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Abstract

A theoretical study has been carried out of the fragmentation of Naq ions following a collision with He. The collision3
q ! qleaves Na in any of three electronic states, and each of these can fragment into three product channels Na qNa,3 2
q q. qNa qNa and NaqNaqNa . The Na system has a conical intersection and an avoided crossing; these permit2 3

transitions between the different states. Cross-sections for each of the nine fragmentation pathways are presented for three
different values of the initial vibrational excitation of Naq. The cross-sections are very sensitive to this vibrational energy.3
q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

q ! .Recently, the fragmentation of Na 2FnF9 inn
fast collision with He atoms has been studied experi-

w xmentally 1–5 . For ns3 the processes studied were
w x3–5
NaqqHe™NaqqNaqHe channel A! .3 2

NaqqHe™Na qNaqqHe channel B! .3 2

NaqqHe™NaqNaqNaqqHe channel C .! .3

1! .
In general, the experimental internal energy of Naq3
before the collision is unknown, but it is expected to
be a significant fraction of the lowest dissociation

! .energy to channel A of 1.14 eV. Earlier studies of

) Corresponding author. Fax: q1-312-996-0431; E-mail:
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the dissociation of diatomic clusters by rare gases
show that there are two general mechanisms of
energy deposition in the cluster that can lead to

w xfragmentation 1,2,6–9 . The first is rovibrational
! .excitation RVE mechanism of the cluster in its

! .ground bound electronic state. The second is elec-
! .tronic excitation EE mechanism of the cluster to a

repulsive state that rapidly dissociates to two parti-
cles. It will be interesting to determine how useful
these two simple mechanisms will be for large clus-
ters, where the fragmentation process can be compli-
cated by the presence of conical intersections and
avoided crossings between different electronic states
that allow transitions between them.

2. Theory

In this paper we report results from a theoretical
! .study of the processes shown in 1 . The procedure
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allows us to identify the contributions of the RVE
and EE mechanisms as well as surface hops to the
various product channels. The calculations were car-
ried out at three different values of the Naq internal3

! .energy 0.02, 0.5 and 1 eV to see how the mecha-
nism of the process changes with internal energy.
The theoretical procedure is described in detail else-

w xwhere 10,11 and is briefly summarised here. The
three lowest singlet adiabatic potential energy sur-

! . qfaces PESs of Na are computed from Kuntz’s3
w xDIM treatment of this system 12 . We identify the

ground state as state 1, and the first and second
excited states as states 2 and 3, respectively. States 1
and 2 have an avoided crossing in the product region
and states 2 and 3 exhibit a conical intersection in
the equilateral configuration. The couplings between
electronic states of Naq in the presence of He are3
calculated in the DIM formalism, but they also in-
clude Na–He–Na three-centre-interaction terms
w x q10,11 . The Na is prepared with zero rotational3
energy and at a fixed classical vibrational energy
with random phases. Next the He–Naq collision at a3

!relative energy of 263 eV the energy used in the
w x.experiments 3–5 is treated using the classical path

approximation for the He motion with the Na nuclei
! .frozen the sudden approximation . The instanta-

neous potential energy seen by the He is calculated
using the semiclassical energy conserving trajectory

w x qmethod 13 . The He–Na impact parameter and the3
orientation of the cluster plane are chosen randomly.
In most cases the He interacts strongly with only one
Na atom, but multiple hits do occur. After the He
departs, the Naq is left with population in the three3
electronic states, and additional momentum has been
transferred to each Na nuclei. The final step of the

! .calculation is a trajectory surface hopping TSH
study of the fragmentation of Naq with proper treat-3
ment of the conical intersection and avoided crossing
w x14,15 .

3. Results and discussion

Two cuts of the three Naq PESs are shown in3
Figs. 1 and 2. Fig. 1 shows the three diatomic curves

!in the product region with the third Na nucleus at
.infinity . The ground electronic state dissociates adi-

abatically to NaqqNa, and state 2 dissociates to2

Fig. 1. A cut of the three Naq PESs. Shown are the three3
diatomic curves in the product region with the third Na nucleus at
infinity. All three curves dissociate to NaqNaqNaq. The cross-
ing between the two lowest curves is shown as a solid circle. The
short horizontal lines show the three initial energies of the Naq3
cluster ion studied in this work. The corresponding values of Eint

! . q ! .are: a 0.02 eV – the ground vibrational state of Na , b 0.5 eV,3
! .c 1 eV.

