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Abstract. Angular correlation in the two-electron continuum of the He double photoionization
has been studied, both experimentally and theoretically, for equal and unequal energy sharing
conditions at the photon energy of 40 eV above the threshold. The triple differential cross sections
have been measured in the plane perpendicular to the photon direction using the multi-coincidence
detection technique of Reddishet al at the Daresbury Synchrotron Radiation Source. Recent
modifications to the bending-magnet beam line allowed an effective cancellation of the circular
polarization at the target, leaving a relatively high degree of linear polarization (Stokes parameters:
S3 = S2 ∼= 0, S1 = 0.8). The measured cross sections are compared with the calculations using
the 3C method of Maulbetsch and Briggs and the convergent close coupling method of Kheifets
and Bray. Good agreement between theory and experiment has been found in most cases, except
for the unequal energy sharing when one of the escaping electrons is detected in a direction close
to the polarization axis.

1. Introduction

The study of the angular distribution of escaping photoelectrons in the photodouble ionization
(PDI) of helium is of paramount importance for understanding the role of electron correlations
in this most fundamental Coulomb system of three unbound particles. Research in this
relatively new field is presently enjoying a surge in activity due to the availability of new
experimental techniques of increasing sophistication, yielding a growing body of data with
which the developing theories can be tested. The incident photons are provided exclusively
by synchrotron radiation sources, due to the requirement that a single photon possesses an
energy that is higher than the double ionization threshold (79 eV). Since the pioneering
work of Schwarzkopfet al (1993), the helium triple differential cross section (TDCS) has
been measured by a variety of experimental schemes for coincident detection of electrons
that could be broadly sub-divided into single- and multi-detection techniques. The most
successful single-detection systems have been described by Krässiget al (1993) and Dawber
et al (1995). An example of a multi-detector is the system of two time-of-flight electron
energy analysers (Viefhauset al 1996a), offering a ‘simultaneous’ detection of coincidences
for a chosen orientation of detected electrons but an arbitrary sharing of the available energy.
Alternatively, one can adopt—as in this work—a scheme consisting of two energy analysers, of
which at least one simultaneously covers a large range of emission angles while still being able
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to distinguish between them (Mazeauet al 1997, Reddishet al 1997a). These multi-detector
arrangements provide a valuable increase in sensitivity over the single-detection systems, which
makes measurements of a very small coincident yield feasible.

Another technique, which combines the features of the two multi-detection schemes
described above, is cold-target recoil-ion momentum spectroscopy, COLTRIMS (see Dörner
et al 1998). It is based on detecting one of the two ejected electrons in coincidence with
the recoiling ion from a pre-cooled supersonic expansion gas source. Energy and momentum
conservation laws enable the extraction of the kinematic properties of the undetected electron.
A combination of electric and magnetic fields and field-free drift regions was used to project
emitted electrons and recoiled ions onto the separate position-sensitive detectors. In this way
the authors were able to observe simultaneously the coincident events between all the ions and
the electrons of arbitrary energy ejected over a large solid angle, up to the full 4π sr (Br̈auning
et al 1998, D̈orneret al 1998). This experimental scheme yields three-dimensional TDCSs
that could be internally calibrated and placed on an absolute scale. The unique potential of
this method has yet to be matched with the energy/angular resolution and statistical accuracy
more routinely available in the electron-pair detection methods.

It was clear from the outset that the simultaneous ejection of two electrons by a single
photon involves mutual interaction between the atomic electrons. The classical study by
Wannier (1953) of the helium break-up process close to threshold and the subsequent
confirmations of the predicted threshold laws (Brion and Thomas 1968, Cvejanović and
Read 1974) firmly established the important role of the Coulomb interaction in the exit
channel. Wannier-type treatments and their semiclassical extensions (Vinkalns and Gailitis
1967, Peterkop 1971, Rau 1971) focused on the electron’s dynamics in the outer region of
the interaction space. They assume a highly correlated (yet unstable) motion of the escaping
electrons along the ‘Wannier ridge’(r1 ∼ r2) and work best at small energies, although
successful attempts at extending the theory to more general conditions have been made
(Kazansky and Ostrovsky 1994, 1995a, b, Feagin 1995, 1996, Dörneret al 1998).

Highly successful quantum mechanical treatments have been developed too, combining
the concept of detailed representation of the electron interactions in the final state with the
inclusion of the correlations in the initial state. The pioneering work was done by Maulbetsch
and Briggs (1993, 1994) who used a product wavefunction (3C) to describe the final continuum
state. In this approach both the initial and final wavefunctions are known analytically. This
knowledge can be of immense value and is used extensively to gain insight into the mechanisms
underlying the ionization process and the origins of features in the cross section. Both length
and velocity forms of the cross sections are calculated to give an indication of the quality of
the results. Of course, gauge sensitivity is a direct result of the approximate nature of the
wavefunctions used, a point that has been investigated in detail by Luceyet al (1998).

The other theories are fundamentally different in that they use some form of basis set
expansion that should, in principle, result in accurate results if the number of states included in
the calculation can be made large enough. The computationally more demanding method of
Pont and Shakeshaft (1995a, b), who used the screened Coulomb functions (2SC) to describe
the final state, gave well converged and reliable absolute cross sections. The convergent close
coupling (CCC) formalism (Kheifets and Bray 1998a) is another method based on an expansion
and achieves an essentially gauge-invariant description of the PDI. This method is also capable
of producing accurate total cross sections (Kheifets and Bray 1998b). All theories calculate
the total cross section by integrating the TDCS (for a particular state of light polarization)
over the appropriate momentum space. The agreement between the calculated TDCSs and the
relative measurements for equal-energy sharing or close to threshold are generally very good
(see Maulbetschet al 1995, Kheifets and Bray 1998a). However, some experimental data for
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unequal sharing (Lablanquieet al 1995, Br̈auninget al 1998, Mergelet al 1998) could not
be satisfactorily reproduced by any theory, which helped to identify the domains of electron
kinematics for which not only the agreement between experiment and theory was poor but also
large differences between the theories existed (see Pontet al 1996, Kheifets and Bray 1998c).
Our present work is a systematic study of helium PDI TDCS under conditions which enable a
stringent test of existing theories.

