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We report on the first Q-value measurements in charge-transfer collisions using recoil longitudinal
momentum spectroscopy. This method is not limited to relatively low beam energies and is easily adapt-
able to captures involving any number of transferred electrons. A very monoenergetic beam is not neces-
sary. For a 50-keV Ar'** on Ar collision system, Q values corresponding to single through quintuple
electron capture were measured and found to be in good agreement with the predictions of the molecular

classical overbarrier model.

PACS numbers: 34.70.+¢, 34.50.Fa

When a multiply charged ion moving at a velocity
below that of typical outer shell atomic electrons en-
counters a neutral target, the dominant electron removal
process is electron capture. The change in electronic en-
ergy, or Q value, for such a process is a direct measure of
the distribution of final states populated on the projectile,
which is in turn one of the most crucial tests of any
theoretical description of the process. Direct measure-
ment of the energy gain of the projectile has often been
used to determine this final-state distribution [1-16].
Since the fractional energy resolution practically achiev-
able rarely exceeds 10 3, this technique has usually been
limited to projectiles of 10 keV and less, and to single and
double capture. For higher energies, measurement of Q
through direct energy change of the projectile becomes
increasingly more difficult [17]. It has been pointed out
previously that recoil ion longitudinal momentum can
yield direct information on the Q value and electron mass
transfer in fast-ion-atom collisions [18]. In this work we
report the first experimental use of recoil longitudinal
momentum spectroscopy to obtain Q values for capture.
The technique is not limited to collision energies below a
few keV, and can be used in situations for which the
beam energy is not very well determined. This technique
is readily applicable to any charge-transfer number, and
is not affected by the kinematic broadening due to au-
toionization of the projectile following the collision. We
apply the method to measure Q values for up to five-
electron transfer for Ar'** ions on Ar.

For collisions involving i-electron capture, conservation
of both energy and momentum results in a simple relation
between the Q value of the collision and the momentum
transfer to the recoil given by (in a.u.)
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where v is the projectile velocity, Py and P, are the longi-
tudinal and transverse (relative to the beam direction)
components of the momentum transfer to the recoil, and
M, and M, are the projectile and recoil masses, respec-
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tively. The term ir?/2 appears due to the fact that the
captured electrons are moving with the projectile at ve-
locity ¢ just after the collision. We will show later that
Q' is much smaller than Qg and to a very good approxi-
mation

Q=Qo=—(Py+iv?/2) (2)

such that it is sufficient to measure Py to obtain Q values.

We wish to emphasize that this technique applies only
to pure electron capture collisions, and breaks down when
electrons are directly ionized during the collision. By us-
ing the coincidence detection of charge state analyzed
projectile and recoil, employed here, one can always iso-
late experimentally those channels for which no electrons
are left in the continuum. Since these channels may be
weakly populated, as is the case here, it is important to
realize that most continuum electrons generated in cap-
ture by highly charged ions below 1 a.u in velocity result
from post-collision autoionization of the projectile follow-
ing capture, for which Eq. (2) remains valid. Direct tar-
get ionization during the collision, which renders Eq. (2)
invalid, becomes an important process at high collision
velocities, typically above 1 a.u. For example, experimen-
tal investigations have shown that the ratio of single ion-
ization to single capture cross sections is less than 2% for
Ar"®* and Ar'®* (0 =0.2-1.6 a.u.) on He [19], and less
than 5% for Ar'"* (¢ =1.25 a.u.) on Ar [20]. Pure ion-
ization has been observed in Xe?* (¢ =15,20,25,30,35;
v2=0.1-0.2 a.u.) on Xe [21], for which the ratio of the
single ionization to single capture cross section amounted
to a few percent. We therefore believe that this tech-
nique can be extended to collision velocities up to about 1
a.u. where direct ionization accompanying capture is at
most a few percent of the pure capture processes, and
hence introduces only small errors in the measured Q
values. It is worth mentioning that the deviation from
Eq. (2) at higher collision velocities when ionization is
substantially enhanced is in itself another interesting to-
pic in fast-ion-atom collisions [22].

