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Energy-transfer processes during Xeso+-Ar collisions for projectile velocities
between 0.3 and 1.0 a.u.
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Electron capture by Xe + from Ar has been studied for projectile velocities between 0.3 and 1.0
a.u. Coincidence measurements were used to identify experimentally the Bnal states of both target
and projectile. The capture of up to eight electrons from the target was observed, while retention
of more than three electrons by the projectile was found to be rare. Longitudinal recoil momentum
spectroscopy was used to determine average Q values for the capture process as a function of recoil
charge state. The Q values were found to have no measurable dependence on projectile velocity
and were found to be in good agreement with those values predicted by the extended overbarrier
model. Relative cross sections for the diferent 6nal channels were measured and found to be in
adequate agreement with the model prediction. A slight increase with increasing projectile velocity
in the radiative-stabilization probability for the two-electron states 6nally formed on the projectile
was observed.

PACS number(s): 34.50.Fa, 34.70.+e, 32.80.Dz

I. INTRODUCTION

During the collision between a slowly moving highly
ionized heavy projectile and a multielectron target atom,
multielectron transfer occurs between the target and the
projectile. During this collision process, electrons are
shared by both the projectile and target, thereby cre-
ating a molecular ion. After the collision, these once
shared electrons can be found to be in one of four places:
captured by the projectile, recaptured by the target, or
located in either the target or projectile continuum. The
latter two cases can occur either by Auger processes or
by direct ionization processes which occur &om electron-
electron or electron-nuclear interactions. For the elec-
trons transferred to the projectile, their distribution can
lead to their emission into the projectile continuum. Un-
less one measures the entire emitted electron and photon
fiux, the total energy carried away &om the projectile
and recoil, the total change in electronic energy, the Q
value of the reaction cannot be deduced &om the yield
of secondary products. It can be obtained &om the loss
or gain of translational energy of the projectile [1—16].
The average Q value of the reaction can also be mea-
sured by recoil ion longitudinal momentum spectroscopy
[15,17—20]. Although the technique does not reveal any
structure within the final state distribution, as is often
seen for single capture in energy gain measurements, it
is easily applied to multiple-electron capture, for which
little resolvable structure is expected. In this work, we
present the study of the velocity dependence of average Q
values obtained using recoil ion longitudinal momentum
spectroscopy for single-electron and multielectron trans-
fer during the collision of Xe + on argon target atoms,
and the velocity dependence of the relative cross sections
of the difFerent recoil ion production channels. We show
that even though the target loses up to eight electrons
and the projectile retains up to three electrons, the av-

erage Q value for the reaction can be obtained with this
technique. We also show that two-electron retention by
the projectile increases with increasing collisional veloc-
ity within a single recoil-charge species.

To describe multielectron transfer between a highly-
charged projectile and a many-electron target atom, the
classical barrier model is frequently used [21—23]. The
reason why classical and not quantum models are used to
describe the collision process is that the number of basis
vectors needed in such a quantum calculation is gener-
ally unrealistically large for the computational resources
available. Classical barrier models involve the indepen-
dent electron approximation and therefore, apart &om
screening contributions, electron-electron correlation ef-
fects are not taken into account. Specifically the molec-
ular classical "extended" overbarrier model (MCBM) of
Niehaus [23] allows for the description of which princi-
pal quantum number levels are populated on the projec-
tile during the capture process and, therefore, the energy
gain during the collision. The MCBM also gives an esti-
mate of the total single-electron and multielectron cap-
ture cross sections and difFerential cross sections. The
overbarrier model of Niehaus, however, does not incor-
porate any velocity dependence in the capture cross sec-
tion or predict the angular momentum distribution of the
captured electrons. As the collisional velocity increases,
higher angular momentum states are observed to be pop-
ulated [24,25]. An attempt to include velocity dependent
efFects in the MCBM was proposed and compared with
experiments involving helium targets [26]. Comparison
of the predictions of the MCBM with experiment have
been verified for low velocity collisions [27], typically a
few tenths of an a.u. in velocity. Comparison of the pre-
dictions &om the MCBM for multielectron targets at col-
lisional velocities approaching 1.0 a.u. and for extremely
high projectile charge (30+) have not been performed
until now.
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where P„and P„~ are the longitudinal and transverse
components of the momentum transferred to the recoil to
the beam direction, m„, m„, and m, are the projectile,
recoil and electron masses, and v„ is the projectile veloc-
ity [20]. The n(m, v /2) term is due to the translational
kinetic energy that the n electrons must acquire to be
captured into the projectile moving frame. At the colli-
sional velocities studied in this experiment the projectile
velocity, e„, is much greater than the transverse velocity
component, v„~ = P,~/m„and the Q is dominated by
the first two terms in the above equation. Therefore, the
energy transferred to the projectile can be approximated
by the equation,

