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Dynamics of the fragmentation of D2 by fast protons and slow highly charged Xe26¿
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Using recoil-ion momentum spectroscopy, combined with a multihit detector system, the full momentum
vectors of both fragment ions produced by fragmentation of D2 by fast 50-kV protons and slow~9.56–0.191
keV/u! Xe261 ions have been measured. The data are kinematically complete, and make it possible to separate
the laboratory momentum of the center of mass of the molecule from the momentum of each fragment in the
center-of-mass system of the molecule. Using this separation, we find that, for higher collision velocities, the
overall reaction can be described as double-electron capture, followed in a second and separate step by a
Coulomb explosion of the doubly charged D2 molecule. For the lowest collision velocities, however, the
projectile remains in the vicinity of the molecule during the fragmentation, and this clean separation of steps is
lost. The projectile is found to extract internal energy from the molecule, thus leading to less energetic
fragments in the center-of-mass system of the molecule. This effect causes a distortion in the spherical mo-
mentum images, as shown by the two-dimensional momentum distributions in the collision plane. The experi-
mental results are found to be in good agreement with five-body classical trajectory Monte Carlo calculations.

DOI: 10.1103/PhysRevA.64.022712 PACS number~s!: 34.50.Fa, 39.30.1w
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I. INTRODUCTION

While the static properties of many-particle atomic a
molecular systems are often understood in great de
largely through electron and photon spectroscopy, the s
cannot be said of dynamic processes involving such syste
This situation is partially due to the fact that a theoreti
treatment of many-body dynamics is extremely complex
is also due to the lack of experimental data which prov
comprehensive coverage of the correlated momenta of r
tion products in many-body final states. Over the years
number of experimental studies of collisionally induced m
lecular fragmentation has been carried out using coincide
techniques to examine correlations between momenta o
fragments~for example, see Refs.@1–6#!. When dispersive
spectrometers are used for an energy analysis of the f
ments, the experiments have usually been sufficiently tim
consuming that full coverage of the final momentum sp
was not feasible. Significant advances in this respect h
been made in recent years through the use of imaging de
tors @7–10# to record, in multiple coincidence, the correlat
momenta of all reaction products@11–13#. This approach has
made possible kinematically complete experiments in wh
comprehensive coverage of the entire multiple-dimensio
final momentum space is achieved.

In this paper we address the many-particle nature of
collision-induced breakup of a molecule for a situation
which the projectile is present during both the excitation a
dissociation stages of the process. We report on an exp
mental study of the breakup of the diatomic molecule2
induced by a collision of this molecule with slow, high
charged xenon ions. This process involves two nuclei
two electrons, plus the projectile ion. Because of the h
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mass difference, the electrons react to the perturbing po
tial of the projectile much faster than the nuclei. If the m
lecular dissociation is induced by fast ion or electron impa
the standard picture for molecular dissociation is that it i
two-step process: a fast Frank-Condon electronic transi
to a dissociating molecular state is followed, in a seco
step, by slow Coulomb explosion of the heavy nuclei. In t
case studied here, double electron capture by a slow Xe261

ion, the initial process is an overbarrier capture which p
ceeds with high efficiency even at extremely slow projec
velocities. In this case the interaction time is long, due to
low collision velocity and the large interaction distanc
When the interaction time becomes comparable to the fr
mentation time, the projectile field will strongly influence th
fragmentation dynamics. In this case, the two-step pict
fails and the dissociation dynamics are controlled by C
lomb interactions among all the heavy particles.

