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Double electron removal and fragmentation model of the H molecule by highly charged ions
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A five-body classical trajectory Monte Carlo model has been developed to study double electron removal
from H, 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 H, by impact of S&" at 3.6 MeV/u and %" 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,kholecular axis was investigated. Here, transfer ionization pby1OP* 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/#a+H, collisions. A systematic study of the energy partitioning
between the two product Hions has been made for X&+H, from 1 eV/u to 1 MeV/u. Large deviations
from Franck-Condon behavior are found for impact enerBiesl 0 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.
[S1050-294@9)07502-3

PACS numbd(s): 34.10+X%, 34.50—s

[. INTRODUCTION agreement with the longitudinal momenta spectra, and quali-
tative agreement with the observed electron-electron correla-

The removal of two electrons from an atom or moleculetion.
by the interaction of a heavy, highly charged ion can lead to The single-ionization channel for this system {Se
double ionization, transfer ionization, or double electron cap-+ He) has also been studied in a kinematically complete ex-
ture reactions. Double ionization of a target such as He,or HPeriment[5] and in a work by Olsoret al. [6]. Analysis of
by a fast, heavy ion will lead to correlated motion betweenMomentum spectra for this system relied upon a collision
the ejected electrons and the projectile and recoil ions. Thﬁl"’me defined by the incoming projectile momentum and the

study of ion-molecule reactions leads to the further compli- nal transverse momentum of the recoil ion. This collision

cation of the dependence on the alignment of the molecula?!ane ha; been used by other workers n the figield] to.
. - . display final-state momenta spectra of ion-atom collisions
axis. In addition, double electron removal from kesults in

i iai £ th lecul d th b t Coul ﬁ?d to identify signatures of various ionization mechanisms.
ISsociation of the molecule an e subsequent LOUIOMp, this notation the projectile’s incident momentum defines

explosion of the protons. For a sufficiently slow ion, the o +2, or longitudinal direction. The andy components
correlation in the postcollision regime will be a five-body gre in the plane perpendicular to the longitudinal vector.
problem that includes three heavy particles, all with approxi- | 3 recent paper by Wocet al.[10], CTMC calculations
mately equivalent speeds. for single and double ionization of He by 1-GeV/§4 ions
Analysis of final-state energies and momenta of the colli-gisplayed a significant reduction in the projectile postcolli-
sion products gives insight into the dynamics of the capturgion interaction due to relativistic corrections to the projec-
and ionization removal mechanisms. This has been achievetle interaction. This leads to the longitudinal electron spectra
for atomic targets experimentally through the developmenbeing nearly symmetric abodty=0. The electron correla-
of recoil-ion momentum spectroscofd] with the coincident  tion found in double-ionization events is similar to that ob-
detection of low energy electror,3]. Moshammeret al.  served for collisions with 3.6-MeV/u $& ions. However,
[4,5] have performed extensive measurements fof®'Se the lack of the postcollision interactiai@®Cl) from the pro-
+He single and double ionization at 3.6 MeV/u. For thejectile allows the correlation between the electrons to be seen
double-ionization channel, they have found that the longitumore clearly. The calculations indicated that electron-
dinal momentum balance between the recoil ion and the sumlectron interactions in the postcollision regime are needed
momentum of the ionized electronX Pg;) is the result of  to properly describe the electron momenta spectra. In addi-
the correlated motion of the initially bound electrddg The  tion, Keller et al.[11] used the Weizzker-Williams equiva-
work also showed that electrons are mainly emitted withlent photon method to conclude that both initial-state and
positive longitudinal momentum due to a strong postcollisionpostcollision correlation are needed to fully understand the
interaction with the projectile. Electron-electron correlationelectron-electron interactions.
was also displayed with one electron moving slowly and the In the systems described above, electron correlation for
other moving comparatively fast. Classical trajectory Montethe double-ionization reaction was examined in only the lon-
Carlo (CTMC) calculations, which included the electron- gitudinal direction. The electron correlation, if any, in the
electron interaction in the postcollision regime, showed goodransverse plane has yet to be explored experimentally or
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theoretically. By expanding on the previous methods ofsions. In our present work, we will focus on the energy and
analysis, our work will explore the transverse electron correfnomentum spectra of the target protons produced by double
lation in 3.6-MeV/u S&*+H, and 1-GeV/u 8" +H, electron removal due to X&" ion impact at energies ranging
double-ionization collisions using the CTMC method. Thefrom 1 eV/u to 1 MeV/u. Such collisions are mediated by
longitudinal electron correlation will also be presented todouble electron capture at low energies, transfer ionization at
compare to previous studies on double ionization of He. Byntermedlate energies, and double ionization at high energies.
doing this, the H model will be tested and any variations in

electron spectra due to the different targets may be deter- Il. THEORY

mined. These differences may include the ejected electrons . . _
scattering off one of the molecular target atoms in a second- The classical trajectory Monte Carlo method for ion-atom

ary collision, and redistribution of the momentum due to thecolllsmns has been thoroughly described in previous papers

