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Cold target recoil ion momentum spectroscopy has been used to image the momentum distributio
continuum electrons liberated in the impact of slow He1 and He21 ions on He. The distributions were
measured for fully determined vector impact parameter. The spectra show that the electron mom
lie mainly in the collision plane and display a structure which strongly suggests that it isp states which
are dominantly promoted into the continuum in such collisions, but that interferings and perhapsd
amplitudes are also important. [S0031-9007(98)07407-9]
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It was established more than three decades ago tha
slow collisions for which the projectile velocityyp is much
smaller than the classical electron orbital velocity, a m
lecular promotion picture of electronic excitation holds [1
One of the earliest cases to be studied was the electro
excitation of He by extremely slow He1 projectiles [2].
The major excitation mechanism was found to be a rot
tional conversion of the initial2ps orbital into a2pp or-
bital, which was subsequently promoted to an excited2p
state of the projectile/target. It was suggested, but not e
tablished, that this process might also provide a route f
promotion to the continuum. How high in velocity such
promotion picture might continue to be valid has remaine
a substantial question over the years. In recent years, m
effort has been focused on identifying the mechanism f
collisional target ionization of simple systems in the “qua
sithreshold” velocity region where continuum electron pro
duction first begins to compete with the dominant electro
capture process (roughly, foryp between about 0.01 and
1 a.u.). The discussion initially focused on the role o
“saddle-point” [3,4] electron production, whereby elec
trons liberated from the target ride on the potential sadd
formed by the Coulomb potentials of the receding cente
Experimental attempts to identify a saddle-point feature
the continuum electron spectra resulted in both positive a
negative evidence for such a mechanism but at velocities
high that the whole concept of saddle-point electrons w
questionable. On the theoretical side, the theory of hidd
crossings, whereby an electron can be promoted into
continuum via series of hidden crossings in the complexR
plane of the quasimolecular states [5–7], has allowed t
identification of two major mechanisms for ionization, th
T and theS processes. In this language, theT process cor-
responds to a saddle-point promotion. Pieksmaet al. [8]
studiedp on H at very low projectile velocity where the
molecular language is most appropriate. They were ab
0031-9007y98y81(17)y3627(4)$15.00
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to deduce, from soft electron spectra extending down
zero energy, evidence for the operation of bothT and S
processes. More recent electron momentum imaging
the continuum electron spectra showed that, while the s
electron continua tend to gather about the saddle for sl
singly charged projectiles on He, they do not do so f
higher charged projectiles [9–11].

The whole subject of soft electron production has be
profoundly changed over the last few years through m
mentum imaging techniques which produce complete “p
tures” of the momentum spectra. A major advance ca
from the recent work of Dörneret al. [12] who used cold
target recoil ion momentum spectroscopy (COLTRIMS
[13,14] to study electron ejection in thep-He system at
energies of 5, 10, and 15 keV. Their technique allow
momentum-space images of the continuum electron sp
tra to be obtained forexperimentally determined vecto
impact parameter(collision plane and transverse momen
tum transfer). The ejected electrons were found to be c
centrated in the scattering plane and preferentially emit
with velocities between zero andyp , that is, in the vicinity
of the sadde-point velocity. The distribution in the coll
sion plane displayed a two-finger structure, with the ele
tron momenta lying preferentially above or below the bea
axis. Furthermore, whether the preference was toward
away from the recoil ion depended on the projectile velo
ity. It was suggested that this behavior could be explain
as due to the dominance of ap amplitude in the contin-
uum, caused by the promotion to the continuum of an in
tially excitedp molecular orbital. The oscillation withyp

was attributed to interference betweenp ands amplitudes
to the continuum. This suggestion has now been exa
ined quantitatively forp on H by Macek and Ovchinnikov
[15], who have obtained a theoretical value for the oscill
tion frequency consistent with that found by Dörneret al.,
and who point out that this oscillation frequency can b
© 1998 The American Physical Society 3627
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interpreted as a direct measure of the real part of the e
ergy difference between the relevantp and s molecular
orbital energies.

In this paper we examine two systems for which ele
tronic excitation in the low velocity limit is well estab-
lished to originate from the rotational excitation of the2pp

orbital. We have used COLTRIMS to record the contin
uum momentum-space images of the electron continu
for experimentally determined vector impact paramete
We find that the structure reported by Dörneret al. [12]
is not specific top-He but appears in both of our system
and appears to be quite general, although distinct diffe
ences of detail in the three systems are apparent. Our
sults suggest that thep promotion is likely to be a very
common starting point for promotion to the continuum fo
any low-charged, light collision systems.

