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Five-body calculations of O fragmentation by Xe** impact
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A five-body classical trajectory Monte Carlo model has been developed to study fragmentation of diatomic
molecules after double electron removal by highly charged ion impact. A systematic study of the final-state
deuteron energy and momentum spectra has been conducted for XeD, collisions at impact energies
ranging from 1 eV/u to 100 keV/u. At the highest projectile energies, the fragment energies and momenta are
determined by the Coulomb explosion of the doubly-ionized molecule via the known Franck-Condon transition
for the isolated molecule. The deuterons are emitted back-to-back with nearly equal energies. At the lowest
projectile energies, the final state behavior is due mainly to the collisional momentum transfer from the
slow-moving projectile. The deuterons are strongly scattered in the direction opposite to the transverse mo-
mentum of the projectile with energies far greater than those produced in the Franck-Condon transition. At
energies around 150 eV/u, both slow and fast deuterons are predicted. This is due to the vector addition of the
collisional momentum transfer to the center of mass of the molecule with that due to the two-body Coulomb
breakup of the dissociating ionsS1050-294{®9)01009-4

PACS numbsd(s): 34.10+X, 34.50—-s

[. INTRODUCTION charged ion impadtl5]. The present work is an extension of
these studies and focuses on double electron removal from
Although molecular fragmentation processes have beeR, by Xe'*" projectiles. This collision system was chosen
studied for years, recent advances in experimental and thegecause experimental data are now available for some as-
retical techniques have shed new light on the subject. HisPects of our theoretical study, and new fragmentation dy-
torically, experimental investigations of molecular fragmen-namics are illuminated.
tation were conducted by colliding a variety of projectiles 'hese features can now be probed because of the devel-
with the target. Projectiles that have been used include ele@PMent of slow, highly charged ion sources. These new ion
trons[1,2], singly[3,4] and multiply charged iong5—9], and sources provide the possibility to study molecular breakup at

photons[10]. Measurements of cross sections, yields, an ﬁfllt'vr?gv L?]Vc\)'n'_nlgfaicék?gg;%gﬁré’v?rﬁg[f&cc}rﬂgﬁsﬁs 2;1 en-
energy distributions revealed the structures of molecules y 9 : gnp

how enerav is transferred from the incoming proiectile to thejectile charges and low energies provide long collision times
9 o g proj which are on the order of the femtosecond fragmentation
molecule, and how energy is distributed among moleculal

_ _ fimes. This means that the molecular fragments interact not
states. These data were interpreted in terms of Francks, with each other, but also with the outgoing projectile.
Condon transitions between states of the isolated moleculeyg 5 result, all three nucldin the case of diatomic targéts
Theoretically, many studies have been performed thaharticipate in the energy sharing. Thus, the final energy and
modeled H by doubling the cross sections for atomic hydro- momentum spectra for the molecular fragments are deter-
gen. In addition, a unitarized atomic orbital method has beeimined by the energy and momentum transferred from the
developed to describe electron capture from. Hh these  projectile, in addition to the potential energy released by the
studies a one-electron model was used for collisions involvdissociation of the molecule. In contrast, for fast collisions
ing low charge state ionidl 1]. Later, a two-electron atomic the final kinetic energy of the deuterons is determined by
orbital description was developed and implemented foiisolated molecule Franck-Condon transitions.
single electron capture using the assumption that thénH It is the purpose of this paper to provide detailed informa-
ternuclear separation could be set equal to &&). Other  tion about the energy and momentum sharing in these reac-
calculations on K employed the classical trajectory Monte tions. The evolution of these dynamics is followed over a
Carlo method with independent electrons to study statewide range of collision energies.
selective electron capture and ionizatidr8,14. Moreover,
the continuum distorted wave model has been applied to
O®* +H, transfer ionization collisions to explain the cross  The model for ion-molecule collisions using the classical
section dependence on the alignment of the molecular axigajectory Monte Carlo method is an extension of that for
[5]. one-electron atoms described in R@éf7]. For H, (or D,), an
Recently, a five-body classical trajectory Monte Carloadditional target nucleus and electron are involved. This cre-
(CTMC) model has been developed to predict the electroniates a complex five-body problem. Hamilton’s equations of
and nuclear dynamics for double electron removal by highlymotion (30 coupled first order differential equatiorare it-
eratively solved for thousands of collision events in order to
obtain sufficient statistics for the reaction under study. Early
*KVI Atomic Physics, Rijksuniversiteit Groningen, Groningen, CTMC studies on K targets have used an independent-
The Netherlands. electron model with one electr¢t3] to calculate single ion-
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80 - - T ecule is in the ground vibrational state with a separation
_ distance selected randomly from its vibrational Gaussian
squared distribution. The distribution is centered about the
60 . minimum of the potential wellR.=1.40 a.u). of the Morse

\ potential. This implementation is necessary to obtain the cor-
\ rect Franck-Condon energy distribution of the dissociating

H +H
401 \ deuterons for the isolated molecule. The electrons are placed
Lo on the atoms as described for this simple hydrogenlike case
\H [17], with the ionization potential for each electron set equal

Potential Energy (eV)

20 \ to 13.6 eV. The molecular axis is randomly orientated at the
start of each trajectory.

