic rare gases. A comparison

of the Kr4p,4s photoelectron spectra of Rb* and Kr are given in Figure
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Table III

Excitation Energy and Intensities of Satellite Structure in the
Photoionization of Quter Shells of the Rare Gases

Excitation Eneragy 1 spsao(c)

—Intensities® ™’/

Line XPS(a) Optical(b) Configuration AlKa,,z MgKa, 5 ZrMg

Ar 3p o 0 35"’355 2p° 1458 182%10 553+25

Ar 3s 13,5=0.1 13.49 3s3p° 23S 100 100 100

S 21.6%0,2 21.39 3s33p%4p 4p’ 2P° 32 4=2  15%3

o] 22,9%0.1 22.82 3s23p*3d 3d‘ ®S  19£2 152  15%2

c’ 25.4%0,2 25.44 3s23pedd 44’ =S 6+3 7£3 8+3

Kr 4p o 0 458425 2p° 466£25

Kr 4s 13.5%0.1 13,51 4s4p° Zs 100 100

s 18.4=0,2 18.61 4s24p*sp 5p’ *P°  7=3 9£3

c 20,0£0.1 19.94 4s24p%44d 487 %S 31=6  25x3

c’ 20.39 4s24p%6s 65/’ 2S5 ~- -

Xe 5p o] o] 552535 2po 355+20 449+20

Xe 5s 113+0.1 11.27 5s5p° S 100 100

s’ 15,37 5s25p%6p 6p PP 11:3 103

o] 16.02 5s%5p%5d 5d’ 2S - -

s 16.27 5s25p%6p 6p’ 2P°  -- -

-- 16.9£.2 -~ - : 627  45£5

(a)XPS data taken from Figures 12 through 16 and averaged with data
of similar runs., Energy is given relative to normal photoelectron peak
corresponding to photoionization in the outermost p shell.

(b)Energy difference as obtained from optical data (C. E. Moore,
Atomic Energy Levels, Vols. I, II and III, NBS 467, U. S. Govt. Print-
ing Office, Washington, D. C., 1949, 1952 and 1958). Energies are
given for the corresponding configuration.

(C)Intensities of peaks obtained in XPS data using AlKa., MgKa and
ZrM{ x rays at 1486.6 eV, 1253.6 eV and 151.4 eV respectively. Inten-
sities are given relative to normal photoelectron peak corresponding to
photoionization in the outermost s shell.

(d>Energy difference as obtained from optical data (Cf. ref. 42).
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Analysis of Satellite Structure in the Photoelectron Spectra
of the s and p Shells of the Alkali Metal Ions

Excitation Enerqgy

Intensities(c)

Compound Line XPS(a) Optical(b) Configuration AlKay, p MgKo,, -
NcCl Nates 32.8 2s2p° 25 100
Na*2p 0 2s%2p5 2p° 41x4
KBr K*3p o} 0 3szags 2p° 231+23
K3s 16.0+0.2 16.19 3s3p° 2§ 100
o] 29.8+0.3 29.96 35%3p*4s 4s’’ 3s 71+18
o] 31.1 3s23p*3d 3d’ ®S
S not listed 3s23p*4p 4p’ 2P°
KCl K*3p © 0 3s33ps 2p° 22923
K*t3s  16.1x0.2 16.19 3s3p° 2s 100
o} 29.96 3s®3p*4s 45’ 35 39+8
c 31.1 3523p*ad 3d’ 2S
S not listed 3s®3p%*4p 4p’ 2p°
RbC1 Rb*ap O 0 4524p8 2p° 399240 41240
Rbt4s 15.9+0.2 16.2 4s54p°25 100 100
c 26.0+0.3 26.61 4s24p%4d 4d’ @S 63+10  64%10
c 25.30,) 4s24p*5s 557 35
o} 32.8 4s%4p*sd ?s
S not listed
CsC1 Csisp O ) 55°5p° 3p° 275z25
Cs'®s 12,9x0.3 15.84 5s5p° °s 100
c 22,2+0.4 11720

(a)Data taken from x-ray photoelectron spectra of the correspond-

ing salts.

Energy is given relative to normal photoelectron peak

corresponding to photoionization in outermost p shell of alkali metal

ion.

(b)Energy difference as obtained from optical data for singly
(C. E. Moore, Atomic Energy Levels, Vols.

charged alkali metal ion.

I, II and III, NBS 467, U. S. Govt. Printing Office, Washington, D. C.,

1949, 1952 and 1958).

figuration.

Energies are given for the corresponding con-
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Table IV (continued)

c
( )Intensity of peaks obtained in XPS using AZ¢ and MgKa Xx-rays.

Intensities given relative to normal photoelectron peaks corresponding
to photcionization in the outermost p shell.

(47)

(d)Quantum defect calculation of energy by Reader.