The experiment was carried out at the KSU CRYEBI
facility with a COLTRIMS system very similar to that
described in [12]. The ion beam (z axis) collided with a
supersonic gas jet (y axis). An electric field (x axis) of 35–
60 Vycm perpendicular to both the ion beam and the g
jet was used to extract the recoil ions and slow eject
electrons in opposite directions. The electrons were acc
erated by this field a distance of 10.2 mm, then drifted
distance of 17.7 mm to be detected by a position-sensit
detector. The recoil ions were accelerated in the oppos
direction through a distance of 86.3 mm and then drifte
a distance of 305 mm to be detected by another positio
sensitive detector. The time of flight of the electron wa
small and had a small spread. This allowed us to use
electron time signal as a start for the time-to-amplitud
converter which was stopped by the recoil time signal. Th
measured time of flight of the recoil ions was used in ca
culating one of the momentum components of the reco
ions. The two other components were calculated from t
position on the recoil detector. Two of the three mome
tum components of the electrons were calculated from t
electron position on the electron detector.

A typical recoil-ion transverse momentum spectrum an
coordinate system schematic are given in Fig. 1. Rec
ions whose transverse momentum vectors lie within ga
G1 occur when the recoil ion is scattered in the1y direc-
tion. Selecting events in this gate thus defines a scatt
ing plane parallel to they, z plane, which is parallel to
the electron detector (“top view”). Selecting events i
gate G2 defines a scattering plane parallel to thex, z plane
and therefore perpendicular to the electron detector (“si
view”). The top view thus provides a view of the elec
tron momentum image seen looking down on the scatte
ing plane (yz) while the side view provides a similar view
seen looking at the scattering plane edge-on (xz).

Electron momentum distributions for top and side view
are given in Figs. 2(a) and 2(b), respectively, for the ca
of 0.64 a.u. He1-He. Black rectangles represent the ap
propriate experimental resolutions in the images. The ele
trons are seen to be preferentially emitted in the forwa
direction, lying between the target and projectile velocitie
3628
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FIG. 1. (a) Geometry of target showing coordinate system
The extraction electric field is in the negativex direction.
(b) Two-dimensional recoil-ion transverse momentum distr
bution for yp  0.64 a.u. He1-He collisions. Gates G1 (top
view) and G2 (side view) are used in data analysis.

in agreement with earlier investigations of similar system
[9–12]. Figure 2(b) shows that electrons are conce
trated in the scattering plane. The most striking featu
of these spectra is the two-fingered structure seen in sp
trum (a) showing a local minimum on the internuclear axis
(In all top-view figures the recoil ion moves down afte
the collision.) This local minimum can be seen mor
clearly by making a transverse projection of a slice of th
two-dimensional distribution nearyezyyp  0.5. Such a
projection of Fig. 2(a) is shown in Fig. 2(c). A similar
projection of Fig. 2(b) is shown in Fig. 2(d). This struc-
ture is very similar to that seen by Dörneret al. for the
p-He system. To investigate the generality of this struc
ture, we also performed measurements for He21 on He and
show spectra corresponding to (a) and (b) for this syste
in Figs. 2(e) and 2(f). Both the concentration of even
in the collision plane and the quasinodal line along the in
ternuclear axis are seen to appear for this system also.
is interesting to note, however, that, while for He1 on He
more electrons are emitted away from the recoil directio
the electrons follow the recoil for He21 on He.

The interpretation of the two-fingered structure see
by Dörner et al., and now reinforced by the calculation
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FIG. 2. (a) Top view and (b) side view of the emitte
electrons in the collisionyp  0.64 a.u. He1-He. (c) and
(d) are transverse projections of (a),(b) nearyezyyp  0.5.
(e) and (f) are, respectively, top view and side view o
the emitted electrons in the collisionyp  0.55 a.u. He21

with He, and (g) and (h) are the corresponding projection
The approximate resolution functions in the two-dimension
distributions are represented by black rectangles.

by Macek and Ovchinnikov, attributes this structure
the promotion of molecular orbitals ofp character into
the continuum. Such an explanation seems natural for
present system as well. Specifically, the electron initia
occupying the2ps orbital in the He-He1 molecule is first
rotationally coupled to a2pp state at small internuclear
distances and then promoted by aT -type process into the
continuum, keeping itsp character. The nodal line along
the internuclear axis is a signature of that character. T
asymmetry in intensity about this quasinodal line, showi
more intensity in the direction away from the recoil, ca
be interpreted as due to the interference of thep amplitude
with a weakers amplitude, which would both produce an
asymmetric distribution and weaken the node.

To study the impact-parameter dependence of the em
ted electron momentum distribution in the scattering plan
the electron distribution was gated on different ranges
recoil-ion transverse momentum. The results are shown
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Fig. 3. In these figures the recoil-ion transverse mome
tum increases in moving from Fig. 3(a) to Fig. 3(e) and
therefore, the impact parameter decreases by moving
same way. The corresponding transverse projections
slices from each distribution nearyezyyp  0.5 are given
in Figs. 3(f)–3(j). The figures show that the distribution
exhibits the two fingers for all ranges of impact parame
ter. However, the distribution becomes more symmetr
at smaller impact parameters (larger recoil-ion transver
momenta). This suggests that the relative contributions
s andp amplitudes depend on the impact parameter. A
small impact parameters thep orbital is dominant overs
orbital. This leads to a symmetric distribution around th
internuclear axis. At large impact parameters thes orbital
contribution increases relatively, leading to the asymmet
of the distribution.
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FIG. 3. (a)–(e) Top view of the ejected electron momentum
distribution in the collision 0.64 a.u. He1 on He for different
windows on the magnitude of the recoil transverse momentu
transfersptd. (f)–(j) Vertical slices from (a)–(e), centered at
yezyyp  0.5, projected onto theyeyyyp axis.
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FIG. 4. (a)–(d) Top view of the ejected electron momen
tum distributions for He1 on He with yp  0.45 1.00 a.u.
The black rectangles represent the resolution function
(e)–(h) Vertical slices of (a)–(d) centered atyezyyp  0.5,
projected onto theyeyyyp axis.

