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Abstract : Processes involved in slow collisions between highly charged ions (HCI) and
neutral targets are presented. First, the mechanisms responsible for double electron capture
are discussed. We show that, while the electron-nucleus interaction is expected to be
dominant at projectile velocities of about 0.5 a.u., the electron-electron interaction plays a
decisive role during the collision and gains importance when the projectile velocity
decreases. This interaction has also to be invoked in the capture of core electrons by HCI.
Finally, the molecular fragmentation of H, following the impact of HCI is studied.
Keywords. Electron capture, highly charged ions, neutral target, electron-electron
interaction, molecular fragmentation.

I ntroduction

One of the most important processes that occur in collisions between highly charged ions (HCI) and
atoms or molecules at low velocity is the electron capture or charge transfer. Beyond the fundamental
aspects, the study of electron capture is of great interest in various research areas such as astrophysics,
controlled thermonuclear fusion or ion accelerator technology [1]. For example, it has been known for
decades that charge exchange occurs between solar wind ions and neutral gas in the interstellar
medium, but it is only very recently that the resulting X-ray emission from HCI in the wind has been
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considered [2,3]. These X-ray observations are fundamental since they are connected to the knowledge
of stellar wind parameters, such as mass loss, wind velocities and ion composition, which are needed
to constrain models of stellar evolution [3].

From a general point of view, slow collisions involving HCI are characterized by at least two
parameters, i.e. the impact velocity vy and the number of target electrons. The electron capture
process is dominant if vy is smaller than the classical velocity of the target electrons. The impact
velocity, which determines the duration of the collision and thus, the adiabaticity of the process, has a
strong influence on the collision dynamics. Consequently, the strength of the different dynamic
interactions are modified when varying vprq. Hence, the final states of the projectile and the associated
cross sections are also modified. Similarly, the number of target electrons as well as their binding
energies influence the collision dynamics by increasing the number of reaction pathways and the
variety of inelastic processes.

For single electron capture (SEC), energy gain spectroscopy [4], photon spectroscopy [5] and recoil
ion momentum spectroscopy (RIMS) [6,7] have been used extensively to measure with good accuracy
total, partial and differential cross sections. In paralel, theoretical methods, such as the classical over-
barrier (COB) model [8], the Landau-Zener model [9], the classical trgjectory Monte Carlo (CTMC)
model [10], and molecular expansion close-coupling methods [11] have been developed. From such
experimental and theoretical works, the main features have been explained successfully over a wide
range of impact velocities[1,12].

The situation is different for multiple electron capture. This is due to the fact that the number of
active electrons involved is larger, leading to a more complex, many-body problem. A further
difficulty lies in the high number of transient molecular states necessary to describe the collision. In
order to reduce these difficulties, experiments [13-15] and calculations [11,16,17] were devoted to
double electron capture (DEC) from a helium target (two active electrons). The helium atom is an
interesting target because it is easily prepared in collision experiments and its electronic structure is the
simplest one for a theoretical treatment of double capture.

However, even in the case of collisions involving only two active electrons, the processes
responsible for DEC are still under debate [12,18-21]. While DEC can be rather well described using
independent electron models, it has been shown that dynamic correlation effects due to the electron-
electron interaction which is not incorporated in these models may play a decisive role during the
collision [22,23]. The importance of these processes depends strongly onto the collision systems
involved [24], and the projectile velocity [15,18].

