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Kinematically Complete Study of Dissociative Ionization of D, by Ion Impact
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We present a kinematically complete study of dissociative ionization of D, by 13.6 MeV/u S'3* ions.
The experiment allows us to unravel the competing mechanisms, namely, direct single ionization,
autoionization of doubly excited states, ionization excitation, and double ionization, and to analyze the
corresponding electron angular distribution from fixed-in-space molecules. The conclusions are supported
by theoretical calculations in which the correlated motion of all electrons and nuclei and the interferences

between them are described from first principles.
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Ionization of the simplest H, molecule by the impact of
photons [1-7], electrons [8—11], and ions [12—18] has been
the subject of extensive experimental and theoretical in-
vestigations for almost three decades. With the advent of
kinematically complete collision experiments, in which the
full momentum vector of all charged particles is deter-
mined, it is now possible to investigate these processes
with unprecedented detail and precision. So far a few
examples have been reported in the literature for photo-
ionization [19-23] and electron impact ionization [24].

In contrast with photoionization, in which a well-defined
amount of energy is absorbed by the target (the photon
energy), the energy absorbed by H, in a collision with a
fast charged projectile follows a distribution with practi-
cally no upper limit. Thus all processes capable of ionizing
the molecule are energetically allowed and can, in princi-
ple, occur simultaneously. It also means that ionization can
involve one or all electrons of the molecule. In the case of
ion impact, the only existing electron-ion coincidence
experiment has been reported by Dimopoulou et al. [25].
In this work both nondissociative and dissociative ioniza-
tion of H, were investigated in the range of very low ion
kinetic energy (<<0.04 eV). However, it has been shown in
previous experiments [26] that major dissociating pro-
cesses lead to proton energies as large as 12 eV. In the
present Letter we present a kinematically complete experi-
mental study of the collision between 13.6 MeV/u S5
ions and D, molecules. We detect in coincidence all
ejected ions and electrons in the whole energy range ac-
cessible in the collision. The experiment allows us to
unravel the competing mechanisms leading to dissociative
ionization of D,. The measurements are supported by
theoretical calculations in which the motion of all electrons
and nuclei as well as correlations and interferences be-
tween them are described from first principles.

It is known that the dominant ionization process is
emission of a single electron that leaves the residual Dy
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molecular ion in its ground 22 electronic state [16]. Most
of the D5 ions remain in a bound vibrational level (around
v = 2), while only a few undergo dissociative single ion-
ization (DSI). Two-electron processes also contribute to
ionization: ionization excitation (IE), double ionization
(DI), and double excitation followed by autoionization
(AI). In DI, both electrons are emitted into the continuum
through a direct nonresonant ionization process, leading to
a D3 molecular ion that dissociates through Coulomb
explosion. In IE, only one electron is emitted into the
continuum, while D3 is formed in an excited electronic
state that dissociates. DSI, IE, and DI are direct ionization
processes. In contrast, Al is a resonant process that results
from the decay of a doubly excited state (DES) into the
ionization continuum. The corresponding D5 ion can re-
main in either the ground or an excited electronic state [4].
Since the DES potential energy curves are repulsive, dis-
sociation into two neutral D atoms also competes with Al.
There is a series of DESs, Q,,, associated with each ion-
ization threshold, n (i.e., associated with each electronic
state of D7). Each series contains an infinite number of
DESs, and there is an infinite number of such series.
Previous photoionization experiments have shown that
the DESs play a crucial role in dissociative ionization of
D, [3] and the same is expected in the present case.

It is then clear that the number of open channels leading
to dissociative ionization is so large that only an experi-
mental approach that images all charged particles in coin-
cidence can disentangle the different mechanisms. Such an
experiment has been performed at GANIL in Caen. A
13.6 MeV/u S projectile beam intersected a D, super-
sonic molecular gas jet. The D* fragments up to 12 eV are
collected by a static electric field (30 V/cm) with 47 solid
angle acceptance and directed onto a 80 mm diameter po-
sition sensitive channel-plate detector. In addition, a mag-
netic field (18 G) confines the electrons on helical trajec-
tories, ensuring a 47 solid angle coverage for kinetic ener-
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gies up to 55 eV. From both the time of flight and coordi-
nates of impact position of each particle detected, the com-
plete momentum vector of the electrons and fragment ions
were then reconstructed and the energy deduced (AE/E =
15% and 5% for electrons and ions, respectively).