For a unified view of different aspects of the experimental and theoretical results one needs
a decomposition of the general TDCS into a limited number of suitably selected components.
A general expression separating the contributions of different polarization states of incident
radiation for any photoabsorption process is (see Schaphorstet al 1995)

σ = 1

2
(σx + σy) +

S1

2
(σx − σy) +

S3

2
(σr − σl) (1)

whereS1 andS3 are the Stokes parameters determining the relative contribution of linearly and
circularly polarized components, with thex-axis of the Cartesian coordinate system aligned
with the main axis of the polarization ellipse (i.e.S2 = 0). In the following we will takeσ to
represent the TDCS, with lower indices denoting its value for the specific component of the
light polarization—(x, y) for the two orthogonal orientations of the linear polarization vector
and(r, l) for the two opposite helicity components (right, left) of the circularly polarized light.
Note the first term, which is polarization insensitive and, as such, can also be defined in terms
of the circular polarization components:

piσ = 1
2(σx + σy) = 1

2(σr + σl). (2)

The second and third parentheses in (1) contain the so-called linear and circular dichroisms
(LD, CD), quantities which represent the differential sensitivity of the TDCS to those two
types of light polarization.

A general parametrization of the TDCS for various states of light polarization and
symmetries of the atomic target states has been pursued by Klar and collaborators (Berakdar
and Klar 1992 and references therein) and Huetz and collaborators (Huetzet al1991, Malegat
et al 1997a). The work of the latter group, in particular, has provided an indispensable tool
for the discussion of the features of the TDCS through physically appealing separation of the
effects of electron dynamics from the kinematical and symmetry effects which are particular to
the geometry of the experiment and the ionic state symmetry. To see what physical information
is contained in the various terms of expression (1) for our experimental geometry (electron
detectors in the plane perpendicular to the photon direction, with their anglesθi measured with
respect to the linear polarization direction), one can follow Huetzet al (1994) and Malegat
et al (1997a) to extract the appropriate forms of the partial cross sections. For the overall1Po

state symmetry (which applies to He) and disregarding the spins of the detected electrons, the
TDCS for the light which is linearly polarized along thex-axis becomes

σx = |(cosθ1 + cosθ2)ag + (cosθ1− cosθ2)au|2. (3)

This contains two complex amplitudes, one symmetric(ag) and the other one antisymmetric
(au) with respect to the exchange of electron energies. These amplitudes contain all the
information about the dynamics of the process and are, in general, functions of the sum of
electron energiesE, the way they share it,R = E2/E1, and their mutual anglesθ12. The
parametrization (3) is particularly suitable for the symmetric sharing TDCS, as forR = 1 the
ungerade amplitude(au) is zero and|ag|2 (the ‘correlation function’) acquires a form that has
been found to be very nearly Gaussian with its peak atθ12 = π (see Malegatet al 1997b). In
the case of unequal energies the contributions of the ungerade term cannot be separated from
the gerade except forθ12 ∼= π , as for this mutual angle the kinematical factors in (3) strongly
favour the ungerade term.
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The counterpart of equation (3) for the linear polarization along they-axis,σy , is obtained
by replacing cosine with sine in the above expression. The substitution of these two expressions
into the first part of equation (2) yields a relatively simple form for the polarization-insensitive
term

piσ = (1 + cosθ12) · |ag|2 + (1− cosθ12) · |au|2 (4)

which contains an incoherent sum over the two symmetry components and only the mutual
angles in the kinematical factors.

The LD term follows in a straightforward manner but is not shown here explicitly due
to its complex appearance. This is due to the dependence of its kinematical factors on the
individual anglesθ1, θ2 and because it additionally depends on|ag(θ12)| · |au(θ12)| · cos(φ),
φ being the phase difference between the amplitudes. To complete the parametrization of
equation (1) a parametric form of the CD term is required. It was established earlier that the
CD term disappears if the observational plane contains the photon beam direction,kγ (see
Berakdaret al 1993). Our experimental geometry, where the electrons are detected in the
plane perpendicular tokγ , is, however, kinematically favoured for its observation. From the
expressions for the TDCS for pure circular polarization (Malegatet al 1997a) one obtains

CD = −4 sin(θ12) · |ag(θ12)| · |au(θ12)| · sin(φ) (5)

which contains the same cross section normalization as in (3) and (4). ForE1 = E2 the
CD term is identically zero, as for this condition the ungerade amplitude is zero. But when
E1 6= E2 this is not generally the case, resulting in circular dichroism. The first measurements
of the direct CD effect in the PDI of helium have been reported by Viefhauset al (1996b),
followed by Mergelet al (1998), Soejimaet al (1999) and Kheifetset al (1999), but that
interesting topic will not be further discussed here as we are primarily concerned with linearly
polarized light in these experiments.

This brief review of the structure of the general cross section expression shows that
measurements with either a linearly or a circularly polarized source provide complementary
information on the phase relation between theag and au amplitudes, requiring a mixed
polarization state for a ‘complete’ experiment. If one could deduce, in a unique way, those
amplitudes from measured or calculated TDCSs they would become convenient objects for
discussing the effects of electron correlations irrespective of the actual conditions of the
experiment, and perhaps open the way for the general parametrization of TDCS for arbitrary
dynamical conditions (see a recent review by Schmidt (1998) for further elaboration).

In the remainder of the text we present the first comprehensive set of TDCSs measured
at 40 eV above threshold in the perpendicular plane geometry, for equal(R = 1) and unequal
(R = 3, 7) energy sharing and partially polarized radiation given by Stokes parameters
S2 = S3 = 0, S1 = 0.8. All individual TDCSs were subjected to the comparisons with
the theoretical predictions of the 3C and CCC theories with which the qualitative agreement
is generally good. The remaining differences are discussed in terms of the ratios of the gerade
and ungerade amplitudes and their phase difference.

