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Velocity-space pictures of continuum electrons produced by slow, bare, highly charged ions
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Velocity-space pictures of the electron continua produced by the impact of ions on He and Ne have been
measured for the bare projectilesmfHe, C, O, and Ne at a projectile velocity of 1.63 a.u. For the three highly
charged projectiles, this velocity lies in the ionization “threshold” region where electron capture dominates the
reaction. The electron velocity-space distributions for these cases are concentrated near the velocity of the
projectile, not near the saddle-point velocity, and seem to “saturate” at a nearly universal shape. The data are
in qualitative agreement with CDW-EIS calculatiohS1050-2947@7)08909-9

PACS numbd(s): 34.50.Fa, 39.36G:w

[. INTRODUCTION should ideally be carried out in the so-called threshold ve-

. . . - locity region. This region does not simply correspond to the

| Thebproduhqtur)“n ofhcontu:jugm elegttr:olrjsh|tr1 tthe Cion'fr']gn Ofmatching of the projectile velocity with the target electron
slow, bare, highly charged ions with light targeia this velocity, as might be expected. As discussed in RgfS—

case, Hghas been the object of discussion for more than & 7 the projectile velocity at which electron capture ceases
decade. Highly charged ions with velocities very much bey, 'qominate direct ionization is dependent on the projectile

low that of'the target electrons tend to (.:apt'ure electrons fro”&harge, and is given approximately b)ﬁin=qu)/4| 12 \where
the target into bound states on the projectile, and only rarely jq i target ionization potential in a.u. agglthe projectile
leave them in the continuum. It was suggested by O[44n  charge. Thus the threshold velocity region corresponds to
that electrons removed from the target could escape Captu(ﬁ’elocitie3v<umin. For largeq,,, velocities above 1 a.u. can
if they are stranded on the saddle in the potential formed byhys pe low velocities when judged by this criterion. Most
the two receding positively charged ions. The physical picexperiments, especially those with multiply charged projec-
ture is reminiscient of near-threshold Wanriigf ionization, tiles, have used higher velocity projectiles.
and, indeed, continuum electron production via collisions in  This paper reports comprehensive velocity-space pictures
this low energy has many features in common with thresholaf soft electron spectra produced by the impact of slow, bare
photon and electron impact ionization. Olson’s suggestionons of p, He, C, O, and Ne on He and Ne. An earlier paper
was supported by both classical trajectory Monte Carlchas presented similar velocity-space imaging data for bare C
(CTMC) and coupled channel calculatiof&4]. Experimen-  and protons on He, and we include some of those data here
tal evidence for “saddle-point” electrons was reported byfor completeness. In this paper we focus specifically on the
Olson et al. [5]. Considerable controversy followed, with question of saddle-point electrons for highly charged projec-
subsequent experiments both supporfiég8] and disagree- tiles, and present data for a single velocity but over a wide
ing with [9-14] this identification. A common theme of the range of projectile charges and for two different targéts.
experimental papers has been the effort to confirm or dengrief account of some of the present results are in Reé.)
the importance of saddle-point electrons by asking whetheThe experiment avoids the problems listed above in that
the continuum electron energy spectra display a maximum aomprehensive velocity-space spectra are measuredlifor
the velocity,v s, with which the saddle moves asymptotically |aboratory angles, only bare projectiles are used and, for the
(vs=vp/[1++ap/a:]), wherev, is the projectile velocity three higher charged ions, the velocities are well below
andq, andq; are projectile and final target charges, respecv ,. This last criterion is not met for the and Hé" data,
tively) and whether this maximum moves appropriately withand those data are included here only for comparison. For the
changes i, . three most highly charged projectiles, the results show
Several problems have contributed to the confusion surelearly that no saddle-point “feature” can be identified from
rounding the identification of a saddle-point feature. Mostthe comprehensive velocity space distributions of the con-
previous experiments have been carried out at a single labeinuum electrons. Indeed, the spectra for these three projec-
ratory angle, from which it is difficult to see a comprehen-tiles seem to “saturate” at a nearly universal spectral shape
sive picture of the electron velocity-space distribution. Ex-centered much nearer to the velocity of the projectile than
periments carried out with nonbare projectiles arethat of the saddle. For the two lighter projectiles considerable
complicated by intersystem electron-electron interactiongopulation in the saddle region is seen, but it is perhaps a
[14]. Finally, experiments seeking the saddle-point featuranatter of semantics whether these are to be called saddle-
point electrons, since the major spectral feature does not vary
with projectile charge as would be expected for a saddle-
*Present address: NOVA R&D, 1525 Third St., Riverside, CA point feature.
92507. Part of our motivation for performing the experiment for
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the three highly charged ions in this low velocity region is 05

that two definite “mechanisms,” have been proposed for

. . . . . . . -1.0 -1.0

ionization in this region, based on theoretical treatments B »

