PHYSICAL REVIEW A, VOLUME 65, 042710

Comparative study of the ground-state dissociation of Bt and D,* induced by ionizing
and electron-capture collisions with H& at velocities of 0.25 and 0.5 a.u.
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The ground-state dissociatiqGSD) of H,™ and D,* molecular ions induced by ionizing and electron-
capture collisions of He projectiles with hydrogen and deuterium molecules was investigated at impact
velocities of 0.25 and 0.5 a.u. Momentum distributions of slow &hd D" fragments were measured and
compared with calculations based on GSD theory. At the higher velocity, and for both capture and ionization,
these distributions are well accounted for by a model that attributes the momenta to the vibrational wave
function of the parent KHor D, molecule. For the lower velocity, this model remains successful for capture but
not for ionization. For the latter case we observe a large transverse-momentum component imparted to the
vibrationally excited H* or D,* system beyond that predicted by the model. This feature is interpreted as
being caused by momentum transferred to the motion of the nuclei within the molecule’s center-of-mass frame
by way of a direct interaction between the projectile and one of the molecule’s nuclei.
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[. INTRODUCTION its electronic ground state. The overall process, referred to as
ground-state dissociatiofGSD), has attracted some interest
The fragmentation of Hand D, molecules by electron recently[11-14 as a probe for studies of very slow half-
and ion impact has been the subject of numerous investigaollisions[14]. If the collision is fast enough that the electron
tions (see, for example, Refgl—-6]). In most previous stud- removal can be described as a vertical transitios., the
ies the emphasis was on cross-section or kinetic-energy rexwuclear motion during the transition is negligipléhere is a
lease measurements. The development of momentusmall chance for populating the vibrational continuum of the
imaging techniques and, in particular, COLTRIN®Id tar-  1so electronic ground state of i and D," (about 1.5%
get recoil ion momentum spectroscopyrovided new and and 0.5% of all transitions to the electronic ground state of
detailed information about the momentum of the recoilingH,” and D,", respectively{12]). This transition is immedi-
molecular ions, fragments, and ionized electrons. Recendtely followed by the slow dissociation into"Hand H(1s).
studies of the Coulomb “explosion” of the two charged frag- The charged fragments produced in GSD can be distin-
ments following the removal of both target electrons wereguished by their kinetic energy from those produced by the
carried out employing these techniqu&s-10|. One point of  dissociation of the K" electronic excited states, because the
interest was the separation of the momentum transferred bigrmer are sub-eMtheir energy spectrum peaking at zero
the highly charged projectile in the slow collision ifip the  energy and falling off roughly exponentially with a full width
momentum transferred to the molecule as a wiiode, to its  at half maximumFWHM) of about 0.25 eYwhile the latter
center-of-mass motionand (i) the momentum of the frag- have typically a few eV.
ments originating from the dissociation proc¢gs One of The very low momentum of the GSDHand D" frag-
the goals of this study is to find other such processes imnents makes them good probes for small momentum trans-
which one may possibly separate the momentum transferreférs during the collision. In this paper we provide evidence
to the molecule from the momentum released upon dissociahat electron capture proceeds at large impact parameters
tion, and even more importantly to distinguish the momen-elative to the size of the molecule for the collision velocities
tum transfer to the molecule as a whole from the momentunstudied, resulting in small amounts of molecular-ion recoil
transferred to the motion of the nuclei within the center-of-momentum. By contrast, considerably larger amounts of re-
mass frame. coil momentum are transferred to the dissociating fragments
In the present investigation we have studied the removalvhen the electron is promoted into the continu(ionizing
of one electron from K (and D,) targets by capture and by collisions, indicating that the latter process occurs at smaller
ionization. We have focused on electronic transitions thatmpact parameters. For electron capture and for ionization at
leave the target molecular ion in the vibrational continuum ofthe higher velocity, we find that the recoil momentum im-
parted to the target molecule is primarily imparted to the
molecule as a whole, i.e., to its center-of-méasan.) motion.
*Corresponding author. Email address: ibi@phys.ksu.edu However, for the case of the lower velocity ionization we
TPresent address: Kla-Tencor Corp., One Technology Dr., Milpi-report evidence that appreciable momentum is transferred to
tas, CA 95035. the molecule via a direct interaction with one of the mol-
*Present address: Spallation Neutron Source, Oak Ridgegcule’s nuclei rather than with the molecule as a whole.
TN 37830-7353. The experiments on which we report here, "HeH,
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—He"+H"+H+e (ionization and He +H,—He’+H" from 0.25 a.u. to 1.25 a.u. Electron momenta between zero
+HO (electron captuneand the equivalent collisions with,D andV,, with a mean value of 0.9, were also observed in
targets, were performed at impact velocitiés of 0.25 and the present experiment. This typical electron momentum is
0.5 a.u. with the COLTRIMS setup installed at the CRYEBISmuch smaller than momenta of the heavy fragments after the
ion-source facility of te J R Macdonald Laboratory of Kan- collision and may be neglected in discussing the heavy-
sas State University. This setup has been used previously farticle momentum balance. Since these electron-momentum
study the ionization process of noble gases andleaving  distributions have no other bearing on the subject presented
the molecular recoil ion K" in a nondissociative stateat  here, they will not be discussed further.

