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Angular Correlations in Near-Threshold Double Photoionization of Krypton
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Double ionization of krypton leaving the ion in its P' ground state has been studied at 2.26 eV above
threshold, the two photoelectrons being measured in coincidence with angle and energy selection. The
results are compatible with the angular dependence of the favored 'P state of the pair of electrons,
which can be selected by maintaining the angle between the two detectors, 0]2, equal to 180 . The ob-
served angular correlation is maximum at 0]2=180 and appears to originate from the three-body ion-
electron-electron interaction, in qualitative agreement with the %annier theory.

PACS numbers: 32.80.Fb

The double ionization of an atom by a single photon is
one of the fundamental processes of atomic dynamics.
Unfortunately its probability is usually very small, espe-
cially in the vicinity of the lowest thresholds where it is
not enhanced by indirect and resonant mechanisms, such
as the Auger decay, for instance. This is probably the
reason why it is still not well understood, and why
diA'erent models have been proposed so far. Basically the
two electrons can be treated on equal footing, and the
direct double ionization is then seen as a consequence of
their initial correlation. Alternatively, a two-step process
[1] can be invoked where a first ionized electron interacts
and ionizes the residual singly charged ion. In any case
our understanding would be helped by a detailed experi-
mental measurement of the two outgoing electrons.

In previous studies [2-5] integral and singly diA'eren-

tial cross sections (with respect to the energy sharing be-
tween the two electrons) have been measured. The
present Letter reports an experiment in which the ener-
gies Ei,E2 and the angles of the two outgoing electrons
have been selected for the first time. Therefore, whatever
the mechanism responsible for double ionization may be,
the observed angular signature should make its iden-
tification possible. This is illustrated, for instance, by the
model first introduced by Wannier [6], which predicts an
angular correlation between the two low-energy electrons
escaping from the positive ion with a maximum when
their mutual angle ei2 is equal to 180 . Previous tests of
such a prediction have already been performed in (e, 2e)
experiments [7,8] but they are partly inhibited by the
mixing of numerous final states. From this point of view

the double photoionization is much more favorable be-
cause of its high final-state selectivity. Furthermore, even
within the Wannier model some questions which concern
the angular correlation have been raised by many theoret-
ical studies [9-13]. Whereas they all confirm the F. '
threshold law for the total cross section, in agreement
with experiment [3], they diverge in the evaluation of the
angular correlation, particularly with regard to the
dependence of the latter on the ionic charge Z and the
specific process considered [13]. For all these reasons
double-photoionization measurements including angular

information are urgently required.
The apparatus is derived from our low-energy (e, 2e)

spectrometer [8]. The selector yielding the electron beam
has been replaced by a discharge lamp which produces a
continuous photon beam. When helium is used, two main
spectral lines, namely, Hei (21.2 eV) and He 11 (40.8 eV)
contribute to the beam, with intensities of about 75% and
25%, respectively. This beam is crossed at a right angle
with an elusive gas beam and the two electrons are
detected in coincidence in the two analyzers. The follow-
ing angular conventions are used: The z axis of the labo-
ratory frame is taken along the unpolarized photon beam,
and the two electrons are located by their spherical angles
(&i,wl) and (Oq, p2). Because of cylindrical symmetry
around the photon beam the diA'erential cross sections
only depend on the azimuthal angles through p2 —pi, and
p] is arbitrarily taken to be zero. Although the following
results are restricted to the coplanar geometry defined by
pq=0 or 180, the lamp can also be moved out of the
plane which contains the two analyzers.

The Hei line is convenient for calibration purposes us-
ing the single-photoionization process. On the other
hand, the double photoionization in the case of krypton
can only be achieved by the 40.8-eV photons and an at-
tenuation of the 21.2-eV photons then improves signifi-
cantly the final true/random coincidence ratio. To this
end a filtering system is used. It consists essentially in a
disk with 24 holes, which can be rotated by means of a
microstepping motor under computer control. A thin film
of Formvar is formed on this disk, with transmission
coefticients of about 0.1 and 0.6, respectively, for the
21.2- and 40.8-eV photons which pass through one of the
holes. The disk is rotated periodically because of contam-
ination by the lamp. Under these conditions a true/
random coincidence ratio of about 20 has been achieved
in most of the experiments presented below.

