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Mechanisms of Photo Double Ionization of Helium by 530 eV Photons
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We have measured fully differential cross sections for photo double ionization of helium 450 eV above
the threshold. We have found an extremely asymmetric energy sharing between the photoelectrons and
an angular asymmetry parameter 8 = 2 and 8 = 0 for the fast and slow electrons, respectively. The
electron angular distributions show a dominance of the shakeoff for 2 eV electrons and clear evidence
of an inelastic electron-electron scattering at an electron energy of 30 eV. The data are in excellent
agreement with convergent close-coupling calculations.
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How does a single photon couple to two electrons in an
atom? This question has been extensively discussed in
the literature. Most of this discussion has been focused
on the photo double ionization (PDI) of the helium atom
which is the simplest two-electron—single-photon process
(see McGuire et al. [1] and Briggs and Schmidt [2] for
reviews). It is generally believed that at high photon ener-
gies, PDI is mediated predominantly via initial state cor-
relation. After a sudden removal of one atomic electron
the correlated initial state relaxes onto the new He™ eigen-
states. This process has been termed shakeoff. In the high
photon energy limit, the ratio of the total double to to-
tal single ionization cross sections converges to a constant
R = 1.67%, a limit expected for the shakeoff [3,4]. At
low photon energies it has been argued by Samson [5] that
one electron absorbs the photon and knocks out the second
electron in an (e, 2e)-like collision. This final state corre-
lation process is called in the literature two-step-one, or
TS1. The whole discussion on the different types of cor-
relation of the PDI is based solely on theory [6—9] and on
measured total cross sections [5].

Detailed experimental and theoretical studies of the an-
gular and energy correlation between the two photoelec-
trons or, equivalently, the photoelectron and the recoiling
ion are presently available in the form of the fully resolved
triple differential cross section (TDCS) (see Briggs and
Schmidt [2] for a recent review). However, these studies
are limited to relatively low photon energies where shake-
off is believed to be not significant. Additionally, in this
regime the angular distributions and the energy sharing are
determined almost entirely by the long range Coulomb re-
pulsion of the photoelectrons and the dipole selection rules,
which completely mask the signatures of particular ioniza-
tion mechanisms.
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This Letter presents experimental data and theoretical
calculations of PDI of helium at 530 eV photon energy,
where the shakeoff yields a significant contribution. We
show that characteristics of the shakeoff and TS1 can be
clearly seen in the TDCS. Electrons with an energy in
the range of 2 eV are mainly produced by the shake-
off while at 30 eV we find clear evidence of TS1. This
confirms a theoretical prediction of Teng and Shakeshaft
[9] who found that, at high photon energies, shakeoff
and TS1 would leave clear signatures in the electron an-
gular distribution. As we will show below, the virtue
of such a study at high photon energies is that the two
photoelectrons typically have very different energies and
angular distributions, allowing experimental selection of
the primary high energy electron which is coupled to the
photon.

The experiment has been performed using the COLTRIMS
technique (see [10] for a general review and [11,12] for
application to synchrotron radiation). The photon beam
(hw = 529 eV) from beam line 4 of the Advanced Light
Source (ALS) at the Lawrence Berkeley National Labo-
ratory [13] is focused into a supersonic helium gas jet.
Electrons of energy below 60 eV are collected by a com-
bination of electric and magnetic fields onto a large area
position sensitive channel plate detector [14]. From the
time of flight and the position of impact the momentum
vector of the electron is deduced [15]. The electric field
guides the ions with 47 collection solid angle for all
momenta onto a second position sensitive detector. The
ion charge state and momentum vector are again obtained
from the time of flight and position of impact. The mo-
mentum vector of the fast electron is calculated from the
measured slow electron and recoiling ion using momentum
conservation.
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We corroborate our experimental findings by performing
a series of convergent close-coupling (CCC) calculations
(see Kheifets and Bray [16] for details). In brief, the fast
photoelectron of energy E; is described in the CCC model
by a Coulomb wave, whereas the slow photoelectron of
energy E, is represented by a positive energy pseudostate
of the He™ ion. The shakeoff is reproduced in the model
by the dipole matrix element between a highly correlated
ground state wave function and a product of the Coulomb
wave with energy E; and the pseudostate with energy E,.
The TS1 is represented by the inelastic scattering of the fast
electron on an eigen- or pseudostate of the ion. The am-
plitude of this process is calculated as a nondiagonal ele-
ment of the scattering 7 matrix. The diagonal part of the
T matrix describes the elastic electron scattering in which
the quantum state of the slow electron does not change.
The only effect of this elastic scattering is the distortion
of the Coulomb wave representing the fast electron, and so
is attributed to the shakeoff [7]. The nondiagonal part of
the 7 matrix can be turned off at will, thus simulating the
shakeoff only PDI process. By retaining both the diago-
nal and nondiagonal parts of the 7" matrix we perform a
standard CCC calculation in which both the shakeoff and
the TS1 are taken into account. This calculation is not any
different from other CCC calculations performed at much
lower photon energies.