Over the last few years, much work has been devoted to the study of slow collisions between HCI
and molecules [25-31]. The study of ion-molecule collisions is fundamental since it gives information
not only on the electronic processes involved during the collision, but also on the dynamics of the
molecular fragmentation that occurs after the collision. While a complete treatment of such collisions
appears impossible, due to the high number of collison partners involved, it has been shown that the
collision can be divided into two independent steps, since the collision time (typically 10-16 s) is much
shorter than the typical vibrational time in the molecule (~ 10" S). Thefirst step is the collision itself,
where the capture processes occur. The second step is the fragmentation of the residual ionized target.
Consequently, the many-body problem to solve can be simplified. However, the description of the
whole collision requires the knowledge of the capture processes, which is the main goal of ion-atom
collision studies.
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After the collision, the projectile may decay via photon emission or Auger electron emission. Since
the doubly excited states involved during the collision decay mainly via Auger electron emission, the
experiments were performed using the method of Auger electron spectroscopy [13,18,22-24].
Recently, more detailed information was obtained using imaging techniques and Recoil lon
Momentum Spectroscopy (RIMS) [6,32]. These techniques were shown to be powerful methods to
investigate ion-atom and ion-molecule collisions [6,32,33].

In this paper, the mechanisms responsible for electron capture are discussed. First, collision systems
involving fully stripped ions and a He target are investigated for collision velocities from 0.6 a.u. down
to 0.01 a.u., using the methods of Auger electron spectroscopy and RIMS. The present measurements
extend our previous experimental studies performed for C6+ and Ne10+ + He collisions. The relative
importance of the capture mechanisms is analyzed, as a function of the projectile charge and velocity.
Then, the fragmentation of H, molecules following the impact of O5+ projectiles is analyzed. In
particular, it is shown that the two-step picture invoked above is no longer valid at the very low impact
velocitiesinvolved in our experiments.

| on-atom collisions — Double electron capture mechanisms
Electron capture mechanisms

The mechanisms responsible for DEC are illustrated in Figure 1 which shows approximate orbital
energies for the system (C—He)6+. In the incident channel, two electrons occupy the He 1s orbital that
crosses the 2¢ and 3¢ orbitals of C at internuclear distances of ~ 2 and 6 a.u., respectively. Hence, the
DEC process may occur by two independent one-electron transitions (denoted monoelectronic in the
following), due to the nucleus electron interaction. Then, configurations of quasi equivaent electrons
230" and 3¢3¢" are produced [22,23].
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Figure 1. Diagram of orbital energiesfor the system (C-He)6+.
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Furthermore, as shown in Figure 1, resonance conditions are created at ~ 3 a.u. for a dielectronic
process referred to as correlated double capture (CDC) process, due to the electron-electron
interaction. The CDC process produces configurations of non equivalent electron n/n’/” (n° >> n),
such as 2/6¢ in Figure 1. It is pointed out that two independent one-electron transitions are unlikely to
produce such configurations, since the probability to populate the 6/ orbital by a monoelectronic
transition is negligible.

A correlated two-step mechanism may also lead to the production of the configurations 2/6/°. A
first one-electron transition, populating the 3¢ orbital of C, is followed by a correlated transfer
excitation (CTE) process [22], involving a two-electron transition, into 2¢6¢’. It is noted that both
CDC and CTE processes, caused by the electron-electron interaction, are examples of the dielectronic
processes of autoexcitation.

Concerning the configurations of quasi equivalent electrons n/n’ ¢’ (n ~ n’), the situation is less
clear, since they can be produced either by monoelectronic or by dielectronic processes [11,34]. For
example, in the case of N7+ + He collisions, the mechanisms responsible for the capture into 3/3¢’
configurations depend onto the projectile velocity [11]. At vp ~ 0.1 au., these configurations are
populated by two independent one-electron transitions. At higher impact velocities, a direct transition
between g]e entrance channel and the final state is necessary to explain such population. For the
system C  + He, it has been shown theoretically that the configurations of quasi equivalent electrons
2¢3¢" and 2¢4¢" are due to correlation effects [35] in a projectile velocity range from 0.6 a.u. down to
0.1 a.u. All these examples suggest that no general consideration can be made for quas equivalent
electron configurations. Our attention will be concentrated on non equivalent electron configurations,
since interesting general results are found.

