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Double Photoionization of Helium Down to 100 meV above Threshold
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Double photoionization of helium has been studied using a new instrument which allows one to detect
the two emitted electrons over 4p steradians and measure their individual momenta. The experiments
have been performed at 0.2 and 0.1 eV above threshold, and both double and triple differential cross
sections have been extracted. In comparison with higher energy data, the results show that the strength
of angular correlation between the two electrons increases towards threshold.

PACS numbers: 32.80.Fb
The double escape of two electrons from an ionic core is
a full three body process, which requires an intimate cor-
relation between these electrons to avoid recapture of one
of them. This is especially true close to threshold, where
the kinetic energy is not able to balance the effects of the
three body Coulomb interaction. Nearly half a century
after the classical analysis of Wannier [1] ab initio quan-
tum treatments of this fundamental process have appeared,
such as the recent convergent close coupling (CCC) [2]
and hyperspherical R matrix with semiclassical outgoing-
wave (HRM-SOW) [3] theories. Experimental data are
therefore needed to test them, especially in the critical
threshold region. In addition, recent experimental [4] and
theoretical [5] studies of the helium spectrum within less
than 1 eV below the double ionization threshold at 79 eV
bring the question of continuity across the double ioniza-
tion limit and call for investigations at less than 1 eV above
threshold. But this region is a challenge for experimental-
ists as the yield of electrons is vanishingly small towards
threshold.

Substantial progress has been made in this direction
since the pioneering work of Schwarzkopf et al. [6].
Electron spectrometers [7–9] and conventional time of
flight techniques [10] have been used to measure the
so-called triple differential cross section (TDCS) with
respect to the angles and energies of the two electrons
from a few tens of eV down to 0.6 eV above threshold.
More recently the cold-target recoil-ion momentum
spectroscopy (COLTRIMS) technique has also provided
TDCSs measurements down to 1 eV above threshold [11].
However, all these methods suffer from fundamental
limitations when approaching very low energies of the
emitted electrons. Perturbing fields are difficult to avoid
in the field-free region where electrons propagate before
entering electrostatic analyzers or drift tubes, and the
relative energy resolution DE�E of the former deteriorates
rapidly towards threshold. In the COLTRIMS method,
the ion momentum spreading due to thermal motion
is transferred to the electron momentum measurement
resulting in a low energy limit for one of the two electrons
(E1 or E2) and, therefore, the total excess energy above
threshold (E � E1 1 E2).
0031-9007�00�85(3)�530(4)$15.00
Here we report on a new method which avoids these
technical restrictions and allows one to measure the six
components of the two electron momenta k1 and k2.
Briefly, the experiment, shown in Fig. 1, is based on posi-
tion sensitive detectors (PSD) using microchannel plates
and 2D multianodes [12]. Significantly, the detection
system is able to locate particles separated by only 1.5 ns,
which is an order of magnitude less than the dead time
of delay line detectors. This experiment [coïncidences
entre ions et électrons localisés (CIEL)], which has been
previously used in the “ion mode” for molecular studies
[13], is used here in the “electron mode” for the first
time. The gas beam is crossed with the photon beam
and a weak electric field of typically 2 V cm21 is applied
to the inner region by means of two plates drilled with
holes of 10 mm diameter. Electrons passing the hole are
further accelerated, and enter into a drift tube before being
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FIG. 1. Schematic diagram of the experimental setup.
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detected. Ions are similarly detected in the opposite tube
and detector. The synchrotron source Super-ACO (France)
has been used in the two bunches mode, allowing mea-
surement of times of flight for all the particles. With ref-
erence to Fig. 1, the SU6 undulator line produces linearly
polarized light propagating along the X̂ axis, with Stokes
parameters S1 � 0.95, S2 � 0, S3 � 0, and with the main
axis of polarization, Ẑ, in the horizontal plane. The Ŷ axis
of the whole detection system is vertical for the present
measurements, as this position can be shown to minimize
the effects of detector dead time when measuring two elec-
trons, thanks to the cylindrical symmetry around the hori-
zontal Ẑ axis. The trajectories of electrons are simulated
numerically, allowing one to extract the three momentum
components kx , ky , kz for each detected electron from the
three measured quantities x, z, t. With an extraction field
of 2 V cm21, electrons are collected over 4p steradians up
to a kinetic energy of 150 meV. The energy and angular
resolutions depend on time and position resolutions, and
also on the modulus of k1 or k2 and its angle with the
Ŷ detection axis. Typically for a 50 meV electron they
remain below 10 meV and 8±. The ions are analyzed by
their time of flight, but the position analysis, although pos-
sible, is not used in the present “electron mode.” Times of
flight are typically 80 6 10 ns for the electrons, 5 ms for
He11 ions, and are measured with respect to the photon
pulses. The data are stored in the event mode, and for each
detected double ionization event seven quantities (x, z po-
sitions of the two electrons and the times of flight of both
electrons and the ion) are recorded. From these the six
components of k1 and k2 are obtained, and further trans-
formed to give the E1 and E2 energies of the two electrons,
as well as their u1, u2 polar and f1,f2 azimuthal angles
with respect to the Ẑ axis.

