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The (e,2e) reaction is used to investigate the binding energies and angular correlations for electrons
ejected from the 4p and 4s orbitals of krypton. Configuration interaction in the ion eigenstates is the
dominant feature in the ejection of a 4s electron. Only (30 + 3)% of the strength of the 4s hole state
is contained in the ion eigenstate with the dominant configuration 4s4p°2S,,,. The angular correlations
calculated with the distorted-wave off-shell impulse approximation, and using the Hartree-Fock wave
functions of Froese-Fischer, agree very well with the observed angular correlations. In addition, relative

-1

to a 4p

spectroscopic factor of unity, the 4s ~! spectroscopic factors for the various excited ion

eigenstates sum to 0.99 4 0.08. Data are also presented on the binding energies of electrons ejected
from the outer s and p orbitals in neon and argon, and the role of configuration interaction in the
s 7! states is discussed. Incident electron energies are approximately 200, 400, and 800 eV.

I. INTRODUCTION

In a recent series of papers we have shown that
the (e, 2¢) reaction can be an extremely powerful
technique for studying atoms!~? and molecules.*™®
In all of these experiments we used noncoplanar
symmetric geometry and incident electron energies
ranging from 200 eV to approximately 1 keV. We
showed that the angular correlation observed when
an electron is removed from the least-bound single-
particle state of helium and argon can be extreme-
ly well understood in terms of the single-particle
model for the atomic structure and the quantum
mechanics of reactions. Outstanding features were
that the shape of the angular correlation was inde-
pendent of energy and directly related to the mo-
mentum wave function of the struck electron. In
additiorn we showed that the reaction was sensitive
enough to distinguish between different approxima-
tions for the wave function.

We have also used the reaction to probe the struc-
ture of eigenstates of the ion Hamiltonian other
than the ground state.

A model,® similar to that of Levin,” was derived
for the (e, 2e) reaction in which the differential
cross section is proportional to a spectroscopic
factor describing the probability of finding a parti-
cular single-hole configuration in the ion eigen-
state, the shape of the cross section again being
given by the distorted-wave off-shell impulse ap-
proximation.

There are therefore several criteria which the
“correct” wave function must meet. Firstly, it
must give the observed shape of the angular corre-
lation. Secondly, the spectroscopic factors for a
particular single-hole configuration must sum to
unity over all the corresponding eigenstates. Fi-
nally, it must give the correct binding energy; the
experimental position of the single-hole energy
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level being defined as the centroid of all the eigen-
states containing the corresponding single-hole
configuration, weighted by the spectroscopic fac-
tors.

In addition to studying He and Ar, we have used
the (e, 2¢) reaction to study the simple diatomic
molecule H, * and the valence orbitals of the poly-
atomic molecule CH,.° The results showed that the
reaction probes details in molecular wave functions.

The (e, 2¢) reaction has recently also been used
by Van der Wiel and Brion® to investigate molecu-
lar structure. Their experimental arrangement
was designed to simulate photoelectron spectros-
copy by detecting fast forward-scattered electrons
in coincidence with slow electrons ejected at 90°.
Although this technique does not allow the determi-
nation of electron momentum distributions, it has
several advantages over photoelectron spectros-
copy. Other electron-electron coincidence experi-
ments by Camilloni ef ¢l.° and by Ehrhardt et al.°
were concerned with inner-shell structure and with
angular correlations at very low ejected energies,
respectively. The electron momentum distribution
in atoms, molecules, and solids has recently been
extensively investigated using Compton scattering
of x rays'! and y rays,'? inelastic scattering of
high-energy electrons,'® and positronannihilation.*

The last method requires a knowledge of the pos-
itron wave function in the target, which depends on
the charge distribution, so that at best a “self-con-
sistent” approach is possible. All these techniques
fail to distinguish different final states of the ion,
though in a recent experiment!® the 1s shell was
isolated by detecting the scattering photon in coin-
cidence with a fluorescence x ray. The results
did not agree with the predictions of the impulse
approximation; so no structural information was
obtained. The “Compton profiles” provided by all
these techniques require differentiation of the ex-

566



11 STRUCTURE OF INERT GASES FROM THE (e,2¢) REACTION 567

perimental data to yield the radial momentum dis-
tribution, which considerably degrades the accura-
cy obtained.

