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The dissociation of molecular ions ¢N* produced by 4.7 MeV/amu Bi"?*" and 5.9 MeV/amu
Xe** 18 jon impact on N has been studied using the coincidence technique with a position- and time-
sensitive multiparticle detector. The kinetic energy release distributions for all observed ion fairs N
+N%* are measured. Analysis of the distributions is made with emphasis on the highly charged-molecular
ions,q>3. In these cases the most probable total kinetic energy of the two fragments is quite well described
by the Coulomb explosion model for point charges, while the measured width of the distributions is much
larger than that predicted by this simplified model. We therefore suggest a more elaborate model of Coulomb
fragmentation based on a statistical description of the individual potential energy curves of the molecular ion.
This enables us to describe both the position and the width of the kinetic energy release distributions. We
suggest that the main cause of the large width of the distributions for theghiglfues is the spread of the
potential energy curves at the equilibrium internuclear distance; this is mainly due to the dispersion interaction
arising from the mutual polarization of the atomic ions.

PACS numbe(s): 34.50.Gb, 34.10:x

[. INTRODUCTION of the total kinetic energy releagsER) distribution cannot
be explained by the Coulombic modé,9,11,13,17,20,21
The dissociation of multiply charged molecular ions into It is generally believed that the observed structure of the
charged fragments, often referred to as Coulomb explosiorKER spectra is determined by particular molecular states
has been subject of intensive investigation in the last decad&hich are populated in the collision. This is consistent with
One of the most effective means for creating multiply the known.fa(_:t th_at at small and medium cqllision energies
charged molecular ions is an ion-molecule collision. In com-the KER distributions depend on the projectile type and ve-
bination with the coincident detection of the molecular frag-'0¢ity [2—4,6,18. This may be interpreted in such a way that
ments, it provides the unique possibility of a kinematicallythe cross s_ect|0ns for transmons_ to partlcular _states vary with
complete study of the dissociation dynamics of highly ex—the projectile energy, thus resulting in a variation of the KER
cited and highly charged molecular ions. Using this metho pectra. nge_ral ;uccessfql attempts tpltheoretlcqlly describe
the Coulomb fragmentation of simple molecules has bee he KER d|str|bu§|ons starting frorab initio calculations of
studied for light (H,He") and heavy ion impact at low molecular potentlal energy curves_for some lowest states of
[1-9]. medium [4,10.11, and high[9,12—21 velocities. doubly or triply charged molecular iofg,6,9,11,12,2Pcon-

. . > firm this idea. Another interpretation based on the classical
Only at very low velocities the fragmentation process is Sig+rajectory Monte Carlo model has been suggested recently

nificantly influenced by the presence of the passing projectil?s] for molecular fragmentation by slow highly charged ion
[8,9]. At sufficiently high velocities the characteristic frag- impact. The most dramatic manifestation of the non-
mentation times(around 10 fs are much longer than the coylombic character of the dissociation of multiply charged
collision time, and the kinetic energy distribution of the frag- molecular ions is the width of the KER distribution. In a
ments directly reflects the properties of the excited moleculagimple Coulombic model the width is determined by the re-
states of the multiply ionized molecule. This is the conditionflection of the ground state probability density off the Cou-
under which we shall further discuss the fragmentation protomb potential curvg1]. The resulting KER distribution is
cess. For a diatomic molecular ioAB)Y" the simple pic- approximately Gaussian with a width of a few ¢¥7,21]
ture of the Coulomb explosion suggests that the total kinetigvhich is much less than the observed width of up to 100—
energy of the two fragments?™ andB%™" (q=q;+0,) is 120 eV for higher degrees of ionization.
equal to the Coulomb potential energyq, /R, of pointlike In the experiment to be described the projectile velocity is
charges at the equilibrium distanBg (atomic units are used much larger than the velocity of almost all electrons of the
throughout unless otherwise indicatedNumerous experi- target molecule f~15v,, whereuv, is the Bohr velocity
mental data confirm that the most probable kinetic energyhus the ionization process is highly nonadiabatic, and the
released in the fragmentation is approximately described byirect ionization of target electrons dominates. For the fur-
this simple model(see, for example, Reff4,10,17,20). On  ther discussion it is convenient to characterize the interaction
the other hand it is well known that the shape and the widtlstrength by the so-called Sommerfeld parameterQ/v
whereQ is the projectile charge and its velocity. At small
k<1 the target is only slightly perturbed by the projectile,
*On a leave of absence from the Institute of Nuclear Physicsand first order perturbation theories are applicable. In this
Moscow State University, Moscow 119899, Russian Federation. regime, the ionization probabilities and the resulting KER
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distributions are found to depend strongly on the projectildigible in comparison to the total flight time of aboutis.
charge and velocity. In contrast, in the strong interactionTherefore it is justified to simplify the computation of trajec-
regime («>1) the characteristics of the fragmentation pro-tories assuming that they already start with their final veloc-

