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Electron momentum spectroscopy of xenon: A detailed analysis
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Accurate measurements of the 1000-eV noncoplanar symmetric (e,2e) reaction on xenon are re-

ported. Cross-section calculations are carried out with the use of both the plane-wave and
distorted-wave impulse approximations. The distorted-wave impulse approximation accurately de-

scribes both the 5p ' and Ss ' angular correlations and their relative cross sections. It also de-

scribes accurately the Sp3/2..5p&q2 branching ratios if Dirac-Fock target wave functions are used.
The branching ratios show the inadequacy of Hartree-Fock wave functions for xenon. The plane-

wave impulse approximation overestimates the 5s ' cross section relative to the Sp ' and underes-

timates the cross section at large angles. The Ss ' spectroscopic factors are assigned up to a separa-
tion energy of 45 eV, and the distorted-wave impulse-approximation calculation verifies that all the
Ss ' strength has been found. The spectroscopic factors for the Ss ' manifold are obtained at 1000
and 1200 eV at a number of angles and are found to be independent of incident energy and ion recoil
momentum. The spectroscopic factor for the lowest Ss ' transition at 23.4 eV is 0.37+0.01,
whereas that for the ground-state Sp ' transition is greater than or equal to 0.98.

I. INTRODUCTION

The noncoplanar symmetric (e,2e) reaction is the basis
of electron momentum spectroscopy (EMS).' It is a
kinematically complete ionization measurement carried
out on gas atoms or molecules under conditions of max-
imum momentum transfer to the knocked-out electron.
These conditions are equal final-state electron energies
(Eq Ett EF), w——hich——are held Axed over the course of
the experiment, and equal polar angles 8=45' for the
final-state electron momenta. The energy states e, of the
ion are scanned by varying the incident energy Eo. The
profile of recoil momentum p is scanned for each ion state
from approximately zero to several atomic units by vary-
ing the relative azimuthal angle P of the final-state mo-
menta.

At high enough total energy the momentum profile is
given to a good approximation by the spherically averaged
square modulus of the characteristic momentum-space or-
bital of the knocked-out electron. This is the orbital for
which the leading configuration in a configuration-
interaction expansion of the ion is a hole coupled to the
target Hartree-Pock ground state. It characterizes the
symmetry manifold of the ion state. This approximation,
the plane-wave impulse approximation (PWIA), is valid
up to some maximum momentum p,„,which at the en-
ergies normally used (& 1000 eV) is at least 1 a.u. The
criterion for sufficiently high energy is purely experimen-
tal. The structure information derived from the experi-
ment must be independent of the total energy.

Inner-valence states of atoms and molecules usually
consist of fragments of an orbital split by final-state con-
figuration interaction. The characteristic orbital of each
fragment is identified by its momentum profile. If all the
fragments of a particular orbital are found in an experi-
ment, the summed crossed section for them is equal to the

cross section for the orbital, in the approximation that the
Hartree-Pock configuration dominates the target ground
state. The relative cross sections for the fragments, nor-
malized to a sum of unity, are the spectroscopic factors or
pole strengths. This interpretation is checked by the
total-energy independence of the spectroscopic factors and
the relative momentum profiles for different summed or-
bitals.

In the case of small molecules' these checks have al-
ways been obeyed when the momentum profiles are calcu-
lating using the PWIA. For inert-gas atoms spectroscopic
factors for inner valence S states have always been deter-
mined consistently at P-0, independent of total energy,
by relative cross sections within the corresponding sym-
metry manifold. However, the ultimate confirmation, the
comparison of momentum profiles between orbitals, has
required the distorted-wave impulse approximation
(DWIA). ' Relative momentum profiles have been correct-
ly calculated for the valence s and p manifolds of neon
and argon, the latter to an accuracy of 3%.
Momentum-profile shapes are correctly described for all
measured momenta by the DWIA for these targets and
for helium and xenon . However, relative s and p pro-
files were not correct for the previous xenon analysis.

The present work describes more accurate experiments
on xenon at E=1000 eV and 8=45'+0. 1' and E=1200
eV and 8=45.7+0.2'. The 5p ' and 5s ' angular
correlations obtained at 1000 eV are analyzed using the
DWIA and relativistic orbitals. Details of the analysis of
4,
'e, 2e) experiments using the 0%'IA are given in Ref. 3.
Although a relativistic description of the target wave
function is necessary for a high-Z system, when the con-
tinuum electron energies are small (in terms of the elec-
tron rest mass), the relativistic form of the impulse ap-
proximation reduces to the nonrelativistic form. There-
fore, in the present analysis the nonrelativistic forms of
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the impulse approximation have been used in conjunction
with the relativistic form of the atomic wave function.

It has been known for some time that the dominant

5p ' transition leading to the ion ground-state doublet
has a spectroscopic factor close to unity, whereas the
5s ' manifold is severely split. '6 We report here accu-
rate measurements of both the 5p ' and 5s ' spectro-
scopic factors. The Ss ' spectroscopic factors are ob-
tained as a function of momentum p at both 1200 and
1000 eV total energies.

