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A combined experimental and theoretical investigation of collision-induced dissoci{@ibn of the quasi-
one-electron system Na He at 80 eV center-of-mass energy is presented. This study, complemented by
additional measurements with an lthrget, provides a detailed analysis of the competition between the two
basic CID mechanisms: via excitation of electronic states of thg" Nmolecular ion and via momentum
transfer to one of the Nacore. The experimental method is based on a combined coincidence and time-of-
flight technique, resulting in a complete measurement of the velocity vectors of the two fragments and giving
a full determination of the collision parameters. The theoretical analysis is based on the so-called nonadiabatic
guantum molecular dynamics, developed recently. This theory treats self-consistently and simultaneously
classical atomic motion and quantum electronic transitions in dynamical processes of atomic many-body
systems using time-dependent density functional theory. It allows one to simulate the experiment in micro-
scopic detail and, thus, provides a deep insight into the excitation and dissociation mechanism. The combined
theoretical and experimental analysis can later be extended to more complex systems like larger molecules or
clusters[S1050-29478)04602-3

PACS numbds): 34.50.Pi, 34.10tx, 36.40.Qv

[. INTRODUCTION the molecule dissociates far from the perturber. For the first
step, two different collision mechanisms have been consid-
Collision-induced dissociatiofCID) of a diatomic mol- ered depending on whether the perturber interacts primarily
ecule is a simple example of the dynamics of a finite systemwith the nuclear cores or with the electronic cloud of the
It is noticeable that no complete analysis of such a simplenolecule:
“three-body” collision process has been realized yet, while (i) In the first type of interaction, also called rovibrational
research in this field has been vigorous for decadds dissociation1], the target atom exchanges momentum with
Study of CID was initiated in the 1960s when it was sug-one or both atomic cores of the molecule resulting in a
gested that dissociation of,H could be a means to produce stretching of the molecular bond and vibrational excitation
fast H beams to heat plasmas of interest for fusion. Then ap#]. If the momentum transfer is large enough, dissociation
intense activity developed in spectroscopy when it was realeccurs. In the simplest situation, the momentum is trans-
ized that velocity measurements of ionic fragments cominderred in a close encounter with one atomic core resulting in
from the dissociation of fagtl0 keV) molecular ions could a significant deflection of the center of ma&M) of the
provide information on molecular energy levels with meV molecule. This mechanism, hereafter referred to asirthe
accuracy owing to the magnification of the energy of thepulse mechanisnilM), although often invoked, was never
fragments introduced by the-laboratory-to-center-of-masslirectly observed. Actually, with the available techniques, it
transformation[2]. This “translational spectroscopy” was was not possible to measure enough variables for a given
later extended by detecting the two fragments in coincidencevent to determine the scattering angle, as will be discussed
[3]. With this technique, spectroscopy of highly excited mol-in this paper.
ecules could be studied for the first time. But, concerning the (ii) Theelectronic mechanisfEM) involves excitation of
understanding of the collision dynamics, unavoidable intethe molecule into a dissociative state. At low collision en-
gration on several variables necessitates the use of models ¢ogy, in the so-called “quasimolecular” regime, direct elec-
disentangle the complex data. A first assumption, which aptronic excitation is usually small. In contrast, electron cap-
plies well to the present energy range, comes from the conture might be a very important electronic process, provided
parison of some characteristic times: the collision time, typi-that quasiresonant conditions are fulfilled. In this situation
cally 10 1-10"'%s, is at least one order of magnitude electron capture takes place at large impact parameter, lead-
shorter than the vibration time, itself two orders of magni-ing to large geometrical cross sections and a forward scatter-
tude shorter than the rotation time. This allows one to coning of the fragments. Since rotation is usually very slow, one
sider a “two-step” mechanism: first the molecule is excitedgenerally assumes that dissociation takes place along the in-
into an unstable state by the collision, then, in a second stepernuclear axig the axial recoil assumption)'[5]. Dissocia-
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tive [6] or predissociativd 7] states of various molecules Z"T
have then been investigated, these states being formed via x, « —
resonant electron capture by their parent ions colliding with ~ Ya*
alkali targets. The analyzing technique makes use of the neg-
ligible deflection of the CM of the molecule, allowing a com-

plete determination of the momentum distribution from the

only measurements of the difference of arrival times and the .
distance of the two fragments detected in coincidence on a
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whereas EM is essentially that of the photodissociation. LA L IMING