2. Experimental details

The (γ, 2e) experiments were performed at the Daresbury SRS (beam line 3.3) using a
coincidence spectrometer based on a toroidal geometry. That apparatus and measurement
technique has been described in detail elsewhere (Reddishet al 1997a, Wightmanet al 1998).
Briefly, the photon beam is crossed with an effusive gas jet emanating from a hypodermic
needle. Photoelectrons emitted in the plane orthogonal to the photon beam direction(kγ )
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Figure 1. A schematic diagram of the acceptance angle ranges and the
mutual configuration of the two toroidal analysers in our ‘perpendicular plane’
geometry. The(γ, 2e) coincidence signal corresponds to energy-resolved
electrons with emission angles within the 60◦ (black) sector and the 160◦
(dark grey) sector, having energies designated asE1 andE2, respectively. The
relative orientation of the two analysers is fixed, but the whole spectrometer
can rotate around the photon beam direction, so sampling different aspects of
the angular distributions for the linearly polarized light source.

are energy analysed by two toroidal analysers with the acceptance angles and configuration
indicated in figure 1. The focusing properties of these electrostatic analysers allow the electron
emission angles (measured relative to the light polarization axis) to be mapped onto 2D resistive
anode encoders. The images on these detectors are circular arcs in shape, with positions around
the perimeter corresponding to the electron emission angles. True coincidences between the
two position-sensitive detectors give both energy- and angle-resolved photodouble ionization
events. The size of the angular intervals into which the data is processed is chosen later to
correspond with the available statistics. In this case 10◦ intervals in angleθi were used for all
the presented data.

A significant development in this work has been the detection of electrons with unequal
energies(E1 6= E2) using a partially polarized photon beam obtained from a bending magnet.
As demonstrated in the preceding section, measured TDCSs for those conditions are sensitive
to the circularly polarized component of the incident radiation, which is notoriously difficult
to measure in the far ultraviolet. Helium TDCS experiments to date, withE1 6= E2, have
therefore been usually performed on undulator beam lines where eitherS1 (Schwarzkopfet al
1994, Br̈auninget al 1998, D̈orneret al 1998) orS3 (Mergelet al 1998, Soejimaet al 1999,
Kheifetset al1999) are very close to unity, or by placing the electron detectors in the same plane
as the photon beam (Lablanquieet al 1995). Synchrotron radiation from a bending magnet
has both left and right circular polarization contributions arising from light that comes from
above and below the plane of the charged particles in the storage ring. Only the contribution
that is emitted in the plane of the storage ring (nominally horizontal) will be 100% linearly
polarized (i.e.S1 = 1) and soS3 = 0. (For a general discussion on synchrotron polarization
properties see, for example, Schmidt (1997).) One could attempt to severely restrict the
vertical acceptance angle from the synchrotron source to remove/minimize theS3 component,
but this will generally reduce the photon flux to a value which is unacceptably small for these
coincidence experiments. An alternative approach, pursued in this work, is to ensure that the
contributions from above and below the storage ring cancel out so giving a netS3 of zero.

A recent modification to the beam line 3.3 allowed a moveable, narrow slit—of fixed
width—to be inserted in between the monochromator input slit (optical ‘window’) and the
grating. The slit was moved vertically through the light beam thus scanning the angle of
divergence of the incoming radiation andS1 was determined as a function of the slit position.
This was done by measuring athν = 119 eV the yield of photoelectrons associated with
the He+(N = 1) state, whoseβ value is equal to 2 for all energies. The angle at which the
yield was maximal (5◦ off horizontal) identifies the main axis of the polarization ellipse and
the location of the first 10◦ wide sector whose yield was monitored separately. The other
selected sector was displaced by 90◦ from the first. The efficiencies of the two sectors have
been inter-calibrated by rotating the whole spectrometer through 45◦. The results of these
measurements are shown in figure 2(a). It should also be emphasized that these measurements
were made after the light had traversed the grating and a∼60 cm length of Pyrex capillary,
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Figure 2. (a) The intensity of the He+(N = 1) line as a function of the divergence(φ) of
the incoming radiation (with respect to the plane of the storage ring), measured by detecting the
photoelectrons at 0± 5◦ and 90± 5◦ with respect to the major axis of the polarization ellipse.
(b) A plot of theS1 and |S3| values as obtained from the data in (a) (see the text). The vertical
markers indicate the opening in the angular mask that was used when measuring the TDCSs, which
balanced out the left and right circular polarization contributions.

and so correspond to the polarization properties at the interaction region. This is important as
the light polarization can be changed by all the reflections it encounters on its way from the
storage ring, which are also responsible for the measured tilt in the polarization ellipse.

As S1, which is defined as(I0◦ − I90◦)/(I0◦ + I90◦) (a procedure only valid for transitions
with angular asymmetry parameterβ = 2), is determined with respect to the tilted major axis of
the polarization ellipse,S2 is consequently zero. (This quantity is referred to asS̃1 by Schmidt

(1997).) The polarization stateP , defined asP =
√
S2

1 + S2
2 + S2

3, is not necessarily unity at
the interaction region due to instrumental depolarization mentioned above. The value ofP can
be found by making the reasonable assumption thatS3 = 0 at the position of the maximum of
the remarkably symmetric distribution ofS1, which essentially corresponds to light from the
plane of the storage ring. Hence|S3| can be determined if this value ofP(= 0.94) is constant
for all slit positions, as is done in figure 2(b). Alternatively, if the depolarization mechanism is
strongest in the centre and gradually reduces on either side,|S3| can still be found by assuming
an arbitrary, but symmetric, depolarization function. These two methods of determining|S3|
can be regarded as a way of finding the overall uncertainly of our|S3| values. To ensure that
thenetcircular polarization contribution to the measured TDCS should be zero, the|S3| values
from figure 2(b) were multiplied by the corresponding intensities(I0◦ + I90◦) and the grating
was illuminated by balancing the accumulated yields of circularly polarized photons on each
side of the minimum (which correspond to different helicity) to within 2%. Using this method
our determination of theS1 average was 0.82, and the net circular polarization contribution
was estimated to yieldS3 = 0± 0.04. Our experience is that the stability of the synchrotron
over the duration of the TDCS measurements is remarkably good, therefore takingS1 as 0.8
andS3 as effectively 0 is justified.