The purpose of the present work is to extend our
earlier measurements on helium and argon to other
inert gases, and in particular to investigate the
role of configuration interaction resulting from
electron correlation effects in the hole states in
the valence s shells.

II. APPARATUS

The experimental apparatus has been described
only briefly in earlier publications, and therefore
a more extensive description will be given here.
The vacuum chamber consisted of a stainless-steel
cylinder, 76.1 cm high and 54.5 ¢m in internal
diameter, sealed at the top and bottom to alumin-
ium plates by means of O rings. The chamber was
pumped by a 6-in. mercury diffusion pump and as-
sociated liquid-nitrogen trap through a port in the
bottom plate. The experimental apparatus shown
in Fig. 1 was mounted on this plate. Base pres-
sures of 8 X107 Torr were obtained with the ex-
periments conducted in a dynamic chamber pres-
sure of about 107° Torr. The pressure in the in-
teraction region was generally an order of magni-
tude or so higher than this. Long term stability of
the background pressure was about 5%.

Target gases were of at least 99.9% purity and
were held in one or more glass reservoirs of 1-1
capacity at pressures of several hundred Torr.
Gas was admitted to the vacuum chamber by a leak
valve through a cold trap and a length of tubing,
which terminated within a few millimeters of the
electron beam in a capillary tube of 0.025-cm i.d.
Calculation of the gas throughput at the normal
pressure showed that the flow through the capillary
was not effusive. The pumping speed in the inter-
action region was limited by the tube holding the
inner slit system (Fig. 1), so that the gas density
varied only slowly with position near the capillary
orifice. A set of deflection plates was used to align
the electron beam from a commercial electron gun
with a Faraday cup whose entrance aperture was
0.125 ecm. The beam was focused by maximizing
the ratio of the current into the cup to the spray
current collected on the front face. This ratio was
generally of the order of 10°. Beam currents
varied with the energy and the age of the gun from
over 100 to less than 10 upA.

Two electron-energy analyzers were required
to define the energies and directions of the emitted
electrons. From the many designs available in the
literature,’® the cylindrical-mirror analyzer!” was
chosen because of its simple construction, high-
resolution, and superior electron optical proper-

ties. The choice of symmetric noncoplanar scat-
tering geometry (i.e., azimuthal angular variation)
as opposed to the more usually discussed symmet-
tic coplanar situation was made on several grounds.
Firstly, because of the cylindrical symmetry only
the entrance aperture of one analyzer had to be
moved in the azimuthal direction. This made the
mechanical arrangement simple and compact. Sec-
ondly, the interaction volume should be independent
of angle if the width of the electron beam is kept
smaller than the viewing angles of the two spectro-
meters. This could only be arranged in the copla-
nar system by using a well-collimated target beam
with a consequent loss of intensity. Thirdly, the
singles counting rates and angular correlation ob-
tained must be symmetric about ¢ =0, providing a
check on instrumental distortions. Further, the
angular correlations are proportional to the mo-
mentum distribution alone, since the off-shell
Coulomb T matrix® is independent of ¢. In prac-
tice, the count rate of the fixed analyzer was used
to monitor the product of beam current and gas
density, while the count rate of the movable ana-
lyzer was used to correct for any angular variation
of sensitivity.

The two analyzers were of similar construction
and were mounted on opposite sides of a vertical
aluminium plate which was cut out in the center to
carry the electron gun, deflection plates, and Far-
aday cup. The axes of the analyzers were coinci-
dent with the electron beam. Each analyzer con-
sisted of an inner half cylinder machined from
stainless steel with an outer plate rolled from
stainless sheet supported by Teflon end plates.
Fringing fields were minimized by attaching stain-
less-steel annular segments to the end plates and
connecting them by stainless-steel rods along the
edge of the analyzer. The rings were connected by
a resistor chain between the negative outer plate
and the grounded inner plate. The azimuthal angle
enclosed was 150° in both cases, compared with
the range —40°< ¢ < +40° over which data were
taken. The entrance and exit slits were sufficient-
ly far from the end plates so that the fringing fields
were negligible.

