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Momentum distributions and spectroscopic factors are obtained in a high-resolution study of ar-
gon at 500, 1000, and 1500 eV by electron-momentum spectroscopy. The shapes and relative magni-
tudes of the 1500-eV cross sections are in excellent agreement with the results of a distorted-wave
impulse approximation calculation. The final states belonging to the 2S¢ and ?P° manifolds are
identified and their spectroscopic factors (pole strengths) are obtained. These are found to be in-
dependent of energy and momentum in the range 0.1-1.9 a.u. within experimental error, although
some momentum dependence is observed for the spectroscopic factor leading to the 4s %S ion state
due to initial-state correlations. The first momentum profiles for excited states belonging to the 2P°
and 2D¢ manifolds are obtained. The latter are entirely due to initial-state correlations. Compar-
ison is made with several many-body calculations. The data show the importance of core quadru-
pole ('D) excitations in describing electron correlations in both the initial Ar ground state and in the

final ionic states.

I. INTRODUCTION

The relative intensity of the satellite structure observed
in the valence binding energy spectrum of argon has been
the subject of some controversy.! ~!> Much of this has fo-
cused on the 3s satellite structure, where inconsistencies
appear to exist between photoelectron spectroscopy (PES)
measurements at intermediate photon energies'”?~ !> and
earlier x-ray PES measurements at higher energies.'®
There are also inconsistencies between the PES and the
electron-momentum spectroscopy (EMS) data, the
latter'">»'7723 being consistent among each other, giving
satellite intensities and structure information independent
of the incident energy. In general, the PES measure-
ments are quite energy dependent, and measure a higher
pole strength for the main 3s ~! transition (that is, the
transition leading to the 3s3p® ion state at a separation
energy of 29.3 eV) than obtained in the EMS measure-
ments. Part of this problem is the difficulty inherent in
the PES measurement of measuring the strength in the
continuum (i.e., double-ionization region).2 In EMS the
measurement of the continuum strength presents no
difficulty, since background subtraction does not depend
on the presence or absence of peaks. Thus in PES mea-
surements it is difficult to observe the total transition
strength, and the relative intensities of a few peaks are all
that are generally reported.

Both EMS and high-energy PES can be used to study
initial- and final-state correlation effects in atoms and
molecules. The kinematics of these two experiments are,
however, quite different. EMS measurements are per-
formed at low recoil momenta (p = 1.5 a.u.), whereas the
high-energy PES experiments are performed at high
recoil momenta (p ~3-10 a.u.). In other words, EMS
probes the low momentum components of the target
wave fucntion which is dominated by the large-r region,
whereas PES probes the very-high-momentum tail of the

40

wave function dominated by the regions close to the nu-
clei. Further, in EMS the momentum of the target elec-
trons probed is independent of the incident energy,
whereas in PES it depends directly on the energy,
since it is proportional to the square root of the outgoing
electron energy. Therefore in PES different satellites at
the same photon energy, or the same satellite at different
photon energies, correspond to different parts of the
momentum-space wave functions and probability distri-
butions, i.e., have different cross sections.

It is therefore not surprising that there are differences
between EMS and PES spectroscopic strengths. The
spectroscopic strengths or pole strengths for any transi-
tion at any given momentum should be independent of in-
cident energy or ejected energy. Any purely structural
property, such as spectroscopic strengths, should not de-
pend on the energies of the particles. PES transition in-
tensities are, however, intrinsically energy dependent.
This is because as the energy varies, the momentum com-
ponent of the wave function that is probed is varied. As
well as the momentum probability distribution changing,
it is well known!!® that if initial-state correlation effects
play a role, the spectroscopic factor must be momentum
dependent. Further, at the low energies where many PES
experiments are carried out ( <200 eV, say), the emitted
electrons, which come from the strong part of the poten-
tial (high p), cannot be considered as plane waves, thus
making the calculation of the orbital and continuum ma-
trix elements difficult and energy dependent. In EMS it is
possible to fix the momentum as the energy is changed
and to measure directly energy-independent structure in-
formation.

In the present work we report some detailed measure-
ments at 500, 1000, and 1500 eV. At each energy, in ad-
dition to obtaining spectroscopic strengths for the vari-
ous 3s ! transitions, we observe several 3p ! satellite
lines, the first clear observation of this in EMS. The
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3p ! satellites have a completely different momentum

dependence to the 3s ~ ! satellites and are therefore simple
to identify. We also observe, for the first time, excitation
of 2D final states due to initial-state correlations. We re-
port the measured momentum profiles at 1500 eV for
various transitions, and show that the dominant 3p !
and 3s ~! transitions can be fully understood on the basis
of the distorted-wave impulse approximation. That is,
the measured shapes and relative cross sections are com-
pletely given by the theoretical calculation.

II. THEORETICAL BACKGROUND

In the present work noncoplanar symmetric kinematics
is employed, that is, the outgoing energies E, and E, are
equal, the two emitted electrons making equal polar an-
gles 6=45° with respect to the incident electrons of
energy E,=¢,+E, +E,, where ¢, is the binding or elec-
tron separation energy. The ion recoil momentum
P=Po—P:— P, is varied by varying the out-of-plane az-
imuthal angle ¢=7—¢, —¢,. The experimental method
is the same as the one outlined in Refs. 23 and 24.

