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Collisions between 98-keV N7+ ions and a HCl target have been investigated experimentally. The kinetic-
energy distribution of fragment H+ ions originating from multiple electron capture was detected at angles in the
range 20°–160° with respect to the incident beam direction. Proton energies as large as 100 eV were observed,
and calculations made in the simple Coulomb explosion model suggest that up to seven target electrons may be
involved during the collision. Using the Landau-Zener model, we show that the N7+ projectile mainly captures
outer-shell electrons from HCl. From the experimental data we derived multiple-capture cross sections which
we compared with results from a model calculation made using the classical over-barrier model and also with
a semiempirical scaling law. For the specific case of double capture, several structures appeared, which were
assigned usingab initio calculations to states of HCl2+.
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I. INTRODUCTION

The study of collisions between slow highly charged ions
and molecular species has received much attention during
the past few years. The studies give detailed experimental
f1–6g and theoreticalf7–9g information both on electron cap-
ture that occurs during the collision, and on the fragmenta-
tion dynamics that take place after the removal of the elec-
trons from the target. Much effort has been focused on
understanding collisions between slow highly charged ions
and simple molecular targets such as H2 or D2 f4–9g.

Very recently, some of us performed experimental and
theoretical studies of slow collisions between O5++H2 and
N7++H2 f4,6g. We were able to analyze the influence of the
projectile on the fragment energy distributions following
double electron capturesDCd, as a function of the projectile
velocity. Three impact-velocity regions could be
distinguished:s1d isotropic fragmentation at high velocities
s.0.5 a.u.d, s2d strong backward fragmentation at projectile
velocities between 0.5 and 0.1 a.u., ands3d strong forward
fragmentation at velocities less than 0.1 a.u. We now give a
little more detail for each of these regimes.

s1d At relatively high projectile velocities vP
s.0.5 a.u.d, the fragmentation was found to be isotropic, and
the energy distributions were given, at each detection angle,
by a sharp peak centered at,9.5 eV, which corresponds to a
free fragmentationf4g. At such velocities, our model calcu-
lations showed that the capture occurs mainly at large impact
parametersb s5–7 a.u.d, and in the “way out” of the collision,
according to the notation of the over-barriersOBd model
f10g. It was concluded that, at such velocities, the influence
of the projectile charge on each fragment is negligible.

s2d At impact velocities ranging from,1 to 0.5 a.u., the

fragments were found to be emitted mainly in the backward
direction with respect to the incident beam directionf4,6g.
This effect, also reported for the system Xe26++D2 f8g, is due
to the strong influence of the Coulomb forces induced by the
projectile which modify the fragment trajectories and ener-
gies, during and after the capture process. While the domi-
nant capture occurs at large impact parametersb<5 a.u.d
and on the way out of the collision, a small fraction of highly
energetic fragments are also detected in the forward direc-
tion. These fragments were found to originate from electron
capture at very small impact parametersb,1 a.u.d, in the
“way in” of the collision.

s3d At projectile velocities lower than 0.1 a.u., the frag-
ment protons were seen to be emitted preferentially at for-
ward angles, indicating that the capture process occurs pre-
dominantly at small impact parameterssb,1 a.u.d, on the
“way in” to the collision. This observation is consistent with
the results of previous calculations performed for the colli-
sion system Xe23++H2 at a projectile energy of 1 eV/amu
f9g. In addition, for this latter system as well as for the O5+

+H2 and N7++H2 systems, the double-electron-capture pro-
cess was found to give the major contribution to the total
cross sectionf4,6,9g.

Slow collisions involving multielectronic molecular tar-
gets have also been studied in the last ten yearsf11–15g. The
detailed analysis of such collisions requires data from
multiple-coincidence techniques. Using these techniques, in-
formation on the fragmentation of the residual target after the
capture process could be revealed. For example, in double
charge exchange following very slow Kr8++N2 collisions
f14g, many fragmentation channels involving highly charged
N2

q+ sqø5d residual target ions were identified. The role of
the initial molecule orientation in the multiple ionization of
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N2 and O2 was also studied experimentally in collisions of
highly charged Xe ions at projectile velocities of,0.2 a.u.
f13g.

