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The dynamics of the fragmentation of Nadimer ions in keV collisions with He is investigated theoreti-
cally in the framework of the semiclassical coupled wave-packet method. The fast collisional motion is treated
classically, whereas both the electronic motion and the vibrational or dissociative motion of the dimer are
treated quantally. The frozen vibrational and rotational approximations are used to lighten the computational
effort. The method is able to describe both the impulsive and electronic fragmentation mechanisms. The
calculations are undertaken in a basis of 14 electronic states of ieHdasystem. Aside from the entrance
2 43s channel, the main contributions to the Nafragmentation are those of thHg,3s, 243p, andIl,3p
channels. For each electronic state dissociation probabilities as functions of the impact parameter are presented
for various dimer orientations to extract physical insight in the fragmentation mechanism. This analysis shows
in particular that the contribution of the electronic mechanism is due to collisions where the He atom passes
between the two Na nuclei. Doubly differential cross sections for dissociation are calculatedifer @hieitial
state of the dimer and for the distribution of vibrational states. Good agreement with experiment is obtained
assuming a small amount of initial vibrational excitation of the difi®0.050-29479)03101-7

PACS numbg(s): 34.10+x, 34.20.Mq, 36.40.Sx, 34.50.Lf

. INTRODUCTION techniqueg1-3]. Applied to the study of Nd (2<n<=9)
cluster fragmentation in keVlaboratory energycollisions
Fragmentation of molecules or clusters by making themyith He this technique has made it possible to analyze how
collide with atoms is a way of studying the dynamics of the impulsive and electronic mechanisms manifest them-
energy deposition and its subsequent distribution in polyselves in the various Na, "+ Na, fragmentation pathways
atomic objects. Schematically, there are two main mechaf2]. For the Na"+He collision, which is the main subject of
nisms by which collision-induced fragmentation can occurthe present work, the latter experimental technique has made
[1-3]. The first mechanism involves energy or momentumpossible the complete measurement of all observables char-
transfer from the relative collisional motion to internal vibra- acterizing the collision-induced dissociation process. Such
tional and rotational degrees of freedom of the mole¢ate  achievements are highly challenging for theory.
clustep. If the transferred energy lies above the binding en-  When considering the problem from a theoretical point of
ergy of an atom or a group of atoms in the molecde view, it should be kept in mind that a detailegiantum-
clustep the latter may be freed and move apart. A particu-mechanicaldescription of translational-to-rovibrational en-
larly simple example of this mechanism is when the atomicergy transfer is far from being a trivial routine task in actual
projectile hits, in a close binary encounter, a specific atom ogtom-molecule collision systems. The problem is dramati-
group of atoms in the moleculer clustey and kicks it out.  cally complicated when dissociation and electronic transi-
This mechanism is called ampulsive mechanisrfil-3].  tions come, individually or together, into play. However, it
Another simple example is when an initial binary kick is has long been known that the use of classical or semiclassical
followed by successive caroms; the transferred energy igpproximations removes many of those difficulties and can
shared among several degrees of freedom of the moléaule provide, to a certain extent, reasonable descriptions of the
clustey, which may yield many-body fragmentation or de- dynamics of nuclei in a polyatomic system. This is the basis
layed fragmentation as evaporation. The second mechanisof the so-calledjuasiclassical trajectoryQCT) approach 7]
involves an electronic transition to a dissociative or predis-also known as theadiabatic molecular-dynamicsnethod
sociative state of the moleculer clustey, which automati- (AMD) [8]. In that method all heavy particles in the collision
cally entails its fragmentation. Most known examples of suchsystem obey classical laws of motion under forces deriving
anelectronic mechanisrare those of dissociative charge ex- from a unique Born-Oppenheimer potential-energy surface,
change. The review of Ref4] and more recent works of usually that of the ground state. For nonadiabatic collisions,
Refs.[5,6] may help the reader trace the evolution of theleading to electronic transitiongwhich are intrinsically
experimental and theoretical investigations of this speciafjluantum evenjs the QCT-AMD approach has to be modi-
case of molecular collisions. fied. It is a very old idea that in such cases semiclassical
A step forward in the experimental investigation of treatments may be used in which the heavy particles move
collision-induced fragmentation has been made recently bglassically along prescribed trajectories while the electrons
combined time-of-flight and multiparametric coincidence are treated quantally and obey a time-dependent Saiger
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equation. The time dependence of the electronic problem is ‘ Y.
introduced by the classical motion of the heavy particles.

Inasmuch as in such nonadiabatic collisions the system is Na
simultaneously in several quantal electronic states, a unique He,_ VY

potential governing the classical motion of the nuclei does > R

not in principle exist. It has been suggested among other

proposals[7,8] that the expectation value of the electronic
Hamiltonian, determined by using the actual coherent super-
position of the populated electronic states, could provide the
unique potential sought. The interest of this proposal is that it X¥ @Na

ensures conservation of the totalerage energyf the sys-

tem and thus introduces some energy transfer between clas- FIG. 1. Definition of the various space-fixed coordinaltes in-
sical and quantal degrees of freedom. While the method halved in the collisionf'=(r, ,¢) is the Na " bond vector an is
met with some success in the calculation of integral croséhe relative Na“-He vector. The axes are chosen watiparallel to
sections for electronic transitions, it has known flaws wherihe initi:all relative velocityy andY parallel to the impact parameter
differential cross sections are considered. Namely, the scavectorb.

tering angle of the projectile and the kinetic energy of the

heavy particles are independent of the actual quantal eledirection of the relative velocity vectar and itsY axis par-
trlonilc ste’:tefi?hwhichtthe f,lz/stem”is. Thifhis becaus:: tthef clasyliel to the impact parameter vectbr The angle between
sical part of the system “knows” only thaverage stat® . 2 :

its quantal part. While the scattering angle deficiency is ather andR(t) vectors is denoted.