The EMS differential cross section is given by!!*

d’c JL1P2

T (2m)
dp,dp,dE, Po

feeGrp), (1)

where the electron-electron collision factor f, _, is the
half-off-shell (to allow for the binding energy) Mott
scattering cross section averaged over electron-spin de-
generacies. In the noncoplanar symmetric geometry the
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collision and kinematical factors are essentially indepen-
dent of the angle ¢ and the cross section is proportional
to the structure factor Gf(p), L18 which for incident and
outgoing plane waves (the plane-wave impulse approxi-
mation PWIA) is given by

Gr(p)=2J,+1)7" 3 p¥,d M |WoT M) |,

MO,A’\'!f

(2)

where the sum over final electronic degeneracies and an
average over initial-state electronic degeneracies are tak-
en, and |W,) and |¥,) are the N and N —1 electron ini-
tial and final states, respectively (note that [¥,) need not
be bound). The notation used in the bra vector of (2) in-
dicates the (N — 1)-electron—ion state f and an electron
in a plane-wave state with momentum p. By measuring
the cross section as a function of p it is possible to mea-
sure the square of the (one electron) overlap function
(W,|W,) in momentum space. This is the probability
that the observed ion state |¥ /) is obtained by annihilat-
ing an electron of momentum —p and spin coordinate g
in the target state |¥,). In the second quantized nota-
tion the operator that annihilates such an electron is
Zj,ay,n(ﬁgm(p,a)a{;m. The function ¢/, is the single-
particle orbital in momentum-spin space for total angular
momentum j with projection m. The remaining quantum
numbers are denoted by a (e.g., principal quantum num-
ber for an atomic orbital). The radial factor of ¢/, (p,o)
is denoted ¢/(p). The structure factor (2) can then be
written!!°

G, (=21, +1) 13 SLp)dip)(Woll(al)T[|W ) - (W [laj]|W,) (3)

B

The dot product in (3) denotes the scalar product of
tensor operators

al al=(al, ) a}, . 4)
m

There is a manifold of states \\I’f> that contain the one-
hole configuration resulting from the annihilation of an
electron in the characteristic orbital ¢/(p) in |¥,). One
can define the manifold structure factor W,,(p) by sum-
ming over all final states belonging to the manifold
characterized by ja

Wi p)= 3 G(p)
fE€ja

:(2J0+1)"k2 oX(pIdEpI (W (af) kW)
LV

(5)

This sum is dominated by the term k =j, u=v=gq, hence
the manifold structure factor is labeled by j,a. The last
factor is the target ground-state density matrix obtained
by a structure calculation and it can be sensitive to details

[

in different many-body calculations of the ground state
W)

The spectroscopic factor or pole strength S, ;,(p) for
the one-hole manifold ja is given by

G (P)=S; 1l PIW,a(p) . (©)

It is obvious that the spectroscopic factors obey the sum
rule

S Ssidp)=1. (7)

fE€ja

It is important to note the spectroscopic factors can de-
pend on p, where p is the momentum of the ionized elec-
tron in the target state. The simplest approximation to
the photoelectron cross section, involving the plane-wave
and sudden approximations, contains the same factor. It
is often confusingly called shake-up theory in PES.

For closed-shell targets it is often reasonable to make
the target Hartree-Fock approximation (THFA) in which
|W,)=|®,) is the Hartree-Fock configuration for the
target. In this case the structure factor simplifies to
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G (p)=(2j+ 1S, [¢/(p)]*, 8)

and the spectroscopic factor is now independent of
momentum. It is only when there are no correlations in
the initial state that the spectroscopic factor is strictly in-
dependent of momentum. The spectroscopic factor in
this THFA is simply the probability that ¥, ) consists of
a hole in |®,) with quantum numbers j,a.

The noncoplanar symmetric EMS cross section at a
given energy is directly proportional to the structure fac-
tor [Egs. (3), (6), and (8)] and this depends on both the
spectroscopic factors, which give the relative intensities
of the lines in a given manifold, and the momentum space
wave functions of the orbital(s) involved.

Thus for atoms the cross sections for knocking out
electrons from orbitals with / > 1 are zero at p =0 (except
for the effects of finite momentum resolution), whereas
the cross sections for the /=0 manifolds have a max-
imum value at p =0. In EMS spectroscopy it is therefore
easy to measure the s manifold cross sections, say, the 3s
manifold in Art, without interference from other mani-
folds, such as the 3p in Ar". Similarly, the 3p cross sec-
tion peaks at about p =0.65 a.u., where the 3s cross sec-
tion has dropped to about one-third of its maximum
value.

It is not necessary to assume that the free electrons are
plane waves, although the higher the energy the better
this approximation becomes. Thus in the distorted-wave
impulse approximation (DWIA) we replace the structure
factor (2) by the distorted structure factor.'® In the
THFA this is for an atomic target simply given by

Grp)=S; ;o X TP X T (PNl X TP 2, (9)

where x'*)(p) are elastic scattering wave functions for
electrons in the appropriate equivalent local static ex-
change potentials.

III. EXPERIMENTAL ARRANGEMENT

The noncoplanar symmetric coincidence spectrometer
and associated equipment has been described in some de-
tail previously.>?*?* Binding-energy spectra spanning
different energy intervals were measured at each of a
number of out-of-plane azimuthal angles ¢=7—¢, —¢,.
The data were obtained in a binning mode in which the
entire spectrum was windowed across the microchannel
plates, so that each part of the spectrum was collected at
every angle for an equal time on each part of the channel
plates. In any run the binding-energy spectra at the
different angles were scanned repeatedly over the whole
angular range. Momentum distributions were extracted
from sequentially obtained angularly correlated binding
energy spectra in order to maintain relative normaliza-
tions. A Gaussian fitting program was used to fit the
peaks, the experimental energy resolutions being deter-
mined by accurate measurements of the He(e,2e)He™
ground-state transition. The operating conditions were
Ey=E+e;, with E,=E,=FE /2 and 6,=6,=45°". Runs
were taken at total energies E of 500, 1000, and 1500 eV.
The angular resolution was about 1° and the energy reso-
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lution varied with each run from 1.1 eV at 500 eV to 1.3
and 1.6 eV at 1500 eV. The energy resolution was pri-
marily determined by the space-charge-induced energy
spread of the incident electron beam.

Two runs were carried out at 500 eV, the first at
¢=0° and 10° and the second at the angles
1°, 6°, 11°, 14°, 20°, 30°, and 36°. At 1000 eV spectra
were taken over the separation energy range 25-55 eV at
¢=0° 4°, 8°, and 12°, and at 1500 eV there were several
independent runs over the angular range +10° to —25°.