slow impact velocities as well as to perform state-resolved The present experiment determined all three-momentum

electron-capture experiments by highly charged {dfs16¢.  componentsp,, py, andp, of the charged fragment. This
momentum can be viewed as coming from two sources,

namely, the collisional momentum transferred to the target
from the projectile and the momentum imparted to the frag-

The experimental technique and data reduction metho#nent in the dissociation process. Discriminating between
have been described in detail previously in R&g], so only ~ these contributions does not pose a problem if both frag-
a brief summary will be presented. The bhd D, gas targets Mments are detectd®,15]. In the present case, however, one
consisted of precoole=60 K) supersonic jets, perpendicu- Of the fragments is electrically neutral and, therefore, escapes
larly intersected by the projectile beam. Electrons anddetection. Thus the recoil momentum and the dissociation
charged molecular dissociation fragments were extractetnomentum of the charged fragment cannot be easily disen-
from the collision region by an electric field oriented perpen-tangled. A major point of the present paper is to suggest a
dicular to both the target gas jet and the projectile beam. Th&odel-dependent method for separating these contributions.
charged particles were collected on position-sensitive micro- The longitudinal(z) component of the collisional momen-
channelplate detectors. In the case of electron-capture expefidm transfer to the residual target molecular ion is expected
ments, the neutral postcollision projectiles’reere detected to be very narrow in distribution, as determined by the kine-
in coincidence with the charged fragments by another posimatics. The longitudinal momentum, (molecular ion is
tion sensitive microchannelplate detector placed farthefelated to the change in electronic enei@y value of the
downstream, after electrostatic separation from the maigollision) according to Eq(3.1) or (3.2)
beam. In ionization experiments the ejected electrons were
detected in coincidence with the charged fragments by ab (molecular ion= —QIVp=V,y/2 for EC, (3.2)
third-position-sensitive detector placed opposite to the frag-* —QIV,— p; for I, (3.2
ment detector relatively close to the interaction region. In
both ionization and capture experiments the flight time of thewhere EC refers to electron captutestands for ionization,
charged dissociation fragment was also recorded. The san@ad p; denotes the longitudinal momentum of the ejected
coordinate system as that employed in R&8] is used, with  electron. In the case of electron capture, the electronic tran-
the Z axis coinciding with the incident beam, tiYeaxis with  sition is expected to populate a well-defined final state,
the gas target jet and thé axis with the direction of the namely, that of the He in its ground state and th€ tér D, "
electric extraction field. Both electron and fragment detectorsnolecule on its ground potential-energy curve very near the
are oriented parallel to theéZ plane. dissociation limit, and thu® is well defined. In the case of

