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High-resolution electron-momentum spectroscopy of argon:
Validation of technique and approximations
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(e,2e) cross sections for argon have been measured for binding energies in the valence regime of the ion at
energies of 500, 1000, 1500, and 1800 eV. The kinematic arrangement is noncoplanar symmetric. Cross
sections are relatively normalized for each energy. The assumptions of electron-momentum spectroscopy are
verified in detail. The distorted-wave impulse approximation with Hartree-Fock orbitals describes the data
within experimental error. It gives the correct inner valences orbital manifold cross section relative to the outer
valencep manifold at all energies. Orbital manifolds of ion states are identified, within which cross-section
ratios are independent of energy and recoil momentum. Spectroscopic factors are defined by the ratio of the
cross section for an ion state to the cross section for the orbital manifold. The spectroscopic sum rule is
verified. @S1050-2947~99!03802-0#

PACS number~s!: 34.80.Dp, 34.80.Nz
an
o

d
te
se

iv
o

ot
er
s

et

pl
le
4
o

o
igh
ro
o

um
lec

M

b

this
ex-
29

by
-
ro-

3

s of
e-
or-
rs.
pic

ins
n-
ve
ref-
tro-

dict
pic

c-
st
ld.
ata

ery
ital
te
ay
I. INTRODUCTION

Electron-momentum spectroscopy~EMS! depends on the
high-energy and high-momentum-transfer (e,2e) reaction, a
kinematically complete observation of the ionization of
atomic, molecular, or solid target by an electron beam
energyE0 . Electronic statesi of the residual ion are resolve
in binding energye i , which is the eigenvalue of the sta
with reversed sign. For each state the differential cross
tion is measured as a function of ion recoil momentump,
producing a momentum profile. In the experiment relat
cross sections are measured at a given energy for the
served statesi, but one overall absolute normalization is n
determined. In order to scan momentum from zero to sev
atomic units it is convenient to arrange the experiment
that only one kinematic quantity is varied. For gas targ
this is normally the out-of-plane azimuthal anglep2f be-
tween the directions of the emergent electrons in nonco
nar symmetric kinematics, where the energies of the e
trons are equal and fixed and the polar angles are each
This arrangement maximizes the momentum transfer fr
the scattered to the ejected electron. The binding energye is
scanned by varyingE0 .

The simple interpretation of the experiment in terms
the independent-particle model is that at sufficiently h
energy and momentum transfer the elementary elect
electron collision is impulsive, so that the observed rec
momentump is equal and opposite to the momentumq of
the target electron at the collision instant. The moment
profile is therefore the momentum density of the target e
tron, given by the absolute square of its orbital.

The experiment by Weigold, Hood, and Teubner@1# in
1973 observed the valence structure of the argon atom.
mentum profiles were very close to the 3p and 3s Hartree-
Fock forms predicted by the independent-particle model,
PRA 591050-2947/99/59~2!/1245~8!/$15.00
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more states were observed than the two predicted in
interpretation. The lowest-energy ion state at 15.76 eV
hibited the 3p momentum profile but the others, between
and 43 eV, had similar profiles close to the 3s form.

The independent-particle interpretation was refined
Furness and McCarthy@2#, who considered a configuration
interaction expansion of the ion states. The momentum p
file classifies the ion states into orbital manifolds. In thes
manifold, for example, the reaction observes the 3s-hole
configuration, which consists of a hole in the 3s orbital of
the target ground state. Relative cross sections for state
the manifold give the relative probability of finding the on
hole configuration in the expansion. The probabilities, n
malized to a total probability 1, are the spectroscopic facto
EMS therefore not only observes orbitals, but spectrosco
factors specifying electron correlations.

