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We have measured fully differential cross sections for dissociative single capture and
Coulomb explosion through double capture in 75 keV p + H; collisions. Data were
analyzed for fixed kinetic energy releases and molecular orientations as a function of
scattering angle. Two-center interference was identified for dissociative single
capture. The interference pattern is not inconsistent with the symmetry of the
dissociative electronic state affecting the phase angle of the interference term. No
clear signatures of single-center interference were observed for either process. For
double capture only a very weak two-center interference structure, at best, was found.
This very small (or zero) visibility can probably be attributed to a convolution of two
independent scatterings of the projectile with the two electrons yielding the measured

scattering angle.



Introduction

The basic interest underlying most research on atomic collisions is to advance our
understanding of the few-body dynamics of processes occurring in simple atomic systems
[e.g. 1-4]. The fundamental difficulty is that the Schrodinger equation is not analytically
solvable for more than 2 mutually interacting particles. Therefore, theory has to resort to
elaborate numeric modelling efforts. The assumptions and approximations entering in these

models have to be tested by detailed experimental data.

Experimental data which exhibit interference structures are particularly suitable to test
theoretical models because the interference pattern depends sensitively on the details of the
few-body dynamics. An example is molecular two-center interference, which has been
observed in numerous experimental studies and predicted by theory for charged particles
colliding with diatomic molecules [e.g. 5-20]. There, the diffracted projectile waves
originating from the two atomic centers interfere with each other. However, the identification
of an interference pattern can be rather challenging. Experiments which integrate over certain
kinematic parameters effectively average the cross sections over the phase angle so that the
interference structure may be partly or completely “smeared out”. If differential cross
sections are analyzed as a function of scattering angle the interference pattern is usually
superimposed on a steep dependence of the incoherent cross sections on the scattering angle,

which can also significantly reduce the visibility of an oscillating pattern.

Pronounced interference structures were found when the momenta of all collision fragments
were determined with good resolution [12]. One approach to identify an interference pattern
even when it is not or barely visible in the cross sections is to normalize the cross sections to
those one would obtain without the interference term, to which we refer as the incoherent

cross section doi,.. In analogy to classical optics the cross section including the interference

term [ (coherent cross section) can be expressed as docen = dGin. I so that / is given by the



coherent to incoherent cross section ratio R [7-10,13,15,16]. The difficulty with this approach
is that until recently it was not clear how doj,. could be experimentally determined.
Therefore, doi,c was often approximated as the cross section for two separate H atoms or a He
target [7-10,13,15,16]. In R even small differences between the real and approximated
incoherent cross sections can lead to artificial structures, which could be misinterpreted as

interference structures.

A few years ago we demonstrated that doj,. can be experimentally determined with high
accuracy by manipulating the projectile coherence properties by placing a collimating slit in
front of the target [17]. If a slit of fixed width is placed at a large distance from the target the
local collimation angle subtended by the slit at the target position corresponds to a small
momentum spread of the incoming wave, which, in turn, corresponds to a large coherence
length Ar. The incoming projectile wave can then coherently illuminate both atomic
scattering centers of the molecule simultaneously and interference between the diffracted
waves from both centers is observable. Likewise, a small slit distance results in a large local
collimation angle, i.e. a large momentum spread, so that the coherence length is not
sufficiently large for both atomic centers to be simultaneously illuminated by the projectile
wave. In this case no interference is observed. Therefore, the interference term can be
accurately determined as the ratio between the cross sections measured for a large and a small

slit distance.

The interpretation offered in [17] was challenged by Feagin and Hargreaves [21], who argued
that the differences between the cross sections measured for the large and small slit distances
were merely due to differences in the beam divergence. However, this assertion was rebutted
by Sharma et al. [22], who demonstrated that there were no noticeable differences in the beam
divergence for the two slit distances. Later, resolution-independent coherence effects were

reported for various processes and targets for projectiles with relatively small speed and large



perturbation parameters 1 (projectile charge to speed ratio) [19,20,23,24, for a review see 25].
Two experimental studies also reported coherence effects for large projectile speeds and
atomic targets [26,27], while no such effects were observed [28] for a similar collisions
system as investigated in [26]. However, the smallest coherence length realized in [28] was
about three orders of magnitude larger than in [26] and larger than the size of the target atom."
Therefore, no significant coherence effects were expected, as also confirmed by a recent
theoretical study [29]. Nevertheless, at small 1 further experimental and theoretical studies

are needed to confirm or disprove such coherence effects.