55

18. A photoelectron spectrum of the valence shells of CsCl is shown
in Figure 19,

An Al anode (1486.6 eV) and a Mg anode (1253.6 eV) were used for
most of the runs. This made it possible to eliminate the peaks due to
Auger transitions, For the spectrum of the Ar3p, 3s the Zr M{ x-ray
with an energy of 151.4 eV was also used for irradiation. The relative
photoionization cross section op/oc3s was found to be much lower for
the low energy Zr M{ x-ray (Figure 13) than for either the Al(lo) or
MgKa,_,2 x-rays, which agrees with the theoretical calculations made
by Scofield.(4l) This enables one to determine to what final state
the satellite lines can be attributed. If the intensity of the
satellite peaks follows that of the Ar3p then those peaks are a
result of monopole transitions. If the intensity of the satellite
lines remains the same relative to the Ar3p, then the satellite lines
can be attributed to configuration-interaction,

Using the Zr 151.4 eV characteristic x-ray for irradiation, the
intensity of the satellite line C shown in Figure 12 decreased as
that of the Ar3s did. This implies that line C is due to configura-
tion-interaction and not to monopole excitation of the Ar3p. Referring
to Table III it is seen that the experimental binding energy of C is in
excellent agreement with the configuration-interaction level 3s23p%3d 281/@
listed in the optical data.

When the MgKa1,31253.6 eV x-ray were used for studying the outer
shells of Ar the intensity of line C (c¢f. Figure 12) was much more than
that of the satellite peak S. for the ZrM{ x-ray (151.4 eV) the inten-

sities of C and S (cf. Figures 13 and 14) became approximately the same.
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It was found that the intensity of S relative to that of the Ar3p
remained about the same as when the Mg 1253.6 eV or Al 1483.6 eV x-rays
were used. Peak S then is due to monopole excitation and the experi-
mental binding energy corresponds very well with that calculated(ls)
for the 3s23p*4p 2P°, This state for ArII corresponds to the similar

12)

level 25%2p%3p 2P° of Nell which Carlson et g;( and Wuilleumier
and Krause(14) found to be one of the main monopole excited states seen
in the spectrum of the outer shell of Ne.

The intensity of the peak labeled C’ in Figure 13 followed the
Ar3s intensity. This implies that this satellite line is due to con-
figuration-interaction. The measured energy agrees very well with the

energy calculated using the optical data(ls)

(42)

for a 3s23pé4d 2S,_/= level.
Minnhagen, in studying the optical spectrum of singly ionized
argon, noted several anomalous energy shifts. He believed that these
shifts were a result of configuration-interaction. He attributed the
peaks to the mixing of the Ar3s3p® ®S,/, with the Ar3s®3p¥4s 251/3.

43
(43) calculated the energy shifts for the electrostatic

K30llerstrom
interaction between 3s3p® 2S; /2 and 3s®3p*3d =Sl/e, 3s°3p44s 281/2 in
ArII, using wave functions based on the Thomas-Fermi-Dirac model of
the atom. Their calculations show that both the interactions,

3s3p® 251/2 and 3s3p*ad 331/3, 3s®3p4s aS,_/g were possible. However,
there was no indication of any contribution to the satellite structure
in the photoelectron spectrum of Ar due to configuration mixing of the
3s 3p° 951/2 and 3s°3p*4s 2sl/b. If there is a 4s contribution it
should have a binding energy 7.25 eV higher than the Ar3s. As Figure

12 shows, we were not able to observe such a line, at least rot with
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the present instrument. Also, there was no line noted at this energy

by Carlson et ai(10)

using the AlKa,; 5 x-rays for excitation.

Coopexr and Lavilla(44) observed a satellite peak in the La’a x-ray
emission spectrum of Ar. They tentatively assigned the satellite
structure seen in their spectrum to mixing of the 3s3p® 351/5 with the
3s%3p*3d ®S; /5, 3s®3p%4d ?S1/,. This was later confirmed by Werme _e_t__1(45)
using an x-ray grating spectrometer which had much better resolution
than Cooper's and Lavilla's instrument.

We shall now consider the satellite lines in the x-ray photoelectron
spectra of the outer shells of krypton shown in Figure 15. The analysis
of the sateliite structure is given in Table III, Observations made on
argon have shown that the mixing of the 3s°3p*3d ®s, /a with the 3s3p® 25, /2
to be the most important interaction. One would expect similar results
with regard to krypton, i.e. mixing of the 4s4pf 28, /= and 4g23ptag 251/2
configurations. Comparing the separation of the main satellite line
from the Kr4s the energy is found to be in excellent agreement with the

19
optical data of Minnhagen gt _;( ) for mixing of the 4s4p 1/2°

5 2g
4s24p*4d 25, /, configurations,

There is a small satellite line designated S with a slightly lower
binding energy than the main satellite peak associated with the spectra
of the outer shells of krypton. This could be the result of a monopole
transition to the 4s24p*Sp 2P°, The experimentally observed energy is

(18) This monopole

in good agreement with the energy calculated.
excited state also corresponds to the shake-up transition 3523p5 2
3s®3p*4p 2° that was found to be of some importance in the case of

argon.
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It should be mentioned that this energy also corresponds closely
to the la, molecular orbital of HzO. However, if there had been any
moist air contamination the o, 2s of N; should be more intense than
the la; and this is not observed in the Kr 4p,4s photoelectron spectrum.

The interaction of the level 4s4p® 351/2 and 4s24p%ss 281/2 may
contribute some to the satellite intensity but the binding energy of
the 4s4p*ss 251/5 appears to be too low to account for the peak
labelled S. The broad peak approximately 18 eV from the Kr4s disappeared
when an aluminum anode was used instead of a magnesium anode which would
Zmply that it is due to an Auger transition.

