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Double electron removal and fragmentation model of the H2 molecule by highly charged ions

C. J. Wood and R. E. Olson
Department of Physics, University of Missouri–Rolla, Rolla, Missouri 65401

~Received 26 May 1998!

A five-body classical trajectory Monte Carlo model has been developed to study double electron removal
from H2 by collisions with highly charged ions at impact energies ranging from 1 eV/u to 1 GeV/u. The
longitudinal and transverse final-state correlation between ejected electrons is calculated for double ionization
of H2 by impact of Se281 at 3.6 MeV/u and U921 at 1 GeV/u; the electron-electron interaction is dynamically
included during the collision when one of the electron’s total energy becomes positive. Relativistic corrections
are incorporated to reflect the Lorentz contraction of the projectile’s electric field. The cross section depen-
dence on the alignment of the H2 molecular axis was investigated. Here, transfer ionization of H2 by O81 at
500 keV/u is found to have a maximum for the molecular axis aligned perpendicular to the projectile velocity,
while no orientation dependence is found for double ionization at 500 keV/u. In contrast, a minimum in the
cross section at 90° is found for 1-GeV/u U9211H2 collisions. A systematic study of the energy partitioning
between the two product H1 ions has been made for Xe5411H2 from 1 eV/u to 1 MeV/u. Large deviations
from Franck-Condon behavior are found for impact energiesE&10 keV/u. At low energies the proton energies
are very energetic with the main contribution arising from collisional transfer from the projectile, while the
proton energy spectrum at high impact energy is due to the Coulomb explosion of the isolated molecule.
@S1050-2947~99!07502-2#

PACS number~s!: 34.10.1x, 34.50.2s
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I. INTRODUCTION

The removal of two electrons from an atom or molecu
by the interaction of a heavy, highly charged ion can lead
double ionization, transfer ionization, or double electron c
ture reactions. Double ionization of a target such as He or2
by a fast, heavy ion will lead to correlated motion betwe
the ejected electrons and the projectile and recoil ions.
study of ion-molecule reactions leads to the further com
cation of the dependence on the alignment of the molec
axis. In addition, double electron removal from H2 results in
dissociation of the molecule and the subsequent Coulo
explosion of the protons. For a sufficiently slow ion, t
correlation in the postcollision regime will be a five-bod
problem that includes three heavy particles, all with appro
mately equivalent speeds.

Analysis of final-state energies and momenta of the co
sion products gives insight into the dynamics of the capt
and ionization removal mechanisms. This has been achie
for atomic targets experimentally through the developm
of recoil-ion momentum spectroscopy@1# with the coincident
detection of low energy electrons@2,3#. Moshammeret al.
@4,5# have performed extensive measurements for Se281

1He single and double ionization at 3.6 MeV/u. For t
double-ionization channel, they have found that the long
dinal momentum balance between the recoil ion and the
momentum of the ionized electrons ((Peii) is the result of
the correlated motion of the initially bound electrons@4#. The
work also showed that electrons are mainly emitted w
positive longitudinal momentum due to a strong postcollis
interaction with the projectile. Electron-electron correlati
was also displayed with one electron moving slowly and
other moving comparatively fast. Classical trajectory Mon
Carlo ~CTMC! calculations, which included the electron
electron interaction in the postcollision regime, showed go
PRA 591050-2947/99/59~2!/1317~12!/$15.00
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agreement with the longitudinal momenta spectra, and qu
tative agreement with the observed electron-electron corr
tion.

The single-ionization channel for this system (Se281

1He) has also been studied in a kinematically complete
periment@5# and in a work by Olsonet al. @6#. Analysis of
momentum spectra for this system relied upon a collis
plane defined by the incoming projectile momentum and
final transverse momentum of the recoil ion. This collisi
plane has been used by other workers in the field@7–9# to
display final-state momenta spectra of ion-atom collisio
and to identify signatures of various ionization mechanism
In this notation the projectile’s incident momentum defin
the 1z, or longitudinal direction. Thex and y components
are in the plane perpendicular to the longitudinal vector.

In a recent paper by Woodet al. @10#, CTMC calculations
for single and double ionization of He by 1-GeV/u U921 ions
displayed a significant reduction in the projectile postco
sion interaction due to relativistic corrections to the proje
tile interaction. This leads to the longitudinal electron spec
being nearly symmetric aboutPei50. The electron correla-
tion found in double-ionization events is similar to that o
served for collisions with 3.6-MeV/u Se281 ions. However,
the lack of the postcollision interaction~PCI! from the pro-
jectile allows the correlation between the electrons to be s
more clearly. The calculations indicated that electro
electron interactions in the postcollision regime are nee
to properly describe the electron momenta spectra. In a
tion, Keller et al. @11# used the Weiza¨cker-Williams equiva-
lent photon method to conclude that both initial-state a
postcollision correlation are needed to fully understand
electron-electron interactions.