In contrast, at large m the extensive literature on coherence effects strongly suggests that
indeed such effects can play an important role in ion — atom/molecule collisions. Here,
research is now entering the next phase in which coherence effects are used as a tool to study
the few-body dynamics in more detail. To this end we recently reported measurements of
fully differential cross sections (FDCS) for single capture accompanied by vibrational
dissociation in p + H; collisions for various molecular orientations as a function of scattering
angle [30]. In this process the second electron stays in the ground state and dissociation
proceeds through excitation of the nuclear motion to a vibrational continuum state. By
analyzing the coherent to incoherent FDCS ratios we were able to identify single-center and
two-center interference simultaneously in the same data set. The former, in which different
impact parameters leading to the same scattering angle interfere with each other, can also
occur for atomic targets [20,24,25,31]. More importantly, an unexpected shift of © was
observed in the phase angle for two-center interference. Such a phase shift was also found for
H," + He collisions and was explained by a switch in the symmetry of the final compared to
the initial electronic state [12,16]. However, no such switch in symmetry occurs in

vibrational dissociation studied in [30]. Furthermore, the interference patterns observed for

' The coherence length reported in [28] was calculated incorrectly and was too small by about 65%.



double capture [11] and dissociative ionization by electron impact [15] cannot be explained
by the electronic symmetry either. These data suggest that there are other factors apart from
the electronic symmetry which can lead to (or counteract) a phase shift. This, in turn, implies
that the phase angle, and therefore the few-body reaction dynamics, is not fully understood

yet.

Here, we report measured FDCS for another dissociative single capture channel, namely
capture accompanied by excitation of the second electron to a repulsive electronic state, as
well as for Coulomb explosion induced by double capture. We focus on FDCS for a
molecular orientation parallel to the transverse component of the momentum transfer q
(difference between the initial and final projectile momentum). Data were obtained for a
kinetic energy release (KER) for which two electronic states of opposite symmetry

predominantly contribute to dissociation.

Experiment

The experiment was performed at Missouri University of Science & Technology. The
experimental set-up is essentially the same as the one used in [18]. A proton beam was
generated with a hot cathode ion source and accelerated to an energy of 75 keV. The beam
was collimated by a vertical slit (x-slit), placed at a distance from the target of L; = 6.5 cm,
and a horizontal slit (y-slit), placed at a distance L, = 50 cm, both with a width of 150 um.
These slit distances correspond to transverse coherence lengths of Ax = 0.43 a.u. in the x-
direction and Ay = 3.3 a.u. in the y-direction. However, in the x-direction the coherence
properties are not determined by the collimating slit, but rather by an aperture at the end of the

accelerator terminal so that the smaller coherence length is about Ax = 1.0 a.u. [19].

The collimated projectile beam was then crossed with a very cold (T = 1-2 K) H, beam from a

supersonic jet propagating in the y-direction. The molecular proton fragments produced in



the collision were extracted by a uniform electric field of 250 (for dissociative single capture)
to 350 V/cm (for double capture) pointing in the x-direction and guided onto a two-
dimensional position-sensitive channel-plate detector. For dissociative single capture at these
field strengths, all proton fragments with energies up to 7.5 eV (i.e. KER = 15 eV) hit the
detector. For the double capture experiment, the recoil-ion spectrometer axis was slightly
tilted and the detector slightly moved up compared to the settings for dissociative single
capture such that the fragments with small momenta in the plane of the detector were steered
from the center towards the lower right corner of the detector. The data were then later
analyzed only for the upper left quadrant relative to the position corresponding to a zero
momentum. In this way FDCS for double capture could be obtained without suppressing

certain orientations relative to others for KER values of up to about 30 eV.

After the target region the projectile beam was charge-state analyzed by a switching magnet.
A second two-dimensional position-sensitive channel-plate detector was positioned either at
0° relative to the initial beam direction, so that the neutralized projectiles were detected
(dissociative single capture), or at 45°, so that H™ projectiles were detected (double capture).
The detector was set in coincidence with the molecular fragment detector. From the
coincidence time the time of flight of the molecular proton fragments were determined and
thereby the momentum component in the direction of the extraction field. The momentum
components in the y- and z-directions were obtained from the position information. From the
momentum components the molecular orientation and the KER value were calculated. At
such a large extraction field the momentum resolution is primarily determined by the size of
the interaction volume and by the position and time resolution of the detector [32].
Furthermore, it depends on the momentum itself. For p =35 a.u. it was about 2 a.u. full width
at half maximum (FWHM) for all components resulting in a KER resolution of about 3 eV

FWHM. The polar and azimuthal angular resolution in the molecular orientation was about

10° FWHM.