\ As the system evolves during a collision and one or both
ol :/H:f _ electrons are removed from the molecule, interactions are
. , . included to replicate the dissociative potential curves shown
2 4 6 8 - : . ;
Internuclear distance (a.) in Fig. 1. We_ dynam|cal_ly model these interactions. If one
electron attains a positive energy during the collision,
FIG. 1. Energy curves for the deuterium molecule and the iondhereby placing the molecule in the, Dstate, the Coulomb
after impact and dissociation. electron-electron interaction is included in the Hamiltonian
along with the Coulomb interactions between both electrons
ization and capture by heavy ions. Currently, two atomicand the other target center. If the electron remaining on the
centers, each with an electron, are used to enable the diregtolecule then reaches an energy corresponding to the first
investigation of double electron removal mechanisms foexcited state, D (n=2), the Morse potential between the
D,. two centers is slowly switched off and the interactions be-
In this study, each electron is initially bound to its parenttween all particles are Coulombic. This simulates the D
atomic center by the Coulomb force and has no dependenceD* dissociating interactions which are molecular Ryd-
on the other nucleus or the other electron. The molecule ibergs of O * for R<5 a.u. For complete double electron

bound by a Morse potential removal, the Hamiltonian resorts to the five-body Coulomb
problem. Since all interactions are included in the final state,
Vi(R)=Dg(1—e Be(R™Re))2, (1)  the momentum of each particle can be determined to produce

a kinematically complete calculation for the double electron
where I is the dissociation energR is the separation of removal process.
the atomic centers, is the curvature parameter, aRy is It is important to note that the energy required to remove
the separation defined such that(R,) is a minimum. The both electrons from Bis the sum of the ionization energies
values forD.=4.7 eV,R,=1.40 a.u., an®, = 0.73 a.u. are for the two electrong27.2 e\, the 4.7 eV needed to break
determined from spectroscopic ddtb8]. With the imple- the ground-state Pmolecular bond, and the approximately
mentation of the Morse interaction, the collisional dissocia-19 eV required to place the two deuterons on the repulsive
tion of an isolated B molecule to its ground state atoms is Coulomb curve at the equilibrium distance. Our model repro-
theoretically well described. duces the true energy of 50.9 eV required to remove both
To extend the CTMC method to the,Dnolecule, addi- electrons in a vertical Franck-Condon transition. If the D
tional quantities must be generated for the position and momolecule is displaced from its equilibrium position during
mentum of both atomic centers. It is assumed that the molthe collision, the corresponding energy required for double
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FIG. 2. Energies of the deuterons after double
electron removal in X€" + D, collisions.
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@ > other is from the Coulomb repulsion between the deuterons
after the electrons have been removede Fig. 1 At low
collision energies, double capture and transfer ionization are
Fast/ColliIS(;ms the dominant double electron removal mechanisms. At the
q/v <

highest energy, impact ionization of both electrons also con-
tributes to the two-electron removal process.
Presented in Fig. 2 are the calculated energy distributions
@ of each deuteron. At 100 keV/u, distinct Franck-Condon be-
havior is observed. The distribution peaks at 9.5 eV and has
. s a full width at half maximum of approximately 2.5 eV. At an
Intermediate Collisions . . L
q/v =100 impact energy of 884 eV/u, several changes in the distribu-
tion are noticed. Although the energy distribution maximizes
at roughly the same energy as before, the distribution is
much broader. In addition, there are more sl@ub-5 eV
ions present. At a projectile energy of 147 eV/u, the energy
distribution changes dramatically. The peak moves to a
Slow Collisions higher value of~13 eV. However, of greater interest are the
q/v > 300 large numbers of both slow and fast ions. In the 10 and 1
eV/u collisions, there are no slow ions present and the peak
of the distribution is in the 30-50 eV range.
One can understand these energy spectra by considering
FIG. 3. lllustration of vector addition of momentum for ¥&  the vector addition of momentuiisee Fig. 3. In the figure,
+ D, collisions. The bold arrows correspond to collisional momen-collisional momentum transfer from the projectile to the
tum transfer while the light arrows correspond to momentum acmolecule is indicated by a heavy arrow and momentum ac-
quired via fragmentation. quired via fragmentation is indicated by a light arrow. In fast
collisions(top), the momentum transfer from the projectile is
electron removal will differ from the vertical Franck-Condon negligible. Since the projectile velocity is much greater than
transition and be portrayed by the changes in the Morse inthe dissociation velocity of the deuterons, it does not partici-
teraction for the ground state and the internuclear position ofate in the post-collision momentum sharing. It simply strips

