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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 valesoebital 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@9)03802-0

PACS numbd(s): 34.80.Dp, 34.80.Nz

[. INTRODUCTION more states were observed than the two predicted in this
interpretation. The lowest-energy ion state at 15.76 eV ex-
Electron-momentum spectroscoMS) depends on the hibited the $ momentum profile but the others, between 29
high-energy and high-momentum-transfet2e) reaction, a and 43 eV, had similar profiles close to the fdrm.
kinematically complete observation of the ionization of an The independent-particle interpretation was refined by
atomic, molecular, or solid target by an electron beam ofFurness and McCarthj2], who considered a configuration-
energyE,. Electronic statesof the residual ion are resolved interaction expansion of the ion states. The momentum pro-
in binding energye; , which is the eigenvalue of the state file classifies the ion states into orbital manifolds. In the 3
with reversed sign. For each state the differential cross seenanifold, for example, the reaction observes thehBle
tion is measured as a function of ion recoil momentpm configuration, which consists of a hole in the 8rbital of
producing a momentum profile. In the experiment relativethe target ground state. Relative cross sections for states of
cross sections are measured at a given energy for the othe manifold give the relative probability of finding the one-
served states but one overall absolute normalization is not hole configuration in the expansion. The probabilities, nor-
determined. In order to scan momentum from zero to severahalized to a total probability 1, are the spectroscopic factors.
atomic units it is convenient to arrange the experiment s&MS therefore not only observes orbitals, but spectroscopic
that only one kinematic quantity is varied. For gas targetdactors specifying electron correlations.
this is normally the out-of-plane azimuthal angie- ¢ be- It is essential to emphasize that the experiment contains
tween the directions of the emergent electrons in noncoplanternal verification of the interpretation. First, the momen-
nar symmetric kinematics, where the energies of the elecum profiles for states in the same orbital manifold must have
trons are equal and fixed and the polar angles are each 48he same shape. The structure interpretation contains no ref-
This arrangement maximizes the momentum transfer fronerence to the experimental conditions. Therefore the spectro-
the scattered to the ejected electron. The binding eneigy scopic factors must be independent of the incident enEggy
scanned by varying. and of the absolute recoil momentymif a sufficient theo-
The simple interpretation of the experiment in terms ofretical understanding of the reaction is achieved to predict
the independent-particle model is that at sufficiently highthe orbital momentum-profile shape, then the spectroscopic
energy and momentum transfer the elementary electrorfactor Sf for the state of the manifolde is the ratio of the
electron collision is impulsive, so that the observed recoilexperimental profile to the orbital profile. Spectroscopic fac-
momentump is equal and opposite to the momentgnof  tors, thus determined for different orbital manifolds, must
the target electron at the collision instant. The momentunsum to the same value, normalized to 1, for each manifold.
profile is therefore the momentum density of the target elec- Since 1973 EMS has been verified by a large body of data
tron, given by the absolute square of its orbital. within various limits of accurac3—5|. Nevertheless doubts
The experiment by Weigold, Hood, and Teubm#f in have been raised from time to time, mainly based on the very
1973 observed the valence structure of the argon atom. Mddifferent cross-section ratios for states of the same orbital
mentum profiles were very close to th@ and 3 Hartree- manifold [6] observed by another kinematically complete
Fock forms predicted by the independent-particle model, butonization reaction, photoionization at x-ray energies x-ray

1050-2947/99/5@)/12458)/$15.00 PRA 59 1245 ©1999 The American Physical Society



1246 M. J. BRUNGER, I. E. McCARTHY, AND E. WEIGOLD PRA 59

photoelectron spectrosco}(PS). Argon 3s is an excellent portant as it allowed us to maintain workable coincidence
example of this. The reason for the difference is simple. Theount rate levels, even with the smaller electron beam current
two-body final-state kinematics of XPS constrains the recoibutput from the €,2e) monochromatontypically 30 uA)
momentum to be of order 10 a.u., so that the relevant boundzompared to that of a normal electron gii8i. The coinci-
state momentum components are far outside the 0-3-a.dent energy resolution of the present measurements was in
range for which valence orbitals have significant values. Thehe range 0.55-0.61 eVfull width at half maximum
existence of a finite cross section therefore depends on déFWHM)], the actual value depending on the beam energy
tails of electron correlations, represented by excited configuunder study. The components that contribute to this overall
rations in the target ground state and the observed ion stategincident energy resolution are due to the energy spread of
and not just on the one-hole configuration as does EMS. Athe incident electron beanitypically ~0.35-0.44 eV
excellent understanding of the situation was achieved by¥WHM), and the resolution of each electron analy@dgpi-
Amusia and Kheifet§7], and confirmed for the argons3 cally each is~0.3 eV FWHM. Note the components are
manifold by a many-body perturbation calculati@), which  added in quadrature to determine the overall resolution. The
agreed with experiment both for EMS and XPS. angular resolution was typically 1.2FWHM). Noncoplanar

