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Linear and Circular Dichroism in the Double Photoionization of Helium
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Energy- and angle-resolved triply differential cross sections have been measured in the double
photoionization of helium under equal and unequal energy sharing conditions using right- and left-
elliptically polarized photons. Linear dichroism in these cross sections has been observed under the
equal energy sharing. For the unequal energy sharing a pure circular polarization effect has been
deduced by eliminating the linear polarization contribution.

PACS numbers: 32.80.Fb, 33.55.Ad
The double photoionization of a helium atom occurs
through a direct process due to electron correlations.
Therefore, it provides the ideal test for theoretical under-
standing of three-body breakup in the double photoioniza-
tion, if the energy- and angle-resolved triply differential
cross section d3s�dV1 dV2 d´1 (TDCS) is examined. In
spite of this importance, experimental investigations on
the TDCS have been possible only since 1993 [1] because
of experimental difficulties. Because of the lack of an
available light source for circular polarization, the experi-
mental studies of direct double photoionization processes
advanced with linearly polarized light [1–3]. Although
Berakdar and Klar [4] and Berakdar et al. [5] predicted
that circular dichroism should be observed in the double
photoionization of the helium atom with circularly polar-
ized light, the first experimental evidence for the circular
dichroism was reported very recently by Viefhaus et al.
[6]. They showed the dichroism on energy sharing be-
tween the ejected electrons at three relative emission
angles. However, the dichroism in the TDCS patterns be-
tween the electrons, which is very sensitive to the elec-
tron correlations, is not explored except for the most
recent work of Mergel et al. [7]. They pointed out that
the discrepancy between their experimental and theoreti-
cal results was substantial for more asymmetric energy
sharing cases. In this Letter, we report the experimental
results for the TDCS of the double photoionization in he-
lium under equal and unequal energy sharing conditions
and compare them with theory.

The experiment was performed at the helical undulator
[8] beam line BL-28A equipped with the constant deviation
monochromator [9] of the Photon Factory in Tsukuba. The
photon energy of 88 eV was selected. The experimental
apparatus, which had been previously discussed in more
detail [10], consists of an electron-electron coincidence
circuit. One electron spectrometer to detect electron e1
is fixed (u1 � 90±, f1 � 290± relative to the plane of
the storage ring) within the plane perpendicular to the
incoming photon beam Z-axis, and the other spectrometer
to detect electron e2 can be rotated (u2 � 90±, f2 variable)
within this plane around the Z axis. The azimuthal angle
0031-9007�99�83(8)�1546(4)$15.00
f1,2 is measured counterclockwise from the storage ring
plane as seen by an observer facing the photon beam.

Because the experimental data refer to incident light
with specific polarization properties, the partial polariza-
tion of the incident light should be taken into account to
express the measured TDCS. Introducing four contribu-
tions TDCSX and TDCSY , which refer to linear polar-
ization along the X and Y axis, and TDCSR and TDCSL,
which refer to right and left circular polarization, the mea-
sured TDCS can be written as the incoherent sum of these
four contributions [11]. One has

TDCS �
1
2

�TDCSX 1 TDCSY �

1
S1

2
�TDCSX 2 TDCSY �

1
S3

2
�TDCSR 2 TDCSL� , (1)

where S1 and S3 are the Stokes parameters describing
the degree of linear and circular polarization, respec-
tively. Kimura et al. [12] measured the Stokes parame-
ters of monochromatized undulator radiation at BL-28A.
They tuned the first harmonic of the undulator radia-
tion to 97 eV, and obtained the following results; for
the standard mode, S1 � 20.2, S2 � 0, and S3 � 10.95
in the frame tilted by l � 1134± 6 2± relative to the
plane of the storage ring; and, for the left-handed mode,
S1 � 10.2, S2 � 0, and S3 � 20.95 in the frame tilted
by l � 144± 6 2±. The polarization parameters were
not measured in the course of the present experiment, in
which the photon energy was tuned to 88 eV. But we can
reasonably assume the same Stokes parameters as Kimura
et al. [12], because the degree of circular polarization at
the first harmonic is independent on the undulator gap ac-
cording to the calculation of Kitamura et al. [8].

