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Abstract 

Electron spectroscopy, combined with synchrotron radiation, was 

used to measure the angular distributions of photoelectrons and Auger 

electrons from atoms and molecules as functions of photon energy. The 

branching ratios and partial cross sections were a130 measured in cer- 

tain cases. By comparison with theoretical calculations, the experi- 

mental results are interpreted in terms of the characteristic elec- 

tronic structure and ionization dynamics of the atomic or molecular 

sample. 

The time structure of the synchrotron radiation source was used to 

record time-of-fl ight (TOF) spectra o f  the ejected electrons. The 

'adouble-angl e-TOF" method for the measurement of photoelectron angul ar 

distributions is discussed. This technique offers the advantages of 

increased electron col lect ion efficiency and the el imination of cer- 

tain systematic errors. 



Several results were obtained for Xe using photon energies in the 

range hv = 60-190 eV, where excitation and ionization of the inner- 

subshell 4d electrons dominates. The 4d asymnetry parameter B ex- 

hibits strong oscillations with energy, in agreement with several 

theoretical calculations. As predicted, the 5p asymmetry parameter 

was observed to deviate strongly from that calculated using the inde- 

pendent-electron model, due to intershell correlation with the 4d 

electrons. 

The Xe N4,500 Auger electrons were produced with energy-depend- 

ent, anisotropic angular distributions, resulting from alignment of 
+ 

Xe by photoionization. The theoretical analysis of Auger electron 

angular distributions is discussed, and theoretical calculations are 

compared with experiment. Relatively large asymmetries B were meas- 

ured for N 00 Auger electrons near the 4d ionization threshold, 
4,5 

in good agreement with theory. In addition, Auger electron peaks were 

observed to shift and broaden at photon energies near the ionization 

threshold, as a result of post-collision interaction. The measured 

shifts of the N50101 'so 1 ine are in good agreement with previous 

measurements and theory. 

Electron spectra were recorded through the energy region of the Xe 

9 2 6 2  
4d 5s 5p ( '512,312 )np l p l  autoionizing resonances. Though the 

excitation bandpass was somewhat larger than the widths of the reso- 

nances, certain strong qualitative features were observed. As ex- 

pected, these 4d + np resonances decay predominantly by the Auger pro- 

cess, and the 5p and 5s photoionization cross sections are relatively 



unaffected. However, pronounced resonance structure appears in the 

asymmetry parameters B for 5p3,2 and 5plI2 photoelectrons. The 5s 

photoelectrons are produced with large asymmetries, = 1.8-2.0, and 

no effect of the 4d + np resonances was observed. 

The photoelectron asymmetry parameters B of H2 and D2 were 

measured over hv = 19-27 eV and compared with previous measurements 

and several theoretical calculations. A few of the theoretical calcu- 

lations are in good agreement with experiment, but most of them pre- 

dict asymmetries which are too large. Essentially identical B values 

were measured for H2 and D2. This result i s  discussed i n  terms of 

differences which could arise due to vibrational and rotational struc- 

ture. 

Partial photoionization cross sections and photoelectron asymmetry 

parameters were measured for the valence orbitals of NO over the ener- 

gy range hv = 16-31 eV. The results are compared with previous meas- 

urements and with theoretical curves based on the multiple-scattering 

model. Maxima observed in the partial cross sections are attributed 

to continuum shape resonances. The multiple-scattering model calcula- 

tions predict the observed photoelectron asymmetries of the 5~ and 1~ 

orbitals very well, but the theoretical asymmetry curves are shifted 

strongly from the measured B values for the 2n and 4~ orbitals. The n 

molecular orbitals are observed to produce qualitatively different 

photoelectron asymmetry curves than do the u orbitals. 
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I. THEORY 

A. I n t r oduc t i on  

Experimental measurements o f  the energies, i n t e n s i t i e s ,  and angu- 

l a r  d i s t r i b u t i o n s  o f  photoelectrons and Auger e lectrons,  when combined 

w i t h  t heo re t i ca l  ca lcu la t ions,  can provide a  s e n s i t i v e  probe of elec- 

t r o n i c  s t r uc tu re  and dynamics. The f u l l  p o t e n t i a l  of e lec t ron  spec- 

troscopy i s  r e a l i z e d  on ly  when measurements and t heo re t i ca l  calcula-  

t i o n s  are made over a  range o f  photon energies, as t he  spect ra l  var ia-  

t i o n  o f  cross sect ions and angular d i s t r i b u t i o n s  character izes the  

e l ec t ron i c  s t r uc tu re  and i o n i z a t i o n  dynamics. I n  t h i s  t hes i s  work, 

e l ec t ron  spectroscopy combined w i t h  the tunable VUV continuum provided 

by synchrotron r a d i a t i o n  was used t o  make wavelength-dependent measure- 

ments o f  photoelectron and Auger e lec t ron angular d i s t r i b u t i o n s  and o f  

branching ra tos  and p a r t i a l  cross sect ions f o r  pho to ion iza t ion  and 

Auger processes. 

Close i n te rac t i on  between theory and experiment i s  emphasized i n  

photo ion izat ion studies. Theoret ical  ca lcu la t ions  provide a  basis f o r  

i n t e r p r e t a t i o n  o f  experimental resu l ts ;  experimental measurements pro- 

v ide  a  sens i t i ve  t e s t  o f  the  accuracy o f  t heo re t i ca l  models. Compari- 

son w i t h  experiment o f  a  se t  o f  theore t i ca l  ca lcu la t ions  made i n  vary- 

i n g  degrees of approximation al lows a  determination o f  the s t r u c t u r a l  

and dynamical f a c t o r s  which are necessary f o r  an accurate descr ip t ion  

o f  the photo ion izat ion process. 

Considerable progress has been made i n  atomic photo ion izat ion 

studies, where increas ing ly  accurate knowledge o f  many-electron and 



r e l a t i v i s t i c  i n t e rac t i ons  has emerged. Molecular pho to ion i ta t ion  

studies are a t  an e a r l i e r  stage. On the t h e o r e t i c a l  side, there i s  

d i f f i c u l t y  i n  ca l cu la t i ng  accurate continuum wavefunctions f o r  the 

mul t i -center molecular f i e l d .  Experimentally, i t  i s  des i rab le  t o  

reso lve the v i b r a t i o n a l  s t r uc tu re  i n  molecular photoelectron spectra, 

which genera l ly  requ i res  

S t i l l ,  progress has been 

a h igh  reso lu t i on  e l ec t ron  energy analyzer. 

made, both t heo re t i ca l  ly5-7, and 

experimental ly. 3,8-10 

This t hes i s  presents measurements o f  p a r t i a l  photo ion izat ion 

cross sect ions and photoelectron angular d i s t r i b u t i o n s  from Xe, Hz, 

Dp, and NO. Also measured were the  angular d i s t r i b u t i o n s  o f  Xe 

%,5 00 Auger e lec t rons which are produced by core-hole decay 

f o l l ow ing  inner-shel l  photoionizat ion.  Theoret ica l  background i s  

g iven i n  the remainder o f  t h i s  chapter. The experimental apparatus 

and methods are described i n  Chapter 11. The r e s u l t s  are discussed i n  

comparison w i t h  t heo re t i ca l  ca lcu la t ions  i n  Chapters 111-V. 

B. Photoelectron Angular D i s t r i bu t i ons  

I n  a  photo ion izat ion experiment, 

having energy hv i s  passed through an 

gas. Usual ly  the  t a rge t  atoms are i n  

a  monochromatic beam o f  photons 

atomic ( o r  molecul a r )  t a rge t  

the neu t ra l  ground s ta te  Yo. 

I n  the photo ion izat ion process, an e lec t ron  i s  e jec ted  and the  atom i s  

l e f t  i n  an i o n i c  state:  



where I? represents the  j t h  i o n i c  state. The energy l e v e l  
J - 

difference, 

between the ground and i o n i c  s t a tes  i s  ca l l ed  t he  i o n i z a t i o n  energy 

f o r  production o f  the j t h  - i o n i c  state.  Energy conservat ion requ i res  

t h a t  the photoelectron be e jec ted w i t h  a  d e f i n i t e  k i n e t i c  energy 

I n  general, a l l  o f  the ene rge t i ca l l y  accessible i o n i c  s ta tes  

(those w i t h  I. < hv) are produced i n  a  photo ion izat ion experiment, 
J 

and photoelectrons are e jec ted w i t h  d i s t i n c t i v e  k i n e t i c  energies 

determined by Eq. (3 ) .  I n  the  technique o f  photoelectron spectros- 

copy, the e jec ted electrons are energy-analyzed and counted. One 

obtains a  spectrum o f  photoelectron peaks a t  c h a r a c t e r i s t i c  energies, 

which correspond t o  t he  var ious i o n i c  states. I n  a  one-electron 

p ic ture ,  peaks i n  the photoelectron spectrum are associated w i t h  

photoemission from the  occupied o r b i t a l s  o f  the ground s t a t e  config- 

urat ion.  11 

A s ing le  photon energy s u f f i c e s  t o  measure i o n i z a t i o n  energies. 

However, f o r  a  given f i n a l  s ta te ,  the photo ion izat ion process i s  f u r -  

t he r  characterized by an energy-dependent cross sec t ion  and photoelec- 

t r o n  angular d i s t r i bu t i on .  The form o f  the angular d i s t r i b u t i o n  o f  

photoelectrons, o r  of any photofragment, i s  determined by conservation 

o f  angular momentum and pa r i t y .  This t op i c  has been discussed and 



developed by several authors (for example, Refs. 12-15). Angular 

momentum and parity conservation in the general photoionization 

process are expressed in the following equations: 

In Eq. (4), the values jr = 1 and r = -1 specify that the photon r 

absorption occurs via the electric-dipole interaction, and the other 

angular momentum and parity symbols are defined implicitly. Assuming 

pure electric dipole photoionization of randomly oriented target atoms 

or molecules (gas-phase experiment) by a 1 inearly-polarized photon 

beam, the differential cross section can be expressed in the form 

~ ( € 9  P2(c0s~)] 

Here ~ ( r )  is the angle-integrated partial cross section, Pp(coso) = 

2 (1/2)(3 cos e - I ) ,  e is the photoelectron ejection angle with 

respect to the photon polarization vector, E is the photoelectron 

energy, and B ( E )  i s  the photoelectron asymrretry parameter. The 

requirement that the differential cross section be non-negative 

restricts the allowed values of the asymmetry parameter to the range 

-1 - < e(c) 1. 2. 



Eq. (7) shows that the angular distribution is completely charac- 

terized by a single parameter B(c), as a consequence of adopting the 

dipole approximation. This approximation is quite good at low photon 

energies, but at higher energies (generally, several hundred eV) a 

more complicated form of the angular distribution can result due to 

the contributions of additional multipole components. 1,13916 1, the 

present work, photon energies hv - c 330 eV were used, and the measure- 

ments were interpreted using Eq. (7), i.e., the dipole approximation 

was assumed to be valid. 

The observable parameters U ( C )  and B(C) are determined by the 

electronic structure and photoionization dynamics of the atom or 

molecule. In theoretical studies, the continuum wavefunction is 

expanded in terms of angular momentum wavefunctions (a1 ternative 

values of the orbital momentum R in Eq. ( 4 ) ) ,  and dipole transition 

amplitudes are calculated for each partial wave. 14,17,18 Thus, 

theoretical studies show how a ( € )  and ~ ( c )  are determined by the 

energy-dependent dipole transition amplitudes. An important result of 

the theoretical analysis is that the angle-integrated cross section 

a ( € )  depends only on the squares of the dipole matrix elements, while 

the asymmetry parameter B ( C  ) depends in addition, through interference 

terms, on the signs of the matrix elements and on the relative phases 

of the partial waves. The sensitivity of $(c) to the continuum wave 

phase shifts has been emphasized. 1,17 



A clarification and simplification of the B ( E )  problem has been 

obtained in several cases by use of the angular momentum transfer 

formulation of angular distributions .I5 The angular momentum 

transfer for the general photoioni zat ion process (Eq. (4 1 )  is defined 

In the angular momentum transfer formulat ,ion, the photoionizat 

process is described in terms of contributions from the alternative 

values of jt which are allowed by angular momentum and parity 

conservation (Eqs. (5) and (6)). The asymnetry parameter B(E) is 

expressed as a weighted average over values 0(jt) associated with 

each allowed jt value. The power of the jt-formulation 7 ies in 

showing how particular dynamical factors in the photoionization 

process are associated with particular jt and B(jt) values. The 

observed 0 (E) can then be interpreted as a measure of the relative 

importance of particular dynamical factors. Among the systems to 

which the jt-formulation has been applied are the photoionization of 

H~~~ and of the Xe 5s s~bshell.~' Measurements for these systems will 

be presented in the following chapters of this thesis. A review of 

the jt-formulation is given in Ref. 1. 

C. Auger Electron Angular Distributions 

Photoemission from an inner-shell of an atom or molecule leaves an 

excited ionic state which can decay by an Auger process: an 

outer-shell electron fills the inner vacancy and a second outer-shell 



electron is ejected, creating a doubly-charged ionic state. Some 

reference works on the Auger effect are 1 isted in Refs. 21-24. Here, 

the relevant theoretical background will be described for the case of 

the Xe NqS500 Auger transitions, for which measurements will be 

presented in Chapter 111. 

In the two-step model of the Auger process the decay of the ex- 

cited ionic state is considered independent of the excitation process. 

In the present example, excitation is produced by photoionization of 

the Xe 4d subshell: 

In the subsequent Auger process, a 5p or 5s electron fills the 4d 

hole, and a second 0-shell electron is ejected. The Auger effect is a 

type of autoionization process, i .e., the transition is caused by the 

electron-electron Coulomb interaction. The primary Auger transitions 

are described by the fol lowing processes: 

9 2 6 2  
xe+(4d 5s 5~ D3/2,5/2 

10 2 4 ) + xe2+(4d 5s 5p SLJ) + e- 

The kinetic energy of an Auger electron is equal to the energy dif- 

ference between the inner-vacancy state and the doubly-charged final 

state: 



Thus, a series of Auger lines are produced, corresponding %o transi- 

tions to various xe2+ final states. Actually, a double series of 

Auger lines appears, due to decay from each of the fine-structure 

levels of the 4d vacancy. In accordance with Eq. (U), the corre- 

sponding 1 ines in the two series (produced by transition to the same 

xe2+ final state) are shifted in energy by 1.97 eV, the spin-orbit 

levels. splitting of the xe+ 2D512 and D3/2 

Fliigge et a1.*' showed that photoionization of an atomic sub- 

shell with j > 112 produces an aligned ionic state if its total angu- 

lar momentum J > 112. "Alignment" means that the magnetic sublevels 

JM are unequally populated, and as a result, the Auger electrons 

should exhibit anisotropic angular distributions. Berezhko et a1 . 26 

have calculated a strong, energy-dependent alignment of the ~ e +  

2 2 
DgI2 and D312 ions following photoionization of the 4d sub- 

shell. To our knowledge, no experimental observation of this effect 

had been made previous to the present measurements (given in Chapter 

I I1 ), a1 though Auger anisotropies had been measured fol lowing inner- 

shell ionization by electron impact. 2 7 

A very general formulation of angular correlations in scattering 

processes is obtained using the density matrixz8 and its statistical 

tensors.29 This formulation is particularly advantageous for the 

description of successive radiations (in the present case, Auger 

emission following photoemission), or other effects, such as the 



spin-polarization of photoelectrons, which depend on the angular 

symmetry properties of the system. The statistical tensors formalism 

has been used to derive expressions for the angular distributions of 

photoelectrons 13,14 and of Auger electrons fol lowing photoionization. 2 6 

Here I present some of the basic concepts used in the analysis of 

Auger electron angular distributions. As background reading for 

understanding these topics in angular momentum theory, I found the 

review works by ~er~uson~' and by Blum and ~ l e i n p o ~ ~ e n ~ '  and the 

book by Brink and Satchler helpful .32 

The density matrix is useful for describing the properties of a 

"mixed state" of a system consisting of a large number of identical, 

non-interact ing atoms (or molecules, photons, etc. ). The relevant 

example in the present case is an ensemble of particles with definite 

total angular momentum J, but consisting of a distribution over 

magnetic substates M = -J, -J + I,..., J. The eigenstate li) of the 

ith - particle can be expressed as a linear combination in the JM basis: 

The elements of the density matrix 0 for the ensemble of particles can 

be defined as (neglecting normal ization): 



The properties of the ensemble of particles are averages over the com- 

ponents, and the density matrix contains this averaging effect. For 

describing the angular symmetry properties of the system, however, it 

is convenient to define the statistical tensors or "state mu%tipolesM 

TKp. The TKq (Q = -K, -K+l, . . . , K) are 1 inear combinations of 
the density matrix elements which transform under coordinate rotations 

like the spherical harmonics Y 
KQ ' 

They are defined by the expres- 

s ion 

TKQ(J) = (-1 I~-~ ( J M ' J - M ( K ~ )  (JM'[ /JM) , 
M'M 

where (JM V-MIKQ) is a Clebsch-Gordon coefficient. 

Consider the process of atomic (or molecular ) photoionization of a 

gas-phase sample. Prior to interaction with the photon beam, the 

target atoms are randomly oriented, i .e., the atomic density matrix is 

spherically symmetric and only the monopole component Too is nonzero. 

However, photon absorption by the electric-dipole interaction intro- 

duces statistical tensors of rank K - < 2. With use of a linearly- 

polarized photon beam, the natural choice for a quantization axis is 

parallel to the photon polarization vector, because the photoexcited 

atomic system has axial symnetry about that direction. In addition, 

the photoexcited system is symmetric with respect to reversal of the 

quantization axis. As a result of axial symmetry, the density matrix 

is diagonal: 



Symnetry with respect to reversal of the quantization axis requires 

that 

With these symmetry properties, all of the statistical tensors vanish 

except TO0(J) and dzO(J). As a consequence, the angular distribu- 

tions of photofragments take the form 

where P2 is the Legendre polynomial, e is measured with respect to 

the quantization axis (photon polarization vector), and B is an 

"asymmetry parameter." This is the form of the angular distribution 

given in Eq. (7) for photoelectrons. The photoelectron a s p e t r y  

parameter $ is determined by the dipole transition amplitudes, 

including interference terms, for the photoionization process. Here we 

want to analyze the Auger electron angular distribution, which is 

determined by two processes: photoionization followed by decay of t h e  

inner-shell vacancy. 

Consider, in particular, photoionization of a 4d electron 5/2 
from Xe to produce an ensemble of ~ e +  2 ~ 5 1 p  ions (Eq. (9) 1. Since 

axial symmetry results in a diagonal density matrix (Eq. (17) ) ,  the 

2~5 ,2  ensemble has the properties, stat istical ly, of an incoherent 



superposition of magnetic substates JM (3 = 512; M = *5/2, *3/2, 

2 ) .  The relative populations of the magnetic sublevels are 

proportional to the parti a1 photoionization cross sections u (JM) , and 

we equate these with the density matrix elements: 

(JMIplJM) = u(JM). (20) 

With this identification, the trace of the density matrix is equal to 

the photoionization cross section summed over the magnetic substates: 

(21 trp = &(JM) 
M 

Eq, (21) specifie 

= u(J) . 

IS the normal iz ation of the density matrix. Symmetry 

with respect to reversal of the quantization axis (Eq. (18)) implies 

that the sublevels M and -M are equally populated: 

o(J-M) = a(JM) . (22 

Explicit expressions can be given for the two nonzero tensor com- 

ponents TO0(J) and TTZO(J) by use of formulae for the Clebsch- 

Gordon coefficients: 3 2 



For the case of ~ e +  2 ~ 5 1 2  the tensor components are 

where the symmetry property of Eq. (22) has been used. The monopole 

term TO0(J) is essential ly a normalization factor. The "a1 ignment" 

component Tp0(J) contains the angul ar information about the system 

which is needed for describing the angular distributions of Auger 

electrons. Note that T20(5/2) is nonzero if the partial cross 

sections u(JM) are different for the different magnetic sublevels. 

The system is then said to be aligned. 

