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Electron-momentum distributions in singly ionizing C®*-He collisions at intermediate velocities
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The process of single ionization has been studied n-Be collisions at the collision velocities of 1.17,

1.36, and 1.63 a.u. Ejected electrons were detected in coincidence with the recoil ions. Two components of the
electron-momentum and the full-momentum vector of the recoil ion were measured. From these, two-
dimensional momentum-space distributions of the continuum electrons were deduced, projected parallel or
perpendicular to the collision plane, and for several values of the recoil transverse momentum. The distribu-
tions do not show the molecular-orbital-like patterns seen in similar collisions with singly and doubly charged
projectiles. They do tend to lie preferentially along a ridge joining the target and projectile velocities, and show
an increasing tendency to go in the direction of the projectile, both longitudinally and transversely, as the
collision velocity is raised and the impact parameter lowered. The results are in agreement with classical
trajectory Monte Carlo predictions for similar systems.
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When a highly charged ion collides with an atom, one orrection was found to shift toward the projectile velocity with
more of the target atom electrons can be liberated to than increasing projectile charge state, opposite to what was
continuum in a process known as ionization. The analysis oéxpected from simple saddle-point arguments. Fér,C
the energy and momentum of the ionized electron is a priO®*, and Né°" colliding with He and Ne, we found that the
mary tool for studying the ionization mechanisfig. While ~ EEMD peak in the longitudinal direction was centered nearly
ionization mechanisms are well understood at large collisiobn the projectile velocity. The results of these experiments
velocities ¢ ,>v,, wherev, andv, are projectile velocity were in fair agreement with continuum-distorted-wave-
and target classical bound electron velocity, respectiyely eikonal-initial-state calculation§CDW-EIS) [5-9], but in
they have remained a subject of debate at low velocitiegot as good agreement with classical trajectory Monte Carlo
(vp=vo). At intermediate to high velocities, two major (cTMC) calculations5,10].
r_nechanisms that have been identified_ as giving rise to con- \wjiih the development of cold-target recoil-ion momen-
tinuum electrons are sof_t-electron emissi@EB and elec- tum spectroscopyCOLTRIMS) [11,17, it has become pos-
tron capture to the continuuECC). In momentum space, sible to study this process with more complete experimental
if?ﬁngrpgd;ﬁgdoﬂh{ﬁggh thesﬁ twolprqgessle_slgrde genter trol over the collision parameters. By detecting electrons

9 projectiie ve oc[tl(ea_u tiplie Y in coincidence with fully momentum-analyzed recoil ions,
the electron magsrespectively. At low projectile velocities, .
a third mechanisntsaddle-point mechanigmvas suggested one obt_am§ npt only the EEMDs, but the depenQence of
[2,3] that would produce electrons centered on the equiforcéhese distributions on the tran.sv.erse andilcimgltudlnal mo-
mentum transferred to the recoil in the collision. The trans-

point (saddle point between the target and the projectile. i X .
This suggestion was followed by a great deal of controversy’€rSe recoil momentum determines the collision plane and

and experiments were reported that both support, and do n§&n be used to determine quantitatively the impact parameter
support, the importance of such a mechanjgin for the collision if a suitable effective heavy-ion scattering
We have previously reported emitted electron momentuniotential is known. The longitudinal recoil momentum mea-
distributions (EEMDs) for different collision systems ob- sures the inelasticity of the collision. Using this technique,
tained using imaging techniques and position sensitive deteg@revious studies of ionization in collisions pf He*, He*,
tors[5—7]. Unlike conventional electron spectroscopy, whichand Né~ with He, Ne, and H[13—-18 have been carried out.
measures electron energy at a certain ejection angle, the inthese highly differential experiments revealed striking pat-
aging method measures two-dimensional soft electron maerns in the EEMDs, which were interpreted as reflecting the
mentum distributions in one “snapshotlike” image. Using structure of the molecular orbitals whose promotion into the
this technique, we found that the EEMDs strongly depend omontinuum was responsible for the ionization. These colli-
the charge and velocity of the projectile ion, and also on th&ion systems all involved singly or doubly charged projec-
target atom. In general, we found that the emitted electronsgles, for which the main population in the EEMDs centers in
are strongly focused in the forward direction in the labora-the vicinity of the saddle point longitudinally. As the projec-
tory frame. The EEMD peak position in the longitudinal di- tile charge is raised, one would expect the molecular struc-
tures to become less well defined, as the promotion paths
become less obvious. Furthermore, the evolution of the EE-
*Present address: KLA-Tencor Corp., San Jose, CA 95134. EmaMDs away from the saddle region toward the projectile sug-
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lecular structures seen for singly and doubly charged systems 12]
evolve as the projectile charge is raised.