The complete ion-electron energy correlation diagram is
shown in Fig. 1(a). The result has been integrated over the
emission angles of both electrons and ions. As expected,
the energy sharing between electrons and nuclei is much
more complex than in photoionization processes in which
an almost linear dependence between electron and ion
kinetic energies is observed [21]. The latter behavior is
the consequence of energy conservation, E,- = —2FEp+ +
E; — E,, where E,- is the electron kinetic energies, Ep+
is the D* kinetic energies, Ey is the total energy transferred
to the molecule, and E,, is the dissociation energy limit.
We can see a similar behavior for D" energies between 1
and 4 eV. This is because, in the case of resonant dissocia-
tive ionization through a DES, E7 is more or less fixed and
so is the difference Er — E.

The electron and D* energy distributions are shown in
Figs. 1(a) and 2(a), respectively. In the latter case, an an-
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FIG. 1 (color online). Electron and D* kinetic energy corre-
lation diagram resulting from a 13.6 MeV/u S>*-D, collision.
(a) Experimental results. IE, ionization excitation; Al, autoioni-
zation; DI, double ionization; DSI, direct single ionization.
(b) Theoretical results. The right panels show integration over
D™ energy.

alysis of the coincidence measurements allows us to extract
the contribution of each dissociative process [Fig. 2(a)].
The total D* distribution agrees qualitatively with that
previously measured by Edwards et al. [26] using a differ-
ent projectile and a different impact velocity. The D*
energy distribution associated with the Al process is de-
termined by integrating the Auger peaks observed in the
electron energy distribution for a specific D" energy range.
In doing so, one assumes that resonant and nonresonant
processes sum up incoherently, which is not strictly true [4]
but is a reasonable approximation in the present case since
DSI and Al appear in separate regions of the e -D*
diagram (except for very low DT energies). Subtraction
of this Al contribution from the total D" distribution
allows us to separate the DSI contribution (localized on
the low energy side) from the DI + IE one (localized on the
high energy side); see Fig. 2(a). The shape of the DI dis-
tribution is obtained from coincident detection of two D*
fragments. We have found that this shape is very close to
the corresponding Franck-Condon (FC) factor. The relative
contribution of this process has been deduced from the
known DI/IE cross-section ratio [16], which is ~20% for a
large variety of projectiles with charge g and velocity v
satisfying the condition 0.1 < g/v < 1.5. In the present
experiment, g/v = 0.7. All contributions are shown in
Fig. 2(a).
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FIG. 2 (color online). D¥ kinetic energy distribution for the
13.6 MeV/u S'3*-D, collision. (a) Experimental results (error
bars are shown for illustration). (b) Theoretical results for DSI +
Al + IE (solid line) compared to experimental results (squares).
Contributions from the lso,, 2po,, 2pm,, and 250, ionization
thresholds are shown separately. Contributions from upper ion-
ization thresholds (UL) are shown together.
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Relative cross sections for each process have been ob-
tained by integrating the D" energy distributions. We have
found that dissociative ionization is only 6.2 * 1.2% of the
total ionization cross section. Relative contributions to
dissociative ionization from the different processes are as
follows: DSI, 7.3 + 1.8%; Al, 13.0 £ 2.7%; IE, 64.6 =
7.5%; DI, 15.1 £ 4.4%. The contribution of DSI to the
total nondissociative single ionization is 0.48%, close to
the value 0.485% determined by Ben-Itzhak ef al. [27].

To better understand the origin of the structures ob-
served in the experiment, we have evaluated angle inte-
grated cross sections, differential in both electron and D*
energies, in the framework of the first Born and dipole
approximations using Eq. (1) of Ref. [11]. The initial and
final D, states have been evaluated in the adiabatic ap-
proximation using the theory of [28] [see also Egs. (42) and
(60) of Ref. [29]]. Briefly, the final state results from a
close-coupling calculation that includes contributions from
the ten lowest ionization thresholds of D,, the Q,, O,, O3,
and Q, doubly excited states [30—32], as well as the corre-
sponding vibrational and dissociative states. Therefore, it
is not simply given by the product of an electronic and a
nuclear wave function, but by a more complex form that
accounts for interferences among the various electronic
and nuclear channels. DSI has been obtained by excluding
all Q states and all IE channels from the close-coupling
expansion. The results are shown in Figs. 1(b) and 2(b).