Q = P„vp ——n(m, v2)/2. (1.2)

The above equation is valid even if the projectile under-
goes Auger decays, since the electrons are associated with
bound states in the projectile before their emission into
the continuum. Therefore, the recoil momentum mea-
sured for a particular recoil-charge species is due to mul-
tielectron capture by the projectile. However, the above
equation is not valid if ionization of the target occurs dur-
ing the collision. In this case, the recoil-charge species is
not due to electron capture by the projectile. Direct ion-
ization of the target may become important in high ve-
locity collisions above 1 a.u. For the collisional velocities
studied in the experiment presented in this paper, the
contribution due to direct ionization has been observed
to be no bigger than a few percent [28,29]. Hence, er-
rors due to measuring recoil-charge species produced by
direct target ionization are small.

For a collision involving the transfer of n target elec-
trons into multiexcited states in the projectile, the Q
value is defined as the change in electronic energy. The
relation between the Q value of the reaction and the mo-
mentum transferred during the collision can be derived
from conservation of momentum and energy of the colli-
sion. For small scattering angles, it leads to

mm aperture upon enter into the chamber which con-
tained the cold-gas-jet target. At the exit of this cham-
ber, and no more than 15 cm from the entrance aper-
ture was a 2 mm exit aperture. These entrance and exit
aperture divide the entire beamline into three sections,
the upstream, target, and downstream regions. The up-
stream and downstream regions were kept at pressures
near 0.5x10 and 3x10 Torr, respectively, while the
chamber which contained the target was kept at a back-
ground pressure of around 5x10 Torr. By limiting
the length of the high pressure region which the projec-
tiles had to traverse to a minimum, the amount of un-
wanted charge exchange occurring before and after the
interaction region was kept to minimum. Also the three
constraints, the two 4-jaw slits and entrance aperture,
forced the projectile beam to propagate along the same
trajectory for all collisional velocities.

Once the projectiles entered the target chamber, the
collimated Xe + ion beam crossed a geometrically cooled
gas-jet of Ar (see Fig. 1). The gas-jet target consisted
of a capillary array separated by 10 mm from a 1 mm
aperture into the target chamber. Target gas atoms with
large transverse momentum components, with respect to
the two geometrical apertures, never made it into the
target chamber. This enabled us to produce an argon
gas target with a momentum spread less than 2.0 a.u.
along the projectile beam direction; the overall resolution
including all contributions was measured to be 5.5 a.u.

The recoil ions were extracted by an electric field trans-
verse to the projectile direction. During a single-collision
event between Xe + and an atom, single-electron or
multielectron transfer from the target to the projectile
takes place. The collision leaves the argon target in
a non-neutral state and the projectile in some excited

TARGET CHAMBER ANO COLO GAS JET

GAS INPUT

II. EXPERIMENT

The Xe + ions were produced in the cryogenic elec-
tron beam ion source (CRYEBIS) at the James R. Mac-
donald Laboratory at Kansas State University. This ion
source is located on a 200 kV high voltage platform. The
platform potential can be varied thus giving the experi-
menter a wide choice of energy for ion-atom collision ex-
periments [30]. In this experiment, the platform voltage
was varied to give a collisional velocity for the projectiles
of 0.3 a.u. to 1.0 a.u.

