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Coulomb explosion of deuterium cationic clusters
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The recent experiments of Zweibaekal. on deuterium clusters irradiated with intense laser beams yielded
D-D fusion. This has motivated us to carry out quantum-chemical calculations on a number of deuterium
clusters, both neutral and cationic. For doubly charged clusters, in particgq%T Dand plainly for more
highly charged assemblies, Coulomb explosion of the cluster is in evidence. The quantum-chemical results we
present strongly suggest that fragmentation occurs with small groups of deuterium atoms breaking away from
the main cluster, such as to leave both small and large fragments with a net charge not ext¢éefding
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[. INTRODUCTION finite system, which was identified as a transition from a
bound cluster to the gas phase.

Hydrogen clusters are a typical example of molecular Another interesting experiment involves large deuterium
clusters, responding to the formula . The binding en-  clusters, with radii of 25 A or morg10]. Irradiating a mo-
ergy of the two hydrogen atoms in a molecule is high, 4.8 eVlecular beam of those large clusters with an intense pulsed
On the other hand, the binding between the different molfemtosecond laser produces a very large ionization of the
ecules in the cluster is very weak. Detecting and analyzinglusters, which lose most of their electrons. A Coulomb ex-
cluster sizes in a typical mass spectrometric experiment replosion of the nuclear skeleton then occurs, and the colli-
quires the ionization of the clustefd]. lonization of the sions between nuclei flying out from different clusténsth
clusters is a local process affecting a molecule, which ikinetic energies of several tens of Keyleld D-D fusion, as
usually followed by the reaction with another molecule of observed by the emitted neutrons.

the cluster; in our case Motivated by those experiments we have studied the sta-
bility of medium-sized clusters, in particular,D , against
H,"+H,—H;"+H (1)  additional ionization. We find that the clusters fragment due

to the strong Coulombic repulsion between the unbalanced
charges. The fragmentation is very asymmetrical and it is

leading to a charged trimer f. The neutral H atom is characterized by the emission of Ddimers.

ejected(and perhaps some neutra} Fholecules alspleav-
ing an odd number of atoms in a positively charged cluster,
finally arriving at the formula " (H,),, characteristic of
the singly charged clustef2]. The structure of those clus-
ters, mainly for smalln, has been studied by density- GEOMETRY, ELECTRONIC STRUCTURE,
functional[3-5] and quantum-chemical methof&-9]. The AND COULOMB EXPLOSION

picture coming from those works is that the iholecules In our preliminary work on small cationic clusters of hy-
form shells around the H core (I|ke solvation ShGllS The drogen isotopegg], one of the clusters studied Wa%g[_‘)

first shell is formed in " (H,)3. In this case, the threeH This was treated at Hartree-Fo¢KF) plus MP2 (second-
molecules surround the A triangular core, and each mol- order Mdler-Plesset level to find the optimized geometry
ecule is close to one of the H atoms. The center of mass aind the corresponding ground-state electronic structure. In
each H molecule is on the plane formed by the nuclei of thethe present paper we have refined our study of this cluster by
triangular core and the molecular axis is perpendicular to thatvorking to MP4SDQ level, i.e., fourth-order Miter-Plesset
plane. In the second shell the molecules are, evidently, aising the space of single, double, and quadruple substitu-
longer distances from the triangular core. In a recent experitions. The calculations reported here were carried out using
ment Gobeet al. studied the collisions of f (H,), clusters  the GAUSSIAN 98 [11] program package, with the 6-31G**
and He atom$2]. From the analysis of the fragmentation of basis. The normal-mode frequencies are recorded in Table |
size-selected clusters Gobet al. were able to construct a at the three levels of approximation indicated HF, MP2, and
caloric curve(excitation energy versus temperatufer the ~ MP4. To calculational accuracy, the frequencies scale as
microcanonical cluster ion ensemble. This caloric curve exM ~ Y2, whereM is the isotopic maséhat is, the frequencies
hibits the form of a typical first-order phase transition in atabulated for Q;* could be modified to yield those for hy-

II. QUANTUM CHEMICAL CALCULATIONS
ON NEUTRAL AND CATIONIC DEUTERIUM CLUSTERS:
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TABLE |. Calculated normal mode frequenciés cm™ b for 0.741
D,s* at HF, MP2, and MP4 levels. °-741‘”% 1.796
i+ . -1
D3 " normal mode frequencies (cm™) 1799 0.867 1794
HF | MP2 | MP4
0.868 0.868

10. 12. 15.
3. 3. 3. 0.736 6\2'736
49. 53, 53. ‘/" 11.807,
62. 60. 59. 1.809
64. 62. 60. é
70. 71. 69.
71. 76. 73.
73. 81. 80.
84. 83. 85. @
92. 86. 87.
94. 92. 98.
100. 109. 108. 0_74?\ 0.745
104. 111. 115. \J.812 1y‘
111. 131. 127. 2
149. 132, 134, 1.80& 0.870 /1.781
162. 145. 144,
203. 223. 220. 0.869 0.871
224, 235, 233,
236. 243. 245. 0.739 "\2739
357. 387. 379. 1.811,
360. 388. 385. 1.808
392. 413. 408.
433, 533. 530.
469. 547. 544,
470. 550. 552.
1975. 1885. 1867. (b)
;ggg ;4912: éﬁgi FIG. 1. Shows especially changes in intermolecular D-D dis-
3195, 3168, 3103, tances on refinement of quantum-chemical calculations farthe
3196. 3170. 3129. MP2 to (b) the MP4 level for the cluster Q" . All distances are in
3199, 3173. 3131. angstroms.
3256. 3237. 3189.
3257. 3238. 3191. singly charged trimer core, p the average interatomic