In the systems described above, electron correlation
the double-ionization reaction was examined in only the lo
gitudinal direction. The electron correlation, if any, in th
transverse plane has yet to be explored experimentally
1317 ©1999 The American Physical Society
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1318 PRA 59C. J. WOOD AND R. E. OLSON
theoretically. By expanding on the previous methods
analysis, our work will explore the transverse electron cor
lation in 3.6-MeV/u Se2811H2 and 1-GeV/u U9211H2

double-ionization collisions using the CTMC method. T
longitudinal electron correlation will also be presented
compare to previous studies on double ionization of He.
doing this, the H2 model will be tested and any variations
electron spectra due to the different targets may be de
mined. These differences may include the ejected elect
scattering off one of the molecular target atoms in a seco
ary collision, and redistribution of the momentum due to t
Coulomb explosion of the molecule.

Along with the development of recoil-ion-momentu
spectroscopy, recent progress has been made in the fie
ion-molecule scattering. The coincidence time-of-flight tec
nique has made it possible to measure the dissociation c
nels for highly ionized molecular ions@12–14#. These pro-
cedures make it possible to explore possible orienta
effects of different ionization channels in ion-molecule c
lisions. Recent experimental reports have focused on the
entation dependence of double ionization and transfer ion
tion of diatomic molecules by electrons and heavy io
Double ionization of H2 by 1-MeV/u electrons displays
maximum at 0° to the beam direction@15,16#, while the
study shows the distribution is nearly isotropic for prot
impact at 1 MeV/u. The lack of dependence on the orien
tion of the molecular axis for double ionization, for heav
ion projectiles, was also observed in O811D2 at impact en-
ergies ranging from 0.125 MeV/u to 1 MeV/u@14#. In
contrast, transfer ionization and transfer excitation of D2 by
O81 impacting at 0.125–1 MeV/u show maxima at 90° f
energies greater than 0.125 MeV/u. This anisotropy has b
attributed to interference between the two atomic centers
theoretical work on electron capture@17# using the
continuum-distorted-wave–eikonal-final-state model
O811H2 at 625 keV/u supported the experimental data
Chenget al. @14#. In a recent work, Wohrer and Watson@18#
have used a geometrical argument within the independ
electron approximation to conclude that geometrical effe
on the ionization cross sections for H2 should be small. In
our work an attempt will be made to determine if any part
the orientation dependence can be attributed to classical
tering processes.

In a double electron removal process from molecular
drogen, the target protons attain energy via transfer of ene
from the projectile and from the kinetic energy released d
ing the dissociation. The collisional energy transfer d
creases as the impact energy increases, and the kineti
ergy released is determined by the Franck-Condon trans
to the Coulomb potential of the two protons. Knowledge
the proton kinetic energy will be helpful in understanding t
low energy collision cross sections such as those observe
Becket al. @19# at the electron beam ion trap~EBIT! at Liv-
ermore. In these measurements, double capture from H2 by
highly charged ions shows the ratio of double to single c
ture cross sections for projectile chargesq.35 to be ap-
proximately 30%.

If the projectile has a velocity near the final speed of
target protons, then interesting energy sharing will result.
example, a high degree of correlated motion has been
vealed by Wieseet al. @20# for H21H2 dissociative colli-
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sions. In our present work, we will focus on the energy a
momentum spectra of the target protons produced by do
electron removal due to Xe541 ion impact at energies rangin
from 1 eV/u to 1 MeV/u. Such collisions are mediated
double electron capture at low energies, transfer ionizatio
intermediate energies, and double ionization at high energ

II. THEORY

The classical trajectory Monte Carlo method for ion-ato
collisions has been thoroughly described in previous pap
@21–24#. Briefly, random numbers that are constrained
Kepler’s equation are used to initialize the plane and ecc
tricity of each electron’s orbit. Another random number
used to determine the impact parameter within the range
interaction. Then, a fourth-order Runge-Kutta integrati
method is applied to solve the first-order, coupled differen
equations arising from Hamilton’s method. The Runge-Ku
integration is suitable because of its ease of use and its
ity to vary the time step. This latter requirement is essen
since it is not uncommon for the time step to vary by thr
orders of magnitude during a single trajectory. Aspects
portant to the success of the method are good approximat
of the quantum mechanical ground-state radial and mom
tum distributions of the target atom and inclusion of intera
tions between all particles. Recent enhancements to
CTMC method include the addition of the electron-electr
Coulomb interaction@4,10# in the postcollision regime, and
the contracted field of a relativistic projectile@10#. In this
work, both of these enhancements will be incorporated in
five-body model for H2 targets.