Coulomb explosion of the molecule [21-24. Briefly, random numbers that are constrained by
Along with the development of recoil-ion-momentum K€pPler's equation are used to initialize the plane and eccen-

spectroscopy, recent progress has been made in the field icity of each electron’s orbit. Another random number is

ion-molecule scattering. The coincidence time-of-flight tech-US€d 10 determine the impact parameter within the range of

nigue has made it possible to measure the dissociation chalfiteraction. Then, a fourth—ort_jer Runge-Kutta Integration
nels for highly ionized molecular ion&2—14. These pro- method is applied to solve the first-order, coupled differential

cedures make it possible to explore possible orientatioffduations arising from Hamilton’s method. The Runge_—Kuttq
effects of different ionization channels in ion-molecule col-'Ntégration is suitable because of its ease of use and its abil-

lisions. Recent experimental reports have focused on the orfly to vary the time step. This latter requirement is essential

entation dependence of double ionization and transfer ionizg2 e LIS not uncommon for thg time sFep to vary by thr_ee
orders of magnitude during a single trajectory. Aspects im-

tion of diatomic molecules by electrons and heavy ions. .
Double ionization of H by 1-MeV/u electrons displays a portant to the success of_the method are good_ approximations
maximum at 0° to the beam directidd5,16], while the of the quantum mechanical ground-state radial and momen-
study shows the distribution is nearly is<’)tro’pic for protont.um distributions of the target atom and inclusion of interac-
impact at 1 MeV/u. The lack of dependence on the oriental®"S between .aII particles. Recent enhancements to the
tion of the molecular axis for double ionization, for heavy- CTMC method include the addition of the electron-electron

. oo . ! ~7 Coulomb interactiorj4,10] in the postcollision regime, and
ion projectiles, was also observed iff O D, at impact en the contracted field of a relativistic projectil@0]. In this

ergies ranging from 0.125 MeV/u to 1 MeV/iL4]. In ! ) :
contrast, transfer ionization and transfer excitation gfdy vyork, both of these enhancements will be incorporated into a
five-body model for H targets.

8+ ; _ i °
O impacting at 0.125-1 MeV/u show maxima at 90° for The model for ion-molecule collisions using the CTMC

energies greater than 0.125 MeV/u. This anisotropy has beenethool is generally the same as for atomic targets, described

attributed to interference between the two atomic centers. ,&1 . . .
theoretical work on electron capturgl7] using the in [21-24, with the exception that an additional target cen-

continuum-distorted-wave—eikonal-final-state  model fort%gé&vﬂ:‘(ﬁ;ﬁ;r{nCtLeea:esstgrf Zonr]g(l;)sg ;,ghae:%\;e;g?? eyat
0% +H, at 625 keV/u supported the experimental data of? ' 9 Y 8P

Chenget al.[14]. In a recent work, Wohrer and Watspt8] thrzvti’gggd ngel\(;ltcr:onsstsgii;heoﬁtom|c;a(r:e2ttsershr:\L/J:t tl)J(zeudsed.
have used a geometrical argument within the independenE H targ

electron approximation to conclude that geometrical effectécn;é&z?ge?;'rﬁlzzz[cr)?]n ;nnoddeLSaV\;ILt]?ea glngrllee:\llect[%ir'?]sto The
on the ionization cross sections for, ldhould be small. In P y y i

our work an attempt will be made to determine if any part Ofcontlnuum-d|storted-wave—elkonal-fmal-statéCDW-EFS

the orientation dependence can be attributed to classical scafiodel has been used within a two independent center ap-
tering processes. proximation to study single electron captyfe’].

In our work two atomic centers, each with one electron,
In a double electron removal process from molecular hy- . . S
are used to enable the direct investigation of double electron

drogen, the target protons attain energy via transfer of ener . o i
from the projectile and from the kinetic energy released duﬂyemoval mechanisms fromzHThe Hamiltonian for the five-

ing the dissociation. The collisional energy transfer de—bOdy system Is
creases as the impact energy increases, and the kinetic en-

2 4 5
ergy released is determined by the Franck-Condon transition H= 2 p_i+ E E Vi, (1)
to the Coulomb potential of the two protons. Knowledge of s12m &S5,

the proton kinetic energy will be helpful in understanding the
low energy collision cross sections such as those observed byherep; is the momentum of a given particley a particle’s
Becket al.[19] at the electron beam ion trdgBIT) at Liv- ~ mass,rj; is the distance betwednandj, andVj; is the po-
ermore. In these measurements, double capture frerayH  tential between andj. A desirable treatment would have the
highly charged ions shows the ratio of double to single cappotential terms as pairwise Coulomb interactions
ture cross sections for projectile charggs 35 to be ap-
proximately 30%. V(r, )= ZiZ; @