cess, i.e., the shape and width of the KER distributions, rejty ;.. The time of flight is then determined by the initial
veal a tendency to saturaf8,20,2]. Most earlier experi-  yelocity component, (along the spectrometer axiand the
ments with fast ion beams have been carried out in the ranggetector geometry and the applied electric fieldsmify is
x<1. Only very recently first data became available for mo-known for a particular fragment the initial velocity,, can
lecular fragmentation induced by fast very highly chargedye derived from the measured flight tinte by solving
ions of Xé*" (k=2.7) [20] and BP"" (k=4.2) [21].  {(y,,)=t, for v, either by numerical methods or more prac-
In the present paper we discuss fast collisions in thgjcal by using a look-up table. The initial velocity compo-

strong interaction regim@=>uv>uvy, so thatx>1. We con-  nents ,,v,,) follow from the measured positiorx{,y;)
centrate on the dissociative ionization of the Molecule in  gn the detector as

this regime, in particular on the interpretation of the KER
distributions for the highly charged molecular JR* ions Xj — Xo Yi—Yo
(g=4). Analysis of lower charge states is published sepa- Voxi T T and Voy,i= ¢ 1)
rately[22]. Using highly charged Bi and Xe projectile ions at ' '
energies of 4.7 and 5.9 MeV/amu we explore the region ofyhere ,,y,,20) is the locus of fragmentation, i.e., the in-
k=1.2-4.2. One of our goals is to study the projectile ve-teraction point. In principle, the kinematic analysis requires a
locity and projectile charge state dependence of the kinetigrecise knowledge ofx(,Yo,2o). The initial z positionz, is
energy release. well determined due to the good collimation of the projectile
In Sec. II a brief description of the experiment and thepeam, whereas the finite extension of the gas target along the
data evaluation procedure will be given. In Sec. lll we projectile beam results in a rather uncertain knowledge of at
present and discuss the experimental data. Section IV preeast one of the remaining start coordinat@@ecent experi-
sents a semiphenomenological model based on a statisticilents using the elaborate COLTRIM technid2&] avoid
approach. It describes the gross parameters of the spectt@is problem; unfortunately it is limited to simple targets as
namely the position of the maximum and the width of theHe and H.) Therefore we restrict our data analysis to those
KER distribution. The model predictions are compared withevents, where both fragments are detected in coincidence.
the experimental data. Some conclusions and perspectivggovided the momentum is conserved among the fragments,

are outlined in the final Sec. V. the initial start position may be computed from the measured
positions, and the kinetic energy release as well as the initial
Il. EXPERIMENT AND ITS ANALYSIS orientation of the molecular axis may be derived for each

) ) _correlated fragment paitWe note that this assumption may

The experiment has been performed using the highhye proplematic in certain situations, such as, e.g., in the case
charged ion beam of the UNILAC accelerator at the GSlof very slow collisions where the projectile is still present
Darmstadt. B*" and BP"" ions with an energy of 4.7 qyring the dissociation process. In the fast collisions consid-
MeV/amu and X&** and Xé*" ions with an energy of 5.9 gred here the momentum transfer is believed to be small in
MeV/amu have been injected into a dilutg daseous target. the vast majority of collisions.
Details of the experimental setup can be found elsewhere Tne obtained energy resolution does not only depend on
[4,23]. Here we will give only brief description of the ex- the spectrometer parametdesg., geometry and fieliisit is
periment and of the data evaluation procedure. also strongly influenced by the orientation of the Nolecu-

The collimated MeV/amu projectile beam interacts with |ar axis relative to the detector axis: a dissociatingahigned
the N, gas target. The slowN ions and electrons generated ajong this axis would result in two fragments hitting the
in the collision process are separated by a homogeneoyfetector at the same position at different times, whereas a
electric field of 160333 V/cm perpendicular to the detectormglecule oriented perpendicular to the axis would result in
plane. Electrons are detected in a channeltron at one side ghgments hitting at the same time at different positions.
the interaction region; positive ions are accelerated towardgonsequently, in the former case the energy resolution is
the time- and position sensitive multiparticle detector at thejetermined by the time resolution, and by the position reso-
other side which is based on microchannel plates in combipytion in the latter case. In general both resolutions will con-
nation with a crossed-wire anode struct{ie&]. After pass-  tribute in a nontrivial way. Furthermore the discrete position
ing a field-free time-of-flight region the ions are post- anq time values complicate an analytical treatment.
accelerated to a few keV to increase the detection efficiency Tg estimate the influence of the detector on the measured
of the channelplates. The detector system is triggered by thenergy distributions we simulated the fragmentation process
first electron registered by the channeltron. For each positivgikmg into account all known experimental parameters.
fragment the position); ,y;) on the detector and the time of starting from a “known” initial kinetic energy distribution
flight t; relative to the start electron are recorded. From thes@nd an isotropic orientation of the moleculas Biis a ran-
data the initial velocity vectors of the fragment ions can beggom sample of fragmenting molecules was generated by
determined by the use of classical mechanics. ‘Monte Carlo techniques. The locus of fragmentation was

