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Single and double electron capture from He by Af®* studied
using cold-target recoil-ion momentum spectroscopy

M. A. Abdallah, W. Wolff* H. E. Wolf* E. Y. Kamber' M. Stockli, and C. L. Cocke
J.R. Macdonald Laboratory, Physics Department, Kansas State University, Manhattan, Kansas 66506
(Received 24 April 1998

Single and double electron capture from He targets b\Aions have been studied at projectile velocities
from 0.3 to 1.5 a.u. Cold-target recoil-ion momentum spectroscopy was used to record the energy gain and
scattering angle simultaneously. For single capture, the reaction window is found to spread in width approxi-
mately as the square root of the projectile velocity and to shift slightly toward smaller energy-gain values as the
velocity increases. The angular distributions center at the half Coulomb angle over most of the velocity range
covered, but differ in shape from multichannel Landau-Zener model results. For double capture, transfer
ionization dominates and feeds primarilysymmetric states, wheris the principal quantum number. True
double capture feeds mainfy-asymmetric states. The angular distributions for double capture lie outside the
half Coulomb angle, indicating the importance of two-step processes in populating doubly excited states.
[S1050-294@8)05610-9

PACS numbd(ps): 34.70+e, 34.50.Fa

I. INTRODUCTION spectroscopy(COLTRIMS) [15-17 to study low-energy
capture by highly charged ions from He. This technique al-
Electron capture by multiply charged ions from the two- lows the simultaneous investigation of the final-state distri-
electron target He has been heavily studied over more thanlautions, giving information on the behavior of the reaction
decade. At low velocities, it is well established that singlewindow, and angular distributions for each final state, giving
capture takes place at large internuclear distances, betweerirBormation on the capture mechanisms. In the low-velocity
and 10 a.u. typically, leading to very selective final-stateregion, this technique has been used previously by two other
population of only one or twan values[1-4]. Rather suc- groups[18-21 and by ug22] to study capture from He by
cessful modeling of the process has been formulated in terntsigh-Z projectiles. A particularly important aspect of this
of classical barrier [5,6], multichannel Landau-Zener approach is that it allows high-resolution studies, with good
(MCLZ) [2,7] and classical trajectory Monte Cafl@TMC)  statistics, to be carried out over a wide range of projectile
[8,9] languages. For low-charged projectiles, very good develocities. In the present case, we go from 0.3 a.u., clearly in
scriptions of such collisions through coupled-channel calcuthe classical-barrier “slow” region, to 1.5 a.u., which is defi-
|ati0nS, even including the differential cross SeCtionS, arqﬂte|y entering the transition region Where neither energy-
available[10,11. For highly charged projectiles, however, nor momentum-matching criteria are adequate alone to de-
such accurate descriptions cease to be feasible because of figipe the main characteristics of the capture. The projectile
very large number of final channels that must be considereflgoq here is Af*, which appears to the He to be a scantily

and simple models remain useful. clad nucleus, nearly a point charge. In contrast to lower

Double capture usually populates doubly excited states OE'harged projectiles such as® whose COLTRIMS study
the projectile at internuclear distances similar to, or slightly