Inspection of Eq. (2) shows that the beam energy
spread is not a major factor in determining the Q-value
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resolution. For example, the beam used in this experi-
ment had a modest AE/E of about 1/325. However, it
only gives rise to an uncertainty in Q of about 0.6% in the
case of quintuple electron capture for which the longitu-
dinal momentum transfer was about 23 a.u. This allows
for the extension of Q-value measurements in charge-
transfer collisions to beam velocities (=1 a.u.) that are
not accessible to energy gain spectroscopy. The resolu-
tion of this technique is limited by the thermal longitudi-
nal momentum spread (along the beam direction) of the
target atoms. In this experiment, it was about 8 a.u. in
momentum which, at the beam velocity of 0.22 a.u., cor-
responds to 1.76 a.u. in Q, or 48 eV. With the present
resolution, it is only possible to obtain average Q values.
Improvement on the resolution will be discussed later.
The experimental setup is shown in Fig. 1(a). The 50-
keV Ar'** beam was extracted from the Kansas State
University Cryogenic Electron-Beam Ion Source (KSU
CRYEBIS) [23], and directed to the collision chamber.
Collimation was provided by a four-jaw slit (0.8 mm
width) and the collision chamber entrance aperture (0.4
mm diameter) which were separated by about 3.5 m and
thus limiting the beam divergence to less than 0.01°. The
collision chamber exit (3.2 mm diameter) allowed for
scattering angles up to 33 mrad. The Ar gas target was
furnished by a multichannel array molecular jet, and the
gas flow was adjusted to minimize double collisions such
that only about 2% of the projectiles that changed their
charge state were observed to have undergone double en-
counters. After the collisions, the recoil ions were ex-
tracted transverse to the beam direction by a uniform
electric field (=10 V/cm) and detected by a two-
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FIG. I. Schematic of (a) the experimental setup, and (b) the
coordinate system used in the analysis.
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dimensional position-sensitive channel-plate detector
which had a 40-mm active diameter and a resolution of
0.11 mm. A coincident time-of-flight technique was used
to determine the recoil charge states. A parallel-plate
electrostatic deflector separated the final projectile charge
states which were then detected by another two-
dimensional position-sensitive channel-plate detector lo-
cated 1.2 m downstream, which also had a 40-mm active
diameter but a resolution of 0.5 mm. The beam diver-
gence, the flight path to the detector, and the detector
resolution gave an angular resolution of about 0.45 mrad.
Figure 1(b) shows the coordinate system adopted in the
analysis.

To obtain Q values, only the Z component of the recoil
position vector and the time of flight are needed. Figure
2 shows the two-dimensional recoil position spectra corre-
sponding to recoil charge states / and projectile charge
changes k as well as their projections onto the beam axis
(Z axis). The centroids of the projections can be used to
determine the average values of the quantities of interest.
To determine the average shift in Z due to the longitudi-
nal momentum transfer, it is important to determine
the zero-point (Z¢) corresponding to zero longitudinal
momentum transfer. This was accomplished by applying
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FIG. 2. Two-dimensional recoil position spectra for the
different combinations of projectile charge change k and recoil
charge state i, and their projections onto the Z axis. The cen-
troids of the projections are indicated by the vertical bars.
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different extraction fields (between 5 and 15 V/cm) that
resulted in different times of flight and different Z posi-
tions for each recoil charge state. With the longitudinal
momentum transfer being independent of the extraction
field, Z¢ could be determined using the simple kinematic
equation

Zi=Zotuvat;, 3)

where vy and ¢; are the longitudinal velocity and time of
flight of the i-times ionized recoil, respectively. For this
purpose we chose recoil charge state i =2 and performed
a linear fit according to Eq. (3). The uncertainty in Zg is
dominated by the uncertainty in alignment and the uncer-
tainty in the intercept of the linear fit. All other uncer-
tainties were found to be negligible.

The centroids of the Z positions are indicated by the
vertical bars in Fig. 2. We observe that these centroids
have negative values consistent with what one would ex-
pect in exoergic collisions where the recoils are thrown
backwards. Having obtained the necessary position and
time information, the longitudinal momentum transfer
was obtained from

PiII=MZZ,'/li . 4)

The corresponding Q¢ values were then obtained using
Eq. (2) and are listed in Table I. On the average the Q
value was about 25 eV for each captured electron. While
recoil charge states higher than /i =5 have been observed,
they had substantially lower statistics to be considered.
Neglecting Q' induces small shifts towards smaller Q
values reminiscent of the kinematic shift often encoun-
tered in energy gain spectroscopy [15]. There are two
ways to obtain P, and therefore the magnitudes of the
shifts. One way is to reconstruct the recoil momentum
vector from the position and time information, a tech-
nique used by Frohne et al. [22] in their recoil momen-
tum spectroscopy studies at high collision energies, and
hence obtain P,. Another, which we employed, is to use
the projectile angular distributions to determine the aver-
age scattering angles (0), and by conservation of the
transverse component of momentum

P_LzPOO_, (5)

where Py is the incident projectile momentum. The aver-

TABLE 1. Experimental Qo, 6, Q', 0, and predicted MCBM
Q values.