More generally, IM and EM are nothing but the electronic CARDS

and nuclear components of the “stopping power” of atomic
particles inside the bulk. This motivated the present experi-
mental (see[9] for a preliminary accoumtand theoretical
study of the competition between these two basic CIDFinally the molecular ion beam crosses at 90° a He ora H
mechanisms at low collision energy. From the experimentajhermal target beam issued from a supersonic expansion de-
Side, a full determination of the VelOCity vectors of the two signed by Campargl_[dl] The use of a “cold” target dras-
fragments (measurement of the six velocity components tically reduces the velocity broadening in the scattered beam
gives a complete analysis of the CID. In particular, the deespecially important in heavy projectile light target combina-
flection angle of the dissociated molecular ion can be reCoVions. The beam-crossing region determines a Cy|indrica| col-
ered. The collision of N&' ions with He and H targets has |ision volume of about 1.5 mm long and 0.5 mm diameter,
been chosen for the following reasons: the heavy projectilgyhich is placed at the focus point of a 30° parallel plate
light target combination allows an almost complete collec-g|ectrostatic analyzer. This device is primarily used to sepa-
tion of all fragments on the detectors, hence realizingma 4 rate the neutral fragments from the ionic ones and to mass
detector in the center of mass. Only a few events are missegh|ect these ionic fragments. The Nns are received on a

for large scattering angles with He target. This would not40-mm-diameter position-sensitive detectBSD) placed at
have been the case for example, with g Hbeam. This is gp angle of 11° in the image plane of the analyZ&. This

also one of the simplest systems since only #je3s elec-  grrangement also allows to use the electrostatic analyzer to
tron of Ng " is expected to be active at these energies, whileneasure the energy of the incident and scattered ions. The
the strongly bound target electrons should not participate t@eutral fragments fly straightforwardly through a fine mesh
the process. In particular charge exchange was not expectegiid stretched on the outer plate of the analyzer and reach a
and indeed not observed. This simple system thus providesgecond PSD located in the incident beam direction. Each
case study for testing the nonadiabatic quantum moleculgssp is constituted by a stack of 3 microchannel plates
dynamics theory recently developed by Saalmann an@Hamamatsu F 1217-0land a resistive anodéQuantar

FIG. 1. Experimental setup.

Schmidt[10]. Technology Inc. 1830 The Y andZ positions of both neu-
tral and ionic fragments are determined by the charge divi-
II. EXPERIMENT sion technique: the charges at the four corners of the collec-
) ) tors are amplified, discriminated, and converted into 12 bits

A. Experimental setup (Fig. 1) data with two “Datel” (PC-414A2 cards featuring four

The Na dimers are produced in gas phase through a nedisample and hold” devices simultaneously triggered by the
expansion of pure sodium vapor. The oven is a double chantiming signal. The typical 0.1-mm spatial resolution of the
ber made of stainless steel 310, consisting of a large backingSD corresponds to an 0.01° angular resolution much better
oven and a small frontal nozzle device. The backing oven ishan the angular spread of the incident beam (0.2°). The size
typically operated at a temperature ranging from 650 toof the PSD actually limits the angular acceptance of the neu-
850 °C corresponding to vapor pressures of 50 to 500 Torrtral fragments to 3.2°. For ion fragments, the limiting angle
respectively. The sonic nozzle of 0.125 mm diameter is lois 3° in theZ direction (Fig. 1) but the focusing properties
cated 18 mm in front of a conical heated skimmer. The dis-do not practically limit the acceptance in tiedirection.
tance between the nozzle and the skimmer as well as the In order to simultaneously determine the velocity vectors
transverse position of the oven can be adjusted to optimizef both Na and N& fragments issued from the same physical
the Na* intensity. event, times of flightTOF) of both fragments detected in

The sodium beam passing through a ring-shaped filamermoincidence are measured by a multihit, multistop time digi-
is ionized by 40-eV electrons. The ions are then acceleratetizer (CTNM2 manufactured by IPN Orsagriggered by the
at the desired energy of 1 keV and steered towards the emhopper clock. Data are recorded in the “event” mode: for
trance hole of a Wien filter. The N& beam is mass selected each event occurring in a period of 256, the positionsy,
by passing through an exit hole located at 900 rfboth  Z (12 bitg as well as the TOK0.5-ns accuragyof both
holes hae a 1 mmdiametey and chopped at 1 MHz in a fragments are recorded.
parallel plate condenser with a 0.8-V/mm electric field, re- The energy spread of the incident beam measured by the
sulting in 10-ns-wide pulses. A third circular hole limits the electrostatic selector was found to be 2 eV approximately at
beam diameter to 0.5 mm with an angular aperture of 0.2°1000 eV. The accuracy of the measurements is primarily
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FIG. 2. Parameters defining the collision geome@yis the collision plane defined by the incident and recoil velocity vectors of the
target (T) in the Na*-T center-of-mas§CM) frame. y is the CM scattering angl® is the dissociation plane, which makes an anlaith
C. ®<90° corresponds to a forward scattering of the iers the angle between the relative velocity of the fragméitits Na-N& vectop
and the target recoil velocity.

limited by the time width of the beam, which is typically 10 parameters, and when chosen, the most significant correla-

ns for a total flight of about us. tion between them. The CM scattering anglewhich is also
the recoil angle of the target, is one of them; it allows one to
B. Data analysis appreciate how violent the collision is. The other parameters

areE,q, the relative kinetic energy of the fragmentsand
®, the two angles determining the orientation of the disso-
ciation axis.