 J

Y

®

fragmentation on the repulsive’™ D" Coulomb curve. the electrons from the molecule and leaves the molecule to
dissociate via the known Franck-Condon transition. In inter-
IIl. RESULTS AND DISCUSSION mediate speed collisiongniddle), the momentum transfer

from the projectile is comparable to the fragmentation mo-
The removal of both electrons from g [nolecule results mentum. When one adds the two momentum vectors, one
in the dissociation of the molecule. To investigate the propcan see how both fast and slow deuterons can be produced in
erties of the energy and momentum spectra of the target nuke lab frame, as was seen for the 884 and 147 eV/u cases. In
clei, simulations have been made for the'¥et+ D, colli- slow collisions (bottom), the momentum transfer from the
sion systems at projectile energies of 100 and 2.95 keV/u anprojectile dominates the collision. The projectile speed is
884, 147, 10, and 1 eV/u. There are two contributions to theomparable to the fragmentation speed of the deuterons
final kinetic energy of the target ions. One is the energywhich causes all three heavy particles to actively participate
transferred from the projectile during the collision, and thein the post-collision momentum sharing. As a result, large

2.01100 keV/u 12.95 keV/u 1 884 eV/u
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2000 T . .

; ' ; ' 2.95-0.15 keV/u Xé%" ions were used to bombard a D

F lon Energy B lon Energy target. An electrostatic extraction field and time-of-flight

T spectroscopy were used to study the fragmentirigi@ns.
By this method, time spectra with two peaks corresponding
to fragment ions emitted towardsF peak and away from
(B peak, the ion exit aperture were obtained, as shown in
Fig. 5. The data have been scaled and shifted vertically for
display purposes.

Although the observed peak shapes and intensities are in-
fluenced by experimental parameters which must be convo-
luted with the fragment ion energy spectrum, the time sepa-
ration between a forward and backward emitted ion is small
if the fragment energy is small and large if the energy is

500 3500 2900 2000 2100 large[19]. The relative energies are indicated by the arrows

TOF (nsec) at the_ top of the.flgure. Figure 5 clgarly demonstrates a sys-
tematic broadening of the peak widths with decreasing im-

FIG. 5. Time-of-flight spectra for Dions produced after double Pact energy. This is due to higher and lower energy frag-
electron removal from Pby Xe'®*. The spectra have been arbi- Ments being produced, just as predicted by our CTMC
trarily scaled in height and offset vertically for display purposes. model. Most notable is the filling in between the peaks due

to the production of low energy ions. In addition, broad tails
amounts of momentum are transferred to each deuteron arstlle to the production of higher energy ion fragments can
only fast deuterons are seen, as was the case for the 10 andilso be seen on the outside of both pe@sspredicted by our
eV/u collisions. mode).

The sum of the two deuteron energies is plotted in Fig. 4. The CTMC model allows us to further investigate the
One can see that the trend is for the sum of the ion energiedynamics of the collision. The energy of one deuteron has
to increase as projectile energy decreases. This further illudeen plotted against the energy of the other in Fig. 6. At the
trates that more energy is transferred from the projectile irhighest impact energy, the total energy of the deuterons is
the slower collisions. It is also important to note that theredetermined by the vertical Franck-Condon transition to the
are no cases where the sum energy is less than 10 eV. Thigpulsive Coulomb potential of the isolated molecule. At this
demonstrates that the molecular bond does not stretch pridigh impact energy, the molecule dissociates long after the
to the electron removal, which would cause the total dissoprojectile has any influence on the energy sharing. Therefore,
ciation energy to be much less than 19 eV. the energy is shared equally between the deuterons, i.e., a

The preceeding figures illustrate that for decreasing colliwell-defined point centered &;=E,~9.5 eV. At interme-
sion energies in the few- to sub-keV/u range, the fragmenteliate projectile energies, the pattern of having one fast deu-
ing D* ion energy spectra systematically change. Theséeron and one slow deuteron is present. The peak shifts away
changes includé€a) an increase in the mean energy gbyl  from the E;=E,~9.5 eV point. This indicates that the ki-
the production of higher, and lower, energy ions than thoseetic energy transfer from the projectile is beginning to have
produced via Franck-Condon transitions involving states of greater influence on the collision. At the lowest impact
an isolated R molecule. energy, the energy transfer from the projectile dominates the

These theoretical predictions are supported by experimersollision, causing thée;=E; line to be densely populated.
tal data obtained in a collaborative effort between the Uni-This indicates that equal amounts of the energy are trans-
versity of Missouri-Rolla and the KVI Groningen, where ferred to the deuterons from the slow-moving projectile.