Experimental set-up

All the measurements reported here were carried out at the 14-GHz electron cyclotron resonance
(ECR) ion sources at the Grand Accélérateur National d’'lons Lourds (GANIL) in Caen and at the
lonenstrahl-Labor of the Hahn-Meitner Institut (HM1) in Berlin. The extracted ions were colliding an
effusive gas jet. The Auger electrons produced after the collision were detected at angles ranging from
20to 1600, with respect to the incident beam direction, using a single-stage spectrometer developed at
HMI [36] which consists of an electrostatic parallel-plate analyzer. At the exit of the spectrometer, the
Auger electrons were detected by using a channel electron multiplier.

Alternatively, as mentioned in the introduction, the RIMS was also used [6,7,19]. The incident
beam was colliding a supersonic gas jet in order to have target atoms initially monocinetic. The
scattered projectile ions were charged state analyzed and detected on a position sensitive detector
(PSD). The recoil target ions were directed into a large diameter PSD. A strong electric field was
needed to maintain a 4 solid angle efficiency. From the time of flight (TOF) and the impact position

of the collision partners, the momentum p, of the recoil ions was determined. From the evaluation of

B, , the projectile scattering angle 6 as well as the inelasticity of the collision (Q-value) were deduced

[7]. These quantities were used to identify the populated configurations and the mechanisms
responsible for the creation of these configurations.
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Soectra analysis

Figure 2 shows typical K-Auger spectra obtained at high resolution for the collision systems
C6+ + He (left side) and N+ He (right side) [37], at projectile energies in the range from 3.5 keV to
132 keV. The observation angle is 40° with respect to the incident beam direction. The peaks are
attributed to the configurations 2/n¢’ (n > 3), which decay to the 2/e¢’ continuum by means of Auger
transitions. Auger electrons from the configurations 3/n?’ (n > 3) have been also observed in the

present experiments. The associated peaks due to M-Auger transitions are observed at electron
energies lower than 80 eV.
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Figure 2. High-resolution spectra of K-Auger electrons produced in C6+ + Heand N+ He collisions
at afew projectile energies.

Figure 2 indicates that, at the highest projectile energy, Auger electron emission originates
primarily from quasi equivalent electron configurations 2/3¢" and 2¢4¢’. Configurations of non
equivalent electrons are also visible but represent less than 10 % of the total intensity. In contrast, at
lower projectile energies, the production of non equivalent electron configurations increases strongly.
The increase of the population of such configurationsis significant for C” + He collisions. At collision
energies lower than 10 keV, Auger intensities due to the configurations 2/5¢" and 2¢6¢’ is as large as
that of the peaks originating from 2¢4¢’. Furthermore, configurations 2/n¢’ involving principal
guantum numbers n as high as 9 are clearly visible.

For the system N7+ + He, the increase is also visible, but is less pronounced than that for the system
C6+ + He. The configurations 2/n¢’, with n = 3 — 5 remain constant in the whole range of projectile
energies. The intensity due to the configurations involving n > 6 increases by afactor of ~ 10 when the
projectile energy decreases from 70 keV to 3.5 keV.
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Average Auger yields and double capture cross sections

For al the collision systems studied here, the Auger spectra were used to determine the
corresponding cross sections. First, the Auger spectra were integrated to obtain single differential cross
sections dof, /dQ for Auger-electron emission attributed to a given configuration n/n’¢’. The total
cross sections o2, were then deduced by integration of do2,/dQ over the electron-emission angle.

To determine total double-capture cross sections o, the quantity o3, was divided by the

corresponding average Auger yield a,y. This Auger-yield correction is due to the fact that
configurations n/n’¢’ may also decay via radiative transitions which compete with the Auger
transitions.