The purpose of the present work is to show, using thesymmetric kinematics was employed, that is, the outgoing
example of argon, that a sufficient theoretical understandinglectron energiek, andEg are equal, the two emitted elec-
of EMS can be achieved to obtain detailed agreement with &ons making equal polar anglés=45° with respect to the
high-quality experiment by a simplb initio calculation at a  direction of the incident electrons. The total enerdy),(
wide range of incident energies. This understanding, deE,—e;=E,+Eg, was, respectively, either 500, 1000, 1500,
scribed in Sec. lll, confirms the spectroscopic-factor inter-or 1800 eV. The recoil momentumwas varied by varying
pretation. Experimental confirmation is provided by the en-the out-of-plane azimuthal angl¢ over the angular range
ergy and momentum independence of the spectroscopi@®’—30°. Binding-energy spectra were taken at each out-of-
factors. plane azimuthal angle over the rangge=13-45eV using

In the next section we provide a brief description of thethe binning modg3].
present experiment. A discussion of the theory of EMS is
found in Sec. lll, while our results and a discussion of them
are given in Sec. IV. Finally some conclusions are drawn in Ill. THEORY OF EMS

. V. . . .
Sec The object of a theoretical description of thesZe) reac-

tion in the EMS kinematic region is to find aab initio
method of calculation that obtains detailed agreement with
The present experiments were conducted with a noncop|@xperiment. This is not the same as a general solution of the
nar symmetric electron coincidence spectrometer. Thigorresponding three-body problem, which still defies our ef-
electron-coincidence spectrometer and the techniques usedf@rts, in spite of the success at low energy of the convergent-
the present investigation have been described at length prélose-coupling methoflL0]. The EMS kinematic region is in
viously by McCarthy and Weigoldi3] (to which the inter- fact chosen so that the reaction calculation is relatively
ested reader is referred for more informajiomnd so we do Simple and exposes the structure information to detailed
not go into further detail here. We note, however, that therenalysis.
have been three major developments to the coincidence spec- We denote the measured momenta of the incident and two

trometer since the description provided in McCarthy andemergent electrons i, Kk, andkg . The differential cross
Weigold. section for the reaction is, in atomic units,

Il. DESCRIPTION OF THE EXPERIMENT

(@) The computer hardware and operating syst@ata .
handling, processing, and storadeve been upgraded. d°o kakg _
mZ(ZW)4k—E [(kakgi [ TIOko)[?, (1)
(b) The collision region is now differentially pumped. ATREBE A 0 av
(c) An electron monochromatoffor the incident elec- ) .
trons has been brought on line, an advance that has considvhere the target ground state is 0 and the observed ion state

erably improved the achievable coincidence energy resolus i- The operatorT describes the whole collisior ,, de-
tion. notes a sum and average over final and initial degenerate

states, which are magnetic and spin states for an atomic tar-
A full discussion of these developmenf&)—(c)] is not  get.
strictly relevant to this paper and can be found elsewf@re Before making a detailed approximation férwe make

The high-purity argon is emitted into the target chamberthe binary-encounter approximation. This assumes That

through a capillary tube, the leak rate being controlled by aloes not depend explicitly on the coordinates of the residual
variable leak valve. The collision region is surrounded by aon, so that it commutes with the ion state vector. Introduc-
chamber pumped by a 700-1sdiffusion pump. Apertures ing a complete set of target-electron-momentum statgs
and slits are cut in the collision chamber for the incidentthe ionization amplitude becomes
beam and ejected electrons. The differentially pumped colli-
sion region makes it possible to increase the target gas den-
sity by a factor of about 3 while keeping the background