In order to identify the causes of the complex structure
associated with the Ss ' manifold, we have carried out
relativistic configuration-interaction calculations of the
target ground-state and residual ion states. The calcula-
tions were also undertaken in order to determine whether
initial- and final-state configuration interactions have any
infiuence on the Sp3/'i and Sp~~2 cross-section ratios.
Values for these ratios had previously been measured as a
function of recoil momentum at 1200 eV total energy.
The ratios were in agreement with predictions using
Dirac-Fock wave functions and disagreed with Hartree-
Fock (i.e., nonrelativistic) wave functions. We report fur-

ther measurements at 1000 eV and use them to differen-
tiate between the plane-eave and distorted-wave results.

II. GENERAL THEORY OF THE ( e, 2e) REACTION

The plane-wave impulse approximation for the (e,2e)
reaction has previously' been written in terms of a general
notation for the many-body wave functions of the target
and ion. Here we give it in a more explicit notation appl-
icable to structure calculations. We explain the relation-
ship of the general case to the target Hartree-Fock ap-
proximation, which gives a valid and practical simplifica-
tion in many cases of interest.

The differential cross section in terms of the electron
momenta ko, kz, ka (in obvious notation) is

k„kg=(2~) f„Gf(p),
d'o

(1)
dkg dkgdEa 0

where the electron-electron collision factor f„ is the
square modulus of the appropriate half-shell Mott-
scattering t-matrix element averaged over electron-spin
degeneracies,

1 2@v 1 1

(2iri)2 exp(2irv) —1

v=1/14 —kii I, p=k~+4 —ko.

I
k —ka

I

'
cos vln

lko —k~ I' lko —ka '
lko —k~ I' (2)

The structure factor Gf(p), written in terms of magnet-
ically degenerate initial and final states, is

Gf(p) = g I (p+f.JfMf I
0 o/oMo ) I j(2Jo + 1 ) . (4)

MO, Mf

For an atomic target with total-angular-momentum quan-
tum number Jo the magnetically degenerate target eigen-
states 1+o/oMo) constitute a basis for a representation
of the point group SU(2) of the target which has rank Jo
and dimension 2Jo+1. The vector index of the represen-
tation space is Mo (magnetic quantum number).

The matrix element in (4) is the probability amplitude
that +f is obtained by annihilating an electron of momen-
tum p and spin coordinate cr in the target state 4IO. We
use second-quantized notation, in which the operator that
annihilates such an electron is

j

m. The orbital g~ (p, cr) is defined by

(p,a)=P (p)y' (p, o ),
where ym is a normalized spin-ang e harmonic

yj (p, ir) =g(1v —,
'

p, Ijm)i'Y'„(p)p„'~ (o),
v, p,

where F„' is a spherical harmonic and X„' is a two-
component spinor.

The spin-angle integration in the matrix element of (4)
is done by the Wigner-Eckart theorem, for which we use
the form

J J J
(Jm I

U~J
I

J"m"
& =( —l)j-

j,a, m
(p, cr)a'

x (J IIUJ'I Ij )

The function g is the single-particle orbital in
momentum-spin space for total angular momentum j with
projection m. In a many-body calculation the effect of
certain coinplete manifolds of orbitals is often represented
by replacing the manifolds with pseudostates (usually
denoted by the use of a bar, e.g., 6s). The notation P
includes pseudostates. The quantum number j and the la-
bel a together uniquely specify the orbital, apart from the
projection number m. The operator a~ is the usual fer-
mion annihilation operator with quantum labels j, o., and

The reduced matrix element (jl IUJ
I I
j") is a vector in the

representation space with equal components. %'e wi11
evaluate it below in the special case where both the target
and the ion are represented by the same independent-
particle model. We use the following scalar product:

UJVJ=QU~ V' .

Applying Eqs. (5) and (8) to matrix elements of (4), we
have
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& pq'f: JfMf I
'4:JoMo & = X W (P) & +f:JfMf I

u
I

q'o:JoMo & (10)

Jf j Jo

The structure factor Gf (p), defined by Eq. (4), is

Gf(p) =(2Jo+ 1)
&o Jf j' &0

&(»6(» X M m M, M m M, &Poll(a')'IIPf &&+flla'pllq'o&
Mf m Mo Mf m Mo

=(2Jo+I) ' X ka(u)@du) & Poll(~V'Ill'f & & +f llaJpllq'o&,
;a,P

(12)

where the simplification has been effected by using the
orthogonality and rearrangement properties of the 3-j
symbols.

We now consider only the final states I'PIZ~Mf &,

which all belong to a symmetry manifold M characterized
by Jf and parity and obeying the manifold-closure rela-

tion

j j 0
&'Pf jm I

aJ
I
Vo.00& =( —1)J

g I iaaf dgMf & & %fJyMf I

= 1 .
f&M

(13)

Therefore, in this case

(14)

where the last factor in (14) is just the density matrix for
the ground state of the target. The prime over the sum-
mation is used to indicate that the sum over orbitals is re-
stricted to those which obey the selection rules implied by
(11). We may now define the generalized spectroscopic
factor for a particular symmetry manifold by

Gf(p) =Sf,~(p) ~~(S') . (15)

It is immediately obvious from definition (14) that the
spectroscopic factors obey the sum rule

g Sf~(P)=1.
fE'M

In order to obtain a physical understanding of the alge-
bra used for the general case, we evaluate the reduced ma-
trix element for the simplified case of a closed-shell target
in which both target and ion are represented by
independent-particle determinants of target Hartree-Fock
orbitals. %e are interested only in the shell characterized
by j,a. In this model the probability amplitude that %'f is
obtained by annihilating an electron in %o is unity:

The closure property may be used in conjunction with Eq.
(12) (in unreduced form) to determine the sum rule for the
structure factors belonging to a particular manifold,

~~(p)= g Gf(p)
fEM

=(2J +1) 'y'g(P)gp(P)&+ I( ')' ' I'P &,

In general, Sf(p) and %sr(p) are calculated by many-
body methods such as configuration-interaction or
Green's-function methods. However, for many closed-
shell targets, nearly 100% of the spectroscopic strength of
the many-body wave function +o is attributed to the
Hartree-Fock (or Dirac-Fock) configuration 4o. It is
reasonable to make the target Hartree-Fock (or Dirac-
Fock) approximation THFA (or TDFA) in which

I
'4& =

I @o& .

This effects an enormous simplification in Gf(p) and

W~(p). Once again, we are interested only in the target
shell j,a. For Gf(p} we make the appropriate substitu-
tions in Eq. (12). For a closed shell Jo —0. For the single
target shell j,a we have p=a. We express Gf(p) in terms
of a spectroscopic factor SfJ, which is 1 in the
independent-particle model of the ion, by extracting the
factor (2j + 1)'~ from each reduced matrix element in ac-
cordance with Eq. (17):

Gf(s') = [K4 )]'
I &+f I

l(~ )'I l@o& I

'
=(2j + 1)SfJ [g (p)] (19}

The structure factor in the THFA is simply the square of
the radial momentum-space orbital multiplied by the elec-
tron multiplicity and the spectroscopic factor

SI,J =(2j+1) '
I &q'fll«'. )'Il@o& I'. (20)

In this approximation the spectroscopic factor is indepen-
dent of p. It is equal to 1 in the approximation that the
ion structure is given by a hole in 40. %'e may consider it
as the probability that 'kf consists of a hole in 40 ~ith
quantum numbers j,a.



2l4 COOK, McCARTHY, MITROY, AND %'EIGOLD

For a closed-shell system the ion manifold M is speci-
fied by the orbital quantum numbers j,a. The manifold
structure factor W~ (p} is obtained by analogy with (15):

W, (p)=[+(p)] (@0..00((a') aJ (40..00&

= (2J + 1)[g~(P)] (21)

The manifold sum rule (16) in the THFA is

(22)

Equation (21) gives an experimental definition of the
orbital g(p), valid in the case where electron correlation
splits the single-particle ion state into fragments f in the
manifold ja. To the extent that the PWIA and THFA
are valid, Eqs. (1), (15), (19), and (21) give

d 0'
[k(p)l'=(2J+I) ' g

fEj a dkgdkiidEa

kafka

(2n ) f„ (23)

In practice, differential cross sections for all final states are measured relative to each other. It is not necessary that the
PWIA and THFA are valid for absolute cross sections. If SfJ~ is independent of momentum, then g(p) may be nor-
malized by (22).

The (e,2e} experiment may be used to provide an experimental measurement of the HF single-particle energy. Using
(20), and the algebra leading to (17},we have

&pa=&@000(«~am)'H&'m
I
4'000& = g «' o00(«i~~)'I qfj in&& f&q' fj rnl &~am

I
C'o00& = g~f J~f (24}

fEja, m fej a

where ef is the experimentally determined separation en-

ergy of the state f.
We have carried out relativistic configuration-

interaction calculations for the xenon ground state
( %Q&

(see Sec. IV for details} and fiqd that
((40(%0& (

&0.95, where (40& is the Dirac-Pock con-
figuration for the xenon ground state. Consequently,
those terms of Eq. (12), involving ejection of an electron
from a target DF orbital, will dominate these matrix ele-
ments, and so cause the generalized spectroscopic factors
to be almost independent of p. Therefore, for detailed
comparison with the experiment we use primarily the
TDFA (or THFA) in conjunction with the DWIA.

Expression (19} for the structure factor Gf(p) is re-
placed by

Gf(p)=Sf j g (
(X' '(kg)X' '(ka) (g X'+'(ko) & (

(25)

where X'+-'(k) are elastic-scattering wave functions for
electrons in the appropriate equivalent local static ex-
change potentials. Spin-orbit coupling is omitted from
these potentials.

For f we use a target Hartree-Fock or Dirac-Fock or-
bital. Only the large component is used in the distorted-
wave DF calculation. We have tested the validity of this
approximation for xenon by computing PWIA cross sec-
tions using, alternatively, the large component and both
components. The error involved is less than l%%uo.

III. EXPERIMENTAL METHOD

Noncoplanar symmetric geometry was used in the
present work. The electron-coincidence spectrometer and
the techniques used have been described previously, ' and
only a brief outline will be given here. A schematic dia-

gram of the instrument and associated electronics is given
in Fig. 1. Details of the construction, as well as the
computer-controlled operation and data analysis of this
instrument, are given in Refs. 3 and 4. One major change
has been to replace the deceleration lens by a five-element
lens similar to that described by Kevan, which allows ad-
justment in the angle of acceptance. In the present work
it was fixed at hP =hP = 1' full width.