Special care was taken to make sure that water-vapor cofenization, previous measurements have shown thatQhe
tamination, which could produce,H ions indistinguishable distribution is typically quite narrow due to the very small
from D* ions, was insignificant during the experiment. Thesize of the ejected electron momentum. Thus the typical
precooling of the target gas eliminated possible contaminaspread inp, (molecular ion is expected to be less than 1.5
tion of the supersonic target jet. In addition the residual gas.u. for all systems shown in this paper. Because the longi-
contained in the scattering chamber was tested for contamiudinal (z) component of the collisional momentum transfer
nation in a 24 hour “dry” run without target gas. The amount to the residual target molecular ion is so sharp, we expect
of H," observed in the time-of-flight spectrum of this run that the longitudinal momentum of the observed br D*
was insignificant. fragment is almost entirely due to the GSD process. On the
basis of this argument, we hereafter use the notaijdd) to
denote the momentum of the observed fragment, where the
(d) indicates that this momentum is to be interpreted as due

In the velocity regime of the present investigation a col-entirely from the dissociation process. No corresponding ar-
lision between the incident projectile and the initially station-gument can be made for the transverse momentum of the
ary target atom or molecule transfers momentum from thdragment @,), however.
projectile mainly to the heavy constituents of the target. In In Fig. 1 we show the transverse-momentupy)(distri-
the case of a collision resulting in ionization a small amountoutions for H™ fragments from both ionization and electron
of momentum is also transferred to the ejected electron. leapture for HE incident on H at a projectile velocity of
previous studies by us of electron spectra from ionizatiorD.25 a.u. Thep, spectra, derived from the flight times of
[15], electron momenta up to aboM, (in a.u) were ob- fragments, served to discriminate the GSD process from
served in Hé +H, collisions at impact velocities ranging other fragmentation processes yielding fragments with larger

Il. EXPERIMENTAL SETUP

IIl. RESULTS AND DISCUSSION

042710-2



COMPARATIVE STUDY OF THE GROUND-STATE . .. PHSICAL REVIEW A 65042710

V,=025au. —— H’ ionization
1r H gy |- H' capture

Ionization

@

yield (norm.)

p, (a.u.)

counts (norm.)

FIG. 1. Distributions of one,) of the transverse-momentum
components of K from ionizing (solid line) and electron-capture
(dashed ling collisions of He with a H, target at a projectile
velocity of 0.25 a.u. These distributions were derived from the flight
time of H". While the central peaks correspond to ground-state
dissociation(GSD), the lateral structures are caused by the presence
of dissociation channels yielding “fast” fragments not discussed in
the present paper. It should be stressed that no absolute cross se
tions were determined in the present paper, thus the experimente %
yields in this and all subsequent figures are normalized to unity. o

(=

momentum valueg“fast” fragments). GSD fragmentgthe Py D) (aw)

center peakare separated from “fast” fragments, which ap-

pear as lateral structures. This separation is due to the fact FIG. 2. Experimentab, (open circley and p,(d) (solid line)

that only a small number of fragments with larger momen-momentum distributions for electron captug—(c) from and ion-

tum values are collected on the fragment detector because Bftion (d)—(f) of H and D targets at impact velocities of 0.25 a.u.

the large distance from the collision region and the relatively2"d 0-5- a.u.

weak extraction field used. Only those “fast” fragments are

detected that are predominantly emitted towafasgative the associate@,(d) distributions. Keeping in mind that the

momenta or away from (positive momentathe fragment latter contain no recoil component we conclude, from the

detector. “Fast” fragments emitted predominantly parallel tosimilarity of the p, andp,(d) capture distributions, that in-

the detector(i.e., possessing smafl, values escape detec- deed little recoil momentum is transferred to the molecular

tion, thereby, creating the central “void” where the GSD ion during a capture collision. In stark contrast to this con-

peak is located. All fragmenp, spectra discussed hereafter clusion are thep, andp,(d) distributions for ionizing colli-

in the paper were generated by selecting only events whossions. A considerable amount of recoil momentum is present

associated charged fragment possesseq @alue within a  in py, in particular, so at the lower impact velocity of 0.25

gate placed on the respective GSD peak. a.u., where the aforementioned GSD peak “splitting” ap-
It becomes evident from the figure that the width of thepears. The presence of a large recoil-momentum component