minor one in energetic collisions at small angles, the internal o . )

energy content of the molecule at the end of the collision is A. Principle equations of motion

a serious issue especially when studying fragmentation. In a Owing to the large reduced mags,, of the Na'-He
recent study of the Na +He collision-induced dissociation collision system and the importance of the considered colli-
(CID) problem[3] such a method has been applied and itssion energy, the relative motion can be treated classically.
above-mentioned drawbacks have been met. @&hhoc  For each impact parameter it is thus considered to evolve
“projection” procedure then had to be applied to patch upgiong a trajectoryR(t). The total wave function of the sys-
the theoretical treatment. tem W ({p},F,t) then depends on time via this trajectory and

In the present work we revisit the problem of dimer frag- ,,s obeys the time-dependent Sdinger equation
mentation in the Ng +He collision. From the outset, the
internal vibration and electronic motions of the molecule are A4
handled quantally in the framework of theemiclassical I o
coupled wave-packet techniqlig,6,9. This approach has
been designed originally to handle dissociative nonadiabatifh the above{j} represents collectively the set of electronic
molecular collisions and has been applied since to a varietyoordinatesy is the Na™ reduced mass, artd,, is the elec-
of problems in molecular reaction dynamics at rather lowtronic Hamiltonian of the system. Equati¢t) expresses the
energies[5,6,9,10. The comparison of characteristic colli- guantal evolution of the rotational and vibrational motions of
sional and vibrational-rotational times then leads us to introthe molecule together with the electronic motion of the sys-

duce a sudden approximation. The computation of ransitioey 40ng a prescribed trajectdR(t) to be specified below.
amplitudes and differential cross sections of dissociation is 1o corresponding rovibronic wave function can be ex-

described in this context. The results are compared with e
periment and are scrutinized to gain more knowledge in th
dissociation mechanisms.

The outline of the article is as follows. Section Il sets up
the theoretical framework. Section Il deals with the method
used to determine the relevant interaction potentials and cou-
plings and presents some of their salient features. Section IV V({phFD=2 Pi(t.Ng({phr,v.R). 2
analyzes the results at various stages of the calculation and :
discusses the comparison with experiments. The main fin
ings are summarized in Sec. V.

1
— Z Ar‘+ He

v, @

panded over a set of electronic basis functions
?i({p};r,7,R) determined for fixed positions of the nuclei;
the ¢;’s thus depend parametrically on the three relative co-
ordinatesr, y, andR:

dEach P;(t,r) function constitutes a wave packet that de-
scribes the instantaneous rovibrational motion of the system
in the jth electronic state. Substitution of expressi@ninto

Il. THEORETICAL FRAMEWORK Eq. (1) and projection onto the; basis functions leads to a

) o ] ) ) well-known set of coupled partial differential equations for
We consider the collision of the Na dimer ion with He  he wave packets:

at E;p=1keV, i.e., E.,=80eV. Various relevant coordi-

nates and parameters are shown in Fig. 1. H¥® is the Pt 1 R . .
relative vector between He and the center of mass of the ' — 5 T 2u A;Pj(t,r)+2k Hik(R(1),NP(t,r).
dimer. The dimer vector” is characterized by the bond (3)

lengthr and the orientatiori{d,¢) in fixed space. The fixed
space reference frame has #isaxis parallel to the incident In the above we have made use of the notation
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H. (R(t).F)=(:|H - =H. . (R(1).F). 4 gains momentum during the collision along its vibrational
w(ROD=(Hel b= Hig (R0 @ and rotational degrees of freedom; this will appear below.

Equation (3) actually assumes that the; basis functions

form a diabatic representation, i.e., that thg|d/dt| ¢y) ;) C. Wave-packet analysis
coupling matrix elements are sufficiently small to be ne- From the solution of Eq(7), one obtains for each impact
glected[11]. parameteib the probability amplitudesyy(€,b) that Na*

Following Ref.[12], the trajectory of relative collisional dissociates in the electronic statand the rotational staten,
motion R(t) is obtained at each time from the average with the dissociation energy:

potential
ajim(£,0)=(9eji (N)Yim(0,0)|Pj(thinaiT,60,0))r. 4.0 - ®

g.ji is the continuum wave function obeying the isolated
molecule radial Schdinger equation

V/(F*z,e,qwzg<Pj<t,r*>|ij(fz(t>,r*>|Pk<t,r*>>r (5)

using Hamilton’s equations 1 2
. K . s 2u Ir? {Hjj(R—oer)
R e TTVRY © I(1+1)

CO!
_Hij(R—’”ar*W)}JrW Oeji (1) =20, (r).

While the use of a common trajectory to describe the scat-
tering in all channelgis a rather crude procedure in general, 9
it will be seen in Sec. IV A that it is legitimate in the present
case becausé) when the electronic transitions are sizable
they take place predominantly at small scattering angle
where the trajectory does not matter very much @ndat
large scattering angles where the impulsive mechanism is rj(s,b)=z |aj|m(s,b)|2. (10
dominant, the system is predominantly in one electronic state hm

(ground stateg,). The use of a common trajectory to de- 14 circumvent the tedious task of explicitly handling the
scribe the scattering for afl values is justified by the fact iation quantally, it is possible to approximate the exagt

trr_]g;p?r?dre_gtv Sggﬁti ;olotenUaI Is very close to the aCtualwave function in Eq(9) by g,i(r), wherel is a fixed value.
' Using this approximation together with the closure relation
over the spherical harmonics leads to

Regardless of the rotational state of Nathe dissociation
Qrobability density(i.e., probability per energy uniis

B. Sudden approximation

It has been rightly argued in Ré8] that, for the Na*"-He T.(S,b)zj 7.(£,0;0,¢)sin 0 do do, (11)
collisions in theE.,~10? eV energy range, typical interac- . .