We calculate a succession of cross sections starting from
the fully resolved TDCS d*o /(dQ1dQ,dE;). Integrat-
ing the TDCS over d(), reduces it to the double differ-
ential cross section (DDCS) which determines the energy
and angular distribution of one photoelectron integrated
over all angles of the second electron. Within the dipole
approximation the DDCS is given by [17]

d*o do 1 3, 1 ﬂ
_ J’- J— - .
dQdE  dE 47 [1 mE)( yeos? =) M

Here do /dE is the single differential cross section (SDCS)
which gives the energy sharing distribution between the
photoelectrons, B is the angular asymmetry parameter, and
U is the polar angle of the electron with respect to the
polarization axis of light.

The top panel of Fig. 1 shows the measured and cal-
culated SDCS. It has a characteristic U shape and peaks
sharply at 0 and 450 eV. This trend is very well repre-
sented by the CCC calculation and has already been es-
tablished in earlier calculations [9,18,19]. This shape of
the curve is in contrast to the SDCS close to the threshold
which is almost flat.

The bottom panel of Fig. 1 shows the measured and cal-
culated 8 parameter. Note that at high incident energies,
as is the present case, the CCC-calculated SDCS or B
parameter cannot be readily determined with sufficient ac-
curacy away from highly asymmetric energy sharing con-
ditions. The SDCS can be extrapolated over the whole
energy range by knowing the accurate total PDI cross sec-
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FIG. 1. PDI of He at /iw = 529 ¢eV. (a) SDCS do/dE.

The line is the CCC calculation. The insets show the DDCS
do?/(dQdE) at E =2 and 448 eV (the vertical axis is the
light propagation); the line is obtained using Eq. (1) (see text).
The experimental data are normalized to the CCC calculation.
(Bottom panel) The asymmetry parameter 8 versus the electron
energy.

tion o = g/ 2(d o/dE)dE. A reliable calculation of the
B parameter exists only at E, = 50 eV and E; = 400 eV,
as shown in Fig. 1.

We verified the validity of the dipole approximation for
the DDCS of Eq. (1) and did not find, within the statistical
uncertainty, any significant forward-to-backward asymme-
try in our data. Two examples of the experimental DDCS
at E = 2 and 448 eV are shown in the insets together with
the line obtained from Eq. (1), using CCC estimates of the
SDCS and B. A very asymmetric energy sharing together
with an angular asymmetry parameter 8 = 2 indicate that
the fast electron absorbs not only most of the photon en-
ergy but also its angular momentum. This directly sug-
gests an interpretation of the PDI as a two-step process
with the fast electron being the primary photoelectron. The
slow electron is isotropic at very low energy, as expected
for the shakeoff, while 8 becomes slightly negative for
higher energies. As we will show below in more detail, this
slightly preferred emission perpendicular to the polariza-
tion is a consequence of a binary encounter between the
two electrons.

To learn more about the type of correlation (initial or
final state) and the corresponding mechanism (shakeoff or
TS1) by which the second electron is emitted an overview
of the TDCS of both electrons is given in Fig. 2. The hori-
zontal axis shows the polar angle ¢, of the fast electron
with respect to the polarization; the vertical axis displays
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FIG. 2. Overview of the TDCS at 450 eV excess energy
[(a),(c) experiment, (b),(d) CCC calculation] and coplanar emis-
sion for electron energies between 0—3 eV for the slow electrons
(447-450 eV for the fast electrons) (a),(b) and 20—40 eV
(410—430 eV) (c),(d). The horizontal axis shows the angle
of the fast electron with respect to the polarization vector;
the vertical axis displays the angle ¥, of the slow electron.
The solid lines indicate the back-to-back emission 9, = 180°
(the shakeoff) and the dashed lines define emission of the two
electrons of an angle ¥, = 90°, as expected from the TSI.
Experimental data and theory are integrated over the same
energy and angular ranges.

the angle of the slow electron ;. The electrons and po-
larization are chosen to be coplanar, i.e., the slow electron
is within £35° in the plane defined by the fast electron
and the polarization axis. The fast electron has almost no
intensity at ¥ = 90° reflecting a 8 parameter of close to
2 [see Eq. (1)]. The two left panels show the experimental
data, whereas the corresponding right panels exhibit the
TDCS from the CCC calculations. Good agreement be-
tween theory and experiment can be seen for all angles at
both energy sharings.