The Xe + ions were extracted from the source, charge-
to-mass analyzed by a 90 magnet, accelerated and deliv-
ered to the beamline with the target. The ion beam was
collimated by use of two 4-jaw slits, the first just after the
acceleration tubes and the second just before the switch-
ing magnet. The beam was further collimated by an 0.4
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FIG. 1. The target chamber and cold-gas-jet assembly. Ar
atoms with velocity components along the beam were pre-
vented from reaching the projectile-target interaction region
by a 1 mm aperture located 1 cm below the nozzle.
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state. The electric Geld produced by the pusher assembly
pushes this target recoil ion towards a two-dimensional
position-sensitive detector where the record of both the
position of the recoil on the detector and the time the
recoil strikes the detector is measured. The projectile
which is in some singly- or multiply-excited state relaxes
either by photon or electron emission as it leaves the in-
teraction region.

After the projectile enters the downstream section of
the beamline, it encounters an electric Geld from a set of
deflection plates and is then separated by charge state.
At the end of the beamline is another two-dimensional
(2D) position-sensitive detector which records both the
time and position of the charge separated projectile sig-
nal. The timing signal from the projectile is compared
with that from the recoil detector to produce a time-of-
flight spectrum for the recoil ions. A schematic diagram
showing both the experimental arrangement and geom-
etry orientation of this experiment is shown in Fig. 2.
Each individual time signal can also be plotted against
the corresponding position signal on the projectile de-
tector to produce a two-dimension plot which separates
the final charge state of the projectile with the recoil ion
charge state associated with that projectile (Fig. 3). In
this two-dimensional coincidence spectra the separation
of all possible charge exchange channels during the col-
lision is accomplished. Further details of the technical
aspects of the experiment are given in Rel'. [3l].
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FIG. 3. A typical coincidence spectrum and its projections.
The size of the dots in the 2D spectrum are proportional to
the logarithmic intensity.

III. DATA ANALYSIS
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FIG. 2. Schematic of the experimental apparatus and the
coordinate system used in the data analysis.

As can be seen from Eq. (1.2), the Q value for a mul-
tielectron capture process is determined by the longitu-
dinal momentum transferred, P„~~~, the projectile velocity,
vz, and the number of electrons captured by the projec-

tile, n. The number of electrons (n) captured by a pro-
jectile during a single-collisional event was obtained kom
the two-dimensional coincidence spectra under the as-
sumption that the recoil ion charge state is completely de-
termined by this primary capture. The longitudinal mo-
mentum transferred to the recoil ion is just P„=m„v„.

II II

The longitudinal component of the velocity is related to
the distance the recoil travels and time of flight of the
ion to the detector. Since the time of flight and the Gnal
longitudinal position of the recoil ion was measured and
recorded, the distance measurement reduced to the ac-
curate knowledge of the initial longitudinal position, the
zero position, where the recoil ion was created.

To measure accurately the final position on the detec-
tor for each recoil-charge state, events which were as-
sociated with a single recoil-charge species were isolated
&om the other charge species. The centroids of the longi-
tudinal distribution of these events were then found. To
determine the zero position of recoil ions on the detec-
tor, the resonant charge exchange reaction between He+
projectile and a He target atom was used. By using a
reaction of known Q value any stray electric fields within
the target chamber which can eR'ect the Gnal recoil ion
position measurement can be measured and corrected for.
The position of the He+ recoil ions on the recoil detector
was measured as a function of pusher voltage and Gt to
the equation,

+final = +initial + &/QVpusher + b/I pusher ~

In the above equation, the term which is linear in
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] /gv~„, i,„is related to v„„ofthe reaction, whereas the

term which is quadratic in 1/QV~„, i,„is related to any
stray electric Beld along the beam direction. Since the
Q value for resonant charge exchange is zero, the coeffi-
cient for the linear term was known and the zero position
on the detector could be found. Thus all quantities, the
constants Z;„;q, ~ and 6, and the variables Zg„j and a for
each recoil-charge species, were determined. From this
v„~~, and ultimately the Q values for each capture chan-
nel and projectile velocity were calculated.