The transmission function of the toroidal analysers as a function of the azimuthal angleθ

was monitored after each change of electron energy(Ei)or focusing condition by observing the
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image of the photoelectrons associated with the He+(N = 2) state for the same spectrometer
tuning. The use of this satellite line whoseβ value varies with energy was preferred to the
use of the He+ main line(N = 1), since for the latter choice one would need to change the
monochromator’s grating between the calibration runs and the coincidence measurements.
For the electron energies of 5, 10, 20, 30 and 35 eV we have usedβ = 0.3, 0.57, 0.95, 1.2
and 1.27, respectively. These values rely on the measurements by Wehlitzet al (1993) for
electron energies above 15 eV and the near-threshold measurements by Hallet al (1991), to
which a simple analytic form could be fitted. Estimated errors involved in this procedure
are within1β = ±0.05, which makes their effect comparable or smaller than the statistical
error of the measured TDCS points. Another possible source of errors in the coincidence
measurements, that could not be corrected by the above procedure, concerns the constancy
of the interaction volume defined by the intersection of the photon beam, gas beam and the
angular fields of view of the two toroidal analysers. This ‘coincidence volume’ was checked
at the beginning of the run for the ‘standard’ 10+10 eV helium TDCS which can be accurately
parametrized by a single correlation amplitude of the Gaussian form and the half-width of 91◦

(Schwarzkopf and Schmidt 1995, Malegatet al 1997b, Wightmanet al 1998). After assuring
that the coincidence volume was angle independent, only minor corrections to the input lens
voltages were made between the consecutive adjustments of the electron optics for different
electron energies.

Other experimental parameters that are relevant for the present study include the energy
resolution and the subtraction of random coincidences. The energy resolution is characterized
by the resolution of each electron analyser, which was 0.55 eV for the pass energy of 50 eV,
and the photon beam resolution, which was∼0.7 eV at the beam energy of 119 eV. In this
experiment the average true coincidence rate, integrated over the full angular ranges of the
electron analysers, was about 0.5 Hz, which was less than half the value we typically obtain at
20 eV. The time spectra featured the true coincidence peak of 40 ns FWHM and the randoms
whose contribution over the 150 ns interval encompassing the true peak amounted to only
2–5%, the variations reflecting a strong dependence of the background counts on energy.

3. Theoretical

3.1. The 3C method

The 3C method is based on an ansatz for the final three-body continuum wavefunction in
which the three pairs of Coulomb-interacting particles are treated in exactly the same way
resulting essentially in a product of three Coulomb wavefunctions (see Maulbetsch and Briggs
(1994) and references therein). A number of analytical properties of this wavefunction can be
established. We briefly summarize the most important ones in the following:

• It shows the correct asymptotic behaviour, i.e. at all the particle separationsr1, r2 and
R = |r2−r1| → ∞ the 3C wavefunction converges to the correct asymptotic wavefunction
given by Rosenberg (1973). From a theoretical point of view this is a very desirable
property. However, it is not necessarily very relevant in PDI since the asymptotic region
is not probed.
• The Kato cusp conditions are satisfied (Kato 1957). Due to the singularity of the Coulomb

interaction, wavefunctions show a cusp as particle separation becomes very small. As any
one of the three coordinatesr1, r2 or R → 0 while the other two remain finite the 3C
wavefunction satisfies the Kato cusp conditions.
• The correct limiting wavefunctions are generated if some part of the interaction is ‘switched

off’: if the electron–electron interaction is ‘switched off’ (the corresponding Sommerfeld
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parameter is set to zero) the correct limit is obtained, and if the two electron–nucleus
interactions are ‘switched off’ the correct limit is also reached.

• As mentioned before, the three two-body interactions are treated in exactly the same way
and in the above-described sense these two-body systems are treated correctly.

For the initial bound state wavefunction we used a so-called correlated open-shell wavefunction
as described in Maulbetsch and Briggs (1994). The method has been successfully applied to
PDI in a series of publications of Maulbetsch and Briggs for both equal and unequal energy
sharing and for the whole range of excess energies starting from threshold up to the high-energy
limit.

The gauge sensitivity of the present results depends on both theθ1 angle and the energy-
sharing ratio. A special case is theθ1 = 90◦ TDCS, where a scaling factor of 0.087 brings the
length-gauge TDCS into almost full agreement with the velocity-gauge result for eachR. We
have used this ‘internal’ scaling factor throughout this work to compare the 3C TDCS with
relative measurements, in addition to theR-dependent ‘external’ scaling factors resulting from
the comparisons of the 3C (velocity) with the CCC calculations (see sections 3.2 and 4).

3.2. The CCC method

The CCC method relies, to a much greater extent, on intensive computation. For the final
state it attempts to solve the Schrödinger equation for the system of interest by employing
the close-coupling (CC) expansion of the total wavefunction. In the particular case of the He
PDI, this system consists of a photoelectron scattering on the He+ ion. The inelastic scattering,
which results in ejection of the remaining bound electron into the continuum, is responsible for
the He PDI. Using a highly correlated Hylleraas-type ground state the CCC photoionization
calculations are essentially gauge independent. The method yields a correctly integrated PDI
cross section on a broad photon energy range which satisfies the Wannier threshold law and
approaches the asymptotic limit of infinite photon energy (Kheifets and Bray 1998b).