IV. RESULTS AND DISCUSSION

A. Binding-energy spectrum

The binding-energy spectrum of Ar in the region
25-55 eV is shown in Fig. 1 for a total energy of 500 eV
and with the out of plane azimuthal angles ¢=0° and
¢=10°. At $=0° the momentum p ranges from 0.17 a.u.
at the binding energy of the first peak (g,=29.24 eV) to
0.29 a.u. for £,=50 eV. At 10° the corresponding mo-
menta are 0.56 and 0.60 a.u., respectively. The spectra
shown in Fig. 1 are considerably better resolved than
those in earlier published works,!” 2! the exception being
the statistically quite limited 300 eV spectrum of Willi-
ams,?? which was taken with an energy resolution of
about 0.8 eV. The spectra in Fig. 1 show some satellites
not previously resolved in EMS and one not previously
observed in PES.

For the sake of clarity, the 3p ~! ground-state transi-
tion is not included in the spectra. At ¢=0, i.e., at low
momentum, the 3p ground-state cross section is only
40% of that for the 3s ! transition at 29.24 eV, whereas
at $=10° (i.e., p ~0.56 a.u.) its cross section is about four
times that of the 29.24 eV transition. Thus any reason-
able 3p ~ ! satellite intensity in the range 25—55 eV should
be noticeable in Fig. 1 by peaks which are much stronger
at $=10° than at ¢=0°. Peak 5 at 37.15 eV is obviously
such a case and peak 3 at 35.64 eV is also a possible case.
Peak 7 at 39.56 eV also has considerable strength at
¢=10°. The relative intensities of the peaks in Fig. 1, as
well as that of the ground-state 3p ~! transition, are given
in Table I. The intensities are relative to the ¢=23s !
transition at 29.24 eV. The table also gives the separation
energies and final-state assignments.

Peak 2 at 34.201+0.08 eV does not correspond to a final
state with 2P° or 2S¢ symmetry which must occur if, re-
spectively, a 3p or 3s electron is ionized in the THFA.
There is, however, a state of 2D symmetry at 34.20 eV in
Ar*.? Excitation of this state can only occur if there are
suitable correlations in the argon ground state. The state
at 34.20 eV has been assigned the configuration
3s23p%'D)4s(*D) by Moore.”> The corresponding
ground-state configuration, which much be even parity
and coupled to J=0, has to be 3s23p*'D)4s3d
(1S,J=0), the core having a quadrupole two-hole excita-
tion, the two particles going into a 4s and 3d excited or-
bital. Knockout of the 3d electron would then lead to the
state at 34.20 eV, whereas the knock-out of the 4s elec-
tron would lead to the 3523p*(1D)3d (2S) state at 38.6 V.
Excitation of this state (peak 6) is observed to be very
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FIG. 1. 500-eV noncoplanar symmetric EMS separation energy spectra at $=0° (p ~0.2 a.u.) and ¢=10° (p ~0.58 a.u.). The

curves show the fitted spectra using the known energy resolution. The assignments for the peaks 1-10 are given in Table L.

strong, but the major contribution to its strength is from
final-state correlation effects,! "0 the state containing a
significant 3s-hole contribution and can therefore be
reached by direct 3s ionization.

The intensity of peak 3 at 35.64 eV is very small, the
cross section at ¢=10° being higher than that at ¢=0°,
which means that it cannot be a 3s satellite and must be a
3p satellite due to initial- or final-state correlation effects

or relaxation effects. There is a >P° state at 35.60 eV with
configuration 3s23p*(3P)4p that could certainly be excit-
ed due to relaxation and or correlation effects. The
initial- and final-state configuration-interaction (CI) cal-
culation of Mitroy et al.’ predicts a 3p ! strength lead-
ing to this state of 0.002. Dyall and Larkins®® in their CI
calculation obtain a similar result. The 500-eV 10° data
in Table I show that the maximum 3p ~! strength to this

TABLE 1. Peak energies and relative intensities in the 500-eV spectra shown in Fig. 1 The intensi-
ties are relative to a value of 100 for the 29.24-eV transition at $=0°. The error in the last significant
figure is shown in parentheses. The momentum p depends on the binding energy, the lower value is for

£=29.24 eV, the upper for e =40 eV.

¢=0 =10
Peak e, (eV) Final state p=0.17-0.23 a.u. p=0.56-0.60 a.u.
15.76 3s33p32pP° 45(5) 250(20)
1 29.24 3s3p“s 100 63.2(8)
2 34.20 3s23p*('D)4s ’D 4.1(3) 1.8(3)
3 35.6 3s23p* (3P>4p pe 1.2(3) 2.0(3)
4 36.52 3s23p*(1S)4s S 5.7(4) 1.1(4)
5 37.15 3s23p*('D)4p 2P° 2.3(4) 6.0(6)
3s23p*('D)3d *D
6 38.60 3s23p%('D)3d %S 33.0(6) 19.9(6)
7 39.56 3s23p*('S)4p *P° 2.9(4) 1.6(4)
3s23p*(3P)4d *D
8 41.21 3s23p%'D)4d ’S 17.0(5) 11.0(5)
9 42.67 3s23p*('D)5d °S 9.6(6) 6.2(6)
10 44.0 8.1(6) 6.7(6)
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state is 0.01 at p ~0.58. There is also a 2D state at 35.44
eV with the same configuration. Such a state could be ex-
cited in the weak-coupling approximation if the corre-
sponding configuration 3s23p*(3P)4p? (J=0) plays a
significant role in the argon ground state. The resulting
4p momentum distribution would peak at a lower value
of momentum than the 3p.

Peak 4 at 36.52 eV again belongs to the %S manifold,
the cross section at ¢=0 being much larger than at
$=10°. The final state is 3523p*(1S)4s S, and both relax-
ation effects and correlations lead to its excitation.