Na qNaq. By comparison, state 3 is repulsive in2
all configurations and dissociates adiabatically to

! q.three particles NaqNaqNa . It is possible for a
collision with He to transfer insufficient momentum
to Naq in its ground electronic state so that no3

!fragmentation occurs. These collisions are not con-
.sidered further. Energy considerations show, how-

ever, that electronic excitation to either state 2 or 3
must result in fragmentation, even if the system
subsequently hops to the ground electronic state. The
diabatic crossing between states 1 and 2 is clearly
seen in Fig. 1. The ground state of NaqqNa lies2
about 0.24 eV below the Na qNaq product, and it2

! q.is seen that any Na qNa fragment with at least2
0.04 eV vibrational energy can reach the diabatic
crossing point. Of course, when the third nucleus
comes to a finite distance from the other two the
crossing becomes avoided.
Fig. 2 shows the PESs in a T-shape where one

! .bond length r is fixed, and the Na on the perpen-
dicular bisector is free to move. R is the distance of
the third atom from the centre of mass of the fixed
dimer. The conical intersection between the two
upper states in the equilateral cluster shape is shown,
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Fig. 2. A cut of the three Naq PESs for a T-shaped cluster with r3
! q .fixed at 6.78 a.u. the equilibrium internuclear distance of Na3

and R free to vary. The conical intersection of the two excited
states is shown as a solid circle. The three grey arrows show
vertical excitation from the equilateral potential minimum of Naq3
! . ! .a , and from the outer turning points for R with 0.5 eV b and

! .1.0 eV c vibrational energy.

and it is also seen that as the Na nucleus moves
away from the other two the energy of state 2 drops
and the ground state energy rises. Because electronic
excitation is more facile when two surfaces are close
together, we expect that vibrational excitation of the
reactant Naq will lead to more population of state 23
in the collision with He.
Any collision with He that leads to fragmentation

of Naq can be uniquely assigned to a particular3
pathway by specifying the intermediate electronic

q ! .state of Na 1, 2 or 3 and the final product channel3
! .A, B or C . We can then present any results calcu-
lated for the nine pathways in a 3=3 fragmentation
matrix. As discussed earlier the RVE and EE mecha-
nisms are useful ways to describe the fragmentation
of diatomic ionic clusters. After excitation by He the

! q.diatomic for example, Na dissociates adiabati-2
w x qcally 6,7,9 . A number of the Na pathways follow3

a similar pattern where rovibrational or electronic
excitation of the cluster by He is followed by adia-
batic fragmentation. For RVE these pathways are A1
and C1, and for EE they are B2, C2 and C3. A
transition between two electronic states after the
collision with He but before fragmentation occurs
means that the fragmentation is not adiabatic. Such a
postcollisional transition leads to a mixing of the two
mechanisms. For example, for pathway A2 the He

electronically excites Naq to state 2, but the trajec-3
tory then hops to the ground electronic state before
the fragmentation is completed. In this case all the
electronic energy is converted into rovibrational en-
ergy of Naq, and we argue that in this case both3
mechanisms contribute to the fragmentation. This

! .‘mixed’ mechanism for pathway A2 and also A3 is
analogous to dissociative photo-ionisation of a large
molecule where the initial ionisation process pro-
duces the molecular ion in an excited electronic
state. The molecular ion then quickly undergoes an
internal conversion to the ground electronic state,
converting electronic energy to rovibrational energy,
and then dissociates. Pathway B1 also arises from a
‘mixed’ process. In this case some of the rovibra-
tional energy imparted to state 1 is converted to
electronic energy when the trajectory hops to the
state 2 before fragmentation occur. Finally, pathway
B3 also involves a transition between states 2 and 3,
but because both are excited states, the transition
does not change the EE nature of the process. The
assignment of each of the nine pathways to the RVE,
EE or MIXED mechanisms is summarised in Table
1. We conclude that the RVE and EE mechanisms

! .are still useful ways to catalog most but not all
fragmentation processes in Naq, but in larger sys-3
tems where surface hops will be more prevalent this
division will probably break down completely. Use
of the fragmentation matrix implies that there is at
most one hop between surfaces during the fragmen-

!tation process. Pathway A3, however, requires two
.hops. In fact, multiple hops do occur, but they are

rare.
The total cross-sections for each pathway are

shown in Table 1 for three values of the initial
internal energy E of the Naq. The cross-sectionsint 3
summed over electronic states are given in the final
column, and the results summed over product chan-