We have considered the double-photoionization process

hv(40. 8 eV)+Kr(4p 'S') Kr +(4p Pq)+e+e
for which the total energy of the two outgoing electrons
E =E]+E2 is 2.26 eV. The two analyzers were both ad-
justed to detect electrons of 1.13 eV, with a resolution of
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about 0.3 eV (FWHM). The measured true coincidence
count rate was typically a few 10 count/s, and each
scan over three or four different angles took several days
to reach a statistical accuracy better than 20%. The re-
sults are reported in Figs. 1 and 2. In Fig. 1 the mutual
angle 0~2 between the two analyzers has been kept con-
stant and equal to 180: The triple differential cross sec-
tion (TDCS) is shown as a function of the single 8~ angle,
after normalization to unity at 0] =90'. In Fig. 2 the an-
gle 0] was kept equal to 90, 125, and 150, successive-
ly: The TDCS is plotted in the usual polar-coordinate
representation, with a unique scale for the three cases.

Small values of 82 (~ 15') could not be attained, due to
the proximity of the photon beam. In contrast with a re-
cent double-ionization experiment by high-energy elec-
tron impact [14], the two slow photoelectrons appear to
be highly anisotropic, both with respect to the beam
direction and with respect to each other. To investigate
such a behavior we shall use our previous theoretical
analysis [15]. Briefly an LS conservation scheme is used,
according to which only two states ( P and D') of the
pair of electrons can be formed in the present process.
Each of these states has a specific angular structure and
amplitude. Applying Eq. (12) of Ref. [15] the TDCS
can be written as

d a X l(I ~; I ~l I (~+~;)&ap+ IM (t)I ()2 v 2)
d&(dQ(d02 M, M, 1M+I,

+(Im;2~~1(M+m;
provided that the two electrons have the same final ener-

gy (F. ~
=E2). So far the only assumption which is made

is that the P- and D-state amplitudes have the same 0]q
dependence, which factorizes out and is accounted for by
G(180' —8~2). The physical reason is that the behavior
of the cross sections close to threshold is determined by
the potential of longest range, as shown by Wigner [16].
In the present case the Coulomb interaction between the
two electrons and the ion dominates the centrifugal po-
tential terms and should impose a common dependence.
On the other hand, the functions A]~ and A2~ result
from pure angular algebra and are given in explicit form
in Ref. [15]. Further application of the Wannier theory
gives the energy dependence of ap and aD, gives the shape
of the G function, and extends the validity of (1) for
E~&E2, but we do not use such information for the
present work. Thus we treat ap and aD as unknown pa-
rameters and G as an unknown function.

As the D' state is unfavored [17,18] the 22M angular
functions have a node at 8~&=180'. In this case Eq. (1)
reduces to [15]

d G'
(ei 2

= 180' ) tx: I +cos Oi . (2)
dQ]d&2

This can be considered as a pure angular algebra result.
Thus the agreement with the measurements which ap-

))aDAq~(g~, gq, pq) ~
G(180' —8)2),
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(b)

I I 1 I I

0 30 60 90 120 150
8, (deg)

FIG. 1. Measured TDCS for a fixed angle 0]2 = 180 be-
tween the two analyzers. The error bars give the statistical ac-
curacy, and the theoretical TDCS [from Eq. (2)l is shown by
the solid line.

FIG. 2. Measured TDCS for fixed positions of the first elec-
tron: (a) 8~ =90', (b) 0~ =125', (c) 0~ =150'. The incoming
photon beam and first electron are indicated by arrows, and the
polar representation with a normalization which is common to
(a)-(c) is used.
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pears in Fig. 1 does not contain any real physical infor-
mation, but is a very good confidence test of the full ex-
perimental procedure. Of course, the individual angular
response of each analyzer has been checked separately
against a few known anisotropy parameters P for single
photoionization. This indicates that the collisions volume
as defined by the intersection of the photon beam, gas
beam, and acceptance of one analyzer is constant under
rotation of that analyzer. But the agreement of Fig. 1

proves that the same conclusion holds when the accep-
tance and rotation of the second analyzer are added,
which is a sensitive test of the experiment at the TDCS
level. More generally the property (2) could be useful to
calibrate any type of TDCS measurements in double pho-
toionization.