The model for ion-molecule collisions using the CTM
method is generally the same as for atomic targets, descr
in @21–24#, with the exception that an additional target ce
ter is involved. This increases the complexity to a five-bo
problem. In describing the system, a practical scheme to t
the bound electrons and the atomic centers must be u
Previous CTMC studies on H2 targets have used
independent-electron models with a single electron@25# to
calculate ionization and capture by heavy ions. T
continuum-distorted-wave–eikonal-final-state~CDW-EFS!
model has been used within a two independent center
proximation to study single electron capture@17#.

In our work two atomic centers, each with one electro
are used to enable the direct investigation of double elec
removal mechanisms from H2. The Hamiltonian for the five-
body system is

H5(
i 51

5 pi
2

2mi
1(

i 51

4

(
j 5 i 11

5

Vi j , ~1!

wherepi is the momentum of a given particle,mi a particle’s
mass,r i j is the distance betweeni and j, andVi j is the po-
tential betweeni andj. A desirable treatment would have th
potential terms as pairwise Coulomb interactions

V~r i j !5
ZiZj

r i j
~2!

throughout the collision process. This is acceptable for
projectile-electron, projectile-target, and electron–pare
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PRA 59 1319DOUBLE ELECTRON REMOVAL AND FRAGMENTATION . . .
nucleus interactions. However, using Eq.~2! for the electron-
electron, and electron–other-target-nucleus terms cause
stability in the classical initial state. To overcome th
problem, the initial state of the molecule is modeled by t
independent hydrogen atoms. Each electron will be initia
bound to its parent atomic center by the Coulomb force,
have no dependence on the other atomic center or the o
electron. The two atom molecule is held together by a Mo
potential@26#

Vm~R!5De~12e2be~R2r e!!2, ~3!

whereDe is the dissociation energy,R is the separation o
the atomic centers, andr e is the separation defined such th
Vm(r e) is a minimum. The values forDe54.7 eV, r e
51.40 a.u., and the curvature parameterbe50.73 a.u. are
determined from spectroscopic data@26#. With the imple-
mentation of the Morse interaction, the collisional dissoc
tion of an isolated H2 molecule to its ground-state atoms
theoretically well described.

The CTMC is a statistical method, so thousands of traj
tories must be calculated to ensure small statistical errors
previously described@21–24#, the initial state of each trajec
tory is selected by randomly generating the position and m
mentum of the particles in the system. To extend the met
to the H2 molecule, additional random quantities must
generated for the position and momentum of both ato
centers. It is assumed that the molecule is in the gro
vibrational state with a separation distance selected rando
from its vibrational Gaussian squared distribution cente
about the minimum of the potential well (r e51.40 a.u.) of
the Morse potential, Eq.~3!. This vibrational distribution is
necessary to obtain the correct Franck-Condon energy d
bution of the dissociating protons for the isolated molecu
The momentum in the center-of-mass frame is calculated

Pc.m.5A2mEn2Vm~R!, ~4!

wherem is the reduced mass of the two atoms andEn is the
vibrational ground-state energy. The momenta of the in
vidual atoms are

pH56
Pc.m.

2
, ~5!

with the atoms moving along a line towards or away fro
each other. The intermolecular axis is then rotated int
randomly generated orientation. The electrons are place
the atoms as described for this simple hydrogenic cas
@22#, with the ionization potential for each electron set eq
to 15.6 eV, the vertical transition from the ground vibration
state of H2 to that of H2

1, see Fig. 1.
As the system is classically evolved and one or both e

trons are removed from the molecule during the collisio
interactions are included to replicate the potential curves
H2 and its ions, Fig. 1. To dynamically model the intera
tions between isolated H2 and its ions, if one electron attain
a positive energy during the collision, represented by
H2

1 curve of Fig. 1, the Coulomb electron-electron intera
tion is included in the Hamiltonian along with the Coulom
interactions between both electrons and all atomic cent
Since the coupled equations are stiff, we used a switch
in-
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function defined by 12exp(2aEi), wherea55 andEi is
the positive energy of the electron with respect to its tran
tion point. If the electron remaining on the molecule reach
an energy corresponding to the first excited state, H* (n
52), the Morse potential between the two centers is slow
switched off and the potential curve for H2

1* becomes Cou-
lombic. This simulates the H11H* dissociating interactions
which are molecular Rydbergs of H11H1 for R,5 a.u. For
complete double electron removal, the Hamiltonian then
comes a five-body Coulomb problem. Double electron
moval will place the system in a repulsive state, labeled
H11H1, in Fig. 1. Since all interactions are included in th
final state, the momenta of each particle can be determine
produce a kinematically complete calculation for the dou
electron removal process.

It is important to note that the energy required to remo
both electrons from H2 is the sum of the ionization energie
for the two electrons 31.2 eV, the 4.7 eV needed to break
ground-state H2 molecular bond, and the approximately 1
eV required to place the two protons on the repulsive C
lomb curve at the equilibrium separation. Our model over
timates the true energy required to remove both electron
a vertical Franck-Condon transition by 4 eV~54.9 eV instead
of 50.9 eV! because of our desire to have the flux lost
single electron removal properly portrayed. If the H2 mol-
ecule is displaced from its equilibrium position during th
collision, the corresponding energy required for double el
tron removal will differ from the vertical Franck-Condo
transition and be portrayed by the changes of the Morse
teraction and the internuclear position of fragmentation
the repulsive H11H1 Coulomb curve.

