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Abstract. Using high-resolution recoil-ion momentum spectroscopy we have measured the 
differential cross sections of single-electron capture and target single-ionization processes for 
8.7 MeV 07'-He collisions as functions of scattering angle. A transverse momentum molution 
of hO.2 a", which componds  to an angular resolution of about II .5 x rad for the projectile 
scattering angle, was obtained by intersecfing a well collimated 07+ beam with a target of 3. 
supersonic He jet from a pre-cooled gas and by measuring the recoil-ion transverse momentum. 
For the single capture reaction, information on the n-value of the eleclron final state in O"(lsn1) 
is oblained from the longiludinal momentum of the recoil ions. In pure singleelectron capture. 
the dominant contributions to capture were found to be thwe from the n = 4 and higher states. 
whereas single capture accompanied by lhe ionization of the second target electron mainly 
populates n = 2 lo n = 4 states. Furthermore, the measured VansverSe momentum distribution 
differs significantly between pure single capture and capture with simultaneous ionization, The 
measured data for the pure capture process compare favourably with thenretical results based 
on a molecular-state expansion method. Other experimental data are discussed in terms of the 
classical overbarrier model. 

1. Introduction 

The study of inelastic ion-atom collision processes, such as electron capture or ionization, 
has provided a substantial part of our knowledge on atomic structure and on the dynamics 
of such collisions. In general the experimental data have provided more information on 
these processes, as the number of parameters in the differential cross sections have been 
increased. In this study we have obtained final-state selective angular differential cross 
sections for pure single-electron capture and for transfer ionization in 8.7 MeV 07+ on He 
collisions by applying a high-resolution recoil-ion momentum spectroscopy, which is a new 
method of collisional spectroscopy. 

Energy-gain spectroscopy has been established as a powerful technique to study the 
dynamics of charge exchange processes in mainly slow (up to 10 keV/nucleon) highly 
charged ion-atom collisions (Lorents and Aberth 1965, Ohtani et al 1982, Tsurubuchi et 
al 1982, Ohtani 1984, Tawara et al 1984, Schmeissner et al 1984, Cocke et al 1986, 
Giese et al 1986, Barat et a! 1987, Barat and Roncin 1992). Measuring the change o f  
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kinetic energy of the projectile ions, one can deduce the exchange of internal energy among 
the collision partners (the Q value) and thus can determine their final electronic states. 
Depending on the preparation and the energy analysis of the incoming and scattered beam, 
an energy-gain resolution in the eV regime (Ohtani et al 1982, Nielsen et al 1985, Giese 
et al 1986, Barat and Roncin 1992) could be achieved in collisions of slow highly charged 
ions with atoms. This energy-gain resolution corresponds to a relative energy resolution 
of the projectiles of about IO-'. To identify selected reaction channels the high-resolution 
energy-gain information was often not sufficient. Therefore, an additional coincidence with 
emitted recoils, electrons or photons was required (Barat et al 1987, Chetioui et d 1990). 
Measuring the energy gain or loss of the projectile as a function of the projectile scattering 
angle, one can determine differential cross sections for capture into an individual excited 
state (Barat et a1 1987). 

In comparison to other spectroscopy techniques, e.g. high-resolution electron 
spectroscopy (Itoh et al 1985, Morgenstern etal 1990, Mack 1987, BordenaveMontesquieu 
et a1 1987), this energy-gain technique also yielded important information on the impact 
parameter and thus provided deeper insight into the kinematics of electron-capture processes. 

For higher energy ion beams (above 100 keV/nucleon), however, such a resolution 
was hardly achievable with this traditional energy-gain spectroscopy technique without 
sophisticated beam preparation devices (Park et al 1978, Schuch et al 1988, Htwe et nl 
1994). Therefore no differential cross sections for capture into excited states for MeV 
collisions have been measured so far by this traditional technique. 

Recoil-ion momentum spectroscopy (RIMS), another method to measure the Q value 
and the momentum transfer in a collision, has recently been developed for the study of the 
collision dynamics. In a collision with a two-body final state without free electrons, the 
final momentum of the recoil ion provides the same information as the final momentum of 
the energetic projectile: The longitudinal recoil momentum represents the Q value and the 
number of transferred electrons whereas the transverse recoil momentum yields complete 
information on the scattering angle. As shown in section 2 the momentum of a recoil ion is 
of the order of an atomic unit which corresponds to a velocity of abut 300 m s-' for a He 
ion. Since the resolution of this method depends on the initial thermal motion in the target 
atoms, the target is often prepared as a supersonic gas jet. 