Electrons from a differentially pumped electron gun
pass through a gas target chamber, the xenon gas being
admitted to the collision region through a capillary tube.
The two outgoing electrons are detected by twin electron
spectrometers which have position-sensitive microchannel
plate detectors mounted at their exits in order to allow a
range of energies to be measured simultaneously.
Binding-energy spectra at a series of relative azimuthal
angles P were obtained in a binning mode in which the
spectrum was windowed across the microchannel plates so
that each part of the spectrum was collected for an equal
time on each part of the channel plates. Momentum dis-
tributions were obtained from sequentially obtained angu-
lar correlated binding-energy spectra in order to maintain
relative normalizations. In any run the binding-energy
spectra at the different relative azimuthal angles were
scanned repeatedly over the whole angular range.

The operating conditions at 1000 eV were Eo ——1000 eV
+ separation energy, Ez ——E~ ——500 eV, 8=45', and

was varied over the range 0'—35'.
Momentum resolution was &0.06ao ', while the energy
resolution was 1.2 eV full width at half maximum
(FWHM). The experimental energy-resolution function
was obtained by accurate measurements of the
He( e,2e)He+ ground-state transition. Data were also tak-
en at 1200 eV, with Eo ——1200 eV + separation energy,
Ez ——E~ ——600 eV, 8& ——8& ——45.75'+0.25', angular reso-
lution b,8=5/-1 FWHM, and an energy resolution of
1.5 eV FTHM.
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FIG. 1. Schematic diagram of the noncoplanar symmetric colncldence spectrometer and associated electronics Mop mlcrochan
nel plates with reslstlve an~~ (RA); RT, rotating turntabl on which hemlspherlcal analyzer 8 ls mounted SM stepping motor for
setting the out-of-plane azimuthal angle; Q, quadrupole deflectors; EG, differentially pumped electron gun; PDE, position-
determining electronics; TFA/CFD, timing-filter amplifier and constant-fraction discriminator.

IV. RESULTS AND DISCUSSION I500—
1 l l l

A. Structure calculations and spectroscopic factors

1. The 5s ~ transition

400— E =OOOO eV

@=O, e=~5

The extreme complexity of the inner-valence
separation-energy spectrum can be seen in Fig. 2, which
shows the measured inner-valence separation-energy spec-
trum at 1000 eV and P =O'. The spectroscopic factors for
the Ss ' transitions obtained at this angle (p=0. 1 a.u.),
and at /=8 (p=0.6 a.u. ), are shown in Table I. The
spectroscopic factors have been normalized to unity using
the sum rule (22). Table II reports the Ss ' spectroscopic
factors obtained at 1200 eV over a range of azimuthal an-
gles, i.e., electron momenta p. The 1000- and 1200-eV
data are in agreement within experimental error, as are
the spectroscopic factors at the different values of recoil
momenta. The data show that the spectroscopic factor
for the "main" Ss ' transition leading to the Ss Sp

C
~ 200—
C
O

too—

0'
I 1

18 20

l I 1 1 I I l l I t I

22 24 26 28 30 32 34 36 38 40 42
Qeporation energy (eV)

FIG. 2. The 1000-eV noncoplanar symmetric separation-
energy spectrum of xenon at P =0' and 8=45' over the
(22—45)-eV region. The solid curve shows the least-squares fit
to the data with peaks at 23.4, 24.7, 25.3, 26.5, 28.0, 29.1, and
31.5 eV.
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TABLE I. The Xe ss ' spectroscopic factors norma1ized to unity at E=1000 eV and 8=45' for
transitions with the indicated separation energies. The dominant configuration of the corresponding ion

eigenstate is also shown. The errors in the last significant figure for spectroscopic factors at a given az-
imuthal angle are given in the parentheses.

(eV)

23.4

24.7

25.3

26.5

28.0

29.1

31.5

& 33.4
g45

Dominant
configuration

ss 5p S

5s25p ('P)6s P

ss~sp ( P)5d P

ss~sp~('D)sd 2P

5s 5p ('S)6s S
5s 5p ('D)5d S
ss~sp~{3D)6d P
ss'Sp4('P)6d 4P

ss25p~('D)6d 2P

5s25p ('D)6d ~S

Xe~++e

p=0. 1 a.u.

0.36(1)

0.04(1}

0.03(1)

o.o2(1)

0.11(1)

0.24(1)

0.10(1)

O. 11(1)

p=0.6 a.u.

0.34(2)

0.02(2)

0.05(2)

0.01(2)

0.12{2)

O.22{2)

0.10{2)

0.14(2)

ion state at 23.4 eV is only 0.37+0.01, with approximate-
ly 12%.of the 5s ' strength lying in the continuum.

The relative spectroscopic factors for the two main
transitions are plotted in Fig. 3 as a function of the recoil
momentum for both the 1200-eV data (circles) and 1000-
eV data (triangles). The spectroscopic factors are in-
dependent of momentum and incident-electron energy.