In accordance with these expectations, recent theore
studies employing the classical trajectory Monte Ca
~CTMC! method predicted strong three-body effects betwe
the molecular fragments and the projectile ion as the co
sion velocity was decreased for dissociation of D2 by various
ions @14,15#. These predictions were consistent with seve
experimental observations@16–20#. Most of these experi-
mental studies only measured the momentum of one fr
ment in the laboratory frame. Thus it was difficult to inte
pret the data unambiguously. In the present experiment
have carried out a kinematically complete measuremen
the process. The momenta of both of dissociation fragme
are measured, allowing us to separate the momentum tr
ferred to the molecule as a whole in the capture process f
that released to the fragments in the dissociation. In an
lier paper@21#, we reported preliminary results of this exper
ment. This paper presents a much more complete data
and interpretation, as well as results from an analysis of
momentum distribution with experimentally determined c
lision plane.
©2001 The American Physical Society12-1
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II. EXPERIMENTAL SETUP

This experiment was performed using the EBIS facility
the JRM Laboratory at Kansas State University. The exp
mental arrangement is shown in Fig. 1. The Xe261 beam was
collimated to a beam spot of less than 1 mm2 by two pairs
of collimators. The beam intersected a D2 beam effusing
from a microchannel array. The density was approximat
(1014 molecule/cm3). The molecular ionic fragments wer
extracted by an electrostatic field~60 V/cm!, before they
entered a field-free region followed by a position-sensit
detector. The charge-changed projectile was detected
downstream by a second position-sensitive detector. The
sition sensitivity of this detector was used to identify proje
tile charge states only. Both D1 ions from the dissociation o
D2 were detected in coincidence with the projectile, usin
position-sensitive multihit detector. This detector is based
a fast-timing delay-line position and time readout, as
plained in a previous work@7#. For each fragment, the tim
of flight and position on the detector were measured, and
three components of the momentum vector were calcula
The accuracy of these components was determined in pa
uncertainties in the time measurement~typically less than 2
ns, electronic contribution!, the position resolution of the
delay-line detectors~0.5 mm!, and the interaction dimen
sions.

Because relatively energetic fragments are produced
this experiment, a high extraction field was used to coll
fragments emitted in all directions. It was found that a fie
of 60 V/cm was enough to collect D1 ions with high kinetic
energies (<60 eV) emitted in all directions with a high ef
ficiency. Fragments arriving at the detector sequentially
time were processed if they were separated by at least 1
This leads to a ‘‘dead time window,’’ as can be seen in
data. However, the arrival time difference depends on
energies, directions, and extraction field. For the field use
this experiment, the time difference was 0–300 ns. Thus
of particle pairs due to double-pulse resolution was less t
10%.

There are different factors that limited the momentu
resolution in this experiment. The major contributor in thez
direction was the 3-mm length of the interaction region alo
the beam. This resulted in an uncertainty in momentum
approximately 4 a.u.~due mainly to the uncertainty in th
relative positions of collision and hit, not of the flight time o

FIG. 1. Experimental setup.
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the recoil ion!. The thermal motion contributed approx
mately 4-a.u. uncertainty to they momentum. The uncer
tainty in thex momentum is caused by errors in timing o
the projectile, which can be as large as 15 ns~slowest beam!.
For a 60-V/cm extraction field, this leads to anx-momentum
uncertainty of 7 a.u. The timing errors come from the fin
extent of the target as well as from beam energy uncert
ties. The measured momentum resolution of the system
found to be approximately65 a.u., consistent with the
above estimates. Much of this uncertainty disappears w
the momenta in the center of mass of the molecule are
culated.

The momentum vectors for both fragments,k1 and k2,
were calculated in the laboratory frame on an event-by-ev
basis. Referring to the coordinate system shown in Fig. 1,
y andz components were determined from the impact po
tion on the detector. Thex component was calculated from
the flight time of the fragment, using the projectile impact
the time reference.

Using the two-step model as a starting point, one c
think of the final momenum of each fragment as originati
from two contributions:~a! the momentum transferred from
the projectile to the center of mass of the molecule during
capture process, and~b! the momentum gained through th
Coulomb repulsion between the fragment ions during
dissociation stage. These momentum contributions can
separated by calculating, on an event-by-event basis, the
cobi momenta. In this paper we define these to bek5(k1
2k2)/2 and K5(k11k2)/2. ~This definition is adopted in
order that the laboratory momenta be simply the sum
difference ofK andk; this somewhat facilitates a compar
son of the laboratory and Jacobi-coordinate spectra prese
here!. In terms of these coordinates, the momentum tra
ferred from the projectile to the center of mass is given
two timesK , and the momentum gained by each ion fro
the Coulomb repulsion of the ions in the center of mass
given byk. Also note that any effects due to extension of t
molecular gas target are eliminated in thek spectra, since the
position for each collision is determined from the positio
of the detected fragments.