The method of measuring Q-values by recoil-ion momentum spectroscopy has recently 
been applied by Ali et al (1992), Frohne et al (1993). Giese et al (1993) and Wu et al 
(1994, 1995). Using a gas-jet target without pre-cooling (warm gas jet), they have measured 
the recoil-ion longitudinal momentum from various collisions between highly charged ions 
and atoms. Due to the high gas-jet temperature, their resolution of the recoil momentum 
was not sufficient to obtain detailed information on the impact-parameter dependence. 

Cold target recoil-ion momentum spectroscopy (COLTRIMS) is a newly developed 
technique (Ullrich et a! 1994) where the target is prepared as a very cold supersonic gas 
jet with an internal temperature as low as a few mK and nearly zero thermal momentum. 
One can acquire this low internal temperature by pre-cooling the target gas by a cryogenic 
system before the formation of the jet. The COLTRIMS technique allows one to measure, 
with nearly 4 x  detection efficiency, simultaneously the three-dimensional components of 
the recoil-ion momentum after the collisions. The momentum transfer can be measured 
with a high resolution so that the separation of electron capture into different final states 
becomes possible even in highly energetic collisions. With existing techniques and small 
devices a recoil-ion momentum resolution better than 0.1 au can be obtained. 

In energetic collisions the typical scattering angles of interest are much lower than 
rad, where traditional methods to measure the projectile scattering angle can hardly 
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be applied. However, COLTRIMS provides the momentum resolution required for such 
measurements even for extremely small projectile scattering angles, i.e. in the rad 
regime. 

Using COLTRIMS, Merge1 et al (1995) have recently measured the doubly differential 
capture cross sections for the symmetrical collision system He+ on He in the impact-energy 
regime of 300 to 1000 keV. They were able to distinguish between capture into excited 
states and capture into the ground state. With increasing projectile energy they observed 
an increasing contribution of capture into the ground state in agreement with predictions of 
classical trajectory Monte Carlo (Meng et al 1993) and continuum distorted wave (CDW) 
(Belkif and Gayet 1977) theories. 

To study the dynamics of single-electron capture and ionization processes in fast heavy 
ion-atom collisions, we have used the COLTRIMS method to measure the differential cross 
sections of capture and ionization in 8.7 MeV O'++He collisions. Wu et al (1994, 1995) 
have recently studied the longitudinal recoil-ion momentum distribution in 07++He system 
using a warm gas-jet target. They separated one-electron capture to the K and higher 
shells of the projectile and found that the capture to the higher shells dominates at energies 
below 3.7 MeV U-'. They also studied the longitudinal recoil-ion momentum distribution 
in transfer ionization process. 

In the present work, performing a recoil-projectile coincidence, we have determined the 
three-dimensional recoil-ion momentum for selected final projectile and recoil charge states 
and thus measured the Q value distribution with a higher resolution and obtained differential 
cross sections of the single-electron capture and the transfer ionization processes. 

To account theoretically for the dynamical features of the pure capture process and to 
identify the dominant channels of the charge transfer, we have performed a semiclassical 
close-coupling calculation based on molecular representation of the electronic states. The 
differential cross sections have been calculated as functions of the recoil-ion transverse 
momentum and have been compared with the experimental results. The measured data 
have also been compared with the classical overbarrier model (Ryufuku et al 1980). 

2. Recoil-ion kinematics 

In this section we briefly present the kinematical characteristics of the recoil-ion momentum 
by a collision, which are derived from total energy and momentum conservation in a non- 
relativistic framework. All the quantities hereafter are expressed in the laboratory frame 
in which the target atom is at rest before the collision. The transverse and longitudinal 
components of the recoil-ion momentum can be separately approximated by simple formulae 
if the following three conditions are well fulfilled: (i) the change in the binding energy of 
the electrons is much smaller than the projectile kinetic energy; (ii) the projectile is much 
heavier than the electron; and (iii) the projectile scattering angle is much smaller than 1 rad. 
These conditions are generally valid for fast (but non-relativistic) ion-atom collisions like 
the one considered here. 