3 +Auger yields igl}egrated over ¢ and ¢ could be directly deduced from RIMS for the collisions
C +Heand Ne + He[19,33]. Double differential cross sections (DDCS) for autoionizing (ADC)
and radiative (RDC) double capture were extracted from the experiment as a function of the energy
gain Q and the projectile scattering angle 6. The DDCS were integrated over 6. Results are shown in
Figure 3 for ADC and RDC following C6+ + He collisions at projectile energies of 9, 30 and 90 keV.
Theresultsfor a,y arereported in Table 1. It is seen that the Auger yields are rather insensitive to the
projectile energy, within the uncertainties. This finding is in different from previous conclusions,
which were supported by experiments [38]. In these experiments, the stabilization ration R, defined by
R = 1-a, where a is the Auger yield averaged on all the configurations, was presented for various
systems. The authors found an increase of R with decreasing the projectile velocity. As an explanation,
they suggested that this can be due to an increase of individual stabilization ratio R,y (i.e. 1 — ann)
caused by a modification of the populated 2/n¢’ configurations in the electric field of the recoil ion
leading to a shift to high-/ values. [38]. Rather, the increase of Ris due to the increase of cross sections
for populating configurations of non equivaent electrons 2/n¢’ (n > 4).

Table 1. Experimental and theoretical Auger yield a,y associate with the configurations 2/n¢’ of C**.

Configurations Experiment [33] Calculation [22]
9 keVv 30 keV 90 keV 60 keV
2030 0.77 £ 0.04 0.86 + 0.02 0.81+0.01 0.66
2040 0.49+ 0.04 0.55+ 0.06 0.63+0.04 0.53
2050 0.26 + 0.03 0.37+0.12 0.44+0.15 0.35
2060 0.15+0.02 0.19+0.11 - 0.29
2070 0.18
2080 0.13+0.04 0.11+0.12 - 0.15
2090 0.11
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inC  + Hecollisions.

The experimental Auger yields are also compared (right side of Table 1) with theoretical
calculations. The calculated Auger yields a,,y were obtained by means of the Hartree-Fock code of
Cowan [39]. Since the quantity a,y depends strongly on the occupation probabilities associated with
the gquantum numbers ¢ and ¢’, various distributions were tested [40]. Moreover, calculations have
been done considering the variation of these probabilities with respect to the collision energy. As a
result, it was found that a,y are rather constant for all the collision energies, which is consistent with
the experiment.

Double capture cross sections (DCCS) o, for the system C6+ + He are shown in Figure 4 as a
function of the impact velocity. The quantity o, deduced from Auger electron measurements is

compared with the experimental cross sections extracted from RIMS [33] and with theoretical
calculations [11,15]. The framework of the theoretical method is the same as that described in Refs.
[35,41]. In a straight-line impact-parameter treatment, the total electronic wave function is expanded
onto a set of configurations built with product of one-electron diatomic-molecule (OEDM) orbitals,
which are exact solutions of one-electronic two-center Hamiltonian. The introduction of this expansion
in the Schrédinger equation leads to a set of coupled equations that is numerically integrated [42].
First, a good overall agreement is seen for all the configurations. The experiments and the theory
reproduce quite well the same variation of o, with the projectile velocity. A noticeable disagreement
is seen for the configurations 2/6¢" at the lowest velocities. Thisis partially due to the limitation of the
theory which represents configurations such as 2¢6¢’ with only afew states [19].
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The variations of the cross sections with the projectile velocity were also analyzed in the case of
N7+ and O8+ projectiles. The DCCS for populating the configurations 2/n¢’ and 3/n¢’ are presented in
Figure 5, for N’ + He (left side) and O + He (right side) collisions, respectively. While at high
velocities the configurations of quasi equivalent electrons are mainly populated, the configurations of
non equivalent electrons gain importance since the projectile velocity decreases. At the lowest
velocities, they are found to be dominant in the case of N7+ + He callisions.

The ratio Rye between DCCS associated with non equivalent electron configurations and total
DCCS is summarized in Table 2 for both the lowest and highest velocitiesstudied here, i.e. 0.01 a.u.
and 0.6 a.u., respectively. The strong increase with decreasing the projectile velocity is confirmed for
al the configurations, except for the series 3/n¢’ populated in N""+ He collisions. Note that the
configurations 3/n¢’ (resp. 4¢n¢’) for C6+ + He (resp. Ne10+ + He) collisions are not reported in Table
2, since they are missing in our experiments.