tion times qu~10 1°-101¢s) are at least one order of
magnitude shorter than a typical vibration period of the Na
dimer, itself two orders of magnitude smaller than the typical 7i(£,0;0,0) =K 9.7 (D[P} (tanaiir, 0,0)) 2. (12)
Na,* rotation period. Accordingly, the N& dimer barely _ . o _

vibrates or rotates during the collision time. This has beern expressior(12) the integration is carried out overonly.
checked in the early stages of the present widtR] by = The validity of such an approximation requires the fided
studying the hardest encounters when the He atom undergoealue to be representative of all thie components of

a head-on collision with a nucleus of the molecule. In theP;(t,q:r,0,¢). The distribution of thd components may
most extremeonditions investigated the molecule bond dis-actually be very broad and it is generally not possible to find
tance varied by less than 7% and its orientation by less thagny representative valtie of the whole final wave packet.
5° over an interaction time of 100 a.u=@.4x10"'*s).  The breadth of this distribution can be understood classi-
One can thus confidently make use of the sudden approxgally. If b, 6, ande are such that there is a hard He-Neore
mation in which the” vector is considered asfixed param-  collision leading to a transfer of momentum perpendicular to
eterduring the collisior{6,9]. As pointed out in Refl9], this  the Na* bond, | becomes very large. Conversely, for the
essentially amounts to discarding the kinetic energy of th&ame impact parameter, # and ¢ are such that the He

where

molecule in Eq(3), i.e., trajectory remains always far from the Naores, only a few
IP(t:F) rotational level will be populated andis low. Hence the
i J—t=2 ij(ﬁ(t)-f)pk(t-r)_ (7)  calculation ofr;(e,b; 8,¢) according to Eq(12) is expected

5 2 , ;

to provide good results whehis the (6,¢)-dependent clas-

_ ) S sical value of the angular momentum
The picture that emerges from this description is that of a

guantum evolution of the electronic part of the problem, as a - ) "
result of the classical relative atom-molecule motion, for I%(b; 6,¢)=Py+ Sirte (13
fixed values of the parametér Notwithstanding the latter

frozen bond vector approximation, the molecule actuallyobtained from the classical equations of motion

2
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dP, oV Picose dP, Py} For a given impact parametérand a moleculg orientation
FTIRESTE 7 TS, (14 (6,¢), theQj(t;{r},0,¢) andx;(t;{r},6,¢) functions are de-
t 90 presi t I¢ termined simultaneously for a whole de} of r values.

where the average bond distance is defined similarly to eq'i _TO solve Eqgs(7) and (19) we choose as the initial con-

(5) ition

5 P; (tinitial s 7) = Qj (tinitias ;) = Fj1x, (1). (20)
F(6:0,0)=2 (Pi(tir.0,0)[r[PULT, 0,0)) . (19)

I Equation(20) specifies that the system is initially in the Na
Knowing r;(s,b; 6,¢), the differential cross sections for electronic ground stateé; anduvth vibrational statey, . An

dissociation in each channjefor each orientatiorié,¢) may isotropic initial rotational state is assumed for simplicity. It is
hence be obtained semiclassically[d] noteworthy that Eqs(7) and(19) may be made independent

of the actual choice of, . This is effected by writing
bs7i(e,bg;0,¢)

7j(exi0.:0)= 2 dx) C A9 RGN =GN = At exd] OO,
o

db/
=D

where use is made of the classical deflection funcjj¢h) (i 3= A (i 37) = 05 (21b

stemming from Eq(6). The sum in Eq(16) extends to all gq that

branchesB of the multivaluedy(b) function. Near the coa-

lescence point of two branchésainbow) we have resort to OA(:F)

the textbook Airy function approximatiofL5]. Finally, the i ——

observable differential cross sections are obtained by the av-

erage ofa(e,x;0,¢) over dimer orientation$,¢):

ot

=2 Hij R Nexplil mi(t:7) — 7y (61 IFALET).
T 2m K#]
ai(e,x)= fo sin 6 dﬁfo Uj’(s,)(;ﬂ,(p)dqo. (17 22)

Equations(21) and(22) are quite useful because the knowl-
edge of theC;(t;r) functions provides the relevam;(t;r)
Equation (7) is solved using an adapted version of thefunctions for arbitrarily chosen initial vibrational states
coupled wave-packet computer code of R¢610], which  x,(r), i.e., the calculations need not in principle be done for
was designed to solve E@3) for vibronic problems[i.e.,  everyy, taken into consideration.
cases when the molecule orientation is held fix&dl or Clearly, in the case of an electronically elastic collision
treated classically6(b)]]. The set of equationé?) is obvi-  [H;~0 entailing.A;(t;r)~ &;,] the effect of the collision is
ously much less computationally demanding that those corthe accumulation of phase,(t;F). This illustrates again
sidered in the just cited literature. Further, significant com-that, although thé& vector is held fixed during the encounter,
putational efficiency can be gained by making the change ofhe molecule gains vibrational momentum, which in this case
function amounts tadn,(t;F)/ar.

Pi(t;7)=Q;(t;Mexpi n;(t;M)}, (183

D. Implementation

E. Technicalities

with The solutions of Eq(22) for the quantum part of the
. problem and Eqs(6) and (14) for the classical part are ob-
”j(t?F)E_f Hjj(ﬁ(t’);F)dt’. (18b) tained in the fpllowmg way. At each_tlmtathe propagation
of Eq. (22) during the time steplt provides the values of the
) . . P; wave packets at time+dt. The average potentigl is
Indeed, while theP; wave function can exhibit v_ery-short- obtained using Eq(5) and these updated valuesRf. With
wavelength components in tmecoordinate, especially when iq potential Eqs(6) and (14) are propagated during the
the collision gives rise to a large momentum transfer,@he  time stepdt.

wave functions are always quite smooth and can be de- 14 gove Eqs(6) and (14) the Runge-Kutta integrator is

Ginitial

scribed with a large stepsize in thegrid. used. The initial conditions are

Equation(7) then becomes

Qj(t;r) N : °

aQ;(t;F = "
i —l&t R=| b |, R= 0 .
Zinitial V2Ecoi/ tcoll
=g, Hik(R(t); Nexplil 7(t;7) — 7;(6; ) T Qi(t; ). The impact parametdris sampled over 120 equidistant val-
i

ues in the range 0-&. The starting point of He motion is
(190  Zjiia=—12a,. The time of propagation is 700 a.u. From
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the final velocity vectoﬁﬁnm we obtain a classical scattering

angle y. The final rotational staté of the dimer is obtained
from Eq. (13).