Both entrance and exit apertures on the fixed
analyzer were holes drilled in tantalum foil at an
angle of 45° to subtend 5° along both diameters at
the source and detector, respectively. The exit
aperture on the other analyzer was a slit subtend-
ing 5° at the detector while the entrance aperture
was another 5° hole drilled in a long tantalum strip
running around the inner plate and over rollers.
The ends were attached to either end of a miniature
chain running over a sprocket on a rotary feed
through. Rotation of the shaft thus changed the ac-
ceptance angle of this analyzer. The electron de-
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tectors were Mullard channel-electron multipliers
(CEM), which were mounted in silicone gel inside
small aluminium boxes fitted with variable aper-
tures. They were mounted with their apertures on
an axis orientated at 45°. The CEM on the movable
analyzer was rotated in unison with the entrance
slit by a second chain drive. The source size for
both analyzers was defined in the radial direction
by the electron beam (~1 mm) and in the axial di-
rection by a pair of slits mounted on a copper tube
of 12-mm internal diameter surrounding the beam
as shown in Fig. 1. This figure also shows the di-
mensions of the two analyzers.

The expression for the resolution of each ana-
lyzer for the configuration used in this work was
dominated by the term due to the axial extent of the
source and detector. The important quantity was
the FWHM of the resolution function obtained in co-
incidence experiments, which was a convolution of
the two analyzer functions and the energy distribu-
tion of the electron beam; for the combination of
slit sizes used in the present work this resolution
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FIG. 1. Schematic diagram of the experimental appara-
tus: 1: electron gun; 2: deflection assembly; 3: gas
inlet; 4: inner-slit assembly; 5: Faraday cup; 6: fixed
analyzer; 7: movable analyzer; 8: fixed CEM; 9: move-
able CEM.

was 1.2% of the summed final energies. The bind-
ing-energy scale was calibrated directly by using

a gas such as helium, which could be mixed with
the gas under study, to obviate problems associated
with space charge and contact potentials. The
vacuum chamber was lined with mu-metal and sur-
rounded by a pair of Helmholtz coils giving fields
less than 5 mG within the analyzers. All exposed
surfaces were coated with colloidal graphite to re-
duce stray fields. The entrance cones of the CEM’s
were biased up to 50 V negative to repel low-energy
electrons.

The signal processing electronics have been dis-
cussed in earlier publications.!'? In brief, pulses
from the CEM’s were amplified by preamplifiers
and double delay line amplifiers. Two fast timing
discriminators were triggered in the zero-crossing
mode. The output from one timing discriminator
provided a stop pulse. The output spectrum from
the time-to-amplitude converter was fed to a multi-
channel analyzer, which was used to set up the ex-
periment and to monitor the time resolution. A
typical time delay spectrum is shown in Fig. 2,
where the resolving time is 10 nsec at 0.1 maxi-
mum. Two single-channel analyzers were set up
to accept events in the ranges shown in Fig. 2. If
the “background” single-channel analyzer window
is set x times broader than the window set over the
coincidence peak, the true coincidence rate is
given by T=C - B/x, and the standard deviation by
op=(C+B/x*)Y2. C and B are the counts registered
in a given time by scalers looking at the “coinci-
dence” and background windows, respectively. The
advantage of using large values of x for cases
where the true rate is small is obvious. In the
present work x was set equal to 4.
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FIG. 2. Typical time-delay spectrum showing window
settings.
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III. DETERMINATION OF SPECTROSCOPIC
FACTORS

The theory of the determination of spectroscopic
factors was given in some detail in Ref. 3. Since
the main atomic-structure effect observed in the
present experiments is the excitation of different
eigenstates of the same total angular momentum
and parity, we will concentrate on this aspect and
assume that the initial atom does not have signifi-
cant ground-state correlations. (The effect of
ground-state correlations has been demonstrated®”
for the case of helium in another publication.)

In the notation of Ref. 3, the atomic eigenstate ¥,
is assumed to be the ground-state Hartree-Fock
configuration &,(0). The ion eigenstate is a linear
combination of independent-particle configurations

o,(8):
Yo=Y b,B8)8,(8), @)
8

where primed wave functions denote a (Z — 1)-parti-
cle system. Denoting the coordinates of the inci-
dent and ejected electrons (for which antisymmetry
is eventually imposed) by 0 and 1, the (e, 2e) am-
plitude for excitation of an ion state of total angu-
lar-momentum quantum numbers J, m and parity

7 is equal (apart from constant kinematic factors)
to

M7= (V& Kp)| Vo + Vo [ K, o) . @)

In Ref. 3 we made the optical-model approxima-
tion for ¥(;), in the case where the state o of the
ion is excited:

‘I’:(;&lazm EB)=ME;)(EA’EB)‘I’6 . ®3)

This approximation assumes that the ion state ¥/
consists of the original atomic state ¥, (called the
unexcited core) coupled to hole state ¢ p(fl), where
the single-particle quantum numbers o account for
J, m, and 7. This ion configuration is denoted
%/(0). The two final-state electrons merely scat-
ter elastically from the core. Inelastic scatter-
ings, corresponding to the core-excited configura-
tion ®.(B) for B #0, are simply included in a com-
plex term in the potential, in which the two-elec-
tron continuum function «$’ is computed.