o . PEE . we recently reported22], the final states populated on the
inside, the single-capture radii, withvalues near or slightly Arl6* v hvd . dth bshell splitting i
below those populated in single capture. A great deal of dis- r core are nearly hydrogenic and the Subshetl Spitting 1S
cussion has focused on the role of “correlated” capture, m_unresolvable, being typically of thg order of tens of _meV.
volving two-electron matrix elements, which can populatec,omplete coupled-channel calculations are presently impos-
doubly excited states with quite differentvalues[1,4,12— sible for such a system due to the large number of open
14]. While doubly excited states characterized by electrong§hannels. _ _
in similar n values tend to decay rapidly through autoioniz- Several previous studies of ®r on He forq near 16
ation, leaving a doubly charged target but a projectile retainhave been reported in the low-velocity region. Total cross
ing only one captured electrdiransfer ionizatior(Tl), also ~ sections and energy gain measurements for highly charged
known as autoionizing double captiirstates with very dif-  projectiles, including A®*, on He were measured by Iwai
ferentn have a much better chance to radiatively stabilizeet al. [23] and Tawaraet al. [24], who concluded that the
leading to true double captut@DC). correlation between the cross section and energy gain was
In this paper we use cold-target recoil-ion-momentumapproximately that to be expected from Coulomb potential
curves for highg. Vancuraet al. [25] measured absolute
cross sections for capture from He by<§<16, to which
*Present address: Instituto de Fisica, Universidade Federal do Rgubsequent partial cross-section measurements have been
de Janeiro, Caixa Postal 68.528, 21945-970 Rio de Janeiro, Brazinormalized. Wuet al.[26,27] used a low-resolution form of
"Present address: Physics Department, Western Michigan Univerecoil momentum spectroscopy to measure cross sections,
sity, Kalamazoo, MI 49008. averageQ values(whereQ is the electronic energy release
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and angular distributions for capture by Af from He RO
for 0.19<v<1.55 a.u. They found that the averaQevalue tn= 5 6 7 8910

effect that we are able to illuminate further in this paper.

actually decreased with increasing a counterintuitive 10.0 | ‘ ‘ ‘ ‘ ‘ ‘ H ‘ i
The most complete previous experiment on the system stud-

ied here was carried out by Cederquéstal.[28], who mea- 801 v=150au ]
sured translational energy gain spectra for §-3&8V
Art>" on He and deduced final-state populations for 6.0k ]

single- and double-capture channels. High-resolution COLT-
RIMS spectra for At on He were reported by Cassimi
et al. at 6.75 keV/nucleoh20] and information on final-state
distributions and angular distributions was deduced for

single capture. ~ 20
=
S
Il. EXPERIMENT
E  300—
6+ ; . 3B r
The Ar*®* ions were produced by the Kansas State Uni- = [
versity electron beam ion source and accelerated to voltagesg 5 )
between 10 and 150 kV. The COLTRIMS apparatus is de- g -
scribed in some detail in Ref22], to which the reader is ) [
referred for more detail. Briefly, the beam crossed a super-§ 20.0
sonically cooled He jet with an internal temperature below 1 %
. . . =] r
K. The recoil He ions produced by capture were impelled £ 150l

onto the face of a two-dimensionéD) position-sensitive
channel-plate detectaiPSD by a slightly focusing trans- [
verse electric field, while the charge-state-analyzed pro- 10.0 |
jectiles were detected in coincidence with the recoils by a [ ‘

second 2D PSD. Single capture was identified as a coinci- sol
dence between Heand Ar®" ions. Transfer ionization and '
true double capture were identified as coincidences betweer

He?* recoils and At*" and A** projectiles, respectively. e T T
The overall recoil momentum resolution was between 0.2 _
and 0.4 a.u., depending on the specific run and settings of Q(eV)

the extraction field. Count rates were such that most

spectra shown in the paper took typically lessntHah to
accumulate.

FIG. 1. Density plot showing the transverse momentum trans-
fer to the recoil versus th€ value for two values of the pro-
jectile velocity v, for the single-capture channel. Th@ value
was deduced from the longitudinal momentum transfer. The

ll. RESULTS dashed line shows the location of the half Coulomb arfglgsee
A. Single capture the tex).
1. Q-value spectra the averageQ-value measurements of Wet al. [26]. The

Figure 1 shows density plots of longitudinal versus transPresent resolution is much better than that of ¥wal. and

verse recoil momenta for single capture at the lowest ang!loWs unambiguous resolution of the final principal so

highest projectile velocities used. The longitudinal momen-there can be little question that the present results are correct.