We have investigated single ionization iff 'GHe colli-
sions at projectile velocities ,=1.17, 1.36, and 1.63 a.u. 0.0
We used the same technique of combined electron and
recoil-ion detection used in earlier COLTRIMS experiments
[14-18. A detailed description of the experimental setup 1.2 TOP VIEW
and data analysis can be found elsewHdd. Briefly, the 1.2]
ion beam g direction intersects with a target supersonic He
gas jet fy direction at 90°. An electric field perpendicular to

0.6

-0.61

(b}
0.6

the ion beam and the gas jet (lirection is used to extract g vog@
the recoil ions and electrons from the collision area in oppo- S s |
site directions. The recoil ions and electrons are detected by >
two two-dimensional position sensitive detect(2®PSD3$ 1.2 SIDE VIEW
placed on the opposite ends of the extraction regdionrthe 1.21
yz plang. The electron position Zy) on the electron os] (© 1
2DPSD was used to reconstruct two components ¢ ey) '
of its initial velocity (momentum. The recoil-ion position o.o-@) &
and its time of flight were used to reconstruct its full momen-

.. . -0.81
tum vector, where the timing start signal was taken from the
corresponding electron signal. Two-dimensional{vey) -1.2] ALL ]
EEMDs were produced for different conditions on the direc- 06 00 06 12 18
tion of emission of the recoil ions. Two particular EEMDs v, (a.u.)

are qf Igtfre‘l?,t(l) on”e Ifc:r VXQIChIthe refc?rlll'lor: mtomegtatl arte FIG. 1. Emitted electron momentum distributions in singly ion-
required to ie parallel to the piané ot the electron detec Or'zing C"-He collisions at collision velocity ,=1.63 a.u(a) Elec-

H H 113 1 thl H H I
which yields a “top view” of the emitted electrons, 100king " yomentum top view, recoil ions are in tlyedirection. (b)
Electron momentum side view, recoil ions are in #heirection. In

down on the collision plane, ari@) one for which the recoil
momenta are required to lie perp?‘n_d'cu'?r to the plane of they) no collision plane is selected. In each plot, intensity is repre-
electron detector, which yields a “side view” of the ejected sented by seven contours on a linear scale. Dashed and solid lines

electrons, looking e_dge-on along the _collision plane. Forguide the eye to the laboratory-frame target and projectile veloci-
each of the above views, further selection of small or largeies, respectively.

impact parameter collisions was made by selecting the mag-
nitude of the transverse recoil momentum vector. this system is different from the shapes of distributions seen
In Fig. 1 we show the EEMDs for single ionization in in earlier experiments. The marked molecular-orbital-like
C8*-He collisions aw,=1.63 a.u. All electron spectra are structure seen for singly and doubly charged systems is no
integrated over the third velocity component,, which has longer present. In particular, the two-branch pattern that has
not been measured in this experiment. Dashed and solid lindseen seen in the collisions pf He', and H&" with He is
guide the eye to the target and projectile laboratory-framenot present. The side-view distributipRig. 1(b)] is slightly
velocities, respectively. Seven contour lines are used tmarrower than the top-view distribution, indicating that the
present the intensity in every plot on a linear scale. Figureejected electrons have a slight preference for staying in the
1(a) shows the top view of the emitted electrons. In thiscollision plane. This behavior has also been observed in
figure, recoil ions are emitted downwafdegativey direc-  other system$13-18§.
tion). Figure 1b) shows a side view of the emitted electrons  We now address the dependence of these patterns on the
where the recoil ions are emitted into the paged{rection).  transverse momentum transfer to the recoil. This momentum
Figure 1c) shows the electron momentum distribution with is approximately a measure of the impact parameter, since
no specific direction of recoil-ion transverse momentum sethe transverse momentum transfer to the electrons is small.
lected. These spectra are gated on recoil ions with transverd® show the range of transverse recoil momenta involved,
momentump,, <1.8 a.u., which covers the major part of we show in Fig. 2 recoil-ion transverse momentum distribu-
the cross section. It is noted that most of the emitted elections for the three collision velocities. It is noted that these
trons form a narrow ridge between the target and projectilalistributions show no significant change with changing col-
velocities, in agreement with previous observatihs7,10. lision velocity. A slight shift in peak position toward larger
As one expects, the distributions (i) and(c) are symmetric momentum can be seen with decreasing collision velocity. In
in the transverse direction. However, the symmetry is brokerfrig. 3 we show how the structure of the EEMDs varies with
in (a). Electrons are preferentially emitted away from theincreasing impact parameter. Each column shows top-view
recoil ions and in the direction of deflection of the projec- EEMDs for a single collision velocity. The first three rows
tiles. This asymmetry increases with emitted electron energghow how the EEMDs evolve as the transverse recoil mo-
and maximizes near the projectile velocity,. Although  mentump, is increasedi.e., the impact parameter is de-
asymmetry in electron transverse velocity has been observenteaseyl Each row is labeled by the rangepn (in a.u). For
in other system$13-18, the shape of the distribution for a Coulomb encounter, the transverse recoil momentum is
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FIG. 2. Recoil-ion transverse momentum distributions in singly g i 5 N
ionizing C°*-He collisions at collision velocities ,=1.17, 1.36, 2 . ° <\
> 0.53f >, 05 .
and 1.63 a.u. FH
) 0.0 0.0
related to the impact parametér by p, =27,7,/bvp, 1.0/ (@ ~ 10l () &
whereZ, andZ, are the effective heavy particle charges and f 3 &
atomic units are used. In all of these plots, the recoil ions are 05 $ 05 A
selected to have a transverse momentum in the negsative i :
direction. In general, the ejected electrons form a ridge be- 0.0 / 0.0 o
tween target and projectile velocity at all velocities. For the oo 2 oo
softest collisions(first row), the distributions show little v, (@u) v, (@u.)