The angular symmetry properties of an a1 i gned axially symmetric 

ensemble of ~ e +  2~5,2 ions are illustrated in Fig. 1 (adopted from 

Ref. 3 1 ) .  The arrows are labeled by the values M of the magnetic 

sublevel s and are directed in the corresponding direct ions with 

respect to the quantization (Z) axis. The lengths of the arrows are 

proportional to the parti a1 photoionization cross sections u (JM) for 

the magnetic substates. Equivalent arrows are drawn to the left and 

right of the Z axis to illustrate the axial symmetry. Arrows of the 

same length are drawn for sublevels M and -M to represent the 

reflection symmetry. 

For describing the anisotropy of Auger electrons it is useful to 

define the "alignment tensor" 



Then for ~ e +  'D,-,~ the alignment can be expressed as 

+ 2 Photoejection of a 4d3.12 electron produces Xe D312, and the 

corresponding alignment tensor is 

Since Auger electrons are a type of "photofragment," their angular 

distributions take the form expressed in Eq. (19). The asymnetry 

parameter B for a particular Auger transition is proportional to the 

alignment tensor: 26 

where a depends on transition matrix elements of the Coulomb operator 

and on the phases of the partial waves which describe the ejected 

Auger electron. The simple form of Eq. (30) demonstrates the utility 

of the statistical tensor formalism. The alignment tensor AZ0 

contains the angular symmetry properties establ ished in the atomic 

system by the photoionization process. The parameter a contains the 

dependence of the angular distribution on the Auger decay process. In 

the two-step model, the Auger emission process is independent of the 

photoionization process. As indicated in Eq. (30), the energy 



dependence of the Auger asymnetry is determined only by the photon 

energy dependence of the alignment tensor. For a given Auger 

transition, the Coulomb matrix elements and continuum wave phases are 

fixed, so a is independent of photon energy. However, the two-step 

model breaks down at photon energies very near the photoionization 

threshold, due to the so-called upost-coll ision interactionM (PC1 ) 

among the ion, Auger electron, and the slowly moving photoelectron. 33 

In the near threshold region, the photoionization and Auger decay are 

more properly treated as a single process. 34-36 To my knowledge, it 

has not yet been theoretically investigated whether or not PC1 would 

significantly modify the Auger electron angular distributions. 

In a nonrelativistic model, the photoionization of an atomic 

subshell with orbital angular  momentum^ - > 1 is characterized by two 

dipole-allowed channels: nR + cR-1 and nR 9 &+I. Theoretical 

expressions for the alignment tensor show that Ap0(hv) is determined 

by the ratio of the partial photoionization cross sections a(&-1) and 

u(~R+l) for the two partial waves. 25,26 Berezhko et a1 .26 have 

calculated Az0(hv) curves which vary significantly among different 

atoms and subshells. A strong energy dependence of AZ0 may occur 

near the ionization threshold, where u(cR+~) can be small due to the 

centrifugal barrier ,37 and again near the Cooper where 

the nR + &+1 matrix element passes through a zero. Thus, Eq. (30) 

shows that the Auger electron angular distribution is sensitive to the 

atomic subshell structure and the photoionization dynamics. 



The Auger angular distribution is also dependent on the Coulomb 

decay process through the factor in Eq. (30). Az0(hv) is a 
+ 2 property of a given inner-shell vacancy, for example, Xe DgI2 in 

Eq. (9). However the factor a is determined by the Auger process and 

varies among the final states (Eqs. (10) - (12)). The asymmetry 

parameters of all of the Auger lines produced from the same inner-shell 

vacancy should display the same energy dependence, but differ in 

magnitude by constant scale factors. For the case of a doubly-ionized 

final state having total angular momentum Jf = 0, there is a single 

continuum wave, and Cleff and ~ehlhorn~' have shown that the Auger 

angular distribution is then independent o f  the Coulomb matrix element 

and the phase shift. The factor a in Eq. (30) is then given by 

angular momentum coupling coefficientsao (see Ref. 41). 

Consider again the two photoionization processes described in 

+ 2 2 Eq. (91, i .e., formation of Xe DgI2 and D3/2. These 

processes are characterized by the a1 ignment tensors A20(5/2) and 

A20(3/2) (Eqs. (28) and (29)). And consider the case that the final 

states of the Auger process are levels: 

In both cases there is a single partial wave with angular momenta 

fixed by the selection rules3' for Coulomb matrix elements. The 

decay factors a of Eq. (30) are calculated 40941 to give the 

following expressions for the Auger asymmetry parameters: 



So measurement of the asymmetry parameters for these Auger transitions 

provides a direct determination of the alignment tensors. Additional 

discussion of the theoretical analysis of Auger electron angular 

distributions will be given in Chapter 111 along with the experimental 

results. 
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Figure Caption 

Fig. 1. Diagram illustrating the angular symmetry properties o f  an 

+ 2 aligned axially symnetric ensemble of Xe DgI2 ions. 

Explanation is given in the text. 
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1 1  EXPERIMENT 

A. Introduction 

This thesis describes work done as part of a research program in 

atomic and molecular photoelectron spectroscopy which was establ ished 

at the Stanford Synchrotron Radiation Laboratory (SSRL) in 1978. 

Additional information on this research project, particularly the 

instrumental aspects, is given in the Ph. D. theses of M. G. White and 

R. A. Rosenberg and in a publication. Here I will describe the 

major instrumental aspects and discuss in some detail the ''double- 

angle-time-of-flightu method for the measurement of photoelectron and 

Auger electron angular distributions. 

B. Properties of the Synchrotron Radiation Source 

A general description of the properties of synchrotron radiation 

and the instrumentation used in establishing research facilities has 

been given by ~ i n i c k . ~  The properties of primary importance in the 

present experiments are the following: 

1. The storage ring emits a smoothly varying continuum of photon 

energies throughout the vacuum-ul traviolet (VUV) and into the x-ray 

region. The effective energy range of a particular "beam line" is 

determined by the angles of deflection of the photon beam from the 

optical surfaces and by the type of monochromator used. Two beam 

lines at SSRL were used for the experiments described here. The VUV 

5 beam line (8° line) uses a 1 m Seya-Namioka monochromator and has 

an effective energy range of hv = 4-36 eV. With a 1200 R / m r n  grating 



9 10 and 2.5A FWHM bandpass, a flux of about 10 -10 photons sec -Icm-2 

is provided with 10 mA electron current in the storage ring. 

A grazing incidence "grasshopper" monochromator6 is used on the 

soft X-ray beam 1 ine (new 4' 1 ine) and provides photon energies over 

the range hv = 20-1000 eV. Both 300 Rlmm and 600 R/mm gratings were 

used, and the entrance and exit slits of the monochromator were ad- 

justed to provide a variable bandpass A A  = 1-5A FWHM. Depending on 
8 10 -1 -2 the bandpass used, an estimated photon flux of 10 -10 sec cm 

was obtained. 

2.  The radiation emitted from the storage ring is highly (-75 

percent) 1 inearly polarized. Reflections from the optical surfaces of 

the VUV beam line enhance the degree of linear polarization. Rehn et 

a1 .5 estimate a lower limit of 97 percent polarization for the 

monochromatized photon beam. We estimate a similar high degree of 

1 inear polarization for the soft X-ray beam 1 ine over the energy range 

of the experiments (hv < 350 eV). This result is based on the very 

high asymmetry ( 8  = 1.94) measured for Ag 4s + ~p photoelectrons with 

a rotatable analyzere7 The limiting value for this transition is 

B = 2. If the observed B < 2 results from incomplete polarization o f  

the photon beam, a value of 98 percent linear polarization is indi- 

cated. 

A high degree of linear polarization is desirable for the measure- 

ment of the angular distributions of photoelectrons and Auger elec- 

trons. For a 1 inearly polarized photon beam producing electric dipole 



excitation of a randomly oriented target, the differential cross sec- 

tion has the form 8 

where is the asymmetry parameter and e is the angle between the 

photoelectron propagation direction and the photon polarization vec- 

tor. A similar expression applies in the case of unpolarized light, 

but here8 

where e '  is the angle between the propagation directions of the photo- 

electron and the photon beam. Comparison of Eqs. (1)  and (2) shows 

that the differential cross section is less sensitive to angular vari- 

ations when unpolarized light is used. The maximum anisotropy is 

produced using 100 percent linearly polarized light. This greater 

sensitivity is helpful in measuring the asymnetry parameter. 

3 .  The beam line collects a pulse of radiation for each cycle of 

an electron bunch in the storage ring. Hence, the photon beam has a 

characteristic time structure. With a single electron bunch in the 

storage ring at SSRL, the photon beam has a time structure of 0.3 ns 

pulse width and 780 ns repetition period. This pulse structure of 

synchrotron radiation has been used for time-resolved fluorescence 

studies on the ns time scale. 9s10 In the present experiments the 



time structure is used to record time-of-flight spectra of photoelec- 

trons and Auger electrons. 

4. There are certain disadvantages in the use of synchrotron rad- 

iation which should be mentioned here. Some of these are particular 

to SSRL, where the storage ring was constructed for high-energy phys- 

ics experiments. The synchrotron radiation spectroscopist desires 

that the storage ring be operated with maximum current and stability, 

since the photon beam intensity is proportional to the electron cur- 

rent. High current and stability are attained when the ring is oper- 

ated by the SSRL staff under "dedicated" running. However the present 

measurements were made under the "parasitic' mode, where the storage 

ring is operated with colliding electron and positron beams at a cur- 

rent and energy required for the high energy physics experiment. As a 

result, the beam currents were relatively low (10-25 MA), and the ring 

had to be re-injected more frequently than under dedicated running. 

The synchrotron ring and the two mile 1 inear accelerator (LINAC) used 

to inject electrons and positrons into the ring are large, complex ma- 

chines. Equipment failures are frequent, resulting in a loss of about 

50 percent of the beam time. 

There are strict requirements at SSRL to maintain ultrahigh vacuum 

and prevent contamination in the storage ring and beam lines. For 

gas-phase experiments, a window must be placed between the monochrom- 

ator and experimental chamber. The transmission of the window further 

limits the useful photon energy range of a beam line. 



The great demand for beam time at SSRL 1 imits the running time on 

a particular beam line to about a two week period. All of the equip- 

ment involved, LINAC, storage ring, beam line, and the electron spec- 

trometer, must work during that time period in order to successfully 

complete an experiment. Considerable work is required to set up the 

electron spectrometer on a beam line, and time is required each time 

to "debug" equipment and to calibrate the instrument before new infor- 

mation is obtained on an atomic or molecular system. 

I want to remember here the feeling of amazement I always exper- 

ienced when everything actually worked! We then had that exciting 

opportunity in science to observe properties of atoms and molecules 

that had never been recorded. 

C. The Electron Spectrometer 

A diagram of the electron spectrometer is shown in Fig. 1. The 

sample gas is released from a probe at the center of the main chamber, 

where it is intersected by the photon beam. A gas density of about 

1013 c d 3  is established in the interaction region, while turbomo- 

lecular pumps maintain the chamber pressure in the range 10-~-10- 5 

torr. A sodium salicylate scintillator and photomultiplier tube posi- 

tioned at the rear of the chamber are used to monitor the photon beam 

intensity. An ultrathin (-1500A) A1 window separates the main chamber 

from the ultrahigh vacuum (10-~-10-~~ torr) of the monochromator 

and beam line. An ion pump collects the small gas load which seeps 

through the window. The front gate valve is interlocked to isolate 

the monochromator and beam line in case of vacuum failure in t h e  main 

chamber. 



The polarization vector of the photon beam is normal to the plane 

of Fig. 1. The photoelectron detector is shown in a position to ac- 

cept electrons ejected at 54.7' (the "magic angle") with respect to 

the polarization vector. Not shown in Fig. 1 is a second detector 

positioned para1 lel to the polarization vector to accept electrons 

ejected at 0'. Figure 2 shows a diagram of the double-detector geom- 

etry. The photoelectrons traverse a -28 cm flight path before strik- 

ing a microchannel plate detector (see Fig. 1). Electrons enter the 

drift tube through a 2.4 mm hole in the conical tip at a position -2 

cm from the interaction region. An acceptance angle of *3' is defined 

by the diameter (2.8 cm) of the microchannel plate detector. The 

drift tube serves both as an electrostatic shield and to isolate the 

detector from the main chamber for differential pumping. Cyl inders of 

mu-metal provide magnetic shielding of the interaction region and de- 

tectors. Additional details on the instrumental components, particu- 

larly the time-of-flight detector, are given in Refs. 1-3. 

D. Time-of-Flight Photoelectron Analysis 

Photoelectron spectra are usually recorded by use of an electro- 

static deflection-type analyzer.'' The photoelectrons are dispersed 

by deflective fields so that only electrons over a narrow kinetic en- 

ergy range reach the detector and are recorded at a given time. A 

high resolution can thereby be attained, but to record a spectrum over 

a wide kinetic energy range requires that the analyzer be stepped by 

many small energy increments. This technique has a low collection 

efficiency, since most of the photoelectrons are discarded at any 

given time. 



Beam time at SSRL is limited, and the photon beam is two orders of 

magnitude less intense than that from a typical ~ e ( 1 )  line discharge 

1 amp. So, i n  designing a spectrometer for angle-resolved photoelec- 

tron studies of gases at SSRL, it was realized that the collection 

efficiency of the analyzer was a critical factor. The use of the 

time structure of the synchrotron radiation for time-of-fl ight (TOF) 

photoelectron kinetic energy analysis is a favorable alternative. 

This technique is illustrated schematically in Fig. 2. Every 780 ns, 

the period of the electron bunch in the storage ring, a pulse of light 

of -0.3 ns width passes through the interaction region. For each 

pulse of light, an electronic "beam signal1' pulse is sent to a fast- 

timing circuit. If a photoelectron is ejected from the interaction 

region at the appropriate angle to enter the TOF analyzer, an "elec- 

tron signal" will be sent to the timing circuit when the photoelectron 

strikes the detector at the back of the analyzer. The time difference 

between the beam signal and electron signal is measured by the timing 

circuit. In this way we measure the times-of-fl ight of photoelectrons 

over the -28 cm distance from the interaction region to the detector. 

For each detected photoelectron, the timing circuit records a count in 

the appropriate channel of a multichannel time scale. A TOF photo- 

electron spectrum is obtained, since slower photoelectrons require 

longer TOFs. For example, a 1 eV electron has a 470 ns TOF over 28 

cm, and a 20 eV electron has a 110 ns TOF. The primary advantage of 

the TOF method is that photoelectrons of all kinetic energies are 

collected simultaneously, which greatly increases the collection 

efficiency in comparison with typical deflection-type analyzers. 



Two TOF analyzers are operated simultaneous Jy, at the positions 

shown in Fig. 2. The timing circuit used to record TOF spectra at two 

angles is shown schematically in Fig. 3. Photoelectron signals from 

the detectors are amplified, discriminated, and sent to a multi-input 

fan-in and a router. Signals from both detectors are sent to the same 

time-to-amp1 i tude converter (TAC) via the f an-in. Separate quadrants 

of memory are established in the multichannel analyzer (MCA) for the 

two detectors. The router communicates with the TAC and MCA so that a 

photoelectron observed by a particular detector is recorded in the 

appropriate quadrant, and two separate TOF spectra are generated. 
2 The observed count rates are on the order of 10 sec-I or 

less. This is much less than the excitation frequency (1.28 MHz). 

Thus, there is negligible probability of producing more than one de- 

tectable photoelectron per photon pulse, so there is no discrimination 

against slower photoelectrons. Note that the electron signal is used 

to start the TAC and the beam signal stops it. This avoids a loss of 

counts due to the reset time of the TAC. 

The energy resolution in a TOF spectrum is given by 

where t is the time-of-flight, 2 is the path length, and x is the 

photon wavelength. The uncertainty ~t arises from the width of the 

light pulse (-0.3 ns) and a smaller time spread (-0.1 ns) from the 



microchannel plate detector and the electronic timing circuit . A 

small spread in path length ( A R  = 0.3 mm) results from the *3' angular 

acceptance of the analyzer. A much larger contribution is due to var- 

iation of R over the interaction region observed by each detector. In 

these experiments, the sample gas density was approximately uniform 

over the interaction region, and the effective interaction volume was 

determined by the size of the photon beam and the collection solid 

angles of the detectors. For both beam lines used in these experi- 

ments, the photon beam had a height and width of about 2 mm x 3 mm in 

the interaction region. At low photon energies, where 4x11 was small, 

the variation of R over the interaction volume gave the dominant con- 

tribution to A E .  This gave the 0' detector, which is perpendicular to 

the photon beam, a 2 percent energy resolution. The 54.7" detector is 

at an oblique position with respect to the photon beam, which gives a 

larger variation in path length; the energy resolution was 3-4 percent. 

At the smaller wavelengths used on the soft X-ray beam line, the ~ x / x  

term in Eq. (3) became significant. 

The photoelectrons can be slowed down by simple retarding-grid 

units located inside the analyzer flight tubes. The retarding section 

extends over -60 percent of the total flight path, the remainder being 

field-free. Retarding can be used to achieve the desired resolution 

in favorable cases, but there is a loss of signal which can become 

severe as the retarding voltage is increased. 



E. Measurement of Angular Distributions and Partial Cross Sections 

For any particular channel (final ionic state plus photoelectron), 

the photoionization process can be characterized by an energy-dependent 

cross section and a product angular distribution. As discussed in 

Chapter I, photoemission from randomly oriented target atoms (or mole- 

cules) by electric dipole interaction with a linearly polarized photon 

beam is described by a differential cross section of the form 8 

Here a ( & )  is the angle-integrated partial cross section, and B(E) is 

the photoelectron a s p e t r y  parameter. 

The asymmetry parameter ~ ( e )  is usually determined by measuring 

photoelectron intensities at several ejection angles and fitting the 

results to the form of Eq. (4) (for example, as in Ref. 12). From 

this equation, however, it is clear that B(E) can be determined by 

measuring photoelectron intensities at only two angles. As shown 

schematically in Fig. 2 and described above, two TOF detectors are 

operated simultaneously. One detector is positioned to accept elec- 

trons ejected at oD with respect to the polarization vector, for which 

P2(cose) is unity, and the other at 54.7', the "magic angle," where 

P2(cose) vanishes. In the TOF method, ejected electrons of all 

energies are recorded simultaneously, which greatly increases the 

collection efficiency and signal-to-noise ratio in comparison with 

single-channel electrostatic analyzers. More fundamentally, by 



recording all of the photoelectron peaks simultaneously at both an- 

gles, we avoid the need to correct peak areas for variations in sample 

gas density or photon beam intensity, thereby reducing systematic 

error. 

Because the two TOF detectors have different collection efficien- 

cies and detect electrons from somewhat different portions of the 

interaction volume, it is necessary to calibrate the apparatus as a 

function of electron kinetic energy by recording photoelectron lines 

having known B(E) values. For this purpose we record spectra of the 

rare gases at photon energies where accurate B(C) values have been 

measured using resonance l ines13 or synchrotron radiation.14 From 

Eq. (4), the differential cross sections observed by the two detectors 

are 

Assuming, initially, the ideal conditions of a point source of photo- 

electrons, point detectors, 100 percent linearly polarized light, and 

perfect geometrical alignment of detectors and photon beam, the two 

detectors would record photoelectron signals N(e,e ) whose re1 at ive 

strengths depend only on the detector collection efficiencies T(~,c) 

and differential cross sections: 



Calibration with a known B ( E )  yields the relative collection efficiency 

f 0 ( c )  at a particular kinetic energy, 

The subscript c in Eq. (8) represents the calibration photoelectron 

line. Unknown B ( E )  values are then determined from the observed ratio 

of photoelectron intensl ties upon inversion of Eq. (8) : 

Plotted in Fig. 4 is the calibration curve fo(r)  determined in the 

experiments on the VUV beam line. Photoelectron lines of AP, Kr, and 

Xe were used to obtain the calibration data points. The asymnetry 

parameter B ( E )  for Ne 2p photoelectrons has been tabulated over a wide 

energy range.14 The Ne 2p 1 ine was used to determine cal ibration 

curves for the soft X-ray beam line experiments. An example is 

plotted in Fig. 5 along with the Ne 2p B ( E )  parameter curve. We found 

that the f0(e) function varies from run to run, and in the same run 

f 0 ( c )  can shift by about 20 percent with changes in the bandpass 

and/or the retarding voltage used in the TOF detectors. Therefore, 



the f0(.) function was generally determined for each set of experi- 

mental conditions. 