It is essential to emphasize that the experiment conta
internal verification of the interpretation. First, the mome
tum profiles for states in the same orbital manifold must ha
the same shape. The structure interpretation contains no
erence to the experimental conditions. Therefore the spec
scopic factors must be independent of the incident energyE0
and of the absolute recoil momentump. If a sufficient theo-
retical understanding of the reaction is achieved to pre
the orbital momentum-profile shape, then the spectrosco
factor Si

a for the statei of the manifolda is the ratio of the
experimental profile to the orbital profile. Spectroscopic fa
tors, thus determined for different orbital manifolds, mu
sum to the same value, normalized to 1, for each manifo

Since 1973 EMS has been verified by a large body of d
within various limits of accuracy@3–5#. Nevertheless doubts
have been raised from time to time, mainly based on the v
different cross-section ratios for states of the same orb
manifold @6# observed by another kinematically comple
ionization reaction, photoionization at x-ray energies x-r
1245 ©1999 The American Physical Society
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photoelectron spectroscopy~XPS!. Argon 3s is an excellent
example of this. The reason for the difference is simple. T
two-body final-state kinematics of XPS constrains the rec
momentum to be of order 10 a.u., so that the relevant bou
state momentum components are far outside the 0–3
range for which valence orbitals have significant values. T
existence of a finite cross section therefore depends on
tails of electron correlations, represented by excited confi
rations in the target ground state and the observed ion s
and not just on the one-hole configuration as does EMS.
excellent understanding of the situation was achieved
Amusia and Kheifets@7#, and confirmed for the argon 3s
manifold by a many-body perturbation calculation@8#, which
agreed with experiment both for EMS and XPS.

The purpose of the present work is to show, using
example of argon, that a sufficient theoretical understand
of EMS can be achieved to obtain detailed agreement wi
high-quality experiment by a simpleab initio calculation at a
wide range of incident energies. This understanding,
scribed in Sec. III, confirms the spectroscopic-factor int
pretation. Experimental confirmation is provided by the e
ergy and momentum independence of the spectrosc
factors.

In the next section we provide a brief description of t
present experiment. A discussion of the theory of EMS
found in Sec. III, while our results and a discussion of th
are given in Sec. IV. Finally some conclusions are drawn
Sec. V.

II. DESCRIPTION OF THE EXPERIMENT

The present experiments were conducted with a nonco
nar symmetric electron coincidence spectrometer. T
electron-coincidence spectrometer and the techniques us
the present investigation have been described at length
viously by McCarthy and Weigold@3# ~to which the inter-
ested reader is referred for more information!, and so we do
not go into further detail here. We note, however, that th
have been three major developments to the coincidence s
trometer since the description provided in McCarthy a
Weigold.

~a! The computer hardware and operating system~data
handling, processing, and storage! have been upgraded.

~b! The collision region is now differentially pumped.

~c! An electron monochromator~for the incident elec-
trons! has been brought on line, an advance that has con
erably improved the achievable coincidence energy res
tion.

A full discussion of these developments@~a!–~c!# is not
strictly relevant to this paper and can be found elsewhere@9#.

The high-purity argon is emitted into the target chamb
through a capillary tube, the leak rate being controlled b
variable leak valve. The collision region is surrounded b
chamber pumped by a 700-l s21 diffusion pump. Apertures
and slits are cut in the collision chamber for the incide
beam and ejected electrons. The differentially pumped co
sion region makes it possible to increase the target gas
sity by a factor of about 3 while keeping the backgrou
pressure in the spectrometer below 1025 Torr. This was im-
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portant as it allowed us to maintain workable coinciden
count rate levels, even with the smaller electron beam cur
output from the (e,2e) monochromator~typically 30 mA!
compared to that of a normal electron gun@3#. The coinci-
dent energy resolution of the present measurements wa
the range 0.55–0.61 eV@full width at half maximum
~FWHM!#, the actual value depending on the beam ene
under study. The components that contribute to this ove
coincident energy resolution are due to the energy sprea
the incident electron beam~typically ;0.35–0.44 eV
FWHM!, and the resolution of each electron analyzer~typi-
cally each is;0.3 eV FWHM!. Note the components ar
added in quadrature to determine the overall resolution.
angular resolution was typically 1.2°~FWHM!. Noncoplanar
symmetric kinematics was employed, that is, the outgo
electron energiesEA andEB are equal, the two emitted elec
trons making equal polar anglesu545° with respect to the
direction of the incident electrons. The total energy (E),
E02e i5EA1EB , was, respectively, either 500, 1000, 150
or 1800 eV. The recoil momentump was varied by varying
the out-of-plane azimuthal anglef over the angular range
0°–30°. Binding-energy spectra were taken at each out
plane azimuthal angle over the rangee i513– 45 eV using
the binning mode@3#.