GSD capture peak is considerably smaller than that of theuggests that ionization is taking place at smaller impact pa-

GSD ionization peak even though in both cases the momerrameters than capture.

tum gained from the dissociation is the saKsee below. Figure 3 compares fragmemt,(d) spectra for ionizing

This indicates that a smaller collisional recoil momentum isand capture collisions af,=0.25 and 0.5 a.u. For a given

transferred to the target in a capture collision than in arprojectile velocity, ionization, and capture spectra have very

ionizing collision. The GSD peak for Hfragments(ioniza-  similar shapes, indicating thé indeed the longitudinal mo-

tion) appears “split.” It will become apparent during the dis- mentum distributions do not contain any additional recoil

cussion of this “splitting” that it should not be interpreted as momentum component besides the one related tQthalue

a GSD double peak, but rather as a feature superposed on thethe collision as assumed previously &iig the same dis-

“main” GSD distribution, where the latter is peaked at zero sociative state of the molecular ion is populated in both ion-

momentum[see Fig. &)]. This additional feature will be ization and capture, i.e., the electronic ground state of the

attributed to a different momentum-transfer mechanism leadH,* (D, ™) in its vibrational continuum as expected for the

ing to GSD, whereby the projectile interacts directly with GSD process.

one of the target molecule’s nuclei. In order to place the above interpretations on a more
In Fig. 2 we present fragmenp, distributions from quantitative foundation, we evaluate a definite model calcu-

electron-capture collisiorfgeft column, Figs. Pa)—-2(c)] and  lation of the expected fragment momentum spectra from the

ionizing collisions[right column, Figs. &)—2(f)] as well as GSD process. The first step of this process is a vertical tran-
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FIG. 3. Longitudinal dissociation momentup,(d)] distribu-
tions for H" and D" fragments at,=0.25 a.u.(a), (b) and D'

fragments atV,=0.5a.u. (c) originating from electron capture

(open circleg and ionizing(solid line) collisions.
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whereR is the internuclear distanceé;,_y(R) is the vibra-
tional wave function of the kiground state angg(R) is the
continuum vibrational wave function of the,H(1so) state

for an energ\E above the dissociation threshold. This energy
E is carried away as the kinetic energy of both fragments
after dissociation. The wave functions were computed nu-
merically as described in detail previougli/l,1€], then the
overlap integrals were evaluated. The transition-probability
peaks at the threshold and falls off approximately exponen-
tially with increasing energy above threshold with a FWHM
of about 250 me\(see Fig. 5 of Ref[16], for example. The
total fraction of transitions to the continuum was evaluated
by integrating over the energy in the continuum and com-
pared to the same quantity calculated using closure, i.e., sub-
tracting the sum of all transitions to the bound vibrational
states from unity. Finally, the momentum distribution of the
dissociating fragments was generated for the compR{&)
distribution assuming that the dissociation is isotropic. In
what follows we frequently compare experimental results
with those of calculations. It should be kept in mind, how-
ever, that no absolute cross sections were measured in the
present work. Therefore data and calculation are always nor-
malized for the sake of comparison.

We compare the results of this calculation with the experi-
mental spectra op,(d) in Fig. 4. The distributions from
electron capture and ionizing collisions\4§=0.25 and 0.5
a.u. are in good agreement with the theory for all cases,
confirming our interpretation of the longitudinal fragment
momenta as due entirely to the GSD process.

The transverse-momentum case is more complex. In Fig.

sition from the ground vibrational state of the neutral mol-5 we compare the simulatgal, distributions obtained from
ecule into the vibrational continuum of thes@ electronic
ground state of the molecular ion. Thus, the transition probeollision systems. This calculation clearly fails, increasingly
ability to a specific vibrational continuum state, i.e., a spe-so as one proceeds from capture to ionization and from high
cific energy above the dissociation threshold, is given by theo low projectile velocity. We interpret this to mean that the

Franck-Condon factors

the above GSD calculation with the data for three selected

collisional momentum is not at all negligible in the trans-
verse direction. In order to deal with this contribution, we

o] 2 . . .
P(E)= * (R R)AR| | 3.3 extended the model calculation by foldlng into the GSD mo-
() fo Vi-o(R) $e(R) 33 mentum distribution the transverse collisional momentum
Capture Ionization
al Vp= 0.25 a.u. _Vp= 0.25 a.u. —pd
H'" H+ O  GSD theory

yield (norm.)

o

FIG. 4. Comparison of the experimental
p,(d) momentum distributiongsolid line) for

—

yield (norm.)