The subscript 0 is given to f0(6) and B~(c), because Eqs. (8) 

and (9) are zero-order expressions which neglect effects on the meas- 

ured signal ratios due to having less than 100 percent linearly polar- 

ized light and to having a finite source region and finite collection 

solid angles. To account for these effects we have numerically com- 

puted the angular distribution produced by partially polarized 

1 ight15 and integrated over the sol id angles of the detectors observ- 

ing a photoelectron source region of finite volume.16 This calcula- 

tion requires knowledge of both the geometrical parameters of the spec- 

trometer and the degree of linear polarization of the photon beam. The 

B(E) values reported are those of Eq. (9) after correction for these 

effects. Table I shows the corrected 6 values that would be obtained 

from various uncorrected $0 values for the typical case of a cali- 

bration value B~ = 1.5 and 97 percent linearly polarized light. The 

very small corrections needed indicate that the experimental system 

closely approaches the ideal case of point source, point detectors, 

and 100 percent polarization. 

We estimate residua1 systematic error as 10.10 or less 8 unit due 

to uncertainty in the light polarization, geometrical parameters, and 

alignment of the detectors and photon beam. Deviations from the ideal- 

ized experimental conditions are largely accounted for by being folded 

into the calibration function f0(r), Eq. (8). The magnitude of the 

B correction generally increases with increasing difference between 



the 6, value used for calibration and the 6 value being determined. 

In the limit that the unknown B value is identical to the calibration 

8, value, there is no correction to Eq. (9). This result is obtained 

no matter how great the deviation of the actual experimental conditions 

from the idealized experiment. This is illustrated in Table I1 where 

deviations from the corrected B values of Table I are listed for a 

large range of partially polarized photon beams. The deviations are 

small except for 8 values in the range O0 = -0.5 to -1.0, which are 

far removed from the calibration value B~ =.1.5. Thus, if the polar- 

ization were uncertain by 20-30 percent it would be necessary to use 

calibration 8c values near to those being measured. The calibration 

procedure also accounts for the loss of experimental photoelectron 

asymmetry due to elastic scattering, an effect discussed by Kibel 

et a1 .I2 Thus, even if such experimental systematic errors occur, 

the observed asymmetries are scaled to the accurately known @(C) 

values of the calibration lines. 

As stated in Eqs. (6) and (7 ) ,  the photoelectron signals observed 

by the TOF detector at the magic angle are proportional to the angle- 

integrated parti a1 cross sections, independent of 8 ( c  ). Energy-depen- 

dent, relative partial cross sections were determined by 

where ~(54',~) is the number of photoelectron counts recorded at the 

magic angle detector, ~ ( 5 4 ' ~ ~ )  is the collection efficiency (relative 



transmission) of the detector at electron energy E ,  n is the sample gas 

density, t is the spectrum collection time, and I is the intensity of 

the photon beam. A sodium sal icylate scinti 1 lator, optical phototube, 

and picoammeter were used to monitor the photon beam intensity. 17 

For each gas, the sample density in the interaction region was assumed 

proportional to the pressure backing the gas inlet,19 as measured 

by a capacitance manometer. The picoammeter and manometer signals 

were integrated over the collection time to account for variations. 

Collection times were typically 1000 sec. The magic angle detector 

transmission function was determined from photoelectron spectra of the 

rare gases, for which reliable cross sections have been 

tabulated. 14,18 

The partial cross sections of Eq. (10) were corrected slightly for 

the effects of incomplete linear polarization of the photon beam and 

angle-averaging over the finite source volume and detector solid an- 

gle. As for the $ measurements, there is no correction to the meas- 

ured cross section if the 6 value of the gas being measured is identi- 

cal to the 6 value of the transmission calibration gas. In the pres- 

ent experiments the corrected partial cross sections differed by 3 

percent or less from the values given by Eq. (10). 

Note that since the normalization parameters n, t, and I in Eq. 

(10) are the same for all of the photoelectron peaks in a magic angle 

TOF spectrum, the branching ratios are equal to the peak areas after 

correction for detector transmission only. 



On the VUV beam line, the transmission of the A1 window and the 

high energy cut-off of the beam line optics limited the useful photon 

energy range to about 16-31 eV. Figure 6 shows a plot of the photon 

beam intensity of this beam line with use of an A1 window. Figure 7 

shows the relative photon beam intensity transmitted by the A1 window 

on the soft X-ray beam line (using a 300 R/mm grating). The light in- 

tensity drops sharply at the A1 L -edge near 73 eV but rises again 
293 

at higher energies. Sufficient intensity remained to record TOF spec- 

tra of Xe above the A1 edge (see Chapter 111). 

Note that in Fig. 7 the A1 edge structure is repeated at lower 

photon energy due to the second-order diffracted photon beam, which is 

thus seen to be strong at low energies. In certain energy regions, 

the third- and higher-order light intensities are significant. In Fig. 

7, a large fraction of the light intensity at 400 eV is apparently due 

to scattered light. However, the scattered light component decreases 

at lower energies and appeared to be very small at photon energies 

hv < 100 eV where most of the spectra were recorded. As might be ex- 

pected, the ratio of the intensities of the first- and higher-order 

beams was determined to vary rapidly at low energies and again above 

the A1 LZy3-edge. This result makes it difficult to measure partial 

photoionization cross sections, because the photoelectron peak areas 

must be normalized against the relative intensity of the first-order 

beam only. A careful cal i brat ion procedure apparently would be needed 

to determine the first-order beam intensity in order to measure partial 



cross sections over a wide range of photon energies. This is not a 

problem, though, in the measurement of asymmetry parameters or 

branching ratios. 
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Table I. Corrected B values vs B~ values given by Eq. (9) .a 

-- - 

B (corrected) 

aThe corrections assume 97 percent 1 inearly polarized l ight 
and a calibration = 1.50. 



Table 11. Deviations of corrected B values from those of Table I 
for a range of partially (%) linearly polarized photon beams.a 

AB (corrected) 

80 100% 90% 80% 70% 

- 
aA calibration 6~ = 1.50 is assumed. 



Figure Captions 

Fig. 1. Diagram of the electron spectrometer. A description is given 

in the text. PMT - photomultiplier tube; TMP - turbomolecu- 
lar pump; MCP - microchannel plate detector. 

Fig. 2. Diagram of the double-angle-TOF experiment. The time struc- 

ture of the synchrotron radiation is used to record time-of- 

f 1 ight (TOF) photoelectron spectra. Two TOF detectors are 

operated simultaneously, one positioned at 0' and the other 

at 54.7' with respect to the polarization vector of the pho- 

ton beam. 

Fig. 3. Schematic diagram of the circuit used to record TOF spectra 

with two detectors. A description is given in the text. 

x9 amplifier; CFD - constant fraction discriminator; FI - 
multi-input fan-in; R - router; TAC - time-to-amplitude con- 
verter; PHAIMCA - pulse height analyzerlmultichanne1 analyzer. 

Fig. 4. Relative collection efficiency (Eq. (8)) of the two TOF de- 

tectors vs electron kinetic energy for the experiments on the 

VUV beam line. The line is a least-squares polynomial fit to 

the calibration data points. 

Fig. 5. Calibration function fo(r) (Eq. (8)) for experiments on the 

soft X-ray beam line. Also shown is the asymmetry parameter 

B ( E )  for Ne 2p photoelectrons, which was used to measure the 

calibration data points. 



Fig. 6. I n t e n s i t y  of the photon beam which i s  t ransmi t ted through an 

A1 window on the VUV beam 1 i ne  (1200 E/mm gra t ing ) .  

Fig. 7. Re la t i ve  i n t e n s i t y  o f  the photon beam o f  the s o f t  X-ray beam 

l i n e  (300 R/mm g ra t ing )  when us ing an A1 window. 
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111. ELECTRON SPECTROSCOPY STUDY OF INNER-SHELL PHOTOEXCITATION AND 

IONIZATION OF XE 

A. Introduction 

Among the initial studies of inner-she1 1 photoionization processes 

were measurements and calculations on atomic Xe. The photoabsorption 

cross section of Xe displays a strong, broad maximum centered near 100 

eV and a weaker, very broad maximum between 200-500 eV. These 

features have been attributed to a shape resonance (centrifugal barri- 

er effect) and a Cooper minimum in the 4d subshell photoionization 

5 6 cross ~ e c t i o n . ~ - ~  The central-f ield and Hartree-Fock calculations 

indicate that 4d photoemission dominates the total photoabsorption 

cross section over the energy range from the 4d ionization threshold 

(hv = 68 eV) to the 3d threshold ( h ~  = 680 eV). Subsequently, many- 

electron photoionization c a l c ~ l a t i o n s ~ - ~ ~  and photoelectron spec- 

troscopic measurements demonstrated that the outer-shell 5p and 

5s photoemission processes are strongly affected by electron-correla- 

tion interactions with the 4d subshell (see Refs. 7, 9, and 15 for re- 

views). 

Photoemission from the 4d subshell produces an excited ionic state 

which can decay by ejection of Auger electrons. NqS5  00 Auger spectra 

recorded near the 4d ionization threshold have demonstrated a type of 

final-state correlation called the post-collision interaction (PCI). 16 

Also, theoretical studies have predicted that Xe N 00 Auger electrons 
495 

will be produced with photon-energy-dependent, anisotropic angular 



A prominent series of 4d + np Rydberg excitations has been recorded 

in photoabsorption spectra in the energy range hv = 65-70 eV. 3,19,20 

Because of the centrifugal barrier for L=3 angular momentum, the 

4d + nf Rydberg series is not observed. Several continuum channels 

are available for the decay of these 4d-excited resonant states. 2 1 

Electron spectroscopy can be used to characterize the resonant photo- 

ionization process by measurement of the partial cross sections and 

branching ratios22 and the angular  distribution^^^ of the ejected elec- 
trons. Electron spectra of Xe recorded at the 4d + np resonances have 
been reported in Refs. 16, 21, and 24. 

The above cited work introduces the types of inner-shell photoex- 

citation and ionization processes which were studied experimentally in 

the present work. Synchrotron radiation from the soft X-ray beam line 

at SSRL was used to record time-of-flight (TOF) electron spectra of Xe 

at 0' and 54.7' with respect to the photon polarization vector over 

the energy range hv = 60-190 eV. (Experimental details are given in 

Chapter I1 .) From the spectra were determined the angular distribu- 

tion asymmetry parameters 6 of Xe 5p, 5s, and 4d photoelectrons and of 

N4,5 00 Auger electrons. In certain cases, the partial cross sections 

and/or branching ratios for photoionization or Auger ionization chan- 

nels were also determined. 

Two sets of spectra of Xe were recorded, obtained about a year 

apart. Fig. 1 shows an example from the first set of TOF spectra, 

which were recorded with a 5.3 a (FWHM) monochromator bandpass. The 

5p, 5s, and 4d photoelectron lines and the N 00 Auger spectrum 
495 



were recorded in this set of spectra over the photon energy range 

hv = 70-190 eV, i.e., from just above the 4d ionization threshold to 

near the 4d Cooper minimum. In the second set of spectra, two smaller 

ranges of photon energy were studied. The N4,500 Auger spectrum was 

recorded with smaller monochromator bandpass and improved counting 

statistics over the photon energy range hv = 68-82 eV. This is the 

energy region near and just above the 4d ionization threshold, where 

PC1 effects occur and relatively 1 arge asymmetry parameters B are ex- 

pected for the Auger electrons. We also recorded spectra through the 

4d + np resonances between hv = 65-70 eV, where resonant Auger decay 

competes with the 5p and 5s autoionization channels. 

B. The 4d and 5p photoelectron asymmetries 

In the spectra recorded over hv = 70-190 eV with 5.3 A bandpass, 

photoelectrons from the individual fine structure levels of the 4d and 

5p subshells were not resolved. A peak in Fig. 1 at low TOF (high 

kinetic energy) is due to the 4d subshell ionized by second-order pho- 

tons. The second-order photolines were used to extend the ~ ( 4 d )  meas- 

urements beyond the Cooper minimum. Good agreement was obtained be- 

tween ~ ( 4 d )  values given by second-order light with values given by 

first-order light at energies hv = 130-190 eV where the two sets of 

measurements overlapped. The ~ ( 4 d )  and ~ ( 5 p )  results are listed in 

Table I. 

Figure 2 shows the measured ~ ( 4 d )  values along with the measure- 

ments of Torop et a1 .I2 and theoretical curves obtained using 

Hartree-Fock wave functions,6 r e l a t i v i s t i c  ~ i ~ ~ ~ - ~ ~ ~ k  (OF) 



ca~culations,'~ and the many-electron relativistic random-phase 

approximation (RRPA) .27 The measurements conf irm the predicted os- 

ci 1 latory energy variation of 8 (4d) ,  which is primarily a nonrelativis- 

tic, one-electron effect.6 The sharp drop near threshold is due to 

rapid variation of the Coulomb phase shifts, while the oscillation be- 

tween E = 10-100 eV photoelectron energy is produced by variation of 

the non-Coulombic phase of the f wave resulting from the centrifugal 

barrier in the scattering potential. The final oscillation in ~(4d) 

occurs about the Cooper minimum where the f-wave radial matrix element 

changes sign. Note, however, that the DF and RRPA theories predict 

the position of the Cooper minimum more accurately. 

In Fig. 3 are plotted the measured ~(5p) values along with previ- 

ous measurements 12*14,28 (see Ref. 29) and two theoretical curves based 

on the random-phase approximation with exchange (RPAE).*,~ The RPAE 

is nonrelativistic but can include electron  correlation^.^ The dashed 

theoretical curve includes the 5p intrashel 1 correlations only, while 

the solid curve also accounts for intershell correlation witR the 4d 

subshell. The data clearly support the theoretical interpretation of 

a strong intershell correlation (or interchannel coupling) effect on 

~(5p). In this correlation process the 4d subshell undergoes virtual 

photoexcitation, with the excitation passing to the 5p subshell via 

Coulomb interaction.799s15 The interchannel coup1 ing produces a 

prominent oscillation in ~(5p) in the energy region of the delayed 

maximum in the 4d photoionization cross section. The full oscillation 

is observed experimentally in the present measurements. Other 



theoretical calculations which, respectively, do and do not 6,30 

lude interchannel coup1 ing with the 4d subshell give ~ ( 5 p )  results 

ilar to the full and dashed curves in Fig. 3. 

The N4,500 Auger transitions 

Based on the general theoretical analysis given by FlGgge 

et a1. ,I7 it is expected that the Xe N 00 Auger electrons will 
4,5 

be produced with anisotropic angular distributions, due to alignment of 

~ e +  2 ~ 5 / 2  and ~ e +  2 ~ 3 1 2  by photoionization. As discussed in Chapter 

I, the asymmetry parameter B for an Auger transition is proportional 

to the alignment tensor AZO: 

B (hv) = aAp0(hv), (1) 

where a is determined by the Auger decay process and is independent of 

photon energy. The alignment tensor is nonzero when the magnetic 

+ 2 2 sublevelsof Xe D 5 1 2 ~ r  0 areunequallypopulated. Theanalysis 312 
of Fligge et al. shows that A20 should always be nonzero for the 

case of photoemission from an atomic subshell with j > 112 and where 

the ionic state formed has total angular momentum J > 112. 

The strength of the alignment, i .e., the value of A20, is deter- 

mined by the photoionization matrix elements. In a nonrelativistic 

model, a 4d electron is photoemitted into two dipole-allowed continuum 

waves: rp and rf. Theoretical analysis'7'18 shows that AZO is deter- 

mined by the ratio 

Y(r) = u(4d + ep)/u(4d + ~ f )  (2) 

of the partial photoionization cross sections for the two channels. In 



Eq. (2), E represents the photoelectron kinetic energy. Specif i- 

cally, Berezhko et a1 .I8 showed that the alignment tensor can be 

expressed as 

where y is the energy-dependent ratio defined in Eq. (2), and C and a 

are constants determined by angular momentum coupling coefficients 

(see Ref. 18). For xe+ 2~512, a = 712 and C = (1/5)(2/7)112; for 

xe+ 2 ~ 3 1 2 9  a = 712 and C = 1/10. 

In an independent-electron model, the photoionization cross sec- 

tions are determined by the radial dipole matrix elements Rna Ltl , 
(Ref. 6). Thus, in the present example, the partial-wave branching 

ratio can be expressed as 

Berezhko et a1.18 have calculated for ~ e +  (4d-l) using both 

Herman-Sk i 1 lman and Hartree-Fock wave functions. A strong, energy- 

dependent alignment is predicted, arising from the centrifugal barrier 

and Cooper minimum in the 4d + ~f channel. These are the same factors 

that produce oscillations in the 4d photoelectron asymmetry (Fig. 2). 

Manson has provided us with a tabulation of Hartree-Fock photoion- 

ization calculations for the Xe 4d subshell, which were reported in 

Ref. 6. These calculations provide the partial-wave branching ratio 

Y(~). This parameter is listed in Table I 1  along with the resulting 



+ calculated using Eq. (3). Results are value of A20(~) for Xe DgI2 

given for both the length and velocity forms of the dipole operator. 

The values of A20(~) 1 isted in Table 11 are similar to the Hartree- 

Fock results given in a graph in Ref. 18. Also listed in Table I1 are 

the resulting theoretical 

rameter 0 for the case of 

9 2 6 2  ~e+(4d 5s 5~ D5/2) 

values for the Auger electron asymmetry pa- 

a transition of the type 

As discussed in Chapter I, the Auger decay coefficient a in Eq. (1) is 

determined only by angular momentum coupling coefficients when the 

1 xe2+ final state has total angular momentum Jf = 0. For the N500 SO 

transition in Eq. (5), a = 4(2/7)'12. A corresponding table of AZ0(c) 

for ~ e +  2~3/2 can be obtained using Eq. (3) and the values of r ( ~ )  

listed in Table 11. The decay coefficient a = 2 for an Auger transi- 

1 tion of the type N400 SO: 

From the first set of Xe spectra recorded over hv = 70-190 eV, 

asymmetry parameters B were determined for the Auger electron peaks 

numbered 1-4 in Fig. 1. The Auger spectrum was identified by compari- 

son with the spectrum recorded and analyzed by Werme et The 

Auger lines numbered 1 and 3 in Fig. I are produced, respectively, by 

the transitions of Eqs.  (7) and (8): 



(This assignment of line number 1 (Eq. (7)) differs from that given in 

Ref. 31; assignments 

tra are presented.) 

~ ~ 0 1 0 ~  ( ~ q .  (7)) 

will be discussed below where the new Auger spec- 

The measured 8 values for the Auger transitions 

and N5°102,3 lpl (Eq. (8)) are listed in 

Table 111. To reduce scatter in the data, particularly at high photon 

energies, some of the results represent an average over two or three 

measurements obtained at nearby photon energies. The results are 

plotted in Fig. 4 along with theoretical curves for an Auger transi- 
1 tion of the general type N500 SO (Eq. (5)). Thus, the measured B 

values for the N50101 transition can be directly compared with the 

theoretical curves. The same a1 ignment tensor A20(h~) is appropri- 

ate for describing the N50102,3 lpl transition, but the Auger decay co- 

efficient a might differ from that of Eq. (5). The coefficient CI is 

determined by the matrix elements of the Coulomb operator and by the 

phases of the allowed continuum waves, which are ~ p - 3 ~ ~ ~  ~ f ~ / ~ ~  ~ f 7 , ~  for 

the transition of Eq. (8). 33y34 Since the a parameters are independ- 

1 ent o f  photon energy, however, the B values for the N50102,3 P1 
transition should differ only by a constant scale factor from the mea- 

sured and theoretical B values for the N50101 l~~ transition. 