III. RESULTS AND DISCUSSION

A. Laboratory momentum spectra

Figure 2 shows two-dimensional momentum distributio
for one fragment in the laboratory framek1 or k2. These
spectra show momentum slices in thex-y plane of the Cou-
lomb explosion spheres, formed by requiring that the m
mentum in thez direction be less than 10 a.u. Thus th
represent transverse momentum slices for an observer l
ing along the beam axis. The gap in the data neark1x50 is
instrumental in nature, and is due to the finite pulse-p
resolution. Five systems are shown, ordered from top to b
tom according to increasing perturbation,q/v, by the projec-
tile. Hereq and v are the projectile charge and velocity
a.u.;~a! is for the least perturbing projectile studied, 50-ke
protons (q/v50.71 a.u.).~b!–~e! are for ever-decreasing
energy, i.e., increasing perturbation strength, Xe261 impact:
~b! for 9.56 keV/u, q/v542; ~c! for 764 eV/u, q/v5149;
2-2
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DYNAMICS OF THE FRAGMENTATION OF D2 BY FAST . . . PHYSICAL REVIEW A 64 022712
~d! for 382 eV/u, q/v5211; and~e! for the most highly
perturbing case studied, 191 eV/u, q/v5298. Observe tha
as q/v increases, the transverse spectra show an evolu
from a narrow Coulomb explosion ring of radius near 50 a
in momentum to a highly diffuse distribution having a bro
range of momenta extending from zero to nearly 100 a.u
radius of 51 a.u. is expected from two deuterons explod
from a resting, doubly charged D2 molecule, beginning at the
equilibrium internuclear separation of the neutral D2 mol-
ecule.

FIG. 2. Two-dimensional distributions of the transverse mom
tum in the laboratory frameky1 vs kx1 for the dissociation of D2 by
~a! 50-keV protons;~b!–~e! are for a decreasing energy Xe261, with
~b! 9.56 keV/u, ~c! 764 eV/u, ~d! 382 eV/u, and~e! 191 eV/u.
02271
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As demonstrated in recent works@21,19#, the change of
the laboratory-frame momentum spectrum from a we
defined Coulomb sphere to a highly diffuse momentum d
tribution can result from the vector addition of the mome
tum gained by the Coulomb repulsion between the char
molecular fragments and the momentum transferred from
projectile to the center of mass of the molecule. As discus
below, in this experiment we separate these two contri
tions experimentally. If only the laboratory momentum
single fragments is measured, the latter momentum contr
tion can be calculated from a model description of the c
ture process@19#.

B. Momentum transfer to the molecular system: K spectra

The next two figures show spectra of the collisional m
mentum transfer to the molecule,K . The left-hand column of
each figure shows two-dimensional projections. Figure
showsK momenta projected into thex-y ~i.e., transverse!
plane, while Fig. 4 showsK momentum slices projected int
the x-z plane. On the right side of Fig. 3 is shown a sli
through thex-y spectrum, formed by requiring thatKy be
less than1/2 10 a.u.; on the right side of Fig. 4 is shown
projection of thex-z spectrum onto thez axis ~i.e., the lon-
gitudinal momentum profile!. The collision systems are th
same as in Fig. 2.

For fast proton impact, the transverse momentum tran
to the center of mass of the dissociating molecule is sm
Thus, in this case, the laboratory momenta of the fragme
result mainly from the Coulomb explosion of the molecu
The proton data also provide information about the mom
tum resolution which can be used to evaluate the xenon
pact data. For increasing perturbation strength, ev
increasing amounts of transverse momentum are transfe
from the projectile to the center of mass of the molecu
This is illustrated by the right side of the figure. The max
mum of the momentum distributions in the right column
Fig. 3 move to higher values ofKx in a linear fashion when
plotted versus the reciprocal of the collision velocity. At th
extreme of the systems studied, nearly 50 a.u. of momen
are transferred. This is comparable to the momentum ga
by each D1 ion from the Coulomb repulsion after the ele
trons are removed from the molecule.