There are several IMM Auger lines of krypton whose kinetic energies
are such that they appear in the Kr4s spectrum when either the Mch:,;L,2
or the AlKg, . X-rays are used for irradiation. The main satellite
line however, is not altered by changing the photon energy. One of the
strongest LMM Auger lines of krypton(l3) has about the same kinetic
energy as the AlKo induced Kr4s line. This makes it difficult to esti-
mate the relative intensity of the satellite structure using an aluminum
anode.,

There are indications of two small peaks located at 8.9 eV and
10.6 eV. However, this energy range correspornds very closely to the
LMM Auger line number 24 (K.E. = 1216.9 eV) listed by Siegbahn et 21(13)
and is probably the cause of the peaks. There is also another IMM
Auger line that makes it impossible to determine whether there is any
real satellite structure in this region. A different photon energy

must be used with a much more sensitive detector to completely answer

the question.
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In Figure 16 the spectrum of X:5s and the main satellite lines
associated with the outer shells is shown., The spectrum of Xe 5p,5s
is shown in Figure 17 and an analysis is given in Table III. From the
results on Ar and Kr one would expect that the most intense satellite
line 5.6 eV from the Xe5s to be a result of the mixing of the level
5s5p° 281/5 and 5s25p*5d 25, /s- However the 5d state is on the low
binding energy side of the main satellite line and cannot be responsible.
The main satellite is probably due to configuration-interaction and is
most likely to be a 5s5p* nd sS,_/z level that can mix with the
5s5p° 351/5. There is a configuration that Moore(ls) lists as a
miscellaneous level 5.66 eV from the Xe5s photoelectron peak, designated
18, J = 1/2, that is in excellent agreement with the energy of the main
satellite line. However, it is impossible to say that this is the
excited configuration that is responsible for the main satellite line
observed in the XebSs photoelectron spectrum. Codling and Madden(2o)
made a very thorough absorption spectra study of Xe but did not attempt
to make any configuration assignments. They state that before the spectra
can be completely analyzed it will be necessary to carry out thorough
theoretical calculations.

The main satellite line is asymmetric, giving evidence of another
peak on the low binding energy side of it. There are four possible
assignments with the two most probable being from the level 5s®5p45d 251/%,
which can interact with the 5s5p°® 2Sl/z or can be due to the monopole
transition 5s®5p%6p 2F°. A configuration-interaction level 5s25p*6s 251/5
and a monopole excited state 5s®5p*6p 2p° are possibilities for the low

binding energy side of the main satellite. Either the levels C and S
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or C’ and S’/ might be eliminated from consideration with better resolu-
tion and count rate.

In Figure 17 there are two satellite peaks 32.8 eV and 37.2 eV from
the Xe5p3/s. The possible lines from N,, O, and H,0 were checked but do
not have the proper energies to account for either of the peaks, Also,
there are no Auger electrons with this kinetic energy. In Cairns'
et gl(48) study of multiple lonization processes following photon
absorption they polnt out the fact that there is a high probability of
double and triple ionization. One would then expect to see satellite
lines in the XelIl energy region. There are no lines listed by Moore(ls)

with the proper energies but the satellite lines located at 32.8 and 37.2

eV in Figure 17 are probably due to configuration-interaction.

Alkali Metals

The alkali metal ions Na+, K+, Rb+ and Cs+ are isoelectronic with
the rare gases Ne, Ar, Kr and Xe. Because of this it would be of interest
to compare the satellite structures observed in the photoelectron spectra.
For example, the photoelectron spectra of Rb¥ and Kr are compared in
Figure 18. In each case, except Na+, the intensity of the satellite
structure is higher for the alkali metal ion. There was no satellite
structure seen in the Na® outer shell photoelectron spectra and is probably
due to the fact that the 2532p42d 2s configuration is not allowed.
Werthein and Rosencwaig(lé) were the first to point out the very intense
satellite structure in the alkali metal salts and to attribute it to
electron excitation involving configuration-interaction states. The

relative intensities and energies of the normal and satellite lines
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associated with photoelectron spectra of the outermost s and p shells of
the alkali metal ions are listed in Table IV. The satellite structures,
using the MgKag x~-rays, are in reasonable agreement with the earlier data
of Wertheim and Rosencwaig using AlKg x-rays. Also listed are the
energies for the states corresponding to the free ion as obtained from
the optical data.(ls)

The study of Wertheim and Rosencwaig of the outer shell of K
included both KCl1 and KBr. In retaking the spectra it was noted that
in the case of KBr the MquS/h induced Br3d overlapped the satellite
structure associated with the K3s. Taking this into account the shapes
of the K3s s;tellite structures for KCl and KBr were in better agree-
ment,

In addition to the difference in satellite intensities of K and
Ar, the main satellite lines are a result of mixing of different con-
figurations. Wertheim and Rosencwaig attribute some of the satellite
structure to the mixing of the levels 353;P 2S1 2 and 3523p43d 381/2,
but we believe that the main contribution to the satellite structure is
due to the interaction of the 3s3p® 281/2 and 3533p44s 281/2, which,
as shown above, is not significant in the case of Ar.

