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Proton emission following multiple electron capture in slow N*+HCI collisions
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Collisions between 98-keV N ions and a HCI target have been investigated experimentally. The kinetic-
energy distribution of fragment Hons 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 th@isjectile mainly captures
outer-shell electrons from HCI. 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 usingb initio calculations to states of HEL
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I. INTRODUCTION fragments were found to be emitted mainly in the backward

direction with respect to the incident beam direct{@h6].

The study of collisions between slow highly charged ionsThis effect, also reported for the system?Xe-D, [8], is due
and molecular species has received much attention durini® the strong influence of the Coulomb forces induced by the
the past few years. The studies give detailed experimentgirojectile which modify the fragment trajectories and ener-
[1-6] and theoreticdl7—9] information both on electron cap- gies, during and after the capture process. While the domi-

ture that occurs during the collision, and on the fragmentanant capture occurs at large impact parameker5 a.u)

tion dynamics that take place after the removal of the elecand on the way out of the collision, a small fraction of highly

trons from the target. Much effort has been focused orenergetic fragments are also detected in the forward direc-
understanding collisions between slow highly charged iongion. These fragments were found to originate from electron

and simple molecular targets such asdi D, [4-9]. capture at very small impact parametér<1 a.u), in the
Very recently, some of us performed experimental and'way in” of the collision.
theoretical studies of slow collisions betweeR*®H, and (3) At projectile velocities lower than 0.1 a.u., the frag-

N7*+H, [4,6]. We were able to analyze the influence of thement protons were seen to be emitted preferentially at for-
projectile on the fragment energy distributions following ward angles, indicating that the capture process occurs pre-
double electron captur@®C), as a function of the projectile dominantly at small impact parametels<1 a.u), on the
velocity. Three impact-velocity regions could be “way in” to the collision. This observation is consistent with
distinguished:(1) isotropic fragmentation at high velocities the results of previous calculations performed for the colli-
(>0.5 a.u), (2) strong backward fragmentation at projectile sion system X&*+H, at a projectile energy of 1 eV/amu
velocities between 0.5 and 0.1 a.u., &l strong forward [9]. In addition, for this latter system as well as for th&*O
fragmentation at velocities less than 0.1 a.u. We now give aH, and N'*+H, systems, the double-electron-capture pro-
little more detail for each of these regimes. cess was found to give the major contribution to the total
(1) At relatively high projectile velocities vp  cross section4,6,9].
(>0.5 a.u), the fragmentation was found to be isotropic, and Slow collisions involving multielectronic molecular tar-
the energy distributions were given, at each detection angleets have also been studied in the last ten yjgdrs15. The
by a sharp peak centered-a®.5 eV, which corresponds to a detailed analysis of such collisions requires data from
free fragmentatio4]. At such velocities, our model calcu- multiple-coincidence techniques. Using these techniques, in-
lations showed that the capture occurs mainly at large impadormation on the fragmentation of the residual target after the
parameter® (5—7 a.u), and in the “way out” of the collision, capture process could be revealed. For example, in double
according to the notation of the over-barri@®B) model  charge exchange following very slow ¥rN, collisions
[10]. It was concluded that, at such velocities, the influencd14], many fragmentation channels involving highly charged
of the projectile charge on each fragment is negligible. NJ* (q=5) residual target ions were identified. The role of
(2) At impact velocities ranging from-1 to 0.5 a.u., the the initial molecule orientation in the multiple ionization of
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N, and G was also studied experimentally in collisions of 500
highly charged Xe ions at projectile velocities 6f0.2 a.u. 160° ac, =1 98 keV N’* + HC:
[13]. 400 L e

Apart from these works, the fragmentation studies have
given only minor information on the electron-capture process
itself. For example, as shown previougl,6], the impact- 200
parameter distributions, which can be derived from the
analysis of the fragmentation channels, are important to’E 100
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 structui
of a molecule differs strongly from that of an atom and the
electron capture and subsequent fragmentation of molecule
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 HCI
following multiple electron capture by N projectile ions.
The use of HCI was motivated by the fact that in a fragmen- 300
tation process conservation of momentum leads to the H