These spectra are consistent with previous measurem
of momentum-transfer distributions andQ value measure-
ments for capture from neutral monotonic targets by slo
highly charged projectiles.@HereQ is the the binding energy
of the electron~s! after capture minus that before.# This pro-
cess has been heavily studied over the past two decades@22–
24#, and is rather well understood. For example, the don
shaped features of the transversal momentum distribut
and increasing radius with decreasing collision velocity w
previously noted in numerous works involving capture a
ionization of atoms~e.g., Refs.@25,26#! in collisions with
slow, highly charged ions. The backwards shifts seen in
longitidunal momentum spectra are due to the positiveQ
value of the capture reaction, which throws the projec
forward and the recoil ion backward~e.g., see Ref.@26#!.

-

2-3



-

p-
tri-

o-

-
of
of

ALI, DUBOIS, COCKE, HAGMANN, FEELER, AND OLSON PHYSICAL REVIEW A64 022712
FIG. 3. The left column represents two
dimensional momentum distributions ofKy vs Kx

~transverse to the beam!. The collision systems
are the same as in Fig. 2. The right column re
resents the corresponding one-dimensional dis
butions (Ky) of the momentum transferred from
the projectile to the center of mass of the diss
ciating molecule (D2) for projectiles indicated in
the left column. The one dimensional distribu
tions are produced by taking the projection
610 a.u. momentum slices about the origin
the two-dimensional distributions.
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We have used the extended over-barrier model of Nieh
@24# to calculate expected longitudinal shifts for this ca
We have assumed a two-electron target with binding ener
of 15.5 and 35 eV, the first and second ionization energie
the D2 molecule for fixed internuclear distance. The resu
show that the capture of the second electron occurs a
internuclear distance of 13 a.u., and results in an energy
of 3.1 a.u. From these values, one can calculate the expe
longitudinal momentum transfer to the recoil ion, using t
equation

pi52
Q

v
1

iv
2

, ~1!
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wherev is the beam velocity,i is the number of electrons
transferred~two here!, and atomic units are used. The resu
ing calculated values are shown by arrows in the right-ha
column of Fig. 4. These values are consistent with, if som
what smaller than, the observed shifts. Indeed, it is clear
the longitudinal momentum spectra are more complex t
this model can describe, since even structure is seen a
lowest velocity. These spectra can be compared directly
recoil-momentum-spectroscopy spectra measured by Ab
lah et al. @25#. In that study, it was established that th
double captureQ-value spectra have considerable structu
The values ofQ measured were slightly larger than tho
predicted by the Niehaus model. Thus we believe that
2-4
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FIG. 4. The left column represents two
dimensional momentum distributions ofKy

~transverse to the beam! vs Kz ~parallel to the
beam!. The collision systems are the same as
Fig. 2. The right column represents the corr
sponding one-dimensional distributions of th
longitudinal momentum transferred from the pr
jectile to the center of mass of the dissociatin
molecule (D2).
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present longitudinalK spectra are consistent with expect
tions for the two electron transfer process.

One can also calculate the transverse momentum tran
expected for the Niehaus model, but we prefer here the s
pler approach of calculating the momentum transfer wh
would occur were the capture to occur at a single locali
crossing between the initial channel (Xe2611D2) and the
final one (Xe2411D2

21 , where the Xe ion is in a state o
excitation corresponding to aQ value of 3.1 a.u.!. From stud-
ies such as that of Abdallahet al. @25#, it is known that this
slightly underestimates the transverse momentum tran
but reproduces well the dependence onQ value, beam veloc-
ity, and so forth. This simple analysis, which is equivalent
02271
ers
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taking the well-known half-Coulomb angle for projecti
scattering, leads to the simple equation

p'52
Q

v
. ~2!

