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The ionization of H, leading to H* recoil ions in nondissociative states, and the ionization of He by
incident He™ 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 H 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 them2molecular 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 H. 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 numbes): 34.50.Fa, 39.36:w

[. INTRODUCTION treated based on the molecular promotion model as well.
When Vp becomes comparable ¥,, the nature of the
lonization and other inelastic processes in atomic colli-process of ionization is expected to be less molecular. The
sions provide, from the theoretical point of view, an idealtwo Coulomb centers are to be included in any treatment of
testing ground to describe the fundamental problem of thevhat has come to be known as the two-center effE2+16.
evolution of a time-dependent multiparticle system. Besidesn 1983, Olsorf17] used the classical-trajectory Monte Carlo
this basic importance, they are relevant over a broad range afiethod(CTMC) to study ionization and electron capture in
pure and applied fields of research, such as astrophysics atite H"-H(1s) collision system. He noted that a large frac-
stellar structure and evolution, plasma physics and thermdion of the electrons emitted into the forward direction pos-
nuclear fusion, and the study of surfaces and matefidls  sessed velocities approximately equal to half the projectile
It is well established that for very slow collisiond/§  velocity. In a classical picture those are electrons left
<V,, whereVp is the projectile velocity and/y a typical  “stranded” at a point(called the “saddle point) in velocity
target electron orbital velocitymolecular effects play a ma- space where they are subject to forces opposite in direction
jor role in inelastic collisions. In this low-velocity regime, and equal in magnitude to the velocity produced by the Cou-
the nuclear motion is considerably slower than the electronitomb fields of the charged projectile and the residual ionized
motion, which allows an electron to be shared temporarily bytarget. While the two Coulomb centers are receding from
the target and the projectile nuclei, thereby forming a traneach other, those electrons will be pushed to higher energies
sient quasimolecular iof2]. This picture holds true even for on the rising potential of the saddle point. Eventually this
large projectile velocities when inner-shell electrons are thgrocess will leave the electrons riding the “saddle” in the
active ones, as was suggested by Fano and Lidi&gmro-  continuum, when the two Coulomb centers become infinitely
vided thatVp<V, still holds. In this model, as the internu- separated. Olsofil8] and Olsonet al. [19] studied in more
clear separation decreases, electrons are promoted to statsail those electrons within the CTMC framework and re-
of higher energy and eventually into the continuum along &erred to them ay/p/2 electrons. This mechanism received
promoted molecular orbitgMO). This model was success- support from coupled-channel calculations by Winter and
fully used in explaining thé inner-shell vacancy formation Lin [20], who found that the inclusion of a third center in
in collisions of Ar" with Ar [4] as well as numerous other their close-coupling calculations resulted in a large improve-
cases. Although most of the studies based on the moleculanent of the calculated cross section when compared to early
promotion model focused on the processes of excitation anéxperimental results by Fitet al. [21].
charge exchangé—10], it was suggested by several authors  More recently, the “saddle-point” process received an
[7-9,11 that ionization at slow collision velocities could be alternative formulation in terms of the “hidden-crossing”
theory[22-26. In this theory two major mechanisms lead-
ing to ionization are identified, called tieand theS pro-
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fact that these crossings take place in the complex plane dérential picture of the velocity distributions of electrons
internuclear distances. In thE process electrons are pro- emitted in collisions of protons with He at projectile veloci-
moted to the continuum while the two Coulomb centers ardies of 0.45, 0.64, and 0.78 a.u. By measuring the three com-
receding from each other; this process is the quantumponents of the target recoil-ion momentum, in addition to
mechanical equivalent to the classical ‘“saddle-pointtwo velocity components of the ejected electron, they were
mechanism. In thé& process, on the other hand, an electronable to determine electron velocity distributions for well-
is ionized in a kind of adiabatic compression while the targetefined scattering planes and impact-parameter windows.
and the projectile are approaching each other. While the twdhey observed that electrons were ejected preferentially
centers are approaching, a centrifugal barrier is formed bewithin the scattering plane and into the forward direction.
tween them, inside which electrons are excluded. ConseFhe electrons exhibited a remarkable in-plane velocity dis-
guently, an electron may be pushed into the continuum whiléribution in the form of two"jets” emanating from the target
the target and the projectile are on their way to becoming @and separated by a valley along the projectile beam axis.
united atom(the point at which the barrier rises to infinity These features were interpreted by Ovchinnikov and Macek
[27]. It was demonstrated by Ovchinnikov and Madéi8]  [23] and Macek and OvchinnikoM0,41. The major idea is
that this process leads to electron distributions in the conthat one(or more molecular orbitals) is promoted into the
tinuum centered on both the target and the projectile. Since eontinuum, carrying with it the character of that promoted
considerable amount of theoretical support for Therocess orbital. This character is then revealed in the form of the
was provided by adiabatic calculations, which are expectedontinuum velocity distribution. Orbitals of various character
to apply at much lower projectile velocities than those ofhave been implied by distributions such as those observed by
most previous experimental investigations, Pieksetal.  Dorneret al. and in subsequent investigations carried out by
[28] studied the velocity distribution of the electrons emittedour group. In thep-He case the dominant molecular orbital
from the collision systenp-H in the projectile energy range involved is identified as the promotegz MO, and electron
1-6 keV, where adiabatic theories do apply. Their data shoyromotion into the continuum takes place via rotational cou-
an apparent dominance of the saddle-point ionization mechaling.
nism for energies ranging from 4 to 6 keV. Using a similar COLTRIMS setup described below our
Experimentally, a great deal of work has been dedicatedroup has investigated additional systems of K& incident
to searching for evidence for “saddle-point” electrons, with on He, N& -Ne, He"-Ne, and Né-He at projectile veloci-
ambiguous results. An electron distribution centered on théies ranging from 0.25 to 1.23 a.{42-44. Those studies
saddle point is expected to shift with changing projectilehave demonstrated that each collision system produces its