Apart from these works, the fragmentation studies have
given only minor information on the electron-capture process
itself. For example, as shown previouslyf4,6g, the impact-
parameter distributions, which can be derived from the
analysis of the fragmentation channels, are important to
know because they give insight into the nature of the cap-
tured electrons. Moreover, the final charge-state distribution
of the target may change with the projectile velocity, giving
information on the number of electrons involved in the cap-
ture process. For the case of molecular targets, many ques-
tions remain to be answered, because the electronic structure
of a molecule differs strongly from that of an atom and the
electron capture and subsequent fragmentation of molecules
depend upon the chemical bonding within each electronic
state of the molecule that contributes to the observations.

In the present work we studied the fragmentation of HCl
following multiple electron capture by N7+ projectile ions.
The use of HCl was motivated by the fact that in a fragmen-
tation process conservation of momentum leads to the H+

fragmentsof mass 1 a.u.d having a kinetic energy which is
typically 35 times larger than that of the corresponding Clq+

fragmentsof mass 35 a.u.d. Therefore, after the capture pro-
cess, the dissociation of HCl leads to fragments whose ener-
gies may easily be separated. The H+ fragments were de-
tected as a function of their energy and for detection angles
varying from 20° to 160° with respect to the incident beam
direction. In the following analysis, the different reaction
pathways are discussed and the charge distributions are de-
duced. From the fragment kinetic-energy spectra, relative
cross sections for multiple electron capture are deduced, and
these are compared with results derived from both the clas-
sical over-barrier modelf10g and the semiempirical scaling
law of Selberget al. f16g.

II. EXPERIMENTAL SETUP

The experimental setup has been described in detail else-
wheref17g, and so only a brief description is given here. The
experiments were conducted at the 14-GHz electron cyclo-
tron resonancesECRd ion source of the LIMBE facility, at
the Grand Accélérateur National d’Ions LourdssGANIL d in
Caen. The N7+ ions, extracted at an energy of 98 keV, were
magnetically analyzed and focused to a diameter of,2 mm.
Typical ion currents of,50 nA were collected in a Faraday
cup and these were used to normalize the spectra. In the
scattering chamber, a base pressure smaller than 10−6 mbar
was achieved. In the center of the scattering chamber, the
N7+ beam was colliding with a gas-beam target of HCl that
was created by an effusive gas jet. The average HCl target
pressure was determined to be,10−4 mbar, corresponding to
a residual pressure of,10−5 mbar in the chamber. These
pressures were sufficiently low to ensure the predominance
of single collisions. The fragments produced after the colli-
sion were detected at angles in the range from 20° to 160°
with respect to the incident beam direction, using a single-
stage spectrometer which consists of an electrostatic parallel-

plate analyzer. The intrinsic energy resolution of the exit ana-
lyzer was 5% full width at half maximum. The fragment
acceptance angle was,2°. The length,0 of the ion beam, as
seen by the spectrometer at 90°, was,4 mm. This length,
increasing according to, f =,0/sinu as the observation angle
u decreases, was taken into account in our determination of
the differential cross sections in energy and angle.

III. SPECTRA ANALYSIS AND DISCUSSION

A. Role of outer- and inner-shell electrons
in the capture process

Figure 1 shows fragment spectra for detection angles of
20°, 90°, and 160°. These spectra consist of several struc-
tures whose energies range from 3 to 100 eV. As explained in
the Introduction, the observed peaks are attributed to protons
following the Coulomb explosion of multiply charged HCl
after the electron-capture process. The occurrence of high
proton energies originates from multiple electron capture. In
order to separate the different charge-state contributions of
the target, each peak in the spectrum was fitted with Gauss-
ian curvessonly shown at 160° in Fig. 1d and the experimen-
tal energies for each peak were comparedsTable Id with the-
oretical energies derived from the simple Coulomb explosion