. _ 3 .
pressure in the spectrometer below ¥@orr. This was im- (Kakei |T|0k°>_f d°a(kaks| TIako)(qi[0). @)
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This form exposes all the structure information in the struc-quasiparticle or Dyson orbital. We consider the orbital mani-
ture amplitude i |0). The ionization amplitude is a reaction fold «, choosing a reference set B of theoretical orbitals,
transform of the structure amplitude, where the transforntalculated in a potentidl +v. whereU is the electrostatic
kernel is the two-electron amplitud&,kg|T|gko). Indepen-  potential and the reference potentialis chosen appropri-
dent of the reaction details, this form is subject to experimenately.
tal verification, since overall multiplicative factors in the It is possible formally to select one hole from the many-
structure amplitude, for example, spectroscopic factors in thbody problem for the target and write the Satirger equa-
corresponding structure approximation, simply multiply thetion for the ion as a one-electron equation, the quasiparticle
ionization amplitude and can be determined, up to a normalequation[15], whose momentum-space representation is
ization, by comparing cross sections.

The simplest approximation for the two-electron ampli- (qil[3p*+U+w(e")+€]|0)=0, ica (7
tude assumes that the kinetic energies of the external elec-
trons are so high that the effective potentials due to the rewhere the complexities of the problem are contained in the
sidual systems are negligible in comparison. The electronnonlocal and explicitly energy-dependent operaiqfe’),
electron interaction, represented by thematrix [11], iS  which may be called the optical potential. For the Hartree-
responsible for the reaction and cannot be neglected. This {sock approximatiorw(e®) is the exchange potential. In the
the impulse approximation, which is the first term of the Kohn-Sham density-functional approximatigb6] it is the

multiple-scattering serield 2] exchange-correlation potential, where correlations are de-
N N fined with respect to the reference set of orbitals. Alterna-
(kakg|TIako)=A(z (ka—kg)|t(E)| 3 (ko—)) 8(q+p), tively, it may be approximated perturbatively7].
3 We obtain the integral-equation form of E€) by ex-

panding (qi|0) in the spectral representation of the

where the observed recoil momentum is : NN L
reference-orbital Hamiltoniagp?+U+v and using its in-

p=ko—ka—Kg, (4)  verse, defined by Eq7).
and thet matrix is half off shell[3] at the energ\E corre- . . 1
sponding to the free-electron final state. The antisymmetriza- (qi[0)=(ala)(ai |0>_;a (alB) e — &P
tion operator isA. The impulse approximation is in fact the
formal expression of the simplistic interpretation that the re- X (Bi|lw(e)—v|0), iea. (8)

coil momentunp is equal and opposite to the target-electron

momentumg. It is very closely valid aE,=20keV, where For the structure amplitud¢qi|0) we make the weak-

it has been tested for argon in the spectrometer used for EM&upling approximation by choosing the reference potential

of solids[13]. v to approximaten(e) as closely as possible, thereby mak-
For atomic and molecular targets the need to resolve eleéng the second term of Ed8) very small on the scale of

tronic states makes incident energies in the 1-keV range ar{q|«) for values ofq in the range 0—3 a.u. This definition of

appropriate choice. For atoms the effect of the residual syshe reference potential produces a special reference orbital

tems on the external electrons may be represented by centréF, which we call the normalized Dyson orbital of the mani-

potentials, whose first-order term is the static-exchange pdoeld «. It is the orbital defined by the reaction. The one-hole

tential. Second-order terms have been shown to be negligiblstate is defined by an electron of the target ground state in

within experimental errof14]. The external electron of mo- this orbital. The weak-coupling approximation to the struc-

mentumKk is represented by an elastic-scattering functionture amplitude is

x*)(k) with boundary conditions appropriate to ingoing or

outgoing electrons. The resulting form is the distorted-wave (qi|0y={(q| p*){ $“i|0). (9)

impulse approximation(DWIA), which is tested in the

present analysis. The two-electron amplitude is &g, but It takes the form of the normalized Dyson orbital multiplied

the structure amplitude in E@2) is replaced by by the spectroscopic amplitude, whose square is the spectro-
scopic factor
| @, @k, [ ot kol sr= KO} 0
X (k3| x' " (ko)){qi|0), () The sum rule for spectroscopic factors in the manifalds

obtained from the completeness relationifand the normal-

where ization of 0 and¢?,
q=k1+ kz_k3. (6)
The form (5) is written to display the structure amplitude iga (Oli¢")*i]0)=1. 4

explicitly. The computational form is quite simple, but will

be left until the approximation for the structure amplitude The approximation that we use for the ionization reaction is

has been discussed. the DWIA, whose name implies the weak-coupling approxi-
Because of the integration over the ion coordinates thenation for the structure amplitude. In noncoplanar symmet-

structure amplitudg/qi|0) is a one-electron function, the ric kinematics
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TABLE I. Spectroscopic factors fotP° manifold states a#h=0° and 10°, and =500, 1000, 1500, and 1800 eV. The mome(uain
a.u. corresponding t¢=0° or 10° are indicated in square brackets for the dominant transition. The state classifications are due to McCarthy
et al. [19] and Svenssost al. [6].

