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Electron Attachment to Helium Microdroplets: Creation Induced Magic?
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The size distribution of Hey ~

ions produced by crossing a low energy electron beam with an un-

charged helium cluster beam exhibits a threshold below which no ions are detected. The threshold re-
gion is unexpectedly structured, however, and exhibits a sharp “magic” mass peak at N =(2.0
+0.1)x10° atoms. We suggest that this behavior derives from the dynamics of the conduction band in-
stability which leads to the formation of a metastably trapped bubble electron in the droplet.

PACS numbers: 36.40.+d, 34.80.—i, 67.40.Yv, 72.90.+y

The dominant interaction between an electron and a
helium atom is a strongly repulsive short range one, and
as a result the conduction band for an excess electron in
uniform density liquid helium lies about Vo~1 eV above
the vacuum level [1-3]. The delocalized state is highly
unstable, however, and rapidly decays to a localized
“bubble” state [1,4,5] in which the electron is confined to
a cavity in the liquid of radius about 17 A. There is in
addition a much weaker long range attractive polariza-
tion interaction which both draws an exterior electron to-
wards and repels an interior electron from the helium-
vacuum interface. This attraction results in the well
studied exterior 2D surface electron states [1,6,7] as well
as in the observed barrier to extraction of negative car-
riers from helium into the vacuum [1,8,9]. It has been
suggested [10-12] that an exterior surface electron bound
state should also exist on a finite helium droplet as long
as it was larger than a threshold size variously estimated
to lie in the range N=2%10° [12] to N=5%10° atoms
[11]. Large (> 2x10% atoms) negatively charged helium
droplets were first observed by Gspaan [13], who attribut-
ed their structure to these exterior bound states. More
recently we have also reported [14,15] measurements of
negatively charged helium droplets (> 5x10° atoms).
The apparent threshold was suggestively close to that pre-
dicted by the exterior electron model, but we observed a
stability in electric fields which appeared to be in conflict
with it. We proposed an alternative model in which the
electron is located in an interior bubble state which is
confined near the center of the droplet by the above men-
tioned polarization attraction. While this state is only
metastable, nonetheless even charged droplets as small as
~3%10* atoms should be stable on experimental time
scales in fairly strong electric fields [16].

In the experiments to be discussed here we have exam-
ined the threshold for production of Hey ~ ions by low
energy electron attachment to neutral helium droplets, in
significantly more detail than previously possible. The
improvements derive mostly from a more sensitive detec-
tion scheme in which electrons are detached from drop-
lets by surface collisions and counted with an electron
multiplier. The experimental method is indicated sche-
matically in Fig. 1. Highly purified He gas in a stagna-
tion chamber at low temperatures (T9=5-10 K) and