The propagation of the coupled equatidiisy. (22)] is
done using a Lanczos scheme. Thgrid is made of by 32 2.0 r
equidistant points in the intervale[5.8a,,8.5a5]. Such a
moderate number of points is a consequence of writing the
wave packets in the form of Eq&l8a and (18b). 1.0 t

A total of 150 dimer orientations, corresponding to values
of 6 in the range 0°-90° ang in the range 0°-180° were
considered. Thé6,¢) grid was denser in the vicinity of 00 t
=90° ande=0° because of the importance of this region
for the impulsive mechanism.

3.0

My3p

ngp

Zu3s

Zg3s

E (eV)

-1.0 |
Ill. POTENTIAL-ENERGY SURFACES AND COUPLINGS v=

In the present collision conditions only the outer electron A}‘Mﬂ&_
of the Na*-He system is expected to eventually undergo

excitation during the collision. This is expected from earlier : : :
studies of atom-atom systems such as Na-He and Na-Ne in 6.0 10.0 14.0 18.0

similar conditiong 16]. Accordingly, we have chosen to de- r(au)

scribe th? effect of the .tWO Nacores of the dimer on the FIG. 2. Potential-energy curves of isolated,Naelevant to the
outer "?ICt'Ve electron using Na-centetledependent pseudo- present study. Superimposed on the ground-state curve is the prob-
pote'nqals[l?]. 'The spectator electro_ns of the He partner arCbility density|y,|? of the corresponding =0 vibrational state.
explicitly considered in the calculation, although the corre-the related Franck-Condon zone is shown by dashed lines. The
sponding orbitals are held frozen. The effect of He on thanset in the bottom of the figure shows the probability density for
outer electron is not only a He-centered short-rangehey=6 vibrational level(oscillating curve and for an incoherent
(screened Coulomb-Hartree plus exchangetential but also  superposition of vibrational states issued from the distribution of
an orthogonality constraint imposed by the Pauli principle. Sec. VI B (two-lobe curve.

To build the diabatic representation required in the deri-
vations presented in Sec. Il we follow the lines of the alreadytions of contracted Cartesian Gaussian-type orbitals
cited work on the Na-He and Na-Ne collisioh$6]. The (CGTOS9 around each center. To the tabulated sets of basis
strictly diabatic basis obeyind ¢;|d/dR or d/dy|¢y)=0  orbitals of Ref. [17] we have added twal CGTOs, with
[11] would be made, in the present problem, of the orbitalsexponentsty=0.0155 andt;,=0.12, around each Na center.
of the isolated Ng dimer. To take into account the above- The calculations of the Na orbitals, the Schmidt orthogo-
mentioned orthogonality constraint we make these orbitalgalization, and the evaluation of the;, matrix elements
orthogonal to the &, orbital using the Schmidt procedure. [Eqg. (4)] have been carried out using tle&MESS program
In doing so, the orbitals are ordered with th&,Jorbital first ~ [18]. The potential-energy curves of the isolated, Ndimer
and then the NA orbitals follow by order of increasing obtained in this way agree sufficiently well for the present
energy. While this procedure introduces slighiR andd/dy  purposes with the best ddtE9]. For example, for the ground
coupling matrix elements, it was shown in R¢L6] that  state we get the equilibrium distancg=7.11a, and poten-
these couplings are not important in the description of thdial well D=0.035 hartree as compared ttg=6.73a, and
electronic excitation process. It may be noted in passing thdd =0.036 hartree in Ref.19]. More generally, errors in the
in the above we have not concerned ourselves witthigher-energy curves do not exceed a few 1 @artree. The
<¢>j|a/(9r|¢k) matrix elements since enters the proposed Na," potential-energy curves of the most significantly popu-
dynamical treatment of Sec. Il B only as a fixed parameterlated states in the Na-He collision (Sec. IV) are shown in
as opposed t® and y, which evolve during the encounter. Fig. 2.

In practice the(nearly diabatic basis considered is made  The Hj,(r,y,R) matrix elements have been determined
of the lowest 14 eigenstates of the Namolecule: 243s, for 20 relative orientationgy in the range 0°-90°, 33 dis-
2,38, 243p, %,3p, II,3p, [Ii3p, 243d, %,3d, II,3d, tancesRin the range 0—1&,, and 15 bond distancesn the
1,3d, A43d, A,3d, 3 ¢4s, andX 4s. The Na'-He calcu-  range Z,—20a,. For values ofy in the range 90°—180° the
lations are restricted to th&' irreducible representation of matrix elements could be obtained by symmetry. Three-
the C point group, that is, to states that are symmetric in thedimensional interpolation of the data using bicubic splines
plane containing the three atoms. Excludif(Il, ,,A, ) [20] provide theH;, matrix elements needed in the propaga-
states from the dynamics calculations amounts to making th&on of Eq. (19) or (22). In practice, to avoid spline undula-
approximation that Coriolis coupling, which arises from thetions in regions near the cores where the potential varies
tumbling of the triatomic plane, is negligible. Therefore, thisrapidly, it has been found most convenient to interpolate the
approximation may have an effect on tHeandA states if at  logarithm of the data rather than the data themselves.
all. Figure 3a) shows the entrance I}Ié(293s)+He potential-