E (eV) 500 1000 1500 1800

Peak ¢ Final $=0°  $=10° $=0° $=10° $=0°  $=10° ¢=0 $=10°
No. (ev) state [0.086 [0.537 [0.069 [0.750 [0.059 [0.917 [0.059  [1.004
15.76  323p°?p° 0.95[1] 0.95[1] 0.96[1] 0.95[1] 0.94[1] 0.95[1] 0.93[1] 0.95[1]

35.60 3°3p*(°P)4p 2P° 0.01[1] 0.01[1] 0.01[1] 0.01[1] 0.01[1] 0.01[1] 0.02[1] 0.01[1]
37.15 3?3p*(*D)4p?P°  0.03[1] 0.03[1] 0.025[10] 0.03[1] 0.04[1] 0.03[1] 0.04[1] 0.03[1]
39.56 3?3p*(1S)4p 2P° 0.01[1] 0.01[1] 0.005[5] 0.01[1] 0.02[1] 0.01[1] 0.01[1] 0.01[1]

o b

d°o (3) If enough states have been observed to exhaust each
orbital manifold, then the spectroscopic factors, determined

dQ,dQgdE, : . :
by the ratio of the experimental and calculated profiles, must
L ea (=) (=) @ (+) 2 sum to the same number for each manifold. The number is
=KS %‘ KX~ (ka)x' ™ (ke) | X ™ (ko)) I* normalized to 1 for a chosen manifold.

(12
. . . . IV. RESULTS AND DISCUSSION

The summation is over magnetic degeneracies. All the kine-
matic and electron-electron collision factors have an imper- The binding-energy spectrum of argon in the regign
ceptible energy dependence and are summarized in the kine=13—45 eV is shown in Fig. 1 for a total energy of 1000 eV
matic constantK, which is irrelevant since an overall and at¢=0°. The spectrum presented in Fig. 1 is consider-
normalization is not determined by the experiment. The apably better resolved than those published in earlier wptks
proximation takes the form of a distorted momentum profile19—23, reflecting the higher coincident energy resolution of
multiplied by a spectroscopic factor. It defines the normal+hjs investigation. In addition, the statistical quality of the
ized Dyson orbital for each manifold. These orbitals may be:yrrent study is improved over that obtained in the earlier
extracted from the experimental data by a fitting procedurgyqrk The advantages of this are manifest. First, overlap be-
[18], which constrains them to be orthogonal. Alternativelyyyeen the various states due to the wings of the instrumental
an ab initio calculation postulates a reference potential  o5q|ution function is minimized. This aids the fitting process
which should describe the data within experimental error. i, hat uniqueness problems with the derived parameters are

The experimental verification of the approximatitl?)  npegated. Thus this ensures that possible distortions in the
depends on the following criteria. derived momentum distributio®Ds), due to the deconvo-

lution, are avoided. The improved statistical quality of our

(1) The distorted-wave momentum profile at a particulardata also aids in the deconvolution process. Indicative recoil
E must have the same shape for all the states of each orbitalomenta, corresponding to the out-of-plane azimuthal
manifold. angles¢=0° and 10°, depend on the energy and also some-

what on the binding energy. At 1000 eV anrfi=0° the

(2) The cross-section ratios for all the states of the manimomenturmp ranges from 0.069 a.u. at the binding energy of

fold must be independent & andp. the first peak §=15.76eV) to 0.118 a.u. at the binding

TABLE Il. Spectroscopic factors fofS manifold states a$p=0° and 10°, andE=500, 1000, 1500, and 1800 eV. The momefiia
corresponding tap=0° or 10° are indicated in square brackets for the dominant transition. The state classifications are due to McCarthy
et al. [19] and Svenssost al. [6].