distance varies from 0.861 A at HF level to 0.868 A at MP2

" . 1 . and 0.870 A at MP4 level. This D core is surrounded by
drogen or for tritium by simplé4 scaling. Later, further the first “shell” of D, molecules; the distances from the D

refinements may prove necessary, but the main points to bfﬁoms in this shell to the nearest D atom in the trimer core
emphasized from the table are tligtall the frequencies are range from an average of 1.931 A at HF level to 1.801 A at
real, i.e., the geometrical structure at the HF, MP2, and MP41P2 and 1.802 A at MP4 levels. Then the remaining two D
levels is stable relative to small nuclear displacements ang,gjecules are part of a second shell at a distance from the
(ii) there is fair convergence in adding MP corrections. Th&rimer core which decreases from an average of 2.953 A
five highest frequencies, corresponding tpiBtramolecular  within HF to 2.868 A at MP2 and to 2.855 A at MP4 level.
vibrations, decrease by an average of 0.73% in going from Having considered a small, singly charged cationic cluster
HF to MP2 level, and by a further 1.40% between MP2 ancof deuterium atoms, we turn to the Coulomb explosion of
MP4. Correspondingly, the three next highest frequenciesnultiply charged deuterium clusters. We have considered a
which are essentially intramolecular modes of the trimer, denumber of clusters and have chosen first a large doubly
crease by an average of 3.71% in going from HF to MP2charged cluster, QH , to illustrate the main results. As the
and by 0.77% from MP2 to MP4. We may also compareinitial state we took the geometry of the singly charged D
binding energies of the cluster, relative to an isolated chargedluster optimized at the Hartree-Fock level. The net charge
trimer and five isolated neutral dimers, at the three differenbf the cluster was then increased+®|e| by removing one
levels of approximation; then we find that at HF level theelectron from the highest occupied molecular orbital and the
cluster is bound by 0.42 eV, while at both MP2 and MP4cluster was allowed to relax. A geometry optimization, using
levels it is bound by 0.53 eV. the Berny optimization algorithm, was carried out at the
We show in Fig. 1 the refinements, especially in inter-Hartree-Fock leve{the results presented above for the singly
atomic distances, in the;" structure due to the addition of charged cluster indicate that the use of MP2 or MP4 correc-
two levels of MP corrections to the zeroth-order Hartree-tions will not change the pictuyeFigure 2, which shows the
Fock treatment. The structure of the cluster is essentially theluster geometry after 186 optimization cycles, makes it
same at the three levels, HF, MP2, and MP4, although thelain that the doubly charged cluster is unstable due to the
interatomic distances change slightly. Within the equilateralarge Coulomb repulsion between the two unbalanced posi-
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FIG. 2. Result of the Coulomb fragmentation of the doubly charged deuterium chgfér.D’he picture shows a singly charged cationic
dimer split off the large remaining singly charged fragment. The charge of the large fragment resides dominantly on the singly charged
cationic trimer ", which is seen to be an almost equilateral triangle with bond lerdit86 A.

tive charges. The cluster undergoes Coulomb fragmentatiomizes in such deuterium clusters, neutral or charged, the ex-
A small fragment, the singly charged dimes D, has split istence of two expansion parameters. The first is the correla-
off from the cluster. Its bond length has increased to 1.031 Ation energy e, which was defined by lwdin as the
this is about 30% larger than the bond length of the neutradlifference of total energies,
molecules in the cluster. The large fragment contains the al-
most equilateral cationic trimer, with bond length0.86 A
and net charge-0.83¢|, obtained from a Mulliken popula- €= Eeyact EHartree— Fock- (2
tion analysis. Both fragments are stable at the Hartree-Fock
level. This result strongly suggests the preference for very
unsymmetrical channels of fragmentation, similar to the cas@ssentially, the smallness of the raétE,,..;, especially for
of Coulomb fragmentation in metallic clustes2,13. the larger clusters considered here, is the reason for the rela-
A more dramatic case of Coulombic explosion is depictedive effectiveness of low-order Mier-Plesset perturbation
in Fig. 3, where the parent cluster is " . Again, the initial  theory, since the zeroth-order term of such an expansion is
geometry was that of R , and the net charge was increasedthe Hartree-Fock solution. Returning to Table I, giving the
to +4le| by removing three electrons. After 100 optimiza- vibrational frequencies of R, it is satisfying that for the
tion cycles, three singly charged dimers have split away fromngajority the differences between MP2 and MP4 values are
the central cluster. The large remaining fragment'Dis  modest, though-40 cm™* discrepancies appear at the high-
centered around the deuterium trimer, which carries a nefst frequencies. In the ground-state geometry, the intermo-
charge of+0.88e|. The large fragment is again stable at the|gcyjar distances represent the only significant changes in
Hartree-Fock level. going from the MP2 to MP4 level of accuracy.
As to Coulomb explosion, our calculations make it quite
plain that the doubly charged cationic clustegﬁj under-
Our main findings in this Brief Report are based on whatgoes fragmentation, with a singly charged dimer clearly
we can usefully view as a theoretical approach which recogejected from the remaining large fragment, which has a sin-

Ill. SUMMARY AND FUTURE DIRECTIONS
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