Whereas the photoelectron spectra and the x-ray emission spectra(44)
satellite lines are both a result of mixing of the same configurations
and therefore support each other, there is an unexplained difference
in the interpretation of the x-ray and photoelectron spectra of k.
Cooper and Lavilla(44) attribute the main part of potassium L, , x-ray
emission satellite structure to the mixing of the 3s23p*3d 281/2 and

3s3p° 25, /5, and not to the 3s°3p*4s s, /; and 3s3p° 25, s that Wertheim
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and Rosencwalg believed to be the most important in the photoelectron
spectra.

Next the satellite siructure in the pﬁotoelectron spectrum of the
outer p and s.shells of Rb* is compared with that of Kr, in Figure 18.
Although the satellite intensity of Rb* is higher than that of Kr the
main contribution to the satellite structure is due to the configura-
tion mixing of the levels 4s4p® 25, /=and 4s®4p*ad s, /2 Wertheim and
Rosencwaig have attributed the satellite structure in the photoelectron
spectra of the outer s shell of Rb* to the mixing of the 4s4p® 251/a
and 4524p455.251/é, and to a less extent the 4s24p%4d S, fa. However,
they were not aware of the work by Reader and Epstein(46) who studied
RbIII in the free state and made corrections to the listed energies
for several different levels of doubly ionized Rb. Two of the corrected
levels were the 4s4p® 251/3 and the 4s24p%5s 251/5. They also found

the energy of the 4s24p*ad asl/b, which had not been listed before.

(46) (47)

With the corrections and new findings of Reader and Epstein, Reader
was able to show the excellent agreement of the 4s24p%4d 351/5 with the
energy of the main satellite line in the Rb4s spectrum. Reader indi-
cates that the intensity of the 5s is approxiamtely 1/3 that of the 4d with
a small contribution from the 5d. He also states that a theoretical
analysis of RbIII indicates that the level 4s4p® aSz/z does interact
strongly with the 4s24p%4ad zsl/a and weakly with the 4s24p%Ss 251/2.

In the case of CsCl it is impossible to say how much higher the
relative satellite intensity is for Cs+ than for Xe because of possible

H,0 and O, contamination of the CsCl. The CsCl was loaded in an argon

atmosphere but the sample may have already bee contaminated. The spectrum
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was run with every possible precaution taken to prevent any additional
contamination. Then the sample was exposed to the air for almost an
hour and the spectrum was taken again. The peak labelled X in Figure

19 increased in intensity and was assumed to be due to contamination.
There was an overlap of this peak and satellite line which made the
calculated relative satellite intensity very uncertain. There is no
optical data available on CsIII but it is believed, based on this and
other recent studies, that the main satellite line, which is 6.4 eV from
the Cs5s 1s a result of configuration-interaction. 1In all cases the
relative intensities of the satellite lines are much more for the alkali
halides tha& for the rare gases. This is in disagreement with expecta-
tion from an atomic viewpoint. The total shake-up, shake-off probabili-
ties for Ar and Ar+ were compared with the total shake-up, shake-off
probabilities of k* and K**'using Hartree-Fock wave functions(27) and
the total calculated probabilities were higher for Ar and art. It is
believed that the difference between the salts and the rare gases to be
a solid state effect. Perhaps the d electrons in the conduction band
in an alkali metal halide may have a greater overlap with the s and p

core subshells than the corresponding overlap of the s, p and d orbitals

in a free gas atom.



CHAPTER V

SATELLITE STRUCTURE IN MOLECULES

The photoelectron spectra of the core electrons of NO, N;O, and H,0,
using Mgka x-rays as the photon source, are shown in Figures 20 through
23. An analysis of the spectra of the above molecules is given in Tables
V, VI and VII, The photoelectron spectrum of the valence electrons of
nitrogen is shown in Figure 5. In the case of N, the excitation source

was the Zr Mg 151.4 eV x-ray.

Photoionization in Core Shells
There have been several previous studies of shake-up peaks associated
with core vacancies for diatomic and triatomic molecules.(lo’13’l7’5o) In
all cases the sudden approximation is used to interpret the data. As
with the rare gases the sudden approximation applied to molecules only
allows for transitions described by monopole selection rules. These

selection rules are
AT=AL=AS=AM=AA=AQ=A0Z=0 .

For example for a lzg+ state only a transition to another lzg+ is
allowed. However, Aarons et 31(28) have pointed out that if the hole is
localized then the u—~g transitions become allowed. This analysis has
been based on the localized hole concept, which is the assumptioq

that a specific atom of a molecule has been ionized and the motion
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Table V

Analysis of Satellite Structure in the Photoelectron Spectra of the Inner Orbitals of Nitric Oxide

- Monopole Transitions

Exp
Line Energy (ev) £ 0.3  Intensity Neutral (NO) Isoelectronic (0,7
0ls 0 100
s 12.5 7.0£2 X2 —p2 ~8eylb)
s 13.8 5,642 X? —B2 ~6.5 eh()‘)’)
s 26.7 3,851 X2 —H'8 ~Te
Total intensity 2% X2 —K2 ~8eyth
X2 —L2 9,96 evld)
Nls 0 100
s 4.3 ~ 2 X3 21312 6,49 ey!®) X2 — a2 ~8oylhd)
s 8.5 5540 X 2n-4nK? 7.97evgg xz%—35 Ygevla)
s 13.5 5.6£2 X® 2onx5wQ? 8.51 eV 9
Total intensity 26
I -~ 12 - 17 ?g(“)
-+ P 18,8 eVl9)
(a)From vertical transition energy given by Edqvist et l.(52)

(b) (54)

Estimated energies of Franck-Condon transitions using energy curves by Gilmore.