tum p, has been converted intoQ value using As the projectile velocity increases, the reaction window is
z

seen to spread, with a particularly strong increase in the
Q=—-vp,—nw?2, (1)  population of highen states. On the basis of a Landau-Zener

argument, one might expect that lowerstates would gain
whereuv is the projectile velocity and, the number of elec- importance a® increases, as distant crossings become in-
trons transferredli29]. All quantities in this equation are ex- creasingly diabatic and inner ones less adiabatic. In Fig. 3 we
pressed in a.u. The qualitative behavior is as expected, witbompare our experimental population distributions with
capture to successively more tightly bound final statesMCLZ predictions and find that this model accounts for
(higher energy releaseequiring more transverse momentum some aspects of the data, especially in predicting the de-
transfer. In Fig. 2 we show@-value spectra for all measured crease of the relative population of=7 aswv increases.
velocities, obtained by projecting spectra such as shown iklowever, the model completely fails to predict the increas-
Fig. 1 onto the longitudinal momentum-transfer axis. At theing importance of highn populations. The most important
lowestv, the overwhelmingly dominant population of=7  effect of raisingv is to spread, rather than shift, the reaction
is observed. This result is in agreement with the expectationwindow. Since the density of states at highreris much
of either a classical barrier modd] (which givesn=7.3) or  larger than that for lom, the result is to shift the centroid of
a MCLZ model[30,2]. It is also in good agreement with the the reaction window to lower, not highd€p, as can be seen
observations of Cederquist al, but in disagreement with in Fig. 4, where we plot the averag® value for
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5 . . .
. . L dow might spread roughly according &EAt=7. Niehaus
20 0 20 40 60 80 100 120 [6] used such an argument to deduce an explicit expression

Q(eV) for the width of the reaction window as a function of projec-
tile velocity. His approach is reminiscent of the use of the
FIG. 2. Q-value plots for single capture for various values of the uncertainty principle by Bohr and Lindhaf81] for the de-
projectile velocityv (in a.u). termination of the criterion for the use of classical trajecto-
ries in atomic collisions, except that uncertainty principle is
single capture versus. A similar effect was seen by Wu used in its energy-time form. Briefly, one can define a clas-
et al.[26,27). Although the resolution in that experiment did sical energy width
not allow a clear illumination of how this occurred, it was
speculated that the increasing population of higheras due AE.=(dV/dR)AR )
in part to the increasing angular momentum transferred in the ¢ '
collision asv is increased, enabling the population of high
and |, which have high statistical weight. A similar effect
was seen by Abdallakt al. [22] for Ar®* on He and it is
now clear that this trend is probably quite general as the
projectile velocity goes from the capture-dominated into the
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ionization-dominated velocity regime. It is known, and was | CEEa B =

confirmed experimentally by Wet al. [27] as well as by ~ 40_' T ]
CTMC calculations presented in that work, that eventually @ ™

low n states will again dominate, but this does not happen> 30_' i
until v/q becomes the order of unitwherev is expressed in :Cj Width of reaction window

2.u. andq .IS the _prolectlle charge stateFor the present 20 \ . o ° |

ystem, this requires of the order of 16 a.u. or a beam .

energy of more than 200 MeV. ] ]
Figure 4 also shows explicitly that the width of the reac-

tion window depends much more strongly wthan does the

averageQ value. While many capture studies over the past 00.0 " 02 04 06 08 10 12 14 186 18

two decades have showndependent population distribu-

tions, few experiments have been reported with sufficiently

high g to avoid complications due to nonsmooth final-state  F|G. 4. AverageQ value (closed squarg¢sand width of theQ

distributions or with a sufficiently large range ofto allow  window (closed circle} plotted vs the projectile velocity. The

guantitative investigation of this point. One would expect, ondashed line is to guide the eye, while the solid line is from &.