In order to analyze the measured TDCS, we can apply
the parametrization derived by Malegat et al. [13] to our
experimental condition. If we define the X axis along
l � 145±, the Y axis along l � 1135±, and the mutual
angle f � f2 2 f1 �f1 � 2135±� of electrons e2 and
© 1999 The American Physical Society
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e1, the measured TDCS is parametrized as

TDCS � ��1 1 cosf� jMgj
2 1 �1 2 cosf� jMuj

2�

1 S1 sinf��1 2 cosf� jMuj
2 2 �1 1 cosf� jMgj

2 2 2 cosf Re�MgM�
u�� 2 S3 sinf�2 Im�MuM�

g�� . (2)
The two complex amplitudes Mg and Mu, which describe
the dynamical effects in the double photoionization, are
unknown functions of kinetic energies ´1 and ´2 and of the
mutual angle f. But the Mg and Mu are symmetric and an-
tisymmetric in the interchange of ´1 $ ´2, respectively;
Mg�´1, ´2; f� � Mg�´2, ´1; f� and Mu�´1, ´2; f� �
2Mu�´2, ´1; f�.

Our experimental results for the eqTDCS�S1 � 20.2�
and the eqTDCS�S1 � 10.2� are shown in Figs. 1(a) and
1(b) with the best fitted curves, respectively. The fitting
procedure is described below. These data were measured
under the equal energy sharing condition of ´1 � ´2 �
4.5 eV. In this special case, the eqMu goes to zero, and
the eqTDCSs are independent on S3. From Eq. (2), one
can obtain the expression of the eqTDCS:

eqTDCS � �1 1 cosf� �1 2 S1 sinf� jeqMgj
2. (3)

The eqTDCS has been studied by many authors under
different experimental conditions [1–3,14,15], and often
the jeqMgj

2 � exp�24 ln2�180± 2 f�2�G2�. According

FIG. 1. Polar spots of eqTDCS under the equal energy sharing
condition of ´1 � ´2 � 4.5 eV for S1 � 20.20, S3 � 10.95
(a) and S1 � 10.20, S3 � 20.95 (b). The intensities of true
coincident signal are shown with error bars. The full curves
present the best fitted curves using Eq. (3) (see text).
to this approximation, a least-squares fit of the eqTDCS to
the experimental data has been performed using G and the
overall size of the eqTDCS as free parameters. Then G �
85±, and the best fitted curves in Figs. 1(a) and 1(b) have
been obtained. In Fig. 1(b), one can notice a difference
between the experimental data and the best fitted curve.
This small difference may be due to the small change
of the major axis of the polarization ellipse from l �
1135± in the course of these measurements. However,
it is noted that the present result on the full width at
half maximum G is consistent with previous observations
[1–3,14,15]. Here, the comparison of Figs. 1(a) with
1(b) is emphasized. The difference between these two
figures can be attributed to the only sign of S1, as seen
from Eq. (3). The difference on the sign of S1, i.e., the
difference for two orthogonal linear polarizations, may be
called linear dichroism in the TDCS.

The unTDCS�S1 � 20.2, S3 � 10.95� and
unTDCS�S1 � 10.2, S3 � 20.95� measured under
the unequal energy sharing conditions of ´1 � 1 eV and
´2 � 8 eV are displayed in Figs. 2(a) and 2(b) with the
best fitted curves and theoretical results [16], respectively.
The fitting procedure is described below. The overall
feature of our TDCSs is reproduced fairly well by the
convergent close-coupling method calculations of Kheifets
and Bray [16], in contrast to the substantial discrepancy
point out by Kheifets and Bray [17], who compared their
theoretical results with the measurements of Mergel et al.
[7] investigated at 99 eV photon energy.

