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The dependence on the orientation of the intermolecular axis of cross sections for electron capture
from molecular hydrogen by bare ions is calculated in a two-center approximation, which ignores multi-
ple scattering between atomic centers and is compared to experiment. Electron-capture cross sections
are calculated as functions of both projectile principal quantum number n and molecular orientation an-
gles. Orientation-averaged cross sections are compared with recent measurements of 03" +H, at E =8,
10, 12.5, 16, and 20 MeV. Comparisons are also made between our calculations for electron capture into
projectile n states by H* from H, and the available calculation for ns states from E =50 keV to 5 MeV.
The orientation-dependence differential in the molecular-orientation angle is studied in dissociative ion-
ization and excitation of the molecular ion following single-electron capture from H, using a two-step
independent-electron model. The calculated orientation dependence is in qualitative agreement with
preliminary experimental observations as a function of the orientation angle done with O%* ions at
E =10 MeV, where capture to n > 1 state is significant.

I. INTRODUCTION

Single-electron capture from molecular hydrogen by
heavy-ion projectiles at high collision velocities has re-
ceived increasing experimental and theoretical attention
in recent years [1-6]. The capture cross section as a func-
tion of orientation of the molecular axis connecting the
two nuclei is of particular interest, since it provides direct
information on how the two atomic centers in the mole-
cule respond to the external interactions and produce
‘'various two-center interference patterns according to the
relative geometry and collision velocities. Although such
a two-center interference effect was first defined some
time ago by Tuan and Gerjuoy [7], it was not until re-
cently that calculations for molecular-orientation effects
in electron capture from molecular hydrogen began [3, 4,
6]. In a previous paper [6] (here-after referred to as I), an
impact-parameter treatment is formulated to study
scattering from a diatomic molecule and applied to H*
and He?" incident on H,. Electron capture from H, to
the 1s projectile state was then calculated in the
Oppenheimer-Brinkman-Kramers [8] (OBK) approxima-
tion at high collision velocities v, for a fixed molecular
orientation. One advantage of using the impact-
parameter representation is that one may consider
multiple-electron processes such as transfer excitation by
using the independent-electron approximation where sin-
gle transition probabilities are simply multiplied to form
a multiple transition probability.

For projectiles with nuclear charge Z, when Z /v > 1,
capture to excited states becomes dominant. At inter-
mediate velocities, Shingal and Lin [4] have applied
atomic orbital expansion for capture from H, by He?t,
where capture into n =2 prevails. However, to our
knowledge, there is no calculation explicitly giving orien-
tation dependence for arbitrary »n (here we sum over sub-
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state quantum numbers / and m) states at high collision
velocities. Ray and Saha did the first OBK calculation
[9] for electron capture to projectile ns states in p +H,
collisions at high velocities. But their calculation aver-
aged out the orientation dependence. Here we present a
calculation based on a simple extension of our previous
general study to obtain orientation dependence for elec-
tron capture to arbitrary n states. In high velocity ion-
atom collisions, electron capture mainly populates the ns
projectile states. For example, in p+H(1ls) collisions
[10], capture to ns is predicted to be more than 90% of
the total n at 1 MeV, and more than 989 at 2 MeV in
atoms. We shall consider this question in H, molecules.
The OBK calculation for total » is simpler than the cor-
responding calculation for #s. Thus it is convenient to do
a calculation for capture into arbitrary » states and com-
pare to experiments where sums over all final projectile
states are taken.

In this paper we calculate orientation-dependent single
capture cross sections for O* on H, at MeV energies
where significant contributions occur for capture into
n > 1 states. An ongoing measurement [11] of orientation
dependence in total dissociative excitations and dissocia-
tive ionizations following single-electron capture from H,
by O%" at 10 MeV is providing the first experimental ob-
servation of molecular-orientation dependence in electron
capture by heavy ions from molecular hydrogen. In Sec.
IIT we compare to preliminary data from this experiment.