[19-26. These are the 8" and “ T” processes discussed 50005 10 1520 25 5007051015 20 25
by many authors, and especially addressed in the language ¢ v, (au) v, (au.)

hidden crossings. Th& process, which corresponds to a

saddle-point mechanism, is expected tq leave electrons cen- FIG. 2. Two-dimensional plots of the velocity-space continuum
tered neamw, [_22*2(3- The S process, which promotes elec- gjectron distributions, projected into thg-v, plane, for various
trons directly into the molecular continuum at small internu-pare projectiles on He and New$=1.63 a.u. The solid and dashed
clear distances, is expected to leave the electrons near thges |ocatey =0 andv=v,, respectively.

velocity of the center of mass of the system. For heavy,

highly charged projectiles, this means negr. Both total

cross sectiong26,27] and electron continua have been evalu-10-¢ mbar, where it both captured and ionized the target. A
ated for these processes fpron H using hidden-crossing transverse electric field of 420 V/cm transported the He ions
techniques. The only continuum electron measurement cabnto the face of a two-dimensional position-sensitive
ried out in the threshold region seems to be that of Pieksm@hanne|-p|ate detectaPSD. In this strong field, each He
[28] for p on H, which showed a total energy spectrum con-ion travels nearly in a straight line, and provides the
sistent with that expected foF process electrons. Doerner coordinates of the position at which the reaction occurred
et al.[30] have recently presented electron continua showingsee Fig. 1 for coordinate systgnThe ion flight time was
evidence for saddle-point electrons foon He above 5 keV.  also recorded to identify its charged state. The electron was
For bare, highly charged projectiles, only total cross sectiongrojected the other way onto a second PSD, where its posi-
have previously appear¢tl5,29. No quantitative theoretical tion of arrival in they-z plane, relative to that of the ion, was
evaluation of the expected electron continua ®@and T used to calculate thg andz components of the velocity with
processes, or any other coupled channel calculation for thghich the electron departed the reaction. This calculation

continuum spectrum, has appeared for a He target. relies on knowing the flight time of the electrons to this
detector, which is calculated on the assumption that the
Il. EXPERIMENTAL TECHNIQUE transverse velocityu) of the electron is small. This turns

out to be a very good assumption, as the experimental results
The velocity-space distributions were measured using thehow thatv, is typically below 0.5 a.u., corresponding to
experimental apparatus discussed in H@&fl] and repro- transverse energies below 3 eV. A triple coincidence mea-
duced in Fig. 1 for convenience. The beam from the Kansasurement was performe@lectron, He ion, and charge-state
State University EBIS passed through a collision regionanalyzed projectileto identify collisions in which a single
filled with He or Ne gas at a pressure of a few timeselectron, a H& ion and a bare projectile exited the reaction.
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FIG. 4. Projections of the data of Fig. 2, for the He target, onto

(a) the longitudinal ¢,) and (b) transverse «,) axes. The saddle

. oint velocity is denoted as;.
Other final channels were also recorded and used to perforr% v S

