
Vo&UME 47, +UMBER $ PHYSICAL REVIEW LETTERS 20 JULY 1/81

Evidence for Coulomb Explosion of Doubly Charged Microclusters

K. Sattler, J. Muhlbach, O. Echt, P. Pfau, and E. Becknagel
Fakultat fur Pkysik, Universitat Konstanz, D 7750-Konstanz, Vilest Germany

(Received 26 March 1981)

Mass spectra of Pb, NaI, and Xe microclusters show that below a critical number of
atoms per cluster, n**, doubly charged particles are not stable. These numbers are
30 for Pb„, 20 for {NaI)„and 52 for Xe„. The two positive charges generated at one
atom by electron bombardment are likely to move to opposite sides of the cluster which
then explodes into singly charged fragments as long as the Coulomb repulsion energy is
greater than the binding energy.

PACS numbers: 34.90.+q, 35.20.Qs

Most doubly ionized molecules are not stable
because the Coulomb repulsion energy between the
two positive holes exceeds the molecular bind-
ing energy. Only a few highly bound covalent
molecules have been found, for example (HCl)'',
(HBr)", (HI)", (N,)", (0,)", (NO)", (CO)",
(CO,)'', and (NH, )'', ' whose lifetimes may depend
on the ionization method (low-energy electron im-
pact or x ray a-bsorption). ' Energy distribution
and kinetics of the dissociation products after a
Coulomb explosion have been determined by
mass spectrometry considering the ionization
cross section in the threshold region' and by col-
lision experiments of fast molecular ions with
solid targets or molecules. '

We report the first evidence for Coulomb ex-
plosion of microclusters. Only if the particle
size exceeds a critical value, doubly charged
clusters are stable. This is found for particles
with different kinds of bonding: metal clusters
(Pb„), ionic clusters [(Nal)„], and van der Waals
clusters (Xe„).

The condensation occurs by cooling and super-
saturation of an atomic gas or vapor. The me-
tallic and ionic particles are generated by inert
gas condensation' whereby thermal energy is
transferred to a cold inert gas. Growth to xenon
particles is achieved by expanding the gas under
high pressure through a nozzle into vacuum. '
The mass analysis i.s performed by electronic
time-of-flight spectrometry, including electron
impact ionization. '

For an ionizing energy of E, = 70 eV we mea-
sured the cross-section ratio for double to sin-
gle ionization of Pb atoms to be n» =12%. A

cluster can be doubly charged by removal of two
electrons from a single atom or from two differ-
ent atoms. In the first case we would expect the
same n as for the free atom because the energy
of the ionizing electrons is high compared to the
threshold energy. The existence of the secono

process would even enlarge the effective 6.
Each mass peak M„' of single ionized clusters
therefore should be accompanied by a corre-
sponding M„'+ peak.

In the mass spectrometer these doubly charged
clusters M„"are expected at an apparent mass
&M„. Pb»" for example should appear between
Pb, 'and Pb, ', for E,.= 70 eV with an abundance
compared to Pb»' of at least 12/o.

Figure l(a), however, shows that the low-
mass range of the Pb spectrum is free of Pb„"
peaks. Only if n exceeds a critical value n»**
=30, doubly charged Pb clusters are detected.

The cross section for double ionization de-
creases considerably if E, is lowered to values
near the threshold energy. For E,. =35 eV we
measured n»= 2%. Consequently all Pb„"peaks
have disappeared from the mass spectrum (Fig.
1(b)l

The absence of doubly charged particles below
n & 30 may have two reasons:

(i) Dissociation into Pb" atoms and neutral
clusters Pb„,. This case can be excluded be-
cause the measured Pb" intensity is too low
(& 6/o compared to the Pb+ intensity).

(ii) The two positive holes, originally localized
at gne single atom, begin to oscillate along the
surface region and come to rest at opposite sides
of the particle after having dissipated their mo-
tional energy. The relaxation time of the defect
electrons is expected to be small compared to
the time for the atomic rearrangement. If the
repulsive Coulomb energy Ez of the two separat-
ed holes exceeds the binding energy of the clus-
ter atoms, E~, the particle breaks to singly
charged pieces. Only if the diameter of the clus-
ter exceeds a critical value, the condition Ec &E~
is fulfilled and doubly charged clusters are stable.

For a 30-atom Pb particle the repulsive energy
of two point charges in 12 A distance (assumed
diameter of Pb, o, calculated from bulk data) is
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matter with different binding character which sug-
gests a similar behavior with regard to propaga-
tion and relaxation of defect charges as well as
to the subsequent explosion.
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Exact Closed-Form Solution of the Generalized Debye-Smoluchoeski Equation
M. R. Flannery

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332
(Received 9 April 1981)

The first exact solution of the time-dependent Debye-Smoluchowski equation for dif-
fusional drift under a general interaction in the presence of a reactive sink is presented.
Associated time-dependent rates of chemical reactions in a dense gas are formulated
and display the basic physical transition from reaction control to transport control as
time progresses for a system initially in Boltzmann equilibrium.

PACS numbers: 34.10.+x, 51.10.+y, 82.30.-b, 87.15.-v

The number density n (R, t) at time t of some
species A (e.g. , negative ions) drifting under
interaction V(R) across a, sphere of radius R
towards a central species B (positive ion) in a
gas Z (or liquid) under the action of a reactive
spherical sink of extent S from B is governed by
the generalized Debye-Smoluchowski equation,

dn (R, t) sn (R, t) R 2 8 (R2.(R t))dt ~t ~A

= r, n-(R, t)e(R —S).

Here I; is the speed of reaction (via ion-pair-
gas collisions) for ions after being brought to S

by the net inward diffusional-drift current,

j(R, t) =D exp —n(R, t) exp
-V V

in terms of the diffusion coefficient D (cm' s ')
f'or relative diff'usion of A and B in Z.

The number density N; of all ion pairs AB with
internal separation R =S then decays at a rate,

4~R'N'n (R, t)dRdN, . d
dt dt

4nFs,2n (S, t)N'= o(t)N'N
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