The present work shows that some ion states
have quite small spectroscopic factors (of order
0.3 or less), so that core-excited configurations
play a large part in the expansion (1) of the ion
eigenstate. It therefore seems inconsistent not to
include explicitly the parts of the amplitude involv-
ing such configurations. A detailed discussion of
this point will be deferred to a future publication.
We will, however, explain why the determination
of spectroscopic factors is not invalidated by core
excitations.

Each core-excited configuration is denoted by
<D:,(B)=[¢)p><\lle]c, 4)

where the single-particle angular momenta p cou-
ple to the excited-core angular momenta 3 to give
the ion quantum numbers 0. In the specific cases
of 3+ ion eigenstates considered here, shell models
such as that of Luyken?®® depend only on the 0+ core
ground state and 2+ core-excited states, so that
the corresponding particle states ¢, are s— and
d—states, respectively:

Mo=3 " b,8)
B

XU Cas Rp)[ 9 X WsJol Vot Ve Koy W) .
5)

The parts of this amplitude that do not depend on
the core coordinates constitute the amplitude of
Ref. 3. This is a three-body amplitude, evaluated
by the distorted-wave off-shell impulse approxi-
mation of Ref. 2, multiplied by a spectroscopic
amplitude b,(0), whose square is the spectroscopic
factor S,(0). This approximation includes the di-
agonal matrix element of the optical-model poten-
tial (¥,| V,| ¥,) by transforming to a distorted wave
Xo(K,). It is calculated in the present work.

In order to allow for explicit core-excited terms
we must keep the off-diagonal optical-model terms

”Bo=(‘I’BI Vo, \I‘o)' (6)

In addition to the leading term used in the pres-
ent work, we have terms for each core-excited
configuration 3 of the form

ba(B)(”?YEA,EB)I[%T:Xveo]ol)(o(ﬁo)) . (7

It is immediately obvious that such terms are
small, not only because of the rather small struc-
ture amplitudes b,(3), which may also be small in
the leading term, but also because of the core-ex-
citation amplitudes vg,. These amplitudes are re-
sponsible for inelastic scattering from the atomic
core, which is well known to be small compared to
elastic scattering. The elastic amplitude, like the
leading (e, 2¢) term, is of zeroth order in vg,.

It is not necessary to perform an explicit calcu-
lation of the terms of order vg, (although one is
currently being performed) in order to test the
validity of the use of the leading term in the deter-
mination of spectroscopic factors. Such terms
have an entirely different structure from the lead-
ing term. In particular, they are strongly energy
dependent and state dependent, whereas the shape
of the leading term is independent of energy in the
present noncoplanar symmetric geometry, and, of
course, includes only the unexcited core state.
The leading term is therefore seen experimentally
to be a valid approximation in kinematic regions
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where the cross-section shape is energy independ-
ent and state independent. For argon and krypton
this appears to be the case for momentum trans-
fers less than about 1g;!, within the present exper-
imental accuracy. Error in making this assump-
tion is included in the error involved in the satis-
faction of the sum rule for spectroscopic factors,

D S,0=1. (8)

If the sum rule is satisfied within experimental
error, this lends plausibility to the assumption
that the core-excitation contribution to the ampli-
tude is small at momentum transfers for which
relative magnitudes of s 7! angular correlations are
compared.

The procedure for evaluating spectroscopic fac-
tors is therefore as follows:

(i) Measure the binding-energy spectra at vari-
ous fixed angles (i.e., g) by varying the incident
energy for a given final energy.

(ii) Identify the total angular momentum and pari-
ty of the ion states by the angular correlation
shape. This is obtained by varying the angle and
keeping the incident and final energies fixed. In
the present cases spin-orbit splitting is not re-
solved and we denote different types of state by
s tand p~.

