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Probing electron correlations in double photoionization of He at intermediate energies

N. Berrah, ' F. Heiser, ' R. Wehlitz, ' J. Levin, S. B. Whitfield, ' J. Viefhaus, ' I. A. Sellin, " and U. Becker'
'Fritz Hab-er Ins-titut der Max Pla-nck Ges-ellschaft, Berlin, Germany

Physics Department, Western Michigan University, Kalamazoo, Michigan 49009
'Rational Institute ofStandards and Technology, Gaithersburg, Maryland 20899

Physics Department, University of Tennessee, Knoxville, Tennessee 37996
and Oak Ridge National Laboratory, Oak Ridge, Tennessee 37891

(Received 15 April 1993)

The ratio of double-to-single ionization of He has been measured between 280 and 1210 eV to investi-

gate its behavior in this partially unexplored region. These measurements, compared with the most re-
cent theories of Pan and Kelly (private communication) and of Hino [Phys. Rev. A 47, 4845 (1993)],
show the importance of including not only ground-state but also final-state correlations, in contrast to
the high-energy behavior discussed by Dalgarno and Sadeghpour [Phys. Rev. A 46, R3591 (1992)] where
consideration of final-state correlations proves inessential. Our intermediate-energy results also appear
to indicate the importance of including higher-order effects in the theory.

PACS number(s): 32.80.Fb

Accurate theoretical predictions of the energy depen-
dence of the double photoionization of He are a funda-
mental problem in atomic physics that requires corre-
spondingly accurate solutions of the Coulomb three-body
problem. Since in photonionization, one photon can in-
teract directly with only one electron, double photoion-
ization can proceed only by electron-electron interac-
tions. Although very recently there has been a great deal
of progress experimentally and theoretically, both near
and far above threshold, a number of unanswered ques-
tions remain at intermediate energies. Principal ques-
tions that arise are: (1) How does the interplay of elec-
tron correlations, in both the initial state and final states,
affect the behavior of the ratio of double-to-single ioniza-
tion in the intermediate energy range? (2) What is the
relative importance of the basis set, and explicit con-
sideration of higher-order correlation effects?

From the early 1980s until the present, the threshold
region has been extensively investigated. In a many-body
perturbation theory (MBPT) approach, the importance of
choosing an appropriate basis set, ground- and final-state
correlations, and of considering appropriate higher-order
diagrams was shown by Carter and Kelly [1]. They
found the velocity form of their MBPT calculations to be
the most accurate, correctly describing the available data
[2—6]. More recently, in the high-energy limit, measure-
ments of the ratio of double-to-single photoionization at
several photon energies, from 2 to 12 keV have been re-
ported [7], consistent with an asymptotic value of 1.66%.
Even though good agreement with this value of the ratio
was obtained by older shake calculations [8,9], a new
MBPT calculation [10] showed that this agreement may
be fortuitous. With a procedure that uses the accelera-
tion form of the dipole operator [11],it was only last year,
after much debate over different and in part convicting
theories [8—12], that an understanding of the relative im-
portance of the different processes in double photoioniza-
tion in the asymptotic limit was achieved. In particular,
in this limit only ground-state correlation need be con-

sidered when using the acceleration gauge (cf. Dalgarno
and Sadeghpour [11]). From about 2 keV up, new
theoretical studies of asymptotic behavior considering
also the impact of Compton scattering by Andersson and
Burgdorfer and by Samson, Greene, and Bartlett [13]
have been made. In contrast to the threshold and high-
energy regime, for intermediate energies only few reliable
theoretical values exist. Very recent theoretical calcula-
tions [14,15] have investigated this range where the avail-
able data [16,17] to test these differing theories are also
extremely scarce, in fact previously nonexistent from 560
eV to 2 keV. The only recent data up 560 eV were ob-
tained by Bartlett et al. These data were scaled by them
by a factor of 1.3 [17] in order to produce agreement with
well-known threshold data.

With the threshold and asymptotic limit results better
established than before, further progress in understand-
ing requires answering a leading question: What are the
dominant correlation effects in the energy gap between
threshold and below about 1500 eV, which force the ratio
to undergo a significant decrease from about 5% to 2%
before settling slowly into the measured [7] asymptotic
limit of about 1.5(2)%'? Therefore, measurements in this
intermediate-energy range are of critical importance be-
cause they test the capability of the ab initio calculations
to describe the transition between the low- and high-
energy regime in an adequate way. We present such
benchmark data here.

In this Rapid Communication, we report on measure-
ments between 280 and 1210 eV that test the most recent
theories of Pan and Kelly [15] and of Hino [14] in order
to understand the dominant electron correlation effects in
this almost unexplored energy region.

