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Observation of a quasimolecular ionization window in low-to-intermediate impact velocity
collisions of He¿ ions with H2 and He
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The ionization of H2, leading to H2
1 recoil ions in nondissociative states, and the ionization of He by

incident He1 ions were investigated in the 0.25–1.23-a.u. impact velocity range employing electron and target
recoil-ion momentum-imaging techniques. Similarities as well as differences were observed in the electron
velocity distributions from H2 and He targets. In both cases the data strongly suggest of the promotion of
molecular orbitals formed between target and projectile within a rather well-defined projectile velocity win-
dow. In particular, the data support the promotion of the 2pp molecular orbital populated via rotational
coupling. Outside this molecular promotion window, in particular at lower velocities, mechanisms of a differ-
ent kind appear to dominate the ionization process, and electron momentum distributions are very dissimilar
for He and H2. Reduced projectile scattering cross sections, derived from measured target recoil-ion transverse
momentum distributions, support these conclusions and point to the coexistence, at certain impact velocities, of
different ionization mechanisms.

PACS number~s!: 34.50.Fa, 39.30.1w
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I. INTRODUCTION

Ionization and other inelastic processes in atomic co
sions provide, from the theoretical point of view, an ide
testing ground to describe the fundamental problem of
evolution of a time-dependent multiparticle system. Besi
this basic importance, they are relevant over a broad rang
pure and applied fields of research, such as astrophysics
stellar structure and evolution, plasma physics and ther
nuclear fusion, and the study of surfaces and materials@1#.

It is well established that for very slow collisions (VP

!V0, whereVP is the projectile velocity andV0 a typical
target electron orbital velocity!, molecular effects play a ma
jor role in inelastic collisions. In this low-velocity regime
the nuclear motion is considerably slower than the electro
motion, which allows an electron to be shared temporarily
the target and the projectile nuclei, thereby forming a tr
sient quasimolecular ion@2#. This picture holds true even fo
large projectile velocities when inner-shell electrons are
active ones, as was suggested by Fano and Lichten@3#, pro-
vided thatVP!V0 still holds. In this model, as the internu
clear separation decreases, electrons are promoted to s
of higher energy and eventually into the continuum alon
promoted molecular orbital~MO!. This model was success
fully used in explaining theL inner-shell vacancy formation
in collisions of Ar1 with Ar @4# as well as numerous othe
cases. Although most of the studies based on the molec
promotion model focused on the processes of excitation
charge exchange@5–10#, it was suggested by several autho
@7–9,11# that ionization at slow collision velocities could b
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treated based on the molecular promotion model as well
When VP becomes comparable toV0, the nature of the

process of ionization is expected to be less molecular.
two Coulomb centers are to be included in any treatmen
what has come to be known as the two-center effect@12–16#.
In 1983, Olson@17# used the classical-trajectory Monte Car
method~CTMC! to study ionization and electron capture
the H1-H(1s) collision system. He noted that a large fra
tion of the electrons emitted into the forward direction po
sessed velocities approximately equal to half the projec
velocity. In a classical picture those are electrons l
‘‘stranded’’ at a point~called the ‘‘saddle point’’! in velocity
space where they are subject to forces opposite in direc
and equal in magnitude to the velocity produced by the C
lomb fields of the charged projectile and the residual ioniz
target. While the two Coulomb centers are receding fr
each other, those electrons will be pushed to higher ener
on the rising potential of the saddle point. Eventually th
process will leave the electrons riding the ‘‘saddle’’ in th
continuum, when the two Coulomb centers become infinit
separated. Olson@18# and Olsonet al. @19# studied in more
detail those electrons within the CTMC framework and
ferred to them asVP/2 electrons. This mechanism receive
support from coupled-channel calculations by Winter a
Lin @20#, who found that the inclusion of a third center
their close-coupling calculations resulted in a large impro
ment of the calculated cross section when compared to e
experimental results by Fiteet al. @21#.