! .nels for producing the electronic states are given in
the final row. The most striking feature of the table
is the fact that the total cross-sections to produce
electronic states 2 and 3 are always much smaller
than for producing state 1. This attests to the impor-
tance of RVE in this system. Pathway A1 has in all
cases the largest cross-section. All three electronic
states make an important contribution to channel C,
with the major contribution coming from RVE of
state 1.
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Table 1
Fragmentation matrix
The columns labelled 1, 2 and 3 indicate the electronic states immediately after the He–Naq collision, and the rows labelled A, B and C3

˚2denote the three possible product channels. Each numerical entry is a total cross section in A . Results for E s0.02, 0.5 and 1.0 eV areint
! . ! . ! .identified by a , b and c , respectively. The final column gives the cross-section for each row summed over states 1, 2 and 3; this is the

total product cross-section for each channel. Similarly, the final row gives the cross-sections for each column summed over channels A, B
and C; these are the total cross-sections for populating states 1, 2 and 3 in the collision with He. Each pathway, identified by electronic state

! .and product channel, has been assigned to a particular fragmentation mechanism see text for explanation .
q ! .Product channel E Electronic state after He–Na collision Total values observablesint 3

1 2 3

RVE MIXED MIXED
q ! .A: Na qNa a 4.86 0.08 0.02 4.962

! .b 5.60 0.14 0.00 5.74
! .c 8.05 1.28 0.00 9.33

MIXED EE EE
q ! .B: Na qNa a 0.04 0.15 0.03 0.222

! .b 0.45 0.17 0.01 0.63
! .c 0.65 0.94 0.00 1.59

RVE EE EE
q ! .C: NaqNaqNa a 0.40 0.10 0.14 0.64

! .b 0.48 0.10 0.11 0.69
! .c 0.84 0.30 0.19 1.33

! . ! .Total: AqBqC a 5.30 0.33 0.19 5.82
! .b 6.53 0.41 0.12 7.06
! .c 9.54 2.52 0.19 12.25

Table 1 also shows that the cross-section for
producing state 3 is always less than for state 2. In
the limiting case of E s0 the Naq configuration isint 3
equilateral, the excited states are degenerate, and
vertical excitation should make an equal amount of

! .states 2 and 3 at the conical intersection see Fig. 2 .
! .We have confirmed this in a separate calculation. It
is therefore remarkable that when E s0.02 eV theint
cross-section for state 2 is 75% larger then for state

! .3. This is due to the conjunction of two effects: i
the flatness of the ground state PES, which allows
the system to be significantly non-equilateral with a

! .small amount of energy; and ii to the large differ-
ence in slopes of surfaces 2 and 3 near the equilat-

! .eral shape see Fig. 2 , which is responsible for a
strong sensitivity of the electronic transitions to the
cluster geometry and favors state 2. The calculations
at all three values of E show that there are transi-int
tions between states 2 and 3 during the fragmenta-
tion process, but in almost all cases the products are

! .fully dissociated into atoms channel C . Thus, tran-
sitions near the conical intersection have little effect
on the product cross-sections. This fact, coupled with
the small cross-section for producing state 3, ex-

plains why the cross-sections for pathways A3 and
B3 are so small.
Hops between states 1 and 2 at the avoided

crossing shown in Fig. 1 affect the 2=2 part of the
fragmentation matrix composed from states 1 and 2
and channels A and B. This part is relevant when
either of the two electronic states are produced but
with insufficient energy to dissociate to three atoms.
We see that when state 2 is produced, at least 24% of
all trajectories undergo a transition to state 1 at the

! .avoided crossing see Fig. 1 and emerge in channel
A. By comparison less than 7% of trajectories pro-
duced in state 1 undergo a transition to state 2 and
appear in channel B. This is not surprising because
channel A is less endothermic than channel B, so
statistical considerations favour channel A. In addi-
tion, most Na diatomics produced in state 2 can2

