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Energetics and dynamics of Coulombic fission of small doubly charged potassium clusters subsequent
to the ionization of singly charged ones are investigated experimentally and theoretically. Fission is
shown to occur predominantly via K, **-— K,~3*+K3* for 5<n =<12. The close correspondence be-
tween the measured and the calculated kinetic energy release accompanying the fission process allows a
deeper understanding of the dynamics and energy redistribution mechanisms in fission of metallic clus-

ters.

PACS numbers: 36.40.+d, 71.10.+x

Fragmentation and fission processes underlie physical
and chemical phenomena in a variety of systems, charac-
terized by a wide spectrum of energies, time scales, and
nature of interactions. Recent advances in experimental
and theoretical methodologies allow accurate investiga-
tions of size-evolutionary patterns of energetics and dy-
namics pertaining to fission phenomena in charged clus-
ters [1,2].

Doubly charged clusters M, ** are observable in mass
spectra if they exceed a critical size of stability n.** [3].
For clusters with n > n. ** evaporation of neutral species
is the preferential dissociation channel, while below this
size fission into two singly charged fragments dominates
[1). Nevertheless at low enough temperature such M, **
(n<n.**) clusters can be metastable above a certain
size np ¥+ because of the existence of a fission barrier E,.
As we show below, such a behavior develops for K, **
with n=n,** (np ¥ T =7). For cluster sizes smaller
than n, T the clusters are unstable for all temperatures.

In contrast to previous experiments where only the uni-
molecular fission channels were observed [1] the current
ones allow one to focus on small enough K,** clusters
(5=<n=<12) where fission barriers are nonexistent (for
n<7) or are small (for n=7). These first measure-
ments of the kinetic energy release as well as the relative
intensities of the different fission channels show evidence
of a preferential fission channel even for hot barrierless
clusters in agreement with the theoretical predictions [2].

The experimental arrangement is similar to that used
in our previous work on photoinduced dissociation of K, +
[4]. We use a mass-selected cluster-ion packet from a
tandem time of flight. This packet interacts either with
an excimer laser (hv=6.42 eV) or a Nd YAG laser
(hv=4.67 eV) in a decelerating accelerating region.
Both parents and photon induced products are spatially
dispersed in the second part of the drift tube before imp-
inging on an electron multiplier.

For a given cluster ion K, interacting with a photon
at an energy below its ionization potential only photoin-
duced dissociation is observed. As was shown previously
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[4] the laser field induces an excitation of the valence
electrons which relaxes very rapidly into vibrations giving
rise to sequential unimolecular dissociation. At a photon
energy above the ionization threshold, two processes com-
pete: (1) electronic excitation of K,* leading to vibra-
tional excitation, i.e., K, ¥ — (K, ¥)* and (2) ionization,
K,* — K,*T+e . Channel (1) leads to sequential uni-
molecular dissociation for all cluster sizes. For small
sizes channel (2) generates unstable doubly charged clus-
ters which fission into two singly charged fragments
Ke ¥t — Kuem T +Kn ™.

The kinetic energy release, ¢,, for the Coulombic
fission process induces a recoil velocity of the fragments
which is measured by time dispersion in the second time
of flight. Our experimental arrangement allows us to
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FIG. 1. Two fragmentation mass spectra of K;* after laser
interaction, for photon energies below (hv=4.67 eV) and above
(hv=6.42 eV) the ionization threshold of K;*. At hv=6.42
eV superimposed on the evaporation pattern of hot K% the
fission channels of K7** are observed. Note that the kinetic
energy release leads to a well defined splitting of the peak. The
indicated voltages allow time dispersion in the time-of-flight
analysis mass spectrometer; values between 800 and 1500 V
were used.

0031-9007/94/72(11)/1636(4)$06.00

© 1994 The American Physical Society



VOLUME 72, NUMBER 11

PHYSICAL REVIEW LETTERS

14 MARCH 1994

measure a well defined kinetic energy release, ¢, of each
fission fragment from the splitting of its peak in the mass
spectrum. Figure 1 shows two fragmentation mass spec-
tra of K;** for two different photon energies. It is clear-
ly seen that the fission process of K; %1 leads to two ob-
servable fission channels, Ks*+K;* and Ks*+K,*.
The total ¢, during the fission process is given by
€ =¢€7,+ ¢, with €7, /es,=my,/my, obeyed within 10%.