The velocity vectorV,, of the neutral fragment is deter-
mined by the three spatial coordinab€s, Y,,, Z, and by the
time T,, spent by the Na atom between the collision volume
and the neutral PSDX,=348.5-0.5 mm. Y,, and Z,, are
given by the location of the fragment on the PSD. The main
uncertainty comes from the determination of thg=2, All data presented in this paper have been obtained at a
=0 origins obtained from the assumed cylindrical symmetrylaboratory energy of 1000 eV corresponding to 80-eV CM
of the scattered neutr@honcoincidentfragments. The accu- for a He target and to 41.7 eV CM for a Harget. In order
rate determination of, is more difficult. In a first step, we to pinpoint the similarities and differences between the two
let the incident ion beam strike at reduced intensity the neusystems, we have chosen to present the data obtained with
tral PSD. This gives a time reference peak. The actual both helium and H targets together. Actually one of the
TOF of the incident beanT is calculated from the ion most significant correlations is provided by the dependence
velocity determined by its kinetic energ\, given by the  on y of E as shown in Fig. 3. It is noteworthy that both
voltage supply and by the flight patk,. The time T, systems present a similar pattern composed of three struc-
=Tt (t,—tre) IS then determined from the measurementtures. Integration for each structure of the multiply differen-
of the arrival timet,, of the neutral fragment with respect to tial cross sections gives for structures |, Il, and Il relative
tref. Anticipating the results, the consistency of the methodcontributions of 68%, 17%, and 14% with the He target and
has been verified using the location of structureg($te next  51%, 33%, and 16% with }J respectively. Structures Il and
section). This method allows one to bypass problems endll appear at very small scattering angle, corresponding to
countered with absolute timing such as delays given by eleagentle collisions. They are attributed to electronic transitions
tronics, wiring, and chopping method. The same procedure i®© repulsive (structure 1) or weakly bound(structure 1)
used to determine the TOF; of the ionic fragment, from states. They will be discussed later. In contrast, the structure
which the vectotV; is determined. In facT;-T, is obtained labeled | appears at large values. With both targets,q
with a 0.5-ns accuracy given by the time digitizer and doesncreases withy, but with different origin and slope. This
not suffer from the errors introduced in tfige definition.  behavior suggests that structure | is due to an impulse
The ionic trajectories between the collision volume and themechanism. Considering a binary collision between the tar-
X; coordinate of the ion impact on the PSD are calculatedyet and one N& core, a largery would correspond to a
assuming a uniform electric field inside the analyzer and zertarger momentum transfer and therefore to a larger relative
field outside. Small corrections are then added to recover thenergy of the fragments.
cylindrical axial symmetry of thénoncoincident scattered
ions. Once the/, andV; vectors are determined for all co-
incident events, the data are presented in coordinates that are
better adapted to the present collision probléfiy. 2). An In order to check the cogency of this assumption, one has
important aspect concerns the choice of the most pertinertteveloped a simple binary model, in which we assume an

Ill. EXPERIMENTAL RESULTS

A. Impulsive processes
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two Na' cores. If the corresponding energy transkgr is
larger than the binding energy of N the molecule disso-
ciates with

Ere=Er—Ep+Eijn,

whereE; is the rovibrational energy of the incident Na
ion andEp=0.96 eV is the ground-state binding energy. The
dependence dE,, on the CM scattering anglg can easily
be calculatedFig. 4) with

MZ
Er ! 2Eos:inz)%,

:(MT+MNa)

50 |- - "(..'\" 4 .
0 M ~ 'M SInXl

f ] N N T(My+ 2M ) + cots

500 | € -
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where M1 and My, are the target and Na masses, respec-
tively. The initial rovibrational energyE;,, of Na,* being
unknown, theE(x) curves have been drawn for the two
limit values E;,;=0 and E;;;=0.96 eV corresponding to
Na,* in the rovibrational ground state and at the dissociation
limit, respectively(see Sec. IV: Fig. 14 It is noteworthy
FIG. 3. Contour maps for the correlation between the relativethat for the He targefFig. 3(@] the experimental contours
kinetic energy of the fragments,; and the CM scattering anghe follow surprisingly well the curves in view of the crudeness
for (a) helium target andb) H, target in the Na'-He and Na"-H  of the model. The maximum of the experimental data lies
CM frames, respectivelysee text All contour levels show a loga- between 0 and 0.2 eV above the lower curve. This gives an
rithmic intensity scale with a factor of 1.58 between two contours.estimate of the initial internal energy of the Naprojectile.
Impulse model: full linesE;=0, dotted linesE;,;;=0.96 eV. The  Assuming that at an oven temperatufe-800 °C, onlyuv
middle and lower panels show the intensity as a functioB,gffor ~ =0,1,2 vibrational states are populated. Therefore the ion-
process I(c) x>10° for the He targetd) x>25° for the H target  jzation resulting from a Franck-Condon transition from these
and processes Il and Ilfe) y<10° for He target(f) y<25° forH,  gtates gives an internal ener@y,;<0.2 eV consistent with
target, respectively. The full line ifc) stands for the model calcu- 4, estimate. In the case of the karget, a binary encounter
lation taking the rotation of the dissociation axis into accoisee of one H atom with one Nacore has been considered since
tex®. the IM involves a hard collision that can only occur between
atomic cores. A glance at Fig. 3 shows again a good agree-
ment with the experimental contours, an agreement that is
not found if a collision with H instead of H was considered.
For consistency, the experimental data have been presented
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elastic encounter between one Naore and the target, ne-
glecting the interaction with the other core. The active"Na
is scattered at an anghg, in the frame of the N& target