More recently, the ‘‘saddle-point’’ process received
alternative formulation in terms of the ‘‘hidden-crossing
theory @22–26#. In this theory two major mechanisms lea
ing to ionization are identified, called theT and theS pro-
cess, respectively. In both processes the electron is prom
to the continuum via successive ‘‘hidden’’ crossings of MO
formed during the collision. The term ‘‘hidden’’ refers to th
©2000 The American Physical Society11-1
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fact that these crossings take place in the complex plan
internuclear distances. In theT process electrons are pro
moted to the continuum while the two Coulomb centers
receding from each other; this process is the quant
mechanical equivalent to the classical ‘‘saddle-poin
mechanism. In theS process, on the other hand, an electr
is ionized in a kind of adiabatic compression while the tar
and the projectile are approaching each other. While the
centers are approaching, a centrifugal barrier is formed
tween them, inside which electrons are excluded. Con
quently, an electron may be pushed into the continuum w
the target and the projectile are on their way to becomin
united atom~the point at which the barrier rises to infinity!
@27#. It was demonstrated by Ovchinnikov and Macek@23#
that this process leads to electron distributions in the c
tinuum centered on both the target and the projectile. Sin
considerable amount of theoretical support for theT process
was provided by adiabatic calculations, which are expec
to apply at much lower projectile velocities than those
most previous experimental investigations, Pieksmaet al.
@28# studied the velocity distribution of the electrons emitt
from the collision systemp-H in the projectile energy rang
1–6 keV, where adiabatic theories do apply. Their data sh
an apparent dominance of the saddle-point ionization me
nism for energies ranging from 4 to 6 keV.

Experimentally, a great deal of work has been dedica
to searching for evidence for ‘‘saddle-point’’ electrons, wi
ambiguous results. An electron distribution centered on
saddle point is expected to shift with changing projec
charge and velocity according to

VW s5
VW P

11qp
1/2/qt

1/2
, ~1!

whereVW P andVW s are the projectile and saddle-point veloc
ties, andqt andqp are the target and projectile charges,
spectively. The first experimental investigation of th
mechanism was carried out by Olsonet al. @19# by studying
ionization during the collisionp-He within a projectile en-
ergy range of 60–200 keV. A broad peak observed in
electron velocity spectrum at an angle of observation of 1
was considered as evidence for the existence of a sad
point ionization mechanism. Most of the subsequent w
focused on studying that peak@29–34#. In order to answer
the question whether the electron longitudinal velocity d
tribution ~i.e., velocity parallel to the incident projectil
beam! does follow Eq.~1!, Kravis et al. @35# and Abdallah
et al. @36# performed a series of experiments with light, ba
ions colliding with He and Ne. It was concluded that t
maximum of the electron distributions did not follow th
velocity and charge state dependence predicted by Eq.~1!.

The entire field of ionization at low to intermediate (VP
<1.0 a.u.) projectile velocities and the discussion of
saddle-point ionization mechanism was completely re
cused by the striking and unexpected experimental resul
Dörner et al. @37#. These authors applied the technique
cold target recoil-ion momentum spectroscopy~COLT-
RIMS! @38,39# to obtain a much more detailed, highly di
01271
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ferential picture of the velocity distributions of electron
emitted in collisions of protons with He at projectile veloc
ties of 0.45, 0.64, and 0.78 a.u. By measuring the three c
ponents of the target recoil-ion momentum, in addition
two velocity components of the ejected electron, they w
able to determine electron velocity distributions for we
defined scattering planes and impact-parameter windo
They observed that electrons were ejected preferenti
within the scattering plane and into the forward directio
The electrons exhibited a remarkable in-plane velocity d
tribution in the form of two‘‘jets’’ emanating from the targe
and separated by a valley along the projectile beam a
These features were interpreted by Ovchinnikov and Ma
@23# and Macek and Ovchinnikov@40,41#. The major idea is
that one~or more! molecular orbital~s! is promoted into the
continuum, carrying with it the character of that promot
orbital. This character is then revealed in the form of t
continuum velocity distribution. Orbitals of various charact
have been implied by distributions such as those observe
Dörneret al. and in subsequent investigations carried out
our group. In thep-He case the dominant molecular orbit
involved is identified as the promoted 2pp MO, and electron
promotion into the continuum takes place via rotational co
pling.

Using a similar COLTRIMS setup described below o
group has investigated additional systems of He1,21 incident
on He, Ne1-Ne, He1-Ne, and Ne1-He at projectile veloci-
ties ranging from 0.25 to 1.23 a.u.@42–44#. Those studies
have demonstrated that each collision system produce
own distinct electron velocity distribution. They served
re-enforce the concept of ionization in that particular imp
velocity range proceeding via promoted molecular orbit
specific to each system.

In the present contribution we report on a detailed a
comparative investigation of the ionization process in
collision systems He1-He and He1-H2. From electron veloc-
ity as well as target recoil-ion momentum distributions, d
ferent ionization mechanisms have been identified, of m
lecular as well as nonmolecular nature, depending on
projectile velocity.