In Fig. 4, the data qualitatively follow the predicted energy var- 

iation of the Auger electron asymmetry parameter. Eqs. (1)-(3) show 

that the alignment is relatively strong, so that the Auger asymnetry 

is relatively large, where the 4d + ~f photoemission transition 

strength is small relative to that of 4d + ep. Thus, the relatively 

large Auger asymmetry observed near the 4d ionization threshold is due 

to suppression of the f-wave channel at photoelectron energies below 

the centrifugal barrier, while the large Auger asymmetry at high pho- 

ton energy occurs near the f-wave Cooper minimum. Similar energy 

dependences of e were observed for the four N 00 Auger peaks indi- 
495 

cated in Fig. 1, as expected. Berezhko and co-workers extended their 

theoretical studies of alignment by using RPAE calculations to include 

the effects of many-electron correlations and electron she1 1 rearrange- 

~ n e n t . ~ ~  In the case of ~ e +  (4dm1), the inclusion of these interac- 

tions produced a moderate shift in the energy position of the Cooper 

min 

did 

imum feature, 

not alter the 

Fig. 4 shows 

transition are in 

in comparison with the Hartree-Fock calculation, but 

general form of AZ0(c). 

1 that the measured g values of the N50101 SO 

reasonably good agreement with theory, and that, at 

1 lower energies, 'P~) < e(N50101 SO). The latter 

observation could be due to the difference in the a coefficients as 

discussed above. However, it will be seen that the new ~ ( ~ u g e r )  meas- 

urements recorded just above the 4d ionization threshold are somewhat 

higher than the first results plotted in Fig. 4, and that no variations 

are observed among different Auger transitions. The new results are to 



be preferred, primarily for the fol lowing reasons. Though the signal- 

to-background was not greatly improved, the new spectra were obtained 

with superior counting statistics, particularly near the 4d ionization 

threshold. For both sets of spectra, background subtraction was an 

important factor in determining the relative areas of the 0' and 54.7' 

peaks (and hence in determining 8 ) .  Thus, errors in background sub- 

traction could create discrepancies. The new set of TOF spectra were 

recorded with a smaller time window which covered only the kinetic en- 

ergy range of the Auger electrons (compare Figs. 1 and 6). This gave 

more col lection channels per nsec and an effectively better resolution 

Of the N4,5°102,3 l p l  Auger peaks (numbered 3 and 4 in Fig. 1; numbered 

1 and 2 in Fig. 6). Also, the first spectra were recorded with a much 

larger photon bandpass (5.3 a FWHM; 2 eV at hv = 70 eV) than the new 

spectra (2.6 A FWHM; 1 eV at h~ = 70 eV). Some other factors which 

could in principle create a discrepancy, such as second-order 1 ight 

and uncertainty in the calibration of the energy scale of the mono- 

chromator, appear not to be significant. In short, we regard the 

first results (Fig. 4) to be qualitatively correct but prefer the new 

results for a quantitative comparison with theory. Additional discus- 

sion of the theoretical interpretation of  auger) will be given below 

where the new results are presented. 

Before discussing the new Auger spectra and results, I give an 

additional result obtained from the first set of spectra. Listed in 

Table I V  and plotted in Fig. 5 are values of the branching ratio 

N500:N400 between Auger lines produced by transitions of N5 and N4 

core holes to the same xe2+ final state. This branching ratio was 



determined for the two pairs of 1 ines 1,2 and 3,4 in Fig. 1, which are 

identified as N50101 ,N40101 ('so) and N50102,3 ,N40102,3 (lpl), 

respectively. No strong variations were observed between the two sets 

of branching ratios, so the average values are given in order to re- 

duce the scatter in the measurements. Also plotted in Fig. 5 are a 

theoretical curve36 and experimental data 37-39 for the 4d512:4d312 pho- 

toelectron branching ratio itself. The Auger electron branching ratio 

closely follows the corresponding photoelectron branching ratio. This 

is the result expected if no variation occurs between the decay pat- 

terns for the two fine structure levels, i .e., a variation in the 

branching ratios for decay to the various xe2+ final states. 

Figure 6 shows an example from the new set of o0 and 54.73 TOF 

spectra of the Xe N 00 Auger electrons. Spectra were recorded 
495 

over the energy range hv = 67.7-81.9 eV with a monochromator bandpass 

of 2.6 A FWHM. Since the Auger electron energies are independent of 

hv, there are contributions to the Auger peaks by second- and higher- 

order diffracted light and by scattered light in the photon beam. 

These contributions could interfere with the measurements of the Auger 

electron asymmetry parameters and branching ratios. The contributions 

to the Auger electron peaks depend on the relative intensities of the 

components of the photon beam and on the relative photoionization 

cross section of the 4d subshell at the component photon energies. We 

determined the order-composition of the photon beam over the energy 

region of the Auger spectra by recording 54.7" TOF spectra of Ne. Di- 

viding the intensities of the first- and higher-order photolines of 



Ne by the corresponding photoionization cross sect ion4' yields the rel- 

ative intensities of the order-components of the photon beam. Scat- 

tered light appeared to be insignificant in this energy range. From 

the order-composition of the photon beam and the relative photoioniza- 

tion cross section of the Xe 4d subshell ,41 we determined that the 

first-order light contributed about 95% of the Auger electron signal 

in our spectra. Therefore, higher-order light contributions to the 

results appear negligible. 

Not shown in Fig. 6 are the N4,502,302,3 Auger lines which 

were not resolved in our spectra due to their higher kinetic energies 

and closer spacings. Only the lower energy, intense lines numbered 

1-7 in Fig. 6 were analyzed for asymmetry parameters and branching ra- 

tios. A disadvantage to this situation is that some of these lower 

energy Auger 1 ines, which result from transitions to higher energy 

levels of Xe I 11, are presently not we1 1 assigned. Good correspond- 

ence was obtained between the present spectra and the high-resol ut ion 

spectrum recorded by Werme et a1 .31 using electron impact excitation. 

The N4,5-02,302,3 and -0102,3 series of 1 ines were assigned by Werme 

et al. by comparison with the spectroscopically observed4* levels of 

Xe 111. Thus, lines 1 and 2 in Fig. 6 are the N4,5-pair identified 

5 1 with the final state 5s5p PI. Lines 3,5 and 6,7 are also 

N4,5-pairs. Werrne et al. used the Moore tablesd2 to identify line 4 as 

2 3 2  the N5 line produced by transition to the final state 5s 5p ( P)6s 'P~. 

Hence, this line was termed a satellite, thought of as originating 

from shake-up in the Auger process. However, the N4,5-pairs 3,5 and 



6,7 could not be assigned using Ref. 42, since they are produced by 

final states at higher energies than has been reported in the spec- 

troscopic tables. One of these two pairs of lines should be the 

0 0 1 ines and the other, presumably, satellites. Thus, since the N4,5 1 1 
0 6 5s 5p level had not been observed spectroscopically, and intense 

satellite lines are also present in the Auger spectrum, the N4,50101 

lines could not be identified with certainty by Werme et al. A similar 

situation occurred in the analogous case of the M NN spectrum of Kr, 
4,5 

which was also reported in Ref. 31. By comparison with assignments 

0 6 of the corresponding ns np final states i.n Kr and the other rare 

gases,43 Werme et al. assigned lines 3 and 5 in Fig. 6 as N4,50101 'so. 

By comparison also with the Kr M4,5NN spectrum, the lowest energy lines 

2 3 2  1 6 and 7 were attributed to the satellite final state 5s 5p ( P)7s P1. 

Subsequently, the theoretical studies of Larkins and of McGuire 44 

indicated that the M4,5N1N1 transitions in Kr be reassigned as the low- 

est energy intense lines, which previously were identified as satel- 

1 ites. Similarly, the Xe N 00 Auger-electron energies calculated 
495 

semiernpirically,45 i .e., using experimental binding energies and 

Hartree-Fock values for Slater integrals, indicate that lines 6 and 7 

1 in Fig. 6 be identified as N4,50101 So, and this is the assignment 

that we adopt. This revised assignment appears also to have been 

adopted in Ref. 21 for the corresponding resonant-Auger spectrum. 

This leaves lines 3 and 5 still to be reassigned. We propose that 

they be identified as satellites associated with the 5 ~ 5 ~ ~  lpl primary . 
configuration, i.e., they are satellites of the Nq,50102,3 'P~ 1 ines 



(1 and 2). It seems likely that all of the lines in between the 

N4,5 -pairs 1,2 and 6,7 are of this origin. This proposed identifi- 

cation is based on the corresponding case of the ~ e +  5 ~ 5 ~ ~  2~112 photo- 

line with its associated set of intense satellites observed in photo- 

electron spectra (see, for example, Refs. 46 and 47). The 5s5p 6 

2 4 sate1 lites occur in the energy region of the 5s 5p (SL)ne levels42 

(note that Hansen and ~ e r s s o n ~ ~  have given revised identifications of 

these levels). Theoretical studies 47-49 indicate that the 5s!jp6 satel- 

lites arise primarily through correlation processes which can be de- 

scribed as final ionic state configuration interaction (FISCI ) 

The FISCI mechanism requires that the satellite lines arise from 

states that have the same total angular momentum and parity as the 

6 2 primary ionic configuration 5s5p SIl2. Hence, Hansen and Persson 48 

have assigned the satellites to even parity states of the type 

2 4 2 4 5s 5p (SL)nd and 5s 5p (SL)ns which have total angular momentum J = 112. 

The primary and sate1 1 ite LSJ configurations become strongly mixed by 

electron correlation, so it is not entirely accurate to label the ob- 

served levels with a particular conf ig~ration.~~ A detailed descrip- 

tion of the origin of these satellites might involve a combination of 

types of many-electron interactions;47y49 however, the FISCI mechan- 

ism appears to be the dominant process. 

We propose that the satellite lines in the Xe N 00 Auger spec- 
4,5 

trum result correspondingly from interaction among the xe2+ configura- 

2 3 2 3 tions 5s!jp5, 5s 5p (SL)nd, and 5s 5p (SL)ns with total angular momentum 

2 4 J = 1. The most intense satellites of ~ e +  5s!jp6 are due to the 5s 5p 5d 



2 4 2 4 and 5s 5p 6d configurations, and the 5s 5p ns contributions appear to 

be less important. 47-49 Hansen and ~ e r s s o n ~ ~  identify the strongest 

2 4 1  2 satellite with the level 5s 5p ( D)5d SlI2, which lies at 5.48 eV 

higher binding energy than the primary 1 ine 5 ~ 5 ~ ~  2~1/2. The strongest 

N4, 5 -pair of satellites in the Auger spectrum (lines 3 and 5) also 1 ie 

at 5.5 eV from the primary 1 ines 1 and 2. Therefore, we tentatively 

2 3 2  1 identify lines 3 and 5 with the final state 5s 5p ( P)5d P1. As 

mentioned above, line 4 was originally identified with the final state 

2 3 2  1 5s 5p ( P)6s Ply by comparison with the spectroscopic data. 42 However 

2 4 the table of the corresponding 5s 5p ng levels of Xe I1 have been 

reassigned,48 and similar reassignments may apply to the table of Xe 

I11 levels. We consider line 4 also to be a satellite and originating 

from the N5 core hole, but leave the final state unassigned. The 

present assignments of lines 1-3 and 5-7 are listed in Table V. 

We have proposed that the satellite lines in the Auger spectrum 

arise from final state configuration mixing, in analogy with the FISCI 

satellites of the 5s photoline. However, note that the Auger satel- 

lites are very intense. The NqS5-pair of satellite lines 3,s are 

slightly stronger than the primary lines 1,2, and the total satellite 

intensity is 2-3 times as great as that of the primary lines. Other 

types of electron correlation mechanisms may be important, such as 

those described by initial state configuration interaction (ISCI) . 5 0 
In the ISCI mechanism, pair-excited configurations of the type 

4d95s25p4nd2 'D could contribute to the initial state of the Auger 

process. These 5p2 + nd2 configurations in the initial state provide 



an additional mechanism for populating satellites in the final state. 5 1 

In short, theoretical studies are needed both to confirm and to quan- 

tify the proposed identification of the Auger satellite lines. It 

appears that this would provide an interesting system for theoretical 

study of electron correlation. 

The 54.73 TOF Auger spectrum recorded at hv = 67.7 eV is shown in 

Fig. 7. This photon energy lies just above the 4d ionization 512 

threshold (67.55 eV), but below the 4d312 threshold (69.52 eV); actu- 

ally, hv lies in between the n = 6 and 7 members of the 4d312 + np 

Rydberg series. 19920 Since the N4 vacancy is not produced at this 

energy, only the N500 Auger 1 ines appear in the spectrum. Comparison 

with Fig. 6 indicates a slight shifting of the Auger lines to smaller 

TOF (higher kinetic energy) and a broadening. These effects are 

attributed to the post-coll ision interaction (PC1 ) among the photo- 

electron, Auger electron, and atomic ion following near-threshold pho- 

toionization. 16 

Because of the nonlinear variation of the energy scale in a TOF 

spectrum (see Fig. 6), the shifting and broadening are most noticeable 

for the lowest energy line, number 7, which we have assigned as 

In Fig. 8 are plotted the 54.7' TOF spectra of 1 ine 7 N5°101 '0' 

recorded just above the 4d ionization threshold and at 14.4 eV 512 
above threshold. The broadening and shifting of the line are apparent 

in this comparison. 



It should be explained how we obtained the kinetic energy scales 

given with the TOF spectra in Figs. 6 and 8. The spectra are recorded 

with a fixed time scale, i.e., a constant number of collection chan- 

nels per nsec, which is determined using a delay generator to calibrate 

the timing circuit with known time intervals. To convert the channel 

numbers to an actual TOF scale, the channel corresponding to TOF = 0 

nsec is found. This channel can be taken to be that near the prompt 

signal (TOF = 1 nsec) which results from Rayleigh scattering of the 

photon beam from the sample gas.52 If the prompt signal is not re- 

corded, the TOF = 0 channel is determined as a fitting parameter. 

Each collection channel in the TOF spectrum can then be converted to 

the corresponding kinetic energy if the path length between the source 

region and the detector is known. The path length is always known to 

within a few percent. The actual value used for energy conversion is 

adjusted slightly to best fit the peak positions to known kinetic en- 

ergies. In Table V are listed the kinetic energies of the Auger lines 

determined by energy conversion of the TOF spectrum in Fig. 6. The en- 

ergy-converted values agree well with the measurements of Werme et al. 

The point to be emphasized here is that the TOF spectra can be 

used to measure small energy shifts, such as occur due to the PC1 

effect. Table V shows that a fairly accurate energy conversion was 

obtained over a range of about 13 eV. Therefore, small energy shifts, 

amounting to a few percent of this range, are accurately determined. 

For the set of Auger spectra recorded over hv = 67.7-81.9 eV, no ad- 

justments were made to the detector position or the timing circuit, so 



the energy-conversion parameters (the path length and the channel at 

which TOF = 0) were the same. Thus, the correspondence between chan- 

nel number and energy was fixed. In Fig. 8 are plotted the same set 

of channel numbers for two spectra recorded at different photon ener- 

gies; the TOF and kinetic energy scales apply to both spectra. 

Niehaus has developed a semiclassical model which describes PC1 

effects on Auger decay for the case of inner-shell photoionization. 5 3 

Near the ionization threshold, the photoelectron is still close enough 

to the ionic core, at the time of ejection of the Auger electron, to 

effectively modify the Coulomb field in which the Auger decay occurs. 

Energy exchanges occur between the "slow" photoelectron and the "fastI1 

Auger electron. The Auger lines exhibit an asymmetric broadening, 

with the maxima of their energy distributions shifted to higher energy. 

The lines in the present TOF spectra generally have asymmetric shapes 

anyway, due to the asymmetric shape of the source region of ejected 

electrons which are collected by the detectors. 52 However, the 

shifting and broadening effects are apparent in Fig. 8. 

In the semiclassical model of Niehaus, the shift c o f  the maximum 

of the energy distribution of the Auger line, with respect to its pos- 

ition in the absence of PCI, is related to the core-hole lifetime 7 

and photoelectron energy E by the expression54 (in atomic units) 

Here, the "photoelectron energy' is a parameter (the "excess energy"), 

strictly defined as E = h~ - I, where I is the ionization energy. The 



photoelectrons give up some energy to the Auger electrons. Also, 

Eq. (9) applies for negative values of E. In this model, the shift c 

is determined only by the energy E and the decay width I' = 7-l. The 

recent measurements of Schmidt et a1.16 of the shift c for the Xe 

N5°2,302,3 'so line fit well to the theoretical relation of Eq. (9) 

with a value I' = 110 meV for the level width. This value for r agrees 

well with the widths of the 4d + np resonances measured in the photo- 

absorption spectrum,20 and not quite as well with those determined 

from electron energy-loss spectroscopy. 5 5 

From the present set of TOF spectra, we measured the relative 

shift AC of the N50101 peak with respect to its position at hv = 

81.9 eV (note that with a width I' = 110 meV, Eq. (9) predicts an ab- 

solute shift e = 53 meV at hv = 81.9 eV). The peak maxima were found 

by eye, which could be done to within about *2 channels. This uncer- 

tainty gave the error bars for the relative shifts, which are listed 

in Table VI. Similar shifts were observed for the other N500 lines. 

Schmidt and co-w~rkers~~ first reported observations of the 

shifting and asymmetric broadening of Auger lines for the case of 

near-threshold inner-shell photoionization. They have recently re- 

ported a more extensive set of measurements, in which the experimental 

detai 1 s were carefully accounted for. l6 The reader is referred to 

Ref. 16 for a complete discussion of this particular type of PC1 phe- 

nomenon and a detailed comparison of experiment with theory. The main 

objective here has been to establish the presence of the PC1 factor in 

our spectra. Nevertheless, Fig. 9 shows that the present measurements 



of the Auger line shift E are in excellent agreement with the theoret- 

ical relation Eq. (9) for a decay width I' = 110 meV, which was found 

also to predict very well the measurements reported in Ref. 16. 

It is important to explain some differences between the present 

results and those reported by Schmidt et a1.16 Since a residual 

shift of E = 53 meV is expected (Eq. (9), with I' = 110 meV) at our 

reference energy of hv = 81.9 eV, the present results plotted in Fig. 

9 are values E = AE + 53 meV, where AE is the relative shift listed in 

Table VI. The results reported in Ref. 16 are relative shifts A E  mea- 

sured with respect to the Auger line position at hv = 110 eV, where 

there is a residual shift of 31 meV. However, Schmidt et al. took ac- 

count of the variation of the theoretical Auger line energy distribu- 

tion when convoluted with their spectrometer function. With this cor- 

rection, the theoretical prediction for the relative shift AE appro- 

priate to their data is essentially identical to the uncorrected theo- 

retical curve for the absolute shift E over the energy range plotted 

in Fig. 9. Therefore, both sets of measurements may be compared with 

the theoretical curve in Fig. 9. The excellent agreement of the pres- 

ent results with those of Ref. 16 and theory seems somewhat fortuitous, 

considering the large photon bandpass used and that no account was 

taken of the effect of the spectrometer function. However, the PC1 

effect is clearly demonstrated, at least qualitatively, in the spectra 

of Fig. 8. 



The areas of the Auger peaks in the 0' and 54.7' TOF spectra were 

obtained using a least-squares curve fitting routine. The peaks were 

fitted to the form of asymmetric Gaussian functions with a linear 

background. The curves drawn through the spectra shown in Fig. 8 are 

examples of these fits. In the deconvolution of lines 3-5 (see Fig. 

6), a weak Auger line (number 26 in Ref. 31) in between lines 4 and 5 

was included. The results for the aspetry parameters B are listed 

in Table VII. Values are not given for one or two Auger lines at the 

higher photon energies due to overlapping by the 4d photoelectrons. 

The B values for the three pairs of N 00 Auger lines are plot- 495 
ted in Fig. 10. The theoretical curve is that for a transition of the 

1 general type N500 SO, and was obtained using the Hartree-Fock 

6 (HF) calculations of the part i al-wave photoionization cross sections 

and Eqs. (1)-(3). As can be seen from Table 11, the B values based on 

the HF-length and the HF-velocity calculations differ by only 

0.01-0.04 8 units over the energy range of the experimental data. 