FIG. 1. Energy distribution of protons and chlorine ionssopen
circlesd at detection angles of 20°, 90°, and 160° following the
fragmentation of HCl ions after multiple capture in 98-keV N7+

+HCl collisions. The full curves are the results of a fit procedure of
the spectrum using Gaussian curves.
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model. This model assumes that the final total kinetic energy

Ēkin of the H+ and Clq+ fragments is equal to the initial Cou-
lomb repulsion energyq/R0, whereq is the charge of the
Clq+ fragmentssthe charge of H+ is 1d, andR0 is the inter-
nuclear distance between H and Cl at equilibriumsR0

<2.41 a.u.d. It is first seen from Table I that H+ fragments
are associated with Clq+ fragments whose charge can reach
values as large as 6. This is an indication that up to seven
target electrons may be active during the capture process.

For q=1, corresponding to energy release from HCl2+,
five structures are observed, suggesting that excited states of
HCl2+ are produced in the ionization process. To our knowl-
edge, while doubly excited states of HCl are reported in the
literature, detailed information on the resulting fragment en-
ergies is missing. Only a few energies are availablef18,19g.
The origin of these peaks will be discussed in detail in Sec.
III C.

Two reaction pathways can lead to formation of H+ with
identical kinetic energies, but we are able to use Auger spec-
tra to discriminate between the two possibilities. The reac-
tions that can lead to H+ fragments are as follows.

sid After the capture ofq electronsfEq. s1adg, the ionized
molecular target may first deexcite by autoionizationfEq.
s1bdg smolecular autoionizationd, and then dissociatefEq.
s1cdg:

N7+ + HCl → Ns7−qd+ + HClq+* , s1ad

HClq+* → HClsq+1d+ + e−, s1bd

HClsq+1d+ → H+ + Clq+ + Ēkin. s1cd

sii d The projectile may also capturesq+1d target elec-
trons fEq. s2adg, the target dissociatesfEq. s2bdg:

N7+ + HCl → Ns6−qd+ + HClsq+1d+, s2ad

HClsq+1d+ → H+ + Clq+ + Ēkin. s2bd

For both of the pathways abovesid and sii d, the Clq+ ion
fEq. s1cd ands2bdg may remain in an excited state. Thus the
chlorine fragments may autoionizesatomic autoionizationd:

Clq+* → Clsq+1d+ + e−. s3d

Both sid andsii d pathways lead to the same kinetic energy

releasesĒkin. Therefore, in principle, a given proton energy
sreported in Table Id may be associated with the capture of
eitherq or sq+1d target electrons. However, the atomic auto-
ionization process does not depend on the fragmentation dy-
namics. Therefore, atomic autoionization gives rise to well-
defined structures in Auger electron energy distributionsf20g
while in contrast, molecular autoionization produces a con-
tinuous background.

Thus, we used the Auger spectrumsmeasured at an obser-
vation angle of 90°d to reveal possible autoionization process
of the excited targetsFig. 2d. As shown in Fig. 2, two distinct
groups of peaks are clearly separated. In the range 0 to 100
eV sleft side of Fig. 2d, double electron capture populates
configurations of quasiequivalent electrons 3,n,8 and 4,n,8
snù4d of the projectile, while the lines in the range from
300 to 600 eV are essentially due to the capture of more than
two electrons, which gives rise toK Auger electronsf21,22g.
As shown by Willset al. f23g, the ejection of an inner-shell
4s target electron gives rise to an Auger electron with an
energy less than 3 eV. In our spectrumsFig. 2d, no peak
appears at low energys,10 eVd and the background is
found to be negligible. This result indicates that the target or
chlorine autoionization is unlikely to occur. Consequently,
the reaction pathwaysii d is favored; the projectile captures

TABLE I. Experimental and calculated energies of H+ frag-
ments following the dissociation of HCl in 98-keV N7++HCl colli-
sions, as a function of the chargeq of Clq+. The letterssad—shd
refer to the peaks in Fig. 1.The energyEH+ scolumn 2d is deter-
mined by fitting each peak with Gaussian curves. The uncertainties
given in column 2 take into account the standard deviation in the fit
procedure. The calculated mean energies are derived from the
simple Coulomb explosion modelssee textd.