The principal limitation of the CCC method is in its inability to satisfy the boundary
conditions for infinite separation of the electrons and the residual ion. Owing to the
discretization of the continuum using square-integrable pseudostates, the CC boundary
conditions are the same as those of discrete excitation. The ‘continuum’ electron is modelled
by a distorted Coulomb wave and the ‘discrete’ electron is modelled by a pseudostate
obtained upon diagonalizing the He+ Hamiltonian in an orthogonal Laguerre basis of size
N . The ionization processes are identified with excitation of the positive-energy pseudostates.
However, at any given total energyE this approach displays an apparent double-counting
problem as pseudostates of energyE2 andE−E2 may be excited, thereby calculating the same
ionization process twice, even though the formalism is unitary. Numerical investigation led to
the suggestion that the amplitudes for excitation of pseudostates of energyE−E2 (E2 < E/2)
should converge to zero for infinite basis sizes (Bray 1997), yielding a step-function singly
differential (with respect to the energy) cross section (SDCS). For finite bases the SDCS was
shown to have unphysical oscillatory behaviour whenever the size of the step (atE/2) was
substantial. Furthermore, Stelbovics (1999) has shown that the CC estimate of the ionization
amplitudes was like a Fourier expansion of a step-function with convergence atE/2 to half
the true amplitude. He showed that for finite bases an unambiguous estimate of the ionization
amplitude could only be extracted atE/2, unless the step-function was numerically accurately
satisfied. It is indeed ironic that the CC formalism, which treats the outgoing electrons highly
asymmetrically, is guaranteed to yield convergent absolute results only for the equal-energy
sharing kinematics.
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The unphysical oscillations of the SDCS, which affect the magnitude of the TDCS, require
some attention. The combination of the value of the convergent equal-energy-sharing SDCS
and the CCC(N)estimate of the total integrated cross section (TICS) allows one to approximate
the SDCS on the whole secondary energy range by an integral-preserving quadratic. The raw
CCC(N) results may then be rescaled (usually by not far from unity) to match the estimated
SDCS. Note that since convergence in the TICS and SDCS(E/2) is obtained for sufficiently
large, but computationally tractableN , the quadratic estimate of the SDCS is independent of
N . The SDCS(E/2) is obtained after a coherent combination of the corresponding calculated
amplitudes (Stelbovics 1999), which leads to an SDCS approximately a factor of two greater
than the incoherent combination used earlier (Bray 1999).

In the present calculation the convergence in the angular distributions was achieved by
increasing the number of the pseudostates to 17−lwhere the partial wave expansion of the slow
ejected electron was performed withl up to 4, making a total of 60 pseudostates. The SDCS
atE1 = E2 = 20 eV was found to be 0.32 kb eV−1 as compared to 0.35 kb eV−1 due to Pont
and Shakeshaft (1995a). The TICS was 7.9 kb (7.8 kb by Pont and Shakeshaft 1995a). These
two values, SDCS atE1 = E2 and TICS, and the assumption that the actual functional SDCS
shape is a quadratic with its minimum atE1 = E2, allowed one to approximate the SDCS
on the whole energy range ofE1. Thus, at the present excess energy of 40 eV the SDCS is
rather flat as was previously established by Pont and Shakeshaft (1995a). The CCC results for
asymmetric sharing of the available energy were then rescaled accordingly by factors of 0.76
atE1 = 10 eV and 1.35 atE1 = 5 eV, to yield the absolute TDCS values reported in the next
section.

4. Results and discussion

The present experimental results, which were obtained in a single run over a period of about
a week, essentially consist of three sets of experiments—each for a different choice of the
energy sharingR = E2/E1 at 119 eV, i.e. 40 eV above the He2+ threshold.

4.1. TDCS forE1 = E2 = 20 eV

The equal-energy-sharing TDCSs obtained simultaneously at one orientation of the
spectrometer are presented in figure 3. The experimental data are normalized to the results of
the CCC calculations forθ1 = 90◦. The polarization vector (ε) lies in the horizontal direction,
and the middle sector of the angular range of the small toroidal analyser was atθm = 115◦.
Each data point consists of a sum of all true coincident events recorded between a 10◦ wide
sector centred around the specified position on the small analyser’s detector and a sector of
equal width on the large analyser’s detector at the displayedθ2 angle. Apart from corrections
to the angular efficiency of the individual analysers (for an example see Reddishet al 1997a)
no other adjustment in either angular efficiency variation or in normalization constant has been
made throughout the entire set. The error bars reflect the statistical accuracy only. The overall
agreement between experiment and the CCC theory is clearly excellent, especially for the
widths and positions of the lobes and the evolution of their amplitudes with theθ1 angle. A
similar level of agreement exists with the 3C calculations in both gauges, which could hardly
be resolved from the CCC results if multiplied by an ‘external’ scaling factor of 0.39 (for
a discussion of the 3C gauge sensitivity see section 3.1). The present measurements show a
small coincident signal in the region of the node, almost independent of theθ1 angle. Although
not shown in figure 3, when the CCC results were convoluted with the appropriate detection
solid angles the observed filling-in of the node was fully reproduced (for the similar analysis



274 S Cvejanovíc et al

θ1 = 950

θ1 = 1050 θ1 = 1150

θ1 = 1250 θ1 = 1350

Figure 3. Five equal-energy TDCSs measured simultaneously and compared with the CCC
calculation. The data are normalized to the theoretical TDCS forθ1 = 95◦. The cross section
scale is indicated by the length of the line depicting the orientation of the first electron with respect
to the polarization direction, which is equal to 6× 10−24 cm2 eV−1 sr−2.

atE = 20 eV, see Reddish and Feagin (1999)).
In addition to the CCC and 3C calculations, we have also compared the data with the

parametrization outlined in the introduction, by substituting

aR=1
u = 0, aR=1

g = e−2 ln 2(θ12−π)2/θ2
1/2 (6)

for the transition amplitudes. The square of theag amplitude is a Gaussian with a half-width
(θ1/2) of 103±2◦, as found by fitting the whole data set shown in figure 3. Note that this value is
higher than that obtained in our earlier preliminary studies (Reddishet al1997b). The CCC and
3C TDCSs are practically indistinguishable from the parametrization, for allθ1 angles, which
provides further support for the Gaussian form for the correlation function. This may seem
surprising considering that the Gaussian function emerged from an approximate, semiclassical
treatment of the escaping electrons in a highly symmetrical Wannier configuration (Rau 1976,
Kazansky and Ostrovsky 1993) which should prevail only very close to threshold.

