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Experimental and theoretical study of the radial density distributions of large 3He droplets
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The integral cross sections of large3He droplets and the number of atoms in the corresponding droplets

(N̄523103– 23104 atoms) have been measured in molecular-beam scattering experiments. The experimental
results are in very good agreement with integral cross sections calculated from the radial density distributions
predicted from density-functional theory calculations. The experimentally confirmed theoretical 10–90% sur-

face thicknesses vary between 8.0 Å (N̄5103) and 7.6 Å (N̄543104) and are about 30% larger than
calculated for4He droplets of similar sizes.
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I. INTRODUCTION

There is great current interest in helium clusters a
droplets.1–3 Being the only definitely liquid clusters they pro
vide a uniquely gentle homogeneous and at the same
very cold matrix for high-resolution spectroscopy of sing
molecules or aggregates of molecules.4–6 Recent experi-
ments have used the highly resolved spectra of single
bedded molecules to probe the physical properties of
droplets.6–8 Experimental studies9 of the phonon wings of
vibronic transitions have shown that4He droplets are super
fluid, in agreement with theoretical predictions.10,11 In the
infrared spectral region unexpected sharp rotational li
have been observed for several embedded molecules, su
SF6 ~Refs. 6 and 7! and OCS,8 whereas in3He droplets,
which are not expected to be superfluid, the same molec
show a collapsed spectrum with only one relatively bro
peak.8 These observations have been interpreted as ind
ing that the sharp rotational structure is due to the supe
idity of the 4He droplets. This new microscopic manifest
tion of superfluidity has been called ‘‘molecula
superfluidity.’’ The same infrared experiments also prov
information on the droplet temperatures which are 0.38 K
4He and 0.15 K for3He droplets.7 Recently it has been dem
onstrated that by using4He/3He mixed droplets the lowe
temperatures provided by the evaporation from the outer
ers of 3He can be combined with the superfluid environme
of the inner layers of4He next to the probe molecule t
obtain even sharper spectral features.12

Droplets consisting of pure3He atoms are also of grea
fundamental interest since3He is the only neutral Fermi liq-
uid accessible to experiments. As a finite-sized Fermi sys
with a simple well-known interatomic potential3He droplets
are ideal model systems for understanding the effects
Fermi statistics in nuclei and neutron stars where the in
actions are much more complicated. As in the case of nu
the ambient droplet temperatures are well below the e
mated bulk Fermi temperatureTF5\2kF

2/2m* '1.75 K, for
kF50.79 Å21 andm* 52.80m3 , wherem3 is the mass of a
free 3He atom.13

Whereas many properties of4He droplets have been stud
0163-1829/2001/63~18!/184513~9!/$20.00 63 1845
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ied theoretically and experimentally,1 far less is presently
known about3He droplets. The mass spectra of3He droplets
produced in cryogenic free jet expansions were measu
many years ago.14,15 More information is available from ex
tensive theoretical studies of the structure and energetic
3He droplets.16–30 The most recent calculations predict th
whereas4He clusters from the dimer upwards are all stab
3He clusters with less than 29 atoms are all unstable.26 This
is attributed to the large zero-point energy of the3He atoms
resulting from their smaller mass and because of their F
mion nature. Previously the density distributions of3He clus-
ters with several tens of atoms up to droplets withN
51360 atoms23 have been calculated using a variety of d
ferent approximations.16–18,23,27Stringari has estimated th
thickness of the surface of small clusters withN up to 168
atoms by assuming a generalized Fermi function,

r~R!5
r0

F11expS R2R0

a D Gn , ~1!

wherea is a width parameter andRo is the radius for a liquid
droplet with a constant density and sharp edge. For this p
file function the 10–90% surface thicknesst is given by

t5a• lnS 101/n21

S 10

9 D 1/n

21D , ~2!

which reduces tot54a ln 3 for symmetric (n51) density
profiles for which Stringari estimatedt'7 Å.16 This result
can be compared with the thickness of the surface of b
liquid 3He t58.3 Å obtained using a local energy densi
functional ~DF!.29

More recently Barrancoet al. have calculated the bulk
liquid-free surface density profiles at finite temperatures a
found that at temperatures below 1 K the density profiles
were nearly independent of the temperature.30 At present we
are not aware of any experimental determinations of the
uid surface density profile with which to compare these
sults.