300

400
300
200

100

400

Differential cross section (arb. u

fragment(of mass 1 a.).having a kinetic energy which is 200
typically 35 times larger than that of the correspondingjCl 100
fragment(of mass 35 a.l. Therefore, after the capture pro-

cess, the dissociation of HCI leads to fragments whose ener 0= . — '

gies may easily be separated. Thé fiagments were de- 2 4 B 810 20 40 60 BAT00
tected as a function of their energy and for detection angles Fragment energy (eV/q)

varying from 20° to 160° with respect to the incident beam o o
direction. In the following analysis, the different reaction _FIG. 1. Energy distribution of protons and chlorine idopen
pathways are discussed and the charge distributions are dgicled at detection angles of 20%, 90°, and 160° following the
duced. From the fragment kinetic-energy spectra, relativéragmentgn_on of HCl ions after multiple capture n 98-keV'N
cross sections for multiple electron capture are deduced, arf Cl collisions. _The full curves are the results of a fit procedure of
these are compared with results derived from both the clas- @ spectrum using Gaussian curves.

sical over-barrier moddl10] and the semiempirical scaling o ] )
law of Selberget al.[16]. plate analyzer. The intrinsic energy resolution of the exit ana-

lyzer was 5% full width at half maximum. The fragment
acceptance angle was2°. The length(, of the ion beam, as
Il. EXPERIMENTAL SETUP seen by the spectrometer at 90°, wag mm. This length,

increasing according té;={,/sin 6 as the observation angle

The experimental setup has been d_esc_rlbe_d in detail eIS%'decreases, was taken into account in our determination of
where[17], and so only a brief description is given here. Thethe differential cross sections in energy and angle.

experiments were conducted at the 14-GHz electron cyclo-
tron resonanc€ECR) ion source of the LIMBE facility, at
the Grand Accélérateur National d’lons Lour@dSANIL) in I1l. SPECTRA ANALYSIS AND DISCUSSION
Caen. The N' ions, extracted at an energy of 98 keV, were
magnetically analyzed and focused to a diameter &fmm.
Typical ion currents of~50 nA were collected in a Faraday
cup and these were used to normalize the spectra. In the Figure 1 shows fragment spectra for detection angles of
scattering chamber, a base pressure smaller thahmbar  20°, 90°, and 160°. These spectra consist of several struc-
was achieved. In the center of the scattering chamber, theires whose energies range from 3 to 100 eV. As explained in
N’* beam was colliding with a gas-beam target of HCI thatthe Introduction, the observed peaks are attributed to protons
was created by an effusive gas jet. The average HCI targéollowing the Coulomb explosion of multiply charged HCI
pressure was determined to bd.0™* mbar, corresponding to after the electron-capture process. The occurrence of high
a residual pressure of10°° mbar in the chamber. These proton energies originates from multiple electron capture. In
pressures were sufficiently low to ensure the predominancerder to separate the different charge-state contributions of
of single collisions. The fragments produced after the colli-the target, each peak in the spectrum was fitted with Gauss-
sion were detected at angles in the range from 20° to 160f@an curvegonly shown at 160° in Fig.)land the experimen-
with respect to the incident beam direction, using a singletal energies for each peak were compa(Eable |) with the-
stage spectrometer which consists of an electrostatic parallebretical energies derived from the simple Coulomb explosion