The results from evaluating this equation are shown
arrows in Fig. 3, where it is seen that the slight systema
underestimation of the transverse momentum transfe
again seen. The present observations for the transversK
spectra are thus also consistent with the existing underst
ing of the two-electron transfer process.
2-5
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C. Momentum of the fragments in the center-of-mass
frame: k spectra

Figure 5 shows two-dimensional momentum distributio
of the momentum of one fragment in the center of m
calculated using the Jacobi coordinatek. These momentum
distributions are formed by cutting slices in the transve
plane (x-y plane! through the center of the Coulomb expl
sion spheres with a width of 20 a.u. Figure 6 shows
internal kinetic energy of one fragment in the center of m

FIG. 5. Two-dimensional momentum distributions ofky vs kx

~transverse to the beam!. The collision systems are the same as
Fig. 2. The momentum distributions are produced by taking sli
of 610-a.u. momentum about the origin of the momentum sph
02271
s
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of the dissociating molecule. The vertical scales of the
ergy distributions have been normalized to unity for disp
purposes. The collision systems are the same as in Fig.

Thek momentum distributions provide information abo
the internal energy in the center of mass of the D2

21 mol-
ecule and the interaction of the molecular ions with the tim
dependent strong electric field of the slow highly charg
projectile. In the case of the dissociation of the molec
with protons and high energy~down to 2 keV/u) Xe261, the
internal kinetic energy results merely from the Coulomb
teraction of the positive deuterons with an energy of ab
9.7 eV. This behavior indicates that the broadening of
momentum distributions in the laboratory frame resu
mainly from the vector addition of the momentum tran
ferred to the center of mass of the molecule, plus the inte
momentum of the fragments in the center of mass gained
the Coulomb interaction of the molecular ions. This vec
addition of the momenta is in accordance with the pred
tions of the CTMC calculations@15#, and supports the pic
ture of the dissociation process as a two-step process@19–
21#.

In the case of the dissociation of the molecule with lo
impact energy Xe261, thek spectra show a systematic shrin
in the spherical shell of the momentum distribution. Th
behavior is represented more clearly in the internal ene
distributions ~Fig. 6!, which show a shift towards lower
energy values as well as an increase in the width of
distribution as the velocity of the projectile decreases. T
effect represents a true three-body effect resulting from
interaction of the positive deuterons individually with th
projectile. In order to understand this effect, we have to c
sider high-order components of the interaction between
projectile electric field and the D2

21 system. For the disso
ciation of the molecule with a high-velocity projectile lea
ing to a two-step dissociation, the dominant interaction w
the projectile results from a dipole component that a
equally on both D1 ions, leading to a transmission of mo
mentum to the whole molecule. In collision with very slo
Xe261, the projectile spends sufficient time in the vicinity o
the dissociating molecule that the deuterons have eno

s
e.

FIG. 6. Internal kinetic energy for D1 fragments in the center
of-mass coordinate system of the molecule. Collision systems~a!–
~e! are the same as in Fig. 2. All spectra are normalized to unit
their maxima.
2-6
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DYNAMICS OF THE FRAGMENTATION OF D2 BY FAST . . . PHYSICAL REVIEW A 64 022712
time to separate in space and interact with the projectile
dividually. In this case, quadrupole and higher-order com
nents of the projectile field come into play.~We refer to a
multipole expansion taken about the target origin.! For ex-
ample, a quadrupole field will act differently on the two fra
ments, depending on the location of each fragment. The
closer to the projectile will be repelled more than the fra
ment farther away. As we have seen above, the capture
cess takes place at an impact parameter~16 a.u.! much larger
than the initial inter-nuclear distance of the molecule~1.4
a.u.!. When the projectile is outside the extent of the explo
ing molecule, the effect of the quadrupole part of the proj
tile field will be to remove internal energy from the ion pa
as seen in Fig. 6.