Hence, we have used the average of the length and velocity results for 

the theoretical curve in Fig. 10. In the presently adopted nonrela- 

tivistic model of the photoionization process, the same partial-wave 

branching ratio r ( ~ )  (Eq. (2)) applies to both the N5 and N4 hole 

states at the same photoelectron energy E .  Thus, the alignment tensors 

Azo(e)  for the D 5 I 2  and *D states differ by a constant factor 
3 1 2  

determined by the two values for the constant C in Eq. (3). Taking 

account of this factor and another due to the difference in the decay 

parameters a in Eq. (I), the result is that at a given photoelectron 



1 ever, the theoretical curve for an N400 SO transition is shifted by 

1 2 eV from that for an N500 So transition due to the N5-N4 spin-orbit 

1 splitting. As a result, the theoretical curve for 8(N400 SO) essen- 
1 tially overlaps the one plotted in Fig. 10 for 8(N500 SO), i.e., the 

two transitions should have nearly the same B at a given photon energy. 

1 The results for the N4,50101 SO 1 ines show that indeed the N4- 

and N5-00 'so lines have about the same B values at the same photon 

energy, and that the theoretical curve predicts the measured asymne- 

tries very well. The measurements also show that all of the Auger 

lines, independent of final state, have the same 8 values. This re- 

sult shows that the Auger decay parameters a do not greatly differ 

among the transitions studied here. As predicted, the asymmetry pa- 

rameters are relatively large near threshold where the 4d + cp photo- 

ionization channel dominates due to the centrifugal barrier for the 

f wave. The measurements follow the theoretical curve we1 1 from 

threshold as B steadily decreases, but the data drop somewhat below 

the curve near 76 eV. Within the precision of the measurements, the 

overall agreement with theory is good. This conclusion holds even if 
3 1 the original assignment of the N4,50101 lines is correct, since 

all of the low energy lines studied here have the same 8 values. 

It can be seen from the theoretical expression Eq. (3) that the 

alignment tensor has a maximum value Azo(max) = Ca for 1 >> 1 and a 

minimum value Azo(min) = C for A <c 1. Accordingly, the Auger elec- 

tron asymmetry parameters also have limited ranges: aC 5 B 5 aCa. 



For example, 0.229 - < 8(N500 'so) 5 0.8 and 0.2 5 0(N400 'so) 2 0.7. 

Hence, AZO and B are not very sensitive to very large or very small val- 

ues of Y, where asymptotic values are approached. The central 90% of 

the ranges of AZ0 and of 0 occur for r values in the range 1/19 - < y - < 19. 

Inverting Eq. (3) and using Eq. (1) gives an expression for y as a 

function of 0: 

Thus,  auger) measurements can be used t o  determine the partial-wave 

branching ratio. The Y values determined using the present set of 8 

1 measurements for the N4,50101 SO lines are in qualitative agreement 

with the Hartree-Fock calculations, which fol lows considering the good 

agreement shown in Fig. 10. However, the uncertainties in our 0 meas- 

urements translate into very large uncertainties in y, particularly 

for the very large and very small y values, where B is less sensitive 

to the precise value of Y. A big improvement in the precision of the 

measurements would be required to make a quantitative determination 

of the large values of y produced near threshold or near the Cooper . 

minimum. 

The N500:N400 Auger electron branching ratios, which could be mea- 

sured for three final states, are listed in Table VIII. A few very 

weak Auger lines, which were not resolved in our spectra, occur near 

the 5s5p5 lpl 1 ines (see Ref. 3 1 ) .  These could cause small errors in 

the branching ratios for this final state. The measurements for the 

final states 5~'5p~(~~)5d lpl and 5s05p6 are plotted in Fig. 

11 along with a theoretical curve36 and measurements 37938 for the 



4d512:4d3,2 photoelectron branching ratio. The Auger electron ratios 

agree we1 1 with the corresponding photoelectron ratios. The Auger meas- 

urements confirm indirectly that the 4d5,2:4d312 ratio increases from 

threshold, as predicted, before decreasing at higher energy. 

Somewhat larger values of the Auger branching ratio were measured 

near threshold for the 5 ~ ~ 5 ~ ~  '.SO final state than for the other two 

final states. The first set of TOF Auger spectra also gave a larger 

5 1 ratio near threshold for the 5s0sp6 lines than for the 5s5p P1 

lines. However, this distinction was not observed at higher energies 

where the ratios are smaller. This variation with final state of the 

N500:N400 ratio may be due simply to the kinetic energy dependence of 

the Coulomb matrix element. The 2 eV difference in the N400 and N500 

energies is comparatively largest for the 5s05p6 '.SO 1 ines, which occur 

at the lowest kinetic energies. Thus, the largest variation of the 

Coulomb transition strength would occur for those lines. 

Also of interest are the intensity ratios for Auger decay to the 

various final states. Those ratios were determined for the four in- 

tense N500 transitions which were analyzed in our spectra (line num- 

bers 2, 4, 5, and 7 in Fig. 6). In the spectra recorded at energies 

hv - > 69.7 eV, the intensity ratios were constant to within 5%. Rela- 

tive to line number 2, the measured intensity ratios for the line 

numbers 7:5:4:2 were 125:158:99:100. Except for the 5 ~ ~ 5 ~ ~  final 

state (1 ine number 7), the present results are in fairly good agree- 

ment with intensity ratios measured by Werme et at. using electron irn- 

pact excitation; the ratios reported in Ref. 31 are 166:168:93:100. 



In the two spectra recorded nearest the N5 threshold, there was an 

indication of a variation of the intensity ratios from the constant 

values measured at higher energies. However, this result cannot be 

reported with certainty based on our limited set of data. 

In discussing the results of the Auger electron measurements we 

have adopted the two-step model of the Auger process in which the for- 

mation of the inner-shell vacancy state and its decay are considered 

to be independent processes. This approximation appears to be valid 

at photon energies far enough above the 4d ionization threshold, but 

the effects of PC1 displayed in Figs. 8 and 9 demonstrate that the 

two-step model breaks down near threshold. In the near threshold re- 

gion, the photoionization and Auger decay are more properly treated as 

a single process.58 However, the present measurements of Auger elec- 

tron angular distributions and branching ratios appear to be well de- 

scribed by the two-step model. 

D. Autoionization of the 4d 3 np resonances 

Photoabsorption spectra 19320 of Xe recorded through the energy 

region hv = 65-70 eV display two Rydberg series of excitations which 

are described by the transitions 

where n = 6, 7, 8, .... These are the series of 4d + np and 
512 

4d3,2 + np resonant excitations which have as series limits the 
-1 2 2 (4d DgI2 and D3 /2  ionic states. Since these 'discreteu levels 



lie energetically above several lower ionization thresholds, they de- 

cay by autoionization into the accessible continuum channels. Auto- 

ionization is a type of interchannel interaction- Fano has used the 

configuration-interaction formalism to describe the mixed discrete- 

continuum nature of an autoionizing state and to parameterize the res- 

onance lineshape of the photoabsorption spectrum.59 However, much 

more detailed information on the autoionization process is obtained by 

using electron spectroscopy to observe resonance effects on the indiv- 

idual final states. The magnitudes and phases of the photoionization 

amplitudes can vary rapidly through a resonance, resulting in reso- 

nance structure in the cross sections, angular distributions, and 

spin-polarization parameters. 22923s60 Starace has extended Fano's 

theory to describe partial photoionization cross sections and photo- 

electron branching ratios within an isolated resonance.22 Simi 1 arly, 

Kabachnik and Sazhina have formulated the resonance behavior of the 

photoelectron angular distribution and spin p~larization.~~ In the 

general case, however, there are several overlapping Rydberg series, 

which interact. A unified and comprehensive description of autoioni- 

zation in this general case is obtained using the multichannel quantum- 

defect theory (MQDT) .61 For the entire resonance region, the MQDT 

generates resonance profiles for all of the dynamical parameters which 

can be observed using electron spectroscopy, i.e., partial photoioni- 

zation cross sections and the photoelectron asymmetry and spin-polari- 

zation parameters. 6 2 



In the present experiment, the Xe 4d + np resonances were located 
by recording photoelectron excitation spectra such as the one shown in 

Fig. 12. Photoelectrons from both the 0' and 54.7' TOF detectors were 

collected in this spectrum as the monochromator was stepped through 

the resonance region. The spectrum was recorded at a fixed sample gas 

density, but is uncorrected for variation of the photon beam intensity, 

which increased by about 50% from hv = 63 eV to 72 eV. A "window" was 

placed on the time-to-amplitude converter of the detector circuit so 

that only the resonantly produced Auger electrons were counted, 

i.e., the 5p and 5s photoelectrons were excluded. It was found that 

the resonance structure in the excitation spectrum was much less dis- 

tinct when the 5p and 5s photoelectrons were included. Since the Auger 

electrons are only produced as a result of 4d excitation, they are 

highly sensitive to the resonance structure in the photoabsorption 

spectrum. 

-1 2 In Fig. 12 and following figures we use the notation 4d ( DgI2) 

or 4d-1(2~312) to represent a vacancy in the 4d subshell. The reso- 

nance line positions and ionization thresholds reported by Codling and 

s add en" are indicated in Fig. 12. The shapes and intensities of 

the resonance features in Fig. 12 are in accordance with the high res- 

olution photoabsorption spectrum.20 The strongest excitations, 

4dgI2 + 6p and 4d + 6p, stand out, and smaller features also appear, 
3 12 

due to the 4d + 7p transitions. Excitation spectra served both to 

calibrate the energy scale of the monochromator and to determine the 

photon bandpass. The spectrum in Fig. 12 was recorded with the 



smallest bandpass used in these experiments, 1.2 A FWHM (0.4 eV at 

hv = 65 eV). Our bandpass was considerably larger than the natural 

widths ( r  = 0.1 eV) of the resonances.20 The energy calibration of 

the monochromator appears to be accurate to within t0.1 eV in the en- 

ergy region of the resonances, based on the reproducibility of the ob- 

-1 2 served position of the 4d ( DgI2)6p peak in several excitation 

tra. 

Several final states could be populated by the decay of the 

resonances. Consider the following possible decay channels fol 

spec- 

4d j 6p photoexcitation: 

In all of these decay processes at least two electrons change quantum 

numbers: one fills the 4d vacancy and another is ejected. Processes 

(12) and (13) are the usual llautoionizationll transitions: the 6p 

Rydberg electron changes quantum numbers, and the final states are the 

primary "one-electronn ionic states, which are also produced off res- 

onance by direct ionization. Transition (14) represents a (formally) 



more complicated combination of autoionization and final ionic state 

configuration interaction (FISCI) , which was discussed earlier. The 

final state of Eq. (14) represents a FISCI satellite of the 5s photo- 

line48 and is also produced off resonance. The transitions of Eqs. 

(15)-(17) are "Auger" processes and differ qua1 itatively from those of 

Eqs. (12)-(14). The 6p electron remains in the final state while one 

0-shell electron fills the 4d vacancy and another is ejected. The 

final states are the same as those formed by NqS5OO Auger decay above 

the ionization threshold, but with a 6p "spectator" electron remaining. 

These resonant Auger final states occur in the same energy region as 

the FISCI satellites of the 5s photoline, but are not observed to be 

produced off resonance by direct ionization. 

In Fig. 13 are shown 54.73 TOF spectra of Xe recorded at photon 

energies both on and off resonance, with a bandpass of 1.7 A FWHM (0.6 

eV at hv = 65 eV). The spectra have been scaled in the figure to ac- 

count for variations in the photon beam intensity, sample gas density, 

and collection time. The relative transmission of the detector was 

approximately constant over the range of electron energies recorded in 

the spectra. Hence, the areas of the peaks as they appear in the f i g -  

ure are proportional to the partial photoionization cross sections. 

The first spectrum in Fig. 13 was recorded at hu = 63.4 eV, which is 

below the resonance region, so only direct ionization occurs. The 

photolines produced are the 5p, 5s, and 5s satellites. The 5s satel- 

1 i t e ~ ~ ~  have been assigned48 to configurations of the type 

2 4 2 4 5s 5p (SL)nd and 5s 5p (SL)ns. The spectrum recorded at hw = 65 eV, 



-1 2 i .e . ,  a t  the 4d ( DgI2)6p resonance, i s  highly modified from the off- 
2 4 resonance spectrum. The se r i e s  of l ines  labeled 5s 5p nk a re  strongly 

enhanced, and a s e t  of lower energy l ines ,  with considerable intensi- 

t i e s ,  also appear. These r e su l t s  are at t r ibuted t o  the Auger decay of 

the resonant s t a t e .  The enhanced in tens i ty  of the l ines  labeled 

2 4 2 4 5s 5p n R  i s  due t o  the Auger f ina l  s t a t e s  5s 5p (SLJ)6p, ra ther  than 

the 5s s a t e l l i t e s  which occur i n  the same energy region. Higher reso- 

lution electron spectra recorded a t  t h i s  resonance by Eberhardt e t  a l .  2 4 

and others 16,'1 show tha t  these Auger l ines  are accompanied by strong 
2 4 shake-up t rans i t ions  t o  the levels 5s 5p (SLJ)7p. The spectrum recorded 

a t  hv  = 65.8 eV i s  again off resonance, and only the d i rec t  ionization 

f ina l  s t a t e s  are observed. In the 67 eV spectrum, recorded a t  the 
-1 2 4d ( D )6p resonance, the Auger f ina l  s t a t e s  are again produced. 312 

The resonant Auger spectra in Fig. 13 have the same general appear- 

ance as the Auger spectrum recorded above the 4d ionization threshold 

(compare with Fig. 1 and the spectrum of Werme e t  a1 .31). However, 

in the resonant spectra only one l ine  appears for  each f ina l  s t a t e ,  

while two l ines  per f ina l  s t a t e  are produced above threshold due t o  

decay from both of the N5 and N4 vacancies. The lower energy Auger 

l ines  numbered 1-4 in Fig. 13 correspond t o  the l ines in Fig. 6 which 

were studied above threshold. We assign the resonant Auger l ines  ac- 

cordingly, by appending a 6p spectator electron. The assignments are 

l i s t ed  in Table IX along with binding energies determined by energy 

conversion of the TOF spectra. Line number 2 in Fig. 13 appears t o  

correspond t o  l ine  number 4 in Fig. 6 ,  which we have l e f t  unassigned. 



-1 2 The spectrum in Fig. 13 recorded at the 4d ( D )6p resonance 
5 / 2 

(hv = 65 eV) corresponds well with the spectrum shown in Ref. 21, where 

5 0 6 the lines 5s5p 6p and 5s 5p 6p are identified as they are here. The 

binding energies listed in Table IX agree well with those obtained from 

the spectrum in Ref. 21. From the spectra of Eberhardt et a1 .,24 Hansen 

and ~ e r s s o n ~ ~  determined that the effect of the 6p spectator electron 

is to shift the kinetic energies of the resonant Auger lines 

2 4 5s 5p (SLJ)6p to about 4.4 eV higher than observed above threshold for 

2 4 the 5s 5p (SLJ) multiplets. With the assignments given in Table IX, we 

measure kinetic energy shifts of between 4.1-4.9 eV for the lower en- 

ergy Auger lines in comparison with their energies in the absence of a 

6p spectator electron. 

The resonant Auger lines 2 and 3 in Fig. 13 correspond to the 

satellite Auger 1 ines observed above threshold and discussed earlier. 

It is interesting to notice that lines 2 and 3 alternate intensities 

-1 2 -1 2 between the two strong resonances 4d ( D )6p and 4d ( D3/2)6p. 
5 12 

This observation was reproduced in another set of spectra. 

5 1 The asymmetry parameter for the resonant Auger line 5s5p ( P1)6p 

was B = 0.85 * 0.15 in the two spectra recorded at 65 eV and 67 eV. 

This value agrees with those measured for the N500 Auger 1 ines at the 

-1 2 4d ( Dg12) threshold (see Table V I I  and Fig. 10). 

If the intensity scales of the resonant Auger spectra are expanded 

to bring out weak features, peaks are observed over the kinetic energy 

region E = 8-19 eV (energies c < 8 eV were not recorded in the spec- 

tra). The energies and intensities of these weak electron 1 ines in- 

dicate that they arise from autoionization of the resonant Auger states 

2 4 identified in Table IX to the levels 5s 5p (SLJ) of Xe 111. 



It is clear from the spectra in Fig. 13 that the intensities of 

the 5p and 5s photolines are relatively unaffected by the 4d + 6p res- 
onant excitation but that the Auger final states are strongly popu- 

lated. These qualitative features of the spectra are further dis- 

played in Fig. 14 where relative partial cross sections are plotted. 

The cross sections for 5p and 5s photoelectrons stay relatively con- 

stant through the resonance region, while the transitions to the 

2 4 2 4 5s 5p nR lines are resonantly enhanced. Off resonance, the 5s 5p nR 

lines are identified to be the 5s satellites. We measured an off-res- 

onance branching ratio of about 1:l for the sum of the intensities of 

the 5s satellites to the intensity of the 5s line. This is in agree- 

ment with the relative intensities measured using X-ray photoelectron 

spectroscopy46 and the FISCI calculation of Hansen and Persson. 48 The 

higher resolution electron spectra of Refs. 16, 21, and 24 show that 

2 4 the enhanced intensity of the 5s 5p n!L transitions at the 4d + 6p res- 

onances is due to the Auger final states rather than the 5s satellites. 

The intensities of the 5s satellites appear to remain relatively unaf- 

fected by autoionization, like the 5s main line. 

The effects of the Auger process on resonant photoemission have 

been studied theoretically. 59y63-65 Though it is not the case here 

with Xe 4d photoexcitation, it would be of considerable interest to 

observe resonant Auger transitions which are produced simultaneously 

by a nonresonant ionization process. In such a case, an asymmetric 

Fano-type intensity profile would, in general, result due to interfer- 

ence between the resonant and nonresonant transition amplitudes. In 

the absence of an interference effect, the resonant Auger decay results 



in a symmetric Lorentzian profile in the partial cross section. In 

the present case the total photoabsorption cross section would, in 

general, display asyrrrnetric profiles at the resonances due to inter- 

ference structure in the 5p, 5s, and 5s-satellite channels. However, 

the high resolution photoabsorption spectrum of Ederer and   anal is*' 
shows essentially syihetrical Lorentzian 1 ineshapes and with nearly 

constant 1 inewidths (however, see also Ref. 55). These observations 

indicate that the resonances decay primarily by the Auger process 

which is free of an interference effect and that the 5p, 5s, and 5s- 

satellite decay channels are relatively weak. These expectations are 

confirmed by the electron spectra in Fig. 13 and the partial cross 

sections in Fig. 14. It is not surprising that the 4d + np resonances 

decay preferentially by the Auger process, since the Coulomb interac- 

tion elri between a pair of O-shell electrons is stronger than that 

between an O-shell electron and the np Rydberg electron. 

Although the partial photoionization cross section for the 5p sub- 

she11 showed little variation upon resonant excitation, the asymnetry 

parameter B increased at the resonant energies. This effect was ob- 

served from spectra such as in Fig. 13 where the spin-orbit split 5p 312 
and 5p photoelectrons were unresolved. The recent measurements o f  112 

6 1 Codling et a ~ . , ~ ~  for example, made in the region of the Xe 5s5p 6p PI 

resonance have shown variations between the resonance prof i les of 

~ ( S P ~ , ~ )  and 8(5pll2) and an oscillation in the 5p3,2:5p112 branching 

ratio. Theoretical work has shown that resonant variations of partial 

cross sections, branching ratios, and photoelectron asymmetry and spin- 

polarization parameters are expected as a general phenomenon. 22,23,60 



These observable parameters characterize the interaction of the reso- 

nant states with the continuum channels. Hence, we recorded a series 

of 0" and 54.7" TOF spectra of the resolved 5p doublet through the en- 

ergy region of the 4d + np resonances. 
An example from the TOF spectra of the 5p doublet is shown in Fig. 