In order to extend the CTMC model to relativistic hea
ions, the potential due to the projectile must be modified
account for the contraction of the electric field. It is assum
that the projectile is the only particle with a relativistic v
locity and time retardation is ignored. The field due to t
projectile has the form@10#

E5
Zpr

r 3g2~12b2 sin2c!3/2
, ~6!

FIG. 1. Schematic of the H2, H 2
1, and H11H potential ener-

gies.
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1320 PRA 59C. J. WOOD AND R. E. OLSON
wherec is the angle between the projectile velocity and t
radial vector to a particle in the target, and the usual rela
istic variables are

b5
v
c

, ~7!

g5~12b2!21/2. ~8!

The incorporation of these relativistic fields reduces the l
gitudinal range of interaction with the projectile and i
creases the magnitude of the transverse field@10#.

III. RESULTS AND DISCUSSION

A. Transverse electron-electron correlation

To investigate ion-molecule collisions, the final-sta
electron momenta for the double-ionization reactio
Se2811H2 at 3.6 MeV/u (vp512.0 a.u.) and U921 1 H2 at 1
GeV/u (b5vp /c50.88) have been studied. The final-sta
momentum components are rotated into a Cartesian coo
nate system where the unit vectors are defined asp̂i in the
direction of the initial projectile momentum,p̂x in the direc-
tion of the final transverse component of the center of m
of the two recoiling and exploding H1 ions, andp̂y is chosen
to construct a right-hand coordinate system.

To observe the correlation between the electrons, a c
ponent of one electron’s final momentum is plotted ver
the same component of the second electron. Similar p
have previously been used by Moshammeret al. @4# and
Wood et al. @10# to display electron correlation in longitud
nal spectra. By displaying the spectra in this fashion, one
see in each dimension how the electrons and possibly o
particles are interacting. An absence of correlation would
noted by the lack of a distinct pattern in the spectra. T
additional use of the rotation into the collision coordina
system allows one to see detailed momentum balance a
with the electron-electron correlation.

The Se2811H2 double-ionization longitudinal spectrum
for the electrons is presented at the top of Fig. 2, withPe1i

along the horizontal axis andPe2i along the vertical axis.
This is equivalent to plotting the sum momentum of the el
trons, Pe1i1Pe2i , versus relative momentum,Pe2i-Pe1i , if

the coordinate system is rotated by 45° clockwise. From
figure it is clear that both electrons are ejected with forw
longitudinal momentum. This is due to the long postcollisi
interaction with the projectile. The majority of double
ionization events lead to both electrons having smallPei i

,
without a strongly observed correlation. However, on
edges of the distribution a pattern is noticed where one e
tron is fast in the longitudinal direction while the other ele
tron is slow. This pattern is the result of including th
electron-electron interaction in the postcollision regime, a
it is not observed when this interaction is absent@4#.

Because the peak in the longitudinal plot does not sh
strong correlation effects does not imply that most collisio
result in noncorrelated electrons. We find the correlation
more apparent in the transverse plane where the long p
collision interaction of the electrons with the highly charg
projectile ion is minimized. By making use of the collisio
-
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plane with the transverse recoil-ion momentum defining
px coordinate,PR'5PRx , an interesting correlation is appa
ent. In the middle of Fig. 2 is a plot ofPe1x versusPe2x . The

px component of electron momentum is parallel or antip
allel to the transverse recoil momentum. For both axes,PR'

is along the positive portion of the axis (PRx is always posi-
tive!. For example, any density in the first quadrant wou
signify that both electrons and the recoil ion each have p

FIG. 2. Calculated correlation of the electron spectra for 3
MeV/u Se281 1H 2. Top: Pe1i vs Pe2i ; middle: Pe1x vs Pe2x ; bot-
tom: Pe1y vs Pe2y . Each plot is on a linear scale, with darker are
representing a higher cross section.
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tive components of momentum in thepx direction. ThePe1x

versusPe1x spectrum of Fig. 2 clearly portrays the electro

correlation and also momentum balance. The event spec
shows that one electron is ejected opposite the center of m
of the recoil ions with a broad range ofPe . The other elec-
tron is apparently constrained to small values of posit
Pex . In the case of independent electrons, it would be
pected that both electrons be ejected withpx opposite that of
the recoil. In our calculation the electrons are not indep
dent, so the electrons will repel each other. It is unlikely t
an electron will be observed with a large value ofPex in this
direction, since the transverse momentum of the recoil
accounts for most of the momentum in this direction. A lar
positive Pex can occur when the projectile is scatter
strongly off the target.