E (eV) 500 1000 1500 1800
Peak ¢ Final $=0°  $=10° ¢$=0° $=10° ¢$=0° ¢$=10° $=0° ¢$=10°
No. (eV) state [0.164 [0.553 [0.11§ [0.757 [0.099 [0.921] [0.092  [1.007
2 2924 33p°?s 0.55[1] 0.55[2] 0.55[1] 0.54[2] 055[1] 056[2] 0.55[1] 0.54[2]
5 3652 3%3p%(!9)4s?S 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 3860 3?3p*'D)3d?3%S 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 4121 3?3p*'D)4d?3sS 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 4267 323p*'D)5d°%S 0.05[1] 0.05[1] 0.05[1] 0.06[1] 0.05[1] 0.05[1] 0.05[1] 0.05[1]
11 434 3?3p*(*D)6d %S 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 323p*('D)7d, 8d?S 0.015[5] 0.015[5] 0.014[5] 0.014[5] 0.015[5] 0.014[5] 0.014[5] 0.014[5]
13 446 Rydberg series 0.015] 0.015[5] 0.016[5] 0.016[5] 0.015[5] 0.016[5] 0.016[5] 0.016[5]

8Allows for missing~8% intensity in the continuumet>45 eV) as verified in this study.
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=29.24 eV. The corresponding momenta in this case for
¢=10° are 1.004 and 1.007 a.u., respectively.

Thirteen Gaussian peaks were fitted to the binding-energy
spectra measured in this study. In the fitting procedure the
peak positions are given by independent photoelectron spec-
troscopy(PES measurement$] and accurate spectroscopy
tables[24] and their widths are equal to the measured energy
resolution. Therefore the peak height is the only parameter
remaining to be fitted. A few points per peak suffice to do
this. Four stategpeaks 1, 4, 6, and)®ad significantly more
intensity at¢$=10° compared to that measured @&t 0°,
and thus belong to th&P° manifold. A further eight of these
peaks(peaks 2, 5, 7, 9—24had significantly more intensity

FIG. 1. 1000-eV noncoplanar symmetric EMS binding-energyat ¢=0° compared to .that measured @107, and thus
spectrum a=0°. The curves show the fitted spectrum using thebelong to the2S® manifold. The classifications for these
known coincident energy resolution. Note that in the inset we havepeaks of?P° and 2S® symmetry and their experimental bind-

for ,>32 eV, scaled the data by a factor of 2 to better indicate theing energies, which are entirely consistent with the earlier
observed structure.

energy of the main § * satellite (;=29.24 eV). The cor-

EMS result of McCarthyet al. [19] and the PES result of
Svenssoret al. [6], are given in Tables | and Il. The thir-
teenth peak, at;=34.20 eV, does not correspond to a final

responding momenta fo$=10° are 0.751 and 0.757 a.u., state with?P° or 2S® symmetry which must occur if, respec-
respectively. At 1800 eV angh=0° the momentum ranges tively, a 3p or 3s electron in the target-Hartree-Fock ap-

from 0.055 a.u. ate;=15.76 eV to 0.092 a.u. ak;
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FIG. 2. Noncoplanar symmetric momentum distributions for the groyndtate transition §=15.76 eV) af@ 500, (b) 1000,(c) 1500,
and(d) 1800 eV. The present dat®), 0.95< DWIA (-), and the earlier result of McCarttet al. ((J) are plotted. Note the present data are
normalized to 0.9% DWIA at ¢=10°.
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2D® symmetry at 34.20 eV in Ar, for which she assigned 500, (b) 1000, (c) 1500, and(d) 1800 eV. The solid line is

the configuration 823p*(*D)4s2D. Such a state can only the DWIA cross section obtained from E@l2) with the

be excited if there are suitablwave correlations in the finite angular (momentun resolution folded in. The B

ground state, as was specifically demonstrated in the calcidartree-Fock orbital of Clementi and Rog@6] was used in

lations of Mitroy et al. [25]. This satellite was observed in the calculations to approximate the Dyson orbital. The mea-

EMS by McCarthyet al. [19]. sured cross sections are relative and so we have normalized
Binding-energy spectra similar to that shown in Fig. 1them to the DWIA at¢=10°, at each respective total en-

were also taken over the range of out-of-plane azimuthaérgy, in the $ ground-state transition. Note that as, at each

angles¢=0°-30° and at each total energy. Note that for therespective energy, relative normalizations are maintained in

present kinematical arrangemet and momentunp are  the binding-energy spectra this also sets, in each case, the

simply related through the transformation absolute scale for all the othemp3! and 3! satellites.
5112 Nearly all the 3 strength goes to the ground-state transition.
p=| (2k, cosO— k0)2+4kf\sinz osit—| . (13 Thls_ can _be seen fr_om Table | ar_1d is supported by the

2 configuration-interaction(Cl) calculations of Mitroyet al.