To determine the true number of events associated
with each reaction channel, corrections due to random
and background events, and "multiple-collisional" events
were applied to the coincidence spectra. In the uncor-
rected coincidence spectra, different recoil-projectile co-
incidence channels were separated and the area and the
number of events within these bins were recorded. To cor-
rect for random events, the area and number of events
within a bin associated with a given projectile charge
state but not any recoil-charge state was recorded. The
random events were then scaled according to the area
of each coincidence channel and subtracted from raw
coincidence data. This produced a random and back-
ground corrected coincidence spectra. The correction for
multiple-collision events followed the procedure described
in Ref. [31].

IV. RESULTS AND DISCUSSION

The velocity dependence of the measured Q values
for single-, double-, triple-, quadruple-, quintuple-,
sextuple-, and septuple-electron capture is plotted in Fig.
4. Accompanying the experimental values of the Q val-
ues plotted in Fig. 4 are the MCBM predictions of these
values for each of the capture channels. As can be ob-
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FIG. 4. Comparison of the experimentally measured Q val-
ues for single-, double-, triple-, quadruple-, quintuple-, sextu-
ple-, and septuple-electron capture with the predictions from
the MCBM for Xe ++Ar+Xe + ++Ar + + ne

served from this figure, the measured Q values for single-
electron and multielectron capture are velocity indepen-
dent. Also, the MCBM predictions of these values agree
with the measured experimental values. This model is
based on the assumptions that projectile velocity is low
(much less than an atomic unit of velocity), the energies
of the captured electron are hydrogenic, and the elec-
trons are independent. In the MCBM calculation, eight
active, molecularized electrons were shared between the
projectile and target. This produces a Rnite number of
ways for the projectile to capture n electrons from these
eight active electrons. Each channel for n electron cap-
ture has a different cross section, which is determined by
the crossing radii and transfer probability specifIc to that
channel. The calculated individual Q values for each of
these channels are then weighted by the associated cross
section to find the weighted average Q value for n elec-
tron capture. The MCBM predicts that the capture is
occurring into a distribution of Rydberg projectile states
ranging &om an equivalent principal quantum number
level 7 —16. The agreement of the experimental Q val-
ues with the predictions of the weighted average from the
MCBM model is striking.

The error in the ineasured Q value is mainly due to the
uncertainty in the location of the centroid of the longitu-
dinal position of the recoil ion events on the detector and
the uncertainty in the absolute location of the zero posi-
tion for these ions. The errors associated with the mea-
surement of single- through sextuple-electron capture are
dominated by the uncertainty in the absolute zero. For
increasing recoil-charge states the total number of events
decreases. In the case for seven-electron capture, the lim-
ited number of counts for this channel coupled with both
the uncertainty in the absolute zero point on the recoil
detector and any inclusion of some six- and eight-electron
capture events during the data analysis, lead to the larger
error in the measurement.

The MCBM calculations shown in Fig. 4 do not al-
low target autoionization. En such a process the target
produced Rom a single collision would be left in some
multiexcited state which would then autoionize. This
produces a measured recoil ion with a time of fIight of an
ion with the next higher charge state. However, the Q
value associated with this measured recoil ion would be
due to lower charge state. If this process were important,
it would manifest itself by lowering the Q value below
that which would occur in the absence of this process.
This effect is not observed, and we, therefore, conclude
that target autoionization is unlikely to be playing a large
role in these collisions.