The lower portion of Fig. 2 is a plot ofPe1y versusPe2y .

This plot is interesting since momentum in thepy direction is
carried mainly by the electrons. The recoil has a zero co
ponent ofPRy , and the projectile’s transverse momentum
normally opposite the recoil. Two-body momentum balan
and electron correlation then lead to the back-to-back pat
observed in the lower section of Fig. 2. The tendency for o
electron to be fast and the other slow is also noticed in
outer regions in this direction.

Calculations for double ionization of H2 by relativistic
1-GeV/u U921 ions have also been carried out, and the
sults are displayed in Fig. 3 in the same fashion as ab
For the longitudinal case, the pattern is changed consider
from the 3.6-MeV/u Se281 case, with the distribution being
centered at the origin. The shift toward the center is due
lack of postcollision interaction from the projectile due
relativistic reduction of the longitudinal impulse given to th
ionized electron by the projectile. The pattern for thepx di-
rection is similar to the previous case, but a significant nu
ber of events are observed with both electrons having p
tive values ofPei . These reactions probably occur when t
projectile is strongly scattered by the target. The recoil
and electrons balance the momentum transfer by movin
the1px direction, and the electron correlation is in thepy or
pz direction. It is also possible that the recoil ions have
very small transverse momentum, due to scattering ma
between the electrons and the projectile. A decrease in
transverse correlation will also occur because the lack of
with the projectile increases the longitudinal correlatio
Looking at thepy direction, the pattern is broader along th
Pe2y-Pe1y diagonal. This indicates the projectile is playin
more of a role in momentum balance in this direction than
the 3.6-MeV/u Se281 system.

B. Orientation effects

To explore the double electron removal dependence
the orientation of the molecular axis, calculations f
O811H2 at 500 keV/u have been made. Double electron
moval at 500 keV/u includes both the double-ionization a
transfer-ionization processes. To determine the orienta
dependence, the angle of the final-state momentum of
dissociation products (H1) with the incident beam direction
is determined. This is in accordance with experimental me
ods, and assumes that the rotation of the molecule is m
m
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slower than the collision time. The single differenti
ds/d cosu is plotted as a function ofu, the polar angle of a
H1 ion. The double-ionization results are shown in Fig.
No dependence on the orientation has been found for
case, in agreement with the measurements and conclus
of Chenget al. @14#. The experimental data shown in Fig.
have been normalized to the calculations. The experim
included both double-ionization and ionization excitati
processes because the different channels could not be d

FIG. 3. Calculated correlation of the electron spectra
1-GeV/u U921 1H 2. Top: Pe1i vs Pe2i ; middle: Pe1x vs Pe2x ;
bottom: Pe1y vs Pe2y . Each plot is on a linear scale, with darke
areas representing a higher cross section.
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1322 PRA 59C. J. WOOD AND R. E. OLSON
guished in the study, while the calculation in Fig. 4 is limit
to double ionization. The cross section lacks orientation
pendence because the range of interaction for double elec
removal of approximately 5 a.u. greatly exceeds the inter
clear separation of H2.

On the other hand, the range of interaction for trans
ionization is smaller than that for double ionization. The c
culated distribution for transfer ionization in Fig. 4 is n
isotropic, but has a peak value at 90° about 1.5 times
minimum located at 0°. This is consistent with the observ
data of Chenget al. @14# for the same system. A slight asym
metry is noticed in the spectrum of the CTMC calculation
The distribution has a slightly higher magnitude at 180° th
at 0° since the H11H1 center of mass is found in the bac
ward direction.

The transfer-ionization results are surprising for two re
sons. First, one would expect more transfer ionization to
cur when the H2 internuclear axis is parallel to the incide
beam since the electron capture mechanism, unlike the
ization process, is of short range. The O81 projectile moving
parallel to the axis could independently capture one elec
and ionize the other as it passes the molecule. This is
observed, however, as the maximum of the distribution
found at 90°. Second, the anisotropy in the distribution
been attributed to interference between the atomic cen
@14,17#. A quantal interference effect is certainly not possib
in our classical calculation. It should be noted that the
perimentally observed height of the maximum above
minimum is appreciably higher than the height found in t
present calculations. Also, note that when the calculati
did not include the electron-electron and electron–oth
target-nuclei interactions, the anisotropy was reversed wi
minimum at 90° rather than a maximum.