A. Role of outer- and inner-shell electrons
in the capture process
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TABLE |. Experimental and calculated energies of Ftag- 0,15
ments following the dissociation of HCI in 98-keV'K+HCI colli- 30+ 3 98 keV N" + HC:
sions, as a function of the chargeof CI%. The letters(a)—(h) ¥
refer to the peaks in Fig. 1.The energy+ (column 2 is deter- € 25| 3 4012
mined by fitting each peak with Gaussian curves. The uncertaintiesg ﬁ
given in column 2 take into account the standard deviation in the fit & 20k o
procedure. The calculated mean energies are derived from thf% 1
simple Coulomb explosion modétee texk @ 4.5
— § - 40,06
q Ey+ (eV) En-+ (V) (calc) % 1,0 b &3
= < =
1 a 3.0£0.1 5, 33 003
b 45+0.1 °T N
c 5.8+0.1 11.3 s Bl
d 7.7+0.1 T 5 10 50 100 300 350 400 450 500 550 600
Electron energy (eV)
e 11.1+0.1
2 f 15.8+0.5 FIG. 2. Spectrum of Auger electrons produced in 98-ke¥ N
g 19405 226 +HCI collisions at an observation angle of 90°. The lines in the
h 21405 range 5-100 eV correspond to the decay of projectile states associ-
3 29 1_+1 0 33.9 ated with ¥n€’ and #n¢’ (n=4). The lines in the range 300-600
4 40l6_1l5 45'2 eV are essentially due to multiple electron capture.
61, .
S 534 56.5 (i) The projectile may also captur@+1) target elec-
6 6325 67.7 trons[Eq. (2a)], the target dissociatd&q. (2b)]:

N7*+ HCl — N©®9* + HClardr, (2a)
model. This model assumes that the final total kinetic energy

E,i, of the H and Cf* fragments is equal to the initial Cou- HCI@+ D+ _, g+ 4 cla* +Ekin, (2b)
lomb repulsion energy/R,, whereq is the charge of the
Cl%* fragments(the charge of His 1), andR, is the inter-
nuclear distance between H and CI at equilibriuiR,
~2.41 a.u. It is first seen from Table | that Hfragments
are associated with €1 fragments whose charge can reach Clg™ — CI@D* 4 o, (3)
values as large as 6. This is an indication that up to seven i . o
target electrons may be active during the capture process.  BOth (i) and(ii) pathways lead to the same kinetic energy

For q=1, corresponding to energy release from HCl releases,;,. Therefore, in principle, a given proton energy
five structures are observed, suggesting that excited states @eported in Table)lmay be associated with the capture of
HCI?* are produced in the ionization process. To our knowl-eitherq or (q+1) target electrons. However, the atomic auto-
edge, while doubly excited states of HCI are reported in théonization process does not depend on the fragmentation dy-
literature, detailed information on the resulting fragment en-namics. Therefore, atomic autoionization gives rise to well-
ergies is missing. Only a few energies are availah®&19.  defined structures in Auger electron energy distributi@®
The origin of these peaks will be discussed in detail in Secwhile in contrast, molecular autoionization produces a con-
Il cC. tinuous background.

Two reaction pathways can lead to formation of With Thus, we used the Auger spectrimeasured at an obser-
identical kinetic energies, but we are able to use Auger specration angle of 90°to reveal possible autoionization process
tra to discriminate between the two possibilities. The reacof the excited targefFig. 2). As shown in Fig. 2, two distinct
tions that can lead to Hfragments are as follows. groups of peaks are clearly separated. In the range 0 to 100

(i) After the capture ofj electrond Eq. (1a)], the ionized eV (left side of Fig. 2, double electron capture populates
molecular target may first deexcite by autoionizati®dy.  configurations of quasiequivalent electrofn8 and 4n¢’

(1b)] (molecular autoionization and then dissociatéEgq.  (n=4) of the projectile, while the lines in the range from
(19)]: 300 to 600 eV are essentially due to the capture of more than
two electrons, which gives rise # Auger electron$21,22.
N7*+ HCl — N79* + HCIg™, (1a)  As shown by Willset al.[23], the ejection of an inner-shell
40 target electron gives rise to an Auger electron with an
energy less than 3 eV. In our spectruifig. 2), no peak
HCIg"" — HCI@™V* + ¢, (1b)  appears at low energy<10 eV) and the background is
found to be negligible. This result indicates that the target or
— chlorine autoionization is unlikely to occur. Consequently,
HCI@D*  H* + CI9* + Eyp,. (1o the reaction pathwayii) is favored; the projectile captures