III. THEORY OF EMS

The object of a theoretical description of the (e,2e) reac-
tion in the EMS kinematic region is to find anab initio
method of calculation that obtains detailed agreement w
experiment. This is not the same as a general solution of
corresponding three-body problem, which still defies our
forts, in spite of the success at low energy of the converge
close-coupling method@10#. The EMS kinematic region is in
fact chosen so that the reaction calculation is relativ
simple and exposes the structure information to deta
analysis.

We denote the measured momenta of the incident and
emergent electrons byk0 , kA , andkB . The differential cross
section for the reaction is, in atomic units,

d5s

dVAdVBdEA
5~2p!4

kAkB

k0
(
av

z^kAkBi uTu0k0& z2, ~1!

where the target ground state is 0 and the observed ion
is i. The operatorT describes the whole collision.Sav de-
notes a sum and average over final and initial degene
states, which are magnetic and spin states for an atomic
get.

Before making a detailed approximation forT we make
the binary-encounter approximation. This assumes thaT
does not depend explicitly on the coordinates of the resid
ion, so that it commutes with the ion state vector. Introdu
ing a complete set of target-electron-momentum statesuq&,
the ionization amplitude becomes

^kAkBi uTu0k0&5E d3q^kAkBuTuqk0&^qi u0&. ~2!
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This form exposes all the structure information in the str
ture amplitudê qi u0&. The ionization amplitude is a reactio
transform of the structure amplitude, where the transfo
kernel is the two-electron amplitude^kAkBuTuqk0&. Indepen-
dent of the reaction details, this form is subject to experim
tal verification, since overall multiplicative factors in th
structure amplitude, for example, spectroscopic factors in
corresponding structure approximation, simply multiply t
ionization amplitude and can be determined, up to a norm
ization, by comparing cross sections.

The simplest approximation for the two-electron amp
tude assumes that the kinetic energies of the external e
trons are so high that the effective potentials due to the
sidual systems are negligible in comparison. The electr
electron interaction, represented by thet matrix @11#, is
responsible for the reaction and cannot be neglected. Th
the impulse approximation, which is the first term of t
multiple-scattering series@12#

^kAkBuTuqk0&5A^ 1
2 ~kA2kB!ut~E!u 1

2 ~k02q!&d~q1p!,
~3!

where the observed recoil momentum is

p5k02kA2kB , ~4!

and thet matrix is half off shell@3# at the energyE corre-
sponding to the free-electron final state. The antisymmetr
tion operator isA. The impulse approximation is in fact th
formal expression of the simplistic interpretation that the
coil momentump is equal and opposite to the target-electr
momentumq. It is very closely valid atE0520 keV, where
it has been tested for argon in the spectrometer used for E
of solids @13#.

For atomic and molecular targets the need to resolve e
tronic statesi makes incident energies in the 1-keV range
appropriate choice. For atoms the effect of the residual s
tems on the external electrons may be represented by ce
potentials, whose first-order term is the static-exchange
tential. Second-order terms have been shown to be neglig
within experimental error@14#. The external electron of mo
mentum k is represented by an elastic-scattering funct
x (6)(k) with boundary conditions appropriate to ingoing
outgoing electrons. The resulting form is the distorted-wa
impulse approximation~DWIA !, which is tested in the
present analysis. The two-electron amplitude is Eq.~3!, but
the structure amplitude in Eq.~2! is replaced by

E d3k1E d3k2E d3k3^x
~2 !~kA!uk1&^x

~2 !~kB!uk2&

3^k3ux~1 !~k0!&^qi u0&, ~5!

where

q5k11k22k3 . ~6!

The form ~5! is written to display the structure amplitud
explicitly. The computational form is quite simple, but w
be left until the approximation for the structure amplitu
has been discussed.

Because of the integration over the ion coordinates
structure amplitudê qi u0& is a one-electron function, th
-
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quasiparticle or Dyson orbital. We consider the orbital ma
fold a, choosing a reference seta, b of theoretical orbitals,
calculated in a potentialU1v. whereU is the electrostatic
potential and the reference potentialv is chosen appropri-
ately.