charge and velocity according to own distinct electron velocity distribution. They served to
re-enforce the concept of ionization in that particular impact
R \7P velocity range proceeding via promoted molecular orbitals
V= T (1) specific to each system.
1+4a,7q; In the present contribution we report on a detailed and

comparative investigation of the ionization process in the

whereV;, and Vs are the projectile and saddle-point veloci- collision systems Hé-He and Hé -H,. From electron veloc-
ties, andg, andq, are the target and projectile charges, re-ity as vyell_ as target rec0|]—|on momentum Q|str|bgtlons, dif-
spectively. The first experimental investigation of this ferent ionization mechanisms have been identified, of mo-
mechanism was carried out by Olsenal.[19] by studying Iecglar_as WeII_ as nonmolecular nature, depending on the
ionization during the collisiorp-He within a projectile en-  Projectile velocity.
ergy range of 60—200 keV. A broad peak observed in the
electron velocity spectrum at an angle of observation of 17°
was considered as evidence for the existence of a saddle-
point ionization mechanism. Most of the subsequent work The experiments were performed with the COLTRIMS
focused on studying that pegR9-34. In order to answer setup installed at the J.R. Macdonald Laboratory CRYEBIS
the question whether the electron longitudinal velocity dis-ion source facility[45] of Kansas State University. The tar-
tribution (i.e., velocity parallel to the incident projectile gets consisted of cold supersonic gas jets of He angéi-
bean does follow Eq.(1), Kravis et al. [35] and Abdallah  pendicularly intersected by the projectile ion beam. A sche-
et al.[36] performed a series of experiments with light, barematic drawing, not to scale, of the experimental setup is
ions colliding with He and Ne. It was concluded that the shown in Fig. 1a). The electron-target recoil-ion spectrom-
maximum of the electron distributions did not follow the eter consisted of two position-sensitive detect@®-PSD
velocity and charge state dependence predicted byq. and a highly homogeneous electric extraction field. The field
The entire field of ionization at low to intermediat¥{  was directed perpendicular to both the incident projectile
=<1.0 a.u.) projectile velocities and the discussion of thebeam axis and the supersonic target jet. The detector planes
saddle-point ionization mechanism was completely refowere oriented parallel to the plane formed by the beam axis
cused by the striking and unexpected experimental results @nd the axis of the target jgFig. 1(b)].
Dorner et al. [37]. These authors applied the technique of A conventional coordinate system, to be used in the fol-
cold target recoil-ion momentum spectroscop@OLT-  lowing presentation and discussion of results, is shown in
RIMS) [38,39 to obtain a much more detailed, highly dif- Fig. 1(b). The projectile ion beam defines tleaxis, theY