Exact comparison of the present EMS data with the rel-
ative intensities of the main 5s ' and satellite lines in Xe
photoelectron spectra is not possible. There are several
reasons for this. ' The first is that the photoelectron-
spectroscopy (PES} data are measured at much higher
ion-recoil momenta, p =3 a.u. for Ii v= 130 eV and p = 10
a.u. for h v= 1487 eV. Our data (see Sec. IV B) show that
even for 500-eV outgoing electrons the distortion from
plane waves is significant for p&1.5 a.u. The high-
momentum component of the electron wave function is
dominated by the wave function close to the nucleus,
where the distorting potential is greatest. Thus in PES, as
one increases the photon energy one selects electrons of
higher momentum from, on the average, an increasingly
large distorting potential, and it is doubtful if the electron
waves can ever accurately be described by plane waves.
This makes it difficult to extract meaningful spectroscop-
ic factors. Another reason is that as the momentum com-
ponent increases, the presence of very small eiectron-
correlation effects in the target wave function may be-
come more important. In addition, much of the PES
data, such as that of Gelius" and Spears et al. , ' were
recorded at 90 rather than the "magic" angle, which
makes it difficult to interpret the reported relative intensi-
ties since the asymmetry parameter may be state and ener-

gy dependent. Above the double-ionization threshold or
in any region where the peaks are not well separated, PES

is beset by background-subtraction problems, " which
make the interpretation of PES data in those regions ex-
tremely unreliable.

We have carried out relativistic configuration-
interaction calculations of the target atom and residual
ion states in order to identify the causes of the complex
structure associated with the 5s ' manifold. The calcula-
tions were also undertaken to determine whether initial-
and final-state configuration interactions (CI's) have any
influence upon the 5p3/2 5pi/2 cross-section ratio. That
relativistic effects need to be incorporated for the deter-
mination of the spectroscopic factors for 5s ' manifold
(as well as the 5p ' states) is most easily seen by compar-
ing results of a ground-state multiconfiguration Hartree-
Fock' (MCHF) calculation and the equivalent multicon-
figuration Dirac-Fock optimal level (MCDF-OL} calcula-
tion, ' including the 5s5p and 5s 5p Sd configurations.
The dimensionality of the MCHF calculation was two,
while that for the relativistic calculation was six. The
Ss5p configuration probability (given in Table III) for
the lowest J = —,

' state is about 0.1 smaller for the
MCDF calculation than for the equivalent MCHF calcu-
lation and in better agreement with the (e,2e) spectroscop-
ic factor. We also note that three of the other J = —,

'+
states have configuration probabilities greater than 0.01,
demonstrating the breakdown of I.S coupling in the Xe u
spectrum. Indeed, some semiphenomenological calcula-
tions by Hansen and Persson' have demonstrated that the
J = —,

'+ (Ss ') manifold is extremely complex and can-
not be easily described by any coupling scheme. Hansen
and Persson also derived 5s 5p configuration probabilities
from their analysis. These are detailed in Table IV.

The scheme used for the CI calculation uses orbitals
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P ct
Q Q

generated by the Grant et al. MCDF (Ref. 15) program
as input for a general CI program using the nt-scheme ap-
proach developed by Mitroy et al. ' ' The 5s and Sp or-
bitals (as well as the 1 s-4d inert core) were determined by
a calculation of the Xe? ground state. In addition 6s, 6p,
and 5d orbitals were generated with approximateiy the
same radial expectation value, (,r ), as the 5s and 5p orbi-
tals by calculations on multiply ionized xenon configura-
tions. The purpose of these orbitals is to allow for corre-
lations and relaxations of the 5s and 5p orbitals, and addi-
tionally for the 51 orbital to allow for interactions be-
tween the bound —, states and the 5s 5p ed continuum.1 +

The 51, 6s, 6p, 7s, and 6d orbitals were generated from
frozen-core (including the 5s and 5p orbitals) extended-
average-level (EAL) calculations of the SsiSp nl mani-
folds. All these orbitals were Schmidt-orthogonalized in
the order they were mentioned in the text above.

First, a rather simple calculation was performed for
the 5s ' manifold, including only the Ss Sp,
5s Sp (51+6s+Ss+6s+6d+7s) configurations. The
Ss5p configuration probabilities and excitation energies
for all states are given in Table IV. The energy separation
between the XeiI ground state and the XeI DF ground
state was slightly too small. This was also found to be the

t Kj oo
Q Q

Q Q Q O

Q

QO 4A

Q Q Q

t Ã KlQ Q
Q Q Q

TABLE III. A comparison of 5s5p6 configuration probabili-
ties for nonrelativistic MCHF and relativistic MCDF-OL calcu-
lations incorporating the Ss5p and 5s Sp 5Z configurations.
Only two configurations [the SsSp and 5s Sp ('D')57 S'J
were included in the nonrelativistic MCHF calculation. Due to
the use of jj coupling in the MCDF-OL calculation, the dimen-
sionality was six since there are five 5s 5p Sd configurations
with J =—

2

P ct'

Q Q Q

State no. MCHF

0.620

MCDF-OL

0.536
& 0.001
g 0.001

0.020
0.028
0.4160.380
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TABLE IV. Calculated 5s5p~ configuration probabilities and separation energies (in eV) for the low-lying J =
2 states.

Columns labeled calculations 1 and 2 come from the small and large-basis CI calculations described in the text. Spectroscopic factors
computed using Eq. (15) are also reported for our large-basis calculation. It is uot possible to give the eigenstates a designation in

terms of a single configuration since most of the states are not dominated by a single-configuration.