Two distinct experiments have been performed at photon
energies of 79.2 and 79.1 eV, each having a photon reso-
lution of 100 meV, and about 30 000 and 15 000 double
ionization events were, respectively, recorded over about
one week of beamtime each. As first established by Huetz
et al. [14] the TDCS for linear polarization along Ẑ is
given exactly by

s3
z � jag�E1, E2, u12� �cosu1 1 cosu2�

1 au�E1, E2, u12� �cosu1 2 cosu2�j2, (1)

where u12 is the angle between the two electrons. It has
been subsequently observed [7,8,11] that when approach-
ing threshold (i) the second amplitude vanishes, in agree-
ment with Wannier [1], and (ii) that the first one becomes
insensitive to E1 and E2 and depends only on the total ex-
cess energy above threshold E. Therefore we are left with

s3
z � CE�u12� �cosu1 1 cosu2�2. (2)

Taking into account polarization of the light in the actual
experiment [6] leads to s3 � 0.975s3

z 1 0.025s3
y where

s3
y is given by an expression similar to Eq. (2) but with
angles referred to the Ŷ axis. However, the second term
does not influence appreciably the following analysis,
and therefore we approximate s3 by s3

z . Integration
over the whole space of Eq. (2) at constant u12 gives
cos�u12�2�2 CE�u12�, the probability distribution of the
mutual angle u12. The latter compares well with his-
tograms of u12 values extracted from the whole ensemble
of events, excluding those with E1 or E2 , 20 meV, for
which the angular resolution degrades too much. Fits
of these histograms using the Gaussian shape of the
correlation factor [14]

CE�u12� � a�E� exp

µ
2

4 ln2�u12 2 180�2

g2

∂
(3)

give g � 57 6 4± and g � 60 6 4± at E � 100
and 200 meV, respectively, where g is the FWHM of
the Gaussian. Similarly, the asymmetry parameter b

which characterizes the angular distribution of electrons
can be obtained from histograms of u1 or u2 angles,
leading to b � 20.65 6 0.1 at E � 100 meV and b �
20.60 6 0.1 at E � 200 meV. Going one step further,
TDCSs for coplanar geometry can be derived by selecting
events where the vectors k1 and k2 are coplanar with
the Ẑ axis, within f1 2 f2 � 620±. The cylindrical
symmetry of the electron pair around the Ẑ axis allows
integration over azimuthal angle, and we obtain the
absolute TDCSs from a procedure similar to that already
detailed in COLTRIMS experiments at higher energy [15].
In the present case we use integral cross sections derived
from the law s11 � 1.02E1.05 kb [16].

The results for the lowest energy E � 100 meV are re-
ported in Fig. 2, where three different angles u1 � 90±,
60±, and 30±, have been selected. From Eq. (2) the an-
gular patterns for u1 � 120± and 150± are expected to be
mirror images of those at 60± and 30±, respectively. This
is very well verified by the experiment, and is an impor-
tant consistency check of the whole experimental proce-
dure. We have used this property in Fig. 2, by averaging
60

±
�120

±
(b) and 30±�150± (c) data to improve the statis-

tics. At u1 � 0± the number of events becomes too small to
be significant, due to the solid angle effect already stressed
in [15] and also to the low values of g, which make the
TDCS decrease very rapidly with u1.

The acceptance bandwidths are 610± for u1, 62.5± for
u2, and the selected energies are E1 � 50 6 30 meV and
E2 . 20 meV. The full curves in Fig. 2 are based on
Eqs. (2) and (3) after normalization to the u1 � 90± pat-
tern, and with g � 57± as deduced from all events. Excel-
lent agreement is evident in Figs. 2(a) and 2(b) regarding
the shapes and intensities of the two lobes patterns. In
Fig. 2(c) the statistics become poorer, and a slight discrep-
ancy is observed. However, a good agreement is restored
by using g � 54± as shown by the dotted curve, which
is still consistent with the 57± 6 4± result based on the
whole set of 15 000 events. The scaling coefficient a�E�
used in Fig. 2 is 590 b eV21 sr22, but it is underestimated
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FIG. 2. Coplanar TDCSs at E � 100 meV. The arrow to the
right indicates the main axis of linear polarization Ẑ. The other
arrow gives the direction of the first electron. The angle between
them is u1 � 90± (a), 60± (b), and 30± (c). The absolute scale
in polar coordinates is given in barns eV21 sr22, and is common
to all three cases. The (c) distributions (both experiment and
calculations) have been multiplied by 2.

as the experimental resolutions and bandwidths have not
been included [a more precise evaluation of a�E� will be
presented elsewhere].