For both of the pathways abov® and (ii), the CPF* ion
[Eqg. (10) and(2b)] may remain in an excited state. Thus the
chlorine fragments may autoionizatomic autoionization
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FIG. 3. Diagrams of approximate potential
curves of the N*+HCI system. On the left side
(right side, capture of an outer-shell2(inner-
shell 40) electron is supposed. Dashed lines and
solid lines correspond to single and double cap-
ture, respectively.

Energy (a.u.)

-3

L4 P R T 2
1 10 100 1
Internuclear distance (a.u.)

(g+1) target electrons giving rise to the HEM*—H*  describes the dielectronic transitions is by no means straight-
+C|Q++Ek'n pathway. forward. Nevertheless, according to previous evaluations
I . . .
To theoretically investigate the role of outer-shell valencel26): @ reasonable value of 0.05 a.u. féj was retained in

electrons in the electron capture process, we applied the mut™' caICL.JIatic_)ns.' o .
P P bp The situation is quite different in the case of a capture of

gCh?)Tnell Landau-Zeneerodglgﬂl fOL single_(_SC) ank;j bil-&n inner-shell & electron (right side of Fig. 3. First, no
ouble electron capture. Very briefly, the transition probabil- : e ' '
ity pi between initFi)aI(i) andyfinal(f); states is giverl? at a crossing apeears betV\ieen the e+ntrance chanzrlel and the final
i - _ e > ' channels N(5¢)+HCI* and NP*(4¢5¢’)+HCI?**. Conse-
curve crossing with projectile-target distarig, by quently, the capture ofdtelectrons into B and 45¢' con-
figurations is unlikely to occur. The capture oF £lectrons
- 2mr|Hy? into 4¢ and ¥4¢' configurations are also expected to give
pir=1-ex v (0)AF(RD) ) (4)  rise to negligible cross sections, because the transitions occur
' at large internuclear distancds-20 a.u. for 4). Conse-

In this expressionb is the impact parametey,(b) is the  quently, the major contribution would be due to a capture
radial velocity, andAF(R;) is a measure of the relative in- into 3¢ and Z3¢’ configurations, since the corresponding
clination of the potential curves at crossiRg. For SC and  transitions occur at projectile-target distances ranging from
DC, AF(Rc)=(q-1)/R? and AF(R.)=(q-3)/R?, respec- ~2to4a.u. _ _ _
tively. The matrix element;;, which describes the interac- 1N Fig. 4, the calculated differential cross sections

tion at Re, was calculated by using the formula derived by do/db=2mbP(b)db, where P(b)=pi:(1-p;) is the capture
Olson and Salop25]. probability, are shown as a function of the impact parameter

To evaluate the crossing rad., diagrams for approxi- 2 in the case of capture of anelectron(left side and a 4
mate potential curves of the 7KHCI system were used electron(right side. The capture of one outer-shell electron

(Fig. 3. It is recalled that the electronic ground state of HCIgiveS rise mainly to a 6 orbital of the projectile, while the

. 4 lort 3¢ orbital is mainly populated when an inner-shell electron is
s (10°20°30%1m 40.250227T) 3", The capture of'outer involved. As mentioned above, the configuratiodd8 and
shell 2 (or 50) and inner-shell & electrons is described on

4¢5¢' (2¢3¢’) are dominantly populated when two outer-
the left and right sides of Fig. 3, respectively. The entranc ( ) Y Pop

Shell (inner-shel) electrons are active during the double cap-
channel N*+HCI(2m) crosses the Rf(n€)+HCI* (with n 1o ;()rocess. ! g P
=3, 4, and § channelg(circles at internuclear distances of  The cross sections?™ and ¢ for the capture of outer-

~2.7,5.7, and 12 a.u., respectively, where resonance contémd inner-shell electrons, respectively, were determined by
tions for a single transition are created for the first transitionintegration ofdo/db over the impact parametér(Table I).