Il. EXPERIMENTAL SETUP
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(a) recoil-ion flight time. This procedure introduces only a small
amount of timing uncertainty, since the spread in electron
flight time is much less than that in recoil-ion flight time.
The recoil-ion detector was calibrated By andP,, by
performing a state-selective Né-He electron-capture ex-

o L ERHIECE periment with known result§46,47], while the electron-
detector was calibrated in part by performing ion-optical cal-
1X 107 torr COLLISION CHAMBER culations. The origin of the coordinate system of the electron
detector(zero point,V.y=V.;=0) was determined experi-
RE;:I;){DLS_II)ON GASlET mentally by inverting the polarization of the electric extrac-
E ELECTRON tion field, th_ereby g_ccelera’_ung recoil ions toward the e_:lectron
«— 2D-PSD detector. Since initial recoil momenta are small, the interac-

tion region is located close to the electron detector, and a
high extraction field was used, target recoil ions travel essen-
tially along theX axis, regardless of their initial momentum.
SRTMMER \ The_ir_ position of impact therefore provid_e_s the zero-p(_)int
position of the electron detector. The position of the projec-

ION BEAM

/ 1X 104 torr

tile beam axis Y.y=0) on the electron detector was deter-

COLD-GAS - ; ) . R
RESERVOIR gas in mined from “side view” electron velocity distributions as
set forth in the section about electron “side view” distribu-
0.1 -1 atm .
tions.
The resolution achieved in electron velocity distributions
COLD FINGER is limited by the width of the projectile beafd mm) in the

Y direction, the width of the target gas j&.5 mm in theZ
direction, and the lack of a direct measurement of the elec-
tron flight time. The resolution in position of the electron
(b) detector itself(intrinsic resolution was determined as 0.35
mm. The resolution in/gy, limited by the finite beam size,
depends on the strength of the applied extraction fie@-
210 V/cm in the present casand varies between 0.043 and
0.08 a.u. The resolution N, varied according to the ex-
traction field between approximately 0.15 and 0.27 a.u. The
.y/ recoil-ion detector had an intrinsic position resolution close
x to that of the electron detector. As was the case for the elec-
/ . - tron detector, the actual resolution depended on the electric

extraction field applied. In the present case, where relatively
strong fields had to be used, that resolution varied between

ion Keam electron
detector 0.36 and 0.67 a.u.

recoil-ion

detector IIl. DATA REDUCTION

FIG. 1. (@) Schematic representation of the COLTRIMS setup  The P,z component of the target recoil-ion momentum
used in this work. The projectile ion beam traverses the plane of théalso called the longitudinal recoil-ion momentuprovides
figure perpendicularly from back to front. The figure is not drawn toinformation concerning th€ value of the ionizing collision
scale.(b) The coordinate system adopted for data reduction andsia
analysis throughout the manuscript. Note that the planes of the
position-sensitive detectof@D-PSD$ are parallel to they Z plane. Q=—Vp(P;z+Pe2), 2

axis is chosen to coincide with the direction of the target gagvhere Q is the electronic energy release. The transverse

jet, and theX axis is given by the direction of the electric components of the recoil-ion momentuRty andP. , were )
X i L used to calculate the modulus of the transverse momentum:
extraction field. Two components of the recoil ion momen-

tum vectorFﬁ’r (P,y and P,7) were reconstructed from the pu:(pfx+ pr)lfz_ ®)
position of impact of the recoil-ion on the recoil detector. In

the ?ame way, two ComponentS of the electron VelOCity VeC- The transverse momentum Vec]jérL of the recoil ions

tor V. (Voy andV,.y) were reconstructed from the position balances, to a very good precision, the transverse momentum
of impact of the electron on the electron detector. The thirdvector of the projectile ions after the collision. This is true
component of the recoil momentum vectBry , was recon- since the transverse momentum of the ejected electrons, be-
structed from its flight time, with the time signal of the as-ing of the order of or less than 0.2 a.u. in the projectile
sociated electron serving as a start signal to measure thelocity range studied here, is in general much smaller than
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that of the recoil ions. It follows that the laboratory scattering 30

angle 6 of the projectiles can be calculated from the recoil-

ion transverse momentum,, according to Py stands for

the initial projectile momentuin 15
0=P,, IPg. 4

s

=2
One of the advantages of detecting electrons and assoc € ©

ated target recoil ions in coincidence consists of the fact thal &
the experiment allows for the selection of scattering planes.