II. EXPERIMENTAL SETUP

The experiments were performed with the COLTRIM
setup installed at the J.R. Macdonald Laboratory CRYEB
ion source facility@45# of Kansas State University. The ta
gets consisted of cold supersonic gas jets of He and H2 per-
pendicularly intersected by the projectile ion beam. A sc
matic drawing, not to scale, of the experimental setup
shown in Fig. 1~a!. The electron-target recoil-ion spectrom
eter consisted of two position-sensitive detectors~2D-PSD!
and a highly homogeneous electric extraction field. The fi
was directed perpendicular to both the incident projec
beam axis and the supersonic target jet. The detector pl
were oriented parallel to the plane formed by the beam a
and the axis of the target jet@Fig. 1~b!#.

A conventional coordinate system, to be used in the f
lowing presentation and discussion of results, is shown
Fig. 1~b!. The projectile ion beam defines theZ axis, theY
1-2
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axis is chosen to coincide with the direction of the target
jet, and theX axis is given by the direction of the electr
extraction field. Two components of the recoil ion mome
tum vectorPW r (PrY and PrZ) were reconstructed from th
position of impact of the recoil-ion on the recoil detector.
the same way, two components of the electron velocity v
tor VW e (VeY andVeZ) were reconstructed from the positio
of impact of the electron on the electron detector. The th
component of the recoil momentum vector,PrX , was recon-
structed from its flight time, with the time signal of the a
sociated electron serving as a start signal to measure

FIG. 1. ~a! Schematic representation of the COLTRIMS set
used in this work. The projectile ion beam traverses the plane o
figure perpendicularly from back to front. The figure is not drawn
scale.~b! The coordinate system adopted for data reduction
analysis throughout the manuscript. Note that the planes of
position-sensitive detectors~2D-PSDs! are parallel to theYZ plane.
01271
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recoil-ion flight time. This procedure introduces only a sm
amount of timing uncertainty, since the spread in elect
flight time is much less than that in recoil-ion flight time.

The recoil-ion detector was calibrated inPrY andPrZ by
performing a state-selective Ne101-He electron-capture ex
periment with known results@46,47#, while the electron-
detector was calibrated in part by performing ion-optical c
culations. The origin of the coordinate system of the elect
detector~zero point,VeY5VeZ50) was determined experi
mentally by inverting the polarization of the electric extra
tion field, thereby accelerating recoil ions toward the elect
detector. Since initial recoil momenta are small, the inter
tion region is located close to the electron detector, an
high extraction field was used, target recoil ions travel ess
tially along theX axis, regardless of their initial momentum
Their position of impact therefore provides the zero-po
position of the electron detector. The position of the proje
tile beam axis (VeY50) on the electron detector was dete
mined from ‘‘side view’’ electron velocity distributions a
set forth in the section about electron ‘‘side view’’ distribu
tions.

The resolution achieved in electron velocity distributio
is limited by the width of the projectile beam~1 mm! in the
Y direction, the width of the target gas jet~3.5 mm! in the Z
direction, and the lack of a direct measurement of the e
tron flight time. The resolution in position of the electro
detector itself~intrinsic resolution! was determined as 0.3
mm. The resolution inVeY, limited by the finite beam size
depends on the strength of the applied extraction field~60–
210 V/cm in the present case! and varies between 0.043 an
0.08 a.u. The resolution inVeZ varied according to the ex
traction field between approximately 0.15 and 0.27 a.u. T
recoil-ion detector had an intrinsic position resolution clo
to that of the electron detector. As was the case for the e
tron detector, the actual resolution depended on the ele
extraction field applied. In the present case, where relativ
strong fields had to be used, that resolution varied betw
0.36 and 0.67 a.u.

III. DATA REDUCTION

The PrZ component of the target recoil-ion momentu
~also called the longitudinal recoil-ion momentum! provides
information concerning theQ value of the ionizing collision
via

Q>2VP~PrZ1PeZ!, ~2!

where Q is the electronic energy release. The transve
components of the recoil-ion momentum,PrX andPrY , were
used to calculate the modulus of the transverse moment

Pr'5~PrX
2 1PrY

2 !1/2. ~3!

The transverse momentum vectorPW r' of the recoil ions
balances, to a very good precision, the transverse momen
vector of the projectile ions after the collision. This is tru
since the transverse momentum of the ejected electrons
ing of the order of or less than 0.2 a.u. in the project
velocity range studied here, is in general much smaller t

e

d
e
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that of the recoil ions. It follows that the laboratory scatteri
angleu of the projectiles can be calculated from the reco
ion transverse momentumPr' according to (P0 stands for
the initial projectile momentum!

u5Pr' /P0 . ~4!