It is possible formally to select one hole from the man
body problem for the target and write the Schro¨dinger equa-
tion for the ion as a one-electron equation, the quasipart
equation@15#, whose momentum-space representation is

^qi u@ 1
2 p21U1w~e i

a!1e i
a#u0&50, i Pa ~7!

where the complexities of the problem are contained in
nonlocal and explicitly energy-dependent operatorw(e i

a),
which may be called the optical potential. For the Hartre
Fock approximationw(e i

a) is the exchange potential. In th
Kohn-Sham density-functional approximation@16# it is the
exchange-correlation potential, where correlations are
fined with respect to the reference set of orbitals. Altern
tively, it may be approximated perturbatively@17#.

We obtain the integral-equation form of Eq.~7! by ex-
panding ^qi u0& in the spectral representation of th
reference-orbital Hamiltonian12 p21U1v and using its in-
verse, defined by Eq.~7!.

^qi u0&5^qua&^a i u0&2 (
bÞa

^qub&
1

e i
a2eb

3^b i uw~e i
a!2vu0&, i Pa. ~8!

For the structure amplitudêqi u0& we make the weak-
coupling approximation by choosing the reference poten
v to approximatew(e i

a) as closely as possible, thereby ma
ing the second term of Eq.~8! very small on the scale o
^qua& for values ofq in the range 0–3 a.u. This definition o
the reference potential produces a special reference or
fa, which we call the normalized Dyson orbital of the man
fold a. It is the orbital defined by the reaction. The one-ho
state is defined by an electron of the target ground stat
this orbital. The weak-coupling approximation to the stru
ture amplitude is

^qi u0&5^qufa&^fai u0&. ~9!

It takes the form of the normalized Dyson orbital multiplie
by the spectroscopic amplitude, whose square is the spe
scopic factor

Si
a5 z^fai u0& z2. ~10!

The sum rule for spectroscopic factors in the manifolda is
obtained from the completeness relation fori and the normal-
ization of 0 andfa,

(
i Pa

^0u ifa&^fai u0&51. ~11!

The approximation that we use for the ionization reaction
the DWIA, whose name implies the weak-coupling appro
mation for the structure amplitude. In noncoplanar symm
ric kinematics
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TABLE I. Spectroscopic factors for2Po manifold states atf50° and 10°, andE5500, 1000, 1500, and 1800 eV. The momenta~p! in
a.u. corresponding tof50° or 10° are indicated in square brackets for the dominant transition. The state classifications are due to M
et al. @19# and Svenssonet al. @6#.

E ~eV! 500 1000 1500 1800
Peak
No.

e i

~ev!
Final
state

f50°
@0.086#

f510°
@0.537#

f50°
@0.069#

f510°
@0.751#

f50°
@0.059#

f510°
@0.917#

f50
@0.055#

f510°
@1.004#

1 15.76 3s23p5 2Po 0.95 @1# 0.95 @1# 0.96 @1# 0.95 @1# 0.94 @1# 0.95 @1# 0.93 @1# 0.95 @1#

4 35.60 3s23p4(3P)4p 2Po 0.01 @1# 0.01 @1# 0.01 @1# 0.01 @1# 0.01 @1# 0.01 @1# 0.02 @1# 0.01 @1#

6 37.15 3s23p4(1D)4p 2Po 0.03 @1# 0.03 @1# 0.025 @10# 0.03 @1# 0.04 @1# 0.03 @1# 0.04 @1# 0.03 @1#

8 39.56 3s23p4(1S)4p 2Po 0.01 @1# 0.01 @1# 0.005 @5# 0.01 @1# 0.02 @1# 0.01 @1# 0.01 @1# 0.01 @1#
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dVAdVBdEA

5KSi
a(

m
z^x~2 !~kA!x~2 !~kB!ufax~1 !~k0!& z2.

~12!

The summation is over magnetic degeneracies. All the k
matic and electron-electron collision factors have an imp
ceptible energy dependence and are summarized in the
matic constantK, which is irrelevant since an overa
normalization is not determined by the experiment. The
proximation takes the form of a distorted momentum pro
multiplied by a spectroscopic factor. It defines the norm
ized Dyson orbital for each manifold. These orbitals may
extracted from the experimental data by a fitting proced
@18#, which constrains them to be orthogonal. Alternative
an ab initio calculation postulates a reference potentialv,
which should describe the data within experimental error

The experimental verification of the approximation~12!
depends on the following criteria.