The velocity dependence of the recoil-charge state dis-
tribution is shown in Figs. 5 and 6. For the 6rst three
charge states of the recoil, no measurable reduction or
increase in their production occurs in this velocity range.
However, for the higher recoil-charge states, both in-
creases and decreases in their production are observed in
the data suggesting that collisional dynamics are begin-
ning to play a more important role in their production as
the collisional velocity increases. In Fig. 7 we compare
the experimentally averaged data for recoil production
above and below 0.55 a.u. collisional velocity with the
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FIG. 5. Velocity dependence of the recoil-charge state frac-
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FIG. 7. Comparison of the experimentally averaged data of
the recoil production fractions with the theoretical predictions
of the MCBM.

predictions of the MCBM. While the general agreement
is good, the MCBM slightly underestimates the produc-
tion of the single charged recoils and tends to overesti-
mate the production of the higher recoil-charge states for
both velocity ranges.

In Fig. 8, the velocity dependence of the production of
charge changing projectiles is shown. As can be observed
&om the figure, at these collisional velocities around 70%
of the total capture flux is directed in single-electron re-
tention, while two-electron retention and three-electron
retention are around 25%%u&'& and 0.5'%%uz, respectively. Four-
electron retention by the projectile is less than a tenth of
the three-electron retention and, therefore, is a negligible
&action of the total charge changing flux. The reten-
tion distribution is for the most part velocity indepen-
dent with a possibility of a slight decrease in the single-

electron retention channel and a subsequent increase in
the two-electron retention channel. Coupling this with
the charge state distribution of the recoils, we observe
that most of the multielectron capture flux is reemit-
ted into the projectile continuum. This is not surprising
since the MCBM predicts capture into excited states well
above the ground state of the projectile.

Since all charge changing channels are experimentally
separated in the reduced coincidence spectra, the sepa-
ration of the single and multiple Auger channels within
any given recoil species is accomplished for recoil-charge
states greater than one. For each of these recoils species
the percentage of each decay channel in the total flux can
be plotted as a function of collisional velocity. Figures
9—11 show this plot for recoil-charge state species two,
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FIG. 6. Similar to Fig. 5, for Ar +, Ar, Ar +, Ar +, and
Ar +

FIG. 8. Velocity dependence for the production of the
charge changing projectiles.
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double-electron capture (DC): autoionizing double capture
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FIG. 11. Similar to Fig. 9, for the production of Ar +,
quadruple electron capture (+DC): autoionizing quadruple
capture with three Auger decays (AQDC3), autoionizing
quadruple capture with two Auger decays (AQDC2), and au-
toionizing quadruple capture with one Auger decay (AQDC1).
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FIG. 10. Similar to Fig. 9, for the production of Ar +,
triple-electron capture (TC): autoionizing triple capture with
two Auger decays (ATC2), autoionizing triple capture with
one Auger decay (ATC1), and true triple capture (TTC).

three, and four. While the average Q value is nearly ve-
locity independent, subtle variations with velocity in the
(n, l) population distribution nevertheless occur. These
are revealed in the velocity dependence of the relative
probabilities for radiative and nonradiative stabilization
in the various outgoing channels. In all cases in Figs. 9—
11, the probability of retaining more than two electrons
is quite small. We focus our attention on the competi-
tion between the radiative and nonradiative decay of the
two-electron system which is either produced directly (in
double capture) or &om Auger decay following the cap-
ture of three or four electrons. First, we note that the

radiative stabilization of configurations fed via Auger cas-
cades is much greater than that for those fed directly, e.g. ,
OAQDC2/OA + + OATC1/OA ~+ + OTDC/OA +

o~qDc~ is the cross section for autoionizing quadrupole
capture with two Auger decays, o~Tcq is the cross section
for autoionizing triple capture with one Auger decay, and
o TDg is the cross section for true double capture. This is
probably due to the fact that the Auger decay of a triply
excited configuration is more likely to feed a doubly-
excited state with very different (n, n') than would a di-
rect double capture. Second, we note that the probabili-
ties for radiative stabilization of any two-electron config-
urations (OTDC/oA ~+ OATC1/&A s+ OAQDC2/OA +)
crease slowly with velocity.