simple uncertainty-principle grounds, that the reaction win-(see the tejt

104 [ ) ]

v (a.u)
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whereV is the energy separation of the crossing curves and 1 =t
AR is some characteristic distance over which the transition )/\ - \,\% n=
v=.3

n=

— ]

is assumed to occur. A quantum mechanical energy width
can be defined by 0.01

/

AEqg="fv/AR. 3 !
If one now defines the total energy width to be the qua-

dratic combination of these two and chooses the valukRf 0.01
that minimizes this width, one obtains

AE= \IZUdV/d R. (4) 0.1

/
o

AE (eV)=16.6yv(a.u). (5) 0.1

This result is shown as a solid curve in Fig. 4 and is in
remarkable agreement with the measured reaction window 0.
width. This agreement must be considered to be somewhat

fortuitous, in view of the roughness of the estimate, but the 001

Taad

This result differs from that of Niehaus b{2. If we apply
this to the present case, evaluatithy/dR from a Coulomb
potential curve for A" receding from Hé at the crossing
radius of 9 a.u., we obtain

Yield (arb. units)

dependence oRv seems to be confirmed. Fishetral.[32] T T TR VR T S
have recently observed a similar spreading of the reaction
window with increasing for capture from Rydberg states E6 (eVrad)

by multlply charged ions. They find that CTMC Calculatlons FIG. 5. Angular distributions for single capture for various final

pr_edlct negrly ex‘?‘Ct'y the _trend that they observe, WhIChn values and projectile velocitias. The vertical solid lines denote

raises the interesting question as to how CTMC calculatlonﬁ1e locations of the half Coulomb anglés

provide information about [33]. '
channel calculations have been found to give an excellent

2. Angular distributions description of single capturgl1,22, but such calculations

The transverse momenta spectra for single capture a@e not feasible for this case and we retreat to model
shown in the density plots of Fig. 1 and as separate angul@nalyses. A comparison of the data with the MCLZ cal-
distributions in Fig. 5. In the localized curve-crossing pictureculation of Anderssomt al. [30] is shown in Fig. 6. In this
for capture, the angular deflection in the laboratory system o¢ase the calculation is carried out using the coupling
a projectile undergoing capture at an impact parameter equanatrix elements of Olson and Salg®8] with no modifica-
to the crossing radius is given by the half Coulomb angletion for subshell splitting. As discussed for other cases,
6.= Q/2E, whereE is the projectile laboratory energy. The this model gives deflection angles of the correct general

transverse momentum transfep,) is related to the scatter- Magnitude, but fails to reproduce the shape of the observed
ing angle by spectra. A similar result was found in Ref&2] and [39].

Although we have not made such a comparison here, Du-
pPt=Pob, (6)  ponchel[39] found that CTMC calculations were able to

give a reasonable description of the angular distributions for
wherepy is the momentum of the incident projectile. There- similar systems.
fore a plot ofp, versusQ is a straight line, which is shown as  The small statistical error bars on the angular distributions
a dashed line in Fig. 1. In Fig. 5 thi&: will occur at anE# allow us to observe a feature previously unnoticed in such
value ofQ/2 and this is shown as a thin vertical line for eachcollisions, namely, an insistent and regular large-angle oscil-
final n. As discussed by several auth¢®),34—37, capture lation suggestive of simple diffraction. The effect appears in
along semiclassical trajectories in curve-crossing space willnany of the spectra of Fig. 5, particularly strongly, for ex-
produce deflection angles greater thikgss tham 6 for cap-  ample, forv =0.75 a.u., and is remarkably stable in oscilla-
ture on the way in(out), respectively. Since for optimum tion frequency even for different final values. We have no
adibaticity, which roughly holds for the strongest final chan-definite interpretation of this phenomenon, but speculate that
nel, the transfer probability is nearly one-half, this leads toit could be due to interference between trajectories in curve-
angular distributions characterized by roughly equal crossrossing space associated with potential curves for different
sections lying inside and outsidg. . This expected trend is n values. In the following we argue that one might expect
seen to be rather well borne out for low velocities in Figs. 1that the angular oscillation frequency would be independent
and 5, but the data begin to depart rather firmly to largerof v if plotted versus transverse momentum transfer. For this
scattering angles by the time=1.5 is reached. This peaking reason, we replot in Fig. 7 selected angular distributions in
of the distributions neaf. was also observed by Cassimi this form. As discussed by many authd#d—43, an oscil-
et al.[20] for Ar*®" at low velocities. For loweq, coupled- lation in transverse momentum transfer with periog, can
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00 03 06 09 12 15 FIG. 7. Selected angular distributions for several values of the