high pressures (Po=10-80 bars) expands through a 5
um sonic nozzle, NZ, into a vacuum (P; <103 torr).
The resulting supercritical expansion cools adiabatically,
becoming a superheated liquid. The liquid then frag-
ments, producing both monomers and neutral droplets
whose sizes range from below 104 atoms to more than 107
atoms [14,15]. The expansion next passes through a
skimmer, SK, into a high vacuum chamber (P,=10"°
torr), and axially through an electron attachment cell C
which is held at ground potential. Electrons emitted from
heated filaments F are accelerated through a control grid
G and then decelerated before they pass radially through
mesh covered openings in the wall of the cell. The neu-
tral droplet velocity distribution is narrow with an energy
per atom of about 1 meV. The droplets are thus quite en-
ergetic and are not significantly deflected by the electron
attachment process. The resulting Hey ~ beam is further
collimated by a 1.5 mm aperature S and enters the
analyzing and detection region. Two detectors, a Fara-
day collector FC and a channel electron multiplier
(CEM), are mounted on a movable arm 44 cm from S.
Either may be positioned a variable distance d (~2 cm)
off the beam axis. The collimating aperature at the CEM
is 1.5 mm in diameter and is followed by a 50% transmit-
ting grid. We believe that ions which strike this grid
release their electrons, some of which are accelerated into
the CEM and counted, but the precise detection mecha-
nism is not known. The ions passing through S are
deflected by a transverse electric field E; and reach the
detector only if they have energy E =Ko(Ez/d), where
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FIG. 1. Apparatus schematic showing droplet source, elec-
tron attachment cell, energy-velocity analyzer, and detectors.
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Ko is a geometrical constant. The Faraday collector
response as a function of E,4 gives us the ion energy distri-
bution directly. In the CEM case the distribution is fold-
ed with the detector response function which, while it is
not known a priori, we expect to be a smoothly decreas-
ing function of droplet mass. Despite this uncertainty,
the CEM remains our primary detector because its higher
sensitivity and rapid response allows us to measure with
higher energy resolution, and also to obtain the ion veloc-
ity by a time of flight measurement. (Since there are no
significant axial fields we simply gate the electron beam
with the control grid G and measure the time delayed
pulse at the detector with signal averaging techniques.)
Figure 2 shows a typical energy spectrum obtained
with the CEM detector for fixed stagnation conditions.
The main curve was obtained by recording the analog
output of a counting rate meter while sweeping the
deflection voltage. The axis is calibrated in terms of the
ion energy E. The most striking feature of this curve is
the sharp peak at low energies, below which the ion
current vanishes. It is quite narrow, since about 50% of
the observed width comes from the finite resolution of the
energy analyzer. The inset shows this peak measured
much more carefully by a point by point method with 100
s of integration at each point. Its central energy is well
defined, and depends on the stagnation conditions. This
dependence is shown in Fig. 3(a), where we plot the ener-
gy of the peak as a function of stagnation temperature for
various stagnation pressures. Figure 3(b) shows the ve-
locity of the ions at the energy peak measured under
those same conditions. Figure 3(c) shows the mass of the
peak ions extracted from these data. It is clear that the
peak corresponds to a particular ion mass, and not to a
particular energy. Furthermore, this particular “magic”
size [(2.0+0.1)x10° atoms] is a property of the ion
beam and not the precursor neutral beam, whose size dis-
tribution is strongly dependent on the stagnation condi-
tions. It should be emphasized that this is not simply a
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FIG. 2. Energy spectrum measured with the CEM detector
by sweeping Eq at Po=20.7 bars, T9o=9.5 K. Inset shows low
energy peak at higher resolution.
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size resonance in a fixed energy capture cross section.
We mix together fairly broad and variable electron ener-
gy distributions with very broad and variable droplet
mass distributions and get out a strongly favored charged
droplet mass. To help convince ourselves that the peak is
not some artifact of the apparatus we have checked that
the results can be reproduced for different signs and mag-
nitudes of the detector displacement d. Also, since heli-
um droplets easily capture background gas atoms [17,18],
we increased the background pressure by adding a small
leak. If such impurities were an essential factor in the
capture process we would expect the signal amplitude to
increase. In fact, we observed a slight decrease. Finally,
to check that a rapid variation in the CEM detector sen-
sitivity near the mass threshold is not responsible for the
effect, we have replaced the CEM by the Faraday collec-
tor. While the resolution and signal to noise ratio were
significantly worse, the peak was still clearly visible.

The observation of magic charged cluster sizes is com-
mon [19-24]. They are normally interpreted as a
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FIG. 3. (a) Low energy ion peak position vs stagnation tem-
perature at three different pressures. (b) Velocity of ions at the
peak measured under identical conditions. (c) Mass of ions at
the peak calculated from (a) and (b).
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reflection of some special stability of a particular cluster
size relative to its neighbors such as, for example, those
associated with electronic or geometrical shell closings. It
is difficult, however, to imagine any such special stabili-
ties associated with the large, presumably liquid droplets
in question here. It is easy to understand a stability
threshold for electron attachment, but not a stability
peak. Instead, we propose that this is a new kind of
“magic” which derives from the process of creation of a
trapped bubble electron in the droplet. The qualitative
argument goes as follows: Since the bubble is not present
in the droplet before the collision with the electron, it
must be created as part of the collision process. The
mechanism of the conduction band instability that leads
to bubble formation in the bulk liquid is fairly clear. The
strongly repulsive electron-helium interaction drives the
atoms toward regions where the electron probability den-
sity is low and the reaction force increases the electron
probability where the helium density is low. Any depar-
tures from uniformity are then amplified. Little is known
in detail about the dynamics of the process [25,26], but
since it involves the cooperative motion of a large number
of helium atoms it must take some time. A reasonable
rough estimate of the characteristic time for bubble for-
mation ¢, is obtained from the ratio of the bubble radius
(Ry~17 A) to the speed of sound (v; ~240 ms/s), giving
t,,-~-0.7><10_lI s. Consequently, if an electron is to be
captured into a bubble state it must remain inside the
droplet for a time of this order so that the bubble has
time to develop. If we treat the collision between a low
energy electron and a droplet in the adiabatic approxima-
tion for times much shorter than ¢, (i.e., clamp the
atoms), the effective potential seen by the electron is, in
first approximation, simply a spherical potential barrier
of height Vo, as sketched in Fig. 4(a). There are many
scattering resonances in this potential associated with
states whose wavelength in the conduction band is com-
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FIG. 4. (a) Sketch of the resonant (n=1, S-wave) electron
wave function [r¥(r)] in the effective adiabatic potential of the
drop. (b) Measured amplitude of the “magic droplet” signal as
a function of the mean electron energy (E.) in the attachment
cell.
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mensurate with the droplet radius. A typical example
(n=1, S-wave resonance) is also sketched in the figure.
It is straightforward to evaluate the energies E, and life-
times 7, of the S-wave resonances in this potential as a
function of the droplet radius R, obtaining

