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electron temperature by 300 K with application of
the lowest-power heating wave used. ) Also listed
in Table I are the estimated minimum and maxi-
mum values of 0.. These limits result from the
numerical fitting procedure, the effect of electron
distributions, and the accuracy of the microwave
measuring system. If the recombination coeffi-
cient is assumed to be of the form o.' =o.'o+h~p,
where P is the pressure, the relevant parameters
are

a, =(1.0"')&&10 ' cm' sec '

h~=(6.6'a„',)&10 ' cm' sec ' Torr ',

where the errors quoted were obtained by consid-
ering all errors in e as systematic.

In summary, the net rate of decay of free elec-
trons was observed to be very similar to that ob-
served by previous investigators; however, we
found that a consistent model of the plasma must
include a free-eke tro.". gene=ation term. The
pro"sure-dependent term in the net recombination
coefficient is evidently too large to be fully ac-
countable to the presence' oi He, ' or to collision-
al stabilization as uescribed by Bates' for hydro-

gen. We believe that the pressure dependence
may result from atomic collisional stabilization
of autoionizing levels via curve crossing in the
He, ~ system. The size of the measured & also
indicates that dissociative recombination of He, '
may have been prematurely discounted. '
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Within the framework of many-body perturbation theory, a calculation has been car-
ried out for the process of double electron ejection in photoabsorption, y+Ne(ls 2s22P )

Ne++(1s 2s 2P ) +e+e. Excellent agreement with experiment has been obtained. The
importance of electron-electron correlation and the dominant physical processes in-
volved are discussed.

The study of the dynamic effects of electron-
electron correlation constitutes one of the major
current research topics in atomic and molecular
physics. In this regard the process of double
electron ejection (DEE) from atoms by photon im-
pact is particularly interesting. In general, the
DER phenomenon may occur via the following two

ways. (1) A two-step process: A single electron
ejection (SEE) is followed by an Auger transition
of the residual ion. (2) Electron-electron corre-
lations: For DEE with both ejected electrons
from the same shell, experiments' ' have shown

that even when mechanism (1) is strictly forbid-
den because of energy considerations, the mag-
nitude of the DER process remains large. Elec-

tron-electron correlation effects must be respon-
sible for this effect.

While extensive experimental data on multi-
electron photoexcitation are available, an effec-
tive theoretical treatment has not been given.
However, the special case of helium where pro-
cess (1) cannot occur has been treated, and ef-
fects of ground-state correlations on the DEE
process have been examined. ' Recently, the
Brueckner-Goldstone many-body perturbation-
theory (MBPT) approach has been extensively ap-
plied to atomic problems' and shown to be par-
ticularly useful in treating correlation effects.
Here we report the essential results of a first-
principles theoretical calculation, based on the
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MBPT approach, for the DEE in neon by x rays
(278 eV),

@+Ne(1s'2s'2p') -Ne" (1s'2s'2p4) +e +e.

Our result is in excellent agreement with the ex-
periment of Carlson. ' In particular, some gen-

eral features of the DEE process can be under-

stood through a physical interpretation of the

contributing diagrams.
Outline of the MBPT calculation and results.—In the MBPT approach, ' the unperturbed Hamil-

tonian of the system is

Ho = Q&(T i + V)),

where the, single-particle potential V is chosen
to be the V„,-type Hartree-Pock potentiai5 of
the atom. The perturbation,

H'=H + Q v, . —QV
k&j

contains the interaction with the external photon
field H plus the electron-electron correlation

7
terms.

The time-development operator for the pertur-
bation is

lson. The symmetric
mes from counting both

k and k' electrons. Since Carlson's data are not
absolutely calibrated, we have normalized them
to our curve. The general agreement between
our result and experiment is exceOent, but a de-
tailed comparison is made difficult because pf the
uncertainties involved in the experimental data. '

Examination of the structure of Re contributing
terms leads one to expect the shape of ~".~ energy
sac~fr-~ in Fig ' ~" be characteristic of general
DEE processes. It also leads one to expect very
small dependence on the incident x-ray energy
for the total DEE cross section. Both conclu-
sions are in agreement with experimental data.