control checks on the electron velocity calibration, but are
not the point of this paper. trum is seen to have considerable population in the center
The electron velocity spectrum so obtained corresponds thetween the two velocities, or in the vicinity of the saddle of
the projection of the full velocity-space distribution onto the the asymptotic final potential. As the projectile charge is
y-z plane. Since the collision has cylindrical symmetry aboutraised the spectrum narrows in the transverse direction to
the z axis (no collision plane is determined in this experi- focus onto the axis. In the longitidunal direction, the center
mend, this is sufficient to uniquely determine the electron moves nearer the projectile velocity. This is just opposite to
velocity-space spectrum, although no attempt to unfold ahe way the velocity of the asymptotic saddle point moves as
“radial” transverse electron momentum spectrum has beem, increases.
made. Similar momentum-imaging techniques for electrons Figure 3 shows projections from the spectra of Fig. 2
have been used by several previous authdts-34 and are  corresponding to slices inv, near the beam axis
commonly used for recoil ion$35]. The more complete (Jv,|<0.2 a.u.). Such a projection enhances features that
measurement by Doernet al.[30] for p on He extends this dominate only for small transverse momentum. In particular,
technique to determine the collision plane and recoil momenthe “cusp” peak, which appears routinely as a strong feature
tum as well. For the electric fields used here, electrons witlin electron spectra taken at zero degrees, is seen in these
longitidunal momenta up to 2 a.54 eV) were covered projections as a “kink” in the spectra at a velocity equal to
without loss. the projectile velocity. The cusp feature is weak in our pre-
sentation because we are integrating ovenxthemponent of
momentum, which tends to deemphasize sharp features, and
because we are presenting the entire cross section picture, on
Figure 2 shows contour pictures of the velocity-spacea linear scale, and the cusp peak is a very weak contributor to
y-z spectra for the five projectiles. These spectra represenhe total cross section for these collisions. This peak is also
do®/dv, integrated oven,. The vertical lines indicate the somewhat attenuated by the finite resolution of the present
positions of the target-centeredv€0) and projectile- experiment, which is discussed in detail in Rg&9]. Since
centered ¢=v,) continua. For proton bombardment, for that discussion is rather complete and involved we choose
which 1.63 a.u. is already near velocity matching, the specnot to repeat it here. For the present cases, the fractional

Ill. RESULTS AND DISCUSSION
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FIG. 6. Theoretical CDW-EIS calculations of the transverse and
FIG. 5. Projections of the data of Fig. 2, for the Ne target, ontolongitidunal velocity distributions for the He target. These distribu-
(@) the longitidunal ¢,) and (b) transverse «,) axes. The saddle tions are to be compared to the data of Fig. 4.
point velocity is denoted as, .

the transverse direction. We note that this calculation is be-
momentum resolution is typically between 4 and 8%in  ing applied rather outside its expected range of validity, and
and below 8% invy . To each of these should be added anproduces both cross sections that are too high in this region
absolute resolution contribution of approximately 0.1 a.u.and spectra that are too sharply peaked on the projectile. It
The appearance of the kink at the velocity of the projectilehas been previously noted by McCartj&g] that CDW-EIS
serves as confirmation of the correct calibration of theprovides no evidence for saddle-point features for several
z-velocity scale. Our spectra are qualitatively very similar toprojectiles on H. We have no quantitative evaluationSof
those of Vanjaiet al. [36], who measured the projectile en- andT process predictions for such asymmetrical systems. It
ergy loss spectrum for ionization of He by protons. is clear that that no dominance of saddle-point electrons near
Total projections of the spectra of Fig. 2 onto the longiti- ,;, to be associated with tHE process, is to be found in the
dunal @,) and transverseu(,) axes are shown in Figs. 4 and experimental data. It remains to be determined from calcula-

5. These spectra have been normalized to the same peglns whether thd process really predicts such a feature for
height in this figure. The shapes of the longitudinal spectraych systems.

are seen to “saturate” at a nearly universal shape for the
three highest charged projectiles. While it is expected that
the projectile potential dominates the motion of the electrons
for such a collision system, it is less obvious that the con-
tinuum electrons will so closely accompany the projectile in  In summary, we have presented velocity-space pictures of
velocity space, since they are easily captured into bounthe electron continua produced by 1.63 @auHe, C, O, and
states if they end up spatially located near the projectile. Ne bare projectiles on He. The spectra are quite focused
In Fig. 6 we show a continuum-distorted-wave-eikonal-along the beam axis for the three highly charged projectiles,
initial-state (CDW-EIS) [37,3§ calculation for He, which  but show no sign of centering about the saddle-point velocity
qualitatively reproduces the saturation effect and the centeexcept for the proton-projectile case. Instead, the projectile
ing of the continuum on the projectile. The calculation alsospectra tend to saturate at a nearly universal shape centered
reproduces qualitatively the narrowing of the distributions innear the projectile velocity as the projectile charge is raised.

IV. SUMMARY AND CONCLUSIONS
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