II. SINGLE CAPTURE TO ARBITRARY n STATES

In I we discussed [6] a general procedure to treat elec-
tron capture from a homonuclear diatomic molecule at
high velocities in the impact-parameter formulation. By
neglecting nuclear motion of a diatomic molecule and re-
scattering between each center, the scattering amplitude
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a,(B) is a superposition of individual scattering ampli-
tudes from each atomic center of the molecule and the
probability is given by

Py =lay|*=\a,|?+|a,|>*+2Re(ata,e™) . (1)

The individual amplitudes a, and a, carry a phase
difference 6=a,p,, where a, (p,) is the projection of
momentum transfer (orientation axis) along the incident
beam. For electron capture [12], a, =v /2— AE /v, where
AE=E,—E;. We use the two-center Weinbaum [13]
wave function for H,,

@4, (1,2)=N,, {%(1)$%(2)+$%(2)$%(1)

+c[d%1)%2)+¢4(1)9%(2)]} 2)

where the two hydrogen nuclei are formally labeled as a
and b, having two electrons (1 and 2) attached to them.
In Eq. (2), ¢ is a ls hydrogenic orbital with effective
charge Z,, and c is a constant. Supposing electron 1 is
captured to the projectile and electron 2 ends up in the
ground H," state (nondissociative), the ionic wave func-
tion is then taken as a linear combination of 1s hydrogen-
ic orbitals centered on a and b with a different effective
charge Z,,

®,(2)=N,[u%2)+u’2)] . 3)

In the simple OBK approximation, we obtained the prob-
ability for capturing one electron to n =1 projectile state

from H, and leaving the other electron in the ground

state of H, ", namely [6],

2 (Z2Zy)

2
(Z4+a2)

P¢_,(Z,B)=|N|?

X[x*K3(x_)+x%4K3(xy)

+2x2 x4 K,(x_)K,(x 4 )cos(a,p,)] (4)

where x, =(Z} +a2)'"?|(B£p,/2)| is a scaled distance
corresponding to impact trajectory passing through each
center. The z axis, passing through the midpoint of the
molecular axis, is taken as B =0 trajectory. Here p, is
the projection of molecular-orientation axis perpendicu-
lar to the incident beam direction. The first two terms in
the square brackets are due to contributions from each
atomic center and the last term is due to interference.

In Eq. (4), | N|?> may be interpreted as a shake probabil-
ity for the uncaptured electron making a transition to a
final state of H2+, here the ground ionic state. If we
write the wave function for the uncaptured electron as ei-
ther ®4,(2) or ®4,(2) [compare Eq. (2)],

DLY(2)=N, (1+c)p*b(2) , 2"

then N is given by
N=(®,(2)|®%(2))
=(®,(2)|®5(2)) =Ny N (Ap+xp)(1+¢)  (5)

4“4
where
Ny =1/{2[(14c))(1+A3)+4chy 112,
Ay= [ ¢**(r)¢¥r)dr
=(1+Zyp+1Zyp*lexp(—Zyp) ,
N;=1/[2(1+A})]'2,
A1=fu“*(r)ub(r)dr
=(1+ZIp+%Z}p2)exp("ZIp) s
A= [u*(0)p(r)dx
= [ub*(r)¢"(r)dr ©
=8(Z;Zp PP NZ1+2Zy ),
Xme= [ u"*()¢"(r)dr
= [ub*(r)¢%(r)dr
_ B(Z,Zy)*?

e [Z,(pv—4Zp)e M
pv
+Z,(pv+4zZ)e ],
v=Z}—Z} .

In our calculations we choose Z,,=1.193, Z;=1.4,
¢=0.256, and p=1.4 a.u. The simple shake probability
N?in this case is about 30%. This is consistent with a re-
cent measurement (Table III of Ref. 1). One can similar-
ly estimate shake probability for transition to other H, ™"
states after electron capture from H,.