From the position information of the projectile detector the polar and azimuthal scattering
angles were determined. The FDCS for coherent and incoherent projectiles were obtained
simultaneously, under otherwise identical experimental conditions, by setting conditions on
the azimuthal angle to select scattering in the x-direction (incoherent) or in the y-direction
(coherent). The resolution in the polar angle was about 0.15 mrad FWHM and in the
azimuthal angle it was very small (3° FWHM) compared to the entire 360° range contributing
to all dissociation events. However, in order to obtain the FDCS with sufficient statistics the

condition on the azimuthal angle had a width of + 15°.

Data Analysis

In Fig. 1 we show coincidence time spectra for dissociative single capture (top panel) and
double capture (bottom panel). In the case of dissociative capture a pronounced triple peak
structure is visible. A similar shape of the time spectrum was also observed for dissociative
ionization in fast p + H; collisions [33]. The center peak reflects events in which the
molecular proton fragment has a small momentum in the direction of the extraction field.
This can be realized either by a small KER value, occurring in dissociation through
vibrational excitation [30], or by a molecular orientation in the plane perpendicular to the
extraction field. The left maximum is due to fragments which gained a large momentum
towards the detector in the dissociation and the right maximum those in which the fragments
gained a large momentum away from the detector. In the time spectrum for double capture
the center peak is missing. This can be understood by the fact that here Coulomb explosion,
for which small KER values are not possible, is the only fragmentation channel. Apparently,
the contributions from molecules oriented in the plane perpendicular to the extraction field are

not large enough to lead to a resolved center peak structure.

In Fig. 2 we show KER spectra for three different cases. The closed circles represent

dissociative capture measured with a small extraction field of only 50 V/cm. In this case all



fragments from molecules oriented in the plane perpendicular to the extraction field with a
momentum larger than 14 a.u. (corresponding to KER = 3 eV) miss the detector. As a result,
large KER values, resulting from electronic transitions to repulsive states, are strongly
suppressed. The spectrum is dominated by small KER values representing dissociation by
vibrational excitation, for which data were reported previously [30]. The open circles
represent dissociative single capture measured with an extraction field of 250 V/cm. Now,
all fragments with energies up to 7.5 eV (KER = 15 eV), regardless of orientation, hit the
detector. As a result, a pronounced and separate peak structure at 13 eV is observed. Finally,
the closed triangles represent double capture measured with an extraction field of 350 V/cm.
Now, the small KER component, which is very pronounced for dissociative single capture, is
completely absent. Rather, only a single peak structure with the centroid at 19.5 eV,
corresponding to the potential energy of the two protons at the equilibrium distance of H, is

observed.

Earlier, we reported FDCS for a condition on KER =0 to 2 eV, i.e. for electronic ground state
dissociation through vibrational excitation [30]. Here, we analyzed FDCS for dissociative
single capture for a condition KER =5 — 12 eV. In this region contributions to dissociation
come mostly from the 2pm, and 2sc, states and, to a much lesser extent, from the 2poc, state
of H," [34]. In the case of double capture Coulomb explosion is the only fragmentation
channel. Here, the KER value unambiguously determines the internuclear separation D at the
instance of the collision as D = 1/KER (in a.u.). Data were analyzed for KER regions of 13-

18 eV, 18-22 eV, and 22-27 eV.

In addition to the KER value conditions were also set on the molecular orientation and on the
azimuthal projectile scattering angle. FDCS will be presented for two molecular orientations,
both of which are perpendicular to the projectile beam axis (i.e. the polar molecular angle is

centered on 0, = 0°). One of them is perpendicular also to the transverse component of the



momentum transfer qq (i.e. P = 90°) while the second is parallel to qi (i.e. ¢m = 0°). For
simplicity, in the following we refer to these orientations as the perpendicular and parallel
orientation, respectively. The corresponding conditions in the azimuthal and polar angles of

the detected molecular proton fragments had a width of A0, and A, =+ 15°.