[=3
T

electron capturéa), (b) and ionization(c), (d) at
impact velocities of 0.25 a.u. and 0.5 a.u. with
results of a GSD calculatiofopen circles

0
p,(d) @)

p,@ (au)
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" O Exp.GSD reproduced by the model. We believe that the reason for this
—O— Expt. Non-Diss. failure of the model is that the momentum transmitted to the
molecule from the projectile is partially deposited in the in-
ternal vibrational energy of the molecule and is not distrib-
uted equally between the two nuclei of the molecule. That is,
the process cannot be interpreted simply as a momentum
transfer to the center of mass of the molecule followed by
isotropic dissociation, but instead should be viewed as a mo-
mentum transfer to one of the two nuclei of the molecule. In
this scenario the projectile passes close to one of the target's
protons (deuterony imparting to it most of the transverse
momentum. An estimate of the impact parameter, which
would lead to the observed momentum transfers, suggests
that this explanation is plausible. A Coulomb interaction be-
tween the incident He (for which we choose an effective
charge of 1 and one of the target’s protons is assumed, for
whose effective charge we adopt the value of 0.9 used in Ref.
[17]. Taking 4 a.u[see Fig. &c)] as a likely value for the
recoil momentum imparted to one of the protons, this as-
sumption yields a value of 1.8 a.u. for the impact parameter,
comparable to the internuclear separation of 1.4 a.u.

1F ICapt{J.re I
|V, =050 a.u.

yield (norm.)

IV. CONCLUSIONS

Momentum distributions of slow H and D" fragments
originating from GSD of the respective molecule were mea-
sured for ionizing and electron-capture collisions at impact

FIG. 5. Simulation of the charged fragment’s transverse momen- . I
tum componentp, (solid line by a calculation based on GSD velocities of 0.25 and 0.5 a.u. The observed longitudinal mo-

theory (dashed lingand comparison with experimental ddtgpen mef‘t_“m distribL_Jtions, for both ionizing and electron-capture
squares The molecular ion’s c.m. recoil momentum distribution, collisions, are in good agreement with GSD calculations,

which entered this simulation, was taken from the measyed Suggesting the observed recoil-momentum spread is nearly
distributions of B* and D,* molecular recoil ions in nondissocia- €ntirely due to the GSD process rather than any collisional
tive stateopen circles momentum transfer. The transverse-momentum distributions
indicate that ionizing collisions at these velocities occur at
smaller impact parameters than capture collisions. A model
measured for the same collisional systems but populating theased on convoluting the GSD calculations with the mea-
nondissociative states of the groundHand D," molecular ~ sured transverse-momentum transfer to the nondissociating
ion [15]. These experimentally measured distributions ared,” and D" molecular ions is in good agreement with the
shown as open circles in the figure. The folding was perdata for capture and for the faster ionizing collision. This
formed by adding to the GSD velocity of the fragment in themodel assumes that the collisional momentum is transferred
c.m. frame the velocity of the c.m. of the molecule, takingto the molecule as a whole. However, for slow ionizing col-
the GSD velocity vector to be isotropically distributed. Thelisions this model fails, suggesting that the transverse-
distribution of the c.m. velocity vector was calculated from momentum transfer is better viewed as a direct interaction of
the experimentally determined,H (D,"); py distribution  the projectile with one of the molecule’s nuclei from which it
for each case. The result of this folding is shown as the solids scattered in a close collisidne., at impact parameters of

curve in the figure. the order of the size of the molecule or smaller
Figures %a and §b) show that, atV,=0.5a.u. this
model reproduces the data very well for both electron cap- ACKNOWLEDGMENTS

ture and ionization, suggesting that the momentum trans-
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