Peak 5 at 37.15 eV again has a much larger cross sec-
tion at $=10° (p =0.58 a.u.) than at ¢ =0° (p =0.22 a.u.).
It therefore cannot be a 3s satellite. There are two possi-
ble final states in the energy region of interest, namely,
the (1D )4p 2P° state at 37.11 eV belonging to the 3p man-
ifold and the ('D)3d 2D state at 37.18 eV belonging to
the 3d manifold. This latter state can only be excited
if ground-state correlations lead to significant
3s23p*'D)3dnl (J=0) 'S configurations in the ground
state. Mitroy et al.’ find in their CI calculation of the
generalized overlap amplitude [Eq. (2)] that there should
be significant excitation of the 2P° state due to 3p ioniza-
tion, the strength relative to the ground-state transition
at p=0.70 a.u. being 0.013, compared with the present
result of 0.032. Mitroy et al. calculate that the total
strength for the 2D ¢ correlation satellites at p ~0.25 a.u.
should be only of the order of 0.4% of the 3s 29.24-eV
cross section at p ~0. Dyall,?” on the other hand, finds in
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his CI calculation that the cross section for exciting the
('D)3d D ion state should be much higher, being about
5% of the ¢ =0° 35 29.24-eV cross section at p =0.25 a.u.
Given the very small cross section at ¢ =0° (p =0.22 a.u.)
for this peak, the ('D)3d 2D jon state could contribute
only a very small part of the observed strength for this
peak. We will return to this later when discussing the
momentum distributions.

The remaining peaks all obviously belong to the 3s
manifold, except for peak 7 at 39.56 eV. This peak,
which has been observed in the recent high-resolution
low-medium energy PES studies'>”!* and in the high-
resolution x-ray photoelectron spectroscopy (XPS)
study,’* must arise from excitation of either the
('S)4p 2P° state at 39.57 eV belonging to the *P° mani-
fold, and or the excitation of the (*P)4d *D state at 39.64
eV belonging to the 2D € manifold. In the PES studies the
satellite was assigned to the (!S)4p 2P° state."*!> The
present data give an upper limit of 0.01 for the spectro-
scopic factor of this state, which compares with the value
of 0.003 calculated by Dyall and Larkins?® and 0.002 by
Mitroy et al.’

B. Momentum distributions

Binding-energy spectra similar to those shown in Fig. 1
were also taken over a range of out-of-plane azimuthal
angles at each total energy. Since each part of each spec-
trum at every angle was scanned sequentially for an equal

Momentum (a.u.)

0.06 0.5 1.0 1.5 2.0 2.5 0.1 0.5 1.0 1.5 2.0 2.5
T T T T T T T T T
L (a) 3p L Ar
- —— DWIA x0.95 1500 eV
= ---PWIAX0.83
o) (b) 3s
G x 3s3p°® ..
_ o (E=15.8eV) o — DWIA
< c N —. - DWIA x0.55
z - . ---PWIAxO0.63
& o = Total 3s
n r ‘® e £=29.3eV
("2l .
(o]
S
©
T w0t —
(9] r -
Nt C \ C
L - \ -
o L ‘\ L
\
L . L
\
- \ L \
\
\
\
1578 L 1 | ! ] 1 1 L 1
0 10 20 30 0 10 20 30
@ (deq)

FIG. 2. 1500-eV noncoplanar symmetric angular correlations for the ground state (15.8 eV), first excited state (29.3 eV), and total
S manifold compared with the DWIA and PWIA cross sections using HF 3p and 3s wave functions. All of the data have been nor-
malized by fitting the measured ground-state transition to 0.95 times the 3p DWIA cross section.
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time, each run consisting of many scans, the spectra can
be used to obtain the cross sections to selected final ion
states relative to each other as a function of ¢ or momen-
tum through the relationship

p=Ip1+P2—Pol
=[(2p,cos0—p,)*+4p?sin?@sin®p/2]'% . (10)

The 1500-eV noncoplanar symmetric (e,2e) cross sec-
tions for the ground-state 3p ~! transition at 15.8 eV, for
the 2S manifold, (i.e., the integrated 3s 1 transition
strength over the region € =29.24-55 eV), as well as for
the 3s ~! transition at 29.24 eV, are shown in Fig. 2 com-
pared with various calculated distributions. The solid
line is the DWIA cross section obtained using the THFA
and the distorted-wave structure factor (9). The 3p and
3s HF wave functions of Clementi and Roetti?® are used
in the calculations. The measured angular correlations
are not absolute, but relative normalizations are main-
tained. The measured cross sections are normalized to
the DWIA by fitting the measured cross section at
p=0.5 a.u. in the 3p ground-state transition to the
DWIA value at that point. Nearly all of the 3p strength
goes to the ground state transition. This can be seen
from Table I and is supported by the detailed CI calcula-
tions of the overlap function by Mitroy et al.,> who find
in their calculation of the 3p manifold that the spectro-
scopic factor for the ground-state transition is 0.995 at
p=0.12 and 0.972 at p=0.70. We find in the present
measurements that the spectroscopic factor for the 3p
ground-state transition is 0.95:+0.02, and we have taken
this value in normalizing the data. Therefore the
DWIA-HF 3p cross section, which gives the cross section
for the whole 3p manifold, has been multiplied by 0.95.