If the projectile has a velocity near the final speed of the 1] ij
target protons, then interesting energy sharing will result. For
example, a high degree of correlated motion has been rehroughout the collision process. This is acceptable for the
vealed by Wieseet al. [20] for H™ + H, dissociative colli- projectile-electron, projectile-target, and electron—parent-
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nucleus interactions. However, using E2). for the electron- 60
electron, and electron—other-target-nucleus terms causes in-
stability in the classical initial state. To overcome this 50t
problem, the initial state of the molecule is modeled by two =
independent hydrogen atoms. Each electron will be initially L4
bound to its parent atomic center by the Coulomb force, and 3
have no dependence on the other atomic center or the other %30-
electron. The two atom molecule is held together by a Morse ©
potential[26] % 20l Hy
Vin(R)=Dg(1—e Pl re)2, 3 *
101 \\ H
where D, is the dissociation energR is the separation of 2
the atomic centers, ang is the separation defined such that s = - - - -

Vn(re) is a minimum. The values foD.=4.7 eV,r,
=1.40 a.u., and the curvature paramefar=0.73 a.u. are
determined from spectroscopic ddt26]. With the imple- FIG. 1. Schematic of the K H 3, and H* +H potential ener-
mentation of the Morse interaction, the collisional dissocia-gies.
tion of an isolated K molecule to its ground-state atoms is
theoretically well described. . ) .
The CTMC is a statistical method, so thousands of trajeciunction defined by I exp(—aE;), wherea=5 andE; is
tories must be calculated to ensure small statistical errors. AG'E Positive energy of the electron with respect to its transi-
previously describef21—24, the initial state of each trajec- tion point. If the electron remaining on the molecule reaches
tory is selected by randomly generating the position and mo@" €nergy corresponding to the first excited state(rH
mentum of the particles in the system. To extend the method 2)» the Morse potential between the two centers is slowly
to the H, molecule, additional random quantities must beswitched off and the potential curve fopH' becomes Cou-
generated for the position and momentum of both atomidombic. This simulates the H+H* dissociating interactions
centers. It is assumed that the molecule is in the grounwhich are molecular Rydbergs of H-H* for R<5 a.u. For
vibrational state with a separation distance selected randomigomplete double electron removal, the Hamiltonian then be-
from its vibrational Gaussian squared distribution centere¢omes a five-body Coulomb problem. Double electron re-
about the minimum of the potential welt {=1.40 a.u.) of moval will place the system in a repulsive state, labeled as
the Morse potential, Eq(3). This vibrational distribution is H*+H™, in Fig. 1. Since all interactions are included in the
necessary to obtain the correct Franck-Condon energy distrfinal state, the momenta of each particle can be determined to
bution of the dissociating protons for the isolated moleculeproduce a kinematically complete calculation for the double
The momentum in the center-of-mass frame is calculated bglectron removal process.
It is important to note that the energy required to remove
Pem=V2uE,—V(R), (4) both electrons from Kis the sum of the ionization energies
_ for the two electrons 31.2 eV, the 4.7 eV needed to break the
wherey is the reduced mass of the two atoms &nds the  ground-state KW molecular bond, and the approximately 19
V!bratlonal ground'state energy. The momenta Of the |nd|'ev required to p|ace the two protons on the repu'sive Cou-
vidual atoms are lomb curve at the equilibrium separation. Our model overes-
timates the true energy required to remove both electrons in
py=+ Pc-m-, (5)  avertical Franck-Condon transition by 4 €54.9 eV instead
2 of 50.9 e\) because of our desire to have the flux lost to
_ ) ) single electron removal properly portrayed. If the Hol-
with the atoms moving along a line towards or away fromg.je js displaced from its equilibrium position during the

each other. The intermolecular axis is then rotated into &jision, the corresponding energy required for double elec-
randomly generated orientation. The electrons are placed Qg removal will differ from the vertical Franck-Condon
the atoms as described for this simple hydrogenic case i nsition and be portrayed by the changes of the Morse in-

[22], with the ionization potential for each electron set equale action and the internuclear position of fragmentation on
to 15.6 eV, the vertical transition from the ground vibrational the repulsive H+H* Coulomb curve

state of H to that of H", see Fig. 1. In order to extend the CTMC model to relativistic heavy
As the system is classically evolved and one or both eleciyng the potential due to the projectile must be modified to

trons are removed from the molecule during the collision ..o nt for the contraction of the electric field. It is assumed

interactions are included to replicate the potential curves ofj 4+ the projectile is the only particle with a relativistic ve-

H, and its ions, Fig. 1. To dynamically model the interac-|qcin and time retardation is ignored. The field due to the
tions between isolated and its ions, if one electron attains projectile has the forni10]

a positive energy during the collision, represented by the
H,™ curve of Fig. 1, the Coulomb electron-electron interac-
tion is included in the Hamiltonian along with the Coulomb

. . ; Zr
interactions between both electrons and all atomic centers. E= P

Since the coupled equations are stiff, we used a switching r3y?(1— B2 sirfy)3?