Calculation 1

Ef 5s 5p (%)
Calculation 2

5s 5p (%) Sf (p =0.1)

Ref. 16
»5p' (%)

1

2
3

5
6
7
8
9

10
11
12
13
14
15
16
17

22.77
23.99
24.92
25.16
25.58
25.98
28.90
29.19
29.46
30.01
30.19
30.55
30.67
30.82
32.31
32.71
34.13

0.527
0.001
0.020
0.003
0.017
0.001
0.036
0.001
0.001
0.001
0.002
0.003
0.171
0.0
0.013
0.134
0.003

24.52
25.67
26.12
26.72
27.01
27.13
29.12
30.31
30.71
31.21
31.22
31.62
31.77
32.00
33.51
33.86
34.67

0.513
0.001
0.018
0.001
0.017
0.005
0.021
0.006
0.003
0.001
0.005
0.002
0.176
0.0
0.011
0.116
0.007

0.481
0.001
0.019
0.001
0.016
0.005
0.024
0.006
0.003
0.001
0.005
0.002
0.180
0.0
0.012
0.120
0.006

23.40
24.14
24.67
25.06
25.27
25.39
27.88
28.16
28.88
29.06
29.33
29.60
29.85
30.14
31.43
31.53
31.59

0.455
0.001
0.030
0.001
0.036
0.005
0.041
0.015
0.214
0.016
0.122
0.004
0.000
0.000
0.031
0.002
0.027

case in a similar calculation of the argon (e,2e) spectrum.
As expected, the pole strength for the primary transition
is not significantly different from that obtained by the
MCDF-OL calculation. The results for all the satellite
states show qualitative agreement with most of the
features of the (e,2e) spectrum, although there are some
distinctions. In particular, the energy spacings between
the levels are too large, but this is to be expected since the
5s and 5p orbitals are identical for all states. Another de-
fect is that the predicted strengths of those states which
primarily result from intermediate coupling are underes-
timated.

In order to improve our model, we have used this con-
figuration set as a reference set to generate a more exten-
sive CI basis including those configurations which could
be created by single and double excitations into the 6s and
6p orbitals. While it would have been desirable to have
included the excitations into the 5d orbitals, the resulting
dimensionality of the basis [=4000 —, states comprising
=26000 Slater determinants (SD's)] was three times
larger than the equivalent nonrelativistic calculation and
was marginally too large for our available computing
resources. There is a slight improvement in the results
(Table IV), with the spacings between the levels being re-
duced and the Ss5p configuration probabilities of the sa-
tellite states being marginally increased.

When a large-basis CI calculation for the target is per-
formed and the resulting wave function used in the calcu-
lation of the spectroscopic factors, improved agreement
with experiment is achieved. Although the spectroscopic
factors are then, in principle, a function of the recoil
momentum p, the calculation showed that the differences
between the spectroscopic factors at p =0.1 and 0.5 a.u.
were insignificant. Since single and double excitations

from the Ss and Sp orbitals into the 51 orbital were al-
lowed (in the target wave function) it was also possible to
estimate whether the population of —, and —, ion states

3+ 5+.
(through d-electron knockout) could be hidden by the
complexity of the spectrum. We found that the sum total
of the strength of the —', and —', manifolds was less than
1% of the strength of the —,

' manifold for p ~0.8 a.u. ,
and was insignificant at p=0. 2 and 0.5 a.u. when com-
pared with the strength of the —,

' manifold.
Since the TDFA is valid to a high degree of accuracy,

we can use Eq. (24) to calculate the Ss-orbital energy
despite the large splitting observed in the 5s ' manifold.
The observed orbital energy is 27.6+0.3 eV, in agreement
with the calculated DF value of 27.49 eV, and can be
compared with the HF value of 25.70 eV.

2. The 5p transitions

The 5p 3/2 and 5p J /2 transitions at separation energies
of 12.13 and 13.43 eV, respectively, were investigated in
detail at 1200 eV and the angular correlations reported in
Ref. 7. The Sp&zz and Sp&zz momentum densities and
branching ratios could not be described by nonrelativistic
wave functions, but they were found to be in excellent
agreement with those given by Dirac-Fock wave func-
tions.

Since the 5p ' angular correlations are quite distinct
from the 5s ' angular correlations (see Figs. 4 and 5), it
is easy to separate Sp ' satellite structure from the Ss
structure. From binding-energy spectra taken at /=0',
where the 5s ' cross section is a maximum and the 5p
is at a minimum, and at /=6' —8', where the 5p cross
section is maximum and the 5s ' cross section has
dropped away to less than one-third of its maximum
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value, we are able to establish an upper bound of
0.015+0.005 for the sumined spectroscopic strength for
5p ' transitions in the separation energy range 23.4—45
eV. Significant additional Sp ' strength with separation
energy greater than 45 eV is highly unlikely. This implies
that the primary transitions to the 5p ' states must have
spectroscopic strengths of at least 0.98. A large-basis CI
calculation was undertaken in order to provide a theoreti-