The orbitals considered are expressed as linear combinanergy surfacél;,(r, y,R) for one fixed value of the coor-




PRA 59 FRAGMENTATION OF Ng* DIMER IONS IN KILO- . .. 335

4
(d y

FIG. 3. (a) Entrance Ng*(EQBS)—He potential-energy surfade;(r,y,R). Shown is the potential in the hal¥,2 plane defined in Fig.
1 when the N&" dimer(with r =r,=7.11a,) is placed along th¥ axis. Energy and distances are in atomic urtlis-(d) Coupling to energy
difference ratio§H;/(H;;—Hy)| for the interaction between thg,3s entrance state and some excited electronic states of thie M
system:(b) 2,3s-2,3p, (c) 243s-%,,3s, and(d) 2,3s-I1,3p. The arrangement of the dimer is the same a&)n

dinate equal to the equilibrium distance of the isolated ally through H,;, characteristics of the interacting Na
Na," dimer. The highest energy in this figure was chosen tQyectron clouds: the ;3s-3,¢3p interaction builds around
the Na-Na axis and maximizes halfway between the cores;
rfhe293s—2uSs interaction also builds along the Na-Na axis
= . . o . but, owing to symmetry, it vanishes and changes sign mid-
=r./2~3.55,). Another noticeable feature of this figure is way; the33s-11,3p interaction builds between the Na

that there is a lot of room between the Neores where the cores but off axis. Finallv. it mav also be noted that s
He atom can easily pass through. It should be noted that forf ‘ Y, y ne

the energy scale of the figure, all the otfhg(r,y,R) po- andZ ,3s potential surfaces undergo a diabatic crossing that
) J ) i)

tentials look nearly the same. This justifies the approxima2PPears in Fig. @) as a truncated hollowed out cylinder.

tion that a common potential may be used to treat the en‘_l’his is somewhat reminiscent of a similar feature in the

counter. He-H, system[21].
Figures 3b)-3(d) show samples of |[Hy(r,7,R)
I[H;;(r,,R)—Ha(r, ¥, R)]| functions for fixedr=r (r/2

radius~1a, centered at the position of the Naore (/2

~3.55,). The importance of the coupling to the energy IV. RESULTS
difference ratio is a measure of the likeliness of a transition.
It is seen that excluding the classically forbidden redisee Results will first be presented for the collision-induced

Fig. 3[@], these ratios are sizable in the region between thelissociation(impulsive mechanisinand dissociative elec-
Na' cores and not outside. Electronic excitation is thus extronic excitation (electronic mechanisynfor Na,* ions in
pected to occur for collision trajectories that pass in betweetheir ground vibrational state. The case of vibrationally hot
the cores. Figure (3) indicates that such trajectories corre- Na,* ions will be examined next. It is generally found that
spond to soft collisions in which the trajectory should not befour electronic states among the considered3dc. Il)) are
deflected significantly. Another interesting feature of Figs.populated significantly, namely, thg,3s ground state and
3(b)-3(d) is that the|H,;/(Hj;—H1,)| ratios reflect, actu- theX3s, %¢3p, andIl,3p states.
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Collisions with smaller and larger impact parameters than

0 a b=r/2~3.58, produce two similar branches of the
\ 71(g,b; 0, ¢) probability density. Dissociation does not occur
2 for b=1.2a, andb=5.6a,. For these ranges of impact pa-
rameters the He atom passes at distances larger thgn 2
4 from a N& core and the transferred momentum is insuffi-

cient to vibrationally excite the dimer up to dissociation.
The evolution of the dissociation probability density with

6

¢ for 6=90° [Figs. 4a)—4(c)] shows that the maximum en-

0 b ] ergy of the fragments, as well as the corresponding impact
parameter, decreases as the dimer axis is twisted out of the
2 collision plane. Asp increases, the smallest distance of ap-
| proach of a Na core to He increases, thereby reducing the
momentum transfer to the dimer. Fer>30° this smallest
4 distance of approach becomes larger thag @nd no disso-
<2 ciation in theX ,3s state is possible any longer.

\
|
l More generally, the evolution with orientation of the im-
0 1 pact parameter dependence of the dissociation probability
¢ density can be roughly deduced from Fig&)44(c), keep-
ing in mind the image that the He atom has to fall within a
sphere, centered around one Nzore, of radius~2a,; the
' closer the He atom gets to the center of the sphere the larger
4- ‘l the transferred momentum and the relative energy of the
\
|

b (a.u.)

N

fragments. Thence the decrease ofrom 90° holding ¢

x4 | =0 will give rise to a pattern, similar to Fig(d), except that
61— w ‘ ‘ ' “ the maximum fragmentation energy moves to smdlleal-
0 10 20 3¢ ues. This is understood with the above-discussed picture:
e(eV) The center of the sphere is hit for an impact parambter

=T/2 sin . Of course @ should not be too small for the other
FIG. 4. Contour maps of the probability density(e,b; 6, ¢) of Na* core to be disregarded.
dissociation in the entrance electronic stgtg€>. ;3s) as a function Let us briefly mention that a kinematic event has been
of the energye of the fragments and the impact parameieDif- erased artificially from Fig. 4. This is the very specific case
ferent azimuthal orientations of the dimer are shown forwhen the He atom bounces off one Neore and then faces
6=90": (a) ¢=0,(b) ¢=10°, and(c) ¢=20°. The scale ofc)is  the second one. This case occurs for a very narrow range of
bigger than those O(b) and (a) by the indicated factors. Darker impact parameters and gives rise to much |arger fragmenta_

areas indicate higher intensities. tion energies than those considered experimentffig.
o Y 9(a)]. In the final cross-section calculatig8ec. IV A 4 this
A. Vibrationaly cold Na,™ dimer effect is actually included, but cannot be seen in thg)
1. Fragmentation in the electronic ground state window considered.
From the probability amplitud®(tsn4 ;) that the sys- _ o ) o
tem remains in the electronic ground stae (3 ,3s) one 2. Dissociative electronic excitation
obtains[Eq. (12)] the probability densityr;(e,b;8,¢) of As in Sec. IV A 1, the probability density,(¢,b; 8,¢) of

dissociation with an energy of the fragments as a function dissociation(with energye of the fragments as a function of

of impact parameteb and dimer orientatior{6,¢). Figures  impact parametel for orientationd and ¢) when the system