One of the advantages of detecting electrons and ass
ated target recoil ions in coincidence consists of the fact
the experiment allows for the selection of scattering plan
A scattering plane is defined by the momentum vectorPW 0 of
the incident projectile and the transverse momentum ve
PW r' of the recoil ion. Two scattering planes are of particu
interest: the plane parallel to the detector planes and
plane perpendicular to the detector planes. The first on
selected by choosing recoil ions withPrX>0, while the sec-
ond one is characterized by recoil ions withPrY>0. Since
electrons are detected in coincidence with target recoil io
selecting only recoil ions withPrX>0 results in the genera
tion of two-dimensional (VeY,VeZ) electron velocity distri-
butions that are projections of the three-dimensional~3D!
distribution of the electron velocity vector onto the scatter
plane. These distributions are called ‘‘top views’’ or in-pla
distributions. On the other hand, the conditionPrY>0 se-
lects a scattering plane that cuts the electron detector per
dicularly. In this case the (VeY, VeZ) electron velocity dis-
tributions correspond to an edge view of the scattering pl
and are therefore called ‘‘side views.’’ This kind of distribu
tion reveals the degree of out-of-plane electron scatter
Note that, since the third electron velocity componentVeX is
not measured, ‘‘top view’’ distributions give a complete pi
ture of the 3D electron velocity distribution only if little
out-of-plane scattering is present. The placement of repre
tative top view and side view gates on a generic recoil-
transverse momentum distribution is schematically indica
in Fig. 2~a!.

IV. RESULTS

A. Recoil-ion momentum distributions

For molecular hydrogen targets, only the nondissocia
ionization channel He11H2→He11H2

11e, which leaves
the H2

1 molecular recoil ion in a nondissociative state, w
investigated. Figure 2~b! shows the relation between th
recoil-ion transverse momentumPr' and its longitudinal
momentumPrZ , the latter one transformed intoQ values
according to Eq.~2!, for He1-He at 0.45 a.u. Two branche
corresponding to single target ionization and to simultane
ionization and excitation, respectively, are visible. Projec
angular scattering cross sections can be generated from
type of distribution by projecting the respective branch o
the Pr' axis. All subsequent data analysis has been p
formed for target single ionization only by placing a gate
the single ionization component.

Reduced projectile angular scattering cross sections
responding to single target ionization were produced fr
distributions such as that of Fig. 2~b! for all projectile veloci-
ties as functions of the reduced scattering anglet (5Eu)
and are shown in Figs. 3~a! and 3~b! for He1-H2 and
01271
-

ci-
at
s.

or
r
e
is

s,

n-

e

g.

n-
n
d

e

s

s
e
his
o
r-

r-

He1-He, respectively. The parametert is, for small scatter-
ing angles, a unique function of the impact parameterb,
independent of beam energy, if a single classical internuc
scattering potential operates. The top scale shown in
3~b! is a calculated translation oft to b for the interaction
potential of two ground state He1 ions, each assumed t
maintain a static charge distribution throughout the collisio
This is a model to allow an approximate association oft and
b. No such translation was attempted for the H2 target,
for which the scattering angle depends on the molecu
alignment.

The cross sections in Fig. 3 are arbitrarily scaled, so t
the curves corresponding to different projectile velocitie
given in atomic units, are well separated. In the He1-H2 case
the reduced cross-section curves forVP50.25 – 0.64 a.u. are

