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1. Introduction:

The technique of Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) has been
developed to study the reaction dynamics in atomic collisions [1,2]. Recently this method has
been applied to collisions of electrons and photons with helium [3,4,5,6,7]. Combining this
technique with position sensitive large solid angle electron time-of-flight detectors it became
possible to perform experiments of the type (e,2e) [8] and (γ,2e), with the recoil-ion momen-
tum measurement replacing the spectroscopy of one elec-
tron.

In this paper we report on such kinematically complete
experiments of the helium double photo-ionization at ener-
gies between 80 eV and 160 eV that were performed using
COLTRIMS. These data can be compared to and expressed
in triple differential cross sections d3σ/dΩ 1dΩ 2dE (TDCS)
such as obtained by the common (γ,2e)-technique with a
pair of electrostatic electron spectrometers.

The first results on kinematically complete double photo-
ionization measurements on helium target were reported by
Schwarzkopf et al. [9] (see fig. 1) and have attracted con-
siderable interest on theoretical [10,11,12,13] and experi-
mental [14,15,16,17] side. Although the experimental set-
ups have been improved since then, the (γ,2e) technique
with standard electron spectrometers generally suffers from

We have applied the Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) in com-
bination with a large solid angle electron detector to investigate the complete momentum bal-
ance of  He double photo-ionization at energies from 1 eV above threshold  to 160 eV photon
energy. We present triple differential cross sections d3σ/dΩ 1dΩ 2dE deduced from these data
and compare those with theory. For very low excess energy (Wannier regime) our experimental
method accomplishes full detection solid angle for both the recoil ion and one emitted electron.
Presenting the data Jacoby Coordinates it is thus possible to directly visualize the break-up of
the atom. Recent calculations show very good agreement with our data.

    Figure 1:
    First experimental TDCS for (γ,2e)
    from Schwarzkopf et al. [9]



very small detection efficiency. This results in data with less statistical significance and only
for selected kinematical conditions in the Ω 1-Ω 2-E hypersphere. However, the combined theo-
retical and experimental efforts already resulted in considerable progress in the field of elec-
tron-electron correlation.

The COLTRIMS-technique has the advantage that at threshold energy the combined geo-
metrical detection solid angle can reach 4π for all emitted particles. Even for higher energy
the electron detection solid angle is still about 1π while for the recoil ions always the whole
momentum sphere (4π) is measured. Furthermore, there are almost no apparative restrictions
(none at all in the Wannier regime) on energy and angular configurations to be investigated
and the statistical significance of the measured cross section distributions is much larger due
the large solid detection angle without considerable loss of momentum resolution.

We present triple differential cross sections for double photo-ionization of helium acquired
with this technique for photon energies of 1eV above threshold (Wannier regime) and for 120
eV and compare those with theory.

2. Experimental Setup

The use of cold target recoil ion momentum spectroscopy (COLTRIMS) in ion-He, elec-
tron-He and photon-He collisions is now well established [3,5,18]. The key feature of this
method is that the He target is cooled in a supersonic expansion  (gas jet) to an internal tem-
perature well below 1 Kelvin such that the internal thermal momentum spread is below 0.05
a.u. which is much smaller than the momentum transfers of interests in typical atomic colli-
sions (≈ 1 a.u.). In the version of the apparatus we have used for the present studies the cooled
gas jet was crossed by the photon beams of HASYLAB at DESY in Hamburg (Eγ = 120 eV,
150 eV) and from the Advanced Light
Source at the LBNL in Berkeley (Eγ = 80 eV,
85 eV, 100 eV, 160 eV), respectively. The
interaction zone is located in a well defined
weak (≈ 1V/cm) electrostatic field region
thus that recoil ions produced in the colli-
sions are extracted onto a two-dimensional
position sensitive multi-channel plate detec-
tor (see figure 2). The storage rings were op-
erated in bunch modes that allowed to meas-
ure the time-of-flight of the recoil ions with
the precision of less than a nanosecond. The
momentum vector of the helium ions was
determined from the measured time-of-flight
and the position of the ion impinging on the
detector. Note, that the complete momentum
sphere of the recoil ions is measured simul-
taneously (4π solid angle) with a resolution
of  0.1 a.u. for each momentum component
and that single and double ionization events
are distinct in time-of-flight.

      Figure 2:
      Sketch of the combined recoil-ion/electron
      momentum spectrometer



Figure 3 shows density plots of recoil ion momentum distributions for He single (a) and
double (b) photo-ionization  at Eγ = 150 eV in the plane perpendicular to the photon beam
direction (z-direction). Only events for a small z-momentum window of +/-  0.1 a.u. are pro-
jected onto the x-y-plane. For single ionization the distinct pattern of a dipole emission is
visible. Since the recoil ion has to compensate the photo-electron momentum (the initial pho-
ton momentum can be neclected) the recoil ions have the same emission pattern in momentum
space as the photo-electrons. The second structure in the center of fig. 3a arises from simulta-
neous excitation of the residual bound electron, thus reducing the released kinetic energy in
the process. For double ionization this pattern changes since the second electron also carries
momentum in this three-body process. However, a dipole-like emission pattern of the recoil
ion is maintained.