After integrating over impact parameter B in Eq. (4),
the total capture cross section as a function of
molecular-orientation angle 6, is given by

do,_(Z)

d(cos6,) =N 20+ ™
P

where o /1_| is the OBK cross section for electron capture
into the projectile ground state from a hydrogenic atom
(with effective nuclear charge Z,,), namely,

2822, )

=M (8)
"N spX(Z2 +a?)’

(o

By using the identity

ia,'B

x2K,(x)

. 2*re
(Z3 +a?)? f

a > 9)
N(Z+a?)

the interference term o, may also be evaluated in close

form

01,=0, 1[5y °Ks(y)]cos(a,p,) (10)
where y =(Z% +a2)%p,.
As the projectile charge Z increases, capture from
atoms into higher n becomes more important. In ion-
atom collisions, it is known that, due to Fock’s sum rules
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[14, 15] for hydrogenic wave functions, there exists an
analytical expression for OBK cross-section summing
over all projectile substate quantum numbers (/,m ). For
capture from molecular hydrogen, Fock’s sum rules can
also be applied since the molecular T matrix T™ is con-
nected to the atomic T matrix ¢4 through a phase factor,
i.e,, TM=t“cos[a'(p/2)]. The phase factor, though de-
pending on projectile principal quantum number n, may
be approximately taken as independent of projectile sub-
state quantum numbers (/ and m). With this in mind,
capture to an arbitrary projectile n state, summing over
all substate quantum numbers / and m, can be written as

do,(Z) 2a’cr,,=1(Z/n)
d(cosep) " d(cosf)p)

(11)

Orientation-dependent cross sections can therefore be
calculated for an arbitrary n state. From Eq. (11), for
large n or high v, we expect the well-known n ~* law for
OBK cross section in ion-atom collision will also follow
in ion-molecule collisions.

III. DISSOCIATIVE EXCITATION
AND IONIZATION

Molecular dissociation caused by an external force has
been a long-standing subject, especially for dissociation
induced by electron-impact collisions [16]. Such process-
es are generally complicated due to the coupling among
internal molecular motions and the external interactions.
However, the situation is a little simpler when consider-
ing dissociation induced by fast heavy ions, such as we
study here.

In a fast collision between a bare heavy ion and a
molecular hydrogen, if one of the electrons is captured or
stripped off, the other may end up in either the stable
ground state or the excited repulsive states of the hydro-
gen molecular ion. When molecular excitation occurs
(i.e., transfer excitation or transfer ionization), the molec-
ular ion will dissociate and produce two fragments (two
protons or one proton plus one hydrogen atom) leaving
each other in a direction closely related to the orientation
of molecular axis. Since the collision time is much short-
er than characteristic times for nuclear motions in the
molecular hydrogen, the departing fragments will travel
away from each other in the direction aligned with the in-
itial orientation of the molecular hydrogen to a good ap-
proximation. This makes it possible to compare the
orientation dependence obtained in the preceding section,
where the hydrogen molecular ion is in the nondissocia-
tive stable ground state, with the direct observations of
dissociation fragments.

For this transfer excitation and transfer ionization we
introduce an independent electron model treating capture
and dissociation as two independent processes. First
direct single capture of one of the electrons from H, into
a projectile leaves the other in the ground (nondissocia-
tive) state; subsequently the molecular hydrogen ion is ex-
cited to dissociative states by the same projectile. In the
impact-parameter picture, we can write the total proba-
bility as a product of probabilities for each of the two
processes, namely,

P(B)=P“B)P{(B) (12)

where P¢ stands for the single capture probability and Pf*
is the probability for excitation of H," to a particular
state f (excluding elastic scattering). Orientation depen-
dence can be caused by both single capture from H, and
also by the subsequent excitation of H,*. In principle,
ion-H excitation [17] could be computed in detail and ap-
plied to ion-H," excitation. Here we will deal with a
simpler situation. In the observations [11] with which we
compare there is a sum over all excited final H," states
including continuum (i.e., transfer ionization). Using clo-
sure we can sum over final states and rewrite Eq. (12) as

P(B,v)=P4B,v)[1—Py(B,v)] (13)

where Py(B,v) is the probability for elastic scattering be-
tween the projectile and the ground-state H,* ion which
is nondissociative.