(C)From Rydberg series calculated by Edqvist et al.(58)

(d)From energies of electronic states of nitric oxide calculated by Lefebvre-Brion and Moser.(sg)

1



Table VI

Analysis of Satellite Structure in the Photoelectron Spectra of the
Inner Orbitals of Nitrous Oxide

Exp. Relative
Line Energy (eV) £ 0.3 Intensity Neutral Molecule (N,0) Isoelectronic (No;')
Ols 0 100
s 14.3
s 20,0
Total intensity ~ 24%
Nls #1 0 100 15t a5t 13,6 el® 6t 1a, - sapt 14 10 evl(D)
Nis #2 4,3 -
s 11.5 -
s 18, -
s 19,7 -
s 21,7 -
s 22.5
Total intensity ~ 25%

(a)
(b)

See reference (56).

See reference (66).
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Table VII

Analysis of Satellite Structure in the Photoelectron Spectra
of the Inner Orbitals of Water

73

Exp. Relative
Line Energy (eV) %= 0.3 Intensity Neutral Molecule (Hp0)
ols ) 100 X s - 5%a 8.8 ev(?d)
s 23.7 ~ 14 Xta -Dia 12,0 ev(@)

(8)see reference (64).
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of the valence electrons is correlated with the location of the core
hole. This is possible if the valence electrons of a molecule can
relax toward the core hole in a time that is small compared to the
time for exchange between equivalent core sites. Also the localized
hole concept has been shown by Snyder(51) and Bagus and Schaefer(4o)
to be correct in their theoretical calculations. Herzberg(65)also states
that the u,g symmetry loses its importance when considering molecules
made up of different atoms.

One would like to make configuration assignments on the observed satel-
lite lines. However, it is difficult to make any assignments because
there is no optical data available and there are no known theoretical
calculations for core shell ionization for the molecules studied in
this work. A neutral molecule that is isoelectronic with an ion
is expected to have similar molecular structure and molecular
orbitals. For example CO and Ny are isoelectronic with NO*.  One
might then expect to be able to compare the separation of the satellite
line from the normal photoelectron peak with the energies of monopole
(0) in

excited levels. This method has been used by Carlson et al

their study of CO and Ng.

A second procedure has been used to try to interpret satellite
structure in the photoelectron spectra of molecules. The energy separa-
tion of the shake-up lines can be compared with monopole excited levels
of the neufral molecule., It is assumed that the perturbation follow-
ing a core shell ionization is independent of the energy levels and
the occupied and unoccupied molecular orbitals of the neutral molecule

will relax by the same amount. Allan et al(l7) have used this appxoach
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to make assignments fo the shake-up peaké seen in the inner orbital
spectra of COz, (OS and CSz;. Both of the above described methods will
be used in an attempt to interpret the satellite structure seen in the
photoelectron spectra of the molecules.

When the potential energy curves of the neutral molecules and ions
are available the energy given for the monopole excitation can be
estimated for a Franck-Condon transition. However, several of the
energies are given only for the ground state of the excited levels

and may be too low.

Nitric Oxide

The first molecule to be considered is nitric oxide. The ground

state configuration of nitric oxide is

K K (0428)2 (oy28)2 (cgzp)a (my2p)4 (mg2p)2 20

The molecule possesses a single unpaired electron. The spectra of both
the Nls and Ols, which can be seen in Figures 20 and 21, were studied.
An analysis of the spectra is given in Table V. Both the Nls and Ols
spectra have satellites with a binding energy approximately 13 eV to

15 eV higher than the normal photoelectron peak. The Nls spectrum is
very rich in satellite structure. In addition to the main satellite
previously mentioned there is a small peak located 4.3 eV from the
main Nls line and another 8.5 eV. There are also several satellite
lines in the region from 16 eV to approximately 32 eV. In the case of

the Ols spectrum the main satellite line is about 13 eV from the
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Ols there is a small, broad peak located approximately 27 eV from the
normal Ols.

As noted before the main satellite lines in both the Nls and Ols
are about the same distance (13 to 15 eV) from the normal photoelectron
peaks. The similarity in the energy separations indicates that the
same molecular orbitals are involved in the monopole transition.(so)

To determine the possible monopole excited states that might account
for the shake-up peaks, the Spectrum of NO is compared with the energies

(52)

of the isoelectronic ion Oa+. The data listed by Edqgvist,
(53)

Yoshino
and Tanka and the poténtial curves 6f Gilmore(54) are used to deter-
mine the energies of the different molecular orbitals. The energy
levels of 02+ are listed with the ungerade, gerade symmetry being dis-
tinguished. Nitric oxide is made up of two different atoms and the

u,g symmetry can be neglected. This would mean that of the levels

that are listed only two monopole excited transitions are allowed

5 eV A?qj

(2) *ng 1l.9 eV 20 . The small satellite line located at 4.3 eV

from the ground state of X?ng of 057, They are (1) Xell

corresponds closely to the X?Hg —_— Aaqu, where again the u,g symmetzry
property must be ignored. However, if the Franck-Condon principle is
applied for the X?Hg — A2Q]y, transition, the energy separation, using

(54) is about 8 eV which corre-

the potential energy curves by Gilmore,
sponds closely to the energy of the satellite line at 8.5 eV in the Nis
spectrum. The excitation energies of the main satellite lines in both
the N1s and Ols spectra are about the same as the monopole transition

(52)

X2, Ll.2 eV 21, listed by Edquist et al. Although this procedure
g u

does give a tentative explanation for two of the satellite lines, the
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X zngli;E_sM_ 2fl, energy difference is lower than the separation seen in
the photoelectron spectra.