In the unequal energy sharing case, the unTDCS is ex-
pressed by the Stokes parameters of S1 and S3, and the
dynamical factors of unMg and unMu as can be seen in
Eq. (2). Fortunately, it has turned out that our polariza-
tion properties enable us to perform the numerical analysis
of our data. That is, when we switch the positive S3 �
10.95 to the negative S3 � 20.95, the negative S1 �
20.2 changes to the positive S1 � 10.2. Therefore,
if we make the sum of the unTDCS�S1 � 20.2, S3 �
10.95� and unTDCS�S1 � 10.2, S3 � 20.95�, we obtain
the unTDCS�sum� that is expressed by only the first term
of Eq. (2):

unTDCS�sum� � 2 3 ��1 1 cosf� junMgj
2

1 �1 2 cosf� junMuj
2� . (4)

The unTDCS�sum� is shown in Fig. 2(c). In contrast
to the equal energy sharing case, at f � 180± the
unTDCS�sum� has the appreciable intensity due to the
contribution of junMuj

2; 4 3 junMu�1 eV, 8 eV, 180±�j2.
Then, the junMuj

2 as well as the junMgj
2 should be

taken into account properly. Based on the theoretical
results of Maulbetsch and Briggs [18] and Kazansky
1547
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FIG. 2. Polar plots of unTDCS under the unequal energy
sharing condition of ´1 � 1 eV and ´2 � 8 eV. (a) S1 �
20.20, S3 � 10.95; (b) S1 � 10.20, S3 � 20.95; and
(c) sum of (a) and (b). Experimental data are shown with
error bars. The full curves present the best fitted curves using
Eq. (2) for (a) and (b), and Eq. (4) for (c) (see text). The
dashed curves in (a) and (b) present theoretical results of
Kheifets and Bray [16]. Both the experimental and theoretical
results are arbitrarily scaled for comparison.

and Ostrovsky [19], the junMgj
2 is approximated by the

Gaussian function as stated above and a constant term A0:

junMgj
2 � A0 1 A1 exp�24 ln2�180± 2 f�2�G2� . (5)

For the junMuj
2 function, the partial wave l expansion

formula derived by Malegat et al. [13] is applicable. As
noted in Ref. [13], it must be understood as an expansion
over the configurations l�l 2 1� of the electronic pairs
which contribute to the final state. If the lmax is truncated
by 3, the junMuj

2 function is described by

junMuj
2 � B0 1 B1 cosf 1 B2 cos2f

1 B3 cos3f 1 B4 cos4f , (6)
1548
where the coefficients of Bi are the function of ´1 and
´2. A least squares fit of the unTDCS�sum� to the
experimental data has been performed using G, Ai , and
Bi as free parameters. The best fitted curve is shown
in Fig. 2(c). Figure 3(a) shows the junMgj

2 and junMuj
2

determined by the fitting procedure. The junMuj
2 is much

smaller than the junMgj
2, and the ratio of the maximum

of the junMuj
2 to that of junMgj

2 is ca. 1�30. To support
the present analysis being reasonable, it is noted that this
result on the ratio of junMuj

2�junMgj
2 is consistent with

the theoretical by Kazansky and Ostrovsky [19].
By introducing the phases dg and du for the com-

plex amplitudes of unMg and unMu, Re�unMg
unM�

u� in
Eq. (2) is written as junMgj j

unMuj cos�2�du 2 dg��, and
Im�unMu

unM�
g� is junMgj j

unMgj sin�du 2 dg�. Then we
can parametrize the unTDCS�S1 � 20.2, S3 � 10.95�
and unTDCS�S1 � 10.2, S3 � 20.95� by the phase
difference �du 2 dg�, since the junMgj

2 and junMuj
2

have been determined as shown in Fig. 3(a). A least-
squares fit of the unTDCS�S1 � 20.2, S3 � 10.95�
and unTDCS�S1 � 10.2, S3 � 20.95� expressed
by Eqs. (2), (5), and (6) to the experimental data
sets has been performed using �du 2 dg� as only
one free parameter, here the values of G, Ai and Bi