15. In the resonance region, the 5p photoelectrons are produced with 

about 50 eV kinetic energy. The TOF detectors are equipped with sim- 

ple retarding-grid units which comprise about 60% of the total flight 

path. A 35 V retarding potential was applied to resolve the 5p doub- 

let. A bandpass of 1.2 a FWHM (0.4 eV at hv = 65 eV) was used in re- 

cording spectra in the resonance region. collection times of about 

4000 sec were required to collect 1000-4000 counts in each peak. To 

obtain peak areas for determining partial cross sections, branching 

ratios, and asymmetry parameters, the spectra were fitted to the form 

of asymmetric Gaussian functions with a linear background. The re- 

sults are listed in Table X. 

The results for the relative partial cross sections are plotted in 

Fig. 16. Since the photon bandpass used (0.4 eV FWHM) is considerably 

larger than the widths of the resonances (0.1 e~),~' any structure 

in the cross sections would be reduced by averaging with the nonreso- 

nant background. Still, a small oscillation in the 5p cross section 
312 

-1 2 was observed at the most intense resonance, 4d ( D )6p. Very 1 ittle 
5 / 2 

structure is apparent in the 5p measurements. 
112 

Though the partial cross sections were relatively insensitive to 

the resonances, pronounced structure was observed in the e parameters, 

as shown in Fig. 17. Maxima in the B values occur near the strong 



44 + 6p excitations, and smaller features appear at the 7p resonances. 
Also, the measurement at hv = 67.7 eV indicates that e increases in 

the energy gap just above the 4d ionization threshold and below 
512 

the 4d312 + 7p resonance. This feature is similar to the sustained 

rise of the B parameters above the 4d threshold (see Fig. 3 and 
312 

Ref. 14). Also plotted in Fig. 17 are the branching ratio measure- 

ments. A distinct oscillation was observed near the 4d + 6p res- 
512 

onance. Krause et al.14 also measured a dip in the branching ratio 

near this first strong resonance. Addit-ional structure in the branch- 

ing ratio at the higher energy resonances is not apparent, probably 

due in part to cancellation of overlapping structures. 

-1 2 The 4d ( D5I2)6p excitation is the strongest among the members 

of the two series and is well separated from the other resonances. 

The Auger spectrum resulting from decay of this resonance has been 

studied here and previously. 16y21924 This resonance produced the on1 y 

distinct structure in the partial cross sections and branching ratio 

of the 5p doublet and the most pronounced structure in the asymmetry 

-1 2 parameters. Hence, the 4d ( DgI2)6p resonance seems to be a good 

example for theoretical studies of inner-shell photoexcitation and 

autoionization. Kabachni k and sazhinaZ3 have derived the form o f  

the photoelectron angular distribution profile for the case of auto- 

ionization of an isolated resonance. The 0 profile can be expressed 



where t h e  reduced energy E, t h e  p r o f i l e  index q, and the  c o r r e l a t i o n  

c o e f f i c i e n t  p are t h e  parameters in t roduced b y  Fano and cooper5' t o  

descr ibe  t h e  t o t a l  photoabsorp t ion  l i n e  p r o f i l e ;  B~ i s  t h e  of f - reso-  

nance asymmetry parameter, and K1 and K2 are  constants determined b y  

m a t r i x  elements which a re  c h a r a c t e r i s t i c  o f  t h e  resonance and t h e  par- 

t i c u l a r  f i n a l  s ta te .  The €, q, and p parameters can be taken from t h e  

photoabsorpt ion data." Ederer and Manal is  found t h a t  t h e  4d np 

resonances are  n e a r l y  Lorentz ian ,  w i t h  q = 200 and p2 = 0. Assuming, 

f o r  simp1 i c i t y ,  t h a t  p2(q2 - 1) = 1, t h e  denominator i n  Eq. (18)  i s  

reduced t o  o b t a i n  

We have used Eq. (19) t o  f i t  ou r  exper imenta l  da ta  f o r  B ( S P ~ / ~ )  and 

-1 2 
~ ( 5 p ~ / ~ )  a t  t he  4d ( DSI2)6p resonance. To account f o r  t h e  monochrom- 

a t o r  bandpass, Eq. (19)  was convoluted w i t h  a t r i a n g u l a r  f u n c t i o n  having 

1.2 A FWHM. The f i t t e d  values obta ined f o r  t h e  parameters K1 and K2 i n  

Eq. (19) are: f o r  5p312, K1 = 209 10 and K2 = -83.2 * 0.4; f o r  5p112, 

K1 = 80.1 * 0.4 and K2 = -52.8 + 0.3. 

Cheng and Johnson have used t h e  r e l a t i v i s t i c  random-phase approxi -  

mation (RRPA) t o  c a l c u l a t e  p a r t i a l  p h o t o i o n i z a t i o n  cross sec t ions ,  

photoe lec t ron  asymmetry parameters, and s p i n - p o l a r i z a t i o n  parameters 

f o r  t he  Xe 5~~~~~ 5plI2, and 5s subshe l ls  i n  t h e  energy r e g i o n  o f  t h e  

4d512 6p resonance.68 The Auger decay channels were n o t  i nc luded  i n  

t h e i r  c a l c u l a t i o n s .  I n  F ig .  18 we compare the  present  measurements o f  

B ( ~ P ~ / ~ )  and e(5plI2) w i t h  t h e  RRPA theory.  Since averaging over  t h e  



monochromator bandpass reduces the experimental B values produced at 

the resonance, we also show the fitted curves obtained using Eq. (19) 

in which the bandpass function has been deconvoluted. The experimental 

results confirm that $(5pIl2) > $ ( 5 ~ ~ , ~ )  as predicted, but note that 

the experimental B prof i les show considerably bigger resonance widths 

than theory, even after deconvolution of the bandpass. 

The discrepancy in the widths is apparently due to the absence of 

the Auger decay channels in the theoretical calculation. Only the 

5P3/~3 5Pl/2y and 5s decay channels were included in the RRPA calcula- 

tion, and the calculated widths of the resonances in the partial cross 

sections are on the order of 0.01 eV. These are much smaller than the 

observed resonance width (-0.1 eV), which is determined primarily by 

the Auger decay. However, the calculated widths of the resonance fea- 

tures in the B parameters are 0.1 eV, much larger than the calculated 

widths for the cross sections. Similarly, deconvolution of the band- 

pass from the experimental results gives a $ profile with a larger 

width (-0.2 eV) than that observed in the photoabsorption spectrum. 

This probably explains in part why more distinct structure was experi- 

mentally observed in the B parameters than in the cross sections. 

That is, averaging over the monochromator bandpass had a more severe 

effect in the case of the cross sections than for the 6 parameters. 

However, an additional factor here, which i s  also related to the 

widths of the resonance features, is that the B parameter depends on 

the phases of the photoionization amplitudes as well as the magnitudes. 

Thus, as noted by Di 1 1  ,60 the resonance in B can be more pronounced 

than in the cross section. 



The final set of results are measurements of the angular distribu- 

tion of Xe 5s photoelectrons through the region of the 4d + np reso- 

nances and just above the 4d ionization threshold. The photoioniza- 

tion process is 

Dehmer and Dill have shown that the analysis of this process is clari- 

fied by use of the angular momentum transfer for~nulation.~~ Angular 

momentum and parity conservation restrict the photoelectron to a p 

wave. In a nonrelativistic model the spins of the photoelectron and 

ionic core remain coupled into a singlet, and an energy-independent 

asymetry parameter B = 2 is predicted. However, the spin-orbit in- 

teraction provides a mechanism for reorienting the spins into a trip- 

1 et . The tri pl et channel is characterized by an energy-i ndependent 
asymmetry parameter B = -1, and the observed asymnetry is a weighted 

average of the s inglet and trip1 et contributions: 

where a s ( € )  and u ~ ( E )  are the energy-dependent cross sections for pro- 

duction of singlet and triplet final states, respectively. Thus, val- 

ues over the entire range -1 - < B ~ ~ ( F )  - < 2 are possible, and the observed 

value can be interpreted as a measure of the relative strengths for 

production o f  singlet and triplet final states. 



Strong deviations of ~ ( 5 s )  from the nonrel ativistic value 2 have 

been measured at photon energies near the Cooper minimum. 13,69 A 

quantitative description of this result is given by the RRPA calcula- 

tions which include interchannel coupling with the 5p and 4d sub- 

she1 ls.70 The transition strength of the singlet channel passes 

through a minimum near hv = 35 eV, so that the triplet contribution 

becomes relatively stronger. The observable result is that ~ ( 5 s )  os- 

cillates through a minimum. 

The present measurements of ~ ( 5 s )  are listed in Table XI  and are 

plotted in Fig. 19. The measurements were made in an energy region 

far from the Cooper minimum, and large asymmetries were observed. 

This result is in good agreement with the RRPA and Dirac-Fock 

7 1 
(DF) theories, as well as other c a l ~ u l a t i o n s ~ ~  not plotted in Fig. 

19. Torop et a1.12 also measured 1.8 < ~ ( 5 s )  5 2 at hv = 83 eV. Val- 

ues in the range ~ ( 5 s )  = 1.8-2.0 indicate a contribution from the trip- 

let channel of less than 7% of the total transition strength. 

The RRPA calculation of ~ ( 5 s )  plotted in Fig. 19 includes inter- 

channel coupling with the 5p and 4d subshells, but the effects of 

autoionizing 4d + np resonances were smoothed over in the results 

shown. As discussed above, additional RRPA calculations have been 

-1 2 made to study the effects of the 4d ( DgJ2)6p excitation on 5p and 5s 

photoionization.68 As for the 5p3,2 and 5plJ2 subshells, a strong 

resonant enhancement in the 5s partial cross section is calculated. 

From an off resonance value of ~ ( 5 s )  = 2, the calculation obtains a 

resonant feature ~ ( 5 s )  + -1, indicating that the triplet channel of 5s 

photoionization couples strongly with the resonant state. However, no 



indication of this effect is apparent in the measured ~ ( 5 s )  values. 

The measurements in the resonance region were obtained with a 1.7 A 

FWHM bandpass (0.6 eV at hv = 65 eV), so any resonance structure might 

be considerably reduced by the nonresonant contribution. It seems, 

though, that such a strong oscillation, which extends over the entire 

range of the B parameter, would still have been detected. It is likely 

that the resonance structure is greatly reduced from that calculated, 

since the Auger channels dominate the decay of the resonance. 

The RRPA calculations, in combination with the multichannel quan- 

tum-defect theory, are highly successful in calculating the resonance 

profiles of photoelectron dynamical parameters for the case of the 

Beutler-Fano auto ionizing resonances of the rare gases.62 The pres- 

ent case of inner-she1 1 photoexci tat ion differs from the outer-she1 1 

cases in that the resonances decay primarily into the Auger final 

states.73 The present measurements of cross sections and B parameters 

for 5p and 5s photoelectrons indicate that it is important to include 

the Auger decay channels in theoretical calculations of inner-she1 1 

autoionization. 

E. Conclusions 

Several aspects of inner-shell photoexcitation and ionization of 

Xe were investigated in these experiments. The oscillatory variation 

of the B(E) parameter for 4d photoelectrons demonstrates effects of 

the shape resonance and Cooper minimum in the photoionization process, 

in good agreement with theory. The present results for the 5p B(C) 

parameter extend those of previous measurements which confirm that the 



(4d,5p) interchannel coupling completely modifies the angular distri- 

bution of 5p photoelectrons, particularly above the 4d ionization 

threshold. 

We observed the broadening and shifting of N500 Auger electron 

peaks due to post-collision interaction near the 4d ionization thresh- 

old, in good agreement with previous measurements and theory. The 

N 00 Auger electrons are produced with anisotropic angular distribu- 
495 

tions due to alignment of ~ e +  (4d-l) by photoionization. The meas- 

ured B values of N 00 Auger electrons are in good agreement with 
4Y5 

theoretical calculations. Re1 atively large Auger electron asymmetries 

are produced near the 4d ionization threshold as a consequence of the 

centrifugal barrier in the 4d + ~f channel. 
-1 2 As expected, the 4d ( 0512,312 )np resonances were observed to 

decay primari ly by the Auger process. Re1 at ively 1 i ttle structure was 

observed in the 5p and 5s photoionization cross sections, but pro- 

nounced structure was produced in the angular distributions of 5p 312 

and 5pIl2 photoelectrons. For the 5s photoelectrons we obtained 

B = 2, with no indication of a resonance effect. Comparison of the 

measurements with theoretical calculations for autoionization of the 

-1 2 4d ( D512)6p resonance indicate the need to include the Auger decay 

channels in the calculations. However, the measurements were obtained 

using a monochomator bandpass which is rather large compared with the 

decay widths of the resonances. In order to compare theory with ex- 

periment quantitatively, it is desirable to measure the resonance 

structure with a smaller bandpass. 
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Table I. Photoelectron asyrrmetry parameters 8 of the 4d  and 5p 
subshells of Xe. 



Table 11. Hartree-Fock calculations of Kennedy and   an son^ for the 
partial-wave branching ratio y for photoionization of the Xe 4d sub- 

shell as a function of photoelectron energy C. Also listed are the 
+ 2 resulting theoretical values for the a1 ignment tensor AZO of Xe DgI2 

and the asymmetry parameter B for an Auger transition of the type 
1 N500 So. Results are given for both the length and velocity forms 

of the dipole operator. 

HF-L HF-V 
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Table 111. Asymmetry parameters B for Xe N500 Auger electrons. 



Table I V .  Average o f  the  Xe Auger e l e c t r o n  branching r a t i o s  
1 

N50101 :N40101 and N50102,3:N40102,3 ( 



Table V. Identification of the Xe N 00Auger lines indicated in 
4,5 

Fig. 6. The kinetic energies are those reported by Werme et al., but 

increased by 0.2 eV due to a correction in calibration data (see Ref. 

31). For comparison, the kinetic energies given by energy-convers i on 
of the present TOF spectrum are also listed. 

Kinetic energy (eV) 
Line Initial Final 
no. vacancy state Werme et al. TOF 



Table V I .  The r e l a t i v e  s h i f t  

respect  t o  i t s  p o s i t i o n  a t  hv 

o f  t h e  4dgI2 photoelectrons. 

dev ia t i on  which r e s u l t s  f o r  a 

br of the Xe N50101 Auger peak w i t h  

= 81.9 eV, as a funct ion of the  energy E 

Uncer ta in t ies  i n  E represent one standard 

monochromator bandpass o f  2.6 a FWHM. 



n n n  h 

h h h h h  

U r l m w d - h -  
4 4 4 4  . . - w w - z = z z  



Table VIII. Xe N500:N400 Auger e l e c t r o n  branching r a t i o s  measured 

f o r  th ree  f i n a l  s ta tes .  



Table IX. Identification of the resonant Auger lines of Xe indicated 
in Fig. 13. 

Line number Final state Binding energy (eV) 



Table X. The asymmetry parameters B ,  r e l a t i v e  p a r t i  a l  pho to i on i za t i on  cross 

sect ions a, and branching r a t i o  f o r  Xe 5p and 5plI2 photoelectrons,  
312 

measured through t he  4d np resonances. The monochromator bandpass (FWHM) 

was 2.6 A a t  the  two lowest photon energies, 1.2 A i n  the  resonance energy 

region, and 1.7 A f o r  the  two h ighes t  photon energies. 



Table X I .  Asymmetry parameters e of Xe 5s photoelectrons. The 

measurements between hv = 62.3-68.5 eV were made w i t h  a monochromator 

bandpass o f  1.7 A FWHM. A t  h igher  energies the bandpass was 5.3A FWHM. 
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Figure Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Time-of-flight electron spectra from photoionizat 

70.9 eV photons, at e = 0' and e = 54.71 relative 

larization direction. The peak at TOF = 55 nsec 

photoelectrons produced by second-order 1 i ght (hv 

ion of Xe by 

to the po- 

is due to 4d 

= 141.8 eV). 

Measured values of the Xe 4d photoelectron asymmetry parame- 

ter 6,  compared with the data (X) of Ref. 12 and with theo- 

retical curves: Hartree-Fock 1 ength (HF-L) and velocity 

(HF-V) calculations, Ref. 6; Dirac-Fock (DF), Ref. 26; rela- 

tivistic random-phase approximation (RRPA), Ref. 27. 

Experimental and theoretical values of the Xe 5p photoelec- 

tron asymmetry parameter. Measurements: 0 ,  Ref. 28;0, Ref. 

14;A, Ref. 12; 0, present results (see Ref. 29). Theory 

(Ref. 8): random-phase approximation with exchange (RPAE) 

calculations which include (full curve) and do not include 

(dashed curve) interchannel coup1 ing with the 4d subshell. 

Auger electron asymmetry parameters for the transitions Xe 

N50101 'so (open circles) and N50102,3 'pl (closed circles). 

The theoretical curves (see text for references) are for a 

1 transition of the general type N500 So. Dashed curve: 

Hartree-Fock length; full curve: Hartree-Fock velocity. The 

energy of the preceding 4d photoelectron is also shown. 
512 



Fig. 5. Xe N500:N400 Auger electron branching ratio compared with 

the 4d512: 4d312 photoelectron branching ratio. 0 ,  Aver- 

age of the Auger electron branching ratios 

N50101 : N40101 ('so) and N50102, : N40102,3 ('P~). 

Experimental data for the 4d5/2:4d3/2 photoelectron branching 

ratio: A ,  Ref. 37;0, Ref. 38;n, Ref. 39. The theoretical 

curve is from the RRPA calculation, Ref. 36. 

Fig. 6. Time-of-fl ight spectra of Xe N 00 Auger electrons pro- 
495 

duced by photoionization, at 0: and 54.7" relative to the 

polarization direction. A nonlinear energy scale is also 

given. The numbered lines are identified in Table V. 

Fig. 7. The 54.7" time-of-flight spectrum of Xe Auger electrons re- 

corded at a photon energy in between the 4d and 4d3/2 
5 / 2 

ionization thresholds. Only the N500 Auger lines were 

produced. The numbered peaks are identified in Table V. 

Fig. 8. The Xe N50101 Auger line recorded at photon energies 

which lie 0.1 eV above the 4d ionization threshold (top) 
512 

and at 14.4 eV above threshold (bottom). The shifting and 

broadening of the Auger line recorded near the ionization 

threshold are attributed to post-collision interaction. 



Fig. 9. The energy shift of the Xe N500 Auger lines as a function 

of the 4dgI2 photoelectron energy. The theoretical curve 

is that derived in Ref. 53 for an N5-hole decay width of 

110 meV. The curve is appropriate for both the absolute 

shifts c plotted using the present measurements and for the 

relative shifts AE of Ref. 16 which are corrected for the 

spectrometer function (see discussion in text). , Present 

measurements for the N50101 line. Measurements for the 

N5°2,302,3 line: 0, Ref. 1 6 ,  Ref. 56;U, Ref. 57. 

Fig. 10. Asymmetry parameters for Xe N 00 Auger electrons. Each 
4,5 

panel gives measurements for both the N5- (closed circles) 

and N4- (open circles) transitions which have the given 

final state. The same theoretical curve, based on Hartree- 

Fock calculations (see text for references), is plotted in 

all three panels, but is appropriate for transitions of the 

The two arrows mark the positions general type NqS500 SO. 

of the N5 and N4 ionization thresholds. 

Fig. 11. Xe N500:N400 Auger electron branching ratios compared with 

the 4dgI2: 4d312 photoelectron branching ratio. Present 

0 6 1  measurements of the Auger electron ratios: , 5s 5p SO; 
2 3 2  1 A, 5s 5p ( P)5d PI. Measurements of the photoelectron 

ratio: 0, Ref. 38; [j, Ref. 37. The theoretical curve 

(Ref. 36) is the RRPA calculation for the photoelectron 

branching ratio. The arrow marks the position of the N4 

ionization threshold. 



Fig. 12. Photoelectron excitation spectrum of Xe recorded through the 

4d + np resonances (see text for discussion). The positions 

of the resonances and the ionization thresholds are those re- 

ported by Codling and Madden. 19 

Fig. 13. Time-of-flight electron spectra of Xe recorded off resonance 

(at h~ = 63.4 eV and 65.8 eV) and at the resonances 

-1 2 -1 2 4d ( D5,2)6p (65.0 eV) and 4d ( D3/2)6p (67.0 eV). The 

peaks numbered 1-4 are identified in Table IX. A nonlinear 

kinetic energy scale is also given. 