For example in a case where single-electron capture is accompanied by single target- 
electron ionization, the longitudinal (parallel to the projectile velocity) component of 
momentum p l , ~  is 

and the transverse (perpendicular to the projectile velocity) component pIR is 

FIR = - -PIP  - P l e  (2) 
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where Q ( n )  is the difference between the initial and final electronic binding energies when 
the electron is captured into the projectile n-shell, E. is the final kinetic energy of the ejected 
electron, vp is the projectile velocity, and pllc, p ~ ~ ,  and p ~ p  are the electron and projectile 
final momentum components. It is easy to see that the recoil-ion longitudinal momentum 
for the case of pure capture (i.e. no electron in the continuum) has two contributions. The 
first term is due to the electronic binding energy, which changes the nuclear kinetic energies 
in the centre-of-mass system. For example, the recoil ion gains kinetic energy and thus an 
additional backward momentum of 5.6 au when an 07+ ion captures an electron to its 1s 
orbit. The second term results from the electron mass-transfer from the target to the projectile 
inertial frame and is independent of the final excited state in the projectile. This term yields 
a backward momentum of 2.34 au for the system investigated here ( u p  = 4.68 au). For 
a pure capture process the recoil-ion longitudinal momentum thus has a definite value 
corresponding to each combination of the projectile and target electronic states. Since 
the COLTRIMS system used here provides a resolution of about f 0 . 5  au or better for the 
recoil-ion longitudinal momentum, capture into the Is or higher n states can be separated 
experimentally. 
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Figure 1. Recoil-ion 1ongiNtimai momentum p , ~  for 8.7 MeV 0"tHe collisions calculated 
with (I): ( a )  displays the momenta for recoil He+ ions from the pure single ionization (SI) with 
outgoing 07+ and pure single capture (sc) with 06+, and (6) displays those for recoil He2+ from 
transfer ionimtion wilh outgoing 06+ and double capNre (E) With 0% The halched circles 
show the expected momentum broadening due to the momentum of the ejected free electron. 
See the text for details. 

To demonstrate the capability of COLTRIMS to resolve the processes leading to different 
final states, we present the longitudinal momentumcomponents ( P U R )  in our collision system 
(07++He) in figure 1: figure l ( a )  is for He+ recoil ions and (b) for Hezf ions when they 
are detected in coincidence with the different final projectile charge states. 

The upper line in figure 1 shows the p l i ~  for pure single-electron ionization (SI). The bold 
part of the line shows the range of P ~ R  which is kinematically allowed. According to (1) 
the backward momentum of the recoil ion (negative pilR) has a maximum when the electron 
is emitted with the same velocity as the projectile (cusp). If the cusp is a considerable part 
of the total electron emission cross section, a peak should be observable at = -2.1 au 
in the recoil-ion momentum spectrum. On the other hand, most of the recoil ions distribute 
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around pI lR  = 0 with a width which corresponds to the momentum spread of an electron 
in a He atom, since the SI process is mainly due to distant collisions with little momentum 
exchange between the projectile and the target. This spread is schematically indicated in 
the figure by a hatched circle with a diameter of 1 au. If the momentum distribution of the 
emitted electron is symmetric in the forward and backward directions, the distribution might 
be centred at about pl l~ = 0.2 au (in the forward direction) due to the negative Q-value 
and the final electron kinetic energies. 

Only pure single-electron capture (SC) can contribute to the He+/06+ reaction channel. 
On the second line in figure I(a), the values of pl l~ for different principal quantum numbers 
n of the final 06+(lsnl) are shown. The pllR from sc to the n = 00 state is equivalent to 
that from cusp. Even with a resolution of only k0.5 au, one sees that the capture to the 
ground state and the n = 2 states can be separated from the capture into the higher states. 

The transfer-ionization (TI) channel yielding 06+ and HeZ+ with one free electron in 
the final state is fed by two processes: (i) single-electron capture accompanied by direct 
single target electron ionization (SI + SC); and (ii) double-electron capture into higher 
projectile states followed by autoionization of the projectile (DC+AIP). These processes can 
be distinguished by their different recoil momenta pl l~ which are shown on the upper two 
lines in figure I@). The pl l~ distribution from the SI + sc process is centred at discrete 
values corresponding to the different states of 06+(lsnl) as in the case of sc. Since another 
electron is ejected from the target in SI + SC, the p l , ~  is larger by about 0.4 au than that 
from sc due to the smaller Q value and has additional broadening due to the kickback of 
the ejected electrons. To first order this broadening is expected to be identical to that from 
pure single ionization (SI). The broadening is indicated in figure I(b) by hatched circles 
with the same diameter as in the SI process, 