Although not shown here, similar conclusions can be
drawn from our results at 200 meV above threshold, which
show an even better agreement between Eqs. (2) and (3)
with g � 60± and coplanar TDCSs. Therefore the present
findings appear to be internally consistent and give for
the first time a precise measure of the strength of angular
correlation down to 100 meV above threshold.

Comparing our results with previous experimental and
theoretical studies, Fig. 3 summarizes the values of g (a)
and b (b) parameters previously reported in the 0–20 eV
energy range, using a logarithmic energy scale. Because of
our 100 meV photon bandwidth and the strongly varying
cross section at threshold, the centroid of E1 1 E2 distri-
butions is observed to be slightly shifted up with respect
to photon energy, and accordingly our results are plotted
at 116 and 209 meV. It was already known that g de-
creases smoothly from about 91± at 20 eV down to about
532
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FIG. 3. Evolution of g (a) and b (b) parameters with photon
energy. The dotted curves are derived from the semiclassical
Wannier theory [22], and the full curve shows the HRM-SOW
theory [3]. The reported experimental results are (a) full circles:
present work (the horizontal bars account for our 100 meV pho-
ton energy bandwidth); squares: from [11]; open circles: from
[17]; stars: from [8]; crosses: from [6]; triangle: from [9].
Note that at 20 eV, Refs. [6,9] give the same value 91±, and that
Ref. [17] gives 91± at 18.6 eV and Ref. [11] 91.6± at 20 eV.
(b) full circles: present work; squares: from [18]; open circles:
from [19]; stars: from [20].

68± at 1 eV (67± 6 2± [8] and 68.3± 6 3± [11]). Our value
of 57± 6 4± at 0.1 eV demonstrates that this evolution
goes on at lower energies, although it appears to be rather
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slow. Such evolution of angular correlation below 1 eV
was questioned on the basis of b parameter measurements
[stars in Fig. 3(b) from [20] ]. Our own b values reported
in Fig. 3(b) are consistent with the latter, but our more
accurate g measurements, which for the first time reach
energies as low as 0.2 and 0.1 eV, definitely show that the
strength of angular correlation keeps increasing towards
threshold. Note that the present b data include various
energy sharings, in contrast with [20] where asymmetric
conditions were selected. The question of a b dependence
to energy sharing was raised in [21], but there is no evi-
dence of such an effect in Fig. 3(b).

The dotted curves in Fig. 3 display the g � 91 E0.25 law
and associated b from semiclassical analysis [22] based
on Wannier’s classical threshold theory [1]. It was stressed
when the first TDCSs measurements were reported [6] that
this law overestimates g by nearly a factor of 2 at 20 eV.
This is not so surprising, as the Wannier threshold law is
known to apply only up to about 2 eV [16]. However,
another discrepancy appears clearly in Fig. 3(a), which
is more significant as it occurs in the 0.1–1 eV energy
range. The 0.91 E0.25 law gives g � 60.8± at 0.2 eV, in
good agreement with our 60 6 4± value, but clearly over-
estimates the 1 eV data and decreases too rapidly in this
energy range. The recent HRM-SOW calculations [3],
giving predictions down to 0.01 eV, are shown in Fig. 3.
Although in good agreement with experiments at a few
eV down to 1 eV, they underestimate g values at low en-
ergy and seem to decrease again too rapidly towards zero.
Such effects cannot be distinguished on the less accurate
b measurements, where HRM-SOW are entirely consis-
tent with experiments over the whole energy range. It is
finally worth remarking that in Fig. 3(b) the asymptotic
b � 21 limit is still far from being reached at 100 meV,
and is approached within 10% only at 10 meV, according
to theoretical predictions.

To summarize, the new experimental technique pre-
sented here allows measurements of TDCSs at threshold,
over the whole momentum space. It has been applied to
helium at energies which are a challenge for theoretical
studies, which we hope will be stimulated. On the experi-
mental side the present method will be used to study other
atomic and molecular systems. It will also be extended to
lower energies, as there is no obstacle to decrease the elec-
tric field down to a few hundred mV cm21 and to analyze
electrons in the energy range of a few meV.
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