Thus our calculations with and without all interactio
substantiate that dynamical electron-electron or electr
other-target-nucleus correlations play a role in the anisotr

FIG. 4. Angular distributionsds/d cosu of the target H1 ions
for double and transfer ionization by 500-keV/u O81. Open
circles—CTMC double-ionization results, full circles—Chenget al.
@14#. Open triangles—CTMC transfer-ionization results, fu
triangles—Chenget al. @14#, dashed line—transfer-ionization ca
culations without the inclusion of electron-electron and electro
other-target-nucleus interactions.
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due to the orientation of the molecular axis. For example,
first ionized electron could subsequently ionize the sec
electron through the Thomas electron-electron scatte
process investigated by Mergelet al. @27#. A more probable
explanation is that the conventional electron-nuclear Thom
mechanism increases the capture probability for molecu
aligned perpendicular to the projectile velocity, giving rise
a maximum for alignments of 90° . In this case, a hard c
lision of one electron with the projectile scatters the elect
around the other proton nucleus to be captured by the
jectile via a process similar to that for Thomas scattering
an atom. Such an explanation would be consistent with
given by quantal calculations in that second-order proces
such as scattering from the second nucleus, are require
explain the experimental observations.

The orientation dependence for other systems, nam
3.6-MeV/u Se2811H2 and 1-GeV/u U9211H2, have also
been examined, Fig. 5. The double electron removal mec
nism for these fast collisions is double ionization, so it c
be determined if increasing the projectile velocity chang
the orientation dependence of the double-ionization cr
section. Experimental measurements@14# of O811H2 indi-
cate that theds/d cosu distribution remains isotropic up to 1
MeV/u. The CTMC calculations at a higher impact energy
3.6-MeV/u Se2811H2 are also isotropic, as seen in Fig.
The results are quite different for 1-GeV/u U9211H2, Fig. 5,
as a minimum is found at 90°. The lower probability
double ionization at 90° for this very fast collision is attrib
uted to the short range of interaction and the low energy
the ejected electrons. The impact parameter range of inte
tion for double ionization of the 500-keV/u and 3.6-MeV
collisions is about three times the size of the hydrogen m
ecule, essentially making the H2 look like a two-electron
atom. In the 1-GeV/u case, most double-ionization eve
occur within an impact parameter about the size of the m
ecule. An orientation 90° to the beam decreases the cha
of the projectile closely approaching both electrons, and t
decreases the probability of sequential ionization. In ad
tion, at 1-GeV/u, electrons are ejected with low energy a
perpendicular to the beam direction@10#. The possibility ex-
ists for double scattering, however, the low energy of

–

FIG. 5. Angular distributionsds/d cosu of H 1 ions for double
ionization of H2 by 3.6-MeV/u Se281 and 1-GeV/u U921.
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FIG. 6. Energies of the protons after double electron removal by Xe541. The left-hand side represents the total energy of both ions,
the right-hand side represents energies of a single ion.
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ejected electrons makes an ionization from an electr
electron interaction improbable.

C. Xe5411H2 double electron removal: Fragmentation of H2

The removal of both electrons from the hydrogen m
ecule results in a Coulomb explosion between the target
tons and the projectile. To investigate the properties of
energy and momentum spectra of the protons, simulation
the collision system Xe5411H2 at impact energies of 1 eV/u
1 keV/u, 10 keV/u, and 1 MeV/u have been made. The l
energy of 1 eV/u was chosen to test calculated capture c
sections versus measurements from the Livermore EBIT
cility by Beck et al. @19#. These experiments were performe
for a collision system with a center-of-mass energy of 6 e
A linear fit to the measurements by these workers provide
total capture cross section of 12310214 cm2 for a projectile
charge ofq554. In comparison, the CTMC calculations pr
dict a total cross section of 5.1310214 cm2. Our calcula-
tions are within the error bars of the measurement, wh
absolute values were obtained by normalizing to experime
by Kraviset al. @28#. Moreover, the measurements by Krav
et al. are consistently a factor of about 2 above those of C
et al. @29#, to which we compare well. The ratio of th
-
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e
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double capture to the total cross section,sD /sT , was calcu-
lated to be 57%, while the EBIT researchers observe
nearly constant value of about 30% for projectiles withq
>35. The large difference is most likely due to neglecti
Auger decay of the captured electrons in our model. T
predictions include events that may eventually Auger de
and result in transfer ionization, not double electron captu

The removal of two electrons from H2 automatically leads
to the dissociation of the molecule and two free H1 ions. The
kinetic energy of the two ions in the final state has tw
sources: the energy transferred from the projectile during
collision, and the energy from the Coulomb repulsion b
tween the protons. The energy spectra of the dissocia
products are shown in Fig. 6 for Xe541 impact over a broad
range of impact energies. At the lowest energies double e
tron capture is the dominant collision mechanism with ca
ture proceeding into a narrow band ofn levels aroundn
518. At the higher energies, impact ionization of both ele
trons is the main double electron removal mechanism.