@ {deg)
FIG. 4. The experimental angular correlation at 1000 eV for

the xenon total 5p
' graund-state transition normalized to the

DWIA —Dirac-Pock cross section at /=5' (solid curve). The
DWIA —Hartree-Fock cross section is indistinguishable from
the DF cross section, whereas the P%IA-DF cross section is in-

dicated by the dashed curve. The dashed-dotted curve at small
angles indicates the 0%IA and P%'IA cross sections if no al-
lowance is made for the finite angular resolutions of the spec-
trometers.

cal verification.
For the calculation of the Spi/z and Spi/z states, the

Ss Sp, Ss Sp 6p, and Ss Sp 6p manifolds were chosen as
the reference configuration set, and all possible configura-
tions that could be formed from single and double excita-
tion from the reference set into the 6s, 6p, 5d, and 6s or-
bitals were used to construct the CI basis. Both the 5p &&2

and Sp~~2 states were well described by the one-hole con-
figurations, the calculated configuration probabilities be-

ing 0.927 and 0.931, respectively. The calculated energy
splitting of 0.04808 a.u. for the doublet compares well
with the empirical value of 0.0478 a.u. , and is much better
than the value of 0.05275 obtained by using Koopmans's
theorem. The configuration probabilities obtained from
our calculations for the Sp3/i and Sp i/'q ion states seem to
indicate that it might be possible that up to 7% of the
Sp ' strength could possibly interfere with the Ss
manifold and distort the Ss ' experimental spectroscopic
factors at higher q values. However, this inconsistent
treatment of the target and ion wave functions (a single
configuration for the target, many configurations for the
ion states) leads to spectroscopic factors which are sys-
tematically too low. More accurate values for the spec-
troscopic factors were computed using a large-basis CI
wave function (all single and double excitations into the
Sd, 6s, 6p, 6s, and 6p orbitals) for the Xet ground-state
wave function and evaluating Eq. (12). The resulting
spectroscopic factors at

p
=0.5 a.u. are 0.980 and 0.983,

respectively, for the Sp3/i and Sp i/2 transitions. Further-
more, the Spi/z and Sp &~2 cross-section ratios were found
to be quite insensitive to initial- and final-state configura-
tion interactions, being practically identical to the DF ra-
tio depicted in Fig. 6 for all q values shown.
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FIG. 5. Angular correlations at 1000 eV for the total Ss
cross section compared to the D%'IA and PODIA using Dirac-
Fock and Hartree-Fock target wave functions. The 5p ' nor-
malization (Fig. 4) serves to normalize the 5s ' data since rela-
tive cross sections are measured.

FIG. 6. The 5p~&2..5p ~q2 branching ratios at 1000 eV plotted
as a function of the out-of-plane azimuthal angle. The solid
curve is the D%IA-DF result including the effects of finite an-

gular resolution. The dotted curve at small angles shows the
D%'IA-DF result if no allowance is made for finite angular
resolution. The P%'IA-DF ratio has a singularity at about 30'
because the P%'IA for the Sp&~z and 5p3/p transitions has un-

physical zeros at different momenta, corresponding to the zeros
of the momentum-space orbitals.
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B. The noncoplanar symmetric (e,2e) cross section

The 1000-eV noncoplanar symmetric (e, 2e) cross sec-
tions have been measured for the 5p ' transition and for
the range of the states in the 5s ' manifold (see Table II).
All cross sections are measured relative to each other, so
that it is necessary to normalize the experiment at one
point for comparison with theory. We have chosen this
point to be /=5' for the combined 5p&~2 (12.13 eV) and
5p &&2 (13.43 eV) transition. The results are shown in Figs.
4 and 5 for the 5p ' and 5s ' transitions, respectively.
A logarithmic plot has been chosen to exhibit the small
cross-section region. Three calculations are compared
with the data: (1) DWDF—the distorted-wave impulse
approximation (DWIA) using the Dirac-Fock approxima-
tion for the xenon ground state; (2) DWHF —the DWIA
using the Hartree-Fock approximation for the target; and
(3) PWHF —the plane-wave impulse approximation
(PWIA) with the Hartree-Fock approximation for the tar-
get. In Fig. 4 the DWHF results are not shown since they
are essentially indistinguishable from the sum of the 5pqq2
and 5p &&& DWDF cross sections. We have also included
the effects of the finite angular resolution of the electron
detectors in our calculations by integrating the cross sec-
tions over a small range of b,8 and b,P representative of
the experimental resolution. For the 5s ' cross section
(Fig. 5), the angular resolution effects were negligible.
However, for the 5p ' cross section (Fig. 4), the finite-
angular-resolution effects were significant for out-of-plane
azimuthal angles P & 2'. The DWDF, DWHF, and
PWHF cross sections without allowance for finite accep-
tance angles are shown by the dashed-dotted curve in Fig.
4, which underestimates the measured cross section at
small angles P.

The DWIA gives an excellent description of all of the
data. The PWIA gives a good description of the 5p
cross section over the range 0'—16'. This is the most im-
portant part of the cross section in terms of momentum
spectroscopy, since it corresponds to ion-recoil momenta p
of less than or approximately 1.5 a.u. This range of
momentum covers the chemically interesting region of the
momentum-space wave function. The PWIA cross sec-
tion is approximately 20% larger than the DWIA cross
section in this region (cf. the normalization factor of 0.8).