To describe the observed distribution of the decay
channels in the projectile-recoil coincidence spectrum, ac-
curate knowledge of transition rates, branching ratios,
population distributions, and energy levels of multielec-
tron configurations in successive ionization states in the
projectile is required. In the absence of information at
this level of detail, we suggest a more general interpreta-
tion of the observed velocity dependence. The absence of
any dependence of the q values or relative cross sections
on projectile velocity suggests that the final n distribu-
tions predicated by the MCBM are correct. However,
as the collision velocity is raised, more angular momen-
tum is brought into the collision. For a given transition
radius R, characteristic of populating a particular final
n, the product mvR increases with v. Such a trend is
well established previously [24,25,32,33). Generally, the
larger the l of the transferred electrons, the smaller the
probability for decay by autoionization [34]. Therefore,
as the angular momentum of the individual electron in-
creases within any manifold, the total Auger rate within
the manifold would tend to decrease in favor of radiative
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stabilization. This decrease in the Auger rate is observed
in the double-electron coincidence channels.

V. SUMMARY AND CONCLUSIONS

In this paper, we have presented the measurements
of Q values using longitudinal momentum recoil spec-
troscopy for single-electron and multielectron transfer
during a single collision between a Xe + projectile with
a Argon target. We have used a cold gas jet to pro-
duce a target with a momentum spread of less than 2

a.u. of longitudinal momentum. This single-electron and
multielectron transfer process was studied at collisional
velocities ranging &om 0.3 a.u. to 1.0 a.u.

From the invariance of the measured Q values over the
collisional velocity range studied and comparison with
the MCBM weighted Q predictions which are velocity in-

dependent, we can draw the following conclusions. The
distribution of the captured electrons into different ex-
cited state n manifolds is not changing. However, there
seems to be evidence for a redistribution to larger / within
the given manifold with increasing velocity. The MCBM
predictions of the Q value are valid in the collisional
velocity regions where single-electron and multielectron
capture dominates the ion-atom collision interaction.

Looking at the production of single- and double-
electron retention as the collisional velocity increases,
there is a slight decrease in single-electron retention and
a slight increase in double-electron retention. Three-
electron retention is a small &action of the total projectile
charge changing Bux. Similarly looking at the produc-
tion of recoil species, in coincidence with the final charge
changing projectile species, we have seen an increase in
two-electron retention at the expense of one-electron re-

tention for double-, triple-, and quadruple-electron cap-
ture. These velocity dependences are possibly due to an
increase in the average angular momentum of the cap-
tured electrons populated within a given n manifold as
the collisional velocity increases, forming configurations
which tend to stabilize radiatively over autoionization.
Upon comparisons with the predictions with the MCBM,
single-electron capture is slightly underestimated by the
model, but the general distributions of the higher recoil-
charge states are reproduced. Single-electron capture
accounts for around 45% of the total charge changing
projectile Aux while double-electron capture accounts
for 30% and triple- through octuple-electron capture ac-
counts for about 25%.

Overall, the MCBM does well at accounting for both
the Q values and relative intensities observed for this
highly-charged projectile. Since the basic assumptions of
the model are better satisfied for higher projectile charge,
and the final projectile state densities are smoother, it is
not surprising that a model which does not pretend to be
sensitive to details of specific couplings and level place-
ments should have its greatest successes for the highest
projectile charge. Perhaps less obvious is that the model
remains successful over a fair range in projectile velocity,
up to 1 a.u. , for such case. The only velocity depen-
dent effects observed in this velocity range may be due
to changing final distributions about which the model has
nothing to say.
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