(G � 78.7±, A0 � 4.28 3 1022, A1 � 3.64, B0 � 0.107,
B1 � 9.82 3 1023, B2 � 9.44 3 1023, B3 � 0, B4 � 0
in relative scale) have been fixed. The best fitted curves
corresponding to �du 2 dg� � 1199± are shown in
Figs. 2(a) and 2(b). As can be seen in Fig. 2, the fitting
results are satisfactory. Be aware that not only the
contribution from the circular polarization but also the
contribution from the linear polarization is taken into
account, although the absolute value of S1 is much smaller
than that of S3 in the present situation. To demonstrate
how the polarization properties of the incident light in-
fluence the measured unTDCS�S1 � 20.2, S3 � 10.95�,
the contributions from the first term of Eq. (2), from

FIG. 3. (a) Full and dotted curves present the dynamical
factors of junMgj

2 and junMuj
2 3 10, respectively, which have

been extracted from the experimental data by the fitting
procedure. (b) The contributions from the first (full curve),
the second (dotted curve), and the third (dashed curve) terms
of Eq. (2) for S1 � 20.20 and S3 � 10.95 For the case of
S1 � 10.20 and S3 � 20.95, the signs of the contributions
from the second and the third terms are inverted.
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FIG. 4. Polar plots of unTDCS�R� and unTDCS�L� deduced by
subtracting the S1 part from the unTDCS. (a) unTDCS�R� for
S3 � 10.95; and (b) unTDCS�L� for S3 � 20.95. Experimen-
tal data are shown with error bars. The full curves express the
best fitted curve. The dashed curves present theoretical results
of Kheifets and Bray [16] for S1 � 0 and S3 � 10.95. Both
the experimental and theoretical results are arbitrarily scaled for
comparison.

the second term of Eq. (2), and from the third term
of Eq. (2) are indicated separately in Fig. 3(b). Sur-
prisingly, the contribution from the second term has
the comparable magnitude to that from the third term.
As the sign of S1 is opposite to that of S3, the differ-
ence between unTDCS�S1 � 20.2, S3 � 10.95� and
unTDCS�S1 � 10.2, S3 � 20.95� cannot give so-called
circular dichroism in TDCS. It can be said that mirror
symmetry between Figs. 2(a) and 2(b) with respect to
f � 180± is an accidental result, because the mirror sym-
metry between the major axes of the polarization ellipses
for S1 � 60.2 and S3 � 70.95, which we cannot control,
with respect to f � 180± was caused accidentally.

As can be understood from Fig. 3(b), we can con-
struct the unTDCS�R� and unTDCS�L� including
solely the dependence on the S3 by subtracting the
S1 part from the unTDCS�S1 � 20.2, S3 � 10.95� and
unTDCS�S1 � 10.2, S3 � 20.95�, respectively. Fig-
ures 4(a) and 4(b) show the unTDCS�R� for S3 � 10.95
and unTDCS�L� for S3 � 20.95. The difference between
Figs. 4(a) and 4(b), which have the mirror symmetry for
kinematical reason, is the “pure” circular dichroism in
TDCS. And it is evidently caused by the interference
term of Im�unMu

unM�
g�. Eliminating the S1 contribution,

the large ratio of maxima at the two lobes of the TDCS
pattern is considerably reduced in comparison with the
raw data of Fig. 2. The theoretical results of Kheifets
and Bray [16] are shown in Fig. 4 for comparison.
Agreement between our results and their calculations
is fairly well in the similar manner to the compari-
son of Fig. 2. As to the origin of the burdened minimum
in our data, the small change of the tilted angle of the ma-
jor axes from l � 145± and l � 1135± in the course of
these measurements is considered except for the influence
of the solid angles 612± of our analyzers.

By taking the polarization properties of the incident
light into account and by applying the parametrization of
Malegat et al. [13], we have succeeded in, for the first
time, deriving the symmetric amplitude jMgj, antisym-
metric amplitude jMuj, and phase difference �du 2 dg�
between them from our experimental data. Because these
parameters give the full description for the dynamical ef-
fects in double photoionization continuum, the present ap-
proach opens a door toward the further step to elucidate
the general Coulombic three-body problem.
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