~1! The distorted-wave momentum profile at a particu
E must have the same shape for all the states of each or
manifold.

~2! The cross-section ratios for all the states of the ma
fold must be independent ofE andp.
e-
r-
e-

-

l-
e
e

r
tal

i-

~3! If enough states have been observed to exhaust e
orbital manifold, then the spectroscopic factors, determin
by the ratio of the experimental and calculated profiles, m
sum to the same number for each manifold. The numbe
normalized to 1 for a chosen manifold.

IV. RESULTS AND DISCUSSION

The binding-energy spectrum of argon in the regione i

513– 45 eV is shown in Fig. 1 for a total energy of 1000 e
and atf50°. The spectrum presented in Fig. 1 is consid
ably better resolved than those published in earlier works@1,
19–23#, reflecting the higher coincident energy resolution
this investigation. In addition, the statistical quality of th
current study is improved over that obtained in the ear
work. The advantages of this are manifest. First, overlap
tween the various states due to the wings of the instrume
resolution function is minimized. This aids the fitting proce
in that uniqueness problems with the derived parameters
negated. Thus this ensures that possible distortions in
derived momentum distributions~MDs!, due to the deconvo-
lution, are avoided. The improved statistical quality of o
data also aids in the deconvolution process. Indicative re
momenta, corresponding to the out-of-plane azimut
anglesf50° and 10°, depend on the energy and also som
what on the binding energy. At 1000 eV andf50° the
momentump ranges from 0.069 a.u. at the binding energy
the first peak (e i515.76 eV) to 0.118 a.u. at the bindin
cCarthy

TABLE II. Spectroscopic factors for2S manifold states atf50° and 10°, andE5500, 1000, 1500, and 1800 eV. The momenta~p!

corresponding tof50° or 10° are indicated in square brackets for the dominant transition. The state classifications are due to M
et al. @19# and Svenssonet al. @6#.

E ~eV! 500 1000 1500 1800
Peak
No.

e i

~eV!
Final
state

f50°
@0.164#

f510°
@0.553#

f50°
@0.118#

f510°
@0.757#

f50°
@0.099#

f510°
@0.921#

f50°
@0.092#

f510°
@1.007#

2 29.24 3s3p6 2S 0.55 @1# 0.55 @2# 0.55 @1# 0.54 @2# 0.55 @1# 0.56 @2# 0.55 @1# 0.54 @2#

5 36.52 3s23p4(1S)4s 2S 0.02 @1# 0.02 @1# 0.02 @1# 0.02 @1# 0.02 @1# 0.02 @1# 0.02 @1# 0.02 @1#

7 38.60 3s23p4(1D)3d 2S 0.16 @1# 0.16 @2# 0.16 @1# 0.16 @2# 0.15 @1# 0.15 @2# 0.16 @1# 0.17 @2#

9 41.21 3s23p4(1D)4d 2S 0.08 @1# 0.08 @2# 0.08 @1# 0.09 @2# 0.09 @1# 0.08 @2# 0.08 @1# 0.07 @2#

10 42.67 3s23p4(1D)5d 2S 0.05 @1# 0.05 @1# 0.05 @1# 0.06 @1# 0.05 @1# 0.05 @1# 0.05 @1# 0.05 @1#

11 43.4 3s23p4(1D)6d 2S 0.03 @1# 0.03 @1# 0.03 @1# 0.02 @1# 0.03 @1# 0.03 @1# 0.03 @1# 0.04 @1#

12 44.0 3s23p4(1D)7d, 8d 2S 0.015 @5# 0.015 @5# 0.014 @5# 0.014 @5# 0.015 @5# 0.014 @5# 0.014 @5# 0.014 @5#

13 44.6 Rydberg series 0.015@5# 0.015 @5# 0.016 @5# 0.016 @5# 0.015 @5# 0.016 @5# 0.016 @5# 0.016 @5#

aAllows for missing;8% intensity in the continuum (e.45 eV) as verified in this study.
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energy of the main 3s21 satellite (e i529.24 eV). The cor-
responding momenta forf510° are 0.751 and 0.757 a.u
respectively. At 1800 eV andf50° the momentum range
from 0.055 a.u. ate i515.76 eV to 0.092 a.u. ate i

FIG. 1. 1000-eV noncoplanar symmetric EMS binding-ene
spectrum atf50°. The curves show the fitted spectrum using t
known coincident energy resolution. Note that in the inset we ha
for e i.32 eV, scaled the data by a factor of 2 to better indicate
observed structure.
529.24 eV. The corresponding momenta in this case
f510° are 1.004 and 1.007 a.u., respectively.