[25]. We find in the present measurements that the spectro-

Since each part of each spectrum at every angle was scannscbpic factor for the B ground-state transition is 0.95
sequentially for an equal time, each run consisting of many+0.01, and we have taken this value into account when nor-

scans, the spectra can be used to obtain the cross sectionawalizing the data. It is clear from Fig. 2 that to within the
selected final ion states relative to each other as a function @xperimental uncertainties on the data, the DWIA provides
¢, or the recoil momentum. an excellent description of the measured momentum distri-
The noncoplanar €,2e) cross sections for the ground bution at each energy studied. At 1500 eV we can also com-
3p ! transition ate;=15.76eV are given in Fig. 2 &) pare the present measurement with the earlier one of McCar-
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FIG. 3. Noncoplanar symmetric momentum distributions for the transition to the first excitasthf €=29.24 eV) and totaPS
manifold, for ;<45 eV, at(a) 500, (b) 1000, (c) 1500, andd) 1800 eV. The present data for the “main” transitionet29.24 eV(@®),
0.55X DWIA (----), the present data for th&S manifold ((J) and 0.9 DWIA (—) are plotted. Note the missing 8%& manifold intensity
for €,>45 eV, measured at 1000 eV, is consistent with the earlier result of McCattaly[19].
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thy etal. [19] [see Fig. Zc)]. The level of agreement
between them is quite good, except at the smaller values of
where the effect of the different angular resolutions of the
two experiments is most pronounced. We note the superior-
ity of the present angular resolution over that employed in
the earlier study{19]. While not specifically shown, the
DWIA, when appropriately scaled, also provides a good de-
scription of the MDs for the other 8! satellites(at ¢;
=35.60, 37.15, and 39.56 eV, respectived§ the 2P° mani-
fold. This is true for each of the energies of the present study.
The current spectroscopic factors for states belonging to the
2p° manifold, at each energy studied and for representative
values of recoil momentur(p or ¢), are given in Table I. It
is clear from this table that the values of these spectroscopic
factors are independent of energy and momentgirfor all
the 3p~ ! transitions. It is also clear that the spectroscopic
sum rule holds for all energy and momentum.

In Fig. 3 the present MD data for thes3nanifold and the hi
main 35! satellite, ate;=29.24 eV, are plotted &) 500, o 05 1 15 2 25 3
(b) 1000, (c) 1500, and(d) 1800 eV. Note McCartht al. p(a.u)
[19] found that for binding energies in the range 45e¥ ) o
<55eV, which were not generally measured in this study, FIG. 4. 1500.-§V noncopléanar symmetric momentum distribu-
some 8% of the?S manifold cross section is to be found. ton for the transmon to théD® state ate; =34.20 eV. The present
This point was specifically checked by us at 1000 eV, in arfjata(.)_’ the earlier result of McCarthgt al. (L), and DWIA re-
independent measurement, and found to be correct. Hence @‘n'gs using @ (-------- ) (XE-O” and 4d (--) (x0.002 Hartree-Fock