Internuclear distance (a.u.)

(6)
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where s is the angle between the projectile velocity and the 4
radial vector to a particle in the target, and the usual relativ-
istic variables are

v
B=2, @)

c
y=(1-p""2 ®)

The incorporation of these relativistic fields reduces the lon- o4 L
gitudinal range of interaction with the projectile and in-
creases the magnitude of the transverse fie@.

(a.u.)

eII2

P

Ill. RESULTS AND DISCUSSION -4 -2 0 2 4
A. Transverse electron-electron correlation 1

To investigate ion-molecule collisions, the final-state
electron momenta for the double-ionization reactions
Se&®*+H,at 3.6 MeV/u ¢,=12.0 a.u.) and &* + Hyat1
GeV/u (B=v,/c=0.88) have been studied. The final-state
momentum components are rotated into a Cartesian coordi-

nate system where the unit vectors are define&nas the

direction of the initial projectile momenturp, in the direc-
tion of the final transverse component of the center of mass

of the two recoiling and exploding Hions, ancf)y is chosen
to construct a right-hand coordinate system.

To observe the correlation between the electrons, a com-
ponent of one electron’s final momentum is plotted versus
the same component of the second electron. Similar plots
have previously been used by Moshamnetral. [4] and
Woodet al.[10] to display electron correlation in longitudi-
nal spectra. By displaying the spectra in this fashion, one can
see in each dimension how the electrons and possibly other
particles are interacting. An absence of correlation would be
noted by the lack of a distinct pattern in the spectra. The
additional use of the rotation into the collision coordinate
system allows one to see detailed momentum balance along
with the electron-electron correlation.

The Sé% +H, double-ionization longitudinal spectrum ~
for the electrons is presented at the top of Fig. 2, vﬂg}” o

along the horizontal axis anBEZH along the vertical axis. o4 L

This is equivalent to plotting the sum momentum of the elec-
trons, Pe |+ Pe |, versus relative momentunie -Pe |, if

the coordinate system is rotated by 45° clockwise. From this -4 - -
figure it is clear that both electrons are ejected with forward —4 2 5 o(a.u.) 2 4

longitudinal momentum. This is due to the long postcollision ey,

interaction with the projectile. The majority of double- _
ionization events lead to both electrons having Srﬁ’%!h. " FIG. 2.Sf:alculated .correlatlon of th_e elgctron spectrfel for 3.6-
_ _ eV/u SE€%" +H ,. Top: P Vs P, ; middle: P , VS P ; bot-
without a strongly ol_Jserved Corrglatlor). However, on thetom: P.., vs P, . Each plot is on a linear scale, with darker areas
edges of the distribution a pattern is noticed where one elec- v 2y :
tron is fast in the longitudinal direction while the other elec- fepresenting a higher cross section.
tron is slow. This pattern is the result of including the ) o o
electron-electron interaction in the postcollision regime, andPlan€ with the transverse recoil-ion momentum defining the
it is not observed when this interaction is absgft px coordinatePr, = Pry, an interesting correlation is appar-
Because the peak in the longitudinal plot does not shovnt- In the middle of Fig. 2 is a plot &%, , versusP, . The
strong correlation effects does not imply that most collisionsp, component of electron momentum is parallel or antipar-
result in noncorrelated electrons. We find the correlation isallel to the transverse recoil momentum. For both akgs,
more apparent in the transverse plane where the long post along the positive portion of the axi®g, is always posi-
collision interaction of the electrons with the highly chargedtive). For example, any density in the first quadrant would
projectile ion is minimized. By making use of the collision signify that both electrons and the recoil ion each have posi-

PeXZ (a.u.)

(a.u.)
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tive components of momentum in tipg direction. ThePelX
versusPe » spectrum of Fig. 2 clearly portrays the electron

correlation and also momentum balance. The event spectrum
shows that one electron is ejected opposite the center of mass
of the recoil ions with a broad range Bf,. The other elec-
tron is apparently constrained to small values of positive
Pox- In the case of independent electrons, it would be ex-
pected that both electrons be ejected withopposite that of
the recoil. In our calculation the electrons are not indepen-
dent, so the electrons will repel each other. It is unlikely that
an electron will be observed with a large valueRyf, in this
direction, since the transverse momentum of the recoil ion
accounts for most of the momentum in this direction. A large
positive P., can occur when the projectile is scattered
strongly off the target.

The lower portion of Fig. 2 is a plot d3Pely versusPe .