Our measurements of the total energy release ¢, for the
observable Coulombic fission channels are given in Table
1. Fission of Kjp*™ was not measured because Kjo* 7 is
missing in the mass spectra. The average over several
series of measurements leads to an uncertainty in ¢, of
+0.15 eV. We noted that among the possible fission
channels for a doubly charged cluster parent, the larger
the kinetic energy release, the higher the fragment peak
intensity, indicating that the fission probability and kinet-
ic energy release are connected. However, considerations
of postfission evaporation processes have been included, in
particular for the large clusters n = 9.

We first observe [2] that in all studied cases, even for
hot barrierless K,**, the favored channel is K,—37
+K3* (note that K3 % is the first shell closing for ionized
metal clusters). This behavior, which differs from the
one commonly observed in nuclear physics for which hot
nuclei with 3kT > E, (where E, is the fission barrier)
lead to multifragmentation process [5], reflects dif-
ferences between the nature of interactions, binding, and
instabilities which may occur in these systems. The
second best fission channel is in favor of a symmetrical
(or close to) fission. This is specifically so for Kg**
which leads to K4+ +K,;% with the same energy release
as the K3+ +Ks* channel.

Investigations of energetics, structure, and dynamics of
the fission processes were performed using a method con-
sisting of electronic structure calculations of the ground-
state Born-Oppenheimer (BO) potential energy surface
via self-consistent solution of the local-spin-density
(LSD) functional Kohn-Sham (KS) equations (employ-
ing nonlocal pseudopotentials [6]), coupled with classical
molecular dynamics (MD) of the ions (see description of
the BO-LSD-MD method in [7]). Calculations using lo-
cal exchange-correlation (XC) functional and XC gra-
dient corrections (XCG) have been performed [7]. A
cutoff of the plane-wave kinetic energy of 3.85 Ry was
used.

Optimal configurations of the clusters (K,, K, *. and
K,**, 2<n=<12) were determined via steepest descent
and dynamical simulated annealing methods. Energetics
of fission channels (A} ¥, corresponding to the energy
change of K,**— K,—, T +K, ¥, ic., the energy dif-
ference between the final and the initial state) and dis-
sociation energies (A;" corresponding to K,*— K,—;*
+K;, j=1,2), calculated with XCG corrections, are
given in Table I. The predominant fission channel is
K,**— K,._3++K3+, containing a “magic” daughter
K3* [2], even in cases such as n=10, where a larger
“magic” daughter cluster can occur (that is Kjo*%
— Kot +K™, with Ko* containing an 8 electron closed
shell. The theoretically calculated and experimentally
measured [8] dissociation energies (At,AF) are in excel-
lent agreement. For a given cluster the most favorable
experimentally observed fission channel corresponds to
the final state having the lowest energy (that is lowest
calculated A} *). Furthermore, the observed ordering be-
tween favorable fission channels and that obtained from

TABLE 1. Measured and calculated energetics (in eV) for K,**. For a given n, €, corre-
sponds to the measured kinetic energy release for the observable fission channel K,*+
— Ka-m*+Km*, and the calculated (LSD-XCG) final-initial energy balance for the various
channels are given by A+* (for simulated €3 values see Fig. 3). Calculated and experimental
[8] dissociation energies are denoted by A and A7

