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A physical interpretation is given for the variation with internuclear separation of the fully differential
cross section for double photoionization of H,. This effect is analyzed in a geometry where the fourbody
interaction is completely probed. Excellent agreement is found between experiment and time-dependent
close-coupling theory after convoluting the latter over the relevant solid angles. We show the observed
variations are purely due to the &y component of the polarization vector & along the molecular axis, a
conclusion which is supported through calculations of the photoionization of H,™.
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Double ionization of H, by a single photon results in
four unbound charged particles: two protons and two elec-
trons. That this process occurs at all is directly due to
electron correlation in the initial and final states, making
this process of fundamental interest. During the “Coulomb
explosion”, the two bare nuclei fly apart in opposite direc-
tions on a rapid time scale (fs) compared to molecular
rotation (ps). Consequently, knowing the vector momen-
tum of the escaping protons gives the molecular alignment
at the moment of double ionization, and its spherical angles
Oy, ¢n defined with respect to the linear polarization
vector, €. Recent developments in coincidence techniques
[1,2] have enabled all four particle’s momenta to be deter-
mined experimentally, resulting in electron angular distri-
butions within the molecular frame [3,4]. These fully
differential cross sections (FDCSs) are the most sensitive
signatures of the correlated dynamics of the escaping
electron pair within this axially symmetric potential, and
are strongly dependent on 6, in both magnitude and
shape.

The purely Coulombic character of the final state poten-
tial is shown schematically in Fig. 1. This steeply repul-
sive curve results in the protons’ ‘“‘kinetic energy release”
(KER) depending on the precise value of R at the moment
of double ionization. Filtering the data set reported in [4] as
a function of ion energy, Ey, which is proportional to 1/R,
allows one to probe the interplay between the electronic
and nuclear motion in the double photoionization (DPI)
of H2.

The only previous experimental study on so-called
“KER effects” identified differences in the FDCS in the
“perpendicular” plane geometry, where the reference elec-
tron is chosen to be orthogonal to & (i.e.: 8; = 90°), the
molecular axis, and the second electron [5]. The cross
section is very small in this detection geometry, which is
physically very specific as the mutual angle between the
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electrons is fixed so freezing the electron-electron interac-
tions. Recent theoretical work, using the exterior complex
scaling (ECS) [6] and time-dependent close-coupling
(TDCC) methods [7] also find some R variation in the
FDCS for this geometry. However, none of these previous
studies uncovered the physical origin of this phenomenon.

Here we present FDCSs in the “coplanar” geometry,
where all four particles and ¢ all lie in the same plane. The
cross section is much larger in this geometry, compared
to that in the perpendicular plane; moreover both the
electron-electron and electron-ion interactions are being
probed.

The FDCS measurements were obtained using 100%
linearly polarized light from the Elettra synchrotron in
conjunction with the CIEL momentum imaging apparatus;
further details are given elsewhere [2,4,8]. The photon
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FIG. 1 (color online). Schematic potential energy diagram of
the initial and final states for DPI of H,. During double ioniza-
tion the ground vibrational state is projected onto the upper
repulsive curve, whose dissociation limit is at 31.67 eV, resulting
in a broad range of kinetic energies for the final proton pair.

© 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.100.193001

PRL 100, 193001 (2008) PHYSICAL

REVIEW LETTERS

week ending
16 MAY 2008

FIG. 2. Schematic diagram of the body-fixed frame (X'Y’Z’)
showing the & vector split into two components, along (ex) and
perpendicular () to the molecular axis. When the molecular
axis is aligned parallel and perpendicular to &, one can obtain the
pure 3 and pure IT amplitudes, respectively.

energy was 76.09 eV, ~25 eV above the nominal threshold
at the equilibrium internuclear separation (1.4 a,) and near
the peak maximum of the total DPI cross section.

The observed FDCSs are compared to those obtained
using the TDCC method, which has been described in
detail previously [9,10]. To study the KER dependence, a
TDCC calculation is performed at different values of R. A
TDCC calculation is also made for each final M symmetry
accessible by a single-photon transition (i.e. M = 0, %1,
where M is the total magnetic quantum number in the body
frame (Fig. 2)). When constructing FDCSs, the amplitudes
which result from these calculations must be added coher-
ently, and are weighted by appropriate factors for a given
molecular orientation [[10], Eq. (11)]. Thus, the total con-
tribution to the FDCS consists of a 2, (M = 0) component,
a Il (M = £1) component, and cross terms arising when
the total amplitude is squared to obtain the FDCS.