In order to select coherent and incoherent incoming projectiles a condition was also set on the
azimuthal projectile scattering angle @, = 0° + 15° (scattering in x-direction, incoherent) and
®p = 90° + 15° (scattering in y-direction, coherent). For each KER value four fully differential
spectra were generated as a function of the polar projectile scattering angle 6,: 1.) ¢, = 0° and
Om = 0° (incoherent projectiles, parallel orientation); 2.) @, = 0° and @, = 90° (incoherent
projectiles, perpendicular orientation); 3.) ¢, = 90° and ¢n = 0° (coherent projectiles,
perpendicular orientation); 4.) ¢, = 90° and @, = 90° (coherent projectiles, parallel

orientation).
Results and Discussion

In Fig. 3 FDCS are plotted for dissociative single capture for the perpendicular orientation and
KER =5 — 12 eV as a function of 0,. The open symbols represent the FDCS for the
incoherent projectiles and the closed symbols those for the coherent projectiles. Within the
statistical fluctuations no significant differences between the coherent and incoherent data can
be discerned. The phase angle for two-center interference is determined by the dot product
between the internuclear separation vector and the recoil-ion momentum, which for capture is
equal to q. For the perpendicular orientation this dot product is constant at zero for all 0, so
that no differences between the coherent and incoherent FDCS due to two-center interference
are expected. However, for KER = 0 — 2 eV, i.e. for dissociative capture through vibrational

excitation, we found significant differences caused by single-center interference [30].



One possible explanation for the apparent absence of single-center interference in the present
data is that dissociation leading to a large KER requires a two-electron process (capture of one
electron and excitation of the second electron to an anti-binding state). At the relatively large
n for this collision system the transitions of both electrons are predominantly caused by two
independent interactions with the projectile. Therefore, the measured total scattering angle is
the result of a convolution of the deflections of the projectile in these two steps. This
convolution is reflected in the scattering angle dependence of the interference term and thus

can also lead to a loss of visibility.

In Fig. 4 the FDCS are shown for the parallel orientation under otherwise identical kinematic
conditions as in Fig. 3. For this orientation we observe some differences between the
coherent and incoherent data. Between approximately 0.4 and 1.2 mrad the coherent FDCS
lie systematically below the incoherent FDCS, while between 1.3 and 2.1 mrad they are
systematically larger. These differences are more clearly visible in the coherent to incoherent
FDCS ratios Ry, which are plotted in Fig. 5, in terms of a departure from R; =1, especially in
the maximum seen at about 1.7 mrad (and possibly a shallow minimum at 0.9 mrad). While
this structure is statistically significant, it is not as pronounced as in the case of vibrational
dissociation and the interference extrema occur at different angles [30]. The reason that it is
visible at all in spite of the underlying double projectile scattering, in contrast to single-center
interference, is probably that for single scattering (like in e.g. vibrational dissociation) two-
center interference is significantly more pronounced than single-center interference [30]. A
two-center interference structure thus has a better chance of partly surviving the convolution

over two scatterings.

Given the argument that a switch in the symmetry of the electronic state should lead to a &
phase shift in the two-center interference term one might not necessarily had expected a

pronounced interference structure in the selected KER regime. The total interference term is a



sum of those obtained for the 2pm, state, for which a = shift would be expected, and the 2sc,
state, for which no phase shift would be expected. Thus, if the contributions from both states
would be exactly identical this sum should exhibit no dependence at all on 6,. However, for
electron impact, at the same projectile speed as in our study, Edwards and Zheng
demonstrated that the relative cross sections for excitation to the 2pm, and 2sc, states
sensitively depend on the angle between the molecular axis and q (0mq) [35]. For small 0,
the 2sc, state is predominantly populated and for large 0., contributions from the 2pm, state

are larger.

For the parallel orientation the molecular axis vector D and q lie in the same plane and the
polar molecular angle is fixed at 6,, = 90°. Therefore, the angle between q and the projectile
beam axis 0q and 0,4 always add up to 90°. Furthermore, 04 is given by 64 = tg (qu/qy),

where qi = po sin(0,). Therefore, for this geometry 0,4 is unambiguously determined by 0, as
Omg = /2 -t (Po 5in(8,)/a) )