Fig. 14. Relative partial photoionization cross sections for Xe 5p and 

5s photoelectrons and for the group of electron peaks in 

2 4 Fig. 13 labeled 5s 5p nR. A line is drawn through the open 

circles to accent the resonant enhancement. The positions of 

the 4d + 6p resonances are indicated. 

Fig. 15. 0: and 54.7: time-of-flight photoelectron spectra of the Xe 

5p doublet recorded at hv = 65.1 eV. 

Fig. 16. Relative partial cross sections for the Xe S P ~ / ~  and 

-1 2 5 ~ ~ , ~  subshells in the energy region of the 4d ( D 5/2,3/2)np 
resonances. 



Fig. 17. Asymmetry parameters for Xe 5p and 5plI2 photoelectrons 3 /2  
and the 5p3/*: 5plI2 branching ratio measured through the 

-1 2 
4d ( '512,312 )np resonances. Only representative error bars 

are shown, and lines have been drawn through the data to 

indicate the resonance variations. Asymmetry parameters for 

5pIl2 and 5p3/* are denoted with open and closed symbols, 

respectively: circles, this work; squares, Ref. 14. 

Branching ratio: circles, this work; squares, Ref. 14; tri- 

angles, Ref. 67. 

Fig. 18. Comparison of experiment and theory for the asymmetry param- 

eters of Xe 5p312 and 5pIl2 photoelectrons produced at the 

-1 2 4d ( D )6p resonance. The sol id curves are the RRPA the- 
5 / 2 

oretical calculations (Ref. 68). The dashed curves are fits 

of the experimental data to the form of Eq. (19) for the 

resonance profiles, including convolution with the mono- 

chromator bandpass (0.4 eV FWHM). The dot-dashed curves are 

the fitted resonance profiles of Eq. (19) after deconvolu- 

tion of the bandpass. 

Fig. 19. Asymmetry parameter of Xe 5s photoelectrons compared with the 

DF (Ref. 71) and RRPA (Refs. 10 and 27) theoretical curves. 

Only a representative error bar i s  shown. The po- 

-1 2 sitions of the 4d ( D512,312 )np resonances are indicated. 
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I V .  PHOTOELECTRON ANGULAR DISTRIBUTIONS FROM H2 and D2 

A. Introduction 

The relatively simple two-electron structure of H2 has made it a 

prototype system for study in the development of theoretical models of 

molecular photoionization. The photoionization process is described 

by 

2 1 +  + 2 + h~ + H2(lag , X 2 ) HZ (la , X Zg) + e - ( ~ o ~  , exu) 9 9 

As described in Chapter I, angular momentum and parity conservation 

restrict the form of the photoelectron angular distribution.' For 

the case of photoejection from randomly oriented target molecules by 

electric dipole interaction, the photoelectron angular distribution is 

completely characterized by the asymmetry parameter B(c). It is re- 

stricted to values in the range -1 - < B(E) - < 2. 

In the united-atom limit of photoemission for molecular hydrogen, 

namely He 1s z ~ p ,  an energy-independent asymmetry B = 2 is re- 

quired,2 so that deviations from B = 2 reflect the non-spherical mo- 

lecular structure of Hz. This result illustrates the general moti- 

vation for the measurement and theoretical calculation of molecular 

photoelectron asymmetries, i .e., B(E) is sensitive to the anisotropic, 

molecular electronic structure.' Thus, B (c) for the photoionization 

of H is determined by the dipole matrix elements and relative 2 

phases for the two continuum channels la z cuU and Enu (see, 



for example, Dill 7) .  Several theoretical calculations of $ ( H p )  
have been pub1 ished, 4-17 and a number of groups have measured $(Hz) 

using discrete resonance 1 ine radiat ion.18-24 Recently, Marr et a1 . 25 
reported measurements over the photon energy range 18-30 eV using syn- 

chrotron radiation. 

There is rough agreement among the theoretical values of B (Hz), 

with a range of 0.2-0.3 s unit, and among the experimental values, with 

a similar range. However, detailed agreement is absent. In particu- 

lar, the B values of Marr et a~.~' are consistently lower than those 

measured using resonance lamps. In light of these residual discrep- 

ancies, and because we have an apparatus that is relatively free of 

the systematic errors usually inherent in $ measurements, we have made 

another synchrotron radiation based set of B (Hz) measurements, re- 

ported below. Also included are results for D2, which comprise an- 

other motivation for this work. 

The measurements were made on the VUV beam line at SSRL, using our 

double-angle-TOF photoelectron spectrometer. Experimental details are 

given in Chapter 11. For completeness it is noted here that the pho- 

ton beam was about 97 percent linearly polarized, and the monochroma- 

tor bandpass was 2.7a FWHM. As described 

reported here were corrected slightly (by 

for incomplete linear polarization of the 

averaging of the photoelectron source reg 

angles of the detectors. 

in Chapter 11, the 0 values 

t0.03 0 unit), to account 

photon beam and for angle- 

ion over the collection sol 



was attained in the TOF spectra, hence vibrational structure 

erally not resolved. The values of $(Hz) and 6(D2) reported 

represent the total photoelectron bands, i .e., summed over a 

tional and vibrational transitions. The results, listed in 

L 

The present measurements agree well with 

retical calculations: those of Tully et 

and with the semi-empirical threshold va 

least-squares line fit through the prese 

B. Results and Discussion 

An example of the 0' and 54.7' TOF spectra of H2 is shown in 

Fig. 1. A resolution of approximately 3 percent of the kinetic energy 

was gen- 

here 

11 rota- 

Table I, 

are plotted in Fig. 2 along with theoretical curves, the measurements 

of Marr et a1. ,25 and the resonance 1 ine measurements of Morgenstern 

et All of the theoretical calculations predict a large asym- 

metry and a slow variation of $(ti2) with energy, but they differ in 

the precise magnitude of B(H,) and the slope of the energy variation. 

the earliest published theo- 

a1. ,4 of Shaw and Berry, 6 

lue calculated by   ill.^ A 

nt measurements of 6(H2) and 

6 (D2)  indicates that 6 slowly increases with increasing energy. 

Accurate measurements of B (Hz)  are clearly required for a cri ti- 

cal evaluation of the theoretical calculations. The resonance line 

measurements 18-24 tend toward larger asymmetries than those measured 

using synchrotron radiation. We note that the resonance line radia- 

tion is concentrated into a much smaller bandpass ( A ~ V  = 10 meV FWHM), 

than the synchrotron radiation ( A ~ V  = 100 meV FWHM). Hence, photo- 

electron measurements using the two radiation sources differ greatly 

i n  their sensitivity to any possible resonance or threshold structure 



in the photoabsorption spectrum. In particular, the Ne(1) resonance 

lines at hv = 16.85 eV and 16.67 eV, with which the largest measured 

asymmetries plotted in Fig. 1 were obtained, 1 ie energetical ly between 
+ 

vibrational thresholds of H2. A recent theoretical study17 of 

vibrational preionization in Hp would indicate that the Ne(1) line B 

measurements are almost certainly influenced by autoionization. The 

measurements reported here were obtained over a photon energy range 

where only direct ionization apparently occurs. 2 7 

23 We should comment also on the analysis of Kibel et al. con- 

cerning loss of observed asymmetry due to elastic scattering of the 

photoelectrons before they reach the detector. In the present tech- 

nique elastic scattering is accounted for, to a great extent, by the 

calibration procedure (see the discussion in Chapter 11). Even if 

scattering decreases the experimental photoelectron asymmetry, the ob- 

served asymmetries are scaled to the known B values of the calibration 

lines. The calibration procedure amounts to an "adjustment" of the 

experimental asymmetries to account for elastic scattering (and other 

experimental non-ideal it ies) in the spirit of the adjustments adopted 

by Kibel et al. In particular, we believe the present results are not 

too low, because we also obtain an observed "8 value" of 2.06 * 0.03 
as an average for the He Is + ~p asymmetry over hv = 27-32 eV; i.e., a 

value that is slightly too high, because values over 2 are not possi- 

ble. 



Virtually identical 8 values were observed for H2 and D2, 

within the precision of the measurements, The averages of the mea- 

surements listed in Table l give 8(H2) = 1.71 * 0.02 and 5(Dp) = 

1.73 * 0.02 over h~ = 19-27 eV. It is of interest to inquire whether 

different 8 values should be expected for H2 and D2, and to deter- 

mine which factors might produce a variation. If the Born-Oppenheimer 

separation of nuclear and electronic wavefunctions is adopted for a 

diatomic molecule, the electronic states are characterized by potential 

curves,'* which represent the sum of electronic energy plus nuclear 

Coulombic repulsion as a function of internuclear distance. Other than 

a very small difference due to variations in the reduced mass, the po- 

tential curves are independent of nuclear mass, so identical curves 

1 + 2 + + represent the X Z and X Z states of H2 and D2 and of H2 and 
9 9 + 

D2, respectively. Nearly identical wavefunctlons therefore de- 

scribe the motion of the photoelectron in the (fixed-nuclei) field of 

the molecular ion. The 5 measurements reported here, in which rota- 

tional and vibrational structure was not resolved, essentially rep- 

1 + 2 + resent the vertical overlap of the X Z and X Z potential 
9 9 

curves. Since these are identical for the two isotopes, identical B 

values are expected. 

The reduced mass of D2 is twice that of H2. Thus, when the 

fixed-nuclei approximation is lifted, quite different energies result 

for the rotational and vibrational levels. Considering first the 

vibrational structure, 1t i k a ~ a ' ~ ~ ~ ~  has shown theoretical 1 y that the 



photoionization transition moment varies significantly with the inter- 

nuclear separation. This effect, along with a dependence of the tran- 

sition moment on photoelectron energy, leads to non-Franck-Condon vi- 

brational branching ratios and B values which vary appreciably with 

the vibrational level of the ionic state. These effects have been 

confirmed by Berkowitz and spohr30 in measurements of vibrational 
+ + + + 

branching ratios for H2, D2, and HD , and later for H2 by Gardner 

and  ams son.^' Kreile and schweigZ4 have recently measured B val- 
+ 

ues at 21.22 eV for vibrational levels of H2 which vary in excel- 

lent agreement with theory.14 Thus, for the vibrational ly averaged 

results of the present experiment, we would expect a difference be- 

tween $(HZ) and $(D2) to the extent that the transition moment is 

weighted differently over the internuclear separation and photoelec- 

tron energy. The vibrationally resolved photoelectron spectra of He 

and D2 differ qualitatively in the vibrational branching ratios, 3 0 

but this is due primarily to the quite different energy spacing of the 

vibrational levels in the ionic state. The centers of gravity of the 

photoelectron bands occur at nearly the same binding energy, which is 

consistent with the model of a vertical transition between the ground 

and ionic potential curves. Therefore, considering that the variation 

of B(H~) with vibrational level is rather only a small 

difference between %(ti2) and 8(D2) is expected for the vibration- 

al ly averaged photoelectron bands, in good agreement with experiment. 



A strong variation between 8 ( H 2 )  and d ( D 2 )  would be expected 

if a significant difference were to occur in the rotational structure 
5 of the photoelectron spectra. Dil l  has used the angular momentum 

transfer formalism to show that strong variations in i3(H2) are ex- 

pected among particular N  + N o  rotational transitions. Rotational 

structure has been partially resolved in photoelectron spectra of H2 

using resonance 1 ine radiation.21s32s33 About 90 percent of the 

transitions occur with A N  = 0, i.e., with no change in the rotational 

quantum number. The remaining 10 percent of the transition probability 

occurs with AN = *2. 0i1 l5 has shown that the AN = 0 transitions 

proceed predominantly with zero angular momentum transferred to molec- 

ular rotation, with the result that B ( A N  = 0) = 2. In contrast, the 

A N  = *2 transitions occur with the transfer of two units of angular 

momentum and have much smaller asymmetries. To good approximation, 

the photoelectron is produced only in p-waves ( k  = I), and in this 

1 imit, *(AN = *2) = 0.20. The calculations of 1tikawa14 for @(H2) ,  

which include the effects of higher partial waves, also predict this 

strong qualitative difference between AN = 0 and AN = *2 photoelectron 

asymmetries. The rotationally resolved measurements of Niehaus and 

~ u f "  indeed found  AN = 0) = 2, with a much smaller asymmetry 

observed for AN = 2 .  Thus, if an appreciable difference should occur 

between H Z  and DZ in the relative weights of A N  = 0 and A N  = 1 2  

transitions, a strong variation between $ ( H Z )  and ~ ( 0 ~ )  would result 

for the rotationally averaged photoelectron bands. 



A variation between H2 and D2 in the rotational structure of 

their photoelectron spectra might occur due to the vibration-rotation 

~nteraction~~ or due to the coupling of electronic and nuclear mo- 

tions. 1t ikawa14 has computed transition strengths and asymmetry pa- 

rameters for specific ro-vibrational transitions in the photoelectron 

spectrum of H2. Coupling between electronic and nuclear motions was 

neglected as well as vibration-rotation interaction. However, the pre- 

dicted re1 ative intensities of the ro-vibrational transitions are in 

good agreement with the measurements of Morioka et a1.33 at 21.22 eV. 

In particular, the theory accurately predicts the variation with final 

vibrational level of the relative intensity of AN = 2 transitions. 

This indicates that electronic-nuclear and rotation-vibration interac- 

tions do not appreciably modify the rotational structure. In the ab- 

sence of these effects, the rotationally averaged %(HZ) and 8(D2) 

are the same, as observed here experimentally. 

25 It is important to clarify a point raised by Marr et al. con- 

cerning theoretical calculations of 0(H2). Those authors suggest 

that the discrepancy between their measurements and the much higher 

asymmetries predicted by fixed-nuclei calculations9~11 is due to 

neglect of the AN = 2 transitions in the calculations. This appeared 

to be a reasonable interpretation, since  ill' calculated a rota- 
tionally averaged fi(H2) = 1.71, which is in better agreement with 

the previous25 and present synchrotron radiation measurements. How- 

ever, as described by  ill ,' his expression for the rotationally av- 
eraged B(H& is entirely equivalent to the fixed-nuclei type of 
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calc~lation,~ where rotational transitions are not explicitly 

considered. In the calculations of B ( H p )  reported to date 5,12-15 

in which values for specific rotational transitions are obtained, the 

transition dipole matrix elements and continuum wave phase shifts do 

not depend on the rotational quantum numbers. The dependence of the 

differentia1 cross section on the quantum numbers N and N 1  appears 

through the squares of angular momentum coup1 ing coefficients, which 

serve as weighting factors for rotationally-independent transition 

pobabi 1 it ies. 5935 When summed over the final rotational level N '  , 

however, the weighting factors sum to unity and the B(H2) expression 

is independent of N and N1. The AN = a2 transitions, as well as 

AN = 0 ,  are implicitly included in the fixed-nuclei calculations. The 

theoretical curves plotted in Fig. 2 differ only in the accuracy with 

which the dipole matrix elements and continuum wave phases are cal- 

culated. The rotationally averaged calculations of Refs. 12-15 all 

predict B(H2) curves higher than was measured, while the fixed-nuclei 

calculations of Refs. 4 and 6 agree well with experiment. The B(H2) 

values will, however, depend on rotational quantum numbers if the 

vibration-rotation or electronic-nuclear interactions are included. 

As a note of interest, Pollard et al. have recently used molecular 

beam techniques to record the He(1) line photoelectron spectrum of H2 

with very high resol~tion.~~ Among their extensive set of results are 

B measurements for rotational transitions. They have obtained, tenta- 

tively, a value of ,8 = 0.69 t 0.14 for the AN = 2 transition at hv = 

21.2 eV. 3 7 



References 

1. C. N. Yang, Phys. Rev. - 74 (1948) 764; M. Peshkin, Adv. Chem. Phys. 

18  (1970) 1; V. L. Jacobs, J. Phys. B: Atom. Molec. Phys. 5 (1972)  - - 
2257; K.-N. Huang, Phys. Rev. A - 22 (1980) 223. 

2. J. Cooper and R. N. Zare, i n  Lec tures  i n  Theore t i ca l  Physics, 

S. Geltman, K. Mahanthappa, and W. B r i t t i n ,  eds., Gordon and 

Breach, New York, 1969, Vol. 11C, p. 317; W. R. Johnson and C. D. 

Lin, J. Phys. B: Atom. Molec. Phys. - 10 (1977) L331. 

3. See, f o r  example, D. D i l l  and J. L. Dehmer, J. Chem. Phys. - 61 

(1974) 692; Phys. Rev. L e t t .  - 35 (1975) 213; J. Chem. Phys. - 65 

(1976) 5327; S. D. Druger, J. Chem. Phys. - 64 (1976) 987. 

4. J. C. Tu l l y ,  R. S. Berry, and B. J. Dalton, Phys. Rev. - 176 (1968) 

95. 

5. D. D i l l ,  Phys. Rev. A - 6 (1972) 160. 

6. G. B. Shaw and R. S. Berry, J. Chem. Phys. - 56, (1972) 5808. 

7. J. J. Huang and F. 0. E l l i s o n ,  Chem. Phys. L e t t .  - 29 (1974) 565. 

8. B. R i t c h i e ,  J. Chem. Phys. - 63 (1975) 1351. 

9. F. H i ro ta ,  J. E lec t ron  Spectrosc. Re la t .  Phenom. - 9 (1976) 149. 

10. 0. F. Kalman, Molec. Phys. - 34 (1977) 397. 

11. C. M. Dutta, F. M. Chapman, Jr., and E. F. Hayes, J. Chem. Phys. 

67 (1977) 1904. - 
12. N. Chandra, Abs t rac ts  o f  Papers o f  t h e  Xth I n t e r n a t i o n a l  Conference 

on the  Physics o f  E l e c t r o n i c  and Atomic C o l l i s i o n s ,  Commissariat A 

LIEnergie Atomique, Par is ,  1977, p. 1210. 

13. B. R i t c h i e  and B. R. Tambe, J. Chem. Phys. - 68 (1978) 755. 



14. Y. I t ikawa, Chem. Phys. - 28 (1978) 461; - 30 (1978) 109; - 37 (1979) 

401; Chem. Phys. L e t t .  - 62 (1979) 261. 

15. L.-Y. Chow Chiu and S. R. Samanta, J. Quant. Spectrosc. Radiat. 

Transfer - 25 (1981) 253. 

16. W .  Thie l ,  Chem. Phys. - 57 (1981) 227. 

17. M. Raoult and Ch. Jungen, J. Chem. Phys. - 74 (1981) 3388. 

18. J. W. McGowan, D. A. Vroom, and A. R. Comeaux, J. Chem. Phys. - 51 

(1969) 5626. 

19. T. A. Carlson and A. E. Jonas, J. Chem. Phys. - 55 (1971) 4913. 

20. R. Morgenstern, A. Niehaus, and M. W. Ruf, Abstracts o f  Papers o f  

the V I I t h  I n t e rna t i ona l  Conference on the  Physics o f  E l ec t r on i c  

and Atomic Co l l i s ions ,  North-Holland, Amsterdam, 1971, p. 167. 

21. A. Niehaus and M. W. Ruf, Chem. Phys. L e t t .  - 11 (1971) 55; a re-  

analysis of the data of Niehaus and Ruf has been given by E. S. 

Chang, J. Phys. B: Atom. Molec. Phys. - 11 (1978) L69. 

22. S. Katsumata, Y. Achiba, and K. Kimura, Chem. Phys. Le t t .  - 63 (1979) 

281. 

23. M. H. Kibel ,  F. J. Leng, and G. L. Nyberg, J. Electron Spectrosc. 

Relat. Phenom. - 15 (1979) 281. 

24. J. K r e i l e  and A. Schweig, J. E lec t ron  Spectrosc. Relat.  Phenom. - 20 

(1980) 191. 

25. G. V. Marr, R. M. Holmes, and K. Codling, J.  Phys. B: Atom. Molec. 

Phys. - 13 (1980) 283. 