Convolution over experimental solid angles can easily
mask or smear out the KER-dependent FDCS. An advanta-
geous feature of momentum imaging methods is the ability
to select the experimental bandwidths in the data analysis,
and is completely decoupled from the data acquisition.
Although ~1.1 million four particle coincidence events
were obtained in this study [4], careful attention was still
needed in choosing the critical variables over which one
can convolute large ranges without compromising the di-
rect observation of KER effects. To compare with experi-
ment, the TDCC FDCSs are also convoluted, by
performing calculations for a detailed grid of angles and
energies over the range of experimental bandwidths, and
then appropriately averaging the results. We also examined
the TDCC FDCS as a function of the various bandwidths to
determine which variables are most sensitive to the con-
volution procedure. It was found that 6y was the most
critical variable to minimize, and that the other variables
were insensitive to convolution, even over fairly large
ranges. Hence we selected A6y = *=10° but with large
values of the other bandwidths and with E;, = E, =
12.5 £ 10 eV, in both the experimental measurements
and in the TDCC convoluted calculations.

The FDCSs at 8; = 90° for 8y = 90 and 0°, allowing
one to obtain experimentally the IT and X amplitudes,
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FIG. 3 (color online). H, FDCSs in the “coplanar’”’ geometry
for three ‘“in plane” molecular orientations, 6y = (a)90°,
(b) 20°, and (c) 0°, all with the first electron at 6; = 90° and
for E, = E, =125+ 10 eV. Two KER values, (a),(b) 16.5
(left) and 23.5 eV (right), and (c) 16 (left) and 24 eV (right),
corresponding to approximately R = 1.6, 1.2 qa,, respectively,
are shown for each 0y angle. The angular step in 6, is 10°. The
dotted lines indicate a dead sector, symmetric with respect to the
vertical axis, for the detection of the second electron. The
bandwidths are: AEgxpr = =2 eV (a),(b), ¥4 eV (¢); Aby =
*10°;, Af; = =20°; A, = £45°; Ay = =60° [not rele-
vant in (c)]. The experimental data are arbitrarily normalized to
the TDCC results convoluted over the experimental bandwidths
(solid); unaveraged TDCC results for the stated (6, 8y) values
(dashed) have the scaling factors indicated.

respectively, are shown in Figs. 3(a) and 3(c) for two R
values. The results of TDCC calculations at a fixed R are
also shown, both for the stated (6, 8y) values and con-
voluted over the experimental bandwidths. Integration over
R as a continuous variable is not performed in the TDCC
averaging, thus preventing a precise comparison with the
experimental data on an absolute scale. Convolution over
the other dynamical variables nevertheless allows for a
direct comparison of the experimental and theoretical
FDCS shapes. Note that the strict quantum mechanical
node for “back-to-back’™ emission of the two electrons

193001-2



PRL 100, 193001 (2008)

PHYSICAL REVIEW

week ending

LETTERS 16 MAY 2008

20

FIG. 4 (color online). As in Fig. 3(b), but for molecular
orientations 6y = 20°, 160°; all with §; = 60°.

with E; = E, predicted by the DPI selection rules [11]
appears in the calculations (dashed curves) but is smoothed
out in the convoluted calculations and in the data.

Figure 3(a) shows that there is virtually no difference in
FDCS as a function of R in the Il orientation. There is,
however, a small difference in the FDCS shape for the 3
orientation [Fig. 3(c)] that, in the experimental data, is
most evident in the vicinity of the & direction. At inter-
mediate molecular orientations and without KER selection
(See [4], Fig. 1), the two lobes have asymmetric amplitudes
with the most intense lobe lying in the “3rd quadrant” in
these coplanar geometry polar plots. Figure 3(b) shows that
when 6y ~ 20° there is a dramatic change in the FDCS
with R. At large R, virtually all the yield is in the 4th
quadrant; only convolution over the solid angles provides
intensity in the 3rd quadrant. The dashed curves indicate
that such a spectacular evolution with R exists at exact
equal energy sharing and survives when almost all electron
energy sharings are included (solid curves).

Figure 4 shows the FDCS variation with R at 8, = 60°
for ) = 20 and 160°. Again one observes the hitherto
unexpected sensitivity of the coplanar FDCS to internu-
clear separation. There is a rapidly evolving FDCS for both
values of #y, which have excellent agreement in shape
with the convoluted TDCC results.

Figure 5 shows the variation in FDCS at 6, = 0° for
fixed large R with 6y = 40 and 20°. When 6, = 0° and
x5 = 90° one expects a symmetric lobe structure due to
symmetry (see Fig. 2 of [4]). As 8y departs from 90°
towards 0°, and without KER selection, the lobe in the
2nd quadrant reduces dramatically in intensity and then
steadily increases until the FDCS has symmetric lobes for
Oy = 0°; the 8y = 40° FDCS in Fig. 5 is illustrative of

90

FIG. 5 (color online). As in Fig. 3(c), but for molecular ori-
entations #, = 40° and 20°; all with §; = 0° and R = 1.6 a,.
(A¢, and A¢py are not relevant, A¢,y = £60°).

that behavior at an intermediate 6, value. However, as 0y
rotates from 40° to 20°, most of the FDCS yield changes to
the 2nd quadrant for large R, but not for small R (not
shown).

Is there a simple physical explanation for the spectacular
R dependence reported in Figs. 3(b), 4, and 5? Why is
Oy ~ 20° so critical to observe these KER effects?