1.e. large O, correspond to small 0,,q and vice versa. Here, the longitudinal component of q is
given by q, = -Q/v, — v,/2, where Q is the Q-value of the reaction and v, is the projectile
speed. The data of Fig. 5 are replotted in Fig. 6 as a function of 0y4. In this presentation, a
sharp peak structure is seen at about 8°. If the dependence of the relative 2so, to 2pm,
population on O is similar as in [35] then this peak structure should be caused by two-center
interference without phase shift expected for the 2sc, state. The interference term expected

for a gerade state is given by
I, =1+ acos(q.D) (2)

where a, which we call the visibility factor, describes to what extent the interference is

“washed out” due to incomplete coherence (even at the large slit distance) and experimental



resolution. 7, calculated for a = 0.4, which is plotted as the dashed curve in Figs. 5 and 6, is
in very good agreement with the experimental data for 6y, < 20° and 6, > 0.8 mrad,
respectively. At the same time the same interference term for ungerade states (dotted curve)
is in poor agreement with the data. For larger 0., (smaller 6,) we have only four data points
with relatively large statistical fluctuations so that no conclusions can be drawn. The solid
curve represents a sum of the interference terms for the gerade and ungerade states, where
each state was given a weight of f and 1-f, respectively. f was obtained by fitting a Woods-
Saxon distribution as a function of 6,4 to the relative 2sc, to 2pm, populations given by
Edwards and Zheng [35]. Overall, this combined interference term appears to be consistent
with the experimental data in the entire angular range thus supporting the interpretation that a
switch in the symmetry of the electronic state has to be compensated by a phase shift in the

diffracted projectile wave.

One question that still needs to be addressed is why the interference structure is significantly
less pronounced than for vibrational dissociation. In addition to the afore-mentioned
convolution over the two projectile scatterings off both electrons two other factors may
contribute to a loss of visibility of the interference structure. First, the two interference terms
for the gerade and ungerade states mutually weaken the structures of the separate terms
because they are phase-shifted relative to each other. However, the comparison between the
dashed curves and the experimental data in Fig. 5 shows that only for 0, < 0.5 mrad this has a
significant effect. Second, the width of the condition on the KER value corresponds to a
range of internuclear distances contributing to the FDCS. As a result, the phase angle in the
interference term, q.D, is afflicted with some uncertainty. This factor becomes increasingly
important with increasing 0,. In the region of the interference maximum qy is about 5 a.u..
Thus, a spread in D of 0.2 a.u. can cause a spread in the phase angle of about n/3, which could

lead to a significant loss of visibility.



Further information as to which of these three factors is mostly responsible for the damping of
the interference structure we obtained from the data on double capture. The cross section
differential in the projectile and molecular solid angles is plotted in Figs. 7 and 8 for the
perpendicular and parallel orientation, respectively, as a function of 0,. Hardly any
differences between the coherent and incoherent cross sections are discernable for either
orientation; i.e. neither single- nor two-center interference can be clearly identified in the data.
A fit of I, (with and without & phase shift) to the coherent to incoherent FDCS ratios for the
parallel orientation suggests an upper limit of the visibility factor a of 0.2. Furthermore, if
any interference structure is present at all (i.e. if o > 0) then the fit slightly favors the

interference term without a phase shift.

If the (near-) absence of two-center interference for the parallel orientation is primarily caused
by the integration over all KER (i.e. by the spread in D) then one would expect that setting a
condition on KER would lead to a visible interference pattern. For two reasons such a
condition should have a more sensitive effect on the visibility than for dissociative single
capture. First, since for double capture Coulomb explosion is the only fragmentation channel
D is unambiguously determined by the KER value. Furthermore, since both electrons are
removed from the molecule by the double capture process the relation between D and KER is
not afflicted with any uncertainties introduced by screening. Second, for double capture we
achieved better statistics than for dissociative capture and as a result conditions on KER could

be set with narrower windows.

In Fig. 9 FDCS for the parallel orientation are shown for KER ranges of 13-18 eV (top panel),
18-22 eV (center panel), and 22-27 eV (bottom panel). Here, too, no substantial differences
between the coherent and incoherent data are observed for any of the KER ranges. This
suggests that the (near-) absence of interference structures is not primarily caused by any

uncertainty in D. Rather, multiple scattering of the projectile from the target seems to be



mostly responsible for a “washing out” of the interference pattern. In this case, a pronounced
interference structure should be observable for much faster projectiles. In this regime double
capture predominantly occurs through a correlated process, i.e. a single-scattering process.
Indeed, pronounced interference structures were observed in double capture cross sections as

a function of the molecular orientation in fast He*" + H, collisions [36].

