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Clusters of He atoms formed in a supersonic free jet expansion have been studied by
electron-bombardment ionization and mass spectrometry. Distinct magic-number en-
hancements of ion intensity are observed for clusters of 7, 10, 14, and 30 atoms for
both helium isotopes, and for 23 atoms of ‘He. Dramatic differences in the onset of
cluster formation between the two isotopes may be related to the stability of ‘He dimers.

PACS numbers: 36.40.+d, 35.20.Wg, 47.55.Cy

Self-bound systems of N particles frequently
exhibit exceptional stability at particular “magic”
numbers. The most familiar examples of this
phenomenon are the closed electron shells in
atoms (2, 10, 18, 36, 54, etc.) and neutron and
proton shells in nuclei (2, 8, 20, 28, 50, etc.).
Recently, similar effects have been observed in
rare-gas clusters,''? produced by condensation
in a free jet expansion of gas into vacuum. The
cluster size distribution is studied by mass spec-
troscopy following ionization.

In view of the qualitative similarity between nu-
clear and van der Waals interactions, it is inter-
esting to note that in the nuclear case, the pack-
ing responsible for the shell effect is in momen-
tum space, with the Pauli exclusion principle act-
ing to keep particles out of the same state. On
the other hand, the structure of atomic clusters
is presumably controlled by the direct overlap of
repulsive atomic cores. Indeed, some of the mag-
ic numbers observed in Xe clusters were identi-
cal to closed shells of high-symmetry icosahedral
packings of soft spheres.! Such a description
fails to account for the magic numbers in Ar and
Kr clusters,? casting doubt on the general validity
of sphere-packing descriptions of cluster struc-
ture. It is therefore of interest to compare the
previous results with a lighter system, such as
He. As the only permanent liquid, He may show
quantum effects absent from other rare gases.
The comparison of the two isotopes may also aid
the interpretation of experimental data.

Binding energies of He clusters have been cal-
culated by a succession of increasingly accurate
techniques, most recently by Pandharipande et al.?
Their calculation was not carried out for a num-
ber of successive values of N; consequently, it
makes no prediction of magic numbers. A liquid-
drop formula fitted the energies for N> 20 within
the stated error. In two different studies of small
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He clusters, van Deursen and Reuss observed the
onset of condensation with mass spectrometric
detection of *Hey" with N=1~3,% whereas Gspann
et al. studied He droplets with 10° atoms.®

This Letter presents mass spectra of clusters
produced in a supersonic free jet of He.® We re-
port a significant magic-number effect. The ob-
served magic numbers in He are not the same as
those reported for other rare gases. We are cur-
rently unable to present any simple model for our
observations.

Our experiment used a beam formed by the ex-
pansion of He gas at stagnation pressure P, and
temperature 7, into a vacuum.” Typical mass
spectra for both isotopes are shown in Fig. 1.
The two spectra have a number of similar fea-
tures for N< 20. The magic-number effect in
this mass region is slightly weaker than that of
Xe,! Ar, and Kr.? For larger N, we increase the
sensitivity to deviations from a smooth mass
spectrum by plotting the ratio of signal currents
between adjacent peaks in Fig. 1. For example,
the step from N =23 to 24 in *He, barely visible
in the direct ion-current plot, stands out as a
very large ratio. All of the features in Fig. 1
were reproduced in ~200 experimental mass
spectra.

There are significant similarities and differenc-
es between the two isotopes. The large He30+/
He,,* ratio implies an enhanced stability for clus-
ters of 30 atoms, but the peaks in the ratio spec-
tra at N=32/33 in *He and N=21/22 in °He are
not seen in the other isotope. We note that the
strong enhancements at N=10 and 30, as well as
the suppression at N=12, are absent from other
rare gases.”? In addition, these He magic num-
bers fail to match shells of face-centered-cubic
and other high-symmetry packings. As in the
present work, an enhancement at N=23 was seen
in Xe and Ar, and cannot be linked to any known
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FIG. 1. Electron multiplier output currents from
cluster ions of *He at 7Tj=3.2 K, P,=550 Torr, and
‘He at Ty=4.2 K, Py=400 Torr, Insets show ratios
of adjacent peak amplitudes, + standard deviation of
10—~20 data points from different overlapping mass
scans. A background interference problem precluded
the measurement of the *Heg* signal (Ref. 8).

packing structure.

