VOLUME 81, NUMBER 17 PHYSICAL REVIEW LETTERS 26 OTOBER 1998

Momentum Images of Continuum Electrons from Het and He** on He:
Ubiquity of 7z Structure in the Continuum

M. A. Abdallah! C.L. Cocke! W. Wolff,* H. Wolf,!
S.D. Kravis!? M. Stockli,' and E. Kambér*
'J.R. Macdonald Laboratory, Kansas State University, Manhattan, Kansas 66506
2Instituto de Fisica, Universidade Federal do Rio de Janeiro, Janeiro, Brazil
3NOVA R&D, 1525 Third Street, Suite C, Riverside, California 92507

“Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008
(Received 1 May 1998

Cold target recoil ion momentum spectroscopy has been used to image the momentum distributions of
continuum electrons liberated in the impact of slow'Hend Hé* ions on He. The distributions were
measured for fully determined vector impact parameter. The spectra show that the electron momenta
lie mainly in the collision plane and display a structure which strongly suggests that isiates which
are dominantly promoted into the continuum in such collisions, but that interferimgpd perhaps
amplitudes are also important. [S0031-9007(98)07407-9]

PACS numbers: 34.50.Fa, 39.30.+w

It was established more than three decades ago that to deduce, from soft electron spectra extending down to
slow collisions for which the projectile velocity, ismuch  zero energy, evidence for the operation of b&ttand S
smaller than the classical electron orbital velocity, a moprocesses. More recent electron momentum imaging of
lecular promotion picture of electronic excitation holds [1]. the continuum electron spectra showed that, while the soft
One of the earliest cases to be studied was the electronadectron continua tend to gather about the saddle for slow
excitation of He by extremely slow Heprojectiles [2].  singly charged projectiles on He, they do not do so for
The major excitation mechanism was found to be a rotahigher charged projectiles [9—-11].
tional conversion of the initial p o orbital into a2p 7 or- The whole subject of soft electron production has been
bital, which was subsequently promoted to an excited profoundly changed over the last few years through mo-
state of the projectile/target. It was suggested, but not esnentum imaging techniques which produce complete “pic-
tablished, that this process might also provide a route fotures” of the momentum spectra. A major advance came
promotion to the continuum. How high in velocity such afrom the recent work of Ddérnest al. [12] who used cold
promotion picture might continue to be valid has remainedarget recoil ion momentum spectroscopy (COLTRIMS)
a substantial question over the years. Inrecentyears, mu¢h3,14] to study electron ejection in the-He system at
effort has been focused on identifying the mechanism foenergies of 5, 10, and 15 keV. Their technique allowed
collisional target ionization of simple systems in the “gua-momentum-space images of the continuum electron spec-
sithreshold” velocity region where continuum electron pro-tra to be obtained foexperimentally determined vector
duction first begins to compete with the dominant electrorimpact paramete(collision plane and transverse momen-
capture process (roughly, far, between about 0.01 and tum transfer). The ejected electrons were found to be con-
1 a.u.). The discussion initially focused on the role ofcentrated in the scattering plane and preferentially emitted
“saddle-point” [3,4] electron production, whereby elec-with velocities between zero ang,, that is, in the vicinity
trons liberated from the target ride on the potential saddl®f the sadde-point velocity. The distribution in the colli-
formed by the Coulomb potentials of the receding centerssion plane displayed a two-finger structure, with the elec-
Experimental attempts to identify a saddle-point feature irtron momenta lying preferentially above or below the beam
the continuum electron spectra resulted in both positive andxis. Furthermore, whether the preference was toward or
negative evidence for such a mechanism but at velocities sawvay from the recoil ion depended on the projectile veloc-
high that the whole concept of saddle-point electrons wagy. It was suggested that this behavior could be explained
questionable. On the theoretical side, the theory of hiddeas due to the dominance ofma amplitude in the contin-
crossings, whereby an electron can be promoted into theum, caused by the promotion to the continuum of an ini-
continuum via series of hidden crossings in the com@lex tially excitedz molecular orbital. The oscillation with,
plane of the quasimolecular states [5-7], has allowed the/as attributed to interference betweermndo amplitudes
identification of two major mechanisms for ionization, theto the continuum. This suggestion has now been exam-
T and theS processes. In this language, th@rocess cor- ined quantitatively fopp on H by Macek and Ovchinnikov
responds to a saddle-point promotion. Piekshal. [8] [15], who have obtained a theoretical value for the oscilla-
studiedp on H at very low projectile velocity where the tion frequency consistent with that found by Dére¢ml.,
molecular language is most appropriate. They were abland who point out that this oscillation frequency can be
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interpreted as a direct measure of the real part of the en-
ergy difference between the relevamtand o molecular
orbital energies.