Let us consider the scattering regions for single capture
and elastic processes appearing in Eq. (13). At high col-
lision velocities, elastic scattering usually takes place at
impact parameters larger than the size of the target while
electron capture occurs at much smaller distances. Our
previous calculations [6] for probabilities of electron cap-
ture by protons (where capture to projectile ground state
dominates) show P(B) peaks at B values that correspond
to the positions of the nuclei, i.e., B=%p/2 in Eq. (4).
For beams passing the molecular axis, the probability
P(B) peaks at B =0; for beams perpendicular to the axis,
it peaks parallel to B=p/2~=0.7 a.u. On the other hand,
for elastic scattering at relatively high velocities, we take
Py(B=0.7)=Py(B=0), roughly approximating Py(B,v)
~Py(v), an energy-dependent constant. Consequently,
orientation dependence in dissociation following electron
capture dominantly comes from the electron-capture
channel. According to an estimate from experimental
data [1], P,=~30% for the system we consider (i.e., con-
sistent with the shake picture in Sec. II). Hence here we
do not differentiate orientation dependence in single cap-
ture and orientation dependence in total molecular disso-
ciation at high velocities.

In concluding this section, we remark that orientation
dependence for processes other than electron capture can
also be studied. In fact, calculation of angular distribu-
tion in direct excitation of H," by electrons and protons
was done quite some time ago [18]. Observations of
orientation dependence in dissociation of H," following
ionization of H, by protons have also been carried out re-
cently [19]. We also note that pure ionization of H, by
proton impact at high velocities (where first Born approx-
imation is valid) provides relatively little orientation
dependence [20] (typically 20%) as compared to the
much larger dependence in electron capture reported in I.
For these systems, in Eq. (1) §=a,p,=(AE /2v)p, <<1
for ionization so that there is relatively little variation of
the ionization cross sections with molecular orientation.

IV. RESULTS AND DISCUSSION

In the following we concentrate on presenting calcula-
tions for electron capture by 03" ions with H,. For this
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(units of 7a5/deg)
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FIG. 1. Cross sections for single-electron capture from H, by O%" as functions of molecular-orientation angle 6, and projectile
principal quantum number n at E =10 MeV. The discrete n have been connected to guide the eye. Here n =4 has the largest popu-

lation.

system there have not been many experiments or theoret-
ical calculations at higher energies. It is also the only
system in which an experiment has been done observing
the orientation dependence discussed in the preceding
section. We also briefly compare our results for p +H,
collisions with those of Ray and Saha [9].

Let us first consider calculations of the orientation
dependence at 10 and 16 MeV for single capture to pro-
jectile n =1 to 19. Figures 1 and 2 show both the orienta-
tion dependence and population of each n state. At 10
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MeV, capture into n =4 has the largest cross section. At
16 MeV, n =3 is dominant. In both figures the n ~3 law
holds for n > 10, typical of OBK approximation in ion-
atom collisions. The orientation dependence varies
strongly with n since the interference is mainly deter-
mined by the phase factor cos(a,p,) which is a function
of n. It is well known OBK cross sections are generally a
factor of 3-20 bigger than the true cross sections. Nev-
ertheless, in ion-atom collisions, OBK cross sections usu-
ally have the same energy dependence as the measured

FIG. 2. Same as Fig. 1 except at E =16 MeV. The largest populated state is now shifted to n =3.
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FIG. 3. Total single-capture cross sections (summed over n and orientation angles) at E =8, 10, 12.5, 16, and 20 MeV. A: experi-
mental results from Ref. 1; O: calculated OBK cross sections (multiplied by 0.1).

cross sections. In Fig. 3, we compare orientation-
averaged cross sections with recent experimental mea-
surement [1] at 8, 10, 12.5, 16, and 20 MeV. The calcu-
lated OBK cross sections shown in the figure have been
simply reduced by an overall factor of 10.