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

Calculations for double ionization of Hby relativistic
1-GeV/u U?" ions have also been carried out, and the re-
sults are displayed in Fig. 3 in the same fashion as above.
For the longitudinal case, the pattern is changed considerably
from the 3.6-MeV/u S&*' case, with the distribution being
centered at the origin. The shift toward the center is due to
lack of postcollision interaction from the projectile due to
relativistic reduction of the longitudinal impulse given to the
ionized electron by the projectile. The pattern for thedi-
rection is similar to the previous case, but a significant num-
ber of events are observed with both electrons having posi-
tive values ofP¢. These reactions probably occur when the
projectile is strongly scattered by the target. The recoil ion
and electrons balance the momentum transfer by moving in
the + p, direction, and the electron correlation is in hgor
p, direction. It is also possible that the recoil ions have a
very small transverse momentum, due to scattering mainly
between the electrons and the projectile. A decrease in the
transverse correlation will also occur because the lack of PCI
with the projectile increases the longitudinal correlation.
Looking at thep, direction, the pattern is broader along the
Pe,y-Pe,y diagonal. This indicates the projectile is playing

more of a role in momentum balance in this direction than in1-Gev/u U2t +H

the 3.6-MeV/u S&* system.

B. Orientation effects

(a.u.)

eII2

P

(a.u.)

P
eX2

PeYz (a.u.)
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FIG. 3. Calculated correlation of the electron spectra for
2. Top: Pe | Vs Pe i middle: Pg x Vs Pey;
bottom: Peyy VS Pey. Each plot is on a linear scale, with darker
areas representing a higher cross section.

To explore the double electron removal dependence oslower than the collision time. The single differential
the orientation of the molecular axis, calculations fordo/d cos# is plotted as a function o, the polar angle of a
0" +H, at 500 keV/u have been made. Double electron reH™ ion. The double-ionization results are shown in Fig. 4.

moval at 500 keV/u includes both the double-ionization andNo dependence on the orientation has been found for this
transfer-ionization processes. To determine the orientationase, in agreement with the measurements and conclusions
dependence, the angle of the final-state momentum of thef Chenget al.[14]. The experimental data shown in Fig. 4
dissociation products (H with the incident beam direction have been normalized to the calculations. The experiment
is determined. This is in accordance with experimental methincluded both double-ionization and ionization excitation
ods, and assumes that the rotation of the molecule is mugbrocesses because the different channels could not be distin-
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FIG. 4. Angular distributionsla/d cosé of the target H" ions FIG. 5. Angular distributionslo/d cosé of H * ions for double
for double and transfer ionization by 500-keV/u®Q Open jionization of H, by 3.6-MeV/u Sé&* and 1-GeV/u B?*.
circles—CTMC double-ionization results, full circles—Chegtgal.
[14]. Open triangles—CTMC transfer-ionization results, full qye to the orientation of the molecular axis. For example, the
triangles—Chenget al. [14], dashed line—transfer-ionization cal- fjrst jonized electron could subsequently ionize the second
culations without the. inclusipn of electron-electron and electron—g|actron through the Thomas electron-electron scattering
other-target-nucleus interactions. process investigated by Merged al.[27]. A more probable
explanation is that the conventional electron-nuclear Thomas
guished in the study, while the calculation in Fig. 4 is limited mechanism increases the capture probability for molecules
to double ionization. The cross section lacks orientation dealigned perpendicular to the projectile velocity, giving rise to
pendence because the range of interaction for double electrenmaximum for alignments of 90° . In this case, a hard col-
removal of approximately 5 a.u. greatly exceeds the internulision of one electron with the projectile scatters the electron
clear separation of & around the other proton nucleus to be captured by the pro-
On the other hand, the range of interaction for transfefectile via a process similar to that for Thomas scattering in
ionization is smaller than that for double ionization. The cal-an atom. Such an explanation would be consistent with that
culated distribution for transfer ionization in Fig. 4 is not given by quantal calculations in that second-order processes,
isotropic, but has a peak value at 90° about 1.5 times theuch as scattering from the second nucleus, are required to
minimum located at 0°. This is consistent with the observedexplain the experimental observations.
data of Chengt al.[14] for the same system. A slight asym-  The orientation dependence for other systems, namely,
metry is noticed in the spectrum of the CTMC calculations.3.6-MeV/u S&"+H, and 1-GeV/u W?>"+H,, have also
The distribution has a slightly higher magnitude at 180° tharbeen examined, Fig. 5. The double electron removal mecha-
at 0° since the FI+H™ center of mass is found in the back- nism for these fast collisions is double ionization, so it can
ward direction. be determined if increasing the projectile velocity changes
The transfer-ionization results are surprising for two rea-the orientation dependence of the double-ionization cross
sons. First, one would expect more transfer ionization to ocsection. Experimental measuremefitd] of 08" +H, indi-
cur when the Hinternuclear axis is parallel to the incident cate that thelo/d cosé distribution remains isotropic up to 1
beam since the electron capture mechanism, unlike the iorMeV/u. The CTMC calculations at a higher impact energy of
ization process, is of short range. Th&'Qrojectile moving  3.6-MeV/u S&%"+H, are also isotropic, as seen in Fig. 5.
parallel to the axis could independently capture one electroifhe results are quite different for 1-GeV/§39+H,, Fig. 5,
and ionize the other as it passes the molecule. This is na@s a minimum is found at 90°. The lower probability of
observed, however, as the maximum of the distribution islouble ionization at 90° for this very fast collision is attrib-
found at 90°. Second, the anisotropy in the distribution hasited to the short range of interaction and the low energy of
been attributed to interference between the atomic centethe ejected electrons. The impact parameter range of interac-
[14,17). A quantal interference effect is certainly not possibletion for double ionization of the 500-keV/u and 3.6-MeV/u
in our classical calculation. It should be noted that the ex<ollisions is about three times the size of the hydrogen mol-
perimentally observed height of the maximum above theecule, essentially making the,Hook like a two-electron
minimum is appreciably higher than the height found in theatom. In the 1-GeV/u case, most double-ionization events
present calculations. Also, note that when the calculationsccur within an impact parameter about the size of the mol-
did not include the electron-electron and electron—otherecule. An orientation 90° to the beam decreases the chance
target-nuclei interactions, the anisotropy was reversed with af the projectile closely approaching both electrons, and thus
minimum at 90° rather than a maximum. decreases the probability of sequential ionization. In addi-
Thus our calculations with and without all interactions tion, at 1-GeV/u, electrons are ejected with low energy and
substantiate that dynamical electron-electron or electronperpendicular to the beam directiph0]. The possibility ex-
other-target-nucleus correlations play a role in the anisotropjsts for double scattering, however, the low energy of the
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FIG. 6. Energies of the protons after double electron removal 5§ X&he left-hand side represents the total energy of both ions, and
the right-hand side represents energies of a single ion.