In the case of double electron capture, the second term in (1) should be multiplied 
by a factor of two due to the two-electron mass transfer from the target to the projectile. 
The recoil-ion momentum ~ 1 1 ~  takes discrete values corresponding to the binding energies of 
05+(lsnln'l'). Since the recoil-ion momentum is not affected by a subsequent autoionization 
of the projectile, the values of P U R  from DC + AIP are identical to those from pure double 
electron capture (DC) without subsequent autoionization but the states with n = 1 or n' = 1 
cannot contribute to the DC + AIP. The reaction channel He2+/05+ contains only the DC 
process. The values of p l ~  are shown in figure l(b) for the pure DC and DC + AIP. 

The recoil transverse momentum in (2) has a contribution from the scattering of 
projectile and the kickback of the ejected electrons. In the case of pure capture without 
free electrons, the recoil and the projectile transverse momenta yield, therefore, identical 
information on the ion-atom trajectories. 

3. Experimental set-up 

The experiment was performed at the heavy-ion linear accelerator (RILAC) at RIKEN. An 
03+ beam of 8.7 MeV from the accelerator was post-stripped by a carbon foil and charge- 
state analysed by a bending magnet. The resulting 07+ beam of 8.7 MeV was collimated by 
two sets of adjustable collimators with apertures of 0.6 x 0.6 nunz and 4 m apart from each 
other, thus yielding a beam size less than 1 mm at a target position. The projectiles had a 
velocity of 4.68 au and a momentum of 1.37 x lo5 au. Although a considerable fraction 
of the 07+ ions can be excited in the stripper into the 2s1p metastable state, only a small 
fraction (about 2 x of them would survive on their way (20 m) to the target since the 
ion flight time is about four times the lifetime of the metastable state and the metastable 
ions are quenched in the field (about 0.16 T) of the bending magnet (Leventhal et a1 1972, 
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Lawrence et a1 1972). 
In figure 2 a schematic diagram of the experimental set-up is presented. We define 

Cartesian coordinates with the z axis in parallel with the beam direction and the y axis in 
the jet direction. 

The collimated beam intersected a very cold supersonic He jet at the centre of a vacuum 
chamber with a diameter of 50 cm. The He gas which was pre-cooled by a cryogenic system 
to approximately 35-40 K at a gas pressure of 220 mbar was expanded upward through a 
nozzle of about 30 fim diameter into the lower part of the vacuum chamber (first stage) 
forming a supersonic gas jet (Brusdeylins et a1 1989, Mergel 1994, Mergel et a1 1995). 
The pressure in this first stage was about 5 x IOw4 mbar. The inner part of this supersonic 
jet passed through a skimmer of 0.5 mm diameter into the upper part of the chamber (main 
reaction chamber). The distance from the nozzle to the skimmer was about 6 mm. The 
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internal temperature of the passing supersonic jet was estimated to be about 2.50 mK. The 
diameter of the jet at the intersection point was about 2.5 mm. The supersonic jet was 
finally collected by an evacuated dump on the opposite side of the reaction chamber. The 
rest-gas pressure in the reaction chamber was about 

The projectiles were charge state analysed downstream of the chamber by a 25" 
deflecting magnet and detected with a position-sensitive parallel-plate avalanche detector 
(PPAD). The projectile 07+ beam was contaminated by ions with different charge states 
through charge-exchange collisions with residual gas in the beam line prior to entering the 
target region. We set two pairs of parallel plate electrodes; one before and the other after the 
target. In the measurements of electron capture by the projectiles, the beam was vertically 
deflected by an electrostatic field before the target and,deRected back after the target so that 
the ions which changed the charge state in the target took a different trajectory from the 
contaminant ions and they were separated at the PPAD. 