A scattering plane is defined by the momentum veé@of -15
the incident projectile and the transverse momentum vectol

|5rl of the recoil ion. Two scattering planes are of particular
interest: the plane parallel to the detector planes and the
plane perpendicular to the detector planes. The first one it
selected by choosing recoil ions wikhyx=0, while the sec-

-30

ond one is characterized by recoil ions wih,=0. Since Y '

electrons are detected in coincidence with target recoil ions ~ >°[ (b) |

selecting only recoil ions with?, =0 results in the genera- I ] L--2
tion of two-dimensional Yev,Ve5) electron velocity distri- I 1 2
butions that are projections of the three-dimensiof&) i { 4 -9
distribution of the electron velocity vector onto the scattering 20 7 =?9"__1940
plane. These distributions are called “top views” or in-plane :
distributions. On the other hand, the conditiBp,=0 se- <&

lects a scattering plane that cuts the electron detector perper +
dicularly. In this case theM.y, Vo) electron velocity dis- = 10k
tributions correspond to an edge view of the scattering plane
and are therefore called “side views.” This kind of distribu-
tion reveals the degree of out-of-plane electron scattering
Note that, since the third electron velocity compon€gy is ., B o
not measured, “top view” distributions give a complete pic- 0_90 60 30 0
ture of the 3D electron velocity distribution only if little Q-value (eV)
out-of-plane scattering is present. The placement of represen-

tative top view and side view gates on a generic recoil-ion FIG. 2. Schematic of the placement of “top view” and “side
transverse momentum distribution is schematically indicatediew” gates on a generic recoil-ion transverse momentum distribu-

in Fig. 2(a). tion. (b) Q value dependence of the recoil-ion transverse momen-
tum (P,,) distribution for H€ -He atVp=0.45 a.u. Single target

IV. RESULTS ionization and simultaneous ionization and excitation appear well

separated in this figure. Simultaneous ionization and excitation is

A. Recoil-ion momentum distributions seen to occur at larger transverse recoil-ion momentum values

e(smaller impact parametgrghan single target ionization. The
dashed line indicates the position of the first ionization potential of
helium.

For molecular hydrogen targets, only the nondissociativ
ionization channel He+ H,—He" +H," + e, which leaves
the H,™ molecular recoil ion in a nondissociative state, was
investigated. Figure (B) shows the relation between the
recoil-ion transverse momentum®,, and its longitudinal He"-He, respectively. The parameteiis, for small scatter-
momentumP,,, the latter one transformed int@ values ing angles, a unique function of the impact paramdter
according to Eq(2), for He"-He at 0.45 a.u. Two branches, independent of beam energy, if a single classical internuclear
corresponding to single target ionization and to simultaneouscattering potential operates. The top scale shown in Fig.
ionization and excitation, respectively, are visible. Projectile3(b) is a calculated translation af to b for the interaction
angular scattering cross sections can be generated from thistential of two ground state Heions, each assumed to
type of distribution by projecting the respective branch ontomaintain a static charge distribution throughout the collision.
the P,, axis. All subsequent data analysis has been perThis is a model to allow an approximate associatiorr ahd
formed for target single ionization only by placing a gate onb. No such translation was attempted for the trget,
the single ionization component. for which the scattering angle depends on the molecular

Reduced projectile angular scattering cross sections coalignment.
responding to single target ionization were produced from The cross sections in Fig. 3 are arbitrarily scaled, so that
distributions such as that of Fig(2 for all projectile veloci-  the curves corresponding to different projectile velocities,
ties as functions of the reduced scattering anglé=E#) given in atomic units, are well separated. In the'H¢, case
and are shown in Figs.(8& and 3b) for He"-H, and the reduced cross-section curves¥y=0.25 — 0.64 a.u. are
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FIG. 3. Reduced projectile scattering cross sections as functions 0 * 9 m
of the reduced scattering angtefor He"-H, (a) and Hé -He (b) .
. . . . . . + He _He
generated from distributions such as that of Figp) 2s described in 3 He -H, © 5 ;
the text. The curves are arbitrarily scaled to achieve separation. Th E i &)
numbers attached to the curves give the corresponding projectile 0 1 0 !
velocity in atomic units. An impact parameter scale is shown for the Ve, / vy Ve / Vs