The present measurements have been performed at
the Berliner Elektronenspeicher ring-Gesellschaft fur
Synchrotronstrahlung m.b.H (BESSY). Monochromatic
light from the high-energy toroidal grating monochroma-
tor beamline (HE-TGM-1) operated by the Fritz-Haber-
Institute [18] was tuned to several photon energies, hv,
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curve is Ishihara, Hino, and Mcouire's calculation [10]
in the lowest-order many-body perturbation theory, using
the length form of the electric dipole operator. In their
terminology, ground-state correlation (GSC) and final-
state correlation (FCS), which consists of shakeoff (SO)
and TS1 (the inelastic scattering of the photoelectron on
its way out of the interaction region with the remaining
electron), were considered. This calculation [10], which
models well the asymptotic behavior, and with which
they find good agreement with the experimental high-
energy-limit value of 1.5(2)%%uo [7], lies lower than the data
in the intermediate-energy range. The long dashed curve
is a more recent calculation of Hino [14], this time using
the acceleration form of the dipole operator, but other-
wise it is similar to the previous calculation [10]. Despite
the substantial change in the predicted ratios, the new
MBPT calculation lies lower than our data up to about
800 eV with, however, better agreement above that ener-
gy. Hino [14] and Hino et al. [22] verified the gauge
dependence of MPBT shown recently by Dalgarno and
Sadeghpour [11] and concluded that, in the acceleration
form, TS1 and GSC interfere constructively, while in the
length form they interfere destructively. This could ex-
plain why the solid curve in their previous length form
calculation shown in Fig. 2 is much lower than the data.
According to Hino et al. [22], unlike in the asymptotic
limit, TS1 is the dominant effect below 1 keV even in the
acceleration gauge, which would imply that in our energy
range of interest, in their terminology, both ground-state
as well as final-state correlations (TS1 and SO) are impor-
tant effects. Hino [14] obtained the short dashed curve
using the acceleration form with an accurate ground-
state wave function and a correlated double continuum
wave function for the final state. This calculation models
the high-energy limit quite well. Unfortunately it does
not extend below 1000 eV and therefore cannot be com-
pared with all our data points.

Figure 3 compares our data with the recent MBPT cal-
culation of Pan and Kelly [15] in the length (short dashed
line) and velocity (solid line) forms, along with the MBPT
calculations of Hino [14] (long dashed line) and of a
semiempirical calculation of Samson, Bartlett, and He
[23] (chain-dashed line). Our data show excellent agree-
ment with both the length and the velocity forms of the
calculation of Pan and Kelly, and especially, with the ve-
locity form. Pan has recently completed the calculation
started by Pan and Kelly extending the threshold energy
calculation of Carter and Kelly [1] up to 14 keV [15].
Throughout their calculation they included both
ground-state and final-state correlations. But more im-
portantly, as in the previous calculations [1], they show
that while lowest-order results show reasonable agree-
ment with experiment, they found that to achieve better
agreement, certain higher-order correlation effects are
significant. The agreement between the length and the
velocity forms is very good over this energy range, apart

from having the velocity form slightly dominate at the re-
gion near maximum. They find that separate total FSC
and GSC diagrams, while individually large and of nearly
the same magnitude, are of opposite sign and therefore
interfere strongly, with FSC contribution being the larger
of the two. They find, as in their previous work, that the
length curve appears to be more sensitive to the higher-
order corrections.

If indeed the main difference between Hino's MBPT
calculation [14] and Pan and Kelly's MBPT calculation
[15] is the inclusion of higher-order effects (both in CxSC
and FSC) and the use of a different basis set (important
since the choice of a pertinent basis set enables the impli-
cit inclusion of higher-order effects), we are led to con-
clude that, at intermediate energies (below 1500 eV), un-
like the high-energy case, these higher-order effects are
very important for a good description of the present data.
We also note that the acceleration form, which is less sen-
sitive to higher-order effects, as used by Hino [14], is not
sufficient to describe the present data well.

Samson, Bartlett, and He [23] used a semiempirical
model which conjectured that there should be a propor-
tionality between producing a doubly charged ion by
photon impact on a neutral atom and electron impact on
a singly charged ion. Electron-impact data of Peart,
Walton, and Dolder [24] were used to obtain their curve.
The chain curve shows their calculation, which is in very
good agreement with their data [17]. Compared to our
data we also see good agreement, although it lacks the
curvature of the MBPT calculation of Pan and Kelly.
Overall good agreement is obtained in the present energy
region, but their model appears to break down above
1300 eV, since their curve decreases rapidly compared
with the measured ratios at high energies [21,7]. This
difference may indicate the greater importance of shake-
off effects at high photon energies compared to scattering
effects.

In summary, we have shown by comparing our mea-
surements with the most recent calculations of Hino and
Hino et al. [14,22] and of Pan and Kelly [15] that at in-
termediate energies (below 1500 eV) both ground-state
and final-state correlations appear to be important, and
that inclusion of higher-order effects as well as a judicious
choice of the basis set used seems to be essential to pro-
ducing the excellent agreement observed.
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