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Kinematically complete data and five-body classical trajectory Monte Carlo calculations are presented for
fragmentation of B by slow X&%" ions. For strongly perturbing collisions, two types of three-body effects are
identified. The largest, due to interactions between the undissociated molecule and the dipole field of the
projectile, is compatible with a two-step fragmentation picture. A smaller effect, due to quadrupolelike and
higher multipole interactions between the dissociating fragments and the projectile field, extracts internal
energy from the exploding molecule and is incompatible with a two-step picture.

PACS numbes): 34.50.Fa, 39.36:w

Collisional fragmentation of a molecule by a fast chargedture process produces two*Dions, separated by 1.4 a.u.,
particle can usually be described as a two-step process: a faghich Coulomb explode. In the absence of the projectile, the
Franck-Condon  electronic  transition (time  scale  explosion is radial with each Dion carrying 9.5 eV of
~10"*® sec) induced during the collision, followed by dis- energy, or 45.3 a.u. of momentum, in the laboratory system.
sociation of the excited molecular statime scale Because of the range of internuclear separations in the
~10"** sec) occurring after the projectile has left the sceneground vibrational state of £) a narrow distribution of en-
For such a process the projectile plays no role in the breakuggies(momenta results. Departure of the laboratory energy
dynamics beyond inducing the electronic transition. HOW‘spectra of the D ions from this might then be taken to
ever, if the projectile is sufficiently slow or the interaction signal a breakdown of the usual two-step picture.
distance is sufficiently large, as is the case for electron cap- Recent theoretical studie5,6] have predicted strong

ture by slow, highly charged ions, conditions are reache : -
where the collision and dissociation times are comparable. | hree_ pody effects in coII_|S|o_ns below about 1 _keV/u af‘d for
nditions where the projectile charge to velocity ratio is

this case the molecule dissociates in the presence of t Provi X I b h bod
strong time-dependent electric field of the projectile, the two-2/9€- Previous experimental attempts to observe three-body

step picture fails, and the final state of the molecular frag€ffects, involving the participation of the projectile during

ments is determined by energy and momentum exchand@e dissociation phase, in fragmentation of diatomic mol-
among all the heavy particles. ecules have been reportgd-10. In all of these, only the
The situation is closely related to that encountered in thdaboratory momentum of one of the ionic fragments was
dissociation of molecules by short, high-field laser pulsegneasured and unambiguous interpretation of the data was
where exchange of energy and momentum between the mofdlifficult. This ambiguity is removed in the present kinemati-
ecule and the radiation field is important during dissociationcally complete experiment where the momenta of all three
of the electronically excited molecu[d]. The breakup of a outgoing fragments (X&*and two D" ions) are determined
diatomic target by a slow ion also has many features in comfor each event. Using this technique, we are able to identify
mon with the breakup of triatomic molecular projectil®}.  two different three-body processes. The dominant process is
Indeed, the study of slow ion-molecule fragmentation dy-the transfer of momentum to the center of mass of th&?D
namics offers another approach to studying the three-bodgystem by the action of the dipole field of the projectile,
Coulomb problem. However, unlike studies involving tri- where the multipole expansion is made about the center of
atomic projectiles, slow ion-molecule interactions offer themass of the B"? system. Such a process does not change
possibility of altering the three-body, or many-body, dynam-the internal energy of the 52 system; it merely pushes the
ics by varying the mass, charge, and velocity of the projecentire ionized molecule away. By measuring both molecular
tile; we are not limited to studying molecular species that ardragments, we are able to remove this dipole effect by shift-
inherently stable. ing to the center of momentum of the fragmenting molecule.
This work reports the observation and explanation ofThis enables us to identify a second three-body effect result-
strong three-body effects in a kinematically complete studying from quadrupole and higher multipole components of the
of double-electron capture from,Dby slow X&°" projec- field. (Subsequently, use of the term quadrupole is to be
tiles. Here the final state is particularly simple, with threeunderstood as including higher multipole componeritger-
positively charged ions in the continuum and no free elecaction with the quadrupole components is found to govern
trons. The primary electronic transition is known to be anthe extraction of internal energy from the, IF system by
overbarrier procesg3,4]. From well established model cal- the projectile. An important ramification of this is that the
culations[ 3] it is known that the second electron is captureddipole effect can be accommodated within a two-step picture
when the impact parameter is lar¢&2 a.u) and well out-  while quadrupole effects cannot.
side the D molecule. At this distance, the projectile applies Xe?®" ions were extracted from the Kansas State Univer-
an electric field of 2 10"° V/cm to the molecule. The cap- sity CRYEBIS ion source and accelerated to energies rang-
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ing from 3.9 MeV to 26 keMapproximately 30—-0.2 keV/u, @ K @  ® -
Sommerfield parameterg/v, from 24—292 a.|. As a con- N % g g
trol, 50-keV protons ¢/v of 0.71) were also used. These ° ’ i s
ions passed through a recoil-ion spectrometer where they in %0 = . 200
teracted with a jet of B. D™ and D," ions were extracted ® ® —
i ; ; ; in i 50 50 50 E 500
from the interaction region using transverse electric fieldss : 300
o @ |3
50 -50