It seems plausible that the reduced visibility of the interference structure for dissociative
capture, compared to vibrational dissociation, is mostly due to multiple scattering as well.
Then, the three data sets on molecular fragmentation, for vibrational dissociation (published
in [30]), for dissociation by an electronic transition to a repulsive state, and for double
capture, exhibit a systematic trend: the visibility seems to be the smaller the more violent (on
average) the collision between the projectile and the target. More specifically, the visibility
maximizes for the one-electron process vibrational dissociation, presumably favoring
relatively distant collisions, and minimizes for double capture, presumably the process which

1s most selective on close collisions.
Conclusions

We have measured fully differential cross sections for dissociative single capture through
excitation of the second electron to a repulsive state and for double capture leading to
Coulomb explosion. Data were obtained for molecular orientations perpendicular and parallel
to the transverse component of the momentum transfer, respectively. For neither process did
we observe any signature of single-center interference effects, which are quite pronounced in
the FDCS for vibrational dissociation for the perpendicular orientation [30]. Two-center
interference structures were found in the FDCS for the parallel orientation for dissociative
single capture. Here, contrary to vibrational dissociation, no phase shift of © in the

interference term was found. Since the data are dominated by electron excitation to a gerade



state this is consistent with the explanation that such a phase shift can occur if the symmetry

of the electronic state switches [12,16].

For double capture only a very weak interference structure at best was found. Due to this
very small (or zero) visibility for this process it is not possible to gain new insight from these
data into the phase shift in the interference pattern that was observed in some cases, including
our data on vibrational dissociation. So far, no systematic pattern has emerged that would
suggest under what condition a phase shift may be present or not (apart from a switch in
electronic symmetry). A phase shift has not been reported yet for processes in which the
molecule does not fragment. However, for processes which do involve fragmentation, phase
shifts were reported even when no switch in the symmetry of the electronic state occurred
[15,30], or no phase shift was found although a switch in symmetry did occur [11].
Therefore, it seems important to study two-center interference in molecular fragmentation
processes in more detail. So far, to the best of our knowledge, a m phase shift was only
clearly identified for fragmentation proceeding through a one-electron process [12,15,16,30].
Therefore, FDCS measurements for two-electron processes leading to fragmentation (like e.g.
double capture or double ionization) for fast projectiles would be particularly interesting. In
this case two-electron processes are usually dominated by a correlated single scattering
process and a pronounced interference structure should be observable. A confirmation of a
pattern linking a phase shift to one-electron fragmentation processes by such measurements
could represent a major step towards a complete understanding of the phase angle in the two-

center interference term.
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Figure Captions

Fig. 1: Time spectrum of coincidences between neutralized projectiles and molecular proton

fragments (top panel) and H™ projectiles and molecular proton fragments (bottom panel)

Fig. 2: Kinetic energy release (KER) spectrum coincident with H® projectiles (open and
closed circles) and with H™ projectiles (solid triangles). The open (closed) circles were

recorded with a large (small) recoil-ion extraction voltage.

Fig. 3: Fully differential cross sections (FDCS) for dissociative capture leading to KER = 5-
12 eV and a molecular orientation perpendicular to both the initial projectile beam axis and
the transverse component of the momentum transfer as a function of scattering angle. The

open (closed) symbols represent the data taken with an incoherent (coherent) projectile beam.

Fig. 4: Same as Fig. 3, but molecular orientation is parallel to the transverse component of the

momentum transfer.

Fig. 5: Ratios between the FDCS for coherent and incoherent projectiles from Fig. 4 as a
function of scattering angle. Dashed curve, two-center interference term expected for a
gerade dissociative state; dotted curve, two-center interference term expected for an ungerade
dissociative state; solid curve, sum of the dashed and dotted curves with weight factors of f

and 1-f for the geared and ungerade states, respectively. For f, see text.

Fig. 6: Ratios of Fig. 5 plotted as a function of the angle between the molecular axis and the

momentum transfer vector O,q calculated with eq. (1). Curves: same as in Fig. 5.

Fig. 7: Same as Fig. 3 for double capture, but integrated over all KER.

Fig. 8: Same as Fig. 4 for double capture, but integrated over all KER.

Fig. 9: Same as Fig. 8, but KER fixed at 13 to 18 eV (top panel), 18-22 eV (center panel), and

22-27 eV (bottom panel).
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