O(mrad) final n and projectile velocity, plotted vs the transverse momen-
tum transfer, showing a regular diffractionlike structure at large
angles.

FIG. 6. Comparison of experimental angular distributions for a
projectile velocityv =0.3 a.u.(continuous curveswith multichan-
nel Landau-Zener model predictiodashed curvgsfor the three
major n values. Both experimental and model curves have beefnight be associated with crossings at snialvhich might
normalized to a peak value of unity. not be the determining ones for the total cross section and for
which Ab is smaller. The angular region in which the oscil-
be caused by a multibranch semiclassical deflection functioftions occur makes a negligible contribution to the total
if the branches are nearly parallel but shifted in impact pacross section. This is all rather speculative and would have to
rameter relative to each other iy, whereAb andAp, are be confirmed by, for example, a coupled-channel calculation
related by in order to be elevated to the status of a convincing explana-
tion.

AbAp,=h. (7)

EstimatingAp, from Fig. 7 as 7 a.u. leads tob of 0.9 a.u. B. Double capture

If one uses Coulomb potential curves, the resulting deflection |t is well established that capture of two electrons by
functions for states of differem, for the case where is  slow, highly charged projectiles nearly always leads to the
large so that several differentvalues lie within the reaction population of doubly excited states, which very often decay
window, will be very similar in shape and shifted with re- through autoionization processes leading to a doubly charged
spect to each other in impact parameter by the separatiomcoil ion accompanied by a projectile that has retained only
between their crossing radii. For example, for the presenbtne electror(Tl). If the doubly excited state radiatively sta-
case,Ab would be 2.1 and 2.3 a.u. for interference betweerbilizes, the projectile retains both electrons, resulting in
trajectories involving adjacent deflection functions fioand  TDC. The radiative stabilization tends to be more probable
n’ of 5,6 and 6,7, respectively. These valuesXif are  when the doubly excited state is characterized by electrons
somewhat, but not an order of magnitude, larger than thevith very different principal quantum numbefasymmetric
value of 0.9 a.u. We thus suspect that this kind of interferstateg. While symmetric states are often easy to populate
ence may lie behind the oscillations we observe. When manthrough two sequential crossings with single capture chan-
possible routes in curve-crossing space are possible, one usels, the asymmetric states are not, and the mechanisms for
ally expects that the various frequencies involved will washtheir population have been the center of considerable discus-
out. It may be that this mechanism works only when suchsion in the literature for several yearsee, e.g., Refs.
highly charged projectiles are used that the deflection funcf1,4,12,13 and references cited thergimhese mechanisms
tions for adjacenn are shifted relative to each other by a include direct both dielectronic two-electron transitions
rather constant amount for all importamt That the oscilla-  driven by the electron-electron interactiiB,44,43 and au-
tions are visible only at larger angles suggests that theyotransfer to RydbergéATR) [46] whereby long-range cou-
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FIG. 8. Density plot showing the effective scattering angle of

the projectile vs th& value for a projectile velocity =1 a.u. The FIG. 9. Q-value plots for transfer ionizatiofieft-hand colump
Q value was deduced from the longitudinal momentum transfer an@nd true double captureight-hand columi for various values of
the scattering angle from the transverse momentum trarisfend  the projectile velocity .