The left-hand side of Fig. 6 is the distribution for the su
of the energies of both H1 ions, and the right-hand side is th
energy distribution for individual H1 ions. The figure shows
that the total energy sum of the two ions increases as
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collision energy decreases. The high energy protons
duced from impact at 1 eV/u are due to a large collisio
transfer of energy to the target from the projectile. In esse
this is a three-body Coulomb explosion between the p
tively charged heavy ions since the collision time is qu
extended. The extent of the Coulomb explosion is not
large as given by the simple ratio of the projectile to prot
charges, since in these slow collisions the impact param
range is extended to almost 40 a.u. As the impact ene
increases and the collision time decreases, less energy is
lisionally transferred to the target and the total energy
proaches the Franck-Condon transition energy of the isol
molecule,;19 eV. At 1 keV/u the distribution for the tota
proton energy peaks around 30 eV, with 10 eV from trans
during the collision, and 20 eV from dissociation. At 1
keV/u and 1 MeV/u the amount of energy obtained from
collision is very small, and the positions of the peaks a
proach the isolated molecule Franck-Condon limit.

When the energies of the individual ions are examin
the right side of Fig. 6, a consistent trend is noticed. Bel
;10 keV/u, appreciable deviations from Franck-Cond
behavior appear. Such deviations are consistent with the
Franck-Condon behavior observed by Gieseet al. @30# for
; 20-eV/u Ar511H2 collisions. At 1 eV/u the distribution
indicates that the energy transferred to the ions is ne
equal, with each proton absorbing half of the collisional e
ergy. However, at 1 keV/u the energy distribution for t
individual ions is much wider than that for the total energ
The protons do not equally share the available energy, a
evident by the number of low energy ions. This is also a
parent, but not as extreme, at 10 keV/u. At 1 MeV/u, t
distribution peaks at about 10 eV, indicating that the io
equally share the 19 eV of energy liberated in the explos
of the molecule. To explain the process at 1 and 10 keV
the right side of Fig. 6 must be closely examined. The ene
transferred to the center of mass of the ions by the 1-ke
Xe541 is about 10 eV. When the ions equally share the 20
from the dissociation, each will have 10 eV of energy. If t
Coulomb explosion directs an H1 opposite the center-of
mass motion~determined by the collision with the projec
tile!, a low energy proton in the laboratory frame will be th
result.

To further explore this effect, the energy of one H1 is
plotted versus the energy of the other H1 in Fig. 7. At low
energy the projectile transfers about equal amounts of en
to each H1, so theEH1

1
5EH1

2 line is dense and the Franck
Condon energies from the breakup are folded into the
tern. At high impact energies, in the lower plot of Fig. 7, t
energy is from the target Coulomb explosion, so the den
is concentrated aroundEH1

1
5EH1

2
510 eV. The pattern for

1-keV/u Xe541 impact is markedly different from the other
The dominant feature in this case is the one-fast-one-s
distribution of the energies. This is again due to collision
energy being about the same as the dissociation energy

If the longitudinal momentum of the exploding protons
examined, more features of the dynamics can be seen
presented in Fig. 8. At 1 eV/u, the spectrum is pushed
ward by the incoming slow Xe541 projectile. A minimum is
found near zero, and a smaller peak is found in the backw
direction. The width of the distribution demonstrates t
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large momentum transfer from the collision. The 1-keV
spectrum of Fig. 8 is antisymmetric aboutpi50, with the
distribution showing more ions moving with negativepi . At
1 MeV/u, in the bottom of Fig. 8, the longitudinal momen
tum spectrum is symmetric about the origin and is flat on
top. This is expected because of the small momentum tra
fer during the collision.

It is of interest to further study the momentum of th
dissociation products in a coordinate frame similar to t

FIG. 7. The energy sharing,EH 1
1 vs EH1

2 , between the H1 ions
for double electron removal by 1-eV/u Xe541 ~top!, 1-keV/u Xe541

~middle!, 1-MeV/u Xe541 ~bottom!.
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already used to study electron correlation. In this case, h
ever, thepx component is defined by the final transver
component of the projectile momentum. In Fig. 9 the m
mentum of the protons is plotted for Xe541 impact at 1 eV/u.
The top plot showspi on the horizontal axis andpx on the
vertical axis. The projectile’s transverse momentum is in
positive px direction. From this plot one can see that t
protons and the Xe541 projectile scatter in opposite direc
tions from one another. The semicircular pattern of the p
ton spectra demonstrates how the momentum is distrib
to give the energy spectra of Fig. 6. The middle portion
Fig. 9 is a plot ofpi versuspy . The pattern here shows n
structure or correlation. Thepy component is of less impor
tance here because large impact parameters of the coll
result in relatively small transverse momentum compone
perpendicular to the line between the projectile and the ta
center. In the lower plot of Fig. 9 thepx components of the
protons are plotted against each other. The main density
is at ;(2100,100) a.u. The interaction with the high
charged projectile clearly dominates over the H1-H1 inter-
action in this collision.