He case(see texk
FIG. 4. “Side view” electron velocity ey, Vez) distributions

. . . . . . . for (a—(e) He'-H, (left-hand column of figuresand (f)—(k)
basically identical in shape and position, Wlth a max'mur_nHe*-He(right-hand column of figurgsThe electron velocity com-
located between 1.6 and 1.7 keV deg. We will refer to thISponentS are given in units of the projectile velocity, which is

velocity region as the “molecular window” region, as dis- given in atomic units. The corresponding projectile velocity is in-
cussed later. A similar value of 1.5 keV deg was observed byjicated for each figure. The dashed lines mark the projectile beam
Doweket al.[48] in He"-H, collisions leading to direct tar- “position” ( Voy=0) and the target\(,,=0) and projectile Vo,
get excitation (>2), including ionization at a projectile en- =Vp) “positions” in velocity space. Note that ifg) and(h) part of
ergy of 1.0 keV. At 0.78 a.u., the corresponding cross-the edge of the electron detector appears in the form of a circular
Section curve Sudden|y broadens and appears to be Composwment to the rlght of the electron VelOCity distribution. The inten-
of two maxima of about equal intensity, one located at abou%ity_ of_ ea_ch cellis proportiopal to the numbgr of counts in that cell,
0.7 and one at about 1.6 keV deg. At still higher projectile2S 'S indicated by the density scale. Each image has been normal-
. . . ized so its maximum |ntenS|ty is near ten units on this scale.
velocities, the maximum located at 1.6 keV deg has disap-
peared, and the cross sections are composed of a single ) ,
maximum only, at about 0.7 keV deg. The Hele system, yields to a new maximum at a smaller valuemfas in the
Fig. 3(b), exhibits a similar behavior. A shift in the position case of Hé-H,.
of the maximum, from 2 to 3 keV deg, is noted when passing
from Vp=0.25 to 0.53 a.u. At larger projectile velocities, in
the “molecular window” region, a second maximum, at We begin our presentation of electron velocity.(,
about 1.2 keV deg, begins to emerge. Wi=0.9 a.u. both V. distributions with “side views,” which reveal the de-
maxima appear to be of about equal intensities. In fact, thigree of out-of-plane electron scattering. Figure 4 shows side
curve has the same qualitative characteristics a¥#+0.78  views for different projectile velocities, from 0.25 to 1.23
a.u. cross-section curve for HeH,. At the two higher pro- a.u. The left column of figures, (#—4(e) refers to the
jectile velocities of 1.0 and 1.23 a.u., the maximum locatedHe™ -H, collision system, while the right column(f4-4(k),
at the larger reduced scattering angle of 3 keV deg rapidlyefers to Hé -He. In these figures the horizontal dashed line,

B. Electron velocity distributions
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parallel to thg\/ez axis, indicgtes the projeptile beam position He+ _H He+ - He
(Vey=0), while the two vertical dashed lines, parallel to the 2
V.y axis, mark the target\(.;=0) and projectile V. v,=025a.u. @
=Vp;) position in velocity space. Both horizontal and verti-
cal axes are given in units & ; the respective value ofp 0 -h _________ J
is given in atomic units on each graph. In this and all subse- =
quent figures showing density plots, a quantitatiraative -1 : :
linear scale is given. Each image is presented on this sam P, =0-38.1.
scale, with only the normalization of each image adjusted sc -1 0 1 2
that the maximum intensity is approximately ten urfjiso-
portional to the number of counts in that gell

A substantial amount of out-of-plane electron scattering is
noted at both the lowest and highest projectile velocities, o, i
while at intermediate velocities the electron distributions ap-i olishy mb.
pear highly concentrated along the projectile beam axis, in-_#% 5 :
dicating that in-plane electron scattering dominates at thest” 0.5}
velocities. AtVp=0.25 a.u., the electrons appear widely p, =4-8a.u.
dispersed over the detector area. This picture changes dr¢ — '
matically asVp is raised to 0.50/0.45 a.u., at which point the
target electrons begin to form a narrow ridge along the bearn
axis, with much less out-of-plane scattering. A low-intensity g m..
feature(“halo” ) consisting of widely scattered out-of-plane ;