q EH+ seVd ĒH+ seVd scalc.d

1 a 3.0±0.1

b 4.5±0.1

c 5.8±0.1 11.3

d 7.7±0.1

e 11.1±0.1

2 f 15.8±0.5

g 19±0.5 22.6

h 21±0.5

3 29.1±1.0 33.9

4 40.6±1.5 45.2

5 53±4 56.5

6 63±5 67.7

FIG. 2. Spectrum of Auger electrons produced in 98-keV N7+

+HCl collisions at an observation angle of 90°. The lines in the
range 5–100 eV correspond to the decay of projectile states associ-
ated with 3,n,8 and 4,n,8 snù4d. The lines in the range 300–600
eV are essentially due to multiple electron capture.
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sq+1d target electrons giving rise to the HClsq+1d+→H+

+Clq++Ēkin pathway.
To theoretically investigate the role of outer-shell valence

electrons in the electron capture process, we applied the mul-
tichannel Landau-Zener modelf24g for single sSCd and
double electron capture. Very briefly, the transition probabil-
ity pif between initialsid and final sfd states is given, at a
curve crossing with projectile-target distanceRC, by

pif = 1 − expS − 2puHif u2

vrsbdDFsRCd
D . s4d

In this expression,b is the impact parameter,vrsbd is the
radial velocity, andDFsRCd is a measure of the relative in-
clination of the potential curves at crossingRC. For SC and
DC, DFsRCd=sq−1d /Rc

2 and DFsRCd=sq−3d /Rc
2, respec-

tively. The matrix elementHif , which describes the interac-
tion at RC, was calculated by using the formula derived by
Olson and Salopf25g.

To evaluate the crossing radiiRC, diagrams for approxi-
mate potential curves of the N7++HCl system were used
sFig. 3d. It is recalled that the electronic ground state of HCl
is s1s22s23s21p44s25s22p4d1S+. The capture of outer-
shell 2p sor 5sd and inner-shell 4s electrons is described on
the left and right sides of Fig. 3, respectively. The entrance
channel N7++HCls2pd crosses the N6+sn,d+HCl+ swith n
=3, 4, and 5d channelsscirclesd at internuclear distances of
,2.7, 5.7, and 12 a.u., respectively, where resonance condi-
tions for a single transition are created for the first transition.
At ,2.6 and 8.2 a.u., further crossingsscirclesd allow a sec-
ond transition from N6+s4,d+HCl+ to N5+s3,4,8d+HCl2+

and from N6+s5,d+HCl+ to N5+s4,5,8d+HCl2+. It is recalled
that both 3,4,8 and 4,5,8 configurations are dominantly
populated, as shown in the Auger spectrum of Fig. 2. Figure
3 also shows that the 3,4,8 and 4,5,8 configurations can
also be created via dielectronic transitionsssquares in Fig. 3d,
at internuclear distances of,2 and 3.8 a.u., respectively. The
determination of the dielectronic matrix elementHif which

describes the dielectronic transitions is by no means straight-
forward. Nevertheless, according to previous evaluations
f26g, a reasonable value of 0.05 a.u. forHif was retained in
our calculations.

The situation is quite different in the case of a capture of
an inner-shell 4s electron sright side of Fig. 3d. First, no
crossing appears between the entrance channel and the final
channels N6+s5,d+HCl+ and N5+s4,5,8d+HCl2+. Conse-
quently, the capture of 4s electrons into 5, and 4,5,8 con-
figurations is unlikely to occur. The capture of 4s electrons
into 4, and 3,4,8 configurations are also expected to give
rise to negligible cross sections, because the transitions occur
at large internuclear distancess.20 a.u. for 4,d. Conse-
quently, the major contribution would be due to a capture
into 3, and 2,3,8 configurations, since the corresponding
transitions occur at projectile-target distances ranging from
,2 to 4 a.u.