At ~2.6 and 8.2 a.u., further crossing@srcles allow a sec-  In addition, the ratiar*®/ (02" +0*) is reported. For a single
ond transition from R*(4€)+HCI* to N°*(3¢4¢')+HCI**  electron capture, the role of ardelectron is not negligible,
and from N*(5¢) +HCI* to N>*(4¢5¢")+HCI?*. Itis recalled  since the corresponding cross section represei8% of
that both I4¢’ and 45¢’ configurations are dominantly the total single-capture cross section. Nevertheless, this ratio
populated, as shown in the Auger spectrum of Fig. 2. Figurelecreases te-9% for a double electron capture. This finding
3 also shows that the€d¢’ and 45¢’ configurations can is consistent with our experiment where no target autoioniz-
also be created via dielectronic transitigequares in Fig. 8 ation is found(Fig. 2). Hence, it is reasonable to neglect in
at internuclear distances of2 and 3.8 a.u., respectively. The the following the role of 4 electrons in the multiple electron
determination of the dielectronic matrix elemétit which  capture process.
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B. Energy position of the fragments

1
. . . Emax= _mH(Uf + Ur)za (5b)
When varying the observation angle, a detailed analy- 2

sis of the spectra reveals a small sbiﬁ’@O.S eV) for frag- _ wherem, is the proton mass.
ments that follow a DC process. This result contrasts with 1 jetermineE.... andE..... for N7*+HCI collisions. it is

. . min max '
that Lound for the (2+.+H2 system at a fprOJect|k|1e erfzergy of hecessary to estimate the residual target recoil velagity
105 keV[27]. For this system, it was found that the mean  the mean energy of the recoiling residual target is evalu-
energy of H following the fragmentatlorl of Bf increases 10 using the momentum and energy conservation laws,
when increasingdy (from ~8.9 eV at 20° up to 10 eV at \ypich result in the following expressions for the longitudinal

160°. The shift of ~1 eV was interpreted u_sing a two-step p, and transversp, momenta of the recoiling target given in
model, based on two successive two-body interactidhdn 4o laboratory frame

the first step, after the capture process, the residual target

recoils with a velocityv,. Then, in the second step, the ion Q  Nprj
dissociates with a velocity; ™ in the frame of the molecular P=- Krt)] T (6a)

center of mafs. Thus, the detected proton, whose velocity is
defined by vr=vi™+v,, can have energy in the range _
(Epin,Ea) With - P = 6Po. (b
In these expressiond is the inelastic energy transfar, is
1 the number of captured electrortsis the scattering angle of
Emin= EmH(Uf -v)?, (58 the projectile, andPy is the initial projectile momentum.
To simplify, we only treat the case of a DC process. The
angled is then given by

Roc\?
|:2(qp_2)+(qp_1) 1_<_> :|v (7)

RSC

TABLE Il. Cross sectiong?™ and ™” for the single and double
capture of outer- and inner-shell electrons, respectively, in 98-keV
N7*+HCI collisions, calculated by means of the multichannel 0
Landau-Zener moddl24]. In the last column, the ratio®?/(o?™
+0%9) is given.

1
2 E;Roc

whereE, andq;, are the projectile energy and charge, respec-

: _ 4 , ) . tively, and Rsc and Rpc refer to the projectile-target dis-

Configurations ~ o*7 (cm?) o (cn?)  o*/(0*™+0™)  tances at which a SC and a DC occur. Then the average
3¢ 13x102°  3.9x10°16 momentump, =(p?+p? )Y of the recoiling target and the

a0 6.1% 1017 2% 1023 corresponding recoil velocity, Were.deducecﬂTal:_)Ie [1).
15 The results folE,;, andE,,, are given, assuming capture