FIG. 2. Schematic of the placement of ‘‘top view’’ and ‘‘sid
view’’ gates on a generic recoil-ion transverse momentum distri
tion. ~b! Q value dependence of the recoil-ion transverse mom
tum (Pr') distribution for He1-He atVP50.45 a.u. Single targe
ionization and simultaneous ionization and excitation appear w
separated in this figure. Simultaneous ionization and excitatio
seen to occur at larger transverse recoil-ion momentum va
~smaller impact parameters! than single target ionization. The
dashed line indicates the position of the first ionization potentia
helium.
1-4
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basically identical in shape and position, with a maximu
located between 1.6 and 1.7 keV deg. We will refer to t
velocity region as the ‘‘molecular window’’ region, as dis
cussed later. A similar value of 1.5 keV deg was observed
Doweket al. @48# in He1-H2 collisions leading to direct tar
get excitation (n.2), including ionization at a projectile en
ergy of 1.0 keV. At 0.78 a.u., the corresponding cro
section curve suddenly broadens and appears to be comp
of two maxima of about equal intensity, one located at ab
0.7 and one at about 1.6 keV deg. At still higher project
velocities, the maximum located at 1.6 keV deg has dis
peared, and the cross sections are composed of a s
maximum only, at about 0.7 keV deg. The He1-He system,
Fig. 3~b!, exhibits a similar behavior. A shift in the positio
of the maximum, from 2 to 3 keV deg, is noted when pass
from VP50.25 to 0.53 a.u. At larger projectile velocities,
the ‘‘molecular window’’ region, a second maximum,
about 1.2 keV deg, begins to emerge. AtVP50.9 a.u. both
maxima appear to be of about equal intensities. In fact,
curve has the same qualitative characteristics as theVP50.78
a.u. cross-section curve for He1-H2. At the two higher pro-
jectile velocities of 1.0 and 1.23 a.u., the maximum loca
at the larger reduced scattering angle of 3 keV deg rap

FIG. 3. Reduced projectile scattering cross sections as funct
of the reduced scattering anglet for He1-H2 ~a! and He1-He ~b!
generated from distributions such as that of Fig. 2~b! as described in
the text. The curves are arbitrarily scaled to achieve separation.
numbers attached to the curves give the corresponding proje
velocity in atomic units. An impact parameter scale is shown for
He case~see text!.
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yields to a new maximum at a smaller value oft, as in the
case of He1-H2.

B. Electron velocity distributions

We begin our presentation of electron velocity (VeY,
VeZ) distributions with ‘‘side views,’’ which reveal the de
gree of out-of-plane electron scattering. Figure 4 shows s
views for different projectile velocities, from 0.25 to 1.2
a.u. The left column of figures, 4~a!–4~e! refers to the
He1-H2 collision system, while the right column, 4~f!–4~k!,
refers to He1-He. In these figures the horizontal dashed lin

ns

he
ile
e

FIG. 4. ‘‘Side view’’ electron velocity (VeY , VeZ) distributions
for ~a!–~e! He1-H2 ~left-hand column of figures! and ~f!–~k!
He1-He ~right-hand column of figures!. The electron velocity com-
ponents are given in units of the projectile velocityVP , which is
given in atomic units. The corresponding projectile velocity is
dicated for each figure. The dashed lines mark the projectile b
‘‘position’’ ( VeY50) and the target (VeZ50) and projectile (VeZ

5VP) ‘‘positions’’ in velocity space. Note that in~g! and~h! part of
the edge of the electron detector appears in the form of a circ
segment to the right of the electron velocity distribution. The inte
sity of each cell is proportional to the number of counts in that c
as is indicated by the density scale. Each image has been nor
ized so its maximum intensity is near ten units on this scale.
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parallel to theVeZ axis, indicates the projectile beam positio
(VeY50), while the two vertical dashed lines, parallel to t
VeY axis, mark the target (VeZ50) and projectile (VeZ

5VP) position in velocity space. Both horizontal and ver
cal axes are given in units ofVP ; the respective value ofVP
is given in atomic units on each graph. In this and all sub
quent figures showing density plots, a quantitative~relative!
linear scale is given. Each image is presented on this s
scale, with only the normalization of each image adjusted
that the maximum intensity is approximately ten units~pro-
portional to the number of counts in that cell!.

A substantial amount of out-of-plane electron scattering
noted at both the lowest and highest projectile velociti
while at intermediate velocities the electron distributions
pear highly concentrated along the projectile beam axis,
dicating that in-plane electron scattering dominates at th
velocities. At VP50.25 a.u., the electrons appear wide
dispersed over the detector area. This picture changes
matically asVP is raised to 0.50/0.45 a.u., at which point th
target electrons begin to form a narrow ridge along the be
axis, with much less out-of-plane scattering. A low-intens
feature~‘‘halo’’ ! consisting of widely scattered out-of-plan
electrons is noted for the He target. In addition, the ‘‘hal
exhibits a considerable amount of backward scattering (VeZ
,0). This feature is completely absent in the H2 case. At the
next two projectile velocities of 0.78 and 0.90 a.u. the rid
persists with very little out-of-plane electron scattering o
served. The two side view distributions become wide ag
at the highest projectile velocity of 1.23 a.u. This behav
suggests that the confinement of the electrons to the colli
plane is a characteristic of the molecular window reg
noted in the preceding section.