. . . ] orbitals and the CIl(=2) wave function(—) (X2) of Mitroy

Fig. 3 the measured manifold MDs are compared against thet al. [25] are plotted for comparison
0.92< DWIA 3s result. No separate normalization of these ' '
data is allowed, since the measurements are normalized by Finally we briefly consider the MD for the state at binding
the 3p~* ground-state transition as discussed earlier. The 3energy 34.20 eV, which can only be excited throagivave
Hartree-Fock orbital of Clementi and Rod@6] was used in  correlations in the ground state of the neutral argon atom.
these calculations to represent the Dyson orbital. It is appamcCarthyet al.[19] measured a somewhat unusual momen-
ent from this figure that both the shapes and magnitudes afim distribution which showed a primary maximum gt
the present MDs, at each energy investigated, are in excellent.25 a.u., a minimum gi~0.4 a.u., and a broad second-
agreement, to within the experimental uncertainties, with theyry maximum which peaked @t~0.7 a.u. A Cl (=2) cal-
DWIA results. The shape of the measuregd=29.24-eV  culation from Mitroy et al. [25] qualitatively reproduced
transition, also at each respective energy, is in good agreghese features, although overestimating the strength at higher
ment with the results of the corresponding DWIA calcula-momenta, but there was still some concern that strongly
tion, as is its magnitude, again at each energy, when thgverlapping wings from nearby states may have affected the
calculated manifold cross section is multiplied by the factormD they derived from their deconvolution process. As noted
0.55. This yields a consistent spectroscopic factor for thigreviously, with the improved energy resolution of the
state of 0.58see Table . While not actually illustrated, the present study we largely avoid these concerns. The current
DWIA, when appropriately scaled, also provides an excellenmp result, at 1500 eV, for thi€D state is given in Fig. 4.
description of the MDs for the others3* transitions(at €;  Also shown in this figure are the earlier measurements of
=36.52, 38.60, 41.21, 42.67, 43.4, 44.0, and 44.6 eV, reMcCarthy et al, some DWIA results using @ and 4
spectively of the 2S manifold. This is the case for each of Hartree-Fock orbital§26] multiplied by factors of 0.01 and
the total energies of the present study. McCarthyl. [19]  0.0002, respectively, and the result using the Cl wave func-
found it necessary to allow for a smals4ontribution to  tion from Mitroy et al. [25], multiplied by a factor of 2.
describe their measured MD at=36.52 eV, which is con-  Agreement between the present MD data and that of McCar-
trary to what we have found. However, we must note thathy et al.[19] is good, the present data being somewhat more
there is quite a bit of scatter in those dfi®] and the sta- accurate and exhibiting less scatter than the earlier work. The
tistical quality of thee;=36.52-eV MD in the earlier work is  CI wave function of Mitroyet al. and the 4 Hartree-Fock
also quite marginal. The current spectroscopic factors, alave function, both describe the low-momentum peak of this
each energy studied and for representative values of recofD® manifold transition, but the former seriously overesti-
momentum(p or ¢), for each of the satellites of thdS  mates the high-momentum components whereas the latter
manifold are given in Table Il. It is clear from this table that has no higher momentum peak. Substantive agreement with
the values of these spectroscopic factors are independent gfeory therefore still awaits the development of a Cl wave
energy and momentum for all thes3" transitions. It is also  function which provides a better physical representation than
apparent from this table that if the 8% intensity in the that given in Mitroyet al.[25]. It is clear, since nal orbitals
binding energy range 45 e¥e;<55 eV is accounted for, are occupied in the independent-particle model of the argon
the spectroscopic sum rule holds for all energy and momeratom, that the magnitude and shape of thisave transition
tum. provides a very sensitive test of initial-state electron correla-

Momentum Distribution ( 10°%a.u. )
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tion. Many-body calculations of the argon ground state aréoth the2P° and 2S manifolds, relative to each other. Thus
not yet capable of providing a full description of tlisvave  we conclude that we have unequivocally demonstrated that
correlation. the three criteria of Sec. lll, for experimental verification of
the approximations of the EMS techniqligg. (12)], have
V. CONCLUSIONS been met. Hence, in some sense, this study reports a defini-
] ] o tive experiment for electron-momentum spectroscopy.
High-resolution binding-energy spectra over the valence Tpe energy- and momentum-independém® and 2S¢
region of argon were measured at four energ®0, 1000,  manifold spectroscopic factors provide a sensitive and rigor-
1500, and 1800 e)and over a range of out-of-plane azi- o5 test for the treatment of electron correlation effects in
muthal angles (0°-309. Momentum distributions were de- 4140 and its ion, particularly for final-state correlations. The
rived from these spectra, at each energy, fortR&@ and*S  gpserved shape and magnitude for the measteve mo-
manifold cross sections and also for the individual transitions,entum profile to the ion state at=34.20 eV, with domi-
that constitute the respective manifold cross sections. Ofgnt configuration 83p*(1D)4s 2D, provides a very sensi-
comparing these MD measurements with the corresponding,e test for initial-state correlations.
results of DWIA calculations, using thep3and 3 Hartree-
Fock orbitals of Clementi and Roeft26] to represent the

Dyson orbital, substantive agreement petween them is found ACKNOWLEDGMENTS
in terms of both the shape and magnitude of the cross sec-
tions. Spectroscopic factors for thg 3! and 3! satellites This work was financially supported by the Australian

are derived and found to be independent of energy and mdResearch Counc{lARC). One of us(M.J.B) also thanks the
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