center of mass(Eig. 4, In this frame, its velocity vector i, the Na-H CM frame. Notice that a simple binary e
becomesBA’, while BA remains that of the untouched Na  ¢qjision governs, to a large extent, the dissociation dynam-

AA’ is the velocity transferred to the relative motion of the jcs of such a four-body system. It is interesting to notice that

in the Na"-H binary encounter, the energy simultaneously
transferred to B (E-=E;My,/My) is 23 times larger than
that given to Na'. That means that Hshould simulta-
neously dissociate in this process since the energy transferred
to H, as Na " dissociates is at least 22 e¥§ , =4.47 eV).

2

The I(E,e) distribution for structure I, integrated over
angles y>10° [Fig. 3(c)] peaks at a relativeE,, value
around 0.12 eV, a feature not expected from the model that
predicts a maximum foE,— 0 eV. It is suggested that this
shift of the maximum is introduced by a centrifugal barrier
Ecy to be overcome during the dissociation of the rotation-
ally excited Na* (Fig. 5. The above model has therefore

FIG. 4. Newton diagram for the binary impulse model for the b€€n complemented to account for the part of the momentum
Na,"-He system:B: Na-He CM, C: Na-He CM, y, scattering transmitted to the rotational degrees of freedom. For gach
angle in the Na-He CM frame.AA’ is the dissociation velocity angle andE, values, the differential cross section is then
vector if the two N&d cores were not boung is the angle between given by
the actual dissociation velocity Na-Navector and the direction of
the transferred momentum.

Troll X, Erel) = o(X)P(x; Ere)) Pcfg(X: Eren-



1062 J. A. FAYETON et al. 57

[ ‘l T T T T
L liveﬂ(r)=V(r)+|_2/2 P _
| ]
A

0,5 i

1 1 ! 1 | 1 |

4 6 8 10 12 14 16 18 20
r(a.u.)

FIG. 5. Schematic representation of the rotational barrier. See
text (Sec. lll A) for the definitions of the various energi&4(r) is
the sum of the Ng potentialV(r) and the centrifugal potential.

o(x) is the differential cross section corresponding to the

first binary elastic Na-He collision, calculated with the po-

tential given by Kitaet al.[13]. P(x,E,) is the distribution

of the internal energy of Nd, which is assumed to be a

Gaussian curve centeredB&t,=0.2 eV with a half width at

half maximum (HWHM) of 0.3 eV (see Sec. Il A

Pctg(X:Ere) accounts for the barrier heighP,=0 or 1

depending whethe ¢, is smaller or larger thak 4 respec-

tively. Such calculation is performed for all orientations be- [ S e — T —

tween the Ng" axis and the momentum transfer axis by 0 90 180 270 360

steps of 10°. The differential cross section averaged over o (deg)

these orientations is then, for eaEkh, value, summed over

scattering angley. The reasonable agreement with the ex-

perimental data for the shift of the maximuJirig. 3(c)] sup- FIG. 6. Contour maps for the correlation between the CM scat-

ports our assumption on the role of the rotational transfer. tering angley and the angleb between the collision and the dis-
Within this model, the momentum is transferred in thesociation planes fofa) He and(b) H, in the Ng*-He and Na*-H

collision plane, implying that the dissociation fragments areCM frames, respectivelysee text All contours show a linear plot

emitted symmetrically with respect to this plane. Théy) with a factor 2 between two contours. The hatqhed areas stand for

correlation(Fig. 6) shows the strong peaking of the experi- the part of_the %, @) plane at least partially blind to the neutral

mental data for process | dt=0° and® = 180° around the fragments in the case of the He target.

collision plane, also in consistency with the model. With thesecond step, the molecular ion dissociates far from the per-
He target an asymmetry in th@ distribution is found for  tuber. The activesy, 3s electron has therefore an equal
x>30°. In fact, for these large angles, a significant part ofchance(due to the molecular symmeiryo be bound to ei-
the side scattered neutral fragments falls outside the PSkher a N4 ion, resulting in an equal probability to detect a
(see Sec. )l explaining the absence of coincidencesdat Na or Na~ fragment at a given scattering angle. The clear
=0°, even though the corresponding ionic fragments are dedeparture from such symmetry in the case of thetatget
tected. The hatched areas in Figagshow the part of the may put in question the limit of the two-step assumption.
(x,®) plane that is at least partially blind to neutral frag- “Postcollision” interaction with the target could be invoked,
ments. On the contrary, d=180° and largey most of the an interaction that is much stronger with,Hor H if H,

side scattered ionic fragments are detected, explaining tha@issociates as suggested ababen with He possibly due to
observed peaking of the coincident data. However, with théhe larger polarizabilitf0.8, 0.67, and 0.2 A respectively.