5¢ 1.2x107 into the ¥4¢’ and 45¢’ configurations and a typical mean
Total 126<10%°  3.9x107° 0.23 H* energy of 5 eMTable IIl). For comparison, the results for
2¢3¢' 6.7x1078 the collision system &+H, [4] are also reported. It is seen
304¢ 3.6X10Y 1.7x107? that, due to the difference between the target masses, the
465¢" 3x10°17 recoil velocity of the HCI target is significantly smaller than
Total 6.6Xx10°Y7  6.7x10°18 0.09 that of the H target. In addition, the fragment velocity is

much larger than the recoil velocity, for N"*+HCI colli-
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TABLE lll. EnergiesE,, andE, . that can reach a proton after the dissociation of HCI following a DC process. The scattering angle
0 is determined from relatiofi7). The longitudinal and transverse components of the recoil-ion momentum are then deduced from relations
(6a) and(6b). The quantitief, Rsc, andRp¢ are evaluated from the potential-energy curves of Fig. 3. For comparison, the results for the
collision system &*+H, [4] are also reported.

N"*+HCl Rgc(al Rpc(@al Q@u 6f(ad p, (au p @ p @l v @l vf@l EypEY) Epax(eV)

N>*(4¢5¢") 11.8 8.3 098 3.%x10* 4.7 -2.4 5.3 7.%10° 0.014 4.945 5.055
N3*(3¢4¢") 5.7 2.5 261 1.x10° 16.9 -5.6 17.8 2.810*% 0.014 4.82 5.19
O%"+H, 4.9 6.1 1.03 1.x10° 1.6 -2.1 2.6  7.X10*% 0.0195 8.8 10.2

sions(Table 11l). Thus, while a shift of~1.1 eV is observed 50 A the potentials are purely Coulombic and dissociation
in H* energy distributions for &+H, collisions, the differ- asymptotes for each potential were therefore calculated as
ence betweelk,,, andE,,, is found to be smaller than 0.4 2 1
eV in the present work. This result is in agreement with the V() = V(d) - ==V(d)-0.29 eV.
shift observed in the experiment. 4meod

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-

It is not the purpose of the present work to perform anong from the ground state of HCI into the bound states and
exhaustive analysis of the kinetic-energy spectra. Rather, iggntinua of HCH using Le Roy’s programseveL [37] and
order to show what is involved in a full calculation, we now g~qyt [38], as described ifi36]. In this work final energies
consider in detail the kinetic-energy releases that arise frorg, gach state were calculated relative to the dissociation as-
the Coulomb explosion of HE (peaksa—e of Fig. 1) and ymptote of the state itselfadiabatic fragmentation or a
reserve for future work the calc_ulatlons relgtlng to the MOr§oer-lying state(nonadiabatic fragmentatidriThe resulting
highly charged molecular species. To assign the measurgflgqretical energy spectra were each independently convo-
kinetic-energy releases we calculated potential-energy CUrVggieq with an instrument function and then fitted with a
for tzrle ground state of HCI, and for the electronic states ofz4yssjan to find the energy releases reported in Table V. We
HCI** shown in Table IV. The states correspond to thoseq g that states corresponding to the uppermost three dis-
shown in Fig. 1 of Ref[28]. We included states with €1 5, iation limits do not contribute to the observed structure.
+H dissociation channels because we did not wish to assume ;¢ final assignments are given in Table V. Calculations
that the fragmentation process was adiabatic. All possible,q experiment are in agreement between 0.1 and 0.5 eV,
non_adiabatic energy release channels were considered in Ol%cept for one nonadiabatic channel. Two cases of nonadia-
assignment. , batic dissociation are found, and correspond to spin-orbit-

The potential-energy curves were calculated using the,.qiated coupling between thetA and the 11, and be-