Table 2. Contribution of non equivalent electron configuration to total double electron capture.

Projectile | Configuration Ratio Rye
Vprgi ~ 0.6 aU. Vi ~ 0.01 au.
c” 20ne’ (n>4) 0.16 0.81
N 20ne’ (n> 4) 0.10 0.68
N 3¢’ (n>5) 0.026 0.043
o 3¢ne’ (n>5) 0.04 0.17
Ne” | 3t (n>5) 0.23 0.60
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As seen in Table 2, the systematic study of AZ+ + He collisions (Z = 6 — 10) shows clearly the
important role of electron correlation effects, leading to non equivalent electron configurations,
especially at very low impact velocities. Moreover, independent models such as COB model which
predict fairly well the main quantities (principal quantum numbers, total cross sections) at impact
velocities of the order of 0.5 a.u. fail to reproduce the experiment at low projectile velocity. Hence, DC
process cannot be treated anymore using independent transitions. In other words, the collision is a true
many-body problem at low impact velocities.

Table 2 also shows that, at Vg ~ 0.01 au., the contribution of dielectronic processes to total DC
capture depends on the projectile charge. For example, whereas ~ 60 % of the configurations 3/n¢’
(n> 5) contribute to the total DC in Ne1O+ + He collisions, the population of these configurations
following N7+ + He collisions remains negligible. This finding has been aready explained with the
help of the crossing radius R. between the entrance channel and the DC channel (CDC mechanism)
[24] The quantities R; are visualized in Figure 6 for the configurations 3/6¢" following the impact of
A ions, where Z is the atomic number. The dashed region represents the internuclear distances at
which the double capture probability, evaluated with the Landau-Zener model, is maximum. It is seen
that the crossing radius increases with decreasing the projectile charge. Hence, while transitions into
3¢6¢" configurations are favored in 08++ He and Ne10++ He collisions, the DC probability is
negligible for Z= 6 and 7, due to the strong diabaticity of the crossings. This expectation is consistent
with the contributions of 3/n/’ (n > 5) deduced from the experiments (Table 2). In addition, the
configuration 2/6¢’ has been represented in Figure 6 for the collision C6+ + He. The crossing leads also
to a large transition probability. Hence, the configurations 2/n¢’ and 3¢n¢’ play the same role in the
collisions C6+ + Heand Ne10+ + He, respectively. It would be interesting to investigate higher charged
systems such as Ar14+ + He, for which the configurations 4/n¢’ with n > 6 are expected to play a
decisiverole [43].

| dentification of monoel ectronic and dielectronic processes

To identify more precisely the mechanisms responsible for the population of non equivalent
electron configurations, close-coupling calculations of DDCS using the method described above were
performed and compared with experimental distributions [19,33]. Both distributions are shown in
Figure 7 for the series 3/n¢’ and 4/n¢’ (n > 4) populated during the collision Ne1O+ + He at an energy
of 150 keV. The agreement is rather good, especially for the configurations 4/n¢’. Discrepancies
appear for configurations 3¢4¢" and 3/7¢" in the shape as well as in the intensity of the distributions.
Because of the good accuracy in the calculations, test calculations were performed for the
configurations 4/4¢" and 3¢6/ (Ne10++ He) and the configurations 2/n/’ (C6++ He), in which
dynamic couplings between the entrance channel and several capture channels were cancelled. These
test calculations were useful to reveal the importance of the el ectron-electron interaction [19].

In paralel with the close-coupling test calculations [19], the mechanisms could be partially
separated by analyzing the different capture pathways leading to the population of a given
configuration [33]. As an example, the configuration 3/6¢/" may be popul ated

- by two monoelectronic transitions due to electron-nucleus (EN) interaction via the
intermediate channel Ne9+ + He+;

- by aCDC process (direct transition);

- by aCTE processinvolving the intermediate 4/ or 5¢ orbitals of Ne9+.