As already mentioned and illustrated in Fig. 2, the FDCS
is the coherent sum of Il and 3 components. In the TDCC
FDCS, we extract the 2, and I1 components, and cross term
contributions for the first time. Such information reveals
the relative importance of each term. At 6 = 20°, shown
in Fig. 6, both components make significant contributions
to the FDCS and only the 3 component displays an appre-
ciable dependence on R. Moreover, changes in sign (and
shape) of the cross term with R results in constructive and
destructive interference between the two components, re-
spectively, and “amplifies” the small changes with R of the
pure 3 component. Hence only at 6y ~ 20° (or equiva-
lently, 160°) are spectacular KER effects to be observed.
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FIG. 6 (color online). The relative contributions to the TDCC
FDCS (dot) from the pure Il (dash-dot) and 3 (dash) contribu-
tions, and their cross term (solid), for (6, 8y) values of (20°,
160°) left and (60°, 20°) right, and for R = 1.6 (upper) and 1.2
(lower). At these (6,, 6y) values the peaks at 6, ~ 130° and
~250° in the total FDCS are primarily due to the IT and 3
contributions, respectively; see text for discussion.
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Interestingly, the cross terms for the #; and 8y angles
shown in Fig. 6 differ from each other by a simple sign
change for corresponding R values. This observation can
be understood within the body-fixed (BF) frame (see
Fig. 2). In this frame, the FDCS = |As + Ap|?>, where
As and Ay are the two weighted amplitudes. In rotating
both the molecule and the electrons by 26, thus changing
0y — —0y, the BF ey component is unchanged, whereas
the ey — —ep, resulting in FDCS — |As — Ap|>. The
(64, 8y) angles of the right and left columns of Fig. 6 are
related by such a rotation (of 40°), hence the sign change
for each R value.

Now that the magnification of the KER effect at 6y ~
20° or 160° is well understood as an interference effect, a
new question arises. Why is, exclusively, the angular de-
pendence of the 2 amplitude sensitive to R? A related but
different question is: why is II the dominant amplitude? A
recent ECS study [6] revealed an unexpected feature,
namely, that the magnitude of the Il amplitude decreases
monotonically with R, whereas the 3 amplitude has a
shallow minimum near the equilibrium separation. This
behavior has also been found in the present TDCC results.
Furthermore, the dominance of the IT amplitude results in
a negative ion asymmetry parameter Sy that also varies
with R due to the differences in the R dependencies of the
3 and IT amplitudes. The observed By value of —0.75 =
0.1 [4] at this photon energy is in excellent agreement with
the R-averaged TDCC By value of —0.73.

To investigate these questions we first recognize that
M =0 (2)and M = =1 (II) electronic states have differ-
ent spatial distributions in the (X'Y’Z") BF of Fig. 2. This
leads us to revisit a simpler but instructive process, the
photoionization of H, ™. As there is a complete absence of
electron-electron correlation in H, ¥, this allows one to see
purely the effects of the localization of the continuum
electron in the nonspherical potential. Over 50 years ago,
analytical studies using confocal elliptical coordinates in-
vestigated the 77 and o amplitudes in the photoionization
cross section as a function of R for a photoelectron energy
of 0 eV [12]. The p partial wave contribution to the 7
amplitude is dominant and decreases monotonically with R
from O to 4 a. In contrast, the p partial wave contribution
to the o amplitude has a minimum at equilibrium separa-
tion, R = 2 a,, and at higher values of R is strongly mixed
with the f partial wave contribution. As a consequence of
these very different behaviors, the 7 amplitude dominates
(which also results in a negative By for this process) but
has an angular distribution, with a maximum at right angles
with the internuclear axis, almost independent of R,
whereas the o amplitude is smaller but exhibits a spec-
tacular KER effect in its angular distribution, which is
maximum along the internuclear axis. We find essentially
the same behavior using a time-dependent approach
[13,14], which constructs initial and final states of H,"
on a grid, and which can be used to investigate the resulting

photoelectron angular distributions. The KER effects
found near threshold are also found at higher photoelectron
energies [15].

The DPI of H, is much more complex than photoioniza-
tion of H2+, as the /,, I, partial wave expansions of the II
and 3 amplitudes are determined not only by the non-
spherical potential, but also by electron correlation.
However by limiting the number of angular momenta
retained in the TDCC calculations, we find that low [;, I,
dominate the IT amplitude, whereas larger [, [, are neces-
sary for convergence of the % amplitude. This gives con-
fidence in the analogy between H,* and H,, and in the
conclusion that the main R-dependent trends of the IT and
3, amplitudes observed in H, double ionization are due to
electron-ion rather than electron-electron interactions. The
relative strength of the higher partial waves in the 3
amplitude accounts for the observation that the most sig-
nificant KER effects only occur at large R (see Figs. 3-5).
Finally, we note that the X electronic states, which are
sensitive to variations in R, in general lie near the inter-
nuclear axis, while the II states, which are relatively
insensitive to changes in R, are more concentrated in the
plane between the nuclei.
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