Thirteen Gaussian peaks were fitted to the binding-ene
spectra measured in this study. In the fitting procedure
peak positions are given by independent photoelectron s
troscopy~PES! measurements@6# and accurate spectroscop
tables@24# and their widths are equal to the measured ene
resolution. Therefore the peak height is the only parame
remaining to be fitted. A few points per peak suffice to
this. Four states~peaks 1, 4, 6, and 8! had significantly more
intensity atf510° compared to that measured atf50°,
and thus belong to the2Po manifold. A further eight of these
peaks~peaks 2, 5, 7, 9–14! had significantly more intensity
at f50° compared to that measured atf510°, and thus
belong to the 2Se manifold. The classifications for thes
peaks of2Po and 2Se symmetry and their experimental bind
ing energies, which are entirely consistent with the ear
EMS result of McCarthyet al. @19# and the PES result o
Svenssonet al. @6#, are given in Tables I and II. The thir
teenth peak, ate i534.20 eV, does not correspond to a fin
state with2Po or 2Se symmetry which must occur if, respec
tively, a 3p or 3s electron in the target-Hartree-Fock a
proximation~THFA! is emitted. Moore@24# noted a state of

y

e,
e

re

FIG. 2. Noncoplanar symmetric momentum distributions for the ground 3p state transition (e i515.76 eV) at~a! 500,~b! 1000,~c! 1500,

and~d! 1800 eV. The present data~d!, 0.953DWIA ~-!, and the earlier result of McCarthyet al. ~h! are plotted. Note the present data a
normalized to 0.953DWIA at f510°.
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1250 PRA 59M. J. BRUNGER, I. E. McCARTHY, AND E. WEIGOLD
2De symmetry at 34.20 eV in Ar1, for which she assigned
the configuration 3s23p4(1D)4s 2D. Such a state can onl
be excited if there are suitabled-wave correlations in the
ground state, as was specifically demonstrated in the ca
lations of Mitroy et al. @25#. This satellite was observed i
EMS by McCarthyet al. @19#.

Binding-energy spectra similar to that shown in Fig.
were also taken over the range of out-of-plane azimu
anglesf50° – 30° and at each total energy. Note that for t
present kinematical arrangementf and momentump are
simply related through the transformation

p5F ~2kA cosu2k0!214kA
2 sin2 u sin2

f

2 G1/2

. ~13!

Since each part of each spectrum at every angle was sca
sequentially for an equal time, each run consisting of ma
scans, the spectra can be used to obtain the cross sectio
selected final ion states relative to each other as a functio
f, or the recoil momentump.

The noncoplanar (e,2e) cross sections for the groun
3p21 transition ate i515.76 eV are given in Fig. 2 at~a!
u-

al
e

ned
y
s to
of

500, ~b! 1000, ~c! 1500, and~d! 1800 eV. The solid line is
the DWIA cross section obtained from Eq.~12! with the
finite angular ~momentum! resolution folded in. The 3p
Hartree-Fock orbital of Clementi and Roetti@26# was used in
the calculations to approximate the Dyson orbital. The m
sured cross sections are relative and so we have norma
them to the DWIA atf510°, at each respective total en
ergy, in the 3p ground-state transition. Note that as, at ea
respective energy, relative normalizations are maintaine
the binding-energy spectra this also sets, in each case
absolute scale for all the other 3p21 and 3s21 satellites.
Nearly all the 3p strength goes to the ground-state transitio
This can be seen from Table I and is supported by
configuration-interaction~CI! calculations of Mitroyet al.
@25#. We find in the present measurements that the spec
scopic factor for the 3p ground-state transition is 0.9
60.01, and we have taken this value into account when n
malizing the data. It is clear from Fig. 2 that to within th
experimental uncertainties on the data, the DWIA provid
an excellent description of the measured momentum dis
bution at each energy studied. At 1500 eV we can also co
pare the present measurement with the earlier one of McC
FIG. 3. Noncoplanar symmetric momentum distributions for the transition to the first excited 3s state (e i529.24 eV) and total2S
manifold, fore i<45 eV, at~a! 500, ~b! 1000,~c! 1500, and~d! 1800 eV. The present data for the ‘‘main’’ transition ate i529.24 eV~d!,
0.553DWIA ~----!, the present data for the2S manifold ~h! and 0.923DWIA ~—! are plotted. Note the missing 8%2S manifold intensity
for e i.45 eV, measured at 1000 eV, is consistent with the earlier result of McCarthyet al. @19#.