A second procedure following Allan et al(l7) was used in an attempt
to interpret the satellite lines seen in the Nls and Ols spectra

of nitric oxide using the Rydberg series of Edqvist et 3;(52) and the
potential energy curves of Gilmore.(54) Comparing the excited states

of neutral nitric oxide listed in Table V there is seen to be several
monopole transitions that might account for the satellite lines. The
first satellite line for the first excited state is seen to be associated
with the Nl1s photoelectron peak. There is no corresponding satellite
line at 8.5 eV in the Ols! spectrum. This indicates that the ground

state molecular orbital involved in the excitation responsible for the
line at 8.5 eV is localized on the nitrogen. The monopole transition
from the ground state of neutral molecule X2 to the level B2 ~ 8 eV.(54)
This is the monopole excited transition that is expected to be the most
likely. However, there are several more monopole transitions listed
in Table V that are in the correct energy range. These are transi-
tions of the m2p molecular to monopole excited levels. One would
expect the first excited transition to involve the n2p orbital and

(54)

comparing the data with the energy of the levels taken from Gilmore's
energy curves and the Rydberg series of Edqvist et 31(58) would tend
to verify this. Brion gt gl(57) give the atomic populations for

each atomic orbital on nitrogen and oxygen. In the case of 2pm orbital
the population on the nitrogen is 65% and 35% on the oxygen atom. We
have seen above that the satellite peak located at 8.5 eV in the Nls

spectrum corresponds closely to the monopole excited states for




78

monopole transitions of the 2pm molecular orbital. Also, the atomic
population calculations show that the 2pm molecular orbital is most
likely to be found associated with the nitrogen atom. These two facts
would tend to verify that the satellite peak located at 8.5 eV in the
Nls spectrum is associated with the monopole transition of the 2pm
molecular orbital.

Next the main satellite lines in the 13 eV to 15 eV range of both
the Nls and Ols spectra are considered. As noted before, the fact that
the energy range of the two satellite are similar indicates that they
may be from the same ground state molecular obital. The energy is too
high to be due to a monopole excitation of the 2pm molecular orbital.

(s8) which is a combination of the

The next molecular orbital is the 1m
2p atomic orbital of nitrogen and the 2p atomic orbital of oxygen.

The energies of the monopole excited states for the lm molecular
orbital (see Table V) are in the 12 to 17 eV range whic corresponds to
the position of the most intense satellite lines seen in both the Nls
and Ols spectra. Brion and Yamazaki(57) give the atomic populations
for the lm molecular orbital. The values they list are (2pm 1.42) for
the nitrogen and (2pm - 2.58) for the oxygen. The main satellite line
in the Ols spectrum is more intense than the main satellite peak in the
Nls spectrum. This qualitative intensity and energy agreement indicate
that the monopole transition responsible for the main secondary peaks
in the Nls and Ols spectra probably involve the lm molecular orbital.

The satellite lines further separated from the Ols and N1s must be due

to monopole excitation from lower lying molecular orbitals. The Nls
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and Ols spectrum show that the molecular orbitals involved probably

have higher atomic population densities on the nitrogen atom.

Nitrous Oxide

Nitrous oxide is a linear triatomic molecule (N-N-O) with the two
nitrogens in a different chemical environment. This is evident when
the spectrum of the Nls is observed. The binding energy of the central
nitrogen is 4.3 eV higher than the outer nitrogen. The ground state

configuration is
(64)2 (0u)? (0g)? (o)? (mp* (mgd 5"

The Nl1s and Ols spectra are shown in Figures 22 and 23, and an analysis
of the spectra is given in Table VI,

In the case of the Nls spectrum there are two main contributions
to the satellite structure. It is assumed that the first satellite
line located at 11.5 eV in the Nls spectrum (Figure 22) is associated
with photoionization in the ls shell of the outer nitrogen. There is
only a small contribution at this energy in the case of the Ols spectrum,
and appears as a shoulder on the main satellite line in the Ols spectrum.
The broad satellite structure centered at approximately 20 eV (Figure
22) is probably associated with both of the nitrogen atoms.

The Ols spectrum of N3O has one main satellite 14.3 eV from the
normal photoelectron peak and a small shake-up peak at 20 eV. There
is a shake-up line located 14.4 eV from the center nitrogen Nls peak
which is almost the same separation as that of the main shake-up peak in

the Ols spectrum. This indicates thal they may both involve the same
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molecular orbitals., However, it is not completely clear that this would
be true if a localized hole model is assumed.