Figure 2 shows that the DWIA cross section for the 3s
manifold is in excellent agreement with the measured 3s
manifold cross section both in shape and in magnitude.
This shows that all the 3s strength has been observed in
the measurements over the separation energy region
29-55 eV. The shape of the 29.24-eV transition is also in
excellent agreement with the DWIA calculation, as is its
magnitude when the calculated manifold cross section is
multiplied by the factor 0.55. This implies that the spec-
troscopic strength to this state should be 0.55 (see Table
II). Also shown in Fig. 2 are the plane-wave impulse ap-
proximation cross sections for the corresponding transi-
tions. These are simply proportional to Sf,ja[¢{;(p)]z, as
shown by expressions (1) and (8). The shapes of the cross
sections are very well described by the PWIA, i.e., by
[#%(p)]?, for momenta below 1.5 a.u. Above this momen-
tum, where the cross section is very small, the distortion
of the electron waves has a significant effect on the shape
of the cross section. Although giving an excellent
description of the momentum distribution at low momen-
tum, the PWIA does, however, overestimate the 3s mani-
fold cross section relative to that for the 3p manifold.
This is due to the neglect of distortion and absorption in
the PWIA, such effects being more important for the
more tightly bound inner valence 3s orbital.

Mitroy et al.’ carried out a detailed CI calculation of
the full overlap function and the ground-state density ma-

TABLE I1. Relative spectroscopic factors for the 2S manifold of Ar 11 determined from relative (e, 2e) cross sections at different azimuthal angles ¢ at 500, 1000, and 1500 eV. The average momentum p

probed at that angle is also given. The one standard deviation error in the last significant figure is given in parentheses.
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FIG. 3. Momentum profiles for the ground- and first excited-state transitions compared with the calculated cross sections multi-
plied by the respective spectroscopic factors.

trix to determine the momentum distributions for the
1=0, 1, and 2 manifolds using Egs. (2) and (5). They find
that the /=0 manifold distribution Wj(p) has essentially
the same shape and magnitude as that given by the 3s Ar
HF wave function, the only difference being a slight in-
crease in the total strength at p =0 a.u. (by some 4%) due
to the large value of ¢,,(p) at the origin, there being some
small 4s contribution due to correlations in the ground-
state wave function. Similarly, the effects of correlations
on W, (p) were found to be very small, the shape and
magnitude being very similar to the HF 3p momentum
distribution. /=2 transitions leading to 2D° correlation
satellites can only arise from d-wave correlations in the
ground state. Mitroy et al. found that the major effect of
the d-wave correlations was at large p (~1.2 a.u.), al-
though there was a peak at low momentum centered at
p=0.25 a.u., with an intensity of about 2% of the peak
3s intensity. Dyall,27 on the other hand, found that the
=2 manifold cross section should be sharply peaked at
p~0.25 a.u. and have a value of almost a factor of 10
higher than that given by Mitroy et al. The difference in

the calculations is that Mitroy et al. included special
pseudonatural correlating orbitals in their calculations,
these orbitals (e.g. 3d) being localized in the same region
of space as the 3s and 3p orbitals. They found that the
contracted 3d orbital was much more important in the
density-matrix elements for the ground state than the
spectroscopic 3d and 4d orbitals, which resulted in a
dramatic reduction of the W,(p) strength at low momen-
tum (<0.5 a.u.), and a corresponding increase in the
cross section at high momentum (p ~1.2 a.u.).

Figure 3 shows on a linear scale the 3p and 3s momen-
tum distributions obtained at 1500 eV for the ground-
state and first-excited-state transitions, respectively.
They are compared with the DWIA cross sections nor-
malized as in Fig. 2(a). This again shows the excellent
agreement between the data and the DWIA cross sec-
tions using the indicated spectroscopic factors.

The 1500-eV cross sections for the total 3s manifold
and the remaining 3s satellites and the continuum up to
55 eV are shown in Fig. 4 compared with the DWIA
cross section. It is evident that the momentum profiles

TABLE III. Comparison of spectroscopic factors for the S manifold. Asterisk denotes decreases from 0.03+0.01 at p <0.2 to

0.01+0.01 at p >0.5 a.u.

Hibbert and Amusia and

Dominant Experiment Mitroy et al.® Hansen® Kheifets* Von Niessen?

configuration (EMS) Overlap FSCI FSCI GF GF-ADC(4)
e(eV) Sy eeV) Sy Sy eeV) Sy S, e(eV) Sy
3s3p° 29.24 0.55(1) 28.67 0.649 0.600 29.31 0.618 0.55 28.99 0.605
3ptas 36.50 0.02(1)* 36.38 0.013 0.006 36.57 0.006 36.74 0.008
3p43d 38.58 0.16(1) 38.65 0.161 0.142 38.84 0.112 0.20 39.08 0.135
3pt4d 41.21 0.08(1) 41.72 0.083 0.075 41.32 0.057 0.11 41.40 0.005
3p*5d 42.65 42.66 0.021 0.04 42.05 0.025
0.08(1) 0.081 0.095

3p*6d 43.40 43.44 0.009
Ar?t +e 0.12(1) 0.013 0.08 0.18 0.177

*Reference 5. "Reference 11. Reference 4. ‘Reference 20.
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for all of these transitions, except perhaps the one at
36.52 eV leading to the ('S )4s state, correspond to the 3s
momentum profile, the relative cross sections being given
by the spectroscopic factors.

Table II lists the spectroscopic factors for transitions
belonging to the 2S° manifold. These are obtained from
the measured energy spectra at different angles at 500,
1000, and 1500 eV. Quite clearly, within experimental er-
rors, the spectroscopic factors are independent of in-

cident energy and the momentum of the struck electron.
The spectroscopic factors obtained in the present work
are in excellent agreement with those recently obtained
by McCarthy and Weigold® at 1000 eV, as well as those
obtained in earlier less accurate work at a number of en-
ergies at p ~0. 117722