In order to compare scattering of H, with 2H, we have
evaluated the cross-section ratio R, =o,(H,)/[20,(H)]
as a function of both » and impact energy. For a fixed
velocity (or impact energy), this ratio varies strongly with
n. This is obvious since both v and n affect the phase
term in Eq. (10). In p +H, collisions, comparing our nu-
merical results of o, (H,) at energies between 50 keV and
5 MeV with the corresponding o,,(H,) cross sections
[i.e., capture to H(ns) states] of Ray and Saha [9], we
found that cross-section ratio R,, follows the same energy
dependence as R, =0 ,(H,)/20,,(H). Also, o,H,) is
about 90% of o,(H,) at 1 MeV and more than 98%
at 2 MeV, very similar to p-+H collisions. It is
also useful to consider total -cross-section ratio
R=3%,0,(H,)/[23,0,H)], for high-Z projectiles
where capture into larger n prevails. Contrary to R,, R
is only dependent on impact velocity and gives the
influence of interference at each energy. We find for
O%+H, R is close to 1 (within 10%) at energies between
8 and 16 MeV, although R, can vary from as big as 1.4
(for n =1,2) down to smaller than 1 (for larger n) in this
energy range. We also find R =1.2 at E =20 MeV.

We now turn to the dissociation of a molecular hydro-
gen ion subsequent to capture. In Fig. 4 we compare the
calculated orientation dependence (obtained by adding up

100 T T T
80 |- .
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0 45 90 135 180
de
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FIG. 4. Orientation dependence in dissociation of H,"* fol-
lowing single-electron capture from H, by O%" ions at E=10
MeV. Dots: preliminary experimental data (yield, N, of all dis-
sociation products as function of orientation angle 6,) from Ref.
11; solid line: calculated OBK cross section normalized to ex-
periment.
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all cross sections in Fig. 1 and normalizing to experiment)
with the preliminary result of a recent experiment of
Cheng et al. [11]. In the experiment, the total dissocia-
tive ionization and excitation events are collected for a
fixed molecular orientation. Both the position and the
height to the base of the peak are in agreement with our
simple OBK calculation, although the calculated shoul-
ders are a little sharper than those observed. This com-
parison between theory and experiment provides the first
direct test of a molecular-orientation effect in electron
capture by heavy ions in collision with molecular hydro-
gen. The discrepancy with respect to experimental data
may be partially attributed to the crude approximation of
setting Py(B,v)=P,(v), i.e., neglecting orientation de-
pendence from the excitation part.

Comparisons with experiment in both total cross sec-
tions and orientation-dependent cross sections seem to
support our two-step model. Yet a number of limitations
may stimulate further investigation. First, the validity of
first-order perturbation theory 1is questionable for
Z/v=1, although for the dominant excited states
(Z/n)/v is less than one in our studies. It would be
more convincing to compare to experiments with lower-Z
projectiles or high-Z projectiles at higher energies (above
1 MeV/u). Second, for electron capture to higher n excit-
ed states, it has been argued [21] that any first-order
theory, such as the OBK theory, should not be applied
even in ion-atom collisions. While we favor our use of

final-state excitation by independent scattering from the
projectile described in Sec. III, it may be possible to de-
scribe this excitation at least in part by final-state rear-
rangement of the molecule after capture as described in
Sec. II. It is also possible that higher-order theories in-
troduce additional phase terms in the capture amplitude
that we have not included. There is evidence [22] that,
even at not too high velocities, rescattering between
molecular nuclei is not negligible. Further studies are
needed in this respect.

In summary, we have calculated electron capture into
arbitrary n states of a bare projectile from H, as a func-
tion of molecular orientations in the OBK approxima-
tion. Using a simple two-step independent-electron mod-
el, calculated orientation dependence is found to be in
qualitative agreement with the observations in dissocia-
tion of H,"* following single-electron capture from H, by
0% ions at 10 MeV.
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