Qo 0 o' 0? MCBM
ki (eV) (mrad)  (eV) (eV) (eV)
o 28.7 0.96 0.1 28.8+4.3 25.3
12 51.5 1.50 0.3 51.8+6.0 51.5
13 76.5 2.4 0.6 77.1+£7.4 78.4
1 4  106.4 4.11 1.8 108.2%8.6 107.3
25 1362 6.00 3.8 140.0 £9.6 133.7

?Quoted errors are | standard deviation.

age scattering angles were obtained from the angular dis-
tributions and the shifts Q' were then determined. Both 6
and Q' are also listed in Table I. It is obvious that the
shifts are rather small and neglecting them does not lead
to serious deviations from the true values. It should be
noted that while this is the first time recoil momentum
spectroscopy is used to obtain Q values for capture, recoil
ion energy analysis has been used in the past to determine
the inelastic energy loss of inner-shell excitation processes
for small impact parameter collisions with singly charged
projectiles [24].

In the absence of a rigorous quantum mechanical treat-
ment of multiple-electron capture collisions, the classical
overbarrier model [25] was extended by Barany er al.
[26] and Niehaus [27] to include such collisions in an
effort to gain a better understanding of the physics in-
volved. The different versions of the molecular classical
overbarrier model (MCBM) have reasonably accounted
for experimental measurements of cross sections, peak
widths and positions of energy gain spectra, and angular
distributions. We have used the model proposed by
Niehaus to calculate Q values for the different (k,i) com-
binations that we measured. In these calculations we as-
sumed the number of electrons that became molecular to
be equal to the recoil charge state i. The predicted values
together with the shift corrected Q values are also listed
in Table I. The agreement between the measured Q
values and the predictions of the MCBM is surprisingly
very good considering the complexity of the physics in-
volved and the simplicity of the MCBM assumptions.

Although the target thermal spread limited the resolu-
tion such that a single Z-position spectrum with well
resolved peaks could not be obtained, such structure has
primarily been seen previously only in the single-capture
channel. For multiple capture, the high density of final
states and the loss of projectile energy resolution due to
the emission in flight of autoionization electrons has gen-
erally resulted in the observation of structureless peaks
[14,28-30]. For such multiple-capture processes, we thus
see no advantage of conventional energy gain spectrosco-
py over the present technique, even for low projectile en-
ergies. Indeed, our method has the advantage that the
final channels are easily identified through coincident
charge-state determination, allowing us to unambiguously
determine the number of electrons captured initially, as
given by the recoil charge state, and the number remain-
ing on the projectile after autoionization, as given by the
projectile charge state. However, we are in the process of
building a cold gas jet to reduce the target longitudinal
momentum spread to about 1 a.u. for Ar gas. This corre-
sponds to a resolution in Q of about 1 a.u. (27 eV) for a
1-a.u. beam velocity and to 0.2 a.u. (5.5 eV) for a 0.2-
a.u. beam velocity. While such a resolution could be
matched by projectile energy gain spectroscopy at rela-
tively low beam velocities, it is far from being matched
for velocities above 0.5 a.u.

In conclusion, we have used recoil longitudinal momen-
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tum spectroscopy to provide information on Q values in
two-body reactions. We have applied it to a 50-keV
Ar"** on Ar collision system, and obtained Q values for
up to quintuple electron capture collisions. The measured
values compare well with the predictions of the MCBM.
With a cold target gas jet the technique offers advantages
over projectile translational energy spectroscopy and can
be extended to include higher collision velocities and oth-
er projectile and target species.
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FIG. 2. Two-dimensional recoil position spectra for the
different combinations of projectile charge change k and recoil
charge state /, and their projections onto the Z axis. The cen-
troids of the projections are indicated by the vertical bars.