Figure 5 shows the measured angular correlation for
the 5s ' manifold compared with the calculated cross
sections. The solid line shows the D%DF cross sections
normalized to the 5p ' cross section at 5'. The dashed
line shows the DWHF cross section, which differs signifi-
cantly from the DWDF cross section, but both are in ap-
proximately equal agreement with the data. The PODIA
seriously overestimates the 5s ' cross section for P & 12',
and underestimates it in the higher angular range. The
shape in the region P & 10' is nevertheless well described
by the PODIA. This again is the low-momentum region,
where the momentum density of the struck electron is
largest.

Not only does the D%IA describe the shapes of the an-
gular correlations within experimental error, but it con-
firms the spectroscopic analysis of the 5p ' and 5s
manifolds. In Figs. 4 and 5 the total spectroscopic

strengths for the 5p ' and 5s ' transitions are taken to
be unity. The success of the DWIA at 1000 eV in the case
of xenon repeats its success at the same energy for the
lighter noble-gas atom argon.

In the above analysis we have assumed the THFA or
the TDFA. If target correlations are permitted, then the
matrix element becomes a linear combination of the dif-
ferent terms depending on the particular orbital from
which an electron has been ejected, and the spectroscopic
factor depends on p. We have carried out calculations of
the PWIA structure factors (using the large-basis CI wave
functions) to determine the 5s ' and 5p ' spectroscopic
factors as a function of p. The spectroscopic factors were
found to be independent of p to well within experimental
accuracy (Table II and Fig. 3).

C. The Sp 3/q. 5p «/2 branching ratios

The 1200-eV 5p3/2. 5p )]2 branching ratios were report-
ed by us in an earlier publication. They were in agree-
ment with the ratios given by the DF wave functions and
in disagreement with the constant statistical weight ratio
of 2, which is predicted by the HF theory. The 1200-eV
data were analyzed using the PWIA.

In Fig. 6 we show the ratio measurements obtained at
1000 eV compared with the DWIA and PWIA results us-

ing 5p3/2 and 5pizz DF wave functions and the HF value
of 2. The effects of finite angular resolution have been in-
cluded in the DWIA calculation, where again the only sig-
nificant effects are for P &2'. The dotted curve at small P
indicates the DWIA results without any allowance for fi-
nite angular resolution, while the dashed curve gives the
PWIA result.

The data are in excellent agreement with the DWDF re-
sults. As expected, the PWIA cross-section ratios differ
significantly from the DWIA results for large angles P
(& 17'), where the cross section is very small. The data
once again demonstrate the inadequacy of the HF wave
functions for xenon. The calculated ratios shown in Fig.
6 are obtained using the THFA or TDFA. However, as
discussed in Sec. IVA, we checked the validity of these
approximations by carrying out calculations using the
large-basis CI wave functions for the initial and final
states. These calculations showed that the 5p3/2 and
5p~~2 cross-section ratios are quite insensitive to initial-
and final-state electron-correlation effects.

V. SUMMARY

%e have compared accurate 1000-eV noncoplanar sym-
metric (e,2e) cross sections at 8=45' for the 5p ' and
5s ' manifolds of xenon with the factorized distorted-
wave half-off-shell impulse approximation using either
plane waves (PWIA) or full partial-wave-expanded static
exchange wave functions for the continuum electron
waves (DWIA). The DWIA describes the whole experi-
ment within experimental error. Furthermore, it thro~s
light on the determination of spectroscopic factors
without recourse to detailed theory. Spectroscopic factors
for the 5s ' manifold are correctly determined by com-
paring cross sections for the states within the manifold at
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the angle P for the maximum cross section.
The PWIA gives a good description of the shapes of the

angular correlations at small angles P (& 15'}, where the
cross sections are large. This is the most important part
of the cross section in terms of momentum spectroscopy,
since it corresponds to ion-recoil momenta of less than or
approximately 1.5 a.u. This range of momentum covers
the chemically interesting region of the momentum-space
wave function. The PWIA can readily be used to identify
the manifold to which a particular transition belongs, and
hence to calculate relative spectroscopic factors within a
manifold. It does, however, overestimate the cross section
for the inner-valence transitions relative to the outer-
valence (ground-state} cross section. The DWIA obtains
the correct cross-section ratios for the different manifolds.

The 5p ' ground-state transition is shown to be an al-
most pure independent-particle transition with a spectro-
scopic factor greater than or equal to 0.98. This is veri-

fied by detailed MCDF-OL calculation of the atom and
ion ground states. The 5@3/2 5p)/2 branching ratio can-
not be explained using HF wave functions since it
changes from almost 2.5 at small P to a little less than 2
at larger P. The branching ratios are, however, in excel-
Ient agreement vrith the vajues given by the 5@3/p and

5@~~2 DF wave functions. This is in agreement with our
earlier measurements at 1200 eV.

The 5s ' manifold, on the other hand, is severely split,
with the strength of the "main" transition at 23.4 eV be-

ing only 0.37+0.01. The spectroscopic strengths for vari-
ous transitions, including the continuum above the
double-ionization threshold at both 1000 and 1200 eV,
are, wittun experimental error, independent of energy and
ion-recoil momentum, thus verifying the analysis of the
5s ' manifold. MCDF-OL calculations are only in qual-
itative agreement with the data, somewhat underestimat-
ing the severity of the splitting of the Ss ' manifold.
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