Table III lists the spectroscopic factors obtained in a
number of many-body calculations. None of them ade-
quately describes the data, although they do give the
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FIG. 4. Momentum profiles for the S manifold and various satellites compared with the calculated 3s momentum profiles multi-
plied by the respective spectroscopic factors. For the 3s23p*4s transition a 4s HF momentum profile multiplied by 0.0015 is also

shown.
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main features, i.e., a little more than half the strength be-
longs to the 3s3p® state at 29.24 eV, with the next most
prominent state being the 3s23p*3d state at 38.60 eV.
The most detailed calculation is that of Mitroy et al.,’
who carried out a full calculation of the overlap function
between the correlated target state and the correlated
final states as shown in Egs. (2) and (5). This is indicated
by the column heading of overlap. The corresponding
final-state CI calculation, which measures the percentage
of 3s3p® in the final state is also given. There is a
significant difference between the full overlap calculation
and the amplitude squared of the 3s3p® configuration.
The spectroscopic factor for the primary transition has
increased from 0.60 to 0.65 in the full calculation,
whereas the experimental value is 0.55. Two factors con-
tribute to this increase in the calculation. The first is the
coherent coupling between terms for the CI expansion of
the atom and ion, and the second is the coherent addition
of virtual orbital momentum-space wave functions with
the 3s HF component. The experimental results suggest
that the interference should be destructive rather than
constructive. In the continuum region the full overlap
calculation gives destructive interference, which reduces
the spectroscopic strength of the continuum, again in
disagreement with the measurements.

Hibbert and Hansen!! carried out a CI calculation of
only the ion states and not a full overlap calculation.
Therefore their spectroscopic factors are only the square
of the amplitude of the 3s3p® component in the corre-
sponding ion state. As Mitroy et al.> showed, inclusion
of correlations in the ground state can lead to very
significant changes in the distribution of the spectroscop-
ic strength. It is therefore not surprising that this limited
calculation is not in agreement with the measurements.

Amusia and Kheifets* obtain excellent agreement for
the spectroscopic factor of the primary transition at 29.3
eV, but their Green’s-function overlap calculation does
not have sufficient flexibility to explain the richness of the
observed %S manifold. They do, however, point out the
difference between EMS and PES measurements, showing
that the interpretation of PES results is very difficult and
that PES intensities cannot be directly compared with
calculated spectroscopic factors. They showed that in
photoelectron spectroscopy, the spectroscopic factor for
the lowest ion state is generally overestimated, while the
spectroscopic factors for the other transitions are un-
derestimated.

The calculations of Von Niessen?® are based on the
Green’s-function technique, which takes into account
both initial- and final-state correlations as well as relaxa-
tion effects. He used the ADC(4) approximation,®® that is
the algebraic diagrammatic expansion of the one-particle
Green’s function accurate to fourth order, and a
[1259p6d1f1-(8s6p6d1f) Gaussian basis set. The gen-
eral agreement with the data is quite reasonable.

Figure 4(b) shows the momentum distribution to the
3523p*(1S)4s ion state. The strength for this transition is
due to three contributions. The first is the 3s3p® com-
ponent in the final-state wave function, which the CI cal-
culations give to be approximately 0.6% (Table III);
secondly, there is the effect of relaxation. The third con-
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FIG. 5. Calculated HF momentum profiles for the Ar 3s, 4s,
4p, 3d, and 4d orbitals.

tribution is due to initial-state correlation effects, mainly
due to the 35s23p*4s? component in the ground-state wave
function. This latter contribution, in the weak-coupling
approximation, would lead to a 4s momentum distribu-
tion due to the knock-out of one of the 4s electrons. The
4s momentum distribution is much narrower than the 3s
and (for equal occupancy) has much greater value at zero
momentum than the 3s. The distribution in Fig. 4(b)
shows an enhancement at low momentum which could
indeed be due to the 4s component. The shape of the
momentum distribution is significantly different from the
3s one if the points with poor statistics above p ~0.6 a.u.
are neglected. This is particularly obvious in the two
most accurate data points at 500 eV and p ~0.2 and 0.6
a.u. Mitroy et al.® find that the influence on the /=0
manifold momentum profile W (p) is quite small, al-
though due to the large value of ¢, (p) at the origin the
total ’S strength is increased by some 4% at p =0 drop-
ping to the HF value at p ~0.3 a.u.

The momentum distributions for the 4s as well as the
4p, 3d, and 4d spectroscopic orbitals are compared with
the 3s HF momentum probability distribution in Fig. 5.2
The 4s momentum distribution is approximately 25 times
that of the 3s at p=0, but it is much more sharply
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peaked. In Fig. 4(b) we have included for comparisons a
4s cross section amounting to 4% of the total 3s cross
section at p =0, the maximum permitted by the calcula-

tion of Mitroy et al.® This corresponds to a 4s strength
of 0.0015. Also shown is a 3s contribution of 0.01, as well
as the sum of the two. This is in excellent agreement
with the data, in particular the two most accurate mea-
surements at 500 eV at p ~0.2 and 0.6. We have added
the two contributions coherently, but obviously any
phase between the two contributions is possible. The
353p® component in this state is very likely of the order
of 0.01, in good agreement with the calculations.

The momentum profile for the continuum up to 55.3
eV is shown in Fig. 4(f). Clearly, the continuum strength
must belong primarily to the 2S¢ manifold, the 2P° contri-
bution being negligible. The continuum was therefore as-
signed to the 2S¢ strength in Figs. 2 and 4(a) and in
Tables II and III. Although Fig. 1 and similar separation
energy spectra at 1000 and 1500 eV show that the contin-
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uum strength has all but disappeared by 55 eV, a very
small contribution above this energy cannot be ruled out.
The continuum spectroscopic strength in Table II must
therefore be considered a lower bound, any extra strength
in the continuum would lower the other relative spectro-
scopic factors accordingly.