In Fig. 4, the calculated differential cross sections
ds /db=2pbPsbddb, where Psbd=pifs1−pifd is the capture
probability, are shown as a function of the impact parameter
b, in the case of capture of a 2p electronsleft sided and a 4s
electronsright sided. The capture of one outer-shell electron
gives rise mainly to a 5, orbital of the projectile, while the
3, orbital is mainly populated when an inner-shell electron is
involved. As mentioned above, the configurations 3,4,8 and
4,5,8 s2,3,8d are dominantly populated when two outer-
shell sinner-shelld electrons are active during the double cap-
ture process.

The cross sectionss2p and s4s for the capture of outer-
and inner-shell electrons, respectively, were determined by
integration ofds /db over the impact parameterb sTable IId.
In addition, the ratios4s / ss2p+s4sd is reported. For a single
electron capture, the role of a 4s electron is not negligible,
since the corresponding cross section represents,23% of
the total single-capture cross section. Nevertheless, this ratio
decreases to,9% for a double electron capture. This finding
is consistent with our experiment where no target autoioniz-
ation is foundsFig. 2d. Hence, it is reasonable to neglect in
the following the role of 4s electrons in the multiple electron
capture process.

FIG. 3. Diagrams of approximate potential
curves of the N7++HCl system. On the left side
sright sided, capture of an outer-shell 2p sinner-
shell 4sd electron is supposed. Dashed lines and
solid lines correspond to single and double cap-
ture, respectively.
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B. Energy position of the fragments

When varying the observation angleud, a detailed analy-
sis of the spectra reveals a small shifts!0.5 eVd for frag-
ments that follow a DC process. This result contrasts with
that found for the O5++H2 system at a projectile energy of
105 keV f27g. For this system, it was found that the mean
energy of H+ following the fragmentation of H2

2+ increases
when increasingud sfrom ,8.9 eV at 20° up to 10 eV at
160°d. The shift of,1 eV was interpreted using a two-step
model, based on two successive two-body interactionsf4g. In
the first step, after the capture process, the residual target
recoils with a velocityvW r. Then, in the second step, the ion
dissociates with a velocityvW f

c.m. in the frame of the molecular
center of mass. Thus, the detected proton, whose velocity is
defined by vW f

L=vW f
c.m.+vW r, can have energy in the range

sEmin,Emaxd with

Emin =
1

2
mHsv f − vrd2, s5ad

Emax=
1

2
mHsv f + vrd2, s5bd

wheremH is the proton mass.
To determineEmin andEmax for N7++HCl collisions, it is

necessary to estimate the residual target recoil velocityvr.
The mean energy of the recoiling residual target is evalu-

ated using the momentum and energy conservation laws,
which result in the following expressions for the longitudinal
pi and transversep' momenta of the recoiling target given in
the laboratory frame,

pi < −
Q

vproj
−

ncvproj

2
, s6ad

p' < uP0. s6bd

In these expressionsQ is the inelastic energy transfer,nc is
the number of captured electrons,u is the scattering angle of
the projectile, andP0 is the initial projectile momentum.

To simplify, we only treat the case of a DC process. The
angleu is then given by

u <
1

2 EpRDC
F2sqp − 2d + sqp − 1dÎ1 −SRDC

RSC
D2G , s7d

whereEp andqp are the projectile energy and charge, respec-
tively, and RSC and RDC refer to the projectile-target dis-
tances at which a SC and a DC occur. Then the average
momentumpr =spi

2+p'
2 d1/2 of the recoiling target and the

corresponding recoil velocityvr were deducedsTable IIId.
The results forEmin andEmax are given, assuming capture

into the 3,4,8 and 4,5,8 configurations and a typical mean
H+ energy of 5 eVsTable IIId. For comparison, the results for
the collision system O5++H2 f4g are also reported. It is seen
that, due to the difference between the target masses, the
recoil velocity of the HCl target is significantly smaller than
that of the H2 target. In addition, the fragment velocityv f is
much larger than the recoil velocityvr for N7++HCl colli-

FIG. 4. Differential cross sectionsds /db
=2pbPsbddb as a function of the impact param-
eter b, for 98-keV N7++HCl collisions, in the
case of capture of 2p sleft sided and 4s sright
sided electrons.