A second position sensitive multi-channel plate detector facing the target region but located
opposite to the ion detector detected one of the photo-electrons in coincidence with the ion.
Events in which both electrons struck the detector could be rejected analyzing the pulse height
distribution of the electron detector. The photo-electron momentum vector could be deter-
mined in the same way as for the recoiling ion. Up to 1 eV excess energy one of the photo-
electrons could always be collected by the electrical field with 4π solid angle. For higher ener-
gies (as Eγ = 120 eV) so far only the geometrical detector area could be achieved as electron
detection solid angle (≈ 1π) since high energetic electrons not emitted into the direction of the
active detector area escape from the weak electric field region in the spectrometer. However,
the detection efficiency is still orders of magnitude bigger than for standard electron spec-
trometers and the orientation of the spectrometer was such that the polarisation vector of the
mainly linearly polarized light pointed in the direction of the electron detector. Due to the di-
pole emission pattern of the electrons that dominates even for double ionization events at
these higher energies [19], most of the interesting emission pattern can still be recorded.

The investigation of single ionization gave an excellent method to check the combined
recoil ion/electron spectrometer system since electron and ion must show opposite momenta
for each recorded single ionization event (the initial photon momentum is neglectable).

      Figure 3:
      Density plots of the recoil ion momentum distributions for helium single (a) and double (b) photo-
       ionization  for 150 eV photon energy in the plane perpendicular to the photon direction  z. Only
      events are  plotted with pz ≤ 0.1 a.u.



    3. Triple differential cross sections for double photo-ionization of He

By coincident detection of all three momentum components of both recoil ion and one
photo-electron the momentum balance of the double photo-ionization is completely deter-
mined, even overdetermined by one coordinate. We directly measure cross sections1

d2σ/dkrecdke  differential in the recoil ion momentum vector krec  and one  electron momen-
tum vector  ke, with only 5 of the 6 variables being independent. In order to compare the data
with the usual TDCS notation in spherical coordinates as function of the electron emission
angles and their energy sharing the measured data where transformed using simple algebra and
momentum conservation

          ke1 + ke2 + krec  = kγ  ( ≅ 0)

The energy conservation law

               Eγ - Ee1 - Ee2 = Erec  (≅ 0)

was not used in the transformation but gave an-
other possibility to check the data due to the re-
dundancy of the measuring technique.

Being restricted in momentum space only by
the electron solid detection angle it is now possi-
ble to slice the momentum sphere in angular
„cake pieces“ and energy-share bins to derive
cross section images as in figure 1. I.e., the five-
dimensional cross sections are projected onto
two-dimensional planes, e.g., for angle/energy
combinations suggested by the cross section dis-
tribution´s symmetries.

The general shape of the TDCS in fig. 1 can
be explained by simple selection rules [10]. The
TDCS must be zero for ke1 = ke2 due to the elec-
tron´s repulsive Coulomb force. Final states with
ke1 = - ke2 are forbidden because of parity viola-
tion. More exclusion principle exist for equal
energy sharing and special angular configurations
that result from the parity and/or angular mo-
mentum conservation laws. This can be seen in
figure 4 where we present data obtained with our
technique and transformed into TDCS for 41 eV
excess energy and equal energy sharing. The an-
gle α between the polarization vector ε and one
electron was fixed at three different angles (αe1)

and the TDCS as function of  the second elec-
tron’s angle αe2 was plotted for planar geometry,
i.e., only electrons in a narrow angular segment
∆β in the plane perpendicular to the beam direction are considered. This corresponds to a ge-
                                                          
1Note that this cross section notation really represents a five-fold differential cross section as the TDCS is, too.

  Figure 4:
  TDCS for planar geometry and equal energy
  sharing, for details see text



ometry that was chosen so far in the earlier (γ,2e)-measurements by setting the spectrometer’s
rotation axes and energy passes.

It is to note, that for obtaining these selected TDCS „views“ from our data we had to intro-
duce the respective kinematical conditions by software, i.e., we performed „projections“ from
our data set. Thus, all projections shown here are derived from only one single (and almost
complete) five-dimensional data set, numerous other projection are possible.

The shrinking of the upper loop in fig.4 for increasing  αe1 from 0 towards 30o is in quali-
tative agreement with findings of Maulbetsch and Briggs [10], however, there are so far no
calculations for Eγ =120 eV and the experimental resolution and a non-perfect linear polariza-
tion of the beam do not yet allow stringent tests of theory.

Another „projection“ obtained from our data shows in figure 5 TDCS for fixed angle αe1
but varying energy sharing between both electrons. Again, theory [10] seems to describe the
main feature of the TDCS correctly although here, too, the chosen energy/angle parameters in
the calculation are not exactly the same as in this experiment.

   Figure 5:
   TDCS  for unequal energy sharing. The solid lines
   show 3C-calculations of Maulbetsch and Briggs [10]

       Figure 6:
       TDCS  for equal energy sharing and  „out-of-plane“
       geometry. For details see text.