H, target, such an angular cut does not occur due to thén alternative explanation implies the excitation of the"Na
lower target-projectile mass ratio. Therefore the neat asym2p core electrons in close NaH encounters, breaking the
metry in the relative intensities ab=0° and 180° must Na'-Na" core symmetry. This excitation process is much
have a physical origin at variance with the He case. Thidess important in N&-He encounters. For example, this
asymmetry is not expected from the two-step approximatioomechanism has been observed in the dissociation of the
in which first the target hits one Nacore and then, in the asymmetric NaK ion [14].
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FIG. 8. Contour map for the correlation between the ajin
B and the internal energi;, of Na,* (see text Same scale of
contours as in Fig. 3. The dashed and full lines are for an internal
energy of 0 and 0.96 eV, respectively.

weakly bound states correlated to the N3 Na* disso-
ciation limit but does not allow one to distinguish between
the two possiblery 3p or 7, 3p channeldsee Sec. IV: Fig.
14). The® and« angular distributions are also very difficult
to estimate due to the strong peaking arotg=0 eV and
x=0°. Nevertheless, for the He target, thedistribution is
peaked aroundv=7/2 (Fig. 9 and looks very close to a
sina shape(see Sec. IV: Fig. 1Bas expected from a uniform
distribution of the dissociation axis. In contrast, a clear
0 45 90 135 180 asymmetry towards the smail values is observed with H
0. (deg) Complementary measurements made after our preliminary
analysis[9] show that structure Il is primarily due to the
FIG. 7. Contour maps for the() correlation for(a) He and  dissociation of ther, 3s repulsive statdsee Sec. IY. The
(b) H, in the Na*-He and Na*-H CM frames, respectivelgsee ~ €nergy distribution of the fragmenk§E,) peaks around 0.7
text). Same scale of contours as in Fig. 6. The two lines arexthe €V [Figs. 3e) and 3f)] a value that would correspond to a
=7/2+ (x— x1/2) values given by the impulse model. transition around 8.5 a.u. assuming a Frank-Condon transi-
) . ) ) o _tion. The @ angular distribution shows a double structure
. The « angle gives the orientation of_the d_|s§omat|<_)n axiSpaaking at 70° and 110° for the He target and 80° and 100°
with respect to the scattered beam axis. Within the impulse,, H,, symmetric arouncv= /2. Notice that for H the
modlel, I?' S|£rln'ple Lela}'g(inshl_p |s/2fognd bg_tweg@ a'?:j t)ﬁ a(E.) plotis presented in the NeH, CM frame at variance
angles(Fig. 4: ag=m/2* (x— x,/2) depending on whether JWith the previous plots, which referred to the binary Na-H

the ion or the neutral fragment is side scattered by the targ Lcounter. These two peaks actually correspond to the same
The dotted lines well account for the double peaking of the ' P y P

a(x) data(Fig. 7). A more sensitive parameter is the angle orientation of the d|ssomat|on axis J_ust exchanging the Na
B=a— a, (Fig. 4 between the direction of the momentum and the N_é f_ragmen_ts. They dl_strlbutloq becomes closer to
transfer and the actual dissociation axis. Figure 8 shows th& = /2 with increasinge . This behavior could reflect the
correlation(E;,)/sing. The B(E;,) data have been divided dependence of the cross section on the internuclear distance
by sing in order to suppress the effect of the spherical coor{related here td) at which the transition occurs as dis-
dinates, which artificially privileges data @=90° [15].  cussed by Green and Pegk6] for the CID of H,". The

One notices again the strong peaking aroyhd0° and g determination of theé(®) distribution(Fig. 6) at very small
=180° along the momentum transfer axis. It is readily seergcattering angles is rather sensitive to various experimental
that the larger the initial vibrational energy, the better theparameters and this distribution even becomes meaningless
model applies, as it was expected in a model that neglects tha y=0°. In this respect, the strong peaking &t=180°

interaction with the untouched Nacore. should not be considered as significant. However, with in-
. creasingy up to 10° the meaningful double peaking &t
B. Electronic processes =0° and® = 180° shows a preferential in-plane dissociation

The energy loss measurements and the very sially)  for both 1l and Il structures and with both targets. This
values suggest attributing structure 11l to the population ofclearly indicates that some momentum might be simulta-
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FIG. 10. ZZ correlations for(a) He target andb) H, target.

b Abscissa and ordinate are the vertical components of the deflection
of the neutral and the ionic fragments, respectively. Lower panel:
schematicZZ topology for impulsive and electronic mechanisms.

ejected as a neutral fragment, for example, is much more
deflected than the passive fragment, which, however, is
slightly deflected in the same side due to the molecular bind-
ing. The correspondin@Z correlation gives the horizontal
wing of the butterfly, while the vertical wing corresponds to
a hit fragment ejected as an ion. The integration of the scat-
tered intensity shows for the,Harget an increasing impor-

1 tance of the EM and a decrease of the vertical wing showing
up the asymmetry in the IMsee Sec. Il A.