Calculations show that the fragment velocities reach theighosen randomly inside the intersection of the gas target and
asymptotic values; in a time less than 1 ps which is neg- the projectile beam. For each “fragmenting molecule” the
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fragment trajectories inside the spectrometer were computed T o ] A
The fragments were “detected” by a simulated detector tak- s (N2)‘ _’N W@ ]
ing into account all known properties of the system used in I ]
the experiment. Especially the finite detector size, position [
and time resolution and the electronic characteristics were 95f
accurately modeled. A simulated event therefore results in
data sets of position and time channels. These data were

analyzed using the same techniques as applied to the mea

sured data. £ 1t
These simulations were carried out for each of the ob- s
served reaction channel%" +N%"  Since most of the § .
measured spectra may be described approximately by &3 03
Gaussian the initial energy distributions were chosen ass

Gaussians with a full width at half maximu@WHM) simi- ol
lar to that of the measured spectra. The simulations show thai I
the main effect of the detector is an increase of the FWHM
by 2—5 %. Furthermore, the calculations show that in case of [
a separation field of 333 V/cm all considered charge states 5[
were detected with a relative efficien@yeglecting the quan- i
tum efficiency of the channel plajesf at least 90%. In case [ ) Y ] ]
of a field strength of 160 V/cm major losses occurred if one 0 e = 0™ 00 o0 300 1o 500
of the charges exceeded 2.
The present setup allows the separation and simultaneous
measurement of all reaction channels which result in at least Fig. 1. Kinetic energy release distributions for severap)
one electron and one or two positive fragments. The appliegholecular ions produced in collisions of 4.7 MeV/améBi with
separation field is sufficiently large to nearly establishra 4 N, molecules. Experimental data are shown by histograms. Broken
detector, i.e., for the kinetic energy releases occurring in theurves represent the results of calculations in the average bunch
dissociation of Nt* +N%* (with q,,q,<5) fragments are statistical mode(see text The spectra are normalized to each other
detected independent of their initial emission direction. Inin the maximum.
particular the multiparticle detector is capable of resolving
particles which arrive “at the same time” at different posi- half maximum (FWHM) for all measured spectra are pre-
tions; therefore the system is also sensitive to dissociationsented in Tables | and 1. We note here that the results la-
into the plane parallel to the detector anode. The experimemleled as X&* were obatained, in fact, with the ion beam
was performed under conditions guaranteeing that at mosfontaining other charge fractions of Xe ions. In these cases,
one fragmentation occurred during each active time windowhe charge state distribution had a maximum aroQre43
of the detector. with main components X&" (13.5%), Xe*" (18.6%),
Xe*3t (20.2%), Xé*" (16.8%), and X&" (10.9%). In all
Il RESULTS AND DISCUSSION other_ cases an almost pure single charg_e fraction was_usgd.
It is interesting to compare the experimental KER distri-
Some examples of KER distributions are presented in Figbutions for projectiles with different charges and velocities.
1; for further spectra we refer to Rdf22]. All measured In a number of cases we have the possibility to compare
spectra with the exception of the spectrum tpr2 (N* measurements in a rather broad range of interaction strengths
+N*) have a simple shape with one maximum. In somefrom Xe'®" (k=1.2) and B¥*(xk=1.8) to X&¥" (k=2.8)
cases the existence of unresolved structure may be suggestud BP'" (k=4.2). In Fig. 2 we show the average KHER,
[see, for example, Figs.(d and Xd)] possibly due to the for several fragment ion pairs as function of the Sommerfeld
contribution of at least two groups of molecular levels, theparameter. The kinetic energies are normalized by the corre-
high-energy group contributing to the tail of the distribution. sponding values predicted by the point charge CE model. We
However, in the absence of any theoretical justification ofobserve a similar tendency for all ion pairs: at-1 the
the predominant population of some groups of levels we reaverage KER increases witQ/v, however, at abouk~3
frain from any decomposition of our spectra. In contrast withsome saturation is achieved. The average KER is practically
the observation of Ref20] for CO, within the accuracy of constant for ¢>3). In this regionE,, is higher than pre-
our experiment we have not observed any pronounced statiglicted by the CE model for all ion pairs. However, the higher
tically significant structure in thg>2 spectra. As observed is the total charge of the fragments the closer are the values
earlier[17,20], the spectra have in many cases an asymmetf E,, to the point charge CE values, what is natural since
ric shape with a steep slope at low energies and a longer tathe effects determined by overlapping electron clouds dimin-
at the high-energy side. This is also reflected in the noticeish with decreasing number of electrons. Apparently the
able difference between the average kinetic energy releasmturation occurs at larget values for larger degrees of
E., and the most probable total kinetic energy of the frag-ionization. The data presented in Fig. 2, as well as the com-
mentsE,,. Both these values together with the full width at parison of the data in Table | and the direct comparison of

Kinetic energy release (eV) Kinetic energy release (eV)
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TABLE I. Parameters of the measured KER spectra ft'N- N92* fragmentation of nitrogen molecules,
induced by 5.9 MeV/amu Xe ion impact: the mean KER,J), the most probable KERK,), and the
FWHM. The errors are shown in parenthesis. All values are in eV.