FIG. 8. Longitudinal momentum spectra of H1 ions after
double electron removal by Xe541 at impact energies of: top, 1
eV/u; middle, 1 keV/u; bottom, 1 MeV/u.
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At 1 keV/u, the collisional energy transfer is about th
same as the energy released in the molecular breakup. Thpi
versuspx plot on the top has a circular pattern center
aroundpi'210 andpx'210 a.u. The shift from the origin
is due to the collisional interaction with the projectile. Th
dark high density areas show the protons moving oppo
the projectile in the transverse direction. Many protons
found outside of the spherical momentum shell, and th
protons have excess momentum in the negativepx direction.
These are the protons that cause the broad energy dist

FIG. 9. 1-eV/u Xe541 1 H 2 momentum spectra of the dissoc
ated protons. Top:pi vs px ; middle; pi vs py ; bottom:px1 vs px2 .
The transverse projectile momentum is along1px .
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tion in the 1-keV/u plot of the individual protons in Fig. 6. I
the middle part of Fig. 10 thepi versuspy distribution is a
circular pattern with maxima at the edge of the circle. T
distribution is pushed back in the longitudinal direction a
is symmetric aboutpy50. The protons balance each oth
exactly in this plane because the projectile transverse
mentum~including the captured electrons! is in thepx direc-
tion. The momentum in this plane is a combination of t

FIG. 10. 1-keV/u Xe541 1 H 2 momentum spectra of the disso
ciated protons. Top:pi vs px ; middle: pi vs py ; bottom: px1 vs
px2 . The transverse projectile momentum is along1px .
e

o-

collisional and breakup interactions. A plot ofpx1 versuspx2
in the lower part of Fig. 10 shows back-to-back (px15
2px2) motion, but the collisional transfer to the center
mass of the target spreads the event distribution. Note
close collisions with a small impact parameter may for
both protons to have large and negative values ofpx .

For the 1-MeV/u Xe5411H2 fast collision, the dissociat-
ing protons behave as expected for a Franck-Condon tra

FIG. 11. 1-MeV/u Xe541 1 H 2 momentum spectra of the dis
sociated protons. Top:pi vs px ; middle; pi vs py ; bottom:px1 vs
px2 . The transverse projectile momentum is along1px .
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PRA 59 1327DOUBLE ELECTRON REMOVAL AND FRAGMENTATION . . .
tion. Only small energy and momentum transfers occur,
the momentum given to the protons during the breakup
clearly seen. In Fig. 11, thepx versuspi andpy versuspi are
symmetric about the origin. A three-dimensional pictu
would be a thin spherical surface of radiusp5A2mE in
momentum space. Back-to-back proton emission is obse
for px1 versuspx2 , as would be expected in this case whe
the projectile deposits its energy and then recedes and is
distant when the two protons commence their breakup.

IV. CONCLUSIONS

Five-body classical trajectory Monte Carlo calculatio
have been presented for double electron removal from
lecular hydrogen. Correlation between the ejected electr
has been observed in the double ionization of H2 by 3.6-
MeV/u Se281 and 1-GeV/u U921. The correlation is found in
both the longitudinal and transverse directions. Our res
show the importance of the postcollision interactions
tween the electrons and recoil and projectile ions. Howe
the lack of initial-state correlation limits the completeness
the theory.

The dependence of cross sections on the alignment o
molecular axis was determined for transfer ionization a
double ionization. The absence of any dependence for do
ionization at intermediate energies is in agreement with
periment. The prediction for the minimum at 90° for relati
istic U921 projectiles has yet to be confirmed by experime
The maximum found at 90° for transfer ionization in 50
keV/u O811H2 was surprising, since it has commonly be
attributed to interference between the atomic centers.
found that such a peak only occurs for calculations where
ar
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electron-electron and electron–other-proton-nucleus inte
tions are included in the description of the collision. Such
observation indicates that the Thomas double scatte
mechanism, where the electron from one center scatters f
the other target center, preferentially proceeds when the
lecular axis is perpendicular to the projectile velocity. Wh
these latter interactions were not included in the calculatio
a minimum, rather than a maximum, was obtained at 90

Examination of the proton energies after double elect
removal reactions resulted in the observation of differing
ergy sharing behavior. At low collision energy the intera
tion with the projectile produced very ‘‘hot’’ protons due t
the Coulomb explosion of the protons against the hig
charged projectile ion during the slow collision. In contra
at high collision energies, we found the usual Franc
Condon breakup pattern because the projectile was ab
from the target region during the dissociation process. Ho
ever, in intermediate to slow collisions such as 1- to 1
keV/u Xe541, the collisional energy transfer is comparable
the energy at the Franck-Condon limit. Here, we found b
‘‘hot’’ and ‘‘slow’’ protons. We did not expect the presenc
of slow protons, which resulted in lengthy checks of t
computer code. If such a prediction is confirmed experim
tally, it may be possible that unique slow dissociation pro
ucts can be produced by collisions of highly charged io
with molecules at intermediate energies around 1–10 keV
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