(iii) If there is only one state of a given type, its
spectroscopic factor is assumed to be 1. If the
angular correlation is given to a good approxima-
tion by the three-body cross section of Ref. 2 using
an approximate Hartree-Fock wave function, this
is regarded as confirmation of this assumption.
Such is the case for p~* states in neon, argon, and
krypton.

(iv) If there is more than one state of a certain
type (as there is for s ™! states in argon and kryp-
ton, but not neon) the angular correlations are
compared with the three-body calculation of Ref.

2 using an approximate Hartree-Fock wave func-
tion. In the momentum-transfer region where an-
gular correlations in noncoplanar symmetric ge-
ometry are energy and state independent, the as-
sumption that the angular correlation is propor-
tional to the spectroscopic factor is assumed to
be valid.

(v) Spectroscopic factors are evaluated by com-
paring experimental cross sections o(g) using
three-body amplitudes 7' ;,. The ratio of cross sec-
tions at given momentum transfer for s ' and p!
states is

05(q,) _ 22 +1)*| Tylq)) PSs _ 4 | Ts(a)l® Ss
op(qz) Z}Jp (ZJP"“I)ZITP(%)PS» 20 |T,(q2)lz Sy ’

(vi) In the present cases, since we know S,=1,

we may calculate S, absolutely for each s ™! state,
even though there is one arbitrary factor multiply-
ing all the experimental data.

(vii) The spectroscopic factors for a particular
type of state (e.g., s™!) are summed. If their sum
is unity, this is regarded as a check of the validity
of the theory as well as of the assumption that no
states have been missed in the experiment.

IV. RESULTS AND DISCUSSION

If the target atom is considered to be at rest,
then the momentum transfer to the residual ion in
the (e, 2¢) reaction is given by =k, +k, - k,, where
the subscript 0 refers to the incident electron and
the subscripts A and B to the two outgoing elec-
trons. In the symmetric noncoplanar geometry
both electrons are emitted at equal angles to the
incident direction (45° in the present case), and
both are selected to have the same energy (E,=Ejg).
Then the magnitude of the momentum transfer is
given by

q =] (2% c086 —k ) +4k%sin6 sin*s o|¥2.

Neglecting the recoil energy of the ion because of
its large mass, the incident electron energy E,
can be simply related to the binding energy or sep-
aration energy € of the ejected electron and the
total energy E=E, + E of the emitted electrons by
E,=€ +E.

Figures 3 and 4 show the variation of coincidence

Kr E=200eV

300 — k

} x (@ =10)
2001~ /

Relative Coincidence Counting Rate

0 0! ‘2 30 40 L1 50 60
Binding Energy (eV)

FIG. 3. Variation of the coincidence counting rate with
binding energy for krypton at a total electron energy £ of
200 eV. Arrow at €=34 eV indicates the position of the
4s%4p%4a %S, ;, ion eigenstate.
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FIG. 4. Variation of coincidence counting rate with
binding energy for krypton obtained with £ =400 eV.

counting rate observed for krypton when the inci-
dent energy E, is varied and the total energy E is
kept constant at 200 and 400 eV, respectively. The
peak at 14.1 eV corresponds to the ejection of a

4p electron leaving the ion in its ground state with
the configuration of 4s24p°®. The peak at 27.4 eV
results from a transition leaving the ion in its first
excited state. This state of the ion has traditional-
ly been identified with the 4s hole state, that is,
the configuration 4s'4p®. Further transitions can
be seen leaving the ion in higher excited states

and even in the continuum, which begins at € =38.6
eV. Such transitions can be produced by a number
of mechanisms. The angular correlations to be
discussed later show that only direct mechanisms
need be considered.! We have previously dis-
cussed® the dominant effect of final-state configura-
tion interaction in the electron-impact ionization
of argon using the distorted-wave off-shell impulse
approximation. This previous discussion did not
include the possibility of nonorthogonality between
atomic and ionic basis functions due to the different
self-consistent potentials. Effects of nonorthogon-
ality have sometimes been called shake up and
shake off. The functions of Z - 1 particles which
appear in the fractional parentage expansion of the
atom?® thus overlap with more than one configura-
tion constructed from single-particle states cal-
culated in the ion self-consistent potential. Our
previous derivation can be generalized to include
this effect by expanding the final ion states ¥ in
configurations &/,(3) constructed from atomic sin-
gle-particle states,