.I@ (a.u.)
k (au.)

from 62 to 250 V/cm. The extraction fields were sufficiently i 8
strong to direct all ions onto a large position-sensitive detec- 0| "=
tor. The ions were counted using multihit electronics capable 5 o
of 0.5-mm position resolution and resolving ions if their ar- 5o} 4 50
rival times differed by at least 15 ns. 0 0 ( )
All data shown here required the detection of twé D 50 48 50
ions, thereby isolating the double capture channel. Projectile o ORI =%
ions were charge-state analyzed and dete@em down- K, (@u) K (au) K (au)
stream from the interaction region. Both %é and X&>* o
ions were allowed and only the direct beam was rejected. We F'G: 1. Momenta, transverse to beam direction, of Bag-
did not distinguish between radiative and nonradiative stabil'e"ts following double eleétarf’r.' removal from, Dy 50-keV H'
lization of the excited Xe ion formed in the collision since "hact: row (@), 2-keviu X impact, row (b), and 0.2-keV/u

this is expected to plav a little role in the;8 fragmenta- Xe?%" impact, row(c). The first column shows the transverse mo-
IS 1S EXp play a litt . : 2 9 menta in the laboratory coordinate system, the middle column
tion. The data were taken in “event mode” and the full

D . shows the momentum transfer to thg?D system, and the last
momentum vectors of the two Dions were determined o,mn shows the momentum of ‘Diragments, measured in the

from their impact positions and flight times to the recoil-ion ¢enter-of-momenta coordinate system. All data shown are for slices

detector. This is sufficient to fully determine the three-bodyinrough the center of the appropriate three-dimensional momentum
final state for each interaction. Further experimental detaikphere, with the component being restricted to2 a.u. from its

will appear in a forthcoming publication. center value.

Theoretical calculations, based on a five-body classical
trajectory Monte Carlo(CTMC) model [5,6], were per- tra (column 1 show an evolution from a narrow Coulomb
formed using statistics and sorting parameters comparable g&xplosion ring of radius near 45 a.u. in momentum to a
those used experimentally. These calculations were used tighly diffuse distribution for slow X&* impact. Similar
verify and help interpret the experimental results, as well a®bservations have been reported in other recent experiments
to extend outside the range of parameters experimentally a€9,10].
cessible. In the theoretical model, the Bolecular center is Because we measure bdth andk, for each event, we
bound by a Morse potential with parameters obtained frontan also plot spectra in the Jacobi coordinakes (k,
spectroscopic observations and the molecule is placed in it$ k5)/2 andk= (k;—k5)/2, shown in the middle and right-
ground vibrational state. In the initial channel, all Coulombhand columns, respectiveli is equal to half the center-of-
interactions are incorporated between the projectile and theass momentum of the " molecule after the collision,
four-body target and between the molecular electrons andihile k describes the internal or relative motion of the two
their parent nuclei. If, during a collision, one target electrondeuterons as measured in the center-of-mass system of the
is removed and the other is excited to the2 level, the D,?" molecule. The major capture and dissociation pro-
Morse interaction is dynamically replaced by Coulomb inter-cesses become transparent when the data are presented in
actions between all five centers. This simulates the D these coordinates.
+D* dissociating states that are molecular rydbergs 6f D  TheK spectra form annuli in momentum space with radii
+D™" for R<5 a.u. and provides the complete descriptiongiven by the transverse momentum imparted to th&'D
of the final state. The final-state products are tracked in timesystem as a result of the double electron transfer process.
sufficiently long in order to establish their final energies andThese spectra demonstrate that for fast proton impact, virtu-
spatial distributions. ally no transverse momentum is transferred, whereas for

Figure 1 shows-y slices through the center of the Cou- slow Xe?®" impact nearly 30 a.u. is transferred. In the
lomb explosion spheres for three collision systemsdirection(not shown, the K spectra are centered -a{ Q/v
(Throughout this paper theaxis is along the beam and tke  —v), whereQ is the electronic energy change in the capture
axis is along the extraction field; thus thg plane is trans- reaction andv is the collision velocity. For our data the
verse to the beam directignThe first column presents the transverse momenta and values extracted)are consistent
transverse spectra &, (or k,), wherek, and k, are the with predictions of the overbarrier model of Niehd3g for
transverse momenta of the individual deuterons in the labodouble electron capture.
ratory coordinate system. Data are shown for three systems, Thek spectra reveal directly the internal energy distribu-
ordered according to increasing qf@ is for the least per- tions of the 2" molecule and how it is influenced by the
turbing projectile studied, 50-keV protong/¢p=0.71 a.u.); time-dependent strong electric field of the slow, highly
(b) is for an intermediate case, 2-keV/u e impact @/v charged projectile. As seen in the third column, the internal
=092); (c) represents a highly perturbing case, 200-eV/uenergy remains remarkably stable@® increases by more
Xe?®" (glv=292). Asq/v is increased, thk, (ork,) spec- than two orders of magnitude. Thus, columns 2 and 3 show
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L molecule, the quadrupole effect removes internal energy
from the molecule during the collision. This occurs because
the D" ion nearer the projectile is repelled more than the
distant one, similar to a tidal process. Since the explosion
motion is outward, internal energy is removed.