Int. J. Mol. Sci. 2002, 3 125

0.06 37

alel'

Intensity (arb. unit)

o 3 _ 000 b
0.000 0.001 0.002 0.000 0.001 0.002

Scattering angle q (rad)

Figure 7. Relative differential DC cross sectionsin Ne10+ + He callisions. Full curves, theory [19];
squares, experiment.

These three pathways correspond to classical projectile scattering angles 0, that are well separated
from each other. The detailed analysis reported in Ref. [33] leads to the identification of the possible
mechanisms. The results are reported in Table 3 for the collision systems C6+ + He and Ne10+ + He.
First, it is seen that both close-coupling and classical-tragjectory calculations predict similar
mechanisms. As expected, the configurations of non equivalent electrons are shown to be populated by
dielectronic processes. In addition, the configurations of quasi equivalent electrons 2¢3(° (C6+ + He)
are also populated by dielectronic processes involving a direct transition with the entrance channel
(CDC). The classical calculations predict that, in Ne10+ + He collisions the 3¢4¢’ configurations are
populated by CDC processes, while 4/5¢" and 4¢/6/" may be created by either electron-nucleus (EN)
or electron-electron (CDC or CTE) interaction. More theoretical tests are needed to confirm these
predictions. However, both calculations confirm that dielectronic processes play a major role in ion
atom collisions (see Table 3).

Table 3. Mechanisms responsible for DC in C6+ + Heand Ne10+ + He callisions

C6+ + He Nelo+ + He
Configurations OEDM [19] Classical [33] OEDM [19] Classical [33]
3030 EN EN - -
3040 - - - CDC
3’ n=5 - - CTE (4/) CTE (5/)
4040 - - EN EN or CDC
450 - - - EN or CDC
4060 - - - EN or CTE (5¢)
2030 CDC CDC - -
2/’ n>4 CTE (3/) CTE (3/) - -
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I on-molecule collisions — Dynamics of the molecular fragmentation
Presentation

As mentioned briefly in the introduction, the knowledge of molecular fragmentation dynamics is
one of the main goal in the study of slow ion-molecule collisions. In particular, much work has been
devoted to simple molecular targets such as D, and H, [27,31,44] or CO [28,45-47],. However, the
fragmentation depends strongly onto the primary process, i.e. the electron capture, which is responsible
for the gection of target electrons. Hence, the fragmentation dynamics is complicated for a multi
electron target. For this reason, our discussion will be focused on the analysis of the H, molecular
target fragmentation following the impact of highly charged projectiles.

At projectile velocities vy larger than 0.1 a.u., the collision time is of the order of 10'15 s, whichis
much shorter than the characteristic times in the molecule (~ 10'13 s). Thus, the collision can be divided

into two independent steps [25]. The first step is the collision itself. During the collision, one or two
electron from H, may be captured :

AT +H, > A (ne)+H; (1)
for a SC process, and
A% +H, > AT (nin'')+ HZ )

for aDC event.

The second step is the fragmentation of the residual ionized target. It has been shown previously
that, at velocities of ~ 0.5 a.u., SC leads to an ionized target H, which is mainly in its fundamental
state, so that no dissociation of the target is expected. Hence, the kinetic energy of the H, ion
originates only from the recoil energy E, transferred from the projectile to the center of mass of the
target during the collision. In contrast, DC leads to HZ* which dissociates, giving rise to protons
whose kinetic energy E: in the framework of the molecular center of mass is of the order of 9.5 eV if
they make a vertical Franck-Condon transition from the molecular ground state.