Xelst Xef3t
d; dz Eav Em FWHM Eav En FWHM
1 1 15.7(0.2 14.5 15.5(1.0 17.0(0.2 15.6 16.5(1.2)
2 1 31.9(0.5 30.3 24.3(1.0 34.0(0.2 32.0 26.5(1.0)
2 2 56.0(0.5 51.3 19.0(1.0 58.6 (0.5 51.9 31.0(1.0
3 1 55.0(1.0) 53.5 29.5(1.0 58.8(0.5 53.1 31.2(1.0
3 2 82.3(0.7) 79.9 40.2(2.0) 86.9(0.5 82.7 41.0(2.0)
3 3 112.4(1.0 108.7 53.53.0) 125.9(1.5 117.3 60.0(4.0)
4 1 73.6(1.5 69.2 43.0(3.0) 81.4(1.5 75.1 41.0(6.0)
4 2 107.7(1.5 103.2 59.0(5.0) 124.0(1.0 118.9 52.0(4.0)
4 3 145.0(2.0) 134.0 66.5(5.0) 163.3(1.0 158.8 65.0(5.0)
4 4 177.6(2.0 166.5 84.0(6.0) 214.8(1.5 201.3 100.0(6.0)
5 2 131.5(3.0 129.7 61.0(6.0 153.0(2.0 144.1 80.0(10.0
5 3 174.0(4.0 168.4 84.0(7.0 203.8(2.5 198.7 105.05.0)
5 4 208.4(3.0 197.7 110.0(10.0 245.2(3.0 238.4 129.0(10.0
5 5 306.0(5.0 289.7 133.0(15.0

the spectra themselves lead to the conclusion that in fagtotential curves corresponding to different asymptotic
collisions in the strong interaction regionk¥2—3) the charge states of the fragments have multiple crossings at dis-
KER distributions are practically independent of the projec-tances where the kinetic energy of the fragments is already
tile charge and velocity. This conclusion is consistent withdetermined. Therefore, due to charge exchange processes the
earlier observationgl6], and it is in contrast to the situation KER spectrum in a weakly populated asymmetric channel is
met in the low velocity regio2,3,11. practically identical with the one in the corresponding
Among the measured KER spectra there are pairs whicktrongly populated symmetric channel.
correspond to different dissociation channels of one and the In the following we concentrate on the fragment charge
same parent molecular ion. For example,XN ions can  dependence of the gross characteristics of the KER distribu-
dissociate via the R +N2* channel or via the RF+N*  tions, namely the most probable KER and the width of the
channel. As is reported also [22], such KER spectra for KER distributions, in the cases when=q, and q;=0,
these two channels are identical within the accuracy of our-1. Figure 4 shows the dependence of the most probable
measurementsee Fig. 83)]. A similar resemblance is dem- value of the KERE,, and the FWHM as function of the
onstrated by a pair of distributions fqe=6: N**+N3" and  product of the fragment chargegd,. The dashed curves
N4*+N?* [see Fig. 8)]. Although the widths of both dis- show the prediction of the simple Coulomb explosi@E)
tributions are slightly different, both maxima practically co- model for point charges. In this case the kinetic energy of the
incide. A possible explanation of the striking similarity of fragments would simply b&,=q,9,/R., whereR; is the
such KER distributions is that the dense manifolds of theequilibrium internuclear distance of the neutral parent mol-

TABLE Il. The same as in Table | but for 4.7 MeV/amu Bi ion impact.

Bi25+ Bi57+

d, d» E.v Em FWHM Eav Em FWHM

1 1 17.7(0.2) 14.7 17.0(1.0 17.9(0.2 154 16.0(0.5
2 1 33.6(0.9 30.8 26.3(2.0) 34.6(0.2 32.3 25.1(0.5
2 2 58.2(0.6) 53.6 28.5(1.0) 59.0(0.3 54.9 29.5(1.0
3 1 55.3(3.0 53.5 29.9(2.0) 60.0(0.3 55.7 29.0(1.5
3 2 87.8(0.7 84.2 42.9(4.0 91.0(0.7) 87.4 43.4(4.0)
3 3 124.4(1.5 119.1 52.5(6.0) 129.3(1.0 1245 55.4(5.0)
4 2 119.5(4.0) 116.8 51.5(6.0) 122.3(0.5 121.3 52.4(3.0)
4 3 158.5(4.0 156.2 68.5(8.0) 173.0(0.5 169.0 55.2(5.0)
4 4 207.0(9.0) 185.4 107.0(10.0 224.5(4.0) 220.3 84.6(8.0)
5 4 276.5(7.0) 282.2 117.0012.0
5 5 322.0(10.0 338.7 122.0(15.0
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FIG. 2. The mean kinetic energy of fragments measured in the
present experiment for several ion pairs, normalized to the predic-
tion of the point charge CE model, as function of the interaction
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FIG. 4. The most probable total kinetic ener@gg and the
FWHM (b) of the KER distributions as functions gf,q, of differ-
ent charge pairs. The experimental data are obtained with 4.7 MeV/
amu BP™ (dotg, Bi®®" (squares and 5.9 MeV/amu X&* (tri-
angles. Dashed curves show the prediction of the simple point-
charge CE model. Crosses connected by solid lines show the results
of calculations in our model.