Figure 6 shows the momentum distributions to final
states that do not belong to the 2S° manifold. The
first is the state at 34.20%+0.08 eV. This has the assign-
ment 3s23p*('D)4s 2D.?*> This state can only be excited
through d-wave correlations in the ground state of the
neutral argon atom. The observed momentum distribu-
tion shows a maximum at p~0.25 a.u., a minimum at
p~0.4 a.u., and a broad secondary maximum at p ~0.7
a.u. The 2D* manifold momentum distribution calculated
by Mitroy et al.’ is also shown in Fig. 6(a) and is marked
CI (/=2). It is multiplied by a factor of 2 for ease of
comparison at low momentum. Clearly this CI calcula-
tion underestimates the height of the small momentum
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FIG. 6. Measured momentum profiles to final states at 34.2, 35.6, 37.15, and 39.6 eV compared with several calculated distribu-
tions. The factors following the 3p calculated distributions are 3p spectroscopic factors. The CI (/=2) distribution is the total D
manifold distribution obtained by Mitroy et al. (Ref. 5). The CI (I =1) distributions are 0.67 of the total 2P’ satellite distribution ob-
tained by Mitroy et al. The 4d and 4p distributions are the HF spectroscopic Ar 4d and 4p momentum distributions with their

respective scaling factors.
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peak and overestimates the contribution at high momen-
tum. Mitroy et al. found that the dominant contribution
of the correlation energy came from ‘‘correlating” pseu-
donatural orbitals (denoted by a bar) rather than the
spectroscopic orbitals. The contracted 3d orbital, which
was localized in the same region of space as the 3s and 3p
orbitals, is much more important in its density matrix ele-
ments for the ground state than the much more diffuse
spectroscopic 3d and 4d orbitals. Figure 5 shows that in
momentum space the spectroscopic orbitals are peaked at
low momentum (p ~0.25 a.u.), whereas the contracted 3d
orbital is peaked at high momentum (p ~1.2 a.u.). Clear-
ly our data show that the spectroscopic 3d and 4d orbit-
als are more important than given by the calculation of
Mitroy et al., and that they probably overestimate the
large momentum components due to the 3d orbital. If
the intensity of the low momentum peak is attributed to a
ground-state 3s23p*(!D)4s3d configuration it would re-
quire a 3% admixture (see Fig. 5) in order to explain the
cross section. A 3s23p*(!D)4s4d configuration would re-
quire a CI contribution of only 0.4%. The shape of the
low-momentum peak is given very well by the 4d momen-
tum distribution, and not so well by the 3d (see Fig. 5).
Dyall?’ has also carried out a CI calculation of the
ground state including double excitations of the form
(nl)?, but included only the spectroscopic 3d and 4d or-
bitals (as well as other nl/ orbitals up to nl=>5p). He
found that the major interaction in the Ar ground state
involved the 3p*3d? and 3p*4d? configurations, which
contributed 1.2% and 0.5% of the correlated wave func-
tion, respectively. According to this calculation the total
d-wave intensity should be approximately 9% of the total
3s intensity at 0.25 a.u. (Ref. 27). Thus the total cross
section for the 2D° manifold should be of the order of
1.7X107* a.u. at p=0.25 a.u. This is 3.4 times higher
than the strength observed for the 34.20-eV transition.
Since Dyall included only the 3d and 4d spectroscopic or-
bitals, he does not predict any detectable cross section
above p~0.5 a.u.,, which is in disagreement with the
data. The possibility of some 2P° contribution in this en-
ergy range at large momentum must be explored since
there is a state of 2P symmetry at 34.50 eV, namely, the
3s23p*(°P)3d state. This state could be largely discount-
ed on the basis of separation energy, the fit to the data at
this energy being unacceptable. It is therefore extremely
unlikely that this state accounts for a significant part of
the observed strength [Fig. 6(a)], and certainly cannot ac-
count for any of the low-momentum strength. Neverthe-

TABLE IV. Relative spectroscopic factors for the 2P° manifold of Ar 11 determined from the relative (e,2e) cross sections at 500
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less, in Fig. 6(a) we include two calculations of the 2P
manifold momentum distribution. The first is simply
0.01 times the 3p HF DWIA cross section (solid line) and
the second is 0.67 of the total 2P° satellite intensity,
marked CI (/=1), calculated by Mitroy et al. in their
full overlap calculation by subtracting the calculated
distribution for the 3s23p> ground-state transition from
the total 2P° manifold distribution. There is a small
difference in shape between the HF and CI calculations
due to the effect of initial-state correlations. Both de-
scribe the high-momentum tail quite well.

The next transition at 35.63 eV leading to the
3523p*(3P)4p 2P° state has clearly a 3p momentum profile
[Fig. 6(b)], although the transition is very weak. It has
again been compared with 0.01 of the HF momentum dis-
tribution and 0.67 of the 2P° total satellite momentum
distribution calculated by Mitroy et al. Figure 6(c)
shows the momentum distribution for the transition lead-
ing to the 3s23p*('D)4p 2P° state at £=37.15 eV. This
again is clearly 3p in character and has a considerably
larger cross section, approximately 3% of that for the
ground-state transition. There is no evidence for excita-
tion of the 3523p*(!D)3d state at 37.18 eV, there being no
low-momentum components as expected from a 3d tran-
sition [Figs. 5 and 6(a)].

Figure 6(d) shows the momentum distribution at
€=39.6 eV. The obvious candidate for the final state is
the 3s23p*(1S)4p 2P ion state at 39.57 eV. For compar-
ison the HF 3p momentum profile has been included in
the figure. Clearly there is some excess intensity at low
momentum. This could be due to some 4p component in
the overlap function or it could be due to a transition to
another final state. The only other candidate is the
3s23p*(3P)4d 2D state at 39.64 eV. Indeed, the momen-
tum distribution in Fig. 6(d) is very similar to that ob-
served in the 2D transition shown in Fig. 6(a), given the
large error bars on some of the data points. The most ac-
curate data, namely, the 500-eV points at p ~0.22 and
0.6 a.u., are strikingly similar in Figs. 6(a) and 6(d) and
certainly are not consistent with the 3p momentum
profile. It seems likely therefore that a considerable part
of the observed intensity at 39.6 eV is due to the 2D final
state. There could also be some 4p contribution, the p
momentum profile being very similar to that of the 4d
(see Fig. 5).