An explicit evaluation of this effect provided by the
CTMC model is also shown in Fig. 2. Good qualitative
agreement with experiment is seen. For the weakly perturb-
ing proton collision, and indeed also for 3¢ impact down
to 3 keV/u, no quadupole effects are observed. For stronger
interactions, the spectra systematically shift and broaden.
Quantitative differences in the widths of the experimental
and theoretical distributions are partially attributed to experi-
mental effects associated with a nonlocalized target. Like-
wise, the smaller energy shift predicted at the lowest impact
energy may also be due to experimental uncertainties,
. namely in knowing the exact potential where the highly
3 6 9 12 15 charged ions are created and, hence, the exact beam energy.
Fremontet al. [10] have reported similar non-two-step ef-
fects for a lower-charge-state projectile for which the capture

FIG. 2. Kinetic energies for D fragments following double is at smaller impact parameter.
electron removal from B Energies are in the center-of-mass coor- ~ To summarize, kinematically complete data are presented
dinate system of the exploding molecule. All spectra are normalizedor fragmentation of D following double electron removal
to unity at their maxima. Upper portion, experimental data; lowerby slow, highly charged xenon ions. For highly perturbative
portion, CTMC calculations; solid curve, 50-keV'Hdashed curve  interactions, higher and lower momentum fragments than
with open squares, 0.8-keV/u %, solid curve with filled circles, norma"y observed for fast ion' electron, or photon impact
0.2-keV/u X€°". indicate the presence of three-body effects. The data clearly

demonstrate that the major three-body effect is due to a two-
that the major broadening effect observed in the laboratorgtep process where momentum is transferred to the entire
spectralcolumn 1 is due simply to the vector addition of the molecule, which then fragments. In addition, at the lowest
recoil velocity of the doubly charged molecule and the “nor-impact energies we were able to distinguish that another,
mal” Coulomb explosion velocity of each fragment ion. This “true,” three-body effect is also active. This effect influ-
vector addition is in accordance with CTMC predictid6$  ences the internal energy of the dissociating molecule and is
and agrees with the conclusions of Fremenal. [10]. The  attributed to interactions involving quadrupole components
two-step picture seems to hold over a wide range in collisiorof the projectile electric field. We note that changes in the
strength. kinetic energy release in slow’O-CO collisions were also

Closer examination, however, of thespectra reveals the observed in a recent study by Tarisienal. [11], but they
onset of a true three-body effect at the lowest collision veobserved energy increases that depended on the alignment of
locities. Looking closely at column 3, note that the radius ofthe molecule. This is in contrast to the present work where
the Coulomb ring becomes smaller @ss lowered. This is  the internal energy decreased and, within experimental reso-
shown more clearly in Fig. 2, where we plot the radial dis-|ution, was independent of the molecular alignment.
tribution of D" kinetic energies K2/2) in the D,?* center- It is interesting that the two-step process remains active
of-mass system for various collisions. The vertical scalesinder conditions where the perturbation by the projectile is
have been normalized to unity for display purposes. Foeo large, i.e., forg/v~100, and when the collision time
Xe?®" collision energies below 10 keV/u, a systematic de-greatly exceeds the fragmentation time. Under these circum-
crease in the fragmentation energy distribution as well astances one would expect strong mutual interplay among the
increases in the width of the distribution were found for in-ionic fragments and the highly charged projectile. In retro-
creasing values af/v. spect, the lack of such interplay may result precisely because

We attribute these effects to the action of the quadrupolghe projectile charge is so large. For slow, highly charged
components of the projectile electric field on thg?’D sys-  projectiles, electrons are captured when the interaction dis-
tem. While the dipole component acts equally on both D tance is large. Thus, the molecule appears as a point particle
ions and thus transmits momentum to the whole moleculesather than two individual deuterons. This would imply that
the quadrupole components act differently on the two fragthe breakdown of the two-step picture might better be ob-
ments, depending on the locations of the fragment ions relaserved by using low-charge-state projectiles for which the
tive to the projectile. As the collision velocity is lowered, interaction distance could be made more comparable to the
there is more time for the D ions to separate from their internuclear separation of the molecular components. As for
initial positions while the projectile field is still present. Thus the “true” three-body effects, these offer unique opportuni-
the quadrupole effect becomes greater. For the present casies for systematically studying multibody interaction pro-
where capture occurs far outside the mean radius of the Dcesses by varying the relative forces and masses as well as
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the number of interacting particles. However, the present This work was supported by the National Science Foun-
work demonstrates that it is essential that these investigadation, Grant No. PHY9732150, the Division of Chemical
tions be made in the center-of-momentum system. OtherSciences, Office of Basic Energy Sciences, Office of Sci-
wise, the information sought will be completely masked. ence, and by OFES, U.S. Department of Energy.
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