4(a)—4(c) show this function fo/=90° and a few azimuthal has undergone an electronic excitatigp— ¢; is obtained

anglese. It is seenFig. 4@)] that the largest fragmentation from the computed probability amplitudéj(tﬁnal;F) using

energy occurs for the orientatiof=90° ande=0° atb  Eq.(12). It is found that thes43p, 3 ,3p, andll,3p states

=T/2~3.53,. The probability density in this range maxi- are systematically far more populated than the other elec-

mizes near the value of the relative energy of the fragmentgonic states considerd®ec. I1)).

one gets classically for a binary, hard-sphere-type, head-on Figures %a)—5(c) show the dissociation probability den-

collision of one N& core of the dimer with the He atom:  sities for these states as functions of impact parameter at
the fixed orientationd=90° and ¢=0°. The whole pat-

o Mye |2 My Myet 2Mya) tern is concentrated in the small-impact-parameter range
Ema M T T (Mgt M2 o O<b=2a,. From Fig. 3 and Sec. lll it is obvious that the
electronic excitation takes place when the trajectory of the
=219 eV. (23)  He atom passes in between the Neores. The symmetry

characteristics of the electron clouds, already discussed in
It also establishes once more that although the dimer caSec. lll, also reflect themselves in the plots of Fig&g)5
barely move during the collision, it acquires momentum thats(c). Thus, forb~0, §=90°, and¢=0°, the (HeNg)*
makes the dimer dissociate in the postcollision stage. system forms an isosceles triangle that transforms according
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IT,3p %,3p x,3s

u

0

b (a.u.)

)
~

3 T
T w ,-

T T T T

1 2 1 2 1 ' 2
gleV) glev) E(eV)

b (a.u.)

FIG. 5. Contour maps of the probability densityfe,b; 8,¢) of dissociation in the excited electronic statgs(>3s, 2¢3p, andll,3p)
as a function of the energy of the fragments and the impact paramdieDifferent azimuthal orientations of the dimer are shown dor
=90°: (a—(c) ¢=0, (d)—(f) ¢=30°, and(g)—(i) ¢=90°. Darker areas indicate higher intensities.

the C,, symmetry point group. For such an arrangement thempact parameter fof=90° wheng increases. As was the
343p and Il 3p states have the samfy symmetry as the case in Sec. IV A1, one observes the progressive reduction
entranceX ;3s state and can thus be populatecbatO; the  of the impulsive tails. The progressive extinction of Hg8s
3 ,3s state havingd, symmetry cannot. On the other hand, process asp approaches 90fFigs. 5¢)-5(f), and i) has
as soon ad becomes different from zero these selectionagain to do with symmetry: Fap=90° the (HeNg) " sys-
rules disappear. Indeed, the (HeNa system has then pla- tem keeps a shape(isosceles triang)efor all impact pa-
nar symmetry only Cs point group; the %,3s and>3s  rameters. As argued above as well as in Sec. 1, 3Q8s
states now belonging to the sarAé irreducible representa- and ,3s states having respectivefy; andB, symmetry in
tion may thus interacisee Fig. &)]. This is nicely illus- this arrangement do not interact.
trated in Fig. 5.

The e ranges characterizing the dissociative electronic ex- 3. Comparison of the dissociation mechanisms

citation processes are governed by vertical transitions as a . _ . . L .
result of the sudden collision conditions discussed in Sec, Figure 6 gathers the;(z,b; ,¢) dissociation probability

Il B. At the smallest impact parameters they are roughly de_densmes for the groundly3s and excitec®.,3s, 2,43p, and

termined by the Franck-Condon zone and the related refleg—Iusp processes af=90" and¢=0°. The X43s process

. o . results exclusively from the impulsive mechanism and is
tion principle[7]. Accordingly, the closeness to~0 of the : i
IT,3p structure is a consequence of the particular shape O(fharactenzed by the two branches arotmef /2. The3.,3p

. . . and X, 3s structures appear in a close,b) neighborhood.
the corresponding Na potential-energy curve in the - ; ; . i
Franck-Condon regiofig. 2. The positions of the,3p Their impulsive tails are seen to merge and display asymp

. . " totically the same slope as tf¥%;3s purely impulsive pro-
and2u3§ structures at~1 eV are consistent with this in- cess. It is clearly seen from this figure that the dissociative
terpretation scheme as well.

. . electronic excitation and impulsive dissociatibmhether in
When the impact parameter increases beybndD.8a, b oo

the patterns clearly depart from the Franck-Condon expect tbaera?‘rr\(()altjgrdr:r: excited statesake place in distinct impact

. o ges.

tion. This is due to the closer passage of the He atom to on

of the N&a cores: The larger thb, the closer this encounter

and the larger the transferred momentum. Hence the ob-

served tails extending towards largesalues in the patterns In practice, it is not ther;(e,b;6,¢) functions that are

of Figs. §a)-5(c) are nothing but a manifestation of the accessible to experiment but rather the doubly differential

impulsive mechanism in the electronically excited channelscross section in the scattering angle of the projegtilend
Figures %a)—5(i) show the evolution of thél ,3p, 2 43p, the relative energy of the fragmentd Eq. (16)]. The trans-

and X ,3s dissociation probability densities as functions of formation of ther; functions into thes; ones is achieved