TABLE II. Cross sectionss2p ands4s for the single and double
capture of outer- and inner-shell electrons, respectively, in 98-keV
N7++HCl collisions, calculated by means of the multichannel
Landau-Zener modelf24g. In the last column, the ratios4s / ss2p

+s4sd is given.

Configurations s4p scm2d s4s scm2d s4s / ss2p+s4sd

3, 1.3310−23 3.9310−16

4, 6.1310−17 2310−23

5, 1.2310−15

Total 1.26310−15 3.9310−16 0.23

2,3,8 6.7310−18

3,4,8 3.6310−17 1.7310−22

4,5,8 3310−17

Total 6.6310−17 6.7310−18 0.09
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sionssTable IIId. Thus, while a shift of,1.1 eV is observed
in H+ energy distributions for O5++H2 collisions, the differ-
ence betweenEmin andEmax is found to be smaller than 0.4
eV in the present work. This result is in agreement with the
shift observed in the experiment.

C. Experimental kinetic-energy releases and comparisons
to results from model calculations

It is not the purpose of the present work to perform an
exhaustive analysis of the kinetic-energy spectra. Rather, in
order to show what is involved in a full calculation, we now
consider in detail the kinetic-energy releases that arise from
the Coulomb explosion of HCl2+ speaksa–e of Fig. 1d and
reserve for future work the calculations relating to the more
highly charged molecular species. To assign the measured
kinetic-energy releases we calculated potential-energy curves
for the ground state of HCl, and for the electronic states of
HCl2+ shown in Table IV. The states correspond to those
shown in Fig. 1 of Ref.f28g. We included states with Cl2+

+H dissociation channels because we did not wish to assume
that the fragmentation process was adiabatic. All possible
nonadiabatic energy release channels were considered in our
assignment.

The potential-energy curves were calculated using the
MOLPRO program packagef29g using similar methodology to
that of Ref. f30g. Multireference configuration-interaction
wave functionsf31,32g based on state-averaged multicon-
figuration self-consistent-fieldsMCSCFd f33,34g molecular
orbitals were calculated for each electronic state considered.
The basis set used was Dunning’s cc-pV5Z generally con-
tracted Gaussian basisf35g, which in previous workf36g
gave excellent agreement with vibrationally resolved experi-
mental data for theX 3S− anda 1D states.

To calculate the dissociation asymptotes we calculated
one potential-energy point atd=50 Å for each potential. By

50 Å the potentials are purely Coulombic and dissociation
asymptotes for each potential were therefore calculated as

Vs`d = Vsdd −
e2

4p«0

1

d
= Vsdd − 0.29 eV.

We assigned the kinetic-energy release spectra as follows.
We assumed that the ionization process was Franck-Condon
in nature and calculated Franck-Condon factors for excita-
tions from the ground state of HCl into the bound states and
continua of HCl2+ using Le Roy’s programsLEVEL f37g and
BCONT f38g, as described inf36g. In this work final energies
for each state were calculated relative to the dissociation as-
ymptote of the state itselfsadiabatic fragmentationd, or a
lower-lying statesnonadiabatic fragmentationd. The resulting
theoretical energy spectra were each independently convo-
luted with an instrument function and then fitted with a
Gaussian to find the energy releases reported in Table V. We
found that states corresponding to the uppermost three dis-
sociation limits do not contribute to the observed structure.

Our final assignments are given in Table V. Calculations
and experiment are in agreement between 0.1 and 0.5 eV,
except for one nonadiabatic channel. Two cases of nonadia-
batic dissociation are found, and correspond to spin-orbit-
mediated coupling between thea 1D and the 13P, and be-
tween theb 1S+ and 13P states. These couplings are strong

TABLE III. EnergiesEmin andEmax that can reach a proton after the dissociation of HCl following a DC process. The scattering angle
u is determined from relations7d. The longitudinal and transverse components of the recoil-ion momentum are then deduced from relations
s6ad ands6bd. The quantitiesQ, RSC, andRDC are evaluated from the potential-energy curves of Fig. 3. For comparison, the results for the
collision system O5++H2 f4g are also reported.