V=Y b,(8)84B),
B

where now the amplitudes for one-particle, one-
hole excitations need not be zero. The cross sec-

tion will, as before, be proportional to the spec-
troscopic factor | 5,(0)[?, but, of course, additional
states ¢ of the same angular momentum and sym-
metry may contain the single-hole configuration
under consideration. The assignment of ion eigen-
states to either configuration interaction or elec-
tron shake up (off) depends on the choice of basis.
Calculations by Carlson and Nestor!® of the total
probability for shake up and shake off indicate that
this probability is small for the ejection of elec-
trons from outer shells, thus showing that the ef-
fects of nonorthogonality are unimportant. The cal-
culations, based on relativistic Hartree-Fock-
Slater wave functions, give a value of approximate-
ly 4% for the total probability of shake up and shake
off when an electron is ejected from the 4s orbital
of krypton. This is negligible compared to the ob-
served probability shown in Figs. 3 and 4 for tran-
sitions leading to the higher excited states. The
probability for transitions leading to the first ex-
cited state of Kr II with € =27.4 eV relative to that
for all excited states (e =27.4 eV) is 0.29+0.04 at
200 eV and 0.31+0.04 at 400 eV. Figures 3 and 4
also show that although the contribution with sepa-
ration energy above 27.4 eV has a well-defined peak
at approximately 34-35 eV, the peak is too broad to
be accounted for by the excitation of a single state.
Figures 5 and 6 show the angular correlations
obtained for electrons with separation energies of
27.4 and 37 eV, respectively. The correlations,
for total energies of 400 and 800 eV, are plotted
as a function of the momentum transfer ¢q. In
agreement with our earlier results on helium and

Kr (4S)
1.0~ €= 2%4eV
% E=800eV

g oe
€ 0 % E 400eV
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FIG. 5. Angular correlation observed for the ejection
of electrons from krypton with binding energy of 27.4
eV compared with that predicted by the 4s krypton wave
function of Froese-Fischer (Ref. 19).
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FIG. 6. Angular correlation observed for the ejection
of electrons from krypton with binding energy of 37 eV

compared with that predicted by the 4s krypton wave
function of Froese-Fischer (Ref. 19).

argon, the angular correlations are observed to

be independent of the energy E and depend only on
the momentum transfer q. The solid line in the
figures is the angular correlation calculated using
the distorted-wave off-shell impulse approxima-
tion*'?® with low distortion. In effect, the curve is
the square of the momentum-space wave function
of an electron in the 4s subshell of krypton. The
wave function used was the Hartree-Fock wave
function of Froese-Fisher.® The two angular cor-
relations are strikingly similar and both can be
fitted extremely well with the 4s momentum-densi-
ty distribution, except perhaps at large momentum
transfers where the experimental errors are large.

The two peaks with higher separation energies
must both therefore correspond to the ejection of
a 4s electron from krypton. The strength of the
4s hole state in Kr is therefore severely split
among a number of ion eigenstates, only 30% of
the strength being in the first excited state of the
ion, normally given the ion configuration 4s4p°®.

In other words there must be a large amount of
configuration interaction in the ion eigenstates as
a result of electron-electron correlations.

Since the binding energy of the single-hole energy
level is defined®'?° to be the centroid of all the
eigenstates containing the single-hole configuration
weighted by the spectroscopic factors, the binding
energy of the 4s hole state is not 27.4 eV. Analysis
of the data in Figs. 3 and 4 yields a binding energy
of 33.4+0.7 eV. This can be compared with the
value of 32.1 eV obtained from the Hartree-Fock
calculations of Froese-Fischer. Inclusion of rel-
ativistic effects would lead to an increase in the

binding energy of approximately 2 eV.%!

The possible importance of configuration interac-
tion in the single ionization of krypton by the ejec-
tion of a 4s electron was pointed out by Luyken
et al.*®* They came to this conclusion as a result
of an optical study of the excitation of the 4s4p°2S,,
ionic level in krypton by electron impact, although
no numerical data stood at their disposal.