We now turn to ‘‘top view’’ electron velocity (VeY, VeZ)
distributions, which represent the projection of the 3D el
tron velocity distribution onto the scattering plane. Seve
top views are shown for each projectile velocity. These c
respond to different selections of the magnitude of the rec
ion transverse momentum (PrX , PrY) as is shown schemati
cally as top gates 1,2, and 3 in Fig. 2. The dashed lines in
various top view distributions have the same meaning
those in the side view distributions. In all top views the ta
get recoil ion travels downward along theVeZ50 line.

We begin our discussion with the lowest projectile velo
ity of 0.25 a.u., Figs. 5~a! and 5~b!, where a considerable
amount of out-of-plane scattering has been observed in
views in the preceding paragraph. Similarities between
view and side view distributions are noted. In the H2 target
case, the top view electron distribution, Fig. 5~a!, almost
circular in shape, is strongly concentrated in the vicinity
VeY5VeZ50, the target position, while in the He target cas
Fig. 5~b!, electrons are widely dispersed. However, a cert
amount of asymmetry of the distribution, favoring the upp
half (VeY.0) of the scattering plane, is noted. One is not
into the molecular window at this velocity.

At the next higher projectile velocity, near 0.5 a.u., o
begins to enter the molecular window region@Figs. 5~c!–
5~f!#. The electron distributions begin to concentrate alo
the projectile beam axis. The ‘‘halo’’ feature previous
noted in side views for the He target appears in the form o
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low-intensity electron cloud asymmetrically placed in the u
per half (VeY.0) of the scattering plane and exhibiting
considerable degree of backscattering. The halo gradu
tends to disappear with increasing projectile velocity, b
persists up to 0.78 a.u. It is conspicuously absent in the2
case. As the beam velocity is raised from 0.5 to 0.64 a.u.
above~Figs. 6–8!, the concentration of electrons along th
projectile axis splits into two arched branches located off
beam axis and separated by a valley along the beam a
This structure is visible for both targets. The electron inte
sity distribution along these branches is not constant,
varies with the projectile velocity. These branches beco
increasingly more arched with increasing recoil transve
momentum~decreasing impact parameter!.

Finally, at the highest impact velocity of the present i
vestigation of 1.23 a.u.~Fig. 9!, the branches begin to brea
up ~notably in the He case! and to form off-beam axis
‘‘blobs,’’ one located in the vicinity of the target and th
other in the vicinity of the projectile.

C. Discussion and interpretation

For velocities between approximately 0.50 and 0.90 a
for both targets, the systematics of the electron distributi
~appearance of geometrical patterns in the form of arc
branches at larger target recoil momenta! are suggestive of a

FIG. 5. ‘‘Top view’’ electron velocity distributions for projectile
velocities of 0.25 a.u.~a! and ~b! and near 0.5 a.u.~c!–~f!, respec-
tively. Figures~a! ~c!, and~d! refer to He1-H2, while ~b!, ~e!, and
~f! refer to He1-He. Axis units and the meaning of the dashed lin
are the same as in Fig. 4. The target recoil ion travels downwa
1-6
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OBSERVATION OF A QUASIMOLECULAR IONIZATION . . . PHYSICAL REVIEW A62 012711
molecular promotion mechanism. Where the projectile sc
tering cross sections of Fig. 3 suggest the coexistence of
distinct ionization mechanisms~for example, for velocities
of 0.78 and above 0.9 a.u. for He and H2, respectively!, we

FIG. 6. ‘‘Top view’’ electron velocity distributions for He1-H2

@left-hand column,~a!–~c!# and He1-He @right-hand column,~d!–
~f!# at VP50.64 a.u.

FIG. 7. The same as Fig. 6, but corresponding to a projec
velocity of 0.78 a.u.
01271
t-
o

attribute the larger angle feature to the molecular proce
We are led to this interpretation by the fact that the geome
cal patterns in the electron distributions are predomina
confined to larger target recoil momenta, i.e. larger projec
scattering angles and consequently largert values .

le

FIG. 8. The same as Fig. 6, but corresponding to a projec
velocity of 0.90 a.u.