The calculated doubly differential cross sections are in
reasonable agreement with experiment except for D* en-
ergies >8 eV. This is not surprising because this is the
region where DI becomes important [Fig. 2(a)] and the
corresponding channels are not included in the calcula-
tions. The agreement is also reasonable for the singly
differential cross sections [Figs. 1(b) and 2(b)] except for
very low electron energies. The analysis of the final state
wave function allows us to separate the individual channels
contributing to IE and AL At D* energies of ~5 eV,
ionization through the 2II,(2par,) threshold is the domi-
nant process; however, its sole contribution is not enough
to explain all features observed experimentally. Indeed,
higher channels are responsible for the second maximum
observed in Fig. 2(b). The discrepancy with experiment
around this second maximum indicates that IE leads to
highly excited DJ states not included in the theory
(namely, beyond the 11th D5 state). Therefore one has to
be very careful in trying to fit the total D" distribution to an
incoherent sum of FC factors associated with only a few IE
channels. Although such a procedure may lead to DSI, IE,
and DI distributions in qualitative agreement with experi-
ment [26], it fails in predicting the correct contribution of
each individual threshold.

The linear behavior observed between 1 and 4 eV in
Fig. 1 is mainly due to autoionization of the Q; states and,
to a lesser extent, of the O, ones. The Q5 and Q, states play
a minor role. At very low D energy (<1 eV) and electron

energy = 20 eV, the theory shows oscillations that are due
to interferences between resonant and nonresonant ioniza-
tion similar to those observed in dissociative photoioniza-
tion [4]. Such oscillations are not seen in the present
experiment due to the limited energy resolution, but they
are responsible for the broadening of the linear structure at
a D™ energy of ~1 eV.

The previous comparison between theory and experi-
ment and a more detailed analysis of the coincidence
measurements allows us to extract fully differential cross
sections for the different channels. As an illustration, Fig. 3
shows the electron angular distribution in the plane formed
by the projectile beam and the D, molecules oriented per-
pendicularly to it. The two selected energy windows cor-
respond to regions of the coincidence spectrum in which IE
and Al dominate, respectively. In both cases, the angular
distribution tries to follow the molecular axis because, at
the high collision energy considered in this work, momen-
tum transfer is more or less perpendicular to the incoming
projectile direction. This is similar to what is observed in
dissociative photoionization [21]. Nevertheless, the IE dis-
tribution is clearly asymmetric with respect to the molecu-
lar axis: more electrons are emitted in the forward (0° -90°
in the D% side or 270°-360° in the D side) than in the
backward (90°—180° in the D side or 180°—270° in the
D side) directions. Thus the asymmetry is the signature of
the attractive interaction between the ejected electron and
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FIG. 3 (color online). Electron angular distribution in the plane
formed by the projectile beam and the D, molecules oriented
perpendicularly to it. The selected energy windows of ejected
electrons and D™ ions correspond to regions of the coincidence
spectrum in which IE and AI dominate. A¢ indicates the
azimuthal angular window.
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the projectile. Although the projectile and the D* ion repel
each other, no asymmetry has been observed in the D"
angular distribution due to the large mass of D™ compared
to that of the electron. This is consistent with observing the
same electron angular distribution on both the D* and D
sides (see Fig. 3). In contrast, the Al distribution is nearly
symmetric with respect to the molecular axis, except for
the additional lobes observed at around 30° and 330°. The
symmetry comes from the fact that autoionization is sig-
nificantly delayed with respect to direct ionization, so that
the projectile is very far away when the electron is ejected,
and therefore, the effect of the projectile attractive inter-
action is less pronounced. The origin of the additional
lobes at 30° and 330° is not so easy to understand, but it
certainly must be related to the strong electron correlation
in the doubly excited states that autoionize. Similar or even
more complicated lobe structures have been found in pho-
toionization experiments in the region of DESs [21]. It is
worth noting here that the latter photoionization experi-
ments (in the region of the Q; states) have revealed angular
patterns that are slightly different along the D and D*
directions. The limited statistics of the present experiment
does not allow us to conclude if a similar effect also exists
in collisions with fast ions.

In conclusion, we have performed kinematically com-
plete experiments of dissociative ionization of D, by im-
pact of fast ions. As in photoionization, autoionization
from DESs play a crucial role. In contrast, unusually large
contributions from ionization excitation and double ion-
ization are observed in the electron-D* correlation spectra,
in agreement with accurate theoretical calculations. The
measured electron angular distributions from fixed-in-
space molecules reveal (i) the signature of electron corre-
lation in the autoionization process and (ii) a backward-
forward asymmetry in the ionization excitation process
that is due to the postcollisional projectile-electron inter-
action. These results show that kinematically complete
collision experiments are ideal to investigate a large variety
of ionization mechanisms, even larger than in photoioniza-
tion experiments.
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