Now looking at Fig. 2 the main features are the follow-
ing: (i) For O~ =90' the measured TDCS is roughly
symmetric with respect to 02=90' or equivalently 0~2
=180'. (ii) In all cases the maxima of the TDCS are
close to 0]2=180, so that an angular correlation be-
tween the two electrons clearly appears by scanning 0].
(iii) For O~ =125' and 150' the TDCS become increas-
ingly asymmetric with respect to 0]2=180, despite the
lack of data in the region of small 02.

Observation (i) is not surprising as in this particular
case both the electric field associated with the incoming
photon and the first electron are contained in a plane
which is perpendicular to the photon beam. Thus the
emission diagram for the second electron has to be sym-
metric with respect to this plane, that is, to 02=90 when
restricting to the coplanar geometry. Incidentally it can
easily be verified that expression (1) satisfies this proper-
ty. On the other hand, observation (ii) relies necessarily
on the favored [17,18] P' state, which has an antinode
at 0]2 =180 . At first sight it seems to support the Wan-
nier theory, but such a statement requires a more careful
examination. Equation (1) shows that the TDCS is a
product of two terms of diff'erent nature, the first one re-
sulting from angular algebra and symmetry and the
second one being the signature of the interaction itself.
Now the former already contains a certain amount of an-
gular correlation, which can be labeled as Pauli correla-
tions [19]. This can be illustrated by the example of the
A ~p function [15],

~A ~p(O~, Oq, pq) ~
=2(cosO~ —cosO2)

whose maxima are found when cosO] and cos02 are of op-
posite signs: Even in the independent-particle model two
electrons in a P state are repelled from each other be-
cause of the Pauli principle. Thus the help of Eq. (1) is
needed for a better understanding of observations (ii) and
(iii), and to determine the remaining "interaction-
dependent" angular correlation.

First of all, the experimental and theoretical normali-
zations can be made consistent by setting ap = 1 and
G(0) =1 so that the common value of the TDCS is 1 at
the point 0] =90, 0]2

= 180 . Then the theoretical
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FIG. 3. Correlation factor G(180 —8~2) as deduced from
the measurements of Fig. 2, by using Eq. (1): O with p =0 (G~)
and + with p=3, a=1 rad (G2). The solid line is a Gaussian
with FWHM =111.6', from Ref. [10].

TDCS in (1) contains two unknown parameters, p=~aD~
and a =arg(aD), together with the unknown function G.
The results of systematic tests where these two parame-
ters were varied can be summarized as follows.

(1) Excellent agreement with experiment is obtained
with the P' state (p=0) alone. By grouping the mea-
surements into sets of data where O~q is constant (eleven
sets for 110' ~ O~2~ 250 have been used), the corre-
sponding G function (G ~) can be deduced point by point,
as reported in Fig. 3.

(2) Increasing admixtures of the D' state (pWO) are
acceptable provided that it interferes constructively with
the P' state, which means 0& a (x/2 rad. This condi-
tion is necessary to account for the observed asymmetry
(iii), and for the observed width of the lobe at O~ =90'.

(3) Within the above constraint the main effect of the
D state is to enlarge the lobes. This can be balanced by

G functions which are more and more peaked around
O~2=180', the best one (G2) when taking, for example,
p =3, a =1 rad is reported in Fig. 3.