4.2.E1 = 10 eV,E2 = 30 eV(R = 3)

Three sets of coincidence measurements have been made for this choice of unequal energy
sharing, corresponding to the spectrometer orientations characterized byθm = 110◦, 160◦



Photodouble ionization of helium at an excess energy of 40 eV 275

θ
1
= 900 θ

1
= 1000

θ
1
= 1100 θ

1
= 1200

Figure 4. TDCSs in He at 40 eV forE1 = 10 eV. All spectra correspond to the spectrometer
orientation for whichθm = 110◦. The CCC calculations (full curve) provide the absolute scale,
indicated by the length of the straight line showing the direction of the fixed angle electron
(= 6 × 10−24 cm2 eV−1 sr−2). The experimental data and the 3C calculation in both gauges
(velocity—dashed, length—dotted) are rescaled to the CCC result forθ1 = 90◦ (see the text).

and 200◦. The spectra from the first orientation, which is very close to the one used for the
equal energies (figure 3), are shown on figure 4. The theoretical and experimental TDCSs
have been normalized to each other for the TDCS atθ1 = 90◦, as the agreement between the
shapes of the calculated and measured TDCSs for that angle is excellent. We have chosen
the cross section scale to be that of the CCC results, requiring an ‘external’ scaling factor for
the 3C calculations of 0.41. Theθ1 = 90◦ spectrum is virtually identical to the equivalent
spectrum for the symmetric energy sharing. It is well known that for purely linearly polarized
radiation (i.e.S1 = 1) there is a node in the cross section irrespective ofR if both electrons are
emitted orthogonal toε (Maulbetsch and Briggs (1995), see also equations (1) and (3) in the
introduction). However, whenS1 < 1 a proportion of theθ1 = 180◦ TDCS is mixed in, which
for R 6= 1 has no node atθ12 = π . This results in a finite yield for the antiparallel emission, in
addition to the filling of the node caused by the finite solid angles of the detectors. Although
this filling-in is hardly discernible forS1 = 0.8 andR = 3, it becomes more prominent asR
increases (see figure 8). As theθ1 angle departs from 90◦, the size of the lobe (see figure 4)
whose orientation approachesε (i.e. the smaller lobe) diminishes rather less quickly than for the
equal-energy case and the minimum between the two lobes becomes much shallower. Those
same trends are very well represented by both theories, though a gradual departure between
the individual results sets in asθ1 approachesε. Note that the gauge dependence of the 3C
shapes for the conditions of figure 4 is very small.

Including the spectra from figure 4, altogether 18 individual TDCSs for that energy
sharing were obtained spanning the whole range ofθ1 angles with enough overlap between
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Figure 5. Combined spectrum consisting of the measured coincidence yields corresponding to
θ1 = 150◦ (squares) andθ1 = 210◦ (circles), obtained at two different but physically equivalent
orientations of the spectrometer (see the text).

the individual measurements to allow their inter-calibration. Observe also, that the other
two orientations of the spectrometer (θm = 160◦ and 200◦) are physically equivalent, being
symmetric with respect toε, but that the correspondingθ2 ranges differ (see figure 1). A
joint analysis of the equivalent spectra from different spectrometer orientations enabled us to
obtain the final TDCSs over largerθ2 ranges than in the individual measurements and with
better statistics in their central section where the constituent spectra overlap. An example is
illustrated in figure 5, where theθ1 = 150◦ spectrum from theθm = 160◦ set is compared with
the equivalent orientation spectrum(θ1 = 210◦) from theθm = 200◦ set after the inversion
of the latter spectrum’s angles aroundε. The pleasing level of agreement where the spectra
overlap provides supporting evidence for the constancy of the coincidence volume. It is also
important to stress that we consider all spectra from the same orientation of the spectrometer
to be automatically inter-calibrated, so that only one calibration constant is applied to each
set. A similar level of agreement between the measured shapes and amplitudes is found for
all ‘equivalent’ spectra, which are presented in figure 6, where the pairs of data points in the
region of overlap have been replaced by their mean values.

The observed trends shown in figure 4 continue through the spectra presented in figure 6.
In particular, the yield in the opposite direction to the slow electron grows in absolute terms
until reaching its maximal value in the separate peak of the cross section for theθ1 = 180◦

TDCS. We will refer to the new maximum as the ‘central lobe’, to distinguish this feature of the
TDCS from the two lobes of the equal-energy sharing case, which are separated by the node
for the anti-parallel emission. Observe that for theθ1 angles where these three lobes are clearly
identifiable the position of the central lobe appears to hardly change withθ1. Furthermore,
quantitative comparison between the measurement and the calculations reveals differences in
the overall intensity (i.e.angle-integratedcross section) and in the shape which increase as
θ1→ ε. Given the theories are normalized atθ1 = 90◦ they all predict a faster-than-measured
reduction in the angle-integrated cross section asθ1→ ε—the smallest and largest differences
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θ1 = 1300 θ1 = 1400

θ1 = 1500 θ1 = 1600

θ1 = 1700 θ1 = 1800

Figure 6. The second set ofR = 3 TDCSs which contain the combinations between the
measurements for different orientations of the spectrometer (see also figure 5). The experimental
data and the 3C calculations in the velocity (dashed) and length (dotted) gauge have the same
scaling with respect to the CCC theory (full curve) as in figure 4. The orientations of the 10 eV
electron with respect to the polarization direction are shown by the straight lines, whose length
corresponds to the cross section of 6× 10−24 cm2 eV−1 sr−2.

corresponding to the velocity and the length gauge of the 3C theory, respectively. Another
common feature of all theories is that they seem to predict a sharper depth to the minima
between the central and the side lobes than is measured. In that respect the CCC and the 3C
(velocity) are closer to the experiment than the 3C (length). In terms of the parametrization
outlined in section 1, the depth of the minimum depends on the cosine of the phase difference
φ between theau andag amplitudes, resulting in destructive interference for 90◦ < φ < 270◦.
The prominence of the central lobe, which is primarily related to the ratio between the ungerade
and gerade amplitudes, varies most between the three calculations. The relative size of the
central lobe is generally higher than measured, especially for the 3C (velocity gauge), while
the CCC calculation seems to be closest to the measured sizes of the three lobes.