4. Differential cross sections for dissociation
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FIG. 6. Contour maps of the probability densitfe,b; 8, ¢) of
dissociation summed over all electronic channeals a function of
the energye of the fragments and the impact parametefor 6
=90° ande=0.

through Eqs(16) and (17). Figure 7 shows samples of de-

flection functionsy(b; 8, ¢) that enable one to effect the lat-

ter transformation. For a given orientatiofio) of the dimer

two impact parameters contribute to the sagethe two

impact parameters merge into a single value at a limigng

value. This is handled along the lines of the discussion fol- e (eV)

lowing Eq. (16). Figure 8 shows examples of the way these

rainbow features contribute to the cross section for dissocia- FiG. 8. Contour maps showing the(z, x; 8,¢) contributions

tion in X 43s ground state. of the dimer orientationg=90° ande={20°,25°,30} to the dou-
Figure 9b) shows the final cross section for dissociationbly differential cross section; (s, ) [see Eq(17)] for dissociation

including all important processeX: 3s, %,3s, 2¢3p, and in the entrance state;(3,43s): (a) classical cross section with

I1,3p. In this figure one can easily distinguish three maindiverging rainbows andb) result of the treatment of the rainbow

structures, corresponding to different channels of dissociaregions by Airy functions. Darker areas indicate higher intensities.

tion. As expected from Figs. 6 and 7, the dissociation in the

2 43s electronic state appears at large scattering angles (Egsp states are responsible for the structure at

2200) and diSplayS a trend similar to the impulSive structure~ 1-1.3eV. The genera] appearance of the p|0t shows many

of the experimental cross sectigfig. 9(@)]. Dissociative qualitative similarities to the experimental data of R¢1s3]
electronic excitation takes place at small scattering anglegresented in Fig. @).

(x=10°): Excitation of thdI,3p weakly bound state forms

a structure at theg~0,y~0) region, while theX,,3s and B. Case of vibrationally excited Na* dimers
180 F . Though thev =0 cross section of Sec. IV AFig. 9b)]
bears a qualitative resemblance to the experimental data of
Refs.[1,3] [Fig. Aa)], a few differences are noticeable. First,
150 | ; ; o
S =0 the compu_te&QSS impulsive contribution exte_nds too much.
S 120 | o5 towards highe values as compared to experiment where it
o exhibits greater localization around its maximum near
% =10 ~0.2 eV. Second, instead of the distinct structixg8p and
o V7 ¢=15 >,3s, appearing, respectively, at~1 and 1.3 eV in the
& =20 theory, the experiment shows a single structure eat
9 60 ¢=25 ] ~0.9 eV. Actually, the above comparison disregards the fact
@ =30 that in the experimental conditions the Nalimer ions have
30 1 T a vibrational state distributiow(v) and so the actual cross
; section results from an incoherent superposition of initial
0 0 - 7 5 8 vibrational states
b (a.u.)
FIG. 7. Classical scattering angpgb; 6,¢) determined from {o(e.0) g W(v)o*(e.x)- 29

the classical relative motion as a function of impact paraneter _ _ _ ' o
dimer orientations defined b§=90° and differentp values indi- In Eq. (24) o"(e,x) is the doubly differential dissociation
cated in the figure. cross section for each vibrational statenitially present in
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(o) =2 Wo(vo) (x| x5 (25

where x, and XSO are, respectively, vibrational wave func-
tions of the ionized and neutral dimers. In the experimental
conditions of Refs[1,3] the neutral Nadimers are likely to
havev, in Eq. (25 bounded byvy<2. For simplicity, we
make the working assumption that

w(v)=KxolXop=0 (26)

It has occurred that the maximum of this distribution is lo-
cated neav =6-7 and its width at half maximum encom-
passes states in the range=3<10. Its mean vibrational
energy

<Evib>=§ w(v)E, 27

is (Eyip)=0.096 eV. In Fig. 2 we compare the initial distri-
bution ofr values for the corresponding incoherent superpo-
sition of vibrational states to the initial probabilitigg, | for
v=0 and 6 vibrational levels.
We have determined the’(e, x) cross sections fos in
the interval [ 3,10] as described in Sec. Il C Eg1) and
(22), using the relevar,= y, initial vibrational wave func-
tions. The corresponding averaffeq. (24)] over the distri-
butionw(v) [Eq. (26)] is displayed in Fig. &). The result
definitely improves the comparison with experiment. The
2 43s impulsive structure is now more concentrated in a nar-
rower e range than Fig. @) and theX ;3p andX3s struc-
tures have merged into a single one properly located at 0.9
eV. While all details of the new pattern do not have a general
straightforward explanation, the way in which the electronic
structures have evolved has a transparent interpretation. As
seen from Fig. 2, th& ,3s energy curve is more repulsive
g(eV) than theX,3p one. Dissociation energies wertical elec-
tronic transitions are thus more sensitive in the former than
FIG. 9. Contour maps of the doubly differential cross sectionjn the latter case to thelocation where the transition takes
o(g,x) for dissociation irrespective of the final electronic statéa) place. Moreover, the vibrationally excited states can roughly
experimental result of Ref§l,3], (b) cross sectiow(e,y) obtained  pe viewed as essentially made of two lobes placed around
for Na," assumed to be initially in the ground vibrational state, andipe turning points of classical motiaisee Fig. 2 Actually,
(c) cross sectiorfo(e,)) for the distribution of vibrational states of o oter lobe gives rise more efficiently to an electronic
Na," discussed in the text. Darker areas indicate higher imensmestransition than the inner lobe. This is most probably related
to the smaller energy difference for the electronic transition
the Na™ beam. Yet the actual vibrational state distributionat the outer lobe than at the inner one. These characteristics
w(v) is unknown. An average internal energy0.2 eV of  are sufficient to explain why th& 3p andX3s structures
the dimer ions was tentatively proposed in R&] to make  move to lower dissociation energy with vibrational excitation
the simple binary encounter kinematics model of impulsiveand the more so for the latter than for the former.
dissociation reproduce the overall trend of the experimental The comparison with experiment still indicates that the
data. This value seemed to receive support from more inbreadth and intensity of the structure @0 and y=~0,
volved classical trajectory calculatiof3]. Still, as such, this  which actually originate from dissociation in tfhg,3p state
estimate is insufficient to make the evaluation of a formula(Sec. IV A 2, are rather underestimated in the calculation.
such as Eq(24) possible. We have thus proceeded as deAgain, this issue can be examined in terms of vertical tran-
scribed below. sitions from the electronic ground state. Two possible expla-
The Na* dimer ions are produced in the experiment of nations related to the comparative flatness of Fh@p en-
Refs.[1,3] by the bombardment of a Naeutral beam by ergy curve in the Franck-Condon region of the distribution of
fast (40-eV) electrons. Thus the/(v) distribution is merely  vibrational states considered can be proposdd: Higher
reflecting, through the Franck-Condon principle, the vibra-accuracy of this curve than what was considered reasonable
tional distributionwg(v) in the parent Naneutral beam: in Sec. lll can change the relative importance of what goes