D. k spectra for experimentally determined collision plane

BecauseK is measured for each event, it is possible u
the transverseK vector to determine the collision plane fo
each event. That is, we perform an event-by-event rota
about thez axis from the (x,y) laboratory frame to an
(x8,y8) frame such that the transverse component of the v
tor K , lies along the positivex8 axis ~see Fig. 7!. We note
that the momentum transfer to the projectile is the nega
of K , and thus the impact parameterb lies along the negative
x8 axis. In Fig. 8 we showk spectra in the primed system. I
this system,kx8 andky8 , respectively, are the components
k lying in and perpendicular to the collision plane defined
the transverse component ofK . The four rows in Fig. 8 cor-
respond to Xe261 energies of 9.56 keV/u, 764 eV/u, and
191 eV/u, proceding to slower projectiles as one mov
downward in the figure. Each figure corresponds to a slic
the ~now distorted! k Coulomb-explosion sphere, formed b
requiring that the magnitude of the momentum vector
plotted be less than 10 a.u. In the left-hand column, the p
jectile can be visualized as passing from left to right alon
straight line located in the plane of the page and below

FIG. 7. Coordinate system used to showk spectra with fixed
collision plane. The vectorK is made to lie in thex8-z plane,
pointing in toward positivex8. The path of the projectile thus lies i
the x8-z plane, with impact parameterb as shown.
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molecule; in the center column, it passes from left to rig
but along a line located above the page and on they8 axis; in
the right-hand column, it passes out of the page throug
point somewhere on theky850 axis, and to the left of the
molecule. Figure 8 shows that the Coulomb explosion sph
is distorted, most markedly for the slowest collision syste
~bottom row!. We attribute this to the following physical pro
cess. The charge-transfer process does not begin unti
projectile passes within about 16 a.u. of the target molec
the major contribution to the cross section comes for imp
parameters near this distance. Thus the Coulomb explo
should begin with the projectile located approximately
x85216 a.u. andy850. As the explosion proceeds, thos
molecules which are exploding along a line directed tow
the departing projectile will have their internal energies m
strongly perturbed by the projectile Coulomb field. Deut
ons ejected toward the projectile will be preferentia
slowed, while their partners ejected away will not be cor
spondingly accelerated as much because they are fa
away. Thus the Coulomb sphere will be flattened along
direction facing the average location of the exiting projec
during the fragmentation process. This will be most eas
seen when looking down on the collision plane from abo
~lower-left-hand figure!, where the projectile acting on th
exploding molecule is located in the~negativex8, positivez)
quadrant. The flattening is also observable, but less mar
when the Coulomb sphere is sliced along the other two vie
looking perpendicular to the collision plane.

These results are compared to corresponding theore
CTMC calculations. For the calculation of a highly charg
ion interacting with D2, it is necessary to employ a five-bod
method that encompasses three nuclei and two electr
Such a classical trajectory Monte Carlo model was descri
in detail by Wood and Olson@27# and Feeleret al. @15#.
Concisely, Hamilton’s equations of motion~30 coupled first-
order differential equations! are iteratively solved for thou-
sands of individual collisions in order to obtain sufficie
statistics to study double-electron removal reactions. For
accurate description of the collision dynamics, it is importa
that the initial state represent the molecular environm
along with its time evolution to the final products. Initially
the two electrons are bound to their parent nuclei by 13.6
The individual deuterium atoms are bound to each other b
Morse potential whose equilibrium separation, dissociat
energy and well curvature are determined by spectrosc
data@28#. The D2 molecule is randomly oriented, with inter
nuclear separations appropriately weighted for the vib
tional ground state in order to reproduce the distribution
deuteron kinetic energies produced in a vertical Fran
Condon transition. For an appropriate range of impact
rameters, the passage of the highly charged ion is evolve
time. Throughout the collision process, all Coulomb intera
tions are included between the projectile and the four-bo
target, and between each electron and its parent nucleu
our five-body calculations, the projectile’s core electrons
ignored. This is justified since the reaction range is grea
than an order-of-magnitude larger than the radial expecta
values of the electrons. We dynamically model the molecu
interactions intermediate to the D11D1 dissociated prod-
2-7
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FIG. 8. The first column~1! represents the
two-dimensional momentum distributions ofkx8
vs kz . The collision systems, proceeding from
top to bottom, are for Xe261 energies of
9.56 keV/u, 764 eV/u, 382 eV/u, and
191 eV/u. The momentum distributions are pro
duced by taking the slices of610-a.u. momen-
tum about the origin of the momentum spher
The second and third columns~2! and ~3! repre-
sent the slices in the other planes perpendicula
the collision plane. The gaps appearing in som
of the rings are instrumental.
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g-
lete