The presented comparison between the measurements and the theoretical calculations over
the whole range of ejection angles for the slower electron atR = 3 shows the evolution of
the characteristic three-pronged shape of the unequal-energy TDCS as a function ofθ1. For
this choice of the final electron energies the effects of the energy asymmetry are still relatively
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Figure 7. Angular distributions of the 35 eV electron for the indicated angles of the 5 eV electron.
Measured points represent the combinations of two equivalent spectra measured at the spectrometer
orientations ofθm = 160◦ and 200◦. The data have been normalized to the absolute values of the
CCC TDCS forθ1 = 130◦. The 3C curves (length—dotted, velocity—dashed) are rescaled to each
other and to the CCC (full curve) atθ1 = 90◦ (see the text). The length of the bars indicating the
angle of the slow electron corresponds to the cross section of 9× 10−24 cm2 eV−1 sr−2.

small. The following section represents our measurements and calculations for the same total
energy of 40 eV but for much larger differences between the energies of ejected electrons, thus
focusing on the effects of the energy sharing.

4.3.E1 = 5 eV,E2 = 35 eV(R = 7)

For this ratio of ejected electron energies the measurements were conducted at the two
symmetric orientations of the smaller toroid (θm = 160◦ and 200◦) which allow the angular
range ofθ2 to be extended, as for the spectra forR = 3 shown in figure 6. A closer look at
the six TDCSs shown in figure 7 reveals that theR = 7 data cover a somewhat larger angular
range than theR = 3 measurements. This difference is due to the varying degree of success
in compensating for the field-edge effects while tuning the detectors. The comparison with
the calculations is made using the same methodology as forR = 3 (figures 4 and 6), namely
the 3C TDCS in the length and velocity gauge have been normalized to the CCCθ1 = 90◦

result. The required ‘external’ scaling factor applied to the 3C TDCS is 0.58. However, at
this energy-sharing ratio the differences in shape between the CCC and 3C TDCSs become
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Figure 8. TDCS calculations (CCC—full line; 3C velocity—dashed; 3C length—dotted) at
θ1 = 90◦ andS1 = 0.8. (a) E1 = 5 eV; (b) E1 = 10 eV. The TDCSs are symmetric around
θ12 = 180◦. The 3C curves are separately normalized to the CCC at their maxima.

more noticeable, as shown in figure 8. Only half of the structure is shown, as the TDCS for
θ1 = 90◦ has reflection symmetry about theθ12 = π direction. ForR = 3, figure 8(a),
only a minor difference in the region of small mutual angles can be noticed—the 3C cross
section falling off faster than the CCC whenθ12 is reduced. Note that an almost identical
situation exists forR = 1, with the parametrized form (6) going in between the CCC and 3C
results. ForR = 7, figure 8(b), there is an additional change in the position of the CCC lobe
maximum, while the 3C lobe remains virtually insensitive toR. At that particular geometry
(θ1 = 90◦) the dynamical part of the TDCS (see equation (3)) can be factorized out as|ag+au|2.
Consequently, any change of the TDCS shape withR implies a change in theθ12 dependence
in one or both of the amplitudes from the Gaussian atR = 1. As our measurements forR = 7
did not cover that geometry, the question of experimental verification of this prediction of the
CCC calculation remains open. The calculatedθ1 = 90◦ TDCSs from figure 8 also show a
relative increase of the yield for anti-parallel emission whenR increases, due to incomplete
polarization and the increased strength of the central lobe, as already mentioned in section 4.2.
A noticeable difference between the 3C-length and -velocity forms atθ12 = π is due to the
different ratio between the central and the side lobes in the two gauges, clearly shown in the
last spectrum of figure 7.

Lacking theθ1 = 90◦ measurement, we have normalized our spectra in figure 7 to the
lowestθ1 TDCS available—that ofθ1 = 130◦, where the differences between the calculations
were smallest. Again, good agreement with respect to the main features of the calculated and
measured TDCSs exists. Atθ1 = 130◦ the lobe which was smaller forR = 1, 3 is now
roughly equal to the other lobe. This observation is in excellent agreement with the CCC and
the 3C (length) result. As withR = 3, the central lobe evolves asθ1→ π , but is much more
pronounced here than in theR = 3 case. The relative differences between calculations increase
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too. As in theR = 3 case, whenθ1 → π the overall (integrated) yield reduces much faster
for the 3C (length) than for the velocity gauge calculations of the same theory. The measured
intensity of the central lobe is best matched by the CCC theory, except in theθ1 = 180◦ case
where the measured central lobe has a peculiar flat top. There is still a significant disagreement
between the measurements and all the theories in the region where the central lobe meets the
side lobes. This is especially apparent in TDCSs forθ1 > 150◦, where much deeper minima are
predicted than measured. Another noticeable feature, which may be related to this, concerns
the relative size of the side lobes in the calculatedθ1 = 170◦, 180◦ TDCSs which are smaller
than measured. We could demonstrate that the agreement between the CCC theory and the
experiment in that respect improves significantly if smaller polarization is assumed, but the
requiredS1 value of∼0.6 is well outside the anticipated error margin in the measurement (see
figure 2 and the accompanying discussion).