Scattering angle (deg.)

0.0 0.5 1.0 1.5 2.0
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into (bound vibrational excitation and dissociation in this It may be stated right away that the reported results con-
state or(ii) a different vibrational distribution emphasizing firm the analysis of Refd.1-3] of the different structures
small+ values further can yield more dissociation. Anotherobserved in the experimental fragmentation cross section.
possibility could lie in one of the approximations made in Conversely, the general agreement of the present results, tak-
Sec. Il to lighten the computational effort. More specifically, ing a plausible initial vibrational distribution of the Ma

it is not clear by now what the effect of disregarding Coriolis ions into account, with experiment is in strong support of the
coupling in the present workSec. Ill) could have on the cogency of our theoretical treatment. From this agreement

discrepancy discussed. we are inclined to infer that the Naions in the experiment
of Refs.[1,3] were cooler than what was initially thought.
V. SUMMARY AND CONCLUSION Concerning the fragmentation mechanism, collisions leav-

ing the Ng* dimer ion in its electronic ground stat&,3s

t Onel of thte tlnce}rlttt:ves :0 ur;ﬂe(rjtafke tthe tprest?]nt ;vork Wakad to dissociation at large scattering angles@0°). This

0 app+y a state-ol-the-art method lor trealing the dynamiCsq regponds to important momentum transfer, justifying its
of Na, fragmentapon in colhspns with He, a process thatdesignation as impulsive mechanism in Réfs-3. The mo-

has been the subject of a detailed experiment in R&f8l.  enwum transfer actually occurs most efficiently when the
From the latter study it appeared that fragmentation can 0Gye rajectory passes close to one of the Neores: typically

cur with different characteristics either as a vibrational exci-yithin a sphere of radius-2a,. Most salient features and
tation above the dissociation limit in the initial electronic 1oanqs of this CID mechanism correspond to what may be
ground state of N&" or as a result of an electronic excitation reqicted from classical mechanics. Details such as the
to a dissociative state. This implied the use of a nonadlabatlghape, breadth, and importance of dissociation probability

moIepuIar coIIision.framgwork to treat the corresponding dy-qensities actually depend on the initial quantal state and
namics. The semiclassical coupled wave-packet approaq!ihamm projection.

that treatselectronicandvibrational (whether bound or dis- Collisions that bring the I\Qé’ dimer in an excited elec-

sociative motions quantallyand the remaining motions clas- ; ;
) . i tronic state E3s, 243p, andIl,;3p) occur for He trajecto-
sically is to date the most developed theory of that kind. Ye ies going into the region between the nuclei and thus con-

this method is computationally quite demanding, eSpecIaII3fribute mainly to relatively small scattering angles. For these

in the collision energy range in which the experiments Ofdissociative electronic excitation processes the gross features

Refs. [1’3.] .have begn carried out. It turns out that for the o probability densities correspond to what may be pre-
latter collision conditions one can advantageously make US§i 14 from Franck-Condon overlaps between the initial vi-

of an approximation in which the dimer T‘e'”‘_er vibrates NOTyrational state and the final dissociation continuum. Still

rotatesduring the encounterThis approximation has acl- oy details, for instance, the extension of dissociative elec-
ally made the present work_affordable. While the dimer Stronic excitation structures by impulsive tails, arise from the
held frozen, as just stated, it actually agcumula}tgs MOMEMYetailed dependence of the electronic transition probability
tum and may actually undergo electronic transitions as theflmplitudes upon the & bond distance

He atom passes by. This accumulated momentum reveals Further work on collision-induced fragmentation of larger

itself in a postcollisional stageand contributes to the final . )
P g alkali-metal cluster ions, such as Na-He[2], should show

vibrational- (eventually dissociatiyerotational motions of hich f1h Jassical i
the dimer in each of the final electronic state produced by thg/nich aspects of the present semiclassical treatment will sur-

collision. In the work reported the information on the accu-"'V¢ the dimensionallity increase of the system.
mulated vibrational momentum of the dimer is contained in
the bond length dependences of the electronic transition
probability amplitudes. Likewise, the information on the ac- This work was initiated in the frame of the EU Human
cumulated rotational angular momentum is contained in theapital and Mobility Program through the Collision Induced
dependences of these electronic amplitudes upon the orie@uster Dynamics Network under Contract No. CHRX-CT-
tation of the dimer. Nevertheless, to simplify the computa-940643. We would like to thank J. A. Fayeton, M. Barat, and
tion we have extracted this information from classical equa¥. J. Picard at LCAM(Orsay for providing their experimen-
tions of motion as discussed in Sec. Il C. tal data and for very helpful discussions.
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