(b) show the true-double-captu(@DC) and transfer ionizatiofiT|)
channels, respectively. The dashed lines show the locations of t
half Coulomb angled- . The energies expect¢d8] for capture to

a final configurationif,n’) are shown abové) and identifications
of the observed lines are denoted in the bottom of each figure b

(n,n"). The small open circles and squares indicate the calculate :
deflection angles for two-step transitions, witk7 andn=6, re-  can be little argument that the present values are to be pre-

spectively, as the enabling first-step single-capture transiger  fefred over those of Wt al. A similar Q scale shift for
the texl. single capture was noted earlier. In the absence of resolvable
lines, as was the case in the work of Vgtal, it is very

into asymmetric ones that are nearly degenerate on the wayentum transfer and we believe that this error caused an
out of the collision. error in absolute value in that work. The trend d@ with

v established in that work remains valid however.
1. Q-value spectra The TDC, which carries typically only about 20% of
the capture strength, is seen to populate mainly a group
near f,n’)=(5,6) or (4n’) wheren’ is very large. We

'W]ent with this result. The averadge value for Tl lies near
130 eV, about 40 eV lower that that found by Wual, but
in agreement with the results of Cederquasal.[28]. Since

e individual states are resolved and identified here, there

In Fig. 8 we show density plots similar to those of Fig. 1,
but for the TI and TDC channels, far=1 a.u. Expected : . o ) .
energies for doubly excited series, taken frg@s], are believe that the major population is of the asymmetric series

! ; 4,n"), which would be expected to have a large radiative
shown above the TDC figure. These spectra are projected, ."." . . o AT
. o Stabilization probability. As the projectile velocity is raised,
onto theQ-value axis and shown for several projectile ve-

locities in Fig. 9. The density of doubly excited states isthe major effect is to broaden the reaction window, as for

high, but general identifications of the populations are nev-? 'Ti%lﬁsciguéiijfre;%gguﬂg tlgsvg?;#éazqoor:gr?;g?r;gg;'_gu-
ertheless possible. The TI, which carries more than 70% of* » €SP y

the double-capture strength for all populates most strongly ings.
the (n,n’)=(6,7), (6,6), (5,7, (5,6, and (5,5 channels.

These states cross the incident channel only slightly inside
the active range for single capture and would be expected to In Fig. 8 we show the expected location of valuesggf

be strongly populated. A multichannel classical barrier calfor double capture as solid lines. In contrast to the situation
culation [6] predicts the population of6,7), in fair agree- for single capture, it is seen that nearly all double capture

2. Angular distributions and population mechanisms
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< p 9 p
->: 0.6 0.6( ture. For simplicity, the polarization energy in the incident channel
04 0.4f is not included.
0.2 0.2}
0.0 0.0 the diabatic potential curves for this system. For simplicity,
10 v=15au Lol we choose not to include the polarization interaction between
i the projectile and the He in the incoming channel; inclusion
0.8 038 , ; . . ” )
06 osl of this potential would shift all crossing radii to slightly
0'4 0'4 smaller values. Our approach is similar to that of Flechard
: ) et al. [21]. The path in curve-crossing space on the way in
02 02y was assumed to follow the=7 single-capture curve from
00516153 35 30 0 30T TR0 50 the first crossing with the incident channel to the crossing
with the final double-capture curve. We take=7 as the
E6 (keV degrees) promoter potential curve for all final channels, even those