The slow recoil ions produced in the intersection region were analysed by a recoil-ion 
momentum spectrometer (Merge1 et nl 1995) where the ions were extracted by a weak, 
uniform electrostatic field, passed through a field-free region and hit a position-sensitive 
detector. By measuring the recoil-ion position and its time-of-Right (TOF) by a coincidence 
with the detected projectile, the complete recoil-ion momentum vector p~ can be determined. 
The extraction field was set between 0.67 and 1.33 V cm-' in most of the measurements 
although it was set to 33 V cm-' to measure the position and size of the intersection region. 
The momentum resolution was determined by the internal target temperature, the angular 
divergence of the jet flow and the size of the intersection region between the jet and the beam. 
The momentum spread due to the internal temperature and the divergence was estimated 
to be about fO.l au. Since the size of the intersection region is about 2.5 mm in the 
longitudinal and less than 1 mm in the transverse direction, the resolution of the transverse 
momentum components (k0.16 au) is better than the longitudinal one (*0.4 au). Therefore 
the resolution of the longitudinal momentum component was estimated to be about kO.5 au, 
and that of the transverse component to be about &0.2 au. The zero position in momentum 
space was determined from the recoil-ion distribution for the pure ionization channel and 
the off-set of the supersonic gas jet with respect to the recoil-ion position resulting from 
rest-gas ionization. The zero position in the longitudinal momentum is uncertain by about 
rt0.25 au. 

The two-dimensional position information from both detectors was obtained by using a 
'wedge and strip' anode structure, where the three charge signals for each particle detection 
were recorded in list mode by using standard electronic devices. 

The experiment yields all momenta simultaneously thus providing reliable results of 
the relative differential cross sections. To obtain absolute cross sections the absolute target 
thickness and the overlap integral of supersonic jet and ion beam has to be known. Since 
this overlap integral was not measured in the present experiment, the measured momentum 
distribution was integrated over the momentum and normalized to the total cross sections 
in the literature: The sum of the cross sections of the single electron capture (SC) and 
the transfer ionization (TI) was determined to be 2.64 x lo-" cm2 from an extrapolation 
of the projectile charge-change cross section from 07+ to 06+ measured by Dillingham 
er al (1981) and each cross section was determined from the TI to SC ratio measured by 
Shinpaugh et al (1992). The sc cross section was thus estimated as 9.2 x cm' and 
the TI cross section to be 1.72 x IOMJ7 cm2. 

mbar. 
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Figure 3. Measured recoil-ion mmenfum dislribution for the pure single ionization (SI) process: 
(a) displays the longitudinal remil-ion momentum p l l ~  dislribution (z-axis in figure 2); and (b)  
the transverse momentum PAR distributions where full circles show the momentum component 
perpendicular to the jet (x-axis) and open circles in the direction of the jet (y-nxis). The ermr 
bars indicate the statistical unceminties only. The off-set from zero of the ysomponent is due 
to the upward motion of the He atom in the jet with about 2 au momentum. 

4. Results and discussion 

4.1, Results 

In figure 3 the measured recoil-ion momentum distributions are presented for the single 
ionization reaction (SI): 

07+ + He + 07+ + He+ + e- (3) 
as functions of the components of the recoil-ion momentum. The abscissa in figure 3(0) 
is the longitudinal (2-direction) component, P ~ R ,  of the recoil ions and that of figure 3(6) 
is their transverse ( x -  and y-directions) component, ~ I R  (see figure 2 for definition of the 
coordinate system), The centroid of the recoil momentum distribution in the y-direction is 
shifted by about 2 au, which results from the initial motion of the He atoms in the jet flow 
with a velocity of about 600 m s-'. Recoil ions are ejected in the forward as well as in the 
backward direction. No structure is observed at p l i ~  = -2.1 au where the cusp electrons 
are expected (see section 2 and figure 1). The present statistics for this reaction channel 
does not allow any conclusion on the cusp formation in these collisions. 

For the pure single-electron capture (sc) 
07+ + He + 06+ -I- He+ (4) 

the longitudinal momentum p l l ~  distribution is displayed in figure 4(u) and the differential 
cross sections du/dpIR are displayed in (6) as functions of the transverse momentum 
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Figure 4. Measured recoil-ion momentum distribution for the pure single-caplure reaction 
channel (sc): ( a )  displays the longitudinal momentum plln distribution and (b)  the differential 
cross section as a function of the transverse momentum PLR, The n-values in (a) correspond 
to the final principal quantum number in be ( l sn l )  calculated from (I). The full curve in (b) 
shows the mulls of the close-coupling calculations and the broken curve shows the results 
convoluted by the experimental resolution. 