In this paper we examine two systems for which elec- Py 4
tronic excitation in the low velocity limit is well estab-
lished to originate from the rotational excitation of ther
orbital. We have used COLTRIMS to record the contin- 5
uum momentum-space images of the electron continuua
for experimentally determined vector impact parameter.
We find that the structure reported by Dorregral. [12] Recoil-ion  Ton beam Electron
is not specific top-He but appears in both of our systems detector detector
and appears to be quite general, although distinct differ-
ences of detail in the three systems are apparent. Our re- 15
sults suggest that the promotion is likely to be a very .
common starting point for promotion to the continuum for 10F
any low-charged, light collision systems. !

The experiment was carried out at the KSU CRYEBIS St
facility with a COLTRIMS system very similar to that F
described in [12]. The ion beam éxis) collided with a
supersonic gas jet(axis). An electric fieldf axis) of 35—

60 V/cm perpendicular to both the ion beam and the gas
jet was used to extract the recoil ions and slow ejected ;
electrons in opposite directions. The electrons were accel- -10F
erated by this field a distance of 10.2 mm, then drifted a '
distance of 17.7 mm to be detected by a position-sensitive
detector. The recoil ions were accelerated in the opposite
direction through a distance of 86.3 mm and then drifted

a distance of 305 mm to be detected by another position- p, (a.u.)

sensitive detector. The time of flight of the electron was

small and had a small spread. This allowed us to use thelG. 1. (a) Geometry of target showing coordinate system.
electron time signal as a start for the time-to-amplitudeThe extra_ction _electric fie_ld_ is in the negative direction_. _

converter which was stopped by the recoil time signal. Th b) Two-dimensional recoil-ion transverse momentum distri-

. - o . ution for v, = 0.64 a.u. He -He collisions. Gates G1 (top
measured time of flight of the recoil ions was used in calvjey) and G2 (side view) are used in data analysis.

culating one of the momentum components of the recoll
ions. The two other components were calculated from thén agreement with earlier investigations of similar systems
position on the recoil detector. Two of the three momen{9-12]. Figure 2(b) shows that electrons are concen-
tum components of the electrons were calculated from th&ated in the scattering plane. The most striking feature
electron position on the electron detector. of these spectra is the two-fingered structure seen in spec-
A typical recoil-ion transverse momentum spectrum andrum (a) showing a local minimum on the internuclear axis.
coordinate system schematic are given in Fig. 1. Recoi{ln all top-view figures the recoil ion moves down after
ions whose transverse momentum vectors lie within gat¢éhe collision.) This local minimum can be seen more
G1 occur when the recoil ion is scattered in the direc-  clearly by making a transverse projection of a slice of the
tion. Selecting events in this gate thus defines a scattetwo-dimensional distribution near,./v, = 0.5. Such a
ing plane parallel to the, z plane, which is parallel to projection of Fig. 2(a) is shown in Fig. 2(c). A similar
the electron detector (“top view”). Selecting events inprojection of Fig. 2(b) is shown in Fig. 2(d). This struc-
gate G2 defines a scattering plane parallel tastheplane  ture is very similar to that seen by Doérnet al. for the
and therefore perpendicular to the electron detector (“sid@-He system. To investigate the generality of this struc-
view”). The top view thus provides a view of the elec- ture, we also performed measurements fot 'Hen He and
tron momentum image seen looking down on the scattershow spectra corresponding to (a) and (b) for this system
ing plane (yz) while the side view provides a similar view in Figs. 2(e) and 2(f). Both the concentration of events
seen looking at the scattering plane edge-a). ( in the collision plane and the quasinodal line along the in-
Electron momentum distributions for top and side viewsternuclear axis are seen to appear for this system also. It
are given in Figs. 2(a) and 2(b), respectively, for the casés interesting to note, however, that, while for Hen He
of 0.64 a.u. H&é-He. Black rectangles represent the ap-more electrons are emitted away from the recoil direction,
propriate experimental resolutions in the images. The eledhe electrons follow the recoil for Hé on He.
trons are seen to be preferentially emitted in the forward The interpretation of the two-fingered structure seen
direction, lying between the target and projectile velocitiesby Dorneret al., and now reinforced by the calculation
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Fig. 3. In these figures the recoil-ion transverse momen-