ecule, which in N is R,=2.07 a.u. The width of the KER
distribution can be determined by reflecting the molecular
ground state probability density off the Coulomb potential
curve. Since the Franck-Condon region is rather narrow, the
width can be estimated to first approximation as

du 0102
W=~ 5= (Re) SR= ? SR,

e

2

wheredR is the width of the molecular ground state which in
the case of Bl is 6R=0.144 a.u. The dashed curve in Fig.
4(b) represents Eq(2). Clearly, the simple CE model pre-
dicts rather accurately the position of the spectral maximum.
However, it strongly underestimates the width, in agreement
with earlier measurements both for, [¥4,21] and CO mol-
ecules[17]. It is well understood that the reason for this
discrepancy is found in the ensemble of non-Coulombic po-
tential energy curves which characterize the dissociating mo-
lecular ion: the large width of the KER spectra indicates that
numerous potential energy curves exist which are steeper or
shallower than the Coulomb curve in the Franck-Condon re-

observed in different dissociation channels of the molecular iongion and which are effectively populated in the collision.
(N))** (3 and (N)°** (b).

The width associated with any individual curve constitutes
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sociation starts. Accordingly, it is usually assumed that the
formation of the transient molecular ion in a definite charge
stateq can be well separated from the dissociation into frag-
ments with chargeg, andq, so thatq=q;+ Q5.

We consider fast collisions in the case of strong interac-
tion, i.e.,x>1. In this collision regime the target molecule is

strongly perturbed and after losing several electrons the mo-
lecular ion is still in a highly excited staf&3,17]. Due to the
very short collision time which is much shorter than the time
of electronic relaxation at least for the valence electrons, the
_ collision may be considered as a sudden perturbation. For the
remaining electrons the screening has suddenly changed due
- to removal of several electrons. Therefore, with high prob-
- ability they are shaken up to higher orbits, the probability of
excitation being distributed among many excited states of the
molecular ion. The experimental data confirm this reasoning
since it has been observgB] (see also Fig. 2 in the present
q, papej that an increase of the interaction strength increases
o the average excitation energy as well as the width of the
FIG. 5. The FWHM of the KER distributions presented as ax R gistributions until, in the strong interaction region,
function of the chargg of .one of.the fragmentg X. Experimental saturation occurs and the width becomes constant.
data are the same as in Fig. 4. Filled symbols correspond to the case |, principle, it would be possible to calculate the potential
d1=d,, Open symbols corresponddg=0,+1. Theoretical results ;65 for all excited states of the molecular ion and calcu-
are connected by solid lines: our model; dashed lines: pomt-charg%lte the kinetic energy released for each case. The sum over
CE model. all excitations would then give the KER distribution. There
were several attempts to implement such a program, albeit
only a small fraction of the total width. The potential curves only for a few lowest excited stat¢g,11,27 (about 60 ex-
are spread in energy and the total spectrum is a sum of theited states were considered in a very recent pg@kr For
contributions of many individual curves. Until now there smaller values ok and for the lowest degrees of ionization
were no attempts to calculate the KER distributions for(usuallyq=2) the KER spectra were described successfully.
highly charged molecular ions. Therefore, in the next chapteFor highly ionized molecules, calculations of the potential
we introduce a model which describes the spectra in a seménergy curves were so far limited to one or a few lowest
phenomenological way. Since the scaling waguy, is inher- molecular statefl6,25—-27. They qualitatively confirm that
ent in the simple CE model only, we present in Fig. 5 thethe non-Coulombic character of the potential energy curves
same results as in Fig(# but as function of the charge of is important to explain the KER distributions also for high
one of the fragments;. The predictions of the simple CE Values ofq. However, it is clear that for stronger interaction
model are also shown by the dashed curves separately f@nd for hlgher_ ionization states the number (_)f excited mo-
q,=0, and forgq;=q,+ 1. The solid curves present the re- Igcular levels increases enormously. According to calcula-

- : ions[28,29, even for the triply ionized CO molecule more
sult of the calculations based on the model described belo han 300 excited states exist below the threshold for fourfold