Next we calculate the ratio of this DEE cross
section to the total SEE cross section, R
= Ne" (1s'2s'2p')/Ne'(total). We obtain a value
R =(11.1+0.4)lo. In contrast, a previous theoreti-
cal estimate gives R =4.5/o from shakeoff theory. '
The present calculation is again in excellent

where p& is the final-state density divided by the
incident flux, and

—2vi5(E~ —E) —(d)Tg) = (f ~ Ul(+ ~, — ) ~i).

Each term in the expansion of Tf, can be repre-
sented by a diagram and can be evaluated using
the orbital eigenstates generated by H, .

For the DEE process, the leading-order con-
tributing terms have corresponding diagrams
Shown in Fig. 1. The important higher-order
terms, - similar to the ones in Fig. 1 but with ex-
clusion-principle- violating' hale-hole ladderings
between the two 2p-hole lines, are included in
our calculation through the shifted-energy-de-

nominatorr

technique. '
Qur calculated energy spectrum for the ejected

electrons is shown in Fig. 2. Also shown is the

U (t t') =Q l(-i)"/ni]O ~ ~ J,dt, dt ~ ~ dt„T(H'(t, ) ~ H'(t„)) =exP(U„)U~(t, t'),

where the unlinked terms are factored out' to
give a phase factor and only linked terms U~ will experimental curve of Car
contribute to the cross section: shape of the spectrum co
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(d)
FIG. 1. The leading-order diagrams for the double

electron ejection of neon.
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FIG. 2. Energy spectrum for the double electron
ejection of neon. The solid curve is the present calcu-
lation and the dashed curve is from the experiment of
Carlson.
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agreement with the experimental result of Carl-
son' who obtained R= (11~1)%.' Our result for
the total Ne"(1s'2s'2P4) excitation cross section
is (5.0+0.2)X10 "cm'.

Physical interPretations and discussions. —The
interpretation of the physical processes associat-
ed with the diagrams are discussed below.

(1) Core rearrangement: The exclusion-princi-
ple-violating diagram in Fig. 1(a) represents the
rearrangement effect of the remaining atomic
electrons after the first 2p electron is photo-
ejected into continuum k, resulting in the ejection
of a second 2P electron into continuum O'. In our
calculation, this effect alone gives R = 5.2%.
Thus it supports the validity of the sudden ap-
proximation employed 1n shakeoff theory which
yields R =4.5%. The large discrepancy between
the shakeoff theory and experiment comes from
the following two additional proce88es.

(2) Virtual Auger transition: This process
[diagram l(b)] involves three orbital electrons.
The photoionization of the 2s orbital to state A is
follow~0 oy a virtual Auger transition,

Ne'(1s'2s2)b') —Ne" (1s'2s 2p') +e,

where two 2p electrons interact, with one going
to the 2s orbital and the other being excited into
continuum O'. This irwin t";&& ~8 "'7~I'tuft" be-
cause it is energetically impossible to occur as
a real process.

(3) Initial-state correlation: The diagram 1(c)
represents the correlation effect between the
two 2p electrons in the initial state. Although
this amplitude is in itself smaller than the previ-
ous two processes, it contributes appreciably
because of its strong constructive interference
with diagram l(a).

The diagram 1(d) represents the physical pro-
cess of a direct collision between the outgoing
photoelectron and another 2p orbital electron in
the same atom. Diagram 1(e) represents initial-
state correlations involving three electrons. Both
are found to be negligible compared to 1(a), 1(b),
and 1(c). As an indication of the contribution of
the diagrams, the values of R are 5.2, V.6, and
11.1/o for 1(a), 1(a)+1(b), and 1(a)+1(b)+1(c),
respectively.

Experiments on multiple photoionization have

long indicated that the process is intimately con-
nected with electron- electron correlation effects.
Progress toward a detailed study of this interest-
ing phenomenon has been hampered by a lack of
theoretical means for interpretation. The suc-
cess of thi.s calculation suggests that the MBPT
approach can provide such a general framework
for this class of problems. The MBPT approach
is capable of even more detailed predictions,
such as the angular distributions of the electrons.
Experiments along this direction are most desir-
able and certainly within the present range of
feasibility. A detailed study of the multiple pho-
toionization process, in both theory and experi-
ment, should prove to be most rewarding toward
understanding the dynamic effects of electron-
electron correlat1on 1n atoms.

+Work supported by the National Science Foundation
and the National Aeronautics and Space Administration.
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