FIG. 4. Corresponding projections of the the distributions in

v,=1.17au. v,=136au. v =163au. Figs. 3i)-3(1) on thev, direction(a)—(d) and on thev ., direction
12[ ) © (e)—(h). In (8—(d), dashed, solid, and dotted lines guide the eye to
target velocity, projectile velocity, and detector edge, respectively.

0.6
00 In (e)—(h), the dotted line guides the eye to transverse electron
' momentunv.,=0 a.u. All distributions have been normalized to a

o8 height of unity.

= 1.2

© 12

o086 awareness of the recoil direction, and tend to maximize

> . .

> 00 about halfway between projectile and targ&¥e note, how-

ever, that the saddle point for this collision system is very
near the target in velocity space, so these electrons are not
grouping near the saddJéAs the impact parameter becomes
smaller, the tendency for the electrons to follow the projec-
tile and to scatter away from the recoil ion and toward the
projectile increases. Ultimately for the hardest collisions
(smallest impact parameter; third rguwmany electrons are
even thrown forward of the projectile. This effect is most
marked at the highest projectile velocity. A similar asymme-

21(d) (h) ()

electron transverse veloci
o o
(=)

08 Q py— try has been seen using CTMC calculations by Olspal. in
0.0 @ ( = the collisions of 165 keV/u € [10] and 100-500 keV/u
08 T Ne'®" [19] with He. Olsonet al. suggested that this asym-
4] 0-50au. 0-50au. 0-50au. metry is due to the effect of the large projectile charge on the
06000612 18 00 06 12 18 00 06 12 18 ejected electron, as the ejected electron “follows” the de-
electron longitudinal velocity v, (a.u.) flected projectile.