1
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IV. THEORETICAL ANALYSIS

In this section we present a detailed theoretical analysis of

FIG. 9. Contour maps for the(E) correlation for(a He  the Na" + He (Ecy=80 eV) collision system. It is based
target andb) H, target corresponding to electronic processes | andN the so-called nonadiabatic quantum molecular dynamics
Il (x<10°). Notice that for such electronic processesdheE,,)  (NA-QMD) developed recently10]. This theory treats si-
correlation is presented in the NaHe and Na*-H, CM frames, Multaneously and self-consistently classical atomic motion
respectively(see text Same scale of contours as in Fig. 6. and electronic transition@@xcitation, transfer, ionizatigrin
atomic many-body systems by combining classical molecu-
ar dynamics with time-dependent density functional theory.

he general equations of motion as well as approximations
to make the approach applicable to larger systems are dis-
cussed if10]. Technical details of the calculations presented
in this application will be published elsewhdrE9].

Actually, information on the type of dissociation mecha- The aim of the present theoretical analysis is twofold:
nism can be obtained from the correlation between the poskFirst, the comparison of the calculated results with that of
tions of the two fragments, in fact their projection on thefull-kinematic correlation experiments represents a sensitive
vertical axisZ, with respect to the incident beam axig.  test of the NA-QMD theorySeconda NA-QMD analysis
10). The ZZ correlation does not require timing measure-allows one to obtain a detailed microscopic insight into the
ments and thus can be obtained with a continuous beam. @xcitation and dissociation mechanisms by considering also
factor of 100 is thus gained in the beam intensity with re-non—measurable quantities such as time and impact param-
spect to the chopped beam procedure, a feature that is appieier dependence of different processes.
ciated when working with weak cluster beafis,18§. For So, we have performed a systematic event-by-event
the electronic mechanism, the scattering of the CM of theanalysis of the collisions Nd + He by calculating about
molecular ion is negligible: if the ionic fragment is deflected 35 500 trajectories with the NA-QMD covering 71 impact
up, the neutral fragment is deflected down, and converselyparameterst{= vk/2 a.u. withk=0,1, . . .,70) and 500 ini-
This process gives the body of the “butterfly” pattern in the tial conditions, i.e., different orientations of the cluster with
ZZ correlation. In an impulsive mechanism, a hit core,respect to the beam axis for each impact parameter. In addi-

neously transferred during EM for rather close encounter
between the target and one of the'Neores(see Sec. IV,

C. The “ZZ correlation”



57 DETAILED EXPERIMENTAL AND THEORETICAL STUDY ... 1065

1.6 F — nonadiabatic -
------- adiabatic

adiabatic

QMD 12 1

X (deg)

0.8 ‘ ]

b Prag (au.)

04 |

0.0 'f L 1 1 L
nonadiabatic 0 1 2 3 4 5

QMD b (a.u.)

x (deg)

FIG. 12. Calculated fragmentation probabiliBf,, multiplied
by the impact parametéras a function of the impact parameter for
collisions Na* +He (Ecy=80 eV, E;,=0.2 eV). Adiabatic( dot-
ted curve and nonadiabati¢solid curve QMD calculations are
compared. Note that differences between both calculations are re-
stricted to small impact parametdrs<3 a.u.

nonadiabatic . . .
QMD + sis where quantum effects of the atomic motion are taken

into account(lower parj.

The adiabatic QMD reproduces nicely the first maximum
(I) at large deflection angles in the experimental correlation
[see Fig. 8a) ] supporting the upper given interpretation in
terms of the IM leading to these events. In the NA-QMD
analysis a second maximum at small ang}es10° appears,
resulting obviously from dissociation products according to
EM. However, in contrast to the experimental correlation no
breakup into two structuredl and Il in Fig. 3(a)] is ob-
%erved. This has a transparent physical interpretation:
whereas in the NA-QMD the atomic motion is treated clas-
=0.2 eV) in the experimentally measured regiprompare to Fig. Sicglly the occurrence of the two electronic pgaks in the e>'(—
3(a)]. Fromtop to bottom adiabatic QMD, nonadiabatic QMD, and perlm_ent clearly signals that also the atomlc_ dynamics is
nonadiabatic QMD including quantum effects on the atomic mo-guantized. Therefore, a full quantum-mechanical treatment

tion. The lines correspond to the analytical kinematic model for®f the whole system is required. In the present case, how-
E,x=0 eV (lower) andE;,=0.96 eV (uppey. ever, one may easily incorporate quantum effects of the rela-