It has been shown recently [31,48,49] that the final energy of a fragment following dissociation
after DC process has two sources : the recoil energy E; transferred by the projectile to the center of
mass of the ionized target, and the fragment energy E; originating from the Coulomb dissociation.
However, it has been recognized very recently that this two-step picture is too simple since the
fragments may also be influenced by the projectile [47,44]. The interaction between the projectile and
one fragment after the capture (also denoted post collison interaction) has been evidenced
experimentally in the fragmentation of D, following the impact of highly charged Xe23+ projectiles, at
impact energies of 0.2 and 0.8 keV/u [44]. In the CM of the residual D2 ion, the maximum of the

fragment kinetic energy distribution was found to be shifted to energies smaller than 9.5 eV. In
addition, an increase in the width of the distribution was observed when decreasing vpqj. Thisis due to
the fact that, since vy decreases, there is more time for the fragments to separate from their initial
positions while the projectile field is still present.

In order to analyze the influence of the projectile, experiments were performed at energies ranging
from 1.255 +keV (Vproj = 0.055 a.u.) up to 105 keV (vproj = 0.51 a.u.). Figure 8 shows ion sgectrafog the
system O + H, at projectile energies of 2.5 and 75 keV, and for detection angles of 20 and 90 . At
these energies, the peaks are found to be located around 9.5 eV, asindicated by the arrows on Figure 8.
Nevertheless, a closer inspection of the spectra shows that the mean energy of a fragment increases for
increasing the detection angle. This shift is seen to be more pronounced when vy, decreases.
Moreover, adouble structure is observed at the lowest energy.
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To interpret the energy shift of the observed distributions, which is expected to originate from the
Coulomb repulsion of the projectile nucleus, we performed calculations using two simple classical
models. Since these models have been described previously in details [31,47], only a brief description
isgiven here.

In the first model, referred to as two-step two-body (TS2B) model, the problem was treated as two

successive two-body problems. First the ionized target recoils with a velocity v:. Then, the ion
~CM

dissociates with a velocity v+ in the molecular CM frame. Thus, the detected proton has a velocity

Lo em

Vi =V +V in the laboratory frame. To evaluate v, expressions for the longitudinal p, and

transverse p, momenta of the recoiling target, which depend onto the inelastic energy transfer Q and
the initial projectile momentum p,, were calculated. From p, and p, , the recoil energy E; and the

recoil angle y were deduced and utilized to determine the average energy of the distributions as a
function of the detection angle.

In the second model, classical kinematics equations were used. In this model, a sudden double
capture was first assumed, at an impact parameter of about 5 a.u., which is the value expected for the
maximum of DC probability. In addition DC was assumed to occur in a plane perpendicular to the
initial velocity of the projectile and that contains the molecule CM. Hence, the problem to solve is a
pure three-body problem involving Coulomb interactions between the three collision partners. A set of
nine coupled equations was solved numerically and the energy of each proton was deduced. Note that
in contrast with the TS2B model, the second model, referred to as one-step three-body (OS3B) model,
takes into account the post collision interaction.
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400+ J

20° 600 20°

300} .
- e wol  fY
‘S 200} I A i
> 7o 200 /o3
s . I
g 100} Y N
S 0 __..‘..--"". L \“\-.___ 0 ?J \
*? 90° 90°
(7]
@ 2000}
2 400}
S 1500/ . -
VY s L
/ '\ K -
1000} y 1
/-/ "\% 200} -‘_..-"" L
500/ / . : ™
I % -~ IH\.
4 hh. "“ﬁt h"“\
oLl ™ ey o= .

2 4 6 8 10 12 14 16 18 20 10
Fragment energy (eV)

Figure 8. Energy distributions of the protons at detection asngles of 20 and 90" followi ng the
fragmentation of H.* ionsafter DCin 75 keV and 2.5 keV O + H, collisions. The arrow indicates
the expected energy assuming a free fragmentation.