! .reach the avoided crossing see Fig. 1 and hop to
channel A. We conclude that non-adiabatic transi-
tions between states 1 and 2 are facile and important
to the final state distributions.
The dependence of the various cross-sections on

the initial internal energy E in Table 1 is quiteint
interesting. For all three values of E the cross-sec-int
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!tions for producing state 3 and the three pathways
.that originate in state 3 are very small and do not

increase with E . This can be understood from Fig.int
2, which shows that the PES for state 3 is flat in the
Franck–Condon region, and the excitation energy is
always large. For state 2 increasing E from 0.02 toint
0.5 eV leads to only a small increase in the cross-
sections that arise from state 2, even though Fig. 2
shows that the excitation energy to state 2 is consid-
erably smaller. A further increase to E s1 eVint
greatly increases the cross-sections for all three path-
ways that originate in state 2. This is due in part to
the very small electronic energy gap between states 1

! .and 2 at the outer turning point see Fig. 2 . We have
also determined that the magnitude of the coupling
between the ground and first excited state, which is
primarily due to the three-centre-interaction, greatly
increases when the molecular configuration changes
from equilateral to an elongated T-shape with R;11
a.u. This also plays a role in increasing the produc-
tion of state 2 when the Naq is vibrationally excited.3
For the ground electronic state the main effect of

increasing E is to lower the effective dissociationint
energy from 1.12 to 0.64 to 0.14 eV as E increasesint
from 0.02 to 0.5 and 1 eV. The increasing cross-sec-

! .tions for pathways A1 and C1 RVE mechanism are
consistent with this analysis. The most remarkable
result in Table 1 is the dramatic jump in the cross-
section for the mixed pathway B1 when E increaseint
from 0.02 to 0.5 eV. Our analysis of individual
trajectories shows that pathways A1 and B1 arise
predominantly from a hard binary collision of He
with a single sodium nucleus that is rapidly ejected
leaving behind an Naq dimer. Fig. 1 shows that if2
the Naq has at least 0.27 eV vibrational energy it2
can reach the avoided crossing and possibly hop to

q !state 2 producing Na qNa . This hop must occur2
before the third Na atom has moved too far away for

.the electron transfer to occur. The fact that the
cross-section for pathway B1 is so small at E sint
0.02 eV indicates that the direct binary collision with
the He does not produce much vibrational energy in
the Naq dimer product. However, when E s0.52 int
or 1.0 eV all of the modes of Naq are excited even3
before the He collision, and it is not surprising that a
substantial fraction of the Naq products have vibra-2
tional energies of 0.27 eV or higher and can reach
channel B.

One can note that at the lowest value of E theint
cross-section for pathway C1 greatly exceeds that for
B1, even though the endothermicity is 0.75 eV
greater. This surprising fact implies that the mecha-
nisms for two and three body fragmentation must be
different. Indeed, at the lowest internal energy con-
sidered here, the RVE three body fragmentation
occurs after two successive collisions. The first one,
just as in the A1 case, is a hard binary collision of
He with a single Na nucleus; the second one is a
Na–NaX collision. In principle, this ‘sequential’
mechanism could also give products in channel B,
but our inspection of trajectories shows that this is
rare.
Experiments can only determine the total cross-

sections for producing channels A, B, and C; these
are summarised in the final column of Table 1. We
see that in going from E s0.02 to 0.50 eV onlyint
the cross-section for channel B increases substan-
tially. Raising E further to 1 eV then gives largeint
increases in all three product channels, but again the
relative increase is largest for channel B. This is due
primarily to the large increase in the excitation
cross-section for electronic state 2, which fragments
extensively to channel B. The strong dependence on
E of channel B coupled with the weaker depen-int
dences for channels A and C suggests that the ratio

w ! . ! .x w ! . ! .xof cross-sections Q B rQ A or Q B rQ C might
serve as a ‘thermometer’ for estimating the average
internal energy of the Naq reactant cluster ions3
produced in a particular experimental ion source.
In summary, we have seen that the fragmentation

of Naq by fast He atoms into different pathways is3
very sensitive to the initial vibrational excitation of
the cluster, particularly when E is close to theint
lowest dissociation energy. This occurs because vi-
brational excitation both lowers the effective dissoci-
ation energy and makes electronic excitation of state
2 of Naq more likely. The results suggest that the3
temperature dependence of the fragmentation cross-
sections might make a useful experimental ‘ther-
mometer’ for the reactant clusters. The avoided
crossing in the product region between states 1 and 2
plays a significant role in reducing the cross-section
to make channel B, but the conical intersection
between states 2 and 3 has little effect on the product
distributions. The RVE and EE mechanisms remain
useful concepts to characterise the fragmentation
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processes, but the fact that several pathways involve
both mechanisms limits their applicability. Finally,
the method used here is general and can be extended
to larger Naq systems.n
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