i =
‘ ® tum increases in moving from Fig. 3(a) to Fig. 3(e) and,
therefore, the impact parameter decreases by moving the
same way. The corresponding transverse projections of
slices from each distribution neag. /v, = 0.5 are given
‘ ‘ ‘ | in Figs. 3(f)—3(j). The figures show that the distribution
0.0 0.5 1.0 0.0 0.5 1.0 exhibits the two fingers for all ranges of impact parame-
VelVp VeV, ter. However, the distribution becomes more symmetric
1000 ‘ © ‘ at smaller impact parameters (larger recoil-ion transverse
momenta). This suggests that the relative contributions of
o) o and 7 amplitudes depend on the impact parameter. At
5 500 small impact parameters the orbital is dominant overr
° orbital. This leads to a symmetric distribution around the
B ‘ internuclear axis. At large impact parametersaéherbital
-1 v O/V 1 contribution increases relatively, leading to the asymmetry
e p ‘ of the distribution.
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FIG. 2. (a) Top view and (b) side view of the emitted 0.5
electrons in the collisionv, = 0.64 a.u. He -He. (c) and o i)
(d) are transverse projections of (a),(b) neat/v, = 0.5. > 00 c i
(e) and (f) are, respectively, top view and side view of S 100
the emitted electrons in the collision, = 0.55 a.u. Hé* > O
with He, and (g) and (h) are the corresponding projections.  -0.5
The approximate resolution functions in the two-dimensional Q
distributions are represented by black rectangles. 0.5 300
by Macek and Ovchinnikov, attributes this structure to 200
the promotion of molecular orbitals af character into 0.0r
the continuum. Such an explanation seems natural for the 100
present system as well. Specifically, the electron initially — -0.5
occupying the p o orbital in the He-Hé molecule is first :
rotationally coupled to &p 7 state at small internuclear 0.5 (e) ] 100
distances and then promoted by aype process into the
continuum, keeping itsr character. The nodal line along 0.0
the internuclear axis is a signature of that character. The 50r
asymmetry in intensity about this quasinodal line, showing g
more intensity in the direction away from the recoil, can 0
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be interpreted as due to the interference ofitt@mplitude
with a weakero amplitude, which would both produce an
asymmetric distribution and weaken the node.

i _ FIG. 3.
To study the impact-parameter dependence of the eml{(;istribution in the collision 0.64 a.u. Heon He for different

ted electron mpmentgm distribution in thg scattering planeWindows on the magnitude of the recoil transverse momentum
the electron distribution was gated on different ranges ofransfer(p,). (f)—(j) Vertical slices from (a)—(e), centered at

recoil-ion transverse momentum. The results are shown in,./v, = 0.5, projected onto the,, /v, axis.

(8)—(e) Top view of the ejected electron momentum
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00 05 10 -05 00 05 In conclusion, we have used electron momentum-space
— ] @ T T o) imaging, together with vector impact parameter determina-
1 | tion, to show that the electrons emitted into the continuum
for slow He" and Hé" ions on He have structure with at
least two very general characteristics: First, the electrons
are concentrated in the collision plane and lie roughly be-
tween the projectile and the target in longitudinal veloc-
ity space. Second, the distributions viewed perpendicular
to the collision plane display a structure reminiscent of a
“textbook” 7 orbital. This behavior suggests strongly that
the promotion ofr orbitals dominates the low-energy con-
tinuum electron production for all of these systems. How-
ever, details of the spectra differ for the three systems.

0.5

z 0 v,=0.78 a.u From such detail we would hope that quantitative infor-
>F 05l b (©) mation concerning the relative strengths and phases of am-
: plitudes representing different promotion paths might be
deduced and interpreted.
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