ionization. Evidently, the direct calculation of all these po-
tential curves would be a formidable and hardly feasible
task. On the other hand, the large number of excited states
suggests to use some kind of statistical approach, in which
For a theoretical description of the KER distribution we some average characteristics are calculated instead of indi-
suggest a model which is based on a statistical approach amgtual potential energy curves. In addition, numerous pos-
which is semiphenomenological in that it contains adjustablgible avoided crossings can contribute to the averaging of the
parameters which are to be fitted by comparing the theoreticontributions of individual potential curves.
cal and experimental distributions. Now we describe a simple semiphenomenological model
The model is based on the commonly accepted picture dbased on the statistical approach. The basic assumptions are
dissociative ionization by fast ion impact. In the projectile the following.
velocity range considered here the collision time 10 (1) The dense manifold of potential energy curves of the
—10"*8'9) is much shorter than the characteristic time of themultiply charged molecular ion is represented by a series of
nuclear motion in molecules (16°s) as well as the typical similar bunches of potential energy curves correlating with
time of dissociation (10*s). Therefore, we can accept that one or several closely lying states of the atomic ions in the
during the collision the molecule is fixed in space and thedissociation limit(see Fig. . In the spirit of the statistical
internuclear distance remains equal to the equilibrium one@pproach we suppose that all molecular states are equally
(Re) while a certain number of electrons is removed from thepopulated in the collision with some average transition prob-
molecule. In addition, due to the fact that the characteristi@bility, the value of which is irrelevant to our consideration
time of autoionization or Auger decay is 18 s, some ad- of the shape of the KER distribution.
ditional number of electrons may be emitted before the dis- (2) All curves in a bunch are supposed to be of the repul-

q, =q2+1

FWHM (eV)

50

IV. THE AVERAGE BUNCH STATISTICAL MODEL

A. Formulation of the model
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ut . closely follow the considerations described in the book by
Nikitin and Umanskii[31], adapted to the case of two inter-
acting ions. The molecular termd(R) may be obtained
from the secular equation

g De(y1y,l' [H=U [ y1y,I'")=0. (3)

Here y, and y, denote all quantum numbers which are nec-
essary to specify the asymptotic ionic statesAdt* and
BY92*, respectively, and” denotes a set of molecular quan-
tum numbers. Within the framework of the second-order per-
turbation theory the Hamiltonian of the system may be writ-
ten as

\ VAV

|

NN
levels )
H=Hoa+Hog+VagtVagt VextVso, (4)

> whereHy, andHyg are the Hamiltonians of the ions and

R, R B, Vg is the electrostatic interaction between the two ions,
V(2 represents the dispersion interaction which for neutral
FIG. 6. The formation of the KER distribution in the average _AB . -
bunch statistical model. Two bunches of curves represent schemaf'fl-tomS leads to the van der Waals fofsaperscrip(2) indi

cally the potential energy curves correlated with some excited levALES that this term gives contribution in the second order

els of the ion pair. The dashed vertical lines limit the Franck-perturbation treatmeftVe, describes the exchange interac-

Condon region. The formation of the KER spectra is illustrated for!!ON Petween the two ions, antso is the spin-orbit coupling
one of the bunches in the right part of the figure. correction to the nonrelativistic Hamiltonian.

The termHg,+Hgg provides the same contributiomy1

sive type. Therefore, we ignore the so-called quasibound ot €,, to all diagonal matrix elements in E¢3). It can be
metastable states which exhibit local minima. This is justi-taken as zero for all molecular terms of the bunch since they
fied for molecular ions ofj>2 where the number of such converge to the same energy levels of the free ions.

states is negligibly smallsee, for example, Ref30], and The Coulomb operatoW g can be expanded in multi-
references therejn poles. At largeR this expansion can be written in the form

(3) As usual, we assume that the collision excites thg31,32]
molecule in the Franck-Condon regighmited by dashed
vertical lines in Fig. 6 “vertically” from the v=0 level of >z 47 Xmin
the X1+ state. Each potential curve of an excited level Vag= 2 X Rt ClepiaQuaQ %5
bunch gives its contribution to the KER distribution as a x1=0 k20 47 Kmin 5)
reflection of the ground state probability density off the re-
pulswe potential energy curve. These |nd_|V|duaI contr.|bu—1_|ereQK1 ,Q"2 _ are the spherical components of the multi-
tions are narrow and approximately Gaussian-shaped kinetic qA qB :
energy distributions. The total width of the KER distribution pole moment operators of ranks and« for the .|o.nsA and
is then mainly determined by the spread of the potential enB respectively, amtklkzq are the known coefficien{s32].
ergy curves in the bunch taken at the equilibrium distancdoue to symmetry considerations for identical ions the sum-
Re. Since we assume that all bunches are similar it is suffimation in Eq.(5) is limited by the conditiork; + x,=even.
cient to explicitely consider only one bunch; other bunches Obviously, the main contribution tW,g comes from the
give identical contributions which sum up to the total KER monopole ;= «,=0) term which is the usual Coulomb
distribution. interaction of two pointlike ionsvngqlqle. If the inter-

(4) There may be numerougsvoided level crossings in nuclear distance diminishes, the electronic clouds overlap
the manifold of the potential energy curves. They aid theand the screening of the nuclear charges decreases. At very
statistical distribution of the excitation in each bunch but wesmall distances this part of the interaction is simphZg /R
will ignore their detailed influence on the shape of the KERwhereZ, andZy are the charges of the nuclei. At interme-
distribution. diate distances, the behavior of the potential can be approxi-