FIG. 9. The same as Fig. 6, but referring toVP51.23 a.u.
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It has been previously suggested@37,40,41# that the pat-
tern of double branches, separated by a nodal line, ar
from target ionization along a promoted 2pp molecular or-
bital. The process begins with a rotational coupling of t
2ps orbital occupied by the incoming active electron into
2pp one at small internuclear distances. The 2pp orbital is
then eventually promoted via a series of radial crossings~the
so-calledT process! into the continuum. This process con
serves thep character of the orbital and gives rise to t
nodal line along the internuclear axis. The concentration
the electron distributions in the scattering plane is a nat
result of such a mechanism, since only the 2pp orbital lying
in the scattering plane is rotationally coupled. The uneq
populations above and below the nodal line are attribute
a smaller but interferings amplitude whose phase relative
that of thep amplitude depends on both the beam veloc
and the collision system. If the above mechanism holds,
impact-parameter~b! dependence of the process should
dominated by the enabling rotational coupling proce
which transforms the 2ps initial orbital into the 2pp one.
The following promotion of the 2pp orbital into the con-
tinuum should subsequently occur at largeb on the way out
of the collision, and no strongb dependence is expected
this second step. We can test this conjecture for the cas
He1 on He by using the prescription given by Taulbje
et al. @49# for the b dependence of the 2pp-2ps rotational
coupling process. We have used the energy-level cu
shown in@7# to extract the value of ‘‘alpha’’ characterizin
the separation of the orbitals as a function of internucl
distance. We then translated the calculatedb dependence into
a dependence ont using a classical potential for the intera
tion of two frozen He1 charge state distributions. The resu
is shown in Fig. 10 and compared to the experimentat
dependences of Fig. 3 forVP50.64 a.u. In view of the sim-
plicity of the model, we must interpret the agreement as s
porting the argument that this rotational coupling mechan
enables the ionization process in the intermediate velo
range.

FIG. 10. Dashed line: calculated dependence of the popula
of the 2pp state, through rotational coupling with the 2ps state, as
a function of t. Solid line: experimental data from Fig. 3 for
projectile velocity of 0.64 a.u. The vertical scale for the model h
been adjusted to match that of the data.
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The strong similarity of the electron velocity distribution
observed within the 0.5–0.9-a.u. range for the helium and
molecular hydrogen target suggests that a similar ioniza
mechanism is operating for both targets. At large intern
clear distances, a similarity in diabatic molecular orbital d
grams corresponding to the (He1He) and the (He1H2) sys-
tems was already noted by Doweket al. @48#. These authors
and Jaeckset al. @50# observed many similarities betwee
these systems in excitation and charge-exchange chan
Figure 3 shows that ionization in the intermediate veloc
region occurs at largert for He than for H2, a result that
might result simply from the fact that there is no strong co
potential from which the He1 can scatter at smallb for the
molecular target. However, we note that for smallb, where
the rotational coupling presumably occurs, the degenerac
the 2ps and 2pp orbitals that occurs for He is more com
plex for H2, for which the level energy curves must be r
placed by energy surfaces and for which the shape of e
these surfaces is dependent on the molecular alignment.
therefore not obvious that the electron spectra, and thus
sumably the ionization mechanisms, would be similar
these systems.

At the lowest projectile velocities (,0.5 a.u.! ionization
paths of a different type, leading to the observed ‘‘halo
shaped electron distribution, seem to become more impor
for the He target. Evidence for the ‘‘halo’’ feature, whic
includes a large number of backscattered electrons, is pre
in Figs. 4~f!, 4~g!, 5~b!, 5~e!, and 5~f! and more weakly in
Figs. 6~d!–6~f!. It is strongest for soft, large-b collisions.
This mechanism is also indicated by the shift toward sma
t for the projectile velocity 0.25 a.u. in Fig. 3~b!. We do not
have a suggestion for the operative mechanism produ
this feature.

At projectile velocities of 0.9 a.u. and above, there is a
evidence for a different mechanism seen in thet depen-
dences of Fig. 3. We suspect that the shift toward smallet
is indicative of the onset of a ‘‘direct’’ ionization mecha
nism, which is expected to occur as the projectile veloc
approaches the target velocity. Such a mechanism shift f
small-b molecular processes to large-b direct processes is
predicted from the Massey criterion and is well known
many inelastic collision processes.