E,=(h*2mR2)(nn)*+V,,
1)
Ta=h/T=(nxh/8)EN/(E,— V)2,

where T is the resonance width in energy (FWHM). As-
suming bulk liquid density, R.(A)=2.22(N)', and the
observed magic size corresponds to R.=130 A. The
longest lived resonance in this case (n=1) lies 2.2x10 3
eV above the bottom of the conduction band and its life-
time is 0.49%10 "' 5. Since this is quite close to 7, the
adiabatic approximation is no longer valid. Instead, we
expect that if this state is excited in the collision, defor-
mation and capture of the electron into a bubble state
will probably occur. The reason that this formation
mechanism produces a peak and not simply a threshold is
less obvious. A qualitative explanation is that when the
droplet is much smaller than 130 A, the resonance is
broad and can be excited by electrons with relatively wide
range of energies. The lifetime is short, however, and the
electrons escape before a bubble can form. When the
drop is much larger than 130 A, the lifetime is long
enough, but the resonance is very narrow and only very
few electrons have the correct energy to excite it. Thus
when a broad droplet size distribution is mixed with elec-
trons whose energy distribution is also broad we would
expect to produce ions preferentially from droplets whose
resonance lifetime is just equal to the time required for
the instability to set in.

Since this argument predicts that the only electrons
which can be captured are those whose energies lie in a
narrow range just above the bottom of the conduction
band, we have studied how the magic droplet signal de-
pends on the electron energy. Our electron source was
not designed to produce a monoenergetic electron beam,
but we have found that if we operate at low heater volt-
age to eliminate space charge fields we can obtain a sym-
metric energy distribution whose FWHM is less than 1
eV and whose mean energy (E.) can be independently
controlled by the filament voltage. The experimental
variation of the magic signal with (E.) is shown in Fig.
4(b). The signal has a maximum when the mean electron
energy equals 1.2 eV, which is very close to most mea-
sured values [2] of V. Furthermore, most of the width of
this curve can be accounted for by the spread in electron
energies, with the implication that the energy dependence
of the attachment cross section itself is very sharp.

Up to this point we have not discussed the origin of the
second peak in Fig. 2 at larger masses. Because it is
broad, its apparent location is determined more by the
dropoff in CEM detector sensitivity with increasing mass
than by the mass distribution itself. Certainly, as the
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droplet size continues to increase beyond threshold, we
would expect other higher resonances to satisfy the condi-
tion Ty =ty as well. For example, from Eq. (1) we see
that T; = R2/n?, so that the n=2, S-wave resonance will
have the correct lifetime for droplets with 4 times the
mass of the magic peak. It is clear, however, that there
must also be other mechanisms which can produce elec-
tron attachment to very large droplets, since bubble for-
mation takes place at bulk helium surfaces where the res-
onance process does not occur. Our only experimental in-
formation on this point is that the electron energy
response curve, similar to Fig. 4(b) but for formation of
the larger charged droplets, is slightly skewed towards
higher energies. This indicates that additional mecha-
nisms do exist for attachment of more energetic electrons
to very large drops.

The model we have presented to explain the origin of
the magic peak is at best semiquantitative, but we believe
that it contains the essential physical mechanisms. A
complete theory will necessarily involve the detailed dy-
namics of the bubble formation process, and should ex-
plain not only the location of the peak, but also its rela-
tively narrow width. Probably the most important quali-
tative conclusion we can draw from these experiments is
that the structure of the charged complex is almost cer-
tainly a bubble electron metastably trapped in the drop-
let. As such it will be optically active, readily detectable
by electron detachment, and should provide a very con-
venient and useful probe of the dynamics of this uncon-
fined microscopic superfluid system in the future.
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