ejected electrons makes an ionization from an electrondouble capture to the total cross section,/ot, was calcu-

electron interaction improbable. lated to be 57%, while the EBIT researchers observed a
nearly constant value of about 30% for projectiles with
C. Xe*** +H, double electron removal: Fragmentation of H, =35. The large difference is most likely due to neglecting

The removal of both electrons from the hydrogen mo|_Aug§r _deca_y of the captured electrons in our model. The
ecule results in a Coulomb explosion between the target pr2redictions include events that may eventually Auger decay
tons and the projectile. To investigate the properties of thénd result in transfer ionization, not double electron capture.
energy and momentum spectra of the protons, simulations of The removal of two electrons fromztautomatically leads
the collision system X" +H, at impact energies of 1 eV/u, to the dissociation of the molecule and two freé idns. The
1 keV/u, 10 keV/u, and 1 MeV/u have been made. The lowkinetic energy of the two ions in the final state has two
energy of 1 eV/u was chosen to test calculated capture crosources: the energy transferred from the projectile during the
sections versus measurements from the Livermore EBIT facollision, and the energy from the Coulomb repulsion be-
cility by Beck et al. [19]. These experiments were performed tween the protons. The energy spectra of the dissociation
for a collision system with a center-of-mass energy of 6 eV products are shown in Fig. 6 for X& impact over a broad
A linear fit to the measurements by these workers provides gange of impact energies. At the lowest energies double elec-
total capture cross section of X210~ % cn? for a projectile  tron capture is the dominant collision mechanism with cap-
charge ofg=54. In comparison, the CTMC calculations pre- ture proceeding into a narrow band oflevels aroundn
dict a total cross section of 5410~ cn?. Our calcula- =18. At the higher energies, impact ionization of both elec-
tions are within the error bars of the measurement, wher&ons is the main double electron removal mechanism.
absolute values were obtained by normalizing to experiments The left-hand side of Fig. 6 is the distribution for the sum
by Kraviset al.[28]. Moreover, the measurements by Kravis of the energies of both Hions, and the right-hand side is the
et al. are consistently a factor of about 2 above those of Camnergy distribution for individual H ions. The figure shows
et al. [29], to which we compare well. The ratio of the that the total energy sum of the two ions increases as the
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collision energy decreases. The high energy protons pro-
duced from impact at 1 eV/u are due to a large collisional 250 | 1 eViu
transfer of energy to the target from the projectile. In essence
this is a three-body Coulomb explosion between the posi-
tively charged heavy ions since the collision time is quite 2001
extended. The extent of the Coulomb explosion is not as .
large as given by the simple ratio of the projectile to proton Wit 1907
charges, since in these slow collisions the impact parameter
range is extended to almost 40 a.u. As the impact energy 1001 _ﬂ
increases and the collision time decreases, less energy is col-
lisionally transferred to the target and the total energy ap- 501
proaches the Franck-Condon transition energy of the isolated
molecule,~19 eV. At 1 keV/u the distribution for the total 50 100 150 200 250
proton energy peaks around 30 eV, with 10 eV from transfer E',
during the collision, and 20 eV from dissociation. At 10 H
keV/u and 1 MeV/u the amount of energy obtained from the
collision is very small, and the positions of the peaks ap- 901
proach the isolated molecule Franck-Condon limit. 80, 1 keV/u
When the energies of the individual ions are examined,
the right side of Fig. 6, a consistent trend is noticed. Below 701
~10 keV/u, appreciable deviations from Franck-Condon 601
behavior appear. Such deviations are consistent with the non- ~T 501
Franck-Condon behavior observed by Gieteal. [30] for L 40
~ 20-eV/u AP*+H, collisions. At 1 eV/u the distribution
indicates that the energy transferred to the ions is nearly 30
equal, with each proton absorbing half of the collisional en- 20
ergy. However, at 1 keV/u the energy distribution for the 101
individual ions is much wider than that for the total energy. N
The protons do not equally share the available energy, as is 20 40 60 80
evident by the number of low energy ions. This is also ap- E',
parent, but not as extreme, at 10 keV/u. At 1 MeV/u, the H
distribution peaks at about 10 eV, indicating that the ions
equally share the 19 eV of energy liberated in the explosion 45 |
of the molecule. To explain the process at 1 and 10 keV/u,
the right side of Fig. 6 must be closely examined. The energy 401 1 MeV/u
transferred to the center of mass of the ions by the 1-keV/u 351
Xe>* is about 10 eV. When the ions equally share the 20 eV 301
from the dissociation, each will have 10 eV of energy. If the ~T o5l
Coulomb explosion directs an *Hopposite the center-of- 201
mass motion(determined by the collision with the projec-
tile), a low energy proton in the laboratory frame will be the 151
result. 101 @
To further explore this effect, the energy of on€ ks 5.
plotted versus the energy of the othef kh Fig. 7. At low