he
e
ter-
ucts. If one electron attains a positive energy relative to
parent nucleus during the collision, thus placing the molec
in the D2

1 state, the electron-electron interaction is includ
in the Hamiltonian along with the Coulomb interactions b
tween both electrons and the other target nuclear cente
the electron remaining on the molecule is excited to an
ergy corresponding to the D*(n52) excited state, the Mors
potential is slowly switched off leaving all the Coulomb in
teractions between the five particles. This latter chang
made so that the D11D* (n52) interaction replicates the
true molecular potentials that are basically molecular R
bergs of D2

21 for internuclear separations less than 5 a.u
In our theoretical model the energy required to remo

both electrons from D2 is the sum of the ionization energie
for the two electrons~27.2 eV!, the dissociation energy of D2
to its separated atoms~4.7 eV!, and the approximately 19 eV
required to place the two protons on the repulsive Coulo
potential at a D2 equilibrium separation of 1.40 a.u. Ou
model reproduces the experimental energy of 51 eV requ
to remove both electrons in a vertical Franck-Condon tra
tion. Loss of flux due to single-electron removal is inheren
included in the model. Moreover, if the molecular bo
length of the D2 or D2

1 state is changed during the collisio
02271
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d
-
If
-

is

-

e

b

d
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the corresponding energy required for double-electron
moval will differ from that of a vertical Franck-Condon tran
sition. These bond length changes may be induced by
additional presence of the highly charged ion in slow co
sions, where the dissociation time is comparable to tha
the collision.

In Fig. 9 we show the results of the CTMC calculations
the slices shown in Fig. 8. All conditions and views are t
same as in Fig. 8, except that calculations for 382-eV/u Xe
have not been performed. The agreement with the exp
mental results is remarkable, and confirms both the ability
the CTMC formulation to account for the physical process
occurring and our interpretation of the effects observed.

IV. CONCLUSIONS

In conclusion, using three-dimensional momentum ima
ing techniques we have performed a kinematically comp
measurement of the dissociation of D2 in collision with slow
Xe261. The momentum transferred from the projectile to t
center of mass of the molecule~K ! was separated from th
relative momentum of the deuterons measured in the cen
of-mass system of the moleculek. The latter is dominated by
2-8
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FIG. 9. CTMC calculations of momentum
slices corresponding to Fig. 8. The collision sy
tems, proceeding from top to bottom, are f
Xe261 energies of 9.56 keV/u, 764 eV/u, and
191 eV/u.
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rgy
momentum gained through the Coulomb repulsion of
ions pairs emitted in the dissociation of D2. The overall dis-
sociation mechanism was observed to be dominated b
two-step process, in which these two momentum-tran
processes can be considered to occur as independent e
The K distributions were found to be in agreement with e
pectations based on the extended classical overbarrier m
and established systematics for double capture by s
highly charged projectiles. At the lowest projectile velocitie
the two-step picture was found to fail. Thek spectra show
that internal energy is extracted from the molecular sys
by the projectile. This was attributed to the presence of
projectile during the dissociation process. A qualitati
model was suggested for the interpretation of our resu
involving the action of quadrupole~and higher! components
.

hy

02271
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-
el,

w,
,

m
e
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of the projectile field on the exploding molecule. CTMC ca
culations were performed and found to be in excellent agr
ment with the experimental data. We note that different s
tematics are likely to apply for capture reactions for whi
smaller impact parameters are involved, and the projec
passes inside the physical extent of the molecule. Invest
tions of such systems would be of great interest in this
gard.
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