4.4. Comparison with other work

Due to different kinematical conditions, the present asymmetric energy sharing results cannot
be directly compared with the other work, but at least a qualitative discussion of the common
features found in other related investigations is possible. The first reported measurements
were conducted exclusively in a geometry where one of the electrons was collinear with the
polarization direction, or very close to it. Of those, Dawberet al (1995) measured in the near-
threshold region (E 6 2 eV,R 6 12), where the spectra were essentially equivalent despite
the range ofR. This confirms the expectation from the Wannier theory thatau � ag, when
E → 0. Schwarzkopfet al (1994) measured at relatively high photon energy (E = 53 eV)
and for high electron energy ratio(R ∼ 10). Under these conditions the central lobe, due to
ungerade amplitude, dominates the cross section. All the theories (Maulbetsch and Briggs
1994, Pont and Shakeshaft 1995b, Kheifets and Bray 1998a) for that case showed good
agreement with the relative data. In contrast, the measurements of Lablanquieet al (1995) at
E = 18.6 eV andR ∼ 5 are in the same class as the unequal-energy-sharing data reported
here, i.e. featuring a balanced contribution from theag andau amplitudes. For those conditions
the spectrum becomes sensitive not only to the ratio between the amplitudes but also to their
phase difference, so presenting the greatest challenge. The data of Lablanquieet al (1995)
(note that the subsequent measurements under similar conditions and with improved statistics
have been reported by Mazeauet al 1996) have already been shown to disagree with most of
the calculations (Pontet al 1996). The present measurements and their analysis are consistent
with some of the aspects of Lablanquieet al’s measurements, namely that the 3C theory
predicts a relatively larger contribution to the central lobe then is measured, and that both 3C
and 2SC calculations overestimate the minima between the central and the side lobes when
the distribution of the faster electron is measured.

Recently, the absolute measurements of TDCSs in helium using the novel COLTRIMS
technique have been reported (Dörneret al 1998, Br̈auninget al 1998) for energies of 1, 6
and 20 eV above threshold and covering almost the entire phase space. They showed that the
effects of the electron repulsion cause the three-dimensional TDCSs to peak for a coplanar
geometry, with the measured shapes being almost insensitive to the out-of plane angle. Both the
dynamical and the geometrical aspects of the three-dimensional TDCSs measured by Dörner
et al 1998 have been rather successfully supported by the fourth-order Wannier theory of
Feagin (1995,1996), especially at the two lower energies. That theory is capable of deriving
the transition amplitudes directly (requiring only one empirical parameter for each total energy),
which is an important feature from the aspect of parametrization as argued in the introduction.
Note that the published spectra of Bräuninget al (1998) forE = 20 eV include the energy
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partitioning caseR ∼ 6 which is similar to the measurements of Lablanquieet al (1995)
at E = 18.6 eV andR ∼ 5. The two results appear consistent, but the accuracy of the
measurement may not be high enough judging by the internal inconsistency with the related
TDCSs for the exchanged energies of the two electrons, as highlighted by comparison with the
CCC theory. A similar combination of electron energies was also investigated by Mergelet al
(1998) using the COLTRIMS technique with circular polarization of the light source. However,
this latest result atE = 20 eV appears inconsistent (Berakdar 1999, Kheifets and Bray 1998c)
with the measurements and CCC calculations for the equivalent linear polarization case of
Bräuninget al (1998), mentioned above. Clearly, further measurements of higher accuracy
are needed before the present controversy relating to these 20 eV results is resolved.

5. Conclusion

We have presented a detailed comparison between the 3C and CCC calculations and a
comprehensive set of measured relative TDCSs in helium atE = 40 eV, providing the
most rigorous test for theory to date. Internally normalized experimental data allowed a
full study of θ1 dependence within each investigated energy-sharing case(R = 1, 3, 7),
enabling a systematic investigation of both the kinematics and the dynamics on the angular
correlation patterns. For the strongest correlation case, that of the symmetric sharing of the
available energy, all the theories are in perfect agreement with the data. This also includes
the parametrization using a Gaussian correlation function of the half-widthθ1/2 = 103± 2◦.
This value confirms the trend measured earlier at much smaller energies—the correlation
function width increases steadily with energy, but much slower than the WannierE1/4 power
law predicted for the threshold region.

For asymmetric energy sharing(R = 3, 7) both theories show good overall agreement
for the evolution of the TDCS shapes in the whole range ofθ1 and throughout the investigated
range of electron dynamics, but a rather good statistical accuracy and overall consistency
of the present experimental results brings into focus some quantitative differences. The 3C
calculations in the two gauges (length and velocity) revealed differences between the relative
shapes which increase withR, but only forθ1 angles well away from 90◦. It is interesting to
note that the calculations in different gauges were often on different sides of the experiment, i.e.
none could be clearly preferred. The calculations by the CCC are largely gauge independent
and in this comparison generally occupy the middle ground, usually in better agreement with
the experiment than the 3C. The remaining disagreements between the various theories and the
experiment, highlighted by the present study, increase asθ1 increases from about 140◦ to 180◦.
This is only partly due to our method of normalization, as it also concerns the ratio between
the central and the side lobes and the depth of the minima between them. The latter feature
is sensitive to the degree of linear polarization and will be better studied using the undulator
radiation withS1 ∼= 1. The residual experimental uncertainties, concerning the polarization
state, solid angle integration and the constancy of the coincidence volume, are not expected to
alter these findings in any significant way.

Falling well short of attempting a full parametrization of the TDCS along the lines
given in the introduction, it is still possible to paraphrase the above analysis in the language
of parametrization: the present calculations seem to somewhat overestimate the ungerade
amplitude relative to the gerade (especially the 3C-velocity gauge) and the inferred phase-
difference angleφ is often too close toπ (especially for the 3C-length gauge), causing too
much destructive interference in the regions between the central and the side lobes. So far only
the shape of the correlation function (for the symmetric energy sharing case) had its intuitive
justification via the Wannier-model description of the Coulomb forces between the escaping
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particles. It is hoped that the present results will stimulate more theoretical work leading to
even better description of the helium TDCS for unequal energy sharing. This, in turn, might
lead to an identification of a dynamical input into the relevant transition amplitudes governing
the PDI, thus furthering our understanding of the role of electron correlations in that more
general case.
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