In order to try to interpret the N3O data and make some tentative
assignments of the monopole transitions involved the energy separations
of the shake-up peaks are compared with the excited levels of the
isoelectronic ion N02+. The excited levels of N02+ are taken from
Edqvist et g;,(és) The configuration are given for a molecule which
belongs to the G, symmetry group. The ground state of N02+ is Ga:1
1A, which means that for a monopole transition another ;Ai level
must be found. There is only one 1A1 state listed by Edqvist et al.(éé)
This is the 53;1 1A1 where the energy difference for the 6a;1 lA1 transi-
tion is approximately 10 eV. This energy is too low to account for any
of the shake-up peaks seen in the Nls and Ols spectra.

Secondly the NjO data is compared with the excited levels of the
neutral molecule.

In the case of N;O only a few of the energy levels with designations

(64,55) (56)

However, Peyerimhoff and Buenker have made

are listed.
configuration-interaction calculations to obtain the ground state energy
and the energies of numerous excited states. There is only one monopole
excited transition listed, xrt 13:6 eV gt nich corresponds in any
way to an observed satellite peak. This is the shake-up line located
14.3 eV from the Ols of N;O that might be due to the above mentioned
shake-up transition.

Brion and Yamazaki(57) list several Rydberg series for nitrous

oxide. Several of these are listed in Table VI but none of the energy

differences involved are enough to account for any of the satellite lines. A
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The atomic population densitities calculated by White* for N;O was
used in an attempt to make a qualitative interpretation of the Nls and
Ols photoelectron spectra. One would expect the Tig molecular orbital
to be involved in the first excited transition. The population den-
sities given in Table VIII show that the Tig has a high probability of
being associated with the end nitrogen and very low density at the
center nitrogen. The intensity of the first satellite peak seen in the
Nls spectrum follows the relative calculated density in the case of the
two normal nitrogen peaks. There is the main peak at 11.5 eV associated
with the center nitrogen (low binding energy). There is little if
any satellite structure located at 15.8 eV that would be the correspond-
ing shake-up peak for the ls spectrum of the center nitrogen, which does
agree with the atomic population calculations for the Tig molecular orbital,
Also, the intensity of the first excited level in the N1$§ corresponds to
the density one would expect from the calculated atomic densities for
the my molecular orbitals. Although, the energy separation of the Ols
satellite line, 14.3 eV, is more than the separation of the satellite
peak of the first excited state, 11,5 eV, of the Nls the fact that one
would have to consider a localized hole may account for the discrepancy
in the separation. Theoretical calculations for a core hole vacancy on

the oxygen and then on the nitrogen should clarify this point.

*These calculations were done by R. M. White of Baker University
using a code acquired from the Quantum Chemistry Program Exchange (see
Ref, 19).



Table VIII

Atomic Contributions to Atomic Orbitals for NpO%

Orbital N(center) N(end) 0
Tig 1.2 31.6 67.2
o, 21.6 34.8 43.6
Ty 50.0 28.6 21.4
og 12.7 53.7 33.5

*These calculations were done by R. M. White of Baker University
using a code acquired from the Quantum Chemistry Program Exchange (see

Ref. 19).
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The second large satellite structure centered about 20 eV from
the ls peak of the end nitrogen may have contributions from both of
the Nls peaks. The next lowest molecular orbital is the 2s2p. This
level lies 3.5 eV(55) lower than the 2png. The observed separation of
the first satellite peak lccated at 11.5 eV from the second satellite
peak at about 19.2 eV is ~. 8 eV. This is more than the 3.5 eV one would
expect the separation to be following core shell ionization. The contri-
bution to the 2p2so molecular orbital from the end and center nitrogens
given in Table VIII agrees qualitatively with the assumption that there
should be a fairly intense structure from both nitrogens for excitation
of the oy molecular orbital. In addition, there is a small satellite
line in the Ols spectrum (Figure 23) located at 20.0 eV that corresponds
to the satellite lines located about 19 eV from the Nls peaks.

Next water is studied and the spectrum of the Ols is shown in
Figure 23. The analysis of the spectrum is given in Table II. In
the ground state the H~O-H angle is 104.5° and the molecule to the Cov

point group. The Hy0 ground state configuration is
1s® (1a,)% (1bz)® (2a,)2 (1b,)? 14,

The molecular orbital 1lb; is the 2p, atomic orbital of oxygen. Most of
the shake~up contribution is contained in the peak located 23.7 eV from
the Ols. The satellite intensity relative to the Ols is ~ 15%. Com-
paring the main satellite positions and total shake-up intensities of
H,0, 23.7 eV and ~15% to that of the Ols of NyO, 14.3 eV and ~ 25%
point out the fact that the satellite intensity and separation reflect

somewhat the different environment of the oxygen atom.



(61)

HgO is isoelectronic with HyF but very little is known about
this ion and no comparison could be made.

Secondly, the neutral molecule is considered and the excited levels
are found. Several excited levels of neutral HjO are listed by Herzberg(64)
and are given in Table VII. The two monopole allowed states for the
neutral molecule are B *A, and D A, which are respectively 8.8 eV and
10.2 eV above the ground state. The observed satellite line in the Ols
spectrum of H,0 is located at 23.7 eV, which is more than twice the energy
of the monopole excited levels that are listed. The fact that there was
some success in using the levels of the neutral molecule N,O as a guide
line for interpreting the date in that case and not for HiO may be due
to the fact that removal of an Ols electron from HzO caused a relatively
larger perturbation to the water molecule than the removal of an electron
in the case of nitrous oxide.