MOLPRO program packagf29] using similar methodology 10y een theb 1s* and 1311 states. These couplings are strong
that of Ref.[30]. Multireference configuration-interaction

wave functions[31,32 based on state-averaged multicon-
figuration self-consistent-fiel{MCSCH [33,34] molecular ; : ) :
o?bitals were calculated for t:jach eIch)trE)nic gz'l[ate considerer leasesin eV) and assignments. In the th'rd. column, th_e d'ﬁ?rence
The basis set used was Dunning’s cc-pV5Z generall con--E betweenEo; and Ee IS given. The assignments given in pa-
tracted G . basi&s hi hg' pv 9 3%/ rentheses are the only possible nonadiabatic energy relé¢sses
racted Gaussian basj85], which in previous work[36] text).
gave excellent agreement with vibrationally resolved experi-
3y- 1

mental data for th& 2 an(_d a A states. Peak Eexp(6V) EgacleV) AE (eV) Assignment

To calculate the dissociation asymptotes we calculated Excitation Dissociation
one potential-energy point at=50 A for each potential. By

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

TABLE V. MeasuredEg,, and calculatedE,c kinetic-energy

a 3.5
TABLE IV. Calculated electronic states and asymptotic energies b 4.6 4.63 0.03 X33~ X33~
V(=) after the dissociation of the HEI molecular ion. b 4.6 4.71 0.11 alA alA (weak
Dissociation limit Electronic states V() (eV) ¢ >8 292 012 b'E" b5’ (weak
c 5.8 (6.14 0.34 a'A  130) (strong
CI*(Py) +H* X337 1300 -459.2215 c 5.8 (7.35 155  b!s*  131I) (strong
CI*('Dy) +H* alAb>* 1M1 -459.1691 d 8.0 (7.35 -0.65 bs*  1°M0) (strong
CI*('sy) +H* 21s* -459.0956  d 8.0 8.47 047 i 11
CP*(*s) +H c% 23" -458.8643  d 8.0 8.51 0.51 11 131
CP**Dg)+H  2°,2'1,1'37,2'A,3%57,1°A -458.7801 e 11.4 11.49  0.09 P 213"
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TABLE VI. Relative single-differential cross sectiods’qlldﬂ (in arbitrary unitg for fragment emission
associated with a given charggof the residual molecular target, as a function of the observation aQgle

dog/dQ
04 2 3 4 5 6 7

20° 1123462 598+53 873+85 157487 120451 20+10
30° 99127 7234156 502469 2924140 10250 27412
40° 852+33 591428 599490 154+90 102455 20+10
50° 873+49 496+28 539442 204+48 80+40 30£15
60° 814+116 529+36 485+90 248450 6130 1910
70° 786+47 643428 414+43 21449 114448 36+20
80° 948+47 549437 526453 2424142 84£40 3415
90° 1275+75 757+40 781£70 400+70 137460 30+15
160° 1175+54 790455 621+49 346462 114460 845

because of curve crossings. The majority of the intensity irbarrier model[10] and from the semiempirical scaling law
the peaks comes from quasibound levels trapped behind th®y Selberget al.[16], which is devoted to multiple capture in
barriers[39]. The quasibound levels predissociate predomislow ion-atom collisions. The experimental double-capture
nantly by spin-orbit interactiona nonadiabatic process cross section was normalized to that obtained with the OB
with lifetimes calculated to be at least two orders of magni-model. The results are presented in Fig. 6.

tude shorter than adiabatic predissociation by tunneBad Neither the OB model nor the scaling law is satisfactory
Therefore, in both cases dissociation through the nonadide fully reproduce the experimental cross sections. The dis-
batic channel should be far stronger than adiabatic dissocia-

tion. 4800

= o

The worst agreement between experiment and theory is4000 i | 98keV N +HC«
for the nonadiabatic channkef'S*— 1 °II, and it is not clear 1 {
whether this channel should be assigned to peakd (both 3200 | b 14 b-------- fotal__ }
assignments are given in Tablg.\The energy of the adia- 2400 ) { ‘{ } yi
batic dissociation channah'S*—b'S* does agree well 15007 1
with the measured energy of peakbut unless the lifetime J q=2
calculations of Ref{30] were in error by two orders of mag- 1200 - { q1-=-F - { R R
nitude, this must be a minor dissociation channel. In previous ggg L { l l"{ |,
work by otherq 18], the nonadiabatic channels do not appear /9 g’
to have been considered, but the propensity to follow the 1000 .3
nonadiabatic dissociation channel for both théA and 800 |- {_ _{_ - }_ _l_ _} S S _{

b 13" states is high. 600 - T } 1
400 P
D. Experimental cross sections and comparison 800 |- l } q =4
with model calculation 600 | {--}-{. .}_}.-_ _-____t_____}