For thep-He case, a strong oscillation withyp of the
relative intensity of the two “fingers” was seen and inte
preted by Macek and Ovchinnikov in terms of thep 2 s

interference. We do not observe such an oscillation for t
present cases. Figure 4 shows electron momentum ima
similar to that of Fig. 2(a) for several projectile velocities
The stronger finger is insistently that on the side oppos
that in which the recoil goes. Thus it appears that the re
tive phase of thep ands amplitudes is not highlyyp de-
pendent, as it was for thep-He system, perhaps suggestin
that the energy difference between thep ands promotion
routes is smaller for the He-He1 case. The fact that the
stronger intensity is towards the recoil for the He-He21

case also remains without explanation. We also note th
at the highest velocity for the He-He1 system, the intensity
actually seems to be moving preferentially toward the pr
jectile, suggesting that ad amplitude may also be coming
into play. It is clear that these data contain information o
the participating amplitudes which remains to be explaine
by theoretical treatments.
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In conclusion, we have used electron momentum-spa
imaging, together with vector impact parameter determina
tion, to show that the electrons emitted into the continuum
for slow He1 and He21 ions on He have structure with at
least two very general characteristics: First, the electron
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 perpendicul
to the collision plane display a structure reminiscent of
“textbook” p orbital. This behavior suggests strongly tha
the promotion ofp orbitals dominates the low-energy con-
tinuum electron production for all of these systems. How
ever, details of the spectra differ for the three system
From such detail we would hope that quantitative infor
mation concerning the relative strengths and phases of a
plitudes representing different promotion paths might b
deduced and interpreted.

This work was supported by the Division of Chemica
Sciences, Office of Basic Energy Sciences, Office of En
ergy Research, U.S. Department of Energy. We acknow
edge stimulating discussions with R. Dörner, J. Macek
and S. Ovchinnikov.

[1] U. Fano and W. Lichten, Phys. Rev. Lett.14, 627 (1965).
[2] M. Barat, D. Dhuicq, R. Francois, C. L. Lesech, and

R. McCarroll, J. Phys. B6, 1206 (1973).
[3] R. E. Olson, Phys. Rev. A27, 1871 (1983).
[4] T. G. Winter and C. D. Lin, Phys. Rev. A29, 3071 (1984).
[5] S. Y. Ovchinnikov and E. A. Solov’ev, Comments At.

Mol. Phys.22, 69 (1988).
[6] E. A. Solov’ev, Sov. Phys. Usp.32, 228 (1989).
[7] P. S. Krstic and D. R. Schultz, J. Phys. B31, 183 (1998).
[8] M. Pieksma, S. Y. Ovchinnikov, J. van Eck, W. B.

Westerveld, and A. Niehaus, Phys. Rev. Lett.73, 46
(1994).

[9] S. D. Kravis, M. A. Abdallah, C. L. Cocke, C. D. Lin,
M. Stöckli, B. Walch, Y. D. Wang, R. E. Olson, V. D.
Rodriguez, W. Wu, M. Pieksma, and N. Watanabe, Phys
Rev. A 54, 1394 (1996).

[10] M. Abdallah, S. Kravis, C. L. Cocke, Y. Wang, V. D.
Rodriguez, and M. Stöckli, Phys. Rev. A56, 2000 (1997).

[11] M. Abdallah, S. Kravis, C. L. Cocke, Y. D. Wang,
M. Stöckli, and R. E. Olson, Phys. Scr.T73, 219 (1997).

[12] R. Dörner, H. Khemliche, M. H. Prior, C. L. Cocke, J. A.
Gary, R. E. Olson, V. Mergel, J. Ullrich, and H. Schmidt-
Böcking, Phys. Rev. Lett.77, 4520 (1996).

[13] J. Ullrich, R. Dörner, V. Mergel, O. Jagutzki, L. Spiel-
berger, and H. Schmidt-Böcking, Comments At. Mol.
Phys.30, 285 (1994).

[14] R. Moshammer, M. Unverzagt, W. Schmitt, J. Ullrich, and
H. Schmidt-Böcking, Nucl. Instrum. Methods Phys. Res.
Sect. B108, 425 (1996).

[15] J. H. Macek and S. Yu. Ovchinnikov, Phys. Rev. Lett.80,
2298 (1998).