The configuration interaction first observed by
us''? in electron-impact ionization should also be
observable in photoionization of the s subshell.
Recently such data on inert gases have been re-
ported by Spears et al.,?* who used the x-ray photo-
electron spectroscopy technique. They observed
some satellite structure and assigned approxima-
tely 20% of the strength of the 4s ™! state to an ion
eigenstate at € =34 eV, with the suggested designa-
tion** of 4s%4p*(*D)4d*S,,,. In addition to a small
contribution assigned to shake up accompanying 4p
ionization, some higher structure was observed
but was not discussed by them. The 4s%4p*4d?S,,,
state, indicated by an arrow in Fig. 3, must arise
through configuration interaction in either the atom
or the ion.>*” The angular correlation in Fig. 6
shows that the configuration interaction is in the
ion, since it has the shape characteristic of the 4s
hole rather than the 4d hole. This is in agreement
with the conclusion of Minnhagen ef gl.,>* who found
a strong interaction between the sp°2S,/, and
(*D)4d?S,;, levels.

The present results for krypton can be compared
with our earlier results for argon,!'®> which were
also interpreted as resulting from configuration
interaction in the ion eigenstates. Figure 7 shows
the binding energy spectrum for argon obtained at
a total energy of 200 eV. The shape and size of the
high-energy peak interpreted as being due to con-
figuration interaction in the ion is in agreement
with the earlier data taken by us at higher energy
with poorer resolution. The strength of the 3s ar-
gon hole state is divided between the 3s3p° ion
eigenstate and one or two higher excited states
which have a total contribution of 42+4%. As dis-
cussed in detail earlier,’*® this is in agreement with
a configuration interaction calculation by Luyken,?®
who concluded that the 3s argon hole state should
be split primarily between the three ion eigenstates
3s3p°28,/5, 3523p*3d>S,/,, and 3s23p?4d>S,,,, in the
ratios 0.62:0.31:0.07. The position and shape of the
high-energy peak in Fig. 7 is consistent with the
major contribution arising from the 3s%3p342S,,,
state with a separation energy of 38.6 eV, and a
much smaller contribution from the 3s®3p*4d>S,/,
state at 41.2 eV. If the configuration interaction
occurred in the atom rather than the ion, i.e., if
the high-energy peak was due to the knock out of
d-state electrons from argon 3s23p*nd® configura-
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FIG. 7. Coincidence counting rate vs binding energy
for argon with £ =200 eV. Arrows indicate the positions
of the various ion eigenstates discussed in the text.

tions, the angular correlation should not peak at
q =0 as observed, but should be given by the square
of the nd momentum-space wave function.”

The recently reported photoionization data of
Spears et al.>® on argon show some structure at an
energy corresponding to the final ion eigenstates
discussed above and a very small contribution due
to shake up. There is, however, again a discrep-
ancy between the photoionization results and the
present data. The role of configuration interaction
is much less significant in the photoionization data
than in the (e, 2e) results. There is an independent
check on the strengths of excited states, these be-
ing proportional to the spectroscopic factors which
must sum to unity. In the case of (e, 2¢) on argon
the 3s ™! spectroscopic factors do indeed sum to
unity within experimental error.?

Figure 8 shows the binding or separation energy
spectrum obtained for neon at a total energy of
400 eV. The two peaks at 21.6 and 48.5 eV corre-
spond to the ejection of a 2p and a 2s electron leav-
ing the ion in its ground state (2s22p°) and first
excited states (2s2p®), respectively. In contrast to
the Ar and Kr results, the absence of any contribu-
tions with separation energies above 48.5 eV shows
that configuration interaction plays an insignificant

Ne E = 400eV
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FIG. 8. Coincidence counting rate vs binding energy
for neon with E =400 eV.

role in the 2s hole state of neon. This is also in
agreement with Luyken’s wave-function expan-
sions, which gave 99% of the strength of the 2s hole
state to the 2s2p°%S,/, ion eigenvector component.
Since the configuration interaction in the argon ion
is primarily due to d orbitals, and that in the kryp-
ton ion can be given a similar tentative assign-
ment,** the absence of d orbitals in the z =2 shell
would explain the minor role of configuration inter-
action in neon. In Luyken’s neon wave-function
expansion, what little configuration interaction
there is is contributed by the 2s%2p*3d component
(with € =60 eV). The important role of the d orbi-
tal in the electron correlation effect observed in
valence s 7! (hole) states of the inert gases may re-
sult from quadrupole collective excitations in the
core, which cannot occur without exciting electrons
into d states. Further evidence for this comes
from the argon shell-model calculation of Luyken,?
which is confirmed by the (e, 2¢) experiment.?
Each of Luyken’s eigenvectors for the three ob-
served states with spin and parity 3+ have large
coefficients only for configurations with excited
core spin and parity 2+ (D). Those excited con-
figurations with core spin and parity 0+ (!S) are
suppressed.