As stated earlier, almost any 2D-projection, i.e., choice of some fixed E -, β -, α - combi-
nations, for a TDCS presentation can be done, even out-of-plane geometries. In figure 6 the
„observation angle“ βe2 for the second electron is tilted out of the plane normal to the beam
direction which is in contrast to the earlier in-plane figures. Again, calculations for such
geometries exist already [10], but for a detailed check of the theoretical exclusion rules and
analysis for the physics behind all those TDCS loops, it still requires smaller angular and en-
ergy resolution bins with sufficient statistics than were achievable in our first experiment and
also „cleaner“ polarization features of the photon beam.

4. Cross section representation in Jakoby Coordinates

For our experiments on the double photo-ionization at 1 eV excess energy we were able to
measure the momenta of both the recoil ion and one electron with 4π solid angle. Covering
the complete momentum space enables us to formulate the cross sections in a different coor-
dinate system that intertwines the measured momenta of recoil ion and electron. We propose
the use of Jakoby Coordinates

      kr = (k1+k2)       and       kR = ½ (k1-k2).

kr describes the motion of the center-of-mass of the two
electrons, kR the relative motion of the electrons. The intro-
duction of this coordinate system has several advantages. It
is used in the theoretical description of the Wannier process
[20] but it is also the „natural“ coordinate system for our
experimental method as the common TDCS-description
suits the use of standard electron spectrometers. The value
kr is directly accessible in our measurement since kr = - krec

(with kγ ≅ 0). In this frame the kinematics of the Wannier
process directly can be directly visualized [7]. Fig. 7 shows
density plots of momentum distributions for the electron`s
center-of-mass (or recoil ion) motion (a), for a single elec-
tron (b) and for the relative electron motion (c)  in the plane
perpendicular to the photon beam direction, for details see
figure caption. From this plot it is visible in a very intuitive
way that the recoil ion emerges into the direction of the
polarization vector of the linearly polarized light while the
two electrons separate along a line perpendicular to that
direction with their center of mass moving opposite to the
recoil ion. Figure 8c shows another „view“ on the break-up
process. Here the plane is perpendicular to the polarization
vector direction. The relative-motion distribution forms a
doughnut around the polarization axis as the electrons sepa-
rate perpendicular to the polarizarion axis but the distribu-
tion is symmetrical around this axis.
For energies higher than 1 eV above threshold a complete
detection of all electron momenta was not ensured with the
present experimental setup to allow such a coordinate trans-
formation in both kr and kR.

Figure 7:
Density plots of  projections of  the mo-
mentum spectra in the plane perpendicular
to the beam direction. Only events with
|krx| ≤ 0.01 a.u. are plotted. The circles
indicate the maximum possible values [7].



However, since we always achieve 4π momentum detection for the recoil ion momentum
(and such for kr) we can already compare all measured cross section distributions (for all
photon energies investigated) as function of kr. In fig. 9a the relative portion of the energy
deposited into the electron´s center of mass motion and into the relative motion of both elec-
trons is shown. For 1 eV excess energy most kinetic energy is found in the relative electron
motion which is perfect agreement with the Wannier model. The line shows a calculation
from Feagin in fourth-order Wannier theory [21] that fits the experimental results nicely [22].

At 20 eV excess energy the relative fraction of energy in the center-of-mass motion in-
creases (see fig. 9b) which is also in perfect agreement on absolute scale with ab initio 2C
calculations of Pont and Shakeshaft [23]. This energy portion in the center-of-mass motion
seems to increase further towards equilibrium in the high energy regime where one electron
carries almost all the kinetic energy (shake-off limit).

    Figure 8:
    As figure 7, in  (c)  the relative electron
    momentum distribution is plotted in the
    plane perpendicular to the polarization
    vector direction.

      Figure 9:
      Fractions of kinetic energy deposited in the electron´s
      relative motion and center-of-mass motion (a)
      Fraction of energy in the relative motion for different
      photon energies (b). For details see text.



5. Summary and outlook:

We have measured the complete momentum balance after helium double photo-ionization
at energies 1 eV above threshold and higher with the COLTRIMS technique. The data sets are
complete in the sense that the momenta for all outgoing particles can be deduced for each
event and almost the full detection solid angles for the particles could be achieved, at least for
the Wannier regime. We can derive TDCS from our data without restrictions to any angular
emission or energy sharing of the electrons. We propose the use of a cross section description
in Jakoby Coordinates as the „natural frame“ of this atomic break-up process at low excess
energies. The experimentally derived cross sections seem to be in good agreement with the-
ory. Further experiments and fine-tuned theoretical analysis might reveal a better understand-
ing of the underlying physical processes, such as electron-electron correlation, for the different
TDCS. Investigations at higher energies are desirable to probe electron-electron correlation in
the initial state, i.e., in the helium atom itself.  We hope to improve our spectrometer system
in the electron detection device to enable the full solid electron detection angle also for higher
photon energies in the next future [24]. Furthermore, we design (e,3e)-like experiments ap-
plying the COLTRIMS technique [25].
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