Now we present a more detailed analysis of the potentiainated by an appropriate screening function as follows:
curve behavior for multicharged molecular ions and discuss
various contributions to the width of the KER distributions.
Our aim is to estimate the spread of the potential energy
curves of one bunch at the internuclear distance ardind
Consider first two ion®\%* andB%* at the larger distance where the screening functiaf(R) has the boundary condi-
R>R, where the overlap of electron clouds may be disretions
garded. In this case the interaction of two ions can be con-
sidered as a perturbation. In the following discussion we £(0)=1, {(«)=0. (7)

Zp\Z
V=R LR IR ()
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In the literature numerous analytical forms of the screening w=a+p. (14)

function exist(see, for example, Ref33]). We have chosen

the simplest exponential form suggested by Bi@#] In the latter equationa andB are determined by the binding
energies K5g)) or the effective chargesZ¢ ag)) for the

{(R)=exp(—R/ag), (8  electrons

where ag is the Bohr screening radius which we have a= (21 ) P=Z g aINp, (15)

slightly modified to account for its decrease with increasing ’

ionic charge B=(21g)Y?=Z z/ng, (16)

ap=[(Zo—0q1)**+(Zg—0a)**] 2 ©) wheren, andng are the principal quantum numbers of ac-

Now we return to the formulation of our model and add to""® electrons(in our cas.enA(B)ZZ). For a rough estimate
we can putZeg a=0;+1; Zegg=0,+1. A simple calcula-

tSfLemf[())tliJ(;nasssumptlons discussed above the following two as’tion using Eqs(12)—(16) shows that at the distande, the
(5) We suppose that on average the dependence of th\feaIL.je of matrix elementy/e, .becomes negligible fog>3
molecular ion potential curves on the internuclear distance i£na|_nly due to the exponentlall faqtor _eme). Therefore, .
determined by the screened potent@l we ignore the exchange contribution in the further analysis.
(6) The other potential curves of the bunch are spread Vag: An important contribution can come from the Cou-
around the curvé6). This spread is due to other terms of the lomb interaction. The leading term in the expansi)
Hamiltonian(4), and its value is determined by the averageWhich can contribute to the spreading width is the monopole-

value of the matrix elements quadrupole term which can be expressed as
Wsp”Mav:<‘}’172r | vAB+V§3§+Vex+VSO| ?’i?’ér')aw b Q1<Q§>+QZ<Q/2\>
(10) Vag= CABW- (17)
C

7 /0 W
whereVag=Vap— Vg We now analyze the contribution of a6 ¢, is a constant of the order of unity which depends
each term in Eq(lO)_, thereby trying .tc_) determine the reason 5, the quantum numbers of the states considered and
for the steefapproximately quadratiancrease of the spread <Qi(B)> are the quadrupole moments. As usual, in Bg)

W't{} th?_l'_?]mc c_hargg_.t_ ; ton i v with th we have introduced a cutoff radiu®,=2 a.u.[31,3§ in
so- INe Spin-orbit Interaction INcreases rapidly wi € order to remove an unrealistic dominance of this term at

effective charge “seen” by the active electr{85], small separations. To estimate the quadrupole moments we

Vso~CscZa (1y o that

2 2 2 . 2

whereZ is some interpolated value lying between the ef- <QA(B)>NNA(B)<r >~NA(B)/Zeff,A(B)_NA(B)/(Q1(2)+1) '
fective charge in the united atonREQ) and in the sepa- (18)

rated atoms R=«) [31]. The constantCgy, however, is h N : I
. ere(r<) is the mean square radius of the electron distri-
very small, of the order of I0* a.u.[35]. One can easily N (r) | au “ ISt

; . . S . bution. Substituting Eq(18) into Eq. (17) we obtain an es-
estimate the spin-orbit splitting in molecular ions by compar- . fth buti £ th lomb i ~ g
ing it with the splitting of inner atomic shells known from timate of the contribution of the Coulomb interactivip .
x-ray spectra. The largest value B¢ in the united atom It contributes considerably to the spreading width of the
(Si%*) limit for the outermost electrons at=10 is about _bqnch. However, as can be easily seen from ELB, (18),
11.8 ‘which approximately corresponds to the effectivell 1S diminishing with an increase of ionicitgf and thus can-
charge seen by thepelectron in Ti. The corresponding not alone explain the observed increase of the KER distribu-
spin-orbit splitting is 6 e\{36]. Comparing this number with tion Q’ZV)"?"h.a‘ larged. . . . .
the width of the KER distribution which in this case is about VAB' Flna_lly, co_n_S|der the dispersiofsecond OfF’e”_”'
120 eV for N* +N°* we conclude that the spin-orbit inter- teraptlon which orlglnatgs from the mutual polanzanonlof
action can be simply ignored in our approximate analysis. th§1|ons. Due to th_e4|on|p charge, the lowest order term in a
V.. The exchange matrix elements can be roughly apR = €xpansion isR™". Itis usually written[38] as
proximated[31,37] by