The TDCS calculated with p =0 and G =G] have been
reported in Fig. 2 (solid line). A smooth curve has been
drawn through the points which correspond to the
discrete values of O~2 (Fig. 3). The curves (not shown)
which are obtained with p =3, a =1 rad, and G =G2 are
close to the previous ones, and agree with the experimen-
tal data as well. This proves that the present set of copla-
nar data is not yet sufhcient for a unique determination of
the G function. However, it can easily be verified by
means of Eq. (1) that if the D' state starts to interfere
constructively when leaving the 0] =90, 0]2

= 180
configuration within the coplanar geometry (by varying
Oq and keeping pq =180'), then it must interfere destruc-
tively along the out-of-plane "equatorial geometry"
(keeping O& =90' and varying p2 away from 180'). As a
consequence, the out-of-plane TDCS calculated in the
two above situations (p =0 and p =3, a =1 rad) diA'er

significantly from each other and measurements in these
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conditions should allow a much more precise discrimina-
tion in the future.

Returning to the present coplanar measurements, a
fundamental result is already obtained. The function Gi
reported in Fig. 3 is the upper limit of the angular corre-
lation function compatible with the results of Fig. 2.
Thus an angular correlation which finds its origin in the
interaction between the three particles is already estab-
lished. It appears to be consistent with the Wannier
theory, being maximum at 0]2=180 . As an illustration,
the Gaussian shape of the angular correlation as obtained
by Feagin [10], with FWHM =111.6' in the present
case, has been plotted in Fig. 3. So far it appears compa-
tible with the present results, being encompassed by the
G] and G2 curves.

Such a consistency with the Wannier theory indicates
that direct double photoionization is likely to be the dom-
inant process in the present experiment. A similar con-
clusion has also been drawn by Price and Eland [4] in the
case of xenon, on the basis of energy spectra and for
equal sharing of the excess energy (Ei =E2). Indirect
double photoionization can first proceed through a super-
resonance, associated with an excited state of the neutral
atom lying exactly at the photon energy. This eventuality
seems excluded for both xenon and krypton at a 40.8-eV
(Hett) photon energy, according to the systematic ab-
sorption measurements of Codling and Madden [20]. On
the other hand, any excited state of the singly charged ion
which lies between the P2 lowest double-ionization
threshold and the photon energy can also be responsible,
via autoionization, for indirect double photoionization.
The best candidates in the present case would be the
Rydberg states of Kr+ with configuration 4p ('D')nl
converging to the 'D' state of Kr +. Price and Eland [4]
have found indications that such states contribute in the
case of xenon. But their participation seems to be
minimum for E~ =F2. Moreover, the Rydberg electron in

orbital nl would be highly correlated to the first ionized
electron as first suggested by Fano [21] and illustrated by
experiments where a double-ionization threshold is ap-
proached from below [22]. But it is likely that further in-
teraction with the core 4s 4p ('D') leading to the final
4s 4p ( P') state of Kr + would aA'ect the final result of
such a correlation. Therefore the pronounced angular
correlation which is observed in the present experiment,
with a maximum at 0]2 =180, suggests that double pho-
toionization is the main process. This is also confirmed
by energy spectra which have been taken using a single
analyzer and an energy resolution of about 0. 1 eV. In the
region of double photoionization (0 ~ Ei ~ 2.26 eV),
such spectra exhibit a smooth continuum without any
discrete structure that would be the signature of autoion-
izing states of Kr+.

To summarize, the present coplanar measurements
constitute a first attempt to probe the double-
photoionization process in detail. They have been per-
formed in the most favorable case, as the P2 threshold

authorizes the P favored state for the two outgoing
electrons, with an angular form factor which dominates
over other states [15]. At this stage it can be claimed
that an angular correlation resulting from the three-body
interaction has been detected and that it is in qualitative
agreement with the Wannier theory. Further investiga-
tion will be focused on equatorial-geometry measure-
ments, which should allow an estimation of the D' state
contribution and therefore a more precise determination
of the G function, as emphasized above. Improvement of
the experimental technique should also be possible
through multidetection devices, allowing the simultaneous
acquisition of data for diA'erent angles and/or energies.
We have undertaken the building of such an apparatus,
which should also make the present type of experiments
feasible with other photon sources, like synchrotron radi-
ation.
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