tive motion as follows: from the time-dependent wave func-

tion, a finite temperature of the clusters in the beam is taketion #(t) of the valence electron one may obtain the
into account by randomly chosen velocities assuming n@ccupation probabilitiesP;(t) =|((t)| )| of different
electronic excitations and an internal energy of 0.2 eV agigenstates with the Born-Oppenheimer “surfaces|(R)
estimated from the experimental conditiogsee Sec. Ill . and the adiabatic wave functiogs (see also Fig. 15 With
The evolution of the dimers has been followed after the colthis probability a potential curvé;(R) can randomly be
lision with the helium targetwith a typical interaction time chosen right after the interaction with the target. The frag-
Teoi~ 10 f9 up to 0.5 ps. Thus the fragmentation dynamicsmentation dynamics can then be followed along this eigen-
can directly be investigated. state. The result of this projection is shown in the bottom

As discussed in Sec. lll, the correlation between the scatpart of Fig. 11. It nicely reproduces the three maxima in the
tering angley and the relative energy of the fragmeiitg,  experimental correlatiofFig. 3a)].
reveals important aspects of the fragmentation mechanism. To gain further insight into the dynamics, the fragmenta-
To analyze the different mechanisms and physical effect§on probability Py.4 has been considered as a function of the
contributing to the experimentally observed correlation weimpact parameter b. It is defined by Pgay(b)
have performed three different kinds of calculations for the= Tyag(b)/Tai(b) with Ty, the number of calculated trajec-
same correlatiofiFig. 11): an adiabatic QMD analysis where tories andTy,, the number of trajectories where the dimer
the fragmentation dynamics is exclusively determined bydissociates. For a fixell this quantity represents an average
momentum transfer because the electrons are treated in theiver the various initial orientations of the dimer. Figure 12
ground stategupper part of Fig. 1, an NA-QMD analysis shows the impact parameter dependencé Bf,,, where
where in addition the electronic mechanism of dissociation isagain NA-QMD calculations are compared with that ob-
consideredmiddle par}, and an extended NA-QMD analy- tained by QMD calculations. The maximum of the adiabatic

projection

x (deg)

FIG. 11. Calculated distribution of fragmentation events as
function of the relative energy of the fragmeris, and the CM
scattering angley for collisions Na*+He (Ecy=80 eV, Eiy
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FIG. 13. Calculated intensityhistogram$ of fragmentation
events as function of the angte for collisions Ng* +He (Ecy
=80 eV, E;=0.2 eV) compared to the experimental results 6 8 10 12 14 16 1|8
(circles for collisions with large scattering angleg>10° (left R (au)
pane) and small oneg<10° (right), respectively.

Prag appears ab~3 a.u., which is just half of the atomic 0.5
distance in Na" of about 6 a.u. Somewhat surprisingly,

electronic transitions increase remarkably the nonadiabatic
(i.e., tota) fragmentation probability for central collisions

only. On one side, this means that electronic excitations lead-
ing to dissociation must be connected with some momentum
transfer. On the other side, these events show up at small

0.4

|, 0.3

anglesy<10°. Therefore, only very specific orientations of 0.2
the dimer with respect to the beam axis can contribute to
these events. In fact, the further combined theoretical and 0.1 F .
experimental analysis will justify this expectation.
To elucidate the role of the momentum transfer the so- 0.0

called® correlation(with ® the angle between the the re-
action and dissociation plane, see Figwall be considered.

In a pure IM of dissociation one would expect a strong cor-
relation between the reaction and dissociation plane resulting)r the lowest levelsE; as a function of the atomic distande

in strong maXima atb~0° (360°) and 180°, i'e'z in-plane Symmetries are distinguished by different line styles. The relevant
fragmentation. In the other extreme case of an ideal EM ofansitions are indicated by bold dashed arrow lines. As the dimers