26. I n  t he  l i n e  source experiments of Ref. 20, s values were measured 

fo r  i n d i v i d u a l  v i b r a t i o n a l  l e v e l s  v ' ,  b u t  no v a r i a t i o n  o f  B w i t h  

v ' was observed. 

27. L. C. Lee, R. W .  Carlson, and D. L. Judge, J. Quant. Spectrosc. 

Radiat. Transfer - 16 (1976) 873. 

28. G. Herzberg, Spectra o f  Diatomic Molecules, 2nd ed., Van Nostrand 

Reinhold, New York, 1950, p. 146. 

29. Y. I t ikawa,  J. E l e c t r o n  Spectrosc. Re la t .  Phenom. - 2 (1973) 125. 

30. J. Berkowitz and R. Spohr, J. E lec t ron  Spectrosc. Re la t .  Phenom. - 2 

(1973) 143. 

31. J. L. Gardner and J. A. R. Samson, J. E l e c t r o n  Spectrosc. Re la t .  

Phenom. - 8 (1976) 123. 

32. L. asbrink, Chem. Phys. L e t t .  7 (1970) 549. 

33. Y. Morioka, S. Hara, and M. Nakamura, Phys. Rev. A 22 (1980) 177. 

34. D. V i l l a r e j o ,  J. Chem. Phys. - 49 (1968) 2523. 

35. U. Fano and D. D i l l ,  Phys. Rev. A - 6 (1972) 185. 

36. J. E. Po l la rd ,  D. J. Trevor, Y. T. Lee, and D. A. Sh i r l ey ,  Rev. 

Sci. Instrum. - 52, 1837 (1981).  

37. J. E. Po l l a rd ,  p r i v a t e  communication. 



Table 1. B values measured for the total (rotationally and 
vibrational ly averaged) photoelectron bands of H2 and D2. 



Figure Captions 

Fig. 1. The 0' and 

at 25.0 eV 

54.7' TOF photoelectron spectra of H2 recorded 

photon energy. 

Fig. 2. Experimental B values for H2 and D2 with theoretical 

calculations for H2. All of the experimental and theoret- 

ical results shown are for the rotationally and vibrationally 

averaged photoelectron bands26. Experimental : 0 , present 

results for H2;., present results for D2;n, Marr 

et al.25 results for H~;@, Morgenstern et al. 20 

results for H2. The dashed line is a least-squares fitted 

line through the present results for H2 and D2. 

Theoretical curves: A, Chow Chiu and sarnanta15; B, 
11 Ritchie and ~ambe'~; C,   hi el'^; D, Dutta et al. ; E, 

9 Hirota ; F, 1tikawa14; 6 ,  Tully et a ~ . ~ ;  H, Shaw and 

6 Berry . Theoretical calculations at one energy: J, 
12 Dill '; K, Chandra . 
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V. PHOTOIONIZATION CROSS SECTIONS AND PHOTOELECTRON ASYMMETRIES 

OF THE VALENCE ORBITALS OF NO 

A. Introduction 

Synchrotron radiation from the VUV beam line at SSRL (see Chap- 

ter 11) was used to measure partial photoionization cross sections 

a ( ~ )  and photoelectron asymmetries B (E) for the valence molecular or- 

bitals of NO over the photon energy range hv = 16-31 eV. The mono- 

chromator bandpass was 2.7A FWHM. Features were observed which are 

attributed to a continuum shape resonance, as predicted by the multi- 

pl e-scattering model (MSM) calculations Analogous shape reso- 

nance features have been observed in the related first-row diatomic 

molecules N2, CO, and O2 (see, for example, Refs. 3-10). The 

11 MSM shows that this shape resonance occurs in the ca ionization 

channel and is produced predominantly by the f-partial wave (!?, = 3). 

An alternative characterization of the shape resonance is provided by 

the method of improved virtual molecular orbitals (IVO). l3 In the 

IVO calculations, centrifugal barriers in the molecular ionic poten- 

tial for high &-wave components cause resonant trapping of the photo- 

electron into U* valencelike orbitals. For the 2n orbital of NO, a 

second, stronger resonance feature was also observed which is attrib- 

uted to the ET and € 6  ionization channels. Vibrational structure was 

not resolved in the present photoelectron spectra of NO, however, we 

9 mention here that theoretical and experimental lo work on Np 

and CO has demonstrated that the vibrational structure can be highly 



sensitive to the presence of a shape resonance. Strongly non-Franck- 

Condon vibrational branching ratios and vibrationally-dependent photo- 

electron asymmetries have been predicted and observed for N2 and CO. 

B. Results 

Synchrotron radiation measurements of B (E) for the valence orbitals 

of N2 have been reported previously. 4,5,14 As a check on our experi- 

mental method we present B ( E )  measurements for the 30 molecular orbital, 
9 

i.e., for the ground ionic state N; x22+ The results15 are plotted 
g ' 

in Fig. 1 along with the measurements of Marr and co-w~rkers~'~ and 

those of Carlson et a1 .I4 Structure observed in the B ( E )  measurements 

between 16-23 eV is due to a~toionization.~' Agreement among the three 

sets of measurements is good, with an average deviation of about 0.05 B 

unit. 

The relative partial cross section determined for N; X'L+ from the 
9 

3 magic angle TOF spectra reproduced the previously measured 40 percent 

rise over hv = 20-28 eV due to the 30 + tou shape resonance. 
9 

l3 Good 

agreement of the TOF results with previous mea3urements for N; X*I+ 
9 

serve to confirm the calibration and data analysis procedures applied 

in these experiments. 

The ground conf 

la2 2u2 3u2 4u2 

iguration of the open-shell molecu 

5u2 1n4 2n1 , x2n . 



1 9  The antibonding 2n electron (r*2p) is bound by 9.3 eV, giving a C 
+ 

ground ionic state in NO that is easily resolved from the second 

band which starts at 15.7 eV in the photoelectron spectrum (see Fig. 

2). However, due to alternative coup1 ings of spin and orbital angular 

momenta in the final ionic states, ionization from the In and 50 orbit 

als gives a series of seven overlapping photoelectron bands between 

15.7 eV and 20.0 eV binding energy. These final states have been 

assigned, having been resolved in high resolution photoelectron spec- 

tra. 18," Unfortunately, the lower resolution ( A E J E  = 0.03) attained 

in the present TOF spectra precludes an accurate deconvolution. How- 

ever, ionization of a 50 electron gives a predominantly v' = 0, b% 

photoelectron peak at 16.6 eV which is sufficiently strong to allow a 

reliable deconvolution of its intensity. 

The band at 21.7 eV binding energy results from ionization of the 

40 orbital; however, assignment of the final state(s) remains contro- 

3 versial. Edqvist et al.19 regard this band as the overlapped c I'I 

1 and B JI final states derived from the 40 orbital. However, Rydberg 

series recorded in absorption spectraz0 indicate that a single ionic 

3 state, the c JI, is formed at 21.7 eV. Theoretical calculations 2 1 

3 support the assignment of c JI for the 21.7 eV band. These calcula- 

1 tions indicate that the B n (40)~' ionic state is strongly modi- 

fied by configuration interaction and suggest that this state be as- 

signed to a broad, weak band at 22.7 eV binding energy (not shown in 

Fig. 2; see Ref. 19). We adopt these assignments; i .e., the c3n band 

at 21.7 eV and Bin z2.7 eY . Unfortunately, the 22.7 eV band was 



recorded in only a few of the present TOF spectra and with low counting 

statistics, so B ( E )  measurements are not reported. 
1 +  3 3 The present TOF measurements for NO+ X E , b JI, and c JI were also 

quoted in Ref. 1, where the relative partial cross sections were 
1 + scaled to absolute units (Mb) by normalizing the X C partial 

cross section to 3.25 Mb at 21.2 eV photon energy. That normalization 

was determined from the photoionization yield measurements of Watanabe 

et the photoelectron branching ratio data of Bahr et al., 23 

and the total photoabsorption cross section tabulated by Berkowitz. 2 4 

However, we prefer to adopt the more self-consistent 

procedures used by Brion and  an'^ and by Gustafsson 
for their partial cross section measurements of NO. 

normal ization 

and Levinson 26 

Thus, the partial 

photoionization cross sections reported here have been scaled to units 

24 of Mb by apportioning the total photoabsorption cross section ac- 

cording to the photoelectron branching ratios measured over hv = 29-31 

eV by the magic angle TOF detector. It is assumed that the photoioni- 

zation yield22 is unity at those energies. This normalization pro- 

cedure increased the absolute partial cross sections reported here by 

13 percent relative to the original normalization reported in Ref. 1. 

The branching ratios over 29-31 eV photon energies are listed in Table 

I along with those measured at 28 eV and 30 eV by dipole (e,2e); 25 

the agreement is very good. 

Present results for the photoionization cross sections and photo- 

electron asymmetry parameters are listed in Tables 11 and 111, respec- 

tively. The results are plotted in Figs. 3-6 along with previous rnea- 

surernen ts 25s26928 and theoretical curves from the MSM cal~ulation.'~~ 



Three distinct resonant features are apparent in the partial cross 

section for NO' in which the antibonding 2r (n*2p) electron 

has been photoejected (see Fig. 3(a)). The strong, sharp resonance at 

17.00 eV photon energy we attribute to autoionization of the Rydberg 

excitation 50 + 4pn. This is the third member of the r(O,O) Rydberg 

1 series,29 having as series 1 imit the A JI state of NO' at 18.32 

eV binding energy. A maximum in the experimental cross section at hv 

= 19 eV agrees well with the energy position of the small 2n + ea 

shape resonance predicted by the MSM. 'The strong, broad resonance 

centered at hv = 29 eV in the TOF and ( e , ~ e ) ~ ~  data is not repro- 

duced by the MSM calculation. However, IVO calculations30 for the 

corresponding n*2p orbital in O2 (the lr orbital) predict a weak 
9 

resonance near threshold in the in + Fau channel and strong reso- 
9 

nances in the €nu and € a u  channels near 16 eV kinetic energy. Ex- 

perimental cross section measurements8 are in good agreement with 

the IVO theory. Therefore we tentatively attribute the strong, broad 

+ 1 +  resonance in NO X c to the r and a ionization channels. How- 

ever, this interpretation requires confirmation by further theoretical 

work. 

The photoelectron asymmetry measurements for the 2n orbital are 

plotted in Fig. 3(b) and agree we1 1 with line source measurements. 28 

Oscillations in the measurements below 20 eV we attribute to the auto- 

ionization and EU  resonances observed in the partial cross section. 

The MSM correctly predicts the rise of B ( E )  with increasing energy, but 

the calculated values are too high by about 0.6 8 unit. 



3 Results for NO' b JI are plotted in Fig. 4. The cross section 

measurements show a broad resonant feature centered near the energy 

position of the 5~ + E U  resonance predicted by the MSM. The calculated 

feature is somewhat more narrow and intense than experiment. Very good 

agreement was obtained among the present B ( E )  measurements, line source 

measurements,28 and the calculated ~ ( 6 )  curve. Structure in the mea- 

surements at low energies likely results from autoionization of the 

Rydberg-exci ted 4a electron. 20 

+ 3 Partial cross section measurements for NO c ll are plotted in 

Fig. 5(a). The present results are in conflict with previous measure- 

mentsZ6 based on synchrotron radiation for the energy position and 

intensity of the 4a + EU shape resonance. The measurements of Ref. 26 

place the resonance maximum near 29 eV, while the maximum was observed 

near 27 eV in the present measurements and with an absolute intensity 

1 40 percent smaller. The (e,2e) data25 and MSM calculation also 

indicate the resonance maximum lies at higher energy than we report 

here. The present results were obtained over a more limited energy 

range, and we note an indication of two maxima in the data of Ref. 26, 

as was observed above for the 2a orbital. Thus, perhaps the first 

maximum was observed here. The difference in the magnitudes of the 

measured cross sections indicates a discrepancy in the measured photo- 

electron branching ratios. Table I shows that the present branching 

ratio measurements are in good agreement with the (e,2e) results. Note 

that the (e,2e) cross sections plotted in Fig. 5(a) are for the com- 

3 bined c II and ~ l l  ionic states,27 which could not be resolved in the 

1 (e,2e) spectra. As shown in Table I and in Ref. 26, the B band accounts 



3 1 f o r  30 percent o f  the  t o t a l  c n + B n i n t e n s i t y .  Hence, t he  (e,2e) da ta  

are i n  good agreement w i t h  the present measurements f o r  cross sec t i on  magni- 

tude, and t he  cross sect ions repor ted  i n  Ref. 26 appear too  la rge .  The ~ ( c )  

measurements p l o t t e d  i n  F ig .  5(b)  e x h i b i t  the resonance minimum p red i c ted  by 

t he  MSM; however, the observed minimum l i e s  3 eV lower i n  energy and t h e  

ca lcu la ted  values are too  h igh  by 0.6 8 u n i t .  

Photoe ject ion from the  I n  and 5a o r b i t a l s  produces a se r i es  o f  

seven over1 apping bands i n  the photoe lect ron spectrum between 15 .7 eV 

and 20.0 eV b ind ing  energy (see Fig. 2 and Refs. 18 and 19).  I t  was 

no t  possib le,  i n  the present experiment, t o  i s o l a t e  a s i n g l e  i o n i c  

s t a t e  der ived f rom the IU o r b i t a l .  However, a t  low energies i t  was 

poss ib le  t o  approximately deconvolute the  i n t e n s i t i e s  o f  the two 

3 1 5a-derived f i n a l  s ta tes b n and A TI. The remaining i n t e n s i t y  was 

3 3 1 1 due t o  the f i v e  f i n a l  states,  a32+, w A, b '  r, A '  2 ,  and W A, der- 

ived from the  I n  o r b i t a l .  F igure 6 shows % ( a )  measurements p e r t a i n i n g  

t o  the average over these f i v e  ( l n ) - l  i o n i c  s t a t e s e 3 l  The r e s u l t s  

are i n  very  good agreement w i t h  f ixed-nuc le i  MSM ca l cu la t i ons2  f o r  

t he  I n  o r b i t a l  . 
The present measurements and MSM ca l cu la t i ons  f o r  NO and p rev i -  

ous results4-' f o r  N2, CO, and O2 show t h a t  u molecular o r b i t a l s  

produce qua1 i t a t i v e l y  d i f f e r e n t  ~ ( c )  curves near threshold  than do CJ 

o r b i t a l s .  For u o r b i t a l s ,  B i s  - < 0 near threshold, and i t  increases 

w i t h  energy t o  p o s i t i v e  values. For the  a o r b i t a l s ,  B i s  genera l l y  

l a rge  and p o s i t i v e  a t  threshold, decreases somewhat ( p a r t i c u l a r l y  

through a shape resonance), then remains la rge  and p o s i t i v e  t o  h igh 



energy. This observation is consistent with Chang 's analysis3' of 

molecular photoionization transitions in terms of parity favored- 

n e ~ s . ~ ~  More simply, however, the B(L) values produced near thresh- 

old 1 ikely reflect the orbital angular momentum composition of the 

molecular orbitals. Single-center expansions of u molecular orbitals 

generally contain large components of R = 0 (s atomic orbital) angular 

momentum. Thus, the large B(E) values for u orbitals near threshold 

34 1 ikely reflect large ns + rp components, which have B~~ = 2. How- 

ever, the r molecular orbitals contain R - > l components, which produce 

smaller B values. For example,34 ~ ( n p  9 es) = 0 and ~ ( n p  rd) = 1. 

C. Conclusions 

The partial photoionization cross sections measured for the 2r, 50, 

and 40 orbitals of NO exhibit shape resonance features attributed to 

the u continuum in qualitative agreement with MSM calculations.' A 

strong shape resonance in the ( 2 ~ ) - '  cross section is attributed to 

the r and B continua and was not reproduced by the MSM theory. MSM 

calculations of photoelectron asymmetries for the It and 50 orbitals 

are in very good agreement with the measured B(E) values, but strong 

deviations between theory and experiment were obtained for the 2r and 

40 orbitals. 

Shape resonances now appear to be prevalent, characteristic fea- 

tures in molecular photoionization spectra. The MSM has generally 

predicted these features and has clarified their dynamical nature. 11 

However, the MSM is a semi-quantitative, one-electron model calcula- 

tion, roughly equivalent to the Hartree-Slater (central field) model 



of atomic photoionization .35 More accurate theories of molecul ar 

photoionization in small molecules, on the level of Hartree-Fock ac- 

curacy, are highly desirable, so that one-electron processes are 

treated quantitatively, and the importance of many-electron and elec- 

tronic-nuclear interactions can be assessed systematically. The IVO 

methodl3 provides such a theoretical framework for the accurate cal- 

culation of partial photoionization cross sections. However, the pres- 

ent measurements on NO demonstrate that the photoelectron asymmetry 

B ( E )  also is very sensitive to the accuracy of the theoretical calcu- 

lation. Calculations of B ( E )  for small molecules on the level of 

Hartree-Fock theory are currently in progress,36 and the first re- 

sult~~' are highly promising. 

Vibrationally resolved measurements using synchrotron radiation, 

analogous to the work 9910 on N2 and CO, would help clarify the un- 

derstanding of resonant photoionization of NO. Vibrationally dependent 

+ 1 +  measurements for the NO X C state seem particularly feasible, 

because the ground state is energetically well separated from higher 

ionic states and several vibrational levels are populated. 18,19 

Such measurements could be of particular value in clarifying the ori- 

gin of the strong, broad resonance observed in the vibrationally-summed 

cross section. 
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Table I. Photoe lec t ron branching r a t i o s  (%) f o r  NO'. 

Bind ing  Present r e s u l t s  (e ,2db  
energy 

State (ev 1 29 eV 30 eV 31  eV 28 eV 30 eV 

aFor the  combined s t a t e s  a3f, b311, W ~ A ,  bazc-, 
~ ' l y ,  AI~, and W ~ A  de r i ved  from t h e  lr and 5a o r b i t a l s .  

b ~ i ~ o l e  (e,2e) r e s u l t s ,  Ref. 25. 

CFor t h e  combined s t a t e s  c311 and ~ 1 n  (see note  27). 



Table I I. Partial photoionization cross sections (Mb) for NO'. 



Table 111. Photoelectron asymmetry parameters B f o r  NQ+. 

aFor the average over the  f i v e  f i n a l  s t a t e s  a3z+, W ~ A ,  
b13z-, A I ~ Z - ,  and W ~ A  derived from the  In o r b i t a l  (see  
note 31) .  



FIGURE CAPTIONS 

+ 2 +  Fig. 1. Photoelectron asymmetries for N2 X 2 measured 
9 

using synchrotron radiation. 0, Present results; 0, Ref. 

14; solid line, Refs. 4 and 5 (see note 15). 

Fig. 2. Energy-converted TOF spectra of NO recorded at o0 and 54.7" 

with respect to the photon polarization vector, and at 24.3 

eV photon energy. 

Fi g. 3. Partial photoionization cross section (a) and photoelectron 

asymmetry (b) for NO+ xlz+ (2~)-l. Experimental: l , 

present results; 0, Ref. 25; X, Ref. 28. The solid line is 

the MSM theoretical calculation, Ref. 1. 

Fig. 4. Partial photoionization cross sect ion (a) and photoelectron 

+ 3 asymmetry (b) for NO b n. (5a)-l. Experimental: , pre- 

sent results; X, Ref. 28. The solid line is the MSM theoret- 

ical calculation for the average over nuclear motion, Ref. 1. 

Fig. 5. Partial photoionization cross section (a) and photoelectron 

+ 3 asymmetry (b) for NO c TI (4a)-l. Experimental: , 

present results; . , Ref. 26; 0 ,  Ref. 25 (see note 27 and 

discussion in the text). The solid line is the MSM 

theoretical calculation for the triplet fraction of (40)-' 

only, Ref. 1. 

Fig. 6. Photoelectron asymmetry for the average over the states 

1 a32+, w36, b13r, ~"2-, and W A derived from 

the In orbital (see note 31). The solid line is the MSM theo- 

retical curve, Ref. 2. 
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