energy the projectile transfers about equal amounts of energy
to each H, so theE;,=EZ. line is dense and the Franck-
Condon energies from the breakup are folded into the pat-
tern. At high impact energies, in the lower plot of Fig. 7, the

FIG. 7. The energy sharin@.ﬁ +VsE

10 20 30 40
1
E.

2. between the H ions

energy is from the target Coulomb explosion, so the densityor double electron removal by 1-eV/u% (top), 1-keV/u Xe**
is concentrated arounEIiH: Eﬁ+=10 eV. The pattern for (middle), 1-MeV/u Xe&** (bottom.

1-keV/u Xe*" impact is markedly different from the others.

The dominant feature in this case is the one-fast-one-slolarge momentum transfer from the collision. The 1-keV/u

distribution of the energies. This is again due to collisionalspectrum of Fig. 8 is antisymmetric abopf=0, with the
energy being about the same as the dissociation energy. distribution showing more ions moving with negatipg. At

If the longitudinal momentum of the exploding protons is 1 MeV/u, in the bottom of Fig. 8, the longitudinal momen-
examined, more features of the dynamics can be seen, &sm spectrum is symmetric about the origin and is flat on the
presented in Fig. 8. At 1 eV/u, the spectrum is pushed fortop. This is expected because of the small momentum trans-
ward by the incoming slow X" projectile. A minimum is  fer during the collision.
found near zero, and a smaller peak is found in the backward It is of interest to further study the momentum of the
direction. The width of the distribution demonstrates thedissociation products in a coordinate frame similar to that
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FIG. 8. Longitudinal momentum spectra of Hions after
double electron removal by X& at impact energies of: top, 1 __ 50
eV/u; middle, 1 keV/u; bottom, 1 MeV/u. S
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already used to study electron correlation. In this case, how- o 50
ever, thep, component is defined by the final transverse B ol e
component of the projectile momentum. In Fig. 9 the mo- 100 m
mentum of the protons is plotted for X& impact at 1 eV/u.
The top plot showg; on the horizontal axis and, on the _150
vertical axis. The projectile’s transverse momentum is in the -150 -100 -50 0 50 100 150
positive p, direction. From this plot one can see that the Py (a.u.)

protons and the X" projectile scatter in opposite direc-

tions from one another. The semicircular pattern of the pro- FIG- 9. 1-eV/u X&*" + H , momentum spectra of the dissoci-
ton spectra demonstrates how the momentum is distribute@f€d Protons. Tom; vs p,; middle; p; vs py ; bottom:py, vs pye.
to give the energy spectra of Fig. 6. The middle portion of '€ transverse projectile momentum is alohg,