Oag+5an
~ fexp(— ViB=Caisp——55 (19
Ve~ CeyNaNgR® exp( — uR), (12 p2(R2+R§)2
whereC,, is a constant of the order of unity which depends
on the particular quantum numbers of stafdg;andNg are
the number of active electrons in the ioAsand B, respec- We note that a similar contribution with the saRelependence
tively, and will be given by the dipole-dipole interaction. This interaction con-
tributes to first-order perturbation theory only when the basis set
é= E + E _ i -1 (13 involves pairs of atomic states of different parity. For simplicity we
B u ignore this term.
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wherea, g is the dipole polarizability of the corresponding the model calculations can satisfactorily reproduce not only
ion, Cyisp is @ constant of the order of unity which dependsthe position of the experimental maximum but also the width
on the quantum numbers of ionic states, &yds the cutoff ~ of the KER distributions.
radius which we choose to be the same as above. The dipole The resulting KER distributions are slightly asymmetric
polarizability of the ions can be estimated by the empiricalof approximately Gaussian shape. For some cases they are
relation suggested in Re37,39. Using this expression we compared with the experimental spectra in Fig. 1. We see
obtain values ofxa(g) in the range 3.42.5 a.u. for nitrogen that the overall agreement is quite good.
ions with g, (;y=2—4. The polarizability slowly decreases
with increasing ion charge. However, we should take into
account that this empirical expression applies to the ionic We have presented experimental results for the distribu-
ground state while we discuss the excited states where th®ns of the total kinetic energy of multicharged fragments
polarizability may be larger. Having this in mind and trying produced in collisions of N molecules with fast highly
not to unnecessarily increase the number of unknown parangharged Xe and Bi ions. We have observed that in the strong
eters we assume the polarizability to be approximately indeinteraction region ¢>2—3) the KER spectra are practically
pendent of. In this case the only adjustable parameter is thdndependent of the projectile charge and velocity. The spec-
product Cyispae) - INSpecting now expressiofl9) we see {ra for largeq>3 have a simple shape without any pro-
that it has quadratic dependence on the ion charge; therefof@unced structure. Striking similarity is found for the KER
it provides the necessary increase of the spreading of thglst_rlb_utlons of ion pairs which correspond to different dls_-
molecular terms with increase of the total ion charge. 5%92:{%”;21??:43 (i):\t(()arr]ghir:]?w(taT?n?ggce:ti%?wr%r:{rmgl?j(i:suslgrcilgn'
Summarizing this analysis we conclude that the most im ion. We have also found that the width of the KER distri-

portant contribution to the spread of the potential curves 0Eutions increases rapidly with the transient molecular ion
one particular bunch comes from the Coulomb interaction : pidly
harge, reaching a value of about 3020 eV forq~10.

and the dispersion interaction. The former is more importan he CE model for point charges fails to explain such a large

for the low-charge ions¢=4—6) while the latter is more width although it predicts the position of the KER maximum
important for the higher charges=6—10. Expression§l7) fairly well. gnitp P

V. CONCLUDING REMARKS

and (19) contain two adjustable p_arameteC%_AB and Cyjsp, We have developed a more elaborate semi-
(or Cgispracg)), Which may be varied to achieve agreementphenomenological model which describes the dissociation of
with the experiment. a highly excited multicharged molecular ion. With this

model we are able to reproduce both the position and the

width of the observed spectra. The model implies that the

B. Model calculations and comparison rapid increase of the width of KER distributions is connected
with the experimental data with the spread of the potential energy curves due to the

We calculate the model KER distribution assuming themutual polarization of the molecular fragments. The model
molecular states to be randomly distributed within a particuMay be applied to other diatomics and, probably, more com-

lar bunch; we describe their density by a Gaussian distribuP!€X molecules. To test its validity it would be of interest to
tion with its maximum value at the energy determined byMeasure the Coulomb fragmentation of heavier diatomics as,

widths of KER distributions due to the larger polarizability
WspszB(Re)+V(;\2)(Re) (20) of these molecules. Such experiments are under consider-
’ ation.

with V4g(Re) andV{2(R,) from Eqgs.(17) and(19), respec-
tively. For each of the potential energy curves the KER is
then calculated using the reflection method. The total KER The authors wish to thank the GSiI staff for their hospital-
distribution is obtained by summation of the partial distribu-ity and their support during the measurements. We are in-
tions. debted to J. Hinze for stimulating discussions and useful
The fitting parameters are chosen to Bgg=1.2 and comments. N.M.K. is grateful to Bielefeld University for
Cuisprag)=6.2. The latter value yield€ys,=1.6—2 for a  hospitality. This work has been supported in part by the
dipole polarizability of about 34 a.u.(see above The re- Deutsche Forschungsgemeindshé@@FG) in the project
sults of the calculations are shown in Figs. 1,4,5. The calcu“Strahlungswechselwirkungen,” by the EU Infrastructure
lated most probable KER and the FWHM for each of theCooperation Network No. HRPI-1999-4009, and by the Ge-
KER distributions are presented in Figs. 4 and 5. Evidentlysellschaft fu Schwerionenforschung in the project BILUTA.
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