In both cases the attempt to interpret the data by comparing the
energy separations with excited states of an isoelectronic ion and
using the neutral molecule for comparison met with some success. The
use of the Mulliken density calculations seemed to give some insight into
the transitions involved. However, none of the approaches were able to
account for all of the satellite lines seen. This clearly indicates the
need for more molecular orbital calculations in order to determine the
mechanism involved in forming the satellite lines in the molecular photo-

electron spectra.



85

Photoelectron Spectra of Valence Shells

The final topic is a study of photoionization in the outer orbitals
of Np. The spectrum has previously been run by Siegbahn et al.(la)
using the Mg Ka x-ray for irradiation. The spectrum shown in Figure 24
was taken using the Zr M 151.4 eV characteristic x-ray for excita-
tion. The main difference noted in the two spectra was the large
chang2 in relative intensity of the photoelectron lines. This
can be seen in Table IX where the intensity of the molecular orbitals
for Zr and Mg is compared to the oy2s. The my2p and the cg2p intensities
increase while the oy2s-decreases. The peak labeled A, 21.5 eV from
the m,2p,also has a very large increase in intensity while the cg2s
becomes the dominant peak. This indicates that A has a strong 2p
dependence, This may indicate that peak A is a result of monopole
excitation of the 2pnh and 2poy molecular orbitals. The spectrum of
Siegbahn et 31(13) and Geliuéso) show a small satellite peak that
should be located at 8.2 eV in the N; valence shell photoelectron spectra.
Siegbahn gt 3;(13) attributes this to the configuration mixing of the
BaZk+ and C 32h+1 This satellite is not visible in the Nz spectrum shown in
Figure 5, This would be consistent with the intensity decrease of the
Oy2s and would imply that Siegbahn's et g}(ls) assumption was correct.

The satellite structure located in the 10 to 15 eV range, Figure
24, of the N; spectrum is too intense to be totally due to inelastic
collision peaks, Gelh;éso) reports on the photoelectron spectrum of

the N; outer orbitals using a very high intensity, high resolution instru-

ment, and observes several satellite peaks with binding energies from



Table IX

Analysis of Valence Shell Photoelectron Spectra of N,

Binding ( ) Optical (dintensities

Line XPS eV = 0.3 Energy (eV)'\® Data AL Zr
X 2zg+ og2p - 1.3 15,5 15,576(¢) ~15 ~T5
A2 m2p 0 16.8 16.9(P) ~ 5 ~ 85
B3 u+ 028 1.8 18.6 18.733(¢) 100 100
cax,t a2t 8.2 25.0 25.3(?) - -
azg+ 0425 19.0 37.3 ~165 ~340
A 23.0 - - ~17 ~ 54

(a)

Listed by Siegbahn to be due to configuration mixing with ou2s (cf. ref. 13).
(b)giimore (cf. ref. 54).

(C)Herzberg (cf. ref. 65).

(d)The spectrum shown in Gelius' thesis was used in the case of the aluminum anode.

(e)Seigbahn (cf. ref. 13).
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22,5 eV to approximately 32 eV. The N, pressure was low enough to rule
out the possibility of inelastic collision peaks. In observing our
spectrum it is impossible to tell if the intensity of the satellite
lines located in the 10 to 15 eV range has increased along with the
intensities of cg2p and m,2p. Most of the satellite structure centered

at approximately 35 eV is due to inelastic collisions but it does seem

a little high to be totally -accounted for by inelastic collisions.

Summary

The excitation following photoionization in the core shells of the
rare gases fell within the framework of the sudden approximation. The
satellite intensities and energies were for the most part independent
of the core vacancy. Also, there was seen to be no strong dependence on
the photon energy used for excitation.

When photoionization occurs in the valence shells of argon,
krypton, and xenon the satellite lines are due mainly to configuration
interaction. The proper configuration assigmments were made in the case
of argon and for the main satellite line observed in the krypton valence
shell photoelectron spectrum using the optical data. No assignments were
made in the case of xenon. Similar satellite structure was seen in the
valence shell photoelectron spectra of the isoelectronic alkali metal
ions but with larger relative intensities than those of the rare gases.

There was observed excitation following photoionization in the
core shells of nitric oxide, nitrous oxide and water. In the case of
nitric oxide and nitrous oxide there was some success in interpreting

the satellite structure by comparing the separations from the normal
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photoelectron peak with the monopole excited levels of the neutral molecule
and an isoelectronic molecule. Also, using Mulliken density calculations
added some insight into the possible excitation processes. In the case

of water there was no information available on the isoelectronic molecule
HaF*Z The satellite separation from the normal photoelectron line is

more than twice the separation that the monopole excited levels of neutral
HZ0 would indicate.

In the case of N, there was observed to be a strong energy depen-
dence of the photoionization cross sections of the valence shell molecular
orbitals. Using the ZIM( x-ray for excitation instead of the AlKa and
MgKo x-rays increased the intensities of the satellite line observed

on the high binding side of the ¢42s, the my2p and the o, 2p.
g u g
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