A detailed, quantitative comparison with calculations
these and other recent COLTRIMS data concerning ion
tion at low to intermediate impact velocity does not see
feasible at the present moment since the theoretical tools
still under development@41,51–54#. Calculations appearing
in the literature in this range ofVP have been for the proto
type p on H system only. The general character of the
calculations have similarities to the data taken for more co
plex systems. The calculations of Macek and Ovchinnik
@41#, carried out for proton impact on atomic hydrogen
energies of 5, 10, and 15 keV and at an impact paramete
1.2 a.u., show that two broad, transverse concentrations
pear in the in-plane electron momentum distributions, o
located in the upper half (PeY.0) and one in the lower hal
(PeY,0) of the scattering plane. The maxima of these co
centrations, arising from theT promotion mechanism
~saddle-point mechanism! of the 2pp state, are situated

n

s
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slightly off to the projectile beam axis, close to the midd
point between target and projectile. A distinctive oscillati
of the relative intensities of the two concentrations with i
pact velocity was noted, which reproduced the oscillat
behavior of the jetlike structures observed by Do¨rner et al.
@37# in p-He collisions. From the data of Figs. 5–8 it is cle
that not onlyp but alsos andd amplitudes are present. Th
ability to account for the relative contributions of these a
plitudes appears to be beyond the capability of any exis
theoretical framework.

Sidky and Lin@54# used a discretization of the radial co
tinuum to solve the Schro¨dinger equation in momentum
space for proton impact at energies from 5 to 100 keV
atomic hydrogen and at an impact-parameter value of
a.u. Although no explicit mention of rotational coupling w
made in the calculation, the results reproduced the t
fingered structure seen in the data of Figs. 5~c!–5~f! and
Figs. 6–9 and in that of Do¨rneret al. @37#. This structure was
identified within their formalism as being caused by a tw
island structure: one island is associated with tar
projectile-centered basis states and one with target-cent
states. The distribution of Fig. 9~d! for VP51.23 a.u. espe-
cially bears a strong qualitative resemblance to their resu
The oscillations seen by Macek and Ovchinnikov were
reproduced in this calculation. A more recent CTMC inve
tigation of the role of the saddle-point promotion in the
slow collisions by Sidkyet al. @55# has suggested that only
small fraction of the continuum electrons released for 1 a
p on H originate from the saddle promotion scheme. T
calculation is also able to reproduce a weak two-finge
structure in the distributions. The relationships among th
very different theoretical approaches remains to be el
dated. Although all the theoretical results so far are for p
H, not the actual systems measured, we re-emphasize
there is remarkable similarity in the intermediate veloc
range of the electron patterns for the collision systemsp,
He1,21)-He and He1-H2. This similarity is taken as an indi
cation that the molecular promotion mechanisms operativ
all these collision systems are of a similar nature, and
therefore does not seem unreasonable to expect a sim
mechanism for thep-H system.

V. CONCLUSIONS

By investigating the two collision systems He1-He and
He1-H2 over a larger range of projectile velocities, we we
able to demonstrate that the appearance of geometric pat
. B

dis
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in in-scattering-plane electron velocity distributions, cu
rently interpreted as direct experimental evidence for the p
motion of selected molecular orbitals into the continuum,
confined to a certain projectile velocity window that we ha
labeled a molecular promotion window. All measured da
sets, such as reduced projectile scattering cross sections
views and top views of electron velocity distributions, poi
toward the dominance, above about 0.45 a.u. impact ve
ity, of an ionization mechanism based on molecular prom
tion mediated by rotational coupling. This process begins
yield to a direct process at an impact velocity of above ab
0.9 a.u. for He1-H2 and 1.23 a.u. for He1-He. There is
strong evidence that the molecular ionization mechanism
basically of the same nature for the two collision system

For velocities both above and below this window, diffe
ent patterns, and presumably therefore different mechanis
seem to enter for both targets. These processes are pref
tially large-b ones. At low velocities the electron momen
lose the characteristic confinement to the collision plane.
the He target, the low-energy promotion mechanism p
duces ‘‘halo’’ electrons centered roughly on the target a
extending well into the backward region. While it does n
come as a surprise that at higher velocities the molec
promotion mechanism yields to a direct ionization proce
the low-velocity behavior is much more puzzling. It might b
argued that at low projectile velocities the rotational co
pling becomes less effective, and ionization mechanisms
different, and presently unknown nature, characterized
out-of-plane electron scattering, take over. The striking si
larity of the main molecular promotion mechanism for io
ization for the two targets is only partially understood. On
very qualitative arguments in favor of this similarity in th
Discussion section can be given. We would like to stress
fact that the empirical data basis from which we can dr
conclusions is still rather scanty, and investigations of ad
tional collision systems, especially for a true one-electr
system, would be of considerable importance.
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Stöckli, J. Phys. B: At. Mol. Opt. Phys~to be published!.
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