that do not populate configurations in whials=7 appears,
because the behavior of the system at this curve crossing is
likely to be rather adiabatidthis is the strongest single-
capture channgl The path on the way out is taken to be on
results in deflection angles larger than thg. A similar  the appropriate double-capture curve. The two-step deflec-
result was seen by Flechaetlal. for Ne'®* on He[21]. Such  tion angles were calculated as the sum of the deflections
an effect is expected since double capture does not domaccumulated over these potential curves for an impact pa-
nantly occur in a single transition in the crossing of the in-rameter equal to the radius at which the 7 curve crosses
cident channel with the outgoing channel, but more comthe double-capture curve. The results from this prescription
monly occurs through couplings with single-captureare shown in Fig. 8 as squares for the population of the
channels that require at least one capture on the way in. Wen,n')=(6,7), (6,6), (5,7, (5,6, and (5,5 final configura-
note that this generalization even applies to the population dions. For the last two of these, population along tive6
the (4n’) series in TDC, which is characterized by trans-single-capture path would also have been possible: The
verse momentum transfers very similar to those for the popueorresponding deflection angles are shown as open circles
lation of the nearly degenerat&,6) and(5,7) configurations. in Fig. 8 and there is evidence that this path is important
Thus the data show no evidence for radically different trafor these cases. These deflection angles are in rather good
jectories in curve-crossing space for the population of symagreement with the observed angular maxima. If instead of
metric and asymmetric configurations. This is also seen i@llowingn=7 to be a universal promoter we had insisted on
Fig. 10, where we show total angular distributions, summedbtrict conservation oh in two-step processes, we would
over all final channels, for TDC and TI. The observed be-have obtained much smaller scattering angles. For example,
havior would be expected if the population of then(’4, the configuratior(6,6) could be populated through a crossing
series proceeded through any kind of mixing, including bothwith n=6 in the way in and th&€6,6) on the way out. How-
ATR and transient configuration mixing during the collision. ever, the scattering angle calculated for such a process is
There is certainly no evidence in the angular distributionsonly 0.4 mrad, much too small to be consistent with the data.
that the (4n’) series is populated in a single direct correlatedin general, if there is not promotion on a single-capture curve
excitation-transfer process at a crossing with the incidenon the way in, the calculated deflection angle will be
channel. too small. We thus believe that a correct picture of the
We have used Coulomb potential curves, shown in Figcollision is that the population follows the=7 and to a
11, and classical trajectories to estimate the scattering angléssser extent the=6 curve on the way in and that these
at which the TI channels would be expected to maximize ifchannels then couple to the various doubly excited states in
the population of these configurations proceeded through #he inner region without strict conservation of principal
two-step process. Such curves are good approximations tguantum number.

FIG. 10. Summed angular distributions for Tl and TDC for vari-
ous values of the projectile velocity.
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IV. SUMMARY AND CONCLUSIONS symmetric fi,n") is observed to lead to transfer ionization,

We have used COLTRIMS to measure high-resolutionWhereaS the population of asymmetricr(9, states leads to

two-dimensional momentum spectra in which evalue radiative stabilization. The angular distributions suggest that
(longitudinal momentum tranzf)erand scattering anale two-step processes dominate the double capture. There is no

9 : 9 9€  essential difference in the angular distributions for the popu-
(transverse momentum transfare resolved simultaneously

for single and double capture from He by &F projectiles. lation of symmetric and asymmetric states. In contrast to

We have done this over a range of impact velocities extendl-OWer charged projectiles for which coupled-channel calcu-
. . ge « pact ve - “lations are feasible, model explanations seem still to be re-
ing from the slow, classical-barrier region into the region

where appreciable reaction window spreading is seen. Fo uired for such highly charged systems. Such a model ap-
. pp N Sp Y o groach is particularly inadequate in dealing with the velocity
single capture, a good understanding of @evalue distri-

butions at lowv is established. The spread of the reactiondependence of characteristics of the reaction.
window with v is remarkably well described by a simple
model based on the energy-time uncertainty principle, per-
haps fortuitously so. The angular distributions are also ob- This work was supported by the Division of Chemical
served to spread outside the slow-collision valuexya@s  Sciences, Basic Energy Sciences, Office of Energy Research,
raised and no model explanation for this is at hand. An inU.S. Department of Energy. We thank E. Sidky and C. D.
sistent diffraction structure is seen in the angular distribuLin for helpful discussions. We thank A." By for sending
tions at large scattering angles and only a speculative explais the program of L. Andersson with which the Landau-
nation is suggested. For double capture, the population dener calculations were performed.
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