0.5

@]
0.5F 1

electrons is noted for the He target. In addition, the “halo” 0.5f 1 05t

exhibits a considerable amount of backward scattering, ( i p,=0-dau| | p,=0-8a.u.
<0). This feature is completely absent in the ¢thse. At the 0 1 — & 1
next two projectile velocities of 0.78 and 0.90 a.u. the ridge

persists with very little out-of-plane electron scattering ob- v,/ Y, v,/ v,

served. The two side view distributions become wide again

at the highest projectile velocity of 1.23 a.u. This behavior FIG. 5. “Top view” electron velocity distributions for projectile

suggests that the confinement of the electrons to the collisiovelocities of 0.25 a.u(a) and(b) and near 0.5 a.uc)—(f), respec-

plane is a characteristic of the molecular window regiontively. Figures(a) (c), and(d) refer to He -H,, while (b), (e), and

noted in the preceding section. (f) refer to HE -He. Axis units and the meaning of the dashed lines
We now turn to “top view” electron velocity Yoy, Vez) are the same as in Fig. 4. The target recoil ion travels downward.

distributions, which represent the projection of the 3D elec-

tron velocity distribution onto the scattering plane. Severallow'mtensny electron cloud asymmetrically placed in the up-

top views are shown for each projectile velocity. These corPer half (Vey>0) of the scattering plane and exhibiting a
) . . .considerable degree of backscattering. The halo gradually
respond to different selections of the magnitude of the recoil;

ion transverse momentunPfy , P,y) as is shown schemati- tends to disappear with increasing projectile velocity, but

P . . ersists up to 0.78 a.u. It is conspicuously absent in the H
caII_y as top 93‘63 1’.2’ gnd_S in Fig. 2. The dashed I|ne§ n thgase. As the beam velocity is raised from 0.5 to 0.64 a.u. and
various top view distributions have the same meaning as : .

. . X o . above(Figs. 6—8, the concentration of electrons along the
those in the side view distributions. In all top views the tar-

S P projectile axis splits into two arched branches located off the
get recoil ion travels downward along tMg>=0 line. . .
. i . : Lo beam axis and separated by a valley along the beam axis.
We begin our discussion with the lowest projectile VelOC'This structure is visible for both targets. The electron inten-
ity of 0.25 a.u., Figs. & and 3b), where a considerable gets.

; . .dsity distribution along these branches is not constant, but
amount of out-of-plane scattering has been observed in side_’. . o .
varies with the projectile velocity. These branches become

views in the preceding paragraph. Similarities between top inal hed with i i i
view and side view distributions are noted. In the tdrget increasing ydmore arche with increasing recoll transverse
case, the top view electron distribution, Figi@b almost momentum(decreasing impact paramejer

circular in shape, is strongly concentrated in the vicinity of Finally, at the highest impact velocity of the present in-
Vou=V.-=0 tﬁe'tar ot ogsi)t/ion while in the He target c;/se vestigation of 1.23 a.uFig. 9), the branches begin to break

ey  tez M get p ; 9 up (notably in the He cageand to form off-beam axis
Fig. S(b), electrons are widely (_1|spers_ed. Howgver, a Certaln‘blobs,” one located in the vicinity of the target and the
amount of asymmetry of the distribution, favoring the UPPET iber in the vicinity of the projectile.

half (V.y>0) of the scattering plane, is noted. One is not yet
into the molecular window at this velocity.

At the next higher projectile velocity, near 0.5 a.u., one
begins to enter the molecular window regipfigs. 5c)— For velocities between approximately 0.50 and 0.90 a.u.,
5(f)]. The electron distributions begin to concentrate alongor both targets, the systematics of the electron distributions
the projectile beam axis. The “halo” feature previously (appearance of geometrical patterns in the form of arched
noted in side views for the He target appears in the form of dranches at larger target recoil momeraee suggestive of a

C. Discussion and interpretation
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FIG. 8. The same as Fig. 6, but corresponding to a projectile
velocity of 0.90 a.u.