component PLR of the recoil ion. As expected from (1) all capture processes produce 
backward ejected recoil ions (see figure 4(a)). The plotted n-values indicate where, for 
different final capture states, the recoil-ion momenta are expected due to energy gain in the 
capture process. From the figure, we can see that the capture predominantly occurs into 
the n > 3 states and capture into the n = 2 or n = 1 is very weak. The resolution 
is, however, not sufficient to resolve the higher n states. Transforming the measured 
recoil-ion momentum resolution into the corresponding resolution of a projectile energy- 
gain measurement, we obtain about f7.5 x It is interesting to note that this very good 
energy-gain resolution was attained with a projectile beam whose initial relative momentum 
width was in the range. The recoil-ion momentum resolution is, to first order, not 
affected by the 'quality' of the incoming beam in contrast to the case of a projectile energy- 
gain spectroscopy where a resolution of the energy gain is the same order of magnitude as 
the projectile momentum width. Figure 4(b) shows the corresponding transverse momentum 
distribution (integrated over the whole peak structure in figure 4(n) )  along with the results 
of semiclassical close-coupling calculations which are described later. 

The pll~ distribution is shown in figure 5(a) and do/dpiR in figure 5(b)  for the transfer- 
ionization process which is a capture of one electron and simultaneous ionization of the other 
He electron: 

07' +He --f 06+ + Hezt +e-. (5) 
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Figure 5. Measured recoil-ion momentum distributions for the tnnsfer-ionization (TI) c h c l  
with final 06+ and He2+ ions: ( a )  displays the longitudinal momentum piln distribution and (b) 
the differential cross section as a function of the transverse momentum  pi^, Also shown in (a )  
are the principal quantum numbers n of the final electronic states of 06+( lsnf )  where a single 
electron capture preceded by a single ionization (SI t sc) is assumed and the highest possible 
longitudinal recoil momentum in a double capture followed by a projectile autoionization (w: 
C Alp). 

Here the longitudinal momentum p l l ~  is distributed above -5 au and the distribution is 
broader than for the pure electron capture reaction (see figure 4). Comparing with figure 1, 
we conclude that the transfer ionization is mainly through single-electron capture (into n = 2 
and 3 with the highest probability) accompanied by a single target ionization (SI + sc). The 
contribution of another possible process, double-electron capture followed by autoionization 
of the projectile (DC + AIP), is relatively small. 

4.2. Comparison with classical overbarrier model 

Some of the features of the electron-capture processes were examined based on the simple 
classical overbarrier (COB) charge-exchange model (Ryufuku et ~l 1980), although this 
model is usually applied to much slower collisions, The COB model defines a critical 
internuclear distance R where the electrostatic barrier between the colliding ions is so 
reduced that a He electron in the Is orbital can pass the barrier into a projectile excited 
orbital. For SC from a neutral He atom to 07+, the critical internuclear distance R is 
approximately 8-10 au and the principal quantum number n of the state of the captured 
electron is about 4 to 5 which is in agreement with the experimental observations shown 
in figure 4. If a pure Coulomb scattering is assumed on the outgoing part of the trajectory 
(after the capture process) between 06+ and Het which are regarded as point charges, 
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the recoil-ion transverse momentum is about 0.2 au. This is in rough agrement with the 
experimental observation in figure 4, where the sc contributions result from collisions with 
larger transverse momenta than 0.2 au. 

For the transfer-ionization channel (3, it is found that the electron is captured into lower 
states compared to the sc. This is also predicted by the COB model, if the transfer ionization 
is described as independent ionization and capture in which the ionization precedes the 
capture process (SI + SC). In this case the 07+ ion first ionizes a He atom (3) and then 
captures the remaining electron from the He+ ion: 

(6) 
Since the recoil-ion momentum is only weakly affected by the SI process, the final recoil- 
ion momentum distribution for this transfer-ionization channel provides information on the 
differential cross sections for electron transfer between ions. To our knowledge, such 
differential capture cross sections for ion-ion collisions like (6) have never been measured. 
Since the binding energy of the electron in He+ is larger than that in a neutral He atom, this 
process is enabled at a smaller internuclear distance and a lower potential barrier between 
the ions than in the sC for a neutral He target (4). From the COB model for an unscreened 
He nucleus, we have an n-value of about 3 and a critical internuclear distance R of about 
4.5 au. The transverse recoil momentum from the SI + SC is predicted by COB to be larger 
than that from the sc since the Coulomb scattering is larger by a reduced screening of the 
He nuclear charge and by smaller internuclear distances. We obtain the recoil-ion transverse 
momentum PIR = 0.8 au for the critical internuclear distance of 4.5 au. This is also in 
rough agreement with the experimental observation in figure 5, where most of the cross 
section is from collisions with larger transverse momenta than 0.8 au. 