t
of
th
rio

i

de

d
th

tiv

op

pi

dy
.
a

ce
t

se
d
3

pa
s
lle
th

re
la
th

to
th

en

re
f

ha

,
c

at
nt

,
e

g

m.
n-

d-

gher
gly
the
ed
e
rent

of

nc-

ar-
ore
The

his
ti-
atter
with
ve

han

gon

la-

u-
t

PRA 59 1251HIGH-RESOLUTION ELECTRON-MOMENTUM . . .
thy et al. @19# @see Fig. 2~c!#. The level of agreemen
between them is quite good, except at the smaller valuesf
where the effect of the different angular resolutions of
two experiments is most pronounced. We note the supe
ity of the present angular resolution over that employed
the earlier study@19#. While not specifically shown, the
DWIA, when appropriately scaled, also provides a good
scription of the MDs for the other 3p21 satellites ~at e i
535.60, 37.15, and 39.56 eV, respectively! of the 2Po mani-
fold. This is true for each of the energies of the present stu
The current spectroscopic factors for states belonging to
2Po manifold, at each energy studied and for representa
values of recoil momentum~p or f!, are given in Table I. It
is clear from this table that the values of these spectrosc
factors are independent of energy and momentum~f! for all
the 3p21 transitions. It is also clear that the spectrosco
sum rule holds for all energy and momentum.