attribute the larger angle feature to the molecular process.
molecular promotion mechanism. Where the projectile scatyye are led to this interpretation by the fact that the geometri-
tering cross sections of Fig. 3 suggest the coexistence of twga| patterns in the electron distributions are predominately
distinct ionization mechanismgor example, for velocities confined to larger target recoil momenta, i.e. larger projectile
of 0.78 and above 0.9 a.u. for He anq,l’ﬂespectiVE|y we Scattering ang|es and Consequenﬂy |arg@‘a|ues .
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N The strong similarity of the electron velocity distributions
observed within the 0.5-0.9-a.u. range for the helium and the
gl ] molecular hydrogen target suggests that a similar ionization
] mechanism is operating for both targets. At large internu-
’ clear distances, a similarity in diabatic molecular orbital dia-
grams corresponding to the (Hele) and the (H&H,) sys-
“ T tems was already noted by Dowekal. [48]. These authors
4+ N . and Jaeckst al. [50] observed many similarities between
/ ~ J these systems in excitation and charge-exchange channels.
| " = Figure 3 shows that ionization in the intermediate velocity
,' Data for V= 0.64 a.u. region occurs at larger for He than for H, a result that
| ] might result simply from the fact that there is no strong core
0 > 4 o 3 10 potential from which the He can scatter at smabi for the
1 (keV deg) molecular target. However, we note that for smalwhere
the rotational coupling presumably occurs, the degeneracy of
FIG. 10. Dashed line: calculated dependence of the populatiothe 2po and 27 orbitals that occurs for He is more com-
of the 2pr state, through rotational coupling with th@& state, as  plex for H,, for which the level energy curves must be re-
a function of 7. Solid line: experimental data from Fig. 3 for a placed by energy surfaces and for which the shape of even
projectile velocity of 0.64 a.u. The vertical scale for the model hasthese surfaces is dependent on the molecular alignment. It is
been adjusted to match that of the data. therefore not obvious that the electron spectra, and thus pre-
sumably the ionization mechanisms, would be similar for
It has been previously suggestgdl’,40,4] that the pat- these systems.
tern of double branches, separated by a nodal line, arises At the lowest projectile velocities<0.5 a.u) ionization
from target ionization along a promotegp2 molecular or-  paths of a different type, leading to the observed “halo”-
bital. The process begins with a rotational coupling of theshaped electron distribution, seem to become more important
2po orbital occupied by the incoming active electron into afor the He target. Evidence for the “halo” feature, which
2pm one at small internuclear distances. Ther2orbital is  includes a large number of backscattered electrons, is present
then eventually promoted via a series of radial crossitigs  in Figs. 4f), 4(g), 5(b), 5(e), and §f) and more weakly in
so-calledT process into the continuum. This process con- Figs. Gd)—6(f). It is strongest for soft, largb- collisions.
serves ther character of the orbital and gives rise to the This mechanism is also indicated by the shift toward smaller
nodal line along the internuclear axis. The concentration ofr for the projectile velocity 0.25 a.u. in Fig(l3. We do not
the electron distributions in the scattering plane is a naturahave a suggestion for the operative mechanism producing
result of such a mechanism, since only ther2orbital lying  this feature.
in the scattering plane is rotationally coupled. The unequal At projectile velocities of 0.9 a.u. and above, there is also
populations above and below the nodal line are attributed tevidence for a different mechanism seen in thalepen-
a smaller but interfering- amplitude whose phase relative to dences of Fig. 3. We suspect that the shift toward smaller
that of thew amplitude depends on both the beam velocityis indicative of the onset of a “direct” ionization mecha-
and the collision system. If the above mechanism holds, th@ism, which is expected to occur as the projectile velocity
impact-parametetb) dependence of the process should beapproaches the target velocity. Such a mechanism shift from
dominated by the enabling rotational coupling processsmallb molecular processes to larpedirect processes is
which transforms the 2o initial orbital into the o7 one.  predicted from the Massey criterion and is well known in
The following promotion of the @« orbital into the con- many inelastic collision processes.
tinuum should subsequently occur at latgen the way out A detailed, quantitative comparison with calculations of
of the collision, and no stronf dependence is expected in these and other recent COLTRIMS data concerning ioniza-
this second step. We can test this conjecture for the case ¢bn at low to intermediate impact velocity does not seem
He™ on He by using the prescription given by Taulbjerg feasible at the present moment since the theoretical tools are
et al. [49] for the b dependence of the@r-2po rotational  still under developmenit41,51-54. Calculations appearing
coupling process. We have used the energy-level curveis the literature in this range of , have been for the proto-
shown in[7] to extract the value of “alpha” characterizing type p on H system only. The general character of these
the separation of the orbitals as a function of internucleatalculations have similarities to the data taken for more com-
distance. We then translated the calculdieftpendence into plex systems. The calculations of Macek and Ovchinnikov
a dependence onusing a classical potential for the interac- [41], carried out for proton impact on atomic hydrogen at
tion of two frozen Hé charge state distributions. The result energies of 5, 10, and 15 keV and at an impact parameter of
is shown in Fig. 10 and compared to the experimental 1.2 a.u., show that two broad, transverse concentrations ap-
dependences of Fig. 3 fMp=0.64 a.u. In view of the sim- pear in the in-plane electron momentum distributions, one
plicity of the model, we must interpret the agreement as suplocated in the upper halfR.y>0) and one in the lower half
porting the argument that this rotational coupling mechanisn{P.y<0) of the scattering plane. The maxima of these con-
enables the ionization process in the intermediate velocitgentrations, arising from thel promotion mechanism
range. (saddle-point mechanigmof the 2pw state, are situated