FIG. 3. Top views of the emitted electron momentum distribu- EE-II;/CIJDSstui?]yt:llecfgemorgeiyla;?? t:leJ pelel: \?vr;:::f? ft:]heeé?fz_c\?sew
tions for three collision velocities 1.17, 1.36, and 1.63 a.u. Recoil p " o o
ions are emitted in thg direction. For every velocity, the distribu- are most marked, We. Sh.OW in Fig. 4 longItUd“ﬁa.)I_(d).anq
tion is gated on three ranges of recoil transverse momeri@#m transversee)—(h) projections of the corresponding distribu-
0.75,0.75-2.0,2.0-5.0 a)uTop views with all transverse momen- tions from Figs. 8)-3(1). In Figs. 4a)-4(c), we see the
tum values are shown in the bottom row. In every plot, severdramatic shift of electron longitudinal velocity peak position
contours represent the intensity on a linear scale. Dashed and solfith decreasing impact parameter. The dramatic increase in
lines are to guide the eye to target and projectile velocities, respec@Symmetry in electron transverse momentum can be seen in
tively. The apparent cutoff and accumulationwat~=2.0 a.u. in  Figs. 4e)—4(g). In general, we notice that the EEMDs have a
some plots is an artifact caused by the edge of the position-sensitivéironger dependence on impact parametevfer 1.63 a.u.
detector. than for the two lower collision velocities. It is important to
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remember that, over this range of collision velocities, elecvelocities. The results show that most of the emitted elec-
tron capture is strongly dominant over ionization as thetrons form a ridge between the target and projectile in veloc-
mechanism of target electron removal. From the results ofty space, which is in agreement with earlier experiments.
Wau et al.[20], we find that the ratios of single ionization to Top-view distributions show a strong asymmetry in the col-
single capture fov,=1.17, 1.36, and 1.63 a.u. in°C-He Jision plane, with the electrons being emitted preferentially
collisions are 0.004, 0.014, and 0.083, respectively. Theregpposite to the direction of recoil ions. This asymmetry in-
fore, although the collision velocity increases by only 40% increases with decreasing impact parameter and collision ve-
going from the lowest to the highest collision velocity in this ity |n the longitudinal direction, the electron momentum
experiment, the ratio of single ionization to single capturegisyiption peaks at larger velocities with decreasing impact
increases by nearly 20 times. Since capture cross sections rameter and increasing collision velocity. That is, ECC-

these velocities are nearly independent of collision velocit ike continuum electrons are produced preferentially in small

[21], this rise 1s due to the fast rise in the S'f?g'e IC?mzaﬂonimpact parameter collisions. This result is in agreement with
cross section. Based on the two-center atomic orbital clos

coupling method, Wanet al.[22] explained this strong rise ‘TTMC predictions{10,19 for similar collls_lon .Systems. I

of ionization cross section as being a result of the increasin ppears that the marked molecular-orbital-ike structures,
role of the ECC process with increasing collision velocity hich are seen |n. thg EI.EM[.)S for Iower-charged systems, are
relative to the slow rise in the SEE cross section. This sug!oSt when the projectile is highly charged as is the case here.

gestion agrees with the present data, since more electrons afethe case of the singly charged systems, which leave two
produced with velocities near the projectile velocity at higherSingly charged ions plus one electron in the continuum, it is
collision velocities and smaller impact parameters. In gentypically the case that the promotion of a singieor o
eral, one can expect an interplay between the SEE proce#golecular orbital dominates the process and the symmetry
and the ECC process as the major factor determining theroperties of these orbitals are seen in the EEMDs. This
shape of the EEMDs. While SEE is relatively more impor-simplicity appears to be lost when the projectile is highly
tant for large-impact-parameter collisions, ECC seems to beharged. It is known that molecular orbital treatments of
more important at small impact parameters. The dependenaectron capture for this system are appropriate and success-
on collision velocity is more complex, but in general, at in- ful [25]. However, many orbitals must be taken into account
termediate collision velocities we see a rise in the importancén order to describe the collision, and thus the simplicity of
of ECC relative to SEE with increasing collision velocity. promoting a single dominant orbital into the continuum
Eventually, SEE comes back to be the most important of theeems to be lost. It appears to us that such orbital-specific
two as the process of electron capture itself becomes expromotion descriptions for the low-charged systems may
tremely unlikely compared to direct electron ionization. An have to be replaced by either very complete molecular orbital
interplay of the roles of SEE and ECC processes has beawmnes or classical treatments for the highly charged systems.
also suggested by Fainsté23,24] based on th¢CDW-EIS One of the authoréM.A.A.) gratefully acknowledges the
calculations to explain the EEMDs fgrHe andp-Ne colli-  support from the ORNL Postdoctoral Research Associates
sions at intermediate velocities. However, it is noted that inrProgram administered jointly by Oak Ridge Institute for Sci-
Fig. 3(k) the distribution in the longitudinal direction does ence and Education and Oak Ridge National Laboratory. We
not show the usual symmetry of the ECC process. In fact, thgratefully acknowledge numerous helpful discussions with
peak position exceeds projectile velocity. No explanation ofR.E. Olson. This work was supported by the Chemical Sci-
this behavior is available at this moment. ences, Geosciences and Biosciences Division, Office of Ba-
In conclusion, we have presented emitted electron mosic Energy Sciences, Office of Science, U.S. Department of
mentum distributions for € -He collisions at intermediate Energy.
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