The angular correlation for the ejection of the
outer p orbital from krypton is shown in Fig. 9.
Owing to the finite angular resolution of the appa-
ratus (8°), the coincidence counting rate does not
drop to zero at ¢=0, as expected for a p~! state.
This effect is more pronounced at 800 eV since the
angular range of the correlation becomes more re-
stricted at higher energies. The two curves in the
figure have been calculated using the 4p~! krypton
wave function of Froese-Fischer. Agreement be-
tween theory and experiment is very good.

The relative magnitudes of differential cross
sections for excitations of different ion eigenstates

5
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FIG. 9. Angular correlation observed for the ejection
of electrons from krypton with binding energy of 14.1
eV compared with that predicted by the 4p wave function
of Froese-Fischer (Ref. 19). Solid curve, calculated at
E =800 eV; dashed curve, at E=400 eV. The experi-
mental angular resolution has been folded into the cal-
culation.

have also been measured in the experiment. Cross
sections for ion eigenstates of the same total angu-
lar momentum and parity are proportional to the
probability of finding the appropriate single-hole
configuration in the eigenstate. They can also be
compared with cross sections for ion eigenstates
of different total angular momentum, as discussed
in Sec. III

We assume that the wave function of the ground
state of the krypton ion consists purely of the con-
figuration 4p~'. This is supported by the fact that
only one energy level with a 4p~! angular correla-
tion is observed. In addition, in order to deter-
mine meaningful spectroscopic factors we must use
a reaction model and a single-particle model for
the atom that adequately reproduces the angular
correlation shape. The Hartree-Fock model of
Froese-Fischer gave, in the distorted-wave off-
shell impulse approximation, theoretical curves
which fit the 4p~* and 4s ~! data very well for all
but the highest measured momentum-transfer val-
ues.

In order to compare relative magnitudes of cross
sections we have chosen to consider 4s ™! angular
correlations at minimum momentum transfer (¢
=0) and 4p ! angular correlation at ¢ =0.46qa;".
These points are both in the region where the shape
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is excellently reproduced by the model, and they
are near maxima, so that the effect of folding in
the experimental acceptance angle is minimized.

The sum of the 4s ™' spectroscopic factors for the
various excited ion eigenstates is 0.99+0.08 for
the Hartree-Fock wave function of Froese-Fischer.
Within experimental error it therefore satisfies
the rule that the sum of the spectroscopic factors
for all ion eigenstates contained in a given hole
state should be unity.

V. SUMMARY AND CONCLUSIONS

The experimental angular correlations obtained
in the (e, 2e) reaction on krypton using the symmet-
ric noncoplanar geometry are very well described
by the distorted-wave off-shell impulse approxima-
tion and the Hartree-Fock wave functions of
Froese-Fischer.

The experimental angular correlations and sep-
aration-energy spectra show that although there is
very little, if any, configuration interaction in the
4p 7! state; many ion eigenstates contain the 4s *
configuration. In fact, configuration interaction is
no longer a small effect, but is dominant, only 30%
of the 4s ™! configuration being contained in the first
excited state of the ion. The experimental position
of the single-hole energy level, defined to be the
centroid of all ion eigenstates containing the corre-
sponding single-hole configuration weighted by the
spectroscopic factors, is therefore considerably
different from that established by photoelectron
spectra such as those reported by Siegbahn et ¢l.2
It is shifted from 27.4 to 33.4 eV, slightly higher
than the 4s ™* energy level determined by the Har-
tree-Fock theory of Froese-Fischer.

In contrast with the results for krypton, config-
uration interaction is not significant in the 2s !
configuration of neon. However, it is quite signi-
ficant in the 3s ™ configuration of argon. The
(e, 2e) reaction therefore provides an important
tool for investigating electron correlation in atoms
and ions.

Another criterion, which depends both on the
validity of the reaction model and the single-parti-
cle model of the atom, is that the spectroscopic
factors should sum to unity. The spectroscopic
factors for 4s 7' configurations in the various kryp-
ton ion eigenstates observed to have the 4s ™ angu-
lar correlation shape are determined relative to
the ground state, which is assumed to be 1 since
only one such eigenstate is observed. Their sum
is 1 within experimental error.
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