The spectroscopic factors obtained by us for the 2P°
manifold are given in Table IV where they are also com-
pared with several calculations and the photoelectron re-

’

1000, and 1500 eV at p ~0.7 a.u. compared with several calculated values.

Mitroy et al.?

Full
Dominant Present overlap Von Niessen® Dyall and Larkin® Svenson et al.®
configuration e (eV) EMS (P=0.7) FSCI GF-ADC(4) HF (relax) FSCI (y,e)
3s23p° 15.76 0.95+0.02 0.972 0.916 0.929 <0.95
3s23p*(3P)ap 35.60 0.01+0.005 0.002 0.001 0.011 0.002 0.004
3s23p*('D)4p 37.15 0.03+0.01 0.013 0.014 0.025 0.007 0.012 0.022
3523p*('S)4p 39.57 0.01+0.005 0.002 0.002 0.0015 0.003 0.009

*Reference 5. PReference 29. ‘Reference 26. ¢ Reference 31.
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sults of Svenson et al.’! The calculations include some
with the full overlap function and some in which only re-
laxation and final state configuration interaction (FSCI)
were included. The full overlap spectroscopic factors of
Mitroy et al. are obtained at p =0.7 a.u. The Green’s-
function calculation of von Niessen?’ gives a significantly
lower pole strength for the ground-state transition than
the CI calculation of Mitroy et al. The experimental
value of 0.95%0.01 is in between the two theoretical
values. In general, the calculations for the 2P° manifold
are broadly in agreement with the experimental results,
although the calculated pole strengths for the satellite
lines are rather smaller than the measured ones. It is in-
teresting to note that Wijesundera and Kelly,’? who use
many-body perturbation theory, which includes both
initial- and final-state correlation effects, find significantly
larger cross sections at high photon energies for the three
4p “P° satellite transitions than do Dyall and Larkins.?
Given the experimental errors, the agreement between
the EMS and PES (Ref. 31) results is very good.

V. CONCLUSIONS

The distorted-wave impulse approximation gives a
complete description of the shapes and relative magni-
tudes of the 1500-eV  noncoplanar symmetric
Ar(e,2e)Art differential cross sections leading to the
3523p°*P°) Ar™ ground state and to the %S, ,, manifold
of final states. The shapes of the cross sections are very
well described by the HF 3p and 3s momentum probabili-
ty distributions out to about 1.5 and 1.2 a.u. of momen-
tum, respectively. The momentum profiles to a whole
series of final states as well as to the Ar’>" +e continuum
have been measured, and the transitions allocated to the
’S¢, ?P°, and “D° manifolds. Data at 500 and 1000 eV
have also been included. The 2S¢ transitions are very well
described by the HF 3s wave function, except for the
low-intensity transition to the 3s23p*(1S)4s ion state at
36.5 eV, which shows evidence of 4s contributions due to
4s? configurations in the Ar ground state. The spectro-
scopic factors or pole strengths for the 2S manifold are
found to be independent of energy in the range 500-1500
eV and independent of momentum within experimental
error in the range 0—1.9 a.u. There is good evidence that
the spectroscopic factor for the 3s23p*4s transition varies
a little with momentum, decreasing from a value of about
0.30+£0.005 at g ~0 to 0.010%£0.005 at p ~0.5 a.u. This
is due to initial-state correlations.

We have observed, for the first time, transitions belong-
ing to the 2D manifold. These can only occur if there are
d-wave correlations in the Ar ground state. The most
prominent 2D°€ transition is to the 3s23p*(1D )4s state at
34.20 eV. The momentum distribution to this state is

very interesting. It has a narrow peak at p ~0.25 a.u.,
which is to be expected from the diffuse (in coordinate
space) spectroscopic 3d and 4d orbitals. However, after a
minimum at p ~0.5 a.u. the cross section shows a second
maximum at p ~0.7 a.u. at about half the intensity of the
small momentum peak. This high-momentum com-
ponent is not expected if only the spectroscopic n/ orbit-
als contribute to the Ar ground-state correlations. A CI
calculation by Mitroy et al., which includes correlating
pseudonatural 3d orbitals contracted to the same space as
the 3s and 3p orbitals, found that the high-momentum
component should dominate due to the effect of the 3d
orbital. Although the experiment does show ‘“nonspec-
troscopic” high-momentum components, their effect is
overestimated in the CI calculation of Mitroy et al.

The transition at £€=39.6 eV also has a very similar
momentum distribution to that for the 3s23p*('D)4s 2D
state. This could be due to excitation of the
3s23p*(*P)4d %D ion state at 39.64 eV. Some of the cross
section is also probably due to the excitation of the
3s23p*('S)4p 2P° ion state at 39.57 eV. Although the
low-momentum region cannot be explained by a 3p ion-
ization process, there could be a 4p contribution from the
3523p*(1S)4p? component in the Ar ground state. The 4p
momentum distribution is very similar to the 4d distribu-
tion.

There are two definite 2P° transitions in addition to the
dominant ground-state transition. These are to the
3s23p*P)4p and 3s23p*('D)4p ion states at 35.63 and
37.15 eV, respectively. Both transitions have the 3p
momentum distribution, but the spectroscopic factors are
very small, being 0.01 and 0.03, respectively. The spec-
troscopic factor for the ground-state transition is almost
unity, having a value of 0.954+0.01. The observed spec-
troscopic factors in the *P° manifold are in very good
agreement with a number of many-body calculations.

One interesting aspect of this work is that it shows the
importance of collective quadrupole coupling in the core
due to correlation effects. This is not only the case in the
final-state correlations in the 2S¢ manifold where
3s23p*('D) core coupling is totally dominant, but also in
the collective many-body effects in the ground state,
where again 3s23p*('D)nin'l’ configurations are dom-
inant. It therefore seems essential that the many-body
calculation of atomic structure should take care in treat-
ing the quadrupole-core excitations accurately.
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