To begin to interpret these mass spectra, it is
important to establish the process responsible
for mass selection. The authors of the Xe (Ref.
1) and Ar and Kr (Ref. 2) studies argue that there
is some magic-number effect in the neutral clus-
ters, which is preserved through ionization. Al-
ternatively, the ionization event might leave the
neutral cluster in a highly excited vibrational
state. Then, with the cluster ion relaxing and
evaporating atoms, the final ion spectrum would
be representative of the relative stability of clus-
ter ions. In the previous Ar, Kr, and Xe studies,
the authors discount the role of fragmentation for
two reasons: (1) the persistence of the magic-
number effect when the mean cluster size was
changed by variation of stagnation conditions,
and (2) its persistence when the ionizing-electron
energy was changed. While we observed a simi-
lar independence of mass spectrum on both pa-
rameters, we argue that neither excludes the
loss of atoms in the ionization event for the fol-
lowing reasons: (1) If the ion distribution were
set in the process of relaxation, local features
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FIG. 2. Electron multiplier currents as a function
of P,. Note different horizontal scales. *He* is off
scale at 2.3x1077 A,

of the ion binding-energy curve would persist
through changed initial conditions. (2) The mo-
mentum transferred to a cluster by the ionizing
electron depends on its energy, but since the
electron transit time is much shorter than the
time scale for atomic motions, the subsequent
deexcitation may not depend on the electron ener-
gy. Clearly, detailed models of cluster ioniza-
tion must be developed in order to interpret the
results of these experiments.

Despite the similarity of the cluster mass spec-
tra, the onset of condensation differs significant-
ly between isotopes. Figure 2 shows the intensi-
ties of the first three ions as a function of P, for
He and *He. In “He, the dimer ion is the only
cluster present for a large range of stagnation
pressure. The dimer signal is roughly 10° times
larger than that of the trimer when it first ap-
pears. Ions with N> 3 all have roughly the same
onset, substantially more abrupt than the dimer.
Identical behavior is observed for 3.0< T < 4.2
K. This trend is similar to previous data on
heavier van der Waals systems.’ On the other
hand, all ions of *He appear together, with a
much stronger dependence on P,, for T, in the
range 2.8-3.4 K. This is the most abrupt onset
of cluster formation in a supersonic free jet yet
described. For heavier rare gases, the state of
condensation in the beam depends only on stagna-
tion temperature and density, scaled to their cri-
tical value.’® However, in the present experi-
ment, at reduced temperature T,/T ., =0.81, the
reduced stagnation density is a factor of 28 larg-
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er for *He than *He at the appearance of He,".

The dramatic difference between the onset of
cluster formation in *He and *He may be related
to the stability of the smallest neutral clusters.
The existence of *He, has long been debated, with
the most recent scattering data favoring a bound
state with energy €=-~0.43 mK.' Various calcu-
lations show that “He, is stable.”® On the other
hand, the size of the smallest bound neutral 3He,
cluster is not known, except that N> 4.'> We sug-
gest that the smallest *He bound species forms in
the free jet and produces the *He,* signal ob-
served as the only cluster ion over a wide range
of stagnation conditions. The instability of this
species presents a hurdle to the nucleation of the
lighter isotope so that He clusters are formed
only at a higher degree of supersaturation in the
beam.

The present experiment cannot directly identi-
fy this lightest *He cluster. Because of the dra-
matic cooling in free jets, such weakly bound en-
tities as *He, may be present; a rough estimate
of the equilibrium concentration in the beam is
consistent with the intensity of *He,* ions detect-
ed. This result depends strongly on the final
Mach number of the beam, a parameter that was
not precisely measured. Experiments capable of
determining the velocity distribution of the beam
as well as measuring the mass spectrum will be
required to resolve this question. Alternatively,
“He, may be the neutral parent of the *He," ion.?
In that case, the branching ratio (He,—~ He,")/
(He;—~ He,*) must be less than 1072 Buck and
Meyer have recently shown that the correspond-
ing branching ratio is consistent with zero for
neutral Ar, parent clusters.

In conclusion, we have found prominent magic
numbers in the mass spectrum of helium clusters
condensed in a supersonic free jet. There are
marked differences between the helium spectra
and previously published work on other van der
Waals systems. Very weakly bound *He dimers
may have been detected through their ions, with
further work, both experimental and theoretical,
required to confirm this interpretation.
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