(do/de)(6) (arb. units)
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slightly off to the projectile beam axis, close to the middlein in-scattering-plane electron velocity distributions, cur-
point between target and projectile. A distinctive oscillationrently interpreted as direct experimental evidence for the pro-
of the relative intensities of the two concentrations with im-motion of selected molecular orbitals into the continuum, are
pact velocity was noted, which reproduced the oscillatoryconfined to a certain projectile velocity window that we have
behavior of the jetlike structures observed byrier et al.  labeled a molecular promotion window. All measured data
[37] in p-He collisions. From the data of Figs. 5—8 it is clear sets, such as reduced projectile scattering cross sections, side
that not only# but alsoo and 6 amplitudes are present. The views and top views of electron velocity distributions, point
ability to account for the relative contributions of these am-toward the dominance, above about 0.45 a.u. impact veloc-
plitudes appears to be beyond the capability of any existingty, of an ionization mechanism based on molecular promo-
theoretical framework. tion mediated by rotational coupling. This process begins to
Sidky and Lin[54] used a discretization of the radial con- yield to a direct process at an impact velocity of above about
tinuum to solve the Schdinger equation in momentum 0.9 a.u. for Hé-H, and 1.23 a.u. for He-He. There is
space for proton impact at energies from 5 to 100 keV orstrong evidence that the molecular ionization mechanism is
atomic hydrogen and at an impact-parameter value of 1.Pasically of the same nature for the two collision systems.
a.u. Although no explicit mention of rotational coupling was  For velocities both above and below this window, differ-
made in the calculation, the results reproduced the twoent patterns, and presumably therefore different mechanisms,
fingered structure seen in the data of Fig&)55(f) and  seem to enter for both targets. These processes are preferen-
Figs. 6—9 and in that of Draeret al.[37]. This structure was tially largeh ones. At low velocities the electron momenta
identified within their formalism as being caused by a two-lose the characteristic confinement to the collision plane. For
island structure: one island is associated with targethe He target, the low-energy promotion mechanism pro-
projectile-centered basis states and one with target-centereices “halo” electrons centered roughly on the target and
states. The distribution of Fig.(® for Vp=1.23 a.u. espe- extending well into the backward region. While it does not
cially bears a strong qualitative resemblance to their resultcome as a surprise that at higher velocities the molecular
The oscillations seen by Macek and Ovchinnikov were nofpromotion mechanism yields to a direct ionization process,
reproduced in this calculation. A more recent CTMC inves-the low-velocity behavior is much more puzzling. It might be
tigation of the role of the saddle-point promotion in theseargued that at low projectile velocities the rotational cou-
slow collisions by Sidkyet al.[55] has suggested that only a pling becomes less effective, and ionization mechanisms of a
small fraction of the continuum electrons released for 1 a.udifferent, and presently unknown nature, characterized by
p on H originate from the saddle promotion scheme. Thisout-of-plane electron scattering, take over. The striking simi-
calculation is also able to reproduce a weak two-fingeredarity of the main molecular promotion mechanism for ion-
structure in the distributions. The relationships among theseation for the two targets is only partially understood. Only
very different theoretical approaches remains to be elucivery qualitative arguments in favor of this similarity in the
dated. Although all the theoretical results so far are for p orDiscussion section can be given. We would like to stress the
H, not the actual systems measured, we re-emphasize thizct that the empirical data basis from which we can draw
there is remarkable similarity in the intermediate velocity conclusions is still rather scanty, and investigations of addi-
range of the electron patterns for the collision systems ( tional collision systems, especially for a true one-electron
He"2")-He and Hé -H,. This similarity is taken as an indi- system, would be of considerable importance.
cation that the molecular promotion mechanisms operative in
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