1500

Counts

1000

30 100 keV/u, 2.95 keV/u 884 eV/u

20

E, (eV)

' 147 e‘wu 0 20 a0 0 0 20 30 FIG. 6. Correlation of the energy sharing be-
. g KRN tween the deuterons after double electron re-
10 eV/u Ve . o .
g moval in Xé®* + D, collisions.

30

o 20 40 60 0 20 40 60 80



2116 C. R. FEELERet al. PRA 60

180

100 keV/u 2.95 keV/u 884 eV/u

1351

90}
o s}
o
05; 0 ; . , . , . , FIG. 7. Correlation of the emission angles of
S 147 eV/u 10 eV/u 1eViy, o w the deuterons. qfter doublg electrqn rgmpval in
& 135| " Xe'®" + D, collisions. The diagonal line indicates

back-to-back collisions.

90

450

045 90 135 180 45 90 18 0 45 90 135 180

0, (degrees)

To further demonstrate the vector addition of collisional “wings.” These wings basically indicate collisions in which
and fragmentational momentum, we have plotted in Fig. #here is a large transfer of energy to the deuterons. Since the
the polar emission angle of one'Tagainst that of the other. projectile has a velocity comparable to the dissociating deu-
Zero degrees is defined as the initial projectile direction. Aderons, all three heavy particles actively participate in the
before, the initial molecular orientation was randomized atnergy and momentum sharing. The large Coulomb repul-
the start of each trajectory. At 100 keV/u, one can see whasion of the projectile tends to push the deuterons in the same
would be expected of an isolated molecule. The deuterongeneral direction. This is emphasized in the plot for the 1
are emitted back-to-back, that is, on the diagonal line whereV/u collision, in which nearly all of the deuterons are emit-
the sum of the emission angles equals 180°. At the next threted in the forward direction. Since the deuterons are pushed
energies, this back-to-back emission is still dominant, but thén the forward direction, the electrons are removed from the
process is accompanied by a slight push in the backwartholecule before the projectile reaches the distance of closest
direction. This is due to competition between the energy losapproach.

Q, which causes the longitudinal momenta to be shifted by One can more fully understand the dynamics of the colli-
Q/v, and that due to the forward emission of the two elec-sion by investigating momentum spectra, as shown in Fig. 8.
trons. Since most of the deuterons end up in the backwar@/e have used a coordinate frame in whighis defined by
direction, these plots indicate that the repulsive Coulomkhe final transverse component of the projectile momentum
force of the projectile acts on them mainly after the collision.andp, is the direction of the incident projectile. The projec-
This demonstrates that for these impact energies the eletie’s transverse momentum is in the positipg direction.
trons are not stripped from the molecule until the projectileFor the 100 keV/u collision, the dissociating deuterons be-
nears the distance of closest approach. At 10 eV/u, the cohave as expected for a vertical Franck-Condon transition. In
lisional and fragmentation momenta are approximatelysuch a case, the momenta are symmetric about the origin. A
equal. The graph for the 10 eV/u collision contains twothree-dimensional momentum picture would be a spherical

100l 100 keV/u 2.95 keV/u 1884 eV/u

501

50}

-100
FIG. 8. Momentum spectra of the dissociated
deuterons in the collision plane defined by the
incident momentum vectqy,, and the transverse
momentum vectop, of the X&°" projectile.
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surface of radiup=(2mE)¥?>~51 a.u., wherE~9.5 eV. tion. The deuterons are emitted back-to-back with equal en-
As the collision energy is lowered, we see a thickening orergies. At intermediate impact energidg7 eV/u—2.95 keV/

the lower half of the spherical momentum shell, coupledu), the Coulomb repulsion between the deuterons and the
with a backward shift in the center of the distribution. Theseprojectile begins to play an important role. In this energy
are both due to momentum transfer from the projectile. Forange, the exploding molecule is pushed in the backward
the two lowest energies, the momentum transfer from thalirection and we see unequal energy sharing between the
projectile is appreciable and leads to significant deviatiordeuterons, as observed by experimental data. At the lowest
from two-body Franck-Condon behavior. In these latterprojectile energiegl and 10 eV/y where the velocity of the
cases, all three heavy particles actively participate in the colprojectile is comparable to that of the deuterons, the colli-
lisional dynamics and the projectile strongly scatters in thesional transfer of energy from the projectile dominates the
opposite direction of the deuterons. collision dynamics.

IV. CONCLUSIONS
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