In these two-dimensional plots the typical characteris-
tics of the shakeoff and TS1 can be clearly identified. For
the shakeoff, one would expect that the slow electron is
emitted isotropically or slightly backwards to the fast pri-
mary electron [9,20]. The locus of such events is indicated
by the solid lines %, = | — | = 180°. The TSI is,
in contrast, a binary encounter between particles of equal
mass; hence one expects it to peak at ¢, = 90°. This is
indicated by the dashed lines also in Fig. 2. At E, = 2 eV
the maximum of the TDCS follows closely the %, = 180°
lines, supporting that such slow electrons are produced pre-
dominantly via shakeoff. At E, = 30 eV the maxima are
clearly along the lines with 9, = 90°, indicating a switch
from the shakeoff to a binary collision. A significant en-
ergy transfer from the primary to the secondary electron
seems to require a binary collision and is not likely via the
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shakeoff. It can be noted from the U-shaped SDCS (Fig. 1)
that the contribution of the slow shakeoff electrons to the
total cross section is by far dominant over the electrons
of 30 eV and higher. Thus the total PDI cross section is
dominated by the shakeoff process [7].

For a closer inspection and a detailed comparison with
theory we have plotted a small subset of the data shown in
Fig. 2 as polar plots (Fig. 3). In all cases, one of the elec-
trons has been fixed to one direction within 10° of the linear
polarization, and the TDCS of the complementary electron
is plotted. Thus data from Fig. 2 within the range —10° <
th < 10° appear in Figs. 3(b) and 3(d), and data in the
range —10° < 4, < 10° are shown in Figs. 3(a) and 3(c).

The TDCS for electrons E, < 3 eV [Fig. 3(b)] has a
pearlike shape peaked at 180° to the fast electron. Con-
trary to all TDCS reported at lower photon energies so far,
these slow electrons show a significant intensity for paral-
lel emission in the same direction. This is possible because
of the very asymmetric energy sharing of the two electrons.
The solid line is a full CCC calculation which is in excel-
lent agreement with the measurements. The dashed line
is the CCC calculation representing the shakeoff in which
only the diagonal part of the 7 matrix is retained. The
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FIG. 3. TDCS of the He PDI at 529 eV photon energy. In all
panels the electrons are coplanar within *25°; the polarization
axis (of linearly polarized light) is horizontal. The direction
and the energy of one of the two electrons is fixed, as indicated
by the number and the arrow, i.e., the slow electron is fixed in
(a) and (¢) and the fast electron is fixed in (b) and (d). The
polar plots show the angular distribution of the complementary
electron. The upper panels (a) and (b) are for the case E, ==
2 eV; the lower panels (c) and (d) are for E; = 30 eV. The
solid lines are a full CCC calculation and the dashed lines are
a shakeoff only CCC calculation. The measurements are nor-
malized to the full CCC calculation. The shakeoff calculation
in (c) is multiplied by 0.4. The measurements and calculations
are integrated over the same angular and energy ranges.
(a) 447 < E; <450eV, —10°< 9, <10°% (b) 0 < E, <
3eV, —10° < % < 10% (c) 410 < E; <430eV, —10° <
h < 10°% (d) 20 < E, < 40eV, —10° < 9 < 10°.
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corresponding TDCS of the fast electron (E; > 447 eV)
shows a dipolar shape [Fig. 3(a)] with the lobe for paral-
lel emission in the same direction of the electrons being
slightly suppressed for the full calculation. Again the full
CCC calculation is in excellent agreement with the experi-
mental data.

The TDCSs for electrons E; == 30 eV [Figs. 3(c) and
3(d)] are completely different from the low energy ones.
We find emission of the electron into a narrow cone at
90° to the fast electron [Fig. 3(d)]. An angle of 90° be-
tween the electrons is expected from a binary collision be-
tween the electrons. Again the full CCC calculation is in
very good agreement with the measurements. The shape
of the shakeoff only calculation is in complete disagree-
ment with the data; the overall size, however, is compa-
rable. The complete CCC calculation is a coherent sum
of the shakeoff and the TS1 contribution. Since the fast
electron peaks parallel to the polarization, the 90° angle
between the electrons also leads to a slightly negative 8
at these electron energies [see also Fig. 1 (bottom panel)].
Figure 3(c) shows the inverse energy sharing to Fig. 3(d),
i.e., the data points show the fast electron distribution; the
slow (30 eV) electron is selected along the polarization.
In this situation again the angular distribution of the fast
electron shows an almost dipolar pattern imprinted by the
photon. Since this configuration is not accessible by a bi-
nary collision the cross section is very small.

In conclusion, we have presented experimental and theo-
retical TDCS of the PDI of helium at the photon energy
ho = 529 eV (excess energy of 450 eV above the double
ionization threshold). At such a high excess energy, with
highly asymmetric kinematics, we may think of the fast
and slow electrons as being distinguishable. The angular
distribution between the two electrons indicates that the
very low energy secondary electrons are mostly emitted
via the shakeoff process while higher energy transfer re-
quires a hard binary collision and leads to an angle of 90°
between the electrons.
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