In Fig. 3 the present MD data for the 3s manifold and the
main 3s21 satellite, ate i529.24 eV, are plotted at~a! 500,
~b! 1000, ~c! 1500, and~d! 1800 eV. Note McCarthyet al.
@19# found that for binding energies in the range 45 eV<e i
<55 eV, which were not generally measured in this stu
some 8% of the2S manifold cross section is to be found
This point was specifically checked by us at 1000 eV, in
independent measurement, and found to be correct. Hen
Fig. 3 the measured manifold MDs are compared against
0.923DWIA 3s result. No separate normalization of the
data is allowed, since the measurements are normalize
the 3p21 ground-state transition as discussed earlier. Thes
Hartree-Fock orbital of Clementi and Roetti@26# was used in
these calculations to represent the Dyson orbital. It is ap
ent from this figure that both the shapes and magnitude
the present MDs, at each energy investigated, are in exce
agreement, to within the experimental uncertainties, with
DWIA results. The shape of the measurede i529.24-eV
transition, also at each respective energy, is in good ag
ment with the results of the corresponding DWIA calcu
tion, as is its magnitude, again at each energy, when
calculated manifold cross section is multiplied by the fac
0.55. This yields a consistent spectroscopic factor for
state of 0.55~see Table II!. While not actually illustrated, the
DWIA, when appropriately scaled, also provides an excell
description of the MDs for the other 3s21 transitions~at e i
536.52, 38.60, 41.21, 42.67, 43.4, 44.0, and 44.6 eV,
spectively! of the 2S manifold. This is the case for each o
the total energies of the present study. McCarthyet al. @19#
found it necessary to allow for a small 4s contribution to
describe their measured MD ate i536.52 eV, which is con-
trary to what we have found. However, we must note t
there is quite a bit of scatter in those data@19# and the sta-
tistical quality of thee i536.52-eV MD in the earlier work is
also quite marginal. The current spectroscopic factors
each energy studied and for representative values of re
momentum~p or f!, for each of the satellites of the2S
manifold are given in Table II. It is clear from this table th
the values of these spectroscopic factors are independe
energy and momentum for all the 3s21 transitions. It is also
apparent from this table that if the 8%2S intensity in the
binding energy range 45 eV<e f<55 eV is accounted for
the spectroscopic sum rule holds for all energy and mom
tum.
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Finally we briefly consider the MD for the state at bindin
energy 34.20 eV, which can only be excited throughd-wave
correlations in the ground state of the neutral argon ato
McCarthyet al. @19# measured a somewhat unusual mome
tum distribution which showed a primary maximum atp
;0.25 a.u., a minimum atp;0.4 a.u., and a broad secon
ary maximum which peaked atp;0.7 a.u. A CI (l 52) cal-
culation from Mitroy et al. @25# qualitatively reproduced
these features, although overestimating the strength at hi
momenta, but there was still some concern that stron
overlapping wings from nearby states may have affected
MD they derived from their deconvolution process. As not
previously, with the improved energy resolution of th
present study we largely avoid these concerns. The cur
MD result, at 1500 eV, for this2D state is given in Fig. 4.
Also shown in this figure are the earlier measurements
McCarthy et al., some DWIA results using 3d and 4d
Hartree-Fock orbitals@26# multiplied by factors of 0.01 and
0.0002, respectively, and the result using the CI wave fu
tion from Mitroy et al. @25#, multiplied by a factor of 2.
Agreement between the present MD data and that of McC
thy et al. @19# is good, the present data being somewhat m
accurate and exhibiting less scatter than the earlier work.
CI wave function of Mitroyet al. and the 4d Hartree-Fock
wave function, both describe the low-momentum peak of t
2De manifold transition, but the former seriously overes
mates the high-momentum components whereas the l
has no higher momentum peak. Substantive agreement
theory therefore still awaits the development of a CI wa
function which provides a better physical representation t
that given in Mitroyet al. @25#. It is clear, since nod orbitals
are occupied in the independent-particle model of the ar
atom, that the magnitude and shape of thisd-wave transition
provides a very sensitive test of initial-state electron corre

FIG. 4. 1500-eV noncoplanar symmetric momentum distrib
tion for the transition to the2De state ate i534.20 eV. The presen
data~d!, the earlier result of McCarthyet al. ~h!, and DWIA re-
sults using 3d ~--------! ~30.01! and 4d ~--! ~30.002! Hartree-Fock
@26# orbitals and the CI (l 52) wave function~—! ~32! of Mitroy
et al. @25# are plotted for comparison.
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tion. Many-body calculations of the argon ground state
not yet capable of providing a full description of thisd-wave
correlation.

V. CONCLUSIONS

High-resolution binding-energy spectra over the valen
region of argon were measured at four energies~500, 1000,
1500, and 1800 eV! and over a range of out-of-plane az
muthal anglesf ~0°–30°!. Momentum distributions were de
rived from these spectra, at each energy, for the2Po and 2S
manifold cross sections and also for the individual transitio
that constitute the respective manifold cross sections.
comparing these MD measurements with the correspon
results of DWIA calculations, using the 3p and 3s Hartree-
Fock orbitals of Clementi and Roetti@26# to represent the
Dyson orbital, substantive agreement between them is fo
in terms of both the shape and magnitude of the cross
tions. Spectroscopic factors for the 3p21 and 3s21 satellites
are derived and found to be independent of energy and
mentum. The spectroscopic sum rule is also found to hold
et
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e
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n
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nd
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r

both the2Po and 2S manifolds, relative to each other. Thu
we conclude that we have unequivocally demonstrated
the three criteria of Sec. III, for experimental verification
the approximations of the EMS technique@Eq. ~12!#, have
been met. Hence, in some sense, this study reports a de
tive experiment for electron-momentum spectroscopy.

The energy- and momentum-independent2Po and 2Se

manifold spectroscopic factors provide a sensitive and rig
ous test for the treatment of electron correlation effects
argon and its ion, particularly for final-state correlations. T
observed shape and magnitude for the measuredd-wave mo-
mentum profile to the ion state ate i534.20 eV, with domi-
nant configuration 3s23p4(1D)4s 2D, provides a very sensi
tive test for initial-state correlations.
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