n
5 6 7 8 9 10 11 12

€ 1.35 1.10 0.85 0.45
€ 1.45 1.15 0.9 0.8 0.70 0.80
€ 0.9 0.75 0.40 0.40
€s 0.50 0.35
€6 0.40
—-Att 1.27 0.97 0.87 0.83 0.675 0.51 0.49 0.16
—-Att 1.59 1.04 1.12 0.75 0.85 0.45 0.85 0.35
—Aft 1.57 1.41 1.21 0.97 0.85 1.01 0.92
—-AFt 0.975 0.93 0.46 0.87 0.55
—Aft 0.63 0.72 0.66
—Adt 0.34
Af 0.72 0.54 0.87 0.61 0.84 0.43 0.60 0.57
Expt. 0.67 0.53 0.76 0.58 0.89 0.51 0.57 0.56
At 0.66 0.73 0.88 0.95 0.92 0.75 0.51 0.65
Expt. 0.60 0.69 0.77 0.83 0.94 0.89 0.55 0.61
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the calculations (i.e., relative magnitudes of AL for a
given cluster) are in agreement.

To gain further insight, simulations of the dynamics of
the fission processes have been performed. First, using
constrained energy minimization (employing the local
XC functional) with the center-of-mass distance Rcm.-c.m.
between the fragments specified, fission barrier heights
and shapes were determined [see £, for K™% in Fig.
2(a)]. For the energetically favorable channel (i.e.,
Kn—3t+K;37) fission barriers (E£>) exist for n > 6 and
their magnitudes are 0.08, 0.14, 0.31, 0.495, 0.25, and 0.2
eV for n=7 to n=12, respectively. We note the high
barrier for fission of K,o'H' reflecting the 8¢ ~ closed
shell (“‘magic number™) structure of the cluster. The
barriers for other fission channels are of larger magni-
tudes than those corresponding to the m =3 channel; e.g.,
the barriers, E5" for fission leading to K,—;*+K™ for
n=7 and 8 are 0.38 and 0.31 eV, respectively.

Ep (eV)

R (bohr)

cm-cm

time (ps)

FIG. 2. (a) Potential energy (E,) of Kia** versus Rem cm.
obtained via constrained minimization. The origin of the E,
scale is set at the optimal prebarrier configuration (4). For
large Rem.-em, Ep=—0.9 eV, ic., A3t *. Included also are clus-
ter configurations of Ki;** corresponding to a compact isomer
(A') (the energy of the optimal compact isomer found is denot-
ed by an arrow), the optimal bound configuration (4), and the
structure on top of the exit-channel barrier for which contours
of the total electronic charge density, p, are shown. (b) Time
evolution of Rcm.-cm., the internal vibrational kinetic energies of
the fragments (K% and Ki%) and the sum of the fragments’
translational kinetic energies (Kcm) obtained via a BO-LSD-
MD simulation starting from ionization (+=0) of a K% clus-
ter at 500 K. A line is drawn in K{® (for 1 = 3 ps) to guide the
eye.
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Of particular interest are the barrier shapes along the
fission coordinate (Rcm..c.m.), €xhibiting double (or multi-
ple) humps [see Fig. 2(a)l. Underlying such barrier
shapes, discussed earlier in the context of nuclear fission
[9] and more recently for metal clusters [2], are lifting of
degeneracies of the electronic energy levels due to the
structural deformations and shape distortions accom-
panying the fission process [2,9].

To address issues pertaining to dynamics of the fission
process, we have performed BO-LSD-MD simulations
(using the local XC functional) starting (for each size)
from few configurations of a K, * cluster equilibrated at
the desired temperature (simulations for both 7=250
and 500 K were performed). Given a selected state of
K, " an electron occupying the highest occupied KS or-
bital was removed (corresponding to ionization) and the
resulting K, ¥ cluster was allowed to evolve until the
distance between the fission fragments was large enough
(Rem.-em. =50 a.u.) so that the residual interfragment
interaction can be attributed solely to -electrostatic
Coulomb repulsion. We note that in all simulations
where the initial K,* was ionized to yield a low-spin
configuration of the K, ¥ cluster fission into the energet-
ically favorable channel (p=3) occurred for all sizes
[10]. Results are shown in Fig. 2(b) for the fission of
Kiat*— Kot +K;3*, starting from K;;* at 500 K, in
correspondence with the experimental conditions [8].