Fig. 9 is a plot ofp versusp, . The pattern here shows no At 1 keV/u, the collisional energy transfer is about the
structure or correlation. The, component is of less impor-  same as the energy released in the molecular breakupp The
tance here because large impact parameters of the collisigfersus p, plot on the top has a circular pattern centered
result in relatively small transverse momentum componentgroundp;~ — 10 andp,~ — 10 a.u. The shift from the origin
perpendicular to the line between the projectile and the targés due to the collisional interaction with the projectile. The
center. In the lower plot of Fig. 9 the, components of the dark high density areas show the protons moving opposite
protons are plotted against each other. The main density hethRe projectile in the transverse direction. Many protons are
is at ~(—100,100) a.u. The interaction with the highly found outside of the spherical momentum shell, and these
charged projectile clearly dominates over thé-H" inter-  protons have excess momentum in the negativdirection.
action in this collision. These are the protons that cause the broad energy distribu-
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FIG. 10. 1-keV/u X&" + H , momentum spectra of the disso-  FIG. 11. 1-MeV/u X&*" + H, momentum spectra of the dis-
ciated protons. Toppy Vs p,; middle: p; vs py; bottom: p,; vs sociated protons. Tom vs p,; middle; p; vs py; bottom:p,; vs
Px2- The transverse projectile momentum is alohg, . pPx2. The transverse projectile momentum is alohg, .

tion in the 1-keV/u plot of the individual protons in Fig. 6. In collisional and breakup interactions. A plotpf; versusp,,

the middle part of Fig. 10 thg versusp, distribution is a in the lower part of Fig. 10 shows back-to-bacR,{=
circular pattern with maxima at the edge of the circle. The—p,,) motion, but the collisional transfer to the center of
distribution is pushed back in the longitudinal direction andmass of the target spreads the event distribution. Note that
is symmetric aboup,=0. The protons balance each other close collisions with a small impact parameter may force
exactly in this plane because the projectile transverse mdsoth protons to have large and negative valuep,of
mentum(including the captured electronis in the p, direc- For the 1-MeV/u X&*" +H, fast collision, the dissociat-
tion. The momentum in this plane is a combination of theing protons behave as expected for a Franck-Condon transi-
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tion. Only small energy and momentum transfers occur, s@lectron-electron and electron—other-proton-nucleus interac-
the momentum given to the protons during the breakup isions are included in the description of the collision. Such an
clearly seen. In Fig. 11, the, versusp; andp, versusp, are  observation indicates that the Thomas double scattering
symmetric about the origin. A three-dimensional picturemechanism, where the electron from one center scatters from
would be a thin spherical surface of radips=y2mE in  the other target center, preferentially proceeds when the mo-
momentum space. Back-to-back proton emission is observddcular axis is perpendicular to the projectile velocity. When
for p,, versusp,,, as would be expected in this case wherethese latter interactions were not included in the calculations,
the projectile deposits its energy and then recedes and is vegyminimum, rather than a maximum, was obtained at 90°.

distant when the two protons commence their breakup. Examination of the proton energies after double electron
removal reactions resulted in the observation of differing en-
IV. CONCLUSIONS ergy sharing behavior. At low collision energy the interac-

) ) ) ~ tion with the projectile produced very “hot” protons due to
Five-body classical trajectory Monte Carlo calculationsihe Coulomb explosion of the protons against the highly
have been presented for double electron removal from mosharged projectile ion during the slow collision. In contrast,
lecular hydrogen. Correlation between the ejected electrong; pigh collision energies, we found the usual Franck-
has been 8(1bserved in the gouble ionization oflly 3.6-  Ccondon breakup pattern because the projectile was absent
MeV/u S€°" and 1-GeV/u B*". The correlation is found in from the target region during the dissociation process. How-
both the longitudinal and transverse directions. Our resultgyer, in intermediate to slow collisions such as 1- to 10-
show the importance of the postcollision interactions beey/y X, the collisional energy transfer is comparable to
tween the electrons and recoil and projectile ions. Howeverihe energy at the Franck-Condon limit. Here, we found both
the lack of initial-state correlation limits the completeness of«ot” and “slow” protons. We did not expect the presence

the theory. of slow protons, which resulted in lengthy checks of the

The dependence of cross sections on the alignment of theomputer code. If such a prediction is confirmed experimen-
molecular axis was determined for transfer ionization andg|ly, it may be possible that unique slow dissociation prod-
double ionization. The absence of any dependence for doublg:ts can be produced by collisions of highly charged ions

ionization at intermediate energies is in agreement with eXyith molecules at intermediate energies around 1-10 keV/u.
periment. The prediction for the minimum at 90° for relativ-

istic U%" projectiles has yet to be confirmed by experiment.
The maximum found at 90° for transfer ionization in 500-
keV/u G** +H, was surprising, since it has commonly been
attributed to interference between the atomic centers. We This work was supported by the Department of Energy,
found that such a peak only occurs for calculations where th®ffice of Fusion Energy Sciences.
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