Energy distributions and cross sections
A comparison between the experimental energy maxima (full squares) and the calculation (dashed
curves and solid curves for the TS2B and OS3B models, respectively) is presented in Figure 9 for two
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projectile energies (75 keV and 2.5 keV). The experimental values were determined by fitting the
spectra with Gaussian curves. At the highest projectile energy, both models agree well with
experimental data. In other words, the PCI is found to be negligible, as suggested previously [31,
47,44]. The small energy shift observed in Figure 9 is only due to kinematic rules. At 75 keV, the
mean energy of the recoiling CM is of the order of 0.05 eV, which leads to a mean velocity v, of
about 10'3 a.u. Since the velocity of afragment in the case of a pure fragmentation is ~ 0.0195 a.u., the
total velocity of a fragment is in the range 0.0185 — 0.0205 a.u., corresponding to energies in the
laboratory frame ranging from 8.55 eV to 10.5 eV. These values are consistent with the minimum and
the maximum of experimental energies (Figure 9).

In contrast, at the lowest energy, differences between the models and experiment appear (right side
of Figure 9). While both models reproduce qualitatively the double structure observed, quantitative
discrepancies occur, especially at forward detection angles. At these angles, the agreement between
experiment and the model calculation is found to be better when using the OS3B model. In other
words, this indicates that the post-collision interaction plays a role. However, the results shown in
Figure 9 depend strongly onto the initial conditions, so that the comparison between both models is
guestionable.

75-keV O* + H, 2.5keV O™+ H,
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Mean energy of a fragment (eV)

9,2 -

Mean energy of a fragment (eV)

8,8 -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 9. Maximum of fragment energy distribution following O5+ + H,collisions at 75 keV and

2.5keV. Full squares, experimental values, dashes curves, TS2B calculations; solid curves, OS3B
calculations.

From model calculations, differential cross sections do/dé@ for detecting one proton were aso

deduced, as a function of the detection angle. The results are reported in Figure 10 for two extreme
projectile energies (10 keV and 1.25 keV). At the highest energy (left side of Figure 10), both models
reproduce the experimental cross sections, which were determined by integration of the spectra over
the fragment energy. Thus the influence of the projectile is negligible at this velocity. Moreover, it is
seen that the cross section increases with increasing the detection angle. Thisis due to the fact that the
recoil angle of the molecular CM moves towards angles larger than 90°. In other terms, the increase is
only due to kinematic rules.
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In contrast, at 1.25 keV, large discrepancies appear between the models and the experiment. It is
first seen that the increase of the results originating from the TS2B model is less pronounced than that
from the OS3B model. This latter model is found to give the best agreement with the experiment. The
present result shows again that the post-collision interaction has to be taken into account when the
projectile velocity is sufficiently small.
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Figure 10. Differential cross section for detecting one fragment in 75 keV and 2.5 keV O5+ +H,

collisions. Full sguares, experimental values, dashes curves, TS2B calculations; solid curves, OS3B
calculations.

Conclusion

To summarize, we studied the role of the projectile velocity in ion-atom and ion-molecule
collisions. Inion atom collision, we emphasized one- and two-electron processes that occur during the
collision. In particular, the electron-electron interaction was analyzed in AZ+ +He (Z = 6 — 10)
collisons. While the electron-nucleus interaction populates configurations of quasi equivalent
electrons, the electron- electron interaction contributes dominantly to configurations of non equivalent
electrons. When the velocity decreases, it is found that the contribution of the dielectronic processes
due to electron correlation effects increases strongly. Hence, the picture of two independent transitions
isno more valid to explain the double capture process at |low impact velocity.

In the case of ion-molecule collisions, the velocity dependence reveals also two different regimes.
At relatively large projectile velocities (~ 0.5 a.u.), for the system O5+ + H,, the collision can be
divided into two independent steps, including the collision and then the fragmentation of the residual
ionized target. Hence, the problem to solve can be treated as two independent two-body problems. To
give evidence for the specific role of the projectile, experimental measurements were performed at
very low impact velocities (< 0.1 a.u.). The analysis of the fragment emission cross sections reveals
that the protons are repulsed in backward directions, due to the Coulomb forces induced by the
projectile. Similarly to the case of ion-atom collisions, at low velocities the problem to solve is a pure
many-body problem, involving the three nuclei.
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