The case of K% 7 is particularly interesting since the
energetically favorable fission channel consists of two
magic number daughters (Kot and K3*). As seen from
Fig. 2(a) the lowest energy local-minimum structure of
KTt is highly deformed with the eventual fission prod-
ucts recognized already in the prebarrier stage (4). This
highly deformed state is separated by a barrier from
higher-energy isomers (A4') which possess compact struc-
tures close to that of the K;,* cluster. In contrast, all
other K,*™* clusters (6 <n <12) are characterized by
compact structures of the optimal prebarrier states. For
these clusters higher-energy deformed bound-state iso-
mers are located “on top” of the barrier (as local mini-
ma) separated from the exit channel by a potential ener-
gy “hump” [2].

The dynamical evolution of the system is shown in Fig.
2(b). The system starts from a high-energy compact iso-
mer of K2+t reached by the ionization event and its
evolution toward the optimal distorted structure [local
minimum A in Fig. 2(a)] for ¢t < 3 ps is accompanied by
a gradual increase in R¢m cm., a decrease in the potential
energy of the system, vibrational cooling of the cluster
(most noticeable in Ki%), and transfer of energy into the
interfragment degree of freedom (K¢pn). Climbing the
potential barrier leading to separation of the fission prod-
ucts [3=<7=<3.7 ps, in Fig. 2(b)] is accompanied by
cooling of the interfragment translational motion (Kem).
Subsequent separation of the fragments [see Rcm cm. in
Fig. 2(b) for t= 3.7 ps] in the exit channel accelerates
the fragments’ motion as portrayed by a steep increase of
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FIG. 3. Kinetic energy release, €, for K,**— K,-3*
+K3*. Experimental values are shown with vertical error bars
and results obtained via dynamical simulations are denoted by
*. For the “magic” Kio** cluster only the calculated e, is
shown.

Kcm. (in the limit of large separation ¢, =K ;). During
the separation process the kinetic energies of the internal
degrees of freedom of the fragments increase, resulting in
vibrational heating of the fission products in the exit
channel (see in particular Ki%). Consequently, the fission
products emerge vibrationally hot, which correlates with
experimentally observed postfission evaporation events.
In such cases, for K, ¥+ with n=9,11,12, odd-even alter-
nation is observed in the measured fragmentation pattern.
Hence except for the most asymmetrical fission channel
K3*+K,—37 the kinetic energy release is measured less
accurately.

The experimentally determined values and those ob-
tained from dynamical simulations of the kinetic energy
release in the channel K, "t — K,—3t+K3* for 5=<n
=12 shown in Fig. 3 are in close correspondence. We
remark that for K, ¥ clusters with n < 8 the kinetic en-
ergy release values obtained in simulations with 7' =250
K of the initial K, * clusters were lower than those deter-
mined for 7 =500 K.

In a dynamical simulation, once the fragments are dis-
tinguishable (prebarrier or on top of the fission barrier),
the finite-temperature total energy can be expressed as
Ew(t)=Ep(Rem.-cm. (1)) +Kem () +€(t), where E, is
the T=0 energy corresponding to optimal configurations
determined for interfragment separations Rcm .cm. [see
Fig. 2(a)] and €(r) =6¢,(t) +K™™(¢) is the sum of the
finite-temperature potential and internal kinetic energy
contributions. We observed that on top of the exit barrier
(t=1,)8€,(t,) > K'™(15); additionally after separation
(t=1) we found that K¢ (t)=¢6,=—AF Y +E, (see
Fig. 3 [11]), and K¢m (1) > K m (t5). Moreover, from

our simulations K™ (t) > K™(1,) which, together with
the above observations, leads us to conclude that the ob-
served heating of the products in the exit channel origi-
nates from dynamical redistribution of e, i.e., conversion
of the excess potential [5e,(15) > 8¢,(t)] into internal
energy rather than into the release kinetic energy K¢ m.

Finally, these investigations suggest further studies in-
cluding spectroscopy of long-lived metastable fission iso-
mers (we note that in our simulations of the larger clus-
ters n> 8 for T7=250 K fission times up to 10% ps were
observed) and effects due to spin states [10].
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