In spite of these agreements, a further comparison of the differential CJOSS sections with 
the COB seems meaningless since the electron capture cross section predicted by the COB, 
0 ~ 0 ~  = nR2/2, is larger by two orders of magnitude than the experimental total cross 
section for single-electron transfer. 

4.3. Semiclassical close-coupling calculations 

Figure 4(b) includes the results of transverse-momentum-dependent cross section doldpla  
from semiclassical close-coupling calculations. Since the details of the theoretica1 method 
are described by Kimura and Lane (1989), only a brief description is presented here. 

First, we assume a classical. constant-velocity rectilinear motion of the projectile. The 
electronic motion is described by a wavefunction satisfying the time-dependent Schrodinger 
equation. This wavefunction is expanded in terms of electronic molecular states j obtained 
by the configuration interaction method modified by inclusion of a pseudopotential for 
representing core electrons. Slater-type orbitals are employed as basis functions. This 
expansion leads to coupled first-order differential equations for the expansion coefficients 
c,( t ) .  These coupled equations are solved with the initial conditions that ci(t = -w) = 1 
and that all other coefficients are zero. Let cif denote the limit cl(t + fw) thus 
calculated. Then the differential capture cross section in the centre-of-mass coordinate 
system is calculated using the eikonal approximation (McCarroll and Salin 1968, Kimura 
and Lane 1989). The cross section is expressed for a small scattering angle as: 

07* 4- He+ + 06+ + Hez+. 

for i # f, where /A is the reduced mass between the projectile and the target, b the impact 
parameter, Jim, a B&el function of order Jml where m is the difference between the initial 



4604 T Kambara er d 

and final projections of the electronic angular momentum onto the molecular axis, 0 the 
scattering angle, and .Q the solid angle of the scattered projectile. The integral cross section 
is calculated to be 

The differential cross section (7) may be transformed into that in the laboratory frame as a 
function of the recoil-ion momentum. Then we obtain 

(9) 

In a previous study (Fritsch and Lin 19911, it was found that the two electrons in He 
react practically independently in this collision energy regime. Thus, for the pure electron 
capture process (4), the He atom was treated as a oneelectron system in which the electron 
moves in a pseudopotential. In other words, two electrons out of three were explicitly taken 
into account. Test calculations revealed that the cross sections for n < 3 are negligibly 
small (lower than 5% of the total cross section), as expected from the adiabatic molecular 
potential-energy curves and hence those channels below n = 4 are ignored in the calculation. 
Five E molecular states were included in the close-coupling equations, namely the initial 
channel and the charge-transfer channels nl = 45, 4p. 5s and 5p. Capture to It = 5 
was found to be dominant, contributing about 90% of the total cross section. The predicted 
oscillations in dui,/dpIR due to an interference between amplitudes associated with different 
trajectories are smeared out to some extent, as is found in figure 4, after convolution with 
the experimental momentum resolution of h0.2 au. The interference pattern observed by 
the theory may be washed out if a larger basis set is used in the calculation. The convoluted 
du/dplR qualitatively agrees with the present experimental cross section with a maximum 
at about ~ L R  = I au, although the absolute value of the maximum differential cross section 
is larger than experiment by a factor of about 2.5. 

5. Conclusion 

From the data presented here we conclude that the new experimental method, high-resolution 
recoil-ion momentum spectroscopy (COLTRIMS), may provide new insight into the dynamics 
of capture and ionization processes, even in fast ion-atom collisions, due to its high 
resolution and completeness in momentum space (all recoil directions) where other methods 
suffer a deficiency due to the lack of sufficient resolution and efficiency. The close-coupling 
calculations for the single-electron capture channel, which take the dynamical features of 
the collision into account, yield a good agreement with the experimental data in the shape 
of the differential cross section as a function of the transverse recoil momentum. However, 
the absolute value of the calculated cross section is larger than the experimental data by a 
factor of 2.5 and the interference structure predicted in the calculations is not observed. The 
principal quantum number n of the captured electron and the critical internuclear distance 
R were studied in the classical overbarrier model for the capture processes (single-electron 
capture and transfer ionization). However, it  totally fails in predicting the absolute value of 
the capture cross section. 
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