The measured fragment emission spectra were used tc 400 | I L
evaluate single-differential cross sectialor, /d() for H* ;9 A
emission associated with a given chameg,=q+1) of the 400 { =5

. . . - q {
residual target. Thus, the corresponding fragment energy dis- R S pJ-2------ LA
tributions (Fig. 1) were integrated with respect to the frag- 200 | { ] ¥
ment energy. The results are given in Table VI and Fig. 5. ) y/
The relative statistical uncertainties are of the order of 15% 4 d
for small g, and increase te-50% for q,=7. Cross sections 160 - }_ l ._.{ ______ q=6
are found to be isotropic, within the error bars. From this 80 | [] i q= 7
result, we can conclude that the influence of the projectile 4L r - T - " '|‘ i- N Tt T

Coulomb field on the Hfragments is negligible for the in-

vestigated impact energy. FIG. 5. Relative single-differential cross sectiods, /dQ (in
The cross sections,, for the capture ofy target electrons arbitrary unit$ for fragment emission associated with a given

were determined by integration dirg /d{) over the obser-  chargeq, of the residual molecular target, as a function of the ob-

vation angle. Our experimental cross sections were comparegrvation angledy. The averaged cross sectioftashed horizontal
(Fig. 6) with model calculations derived from the over- lines) are used as a guide for the eyes.
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[ 98 keV N™ + HC: IV. CONCLUSION

10" The collision system 98-keV N+HCI has been studied

I by means of ion and electron spectroscopy. Fragments with
energy as high as 100 eV are observed. We first showed
using the Landau-Zener mod@4] 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 electron@ip to seveh

In contrast with previous studies involving,Hargets
[4,6,12,21, 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 HCI mass is much larger than that for. Moreover,
for the DC contribution, several peaks are observed, indicat-
ing that excited states of the HCImolecular ion are popu-
lated during the collision. The kinetic energy of thé fiag-
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 mode[10] and a semiempirical scaling law for
collisions between highly charged ions and multielectronic
targets[16]. While large discrepancies are observed for the

FIG. 6. Cross sectionsg, for the capture ofy, target electrons IOB model, a reasonable agreement is seen for the scaling
determined by integration afo,,/d( over the observation angle, in '&W- _ _
98-keV N'*+HClI collisions. The full squares are the results of ex-  1his study shows that the detection of fragments is an
periment. The dashed curve is derived from the semiempirical scaefficient tool to obtain information on the primary process
ing law by Selbercet al.[16], and the full curve is the result of the (i.e., capturg In the future, we plan a more systematic study
over-barrier modef10]. of the electron capture process in”*NHCI collisions at
lower projectile energiesdown to a few eV. The goal of

agreement is much more pronounced for the OB model,, . ' . I
which gives negligible cross sections for the capture of seve is Work would be first to see the mﬂgence of the proliecnle
velocity on the charged fragments, in order to obtain the

electrons. In contrast, the scaling law shows a similar behav’ g -
ior to the experiment, since the cross sections do not diffefmPact-parameter distributions, since the capture process
by more than a factor of 2, except for the capture of sevestrongly depends on the impact parameter. Second, the de-
electrons. This qualitative agreement indicates that, at suchendence of the number of captured electrons, as well as
projectile energies, the HCI target can be viewed by the protheir nature(outer shell, inner shell, and core electrprsn
jectile as an atom. the projectile velocity will be analyzed.
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