dissociation no correlation between both planes is expectediprate and electronic transitions can occur at different atomic dis-
Figure 13 shows the experimental and calculated intensity ofinces the excitation energy as well as the relative energy of the
the fragmentation events as a function ®f separated for fragments may vary considerably. Bottom panel: Averaged elec-
collisions with xy>10° and y<10°, respectively. EXperi- ironic transition probabilitie®; (i=o, 3s, o4 3p, m, 3p) as a
mental and theoretical data are found to be in excellenfynction of the impact parametér for collisions Na* +He (Ecy,
agreement in both cases. As expected, for collisions with-go eV, E;,,=0.2 eV). The transition probabilities into the other
large x (IM) one finds a strong preference ®~0° and  states are negligible small. Note the decreas® of 5 for small
180° for x>10°. For small angleg<<10° this preference is impact parameters<1 a.u.
much less pronounced but still observed, clearly demonstrat-
ing that electronic excitations occur in connection with somefragmentation dynamics see belpwransitions into ther,
momentum transfefcentral collisions 3s and gy 3p are less probable and those into higher states
One of the questions of interest concerns the relative COMgre neg||g|b|y small. Comparing now the energy releases
tribution of the individual electronic states leading to the tWog (R~6-7 a.u)— E;(R—x) of the contributing states with
maxima(ll, 1) in the Ee-x diagram. For this purpose the the experimental kinetic energi&s,, of the fragmentgsee
calculated electronic statdg of Na,™ as a function of the Fig. 3(@] one clearly concludes that structure E{~0.7
atomic distanc& are shown in the upper panel of Fig. 14. In ev) is connected with dissociation events originating from
the lower panel of Fig. 14 the impact parameter dependencge o, 3s and o 3p levels whereas structure 11E¢e~0
of the mean electronic excitation probabili®(b) obtained eV) results from the weakly bound, 3p level.
by averagingP;(t—) over all collisions with impact pa- The electronic excitation processes can be further ana-
rameterb is shown. As discussed above, electronic transidyzed by investigating the time dependence of the occupation
tions occur mainly in central collisions<3 a.u. The domi- probability P; . Figure 15 show$;(t) and the energy levels
nating channel is the excitation of thidissociativeé o, 3s E;(t) for the contributing stateésee lower part of Fig. 14
level. An interesting feature of this transition is the decreas@btained from a typical central collision. The energy of the
of P,, 3s for small impact parametets<1 a.u., which is initially occupied ground statE(,g 3s(t) is shown too. The

connected with the symmetry of the statéw effects on the various transitions can directly be assigned to the couplings

FIG. 14. Top panel: Calculated potential energy curves gf'Na



57 DETAILED EXPERIMENTAL AND THEORETICAL STUDY ... 1067

06 | (111) (1) .
—_ y % 2
" 04} i
2
a
0.2 | 5
0 0 30 60 90 120 150 180 © 30 60 90 120 1 180
o (deg) a (deg)
a| O3 N . FIG. 16. Calculated intensityhistogram$ of fragmentation
/ \ events resulting from different electronic states as a function of the
— T ) —/ \“— —————— anglea for collisions Na* +He (Ecy=80 eV, E;,;=0.2 eV) with
@/ 2 x<10° compared to experimental resultircles. The experimen-
< o~ tal data on the right and the left correspond to the structures Il and
0 -—/\— Illin Fig. 3(a), respectively.
_9 , \ , , , “hole” in P, 34(b) atb<<1 a.u.(see Fig. 14 Transitions
-10 -5 0 5 10 between gerade and ungerade states are suppressed for nearly
t (fs) symmetry conserving collisions, i.e., central collisions where

the dimers are oriented orthogonal to the beam axis (
~90°). The opposite is the case for thg 3p and 7, 3p
states, which exhibits maxima at=90°.

FIG. 15. Calculated time evolution of the energy levéls
(bottom and the occupation probabilitié% (top) of the participat-
ing orbitals =0y 3s, o4 3p, 7, 3p) for a typical collision
Na,"+He (Ecy=80 eV, b=0). Note that electronic transitions

correspond to avoided crossings and appear as a multistep process. V. CONCLUSION

In summary, we have presented a combined experimental
and theoretical analysis of CID by applying two novel tech-
niques: kinematic complete correlation experiments and mi-

4 croscopic NA-QMD theory. So, mechanisms of CID in,Na
from the ground state are observed in the3s and m, 3p + He collisions have been elucidated in full detail. The ex-

levels whereas the excitation of; 3p happens indirectly via perimental analysis of the more complicated,Na H, col-

M 3p_. Obviously, this multistep process reguires a NONPETYigion shows that the same mechanisms hold simplifying
turbative treatment of the electronic dynamics.

Finally, details of thedifferent) collision and dissociation considerably the understanding of such a four-body system.

L . . : systematic extension and further applications of the com-
eometry of the individual electronic states will be dlscussecﬁ. . . .
gy consi)éering ther correlation. Figure 16 shows the inten- ined experimental and theoretical analysis to larger systems

sity as a function of the angle for collisions with y<<10°. are in progres19].
Results from measurements and calculations are compared.
Whereas the experimental data are separated for structures Il
and Il in Fig. 3, the calculated intensities are distinguished The experimental groufOrsay is indebted to the Lab-
by the excited electronic state. These intensities have beesratoire Aime Cotton(CNRS, Orsay and the Max Planck
obtained by weighing each trajectory with the probability Institute(Gottingen for technical help with the realization of
Pi(t—=). In the right panel of Fig. 16 one observes a mini- the sodium oven. This work was supported by a E.U. Human
mum for the experiments at=90°. This minimum can be Capital and Mobility Program through the Collision-Induced
understood through the dominating intensity of g 3s  Cluster Dynamics Network under Contract No. CHRX-CT-
state. Its origin is the same as that for the appearance of tH#10643.

(avoided crossingsbetween the states during the collision
(compare upper and lower part of Fig.)1Birect transitions
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