N7++HCl RSC sa.ud RDC sa.ud Q sa.ud u sradd p' sa.ud pi sa.ud pr sa.ud vr sa.ud v f sa.ud Emin seVd Emax seVd

N5+s4,5,8d 11.8 8.3 0.98 3.4310−4 4.7 −2.4 5.3 7.8310−5 0.014 4.945 5.055

N5+s3,4,8d 5.7 2.5 2.61 1.2310−3 16.9 −5.6 17.8 2.6310−4 0.014 4.82 5.19

O5++H2 4.9 6.1 1.03 1.2310−3 1.6 −2.1 2.6 7.2310−4 0.0195 8.8 10.2

TABLE IV. Calculated electronic states and asymptotic energies
Vs`d after the dissociation of the HCl2+ molecular ion.

Dissociation limit Electronic states Vs`d seVd

Cl+s3Pgd+H+ X 3S−,1 3P −459.2215

Cl+s1Dgd+H+ a 1D ,b 1S+,1 1P −459.1691

Cl+s1Sgd+H+ 2 1S+ −459.0956

Cl2+s4Sud+H c 5S−,2 3S− −458.8643

Cl2+s2Dgd+H 2 3P ,2 1P ,1 1S−,2 1D ,3 3S−,1 3D −458.7801

TABLE V. MeasuredEexpt and calculatedEcalc kinetic-energy
releasessin eVd and assignments. In the third column, the difference
DE betweenEcalc andEexpt is given. The assignments given in pa-
rentheses are the only possible nonadiabatic energy releasesssee
textd.

Peak Eexpt seVd Ecalc seVd DE seVd Assignment

Excitation Dissociation

a 3.5

b 4.6 4.63 0.03 X 3S− X 3S−

b 4.6 4.71 0.11 a 1D a 1D sweakd
c 5.8 5.92 0.12 b 1S+ b 1S+ sweakd
c 5.8 s6.14 0.34 a 1D 1 3Pd sstrongd
c 5.8 s7.35 1.55 b 1S+ 1 3Pd sstrongd
d 8.0 s7.35 −0.65 b 1S+ 1 3Pd sstrongd
d 8.0 8.47 0.47 11P 1 1P

d 8.0 8.51 0.51 13P 1 3P

e 11.4 11.49 0.09 21S+ 2 1S+
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because of curve crossings. The majority of the intensity in
the peaks comes from quasibound levels trapped behind the
barriersf39g. The quasibound levels predissociate predomi-
nantly by spin-orbit interactionsa nonadiabatic processd,
with lifetimes calculated to be at least two orders of magni-
tude shorter than adiabatic predissociation by tunnelingf30g.
Therefore, in both cases dissociation through the nonadia-
batic channel should be far stronger than adiabatic dissocia-
tion.

The worst agreement between experiment and theory is
for the nonadiabatic channelb 1S+→1 3P, and it is not clear
whether this channel should be assigned to peakc or d sboth
assignments are given in Table Vd. The energy of the adia-
batic dissociation channelb 1S+→b 1S+ does agree well
with the measured energy of peakc, but unless the lifetime
calculations of Ref.f30g were in error by two orders of mag-
nitude, this must be a minor dissociation channel. In previous
work by othersf18g, the nonadiabatic channels do not appear
to have been considered, but the propensity to follow the
nonadiabatic dissociation channel for both thea 1D and
b 1S+ states is high.

D. Experimental cross sections and comparison
with model calculation

The measured fragment emission spectra were used to
evaluate single-differential cross sectiondsqt

/dV for H+

emission associated with a given chargeqt sqt=q+1d of the
residual target. Thus, the corresponding fragment energy dis-
tributions sFig. 1d were integrated with respect to the frag-
ment energy. The results are given in Table VI and Fig. 5.
The relative statistical uncertainties are of the order of 15%
for small qt and increase to,50% for qt=7. Cross sections
are found to be isotropic, within the error bars. From this
result, we can conclude that the influence of the projectile
Coulomb field on the H+ fragments is negligible for the in-
vestigated impact energy.

The cross sectionssqt
for the capture ofqt target electrons

were determined by integration ofdsqt
/dV over the obser-

vation angle. Our experimental cross sections were compared
sFig. 6d with model calculations derived from the over-

barrier modelf10g and from the semiempirical scaling law
by Selberget al. f16g, which is devoted to multiple capture in
slow ion-atom collisions. The experimental double-capture
cross section was normalized to that obtained with the OB
model. The results are presented in Fig. 6.

Neither the OB model nor the scaling law is satisfactory
to fully reproduce the experimental cross sections. The dis-

TABLE VI. Relative single-differential cross sectionsdsqt
/dV sin arbitrary unitsd for fragment emission

associated with a given chargeqt of the residual molecular target, as a function of the observation angleud.

dsq/dV

ud 2 3 4 5 6 7

20° 1123±62 598±53 873±85 157±87 120±51 20±10

30° 991±27 723±156 502±69 292±140 102±50 27±12

40° 852±33 591±28 599±90 154±90 102±55 20±10

50° 873±49 496±28 539±42 204±48 80±40 30±15

60° 814±116 529±36 485±90 248±50 61±30 19±10

70° 786±47 643±28 414±43 214±49 114±48 36±20

80° 948±47 549±37 526±53 242±142 84±40 34±15

90° 1275±75 757±40 781±70 400±70 137±60 30±15

160° 1175±54 790±55 621±49 346±62 114±60 8±5

FIG. 5. Relative single-differential cross sectionsdsqt
/dV sin

arbitrary unitsd for fragment emission associated with a given
chargeqt of the residual molecular target, as a function of the ob-
servation angleud. The averaged cross sectionssdashed horizontal
linesd are used as a guide for the eyes.
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agreement is much more pronounced for the OB model,
which gives negligible cross sections for the capture of seven
electrons. In contrast, the scaling law shows a similar behav-
ior to the experiment, since the cross sections do not differ
by more than a factor of 2, except for the capture of seven
electrons. This qualitative agreement indicates that, at such
projectile energies, the HCl target can be viewed by the pro-
jectile as an atom.

IV. CONCLUSION

The collision system 98-keV N7++HCl has been studied
by means of ion and electron spectroscopy. Fragments with
energy as high as 100 eV are observed. We first showed
using the Landau-Zener modelf24g that the projectile mainly
captures outer-shell electrons. Consequently, the Auger deex-
citation of the target is negligible. Thus, our spectra indicate
that the proton energy is directly connected to the number of
captured electronssup to sevend.

In contrast with previous studies involving H2 targets
f4,6,12,27g, the energy shift due to the recoil of the residual
ionized target is found to be negligible. This is due to the fact
that the HCl mass is much larger than that for H2. Moreover,
for the DC contribution, several peaks are observed, indicat-
ing that excited states of the HCl2+ molecular ion are popu-
lated during the collision. The kinetic energy of the H+ frag-
ments following the production of these excited states could
be calculated. Calculations and experiment are found to be in
good agreement.

Finally, the experimental cross sections were determined,
as a function of the target charge, and compared with the
over-barrier modelf10g and a semiempirical scaling law for
collisions between highly charged ions and multielectronic
targetsf16g. While large discrepancies are observed for the
OB model, a reasonable agreement is seen for the scaling
law.

This study shows that the detection of fragments is an
efficient tool to obtain information on the primary process
si.e., captured. In the future, we plan a more systematic study
of the electron capture process in N7++HCl collisions at
lower projectile energiessdown to a few eVd. The goal of
this work would be first to see the influence of the projectile
velocity on the charged fragments, in order to obtain the
impact-parameter distributions, since the capture process
strongly depends on the impact parameter. Second, the de-
pendence of the number of captured electrons, as well as
their naturesouter shell, inner shell, and core electronsd, on
the projectile velocity will be analyzed.
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