The present study parallels in many respects an ea
combined experimental and theoretical scattering invest
©2001 The American Physical Society13-1
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tion of the radial density profiles in4He droplets,31 which
will be referred to asI throughout the present paper. Th
basic idea of the experiment is to measure the effective d
let integral cross sections by scattering the droplets from
beam of krypton atoms. From the cross section the clu
volume is determined. The angular distribution of the d
flected droplets, measured in the same experiment, dep
on the mean number of atoms and the number distributio
the same droplets. From these two measured quantities
average density within the liquid drop model can be asc
tained. As found for the4He droplets the experimental ave
age density of the3He droplets is significantly less in thi
case, by up to 30%, than that of bulk helium. Since all th
oretical calculations indicate that the central density of e
small helium clusters with about 300 or more atoms
roughly equal to the bulk density the reduced value of
average density is attributed to deviations from the liq
drop model coming from the falloff in the density in th
outer region. As in the previous work, the measured effec
integral cross sections versus mean atom number siz
compared with the values extracted from density distri
tions based on density-functional theory. The very go
agreement found provides further confirmation of the va
ity of the experimental procedures as well as of the den
functional used. Moreover, the good agreement indire
supports the assumption that the droplets are rather sphe
as discussed in the earlier work.

For the3He droplets the calculated surface density pro
is found to be asymmetric. The 10–90% thickness va
between t58.0 Å (N̄5103) and t57.6 Å (N̄543104),
somewhat smaller than thet58.3-Å thickness of the bulk
liquid surface.29 If the density decrease in the outer region
assumed symmetric with respect to the 50% dropoff rad
the thickness extracted directly from the experimental dat
smaller than the density functional calculations by aboutDt
52 Å. This observation and the good fit of the data with
asymmetric profile provide experimental evidence that
density falloff is not symmetric.

The apparatus and measurement procedures are desc
briefly in Sec. II A. The experimental results are presented
Sec. II B. In Sec. III the density-functional calculations a
described and compared with experiments. The paper cl
with a brief summary.

II. EXPERIMENT AND MEASUREMENT PROCEDURES

A. Apparatus

The molecular-beam scattering apparatus has been
scribed in some detail in several recent articles.32–34 Essen-
tially the 3He droplets are produced by a free jet expans
from a stagnation source chamber at a high pressureP0
510– 40 bars) and a low temperature (T057 – 14 K)
through a thin walled nozzle with 561 mm diameter. The
3He gas used is 99.9% pure with the remaining 0.1% im
rity being mostly4He. This small amount of4He is concen-
trated at the center of the droplet35 and cannot affect the
surface properties of the system. The droplet velocity dis
butions were measured and found to be reasonably na
18451
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(Dy/y<2%) with mean speeds of between 250 and 400 m
After passing through a skimmer and several differen
pumping stages the droplets are deflected by collisions w
krypton atoms in a secondary beam which crosses the dro
beam at an angle of 40°. The Kr atom beam was produce
a free jet expansion~P0'200 mbar andT05300 K! through
a 40-mm diameter nozzle. These source conditions were c
sen to avoid an appreciable amount of dimers or larger c
ters, while still having a reasonably narrow velocity distrib
tion (Dy/y'20%). A small portion~5–10%! of the droplets
is deflected by the momentum transfer imparted by the s
ondary beam gas atoms, most of which are captured by
droplets.33 After scattering the droplets are detected 885 m
downstream from the scattering center with an electron
pact ionizer followed by a magnetic mass spectrometer se
the 3He2

1 mass of 6 atomic mass units~amu! which is a
predominant decay fragment of larger cluster ions. The in
dent droplet beam is collimated to an angular half-width
about 1.2 mrad and the angular resolution of the detector
270 mrad. By rotating the detector around the scattering
gion in the plane of the two beams in small angular steps
only about 0.2 mrad the angular distribution of the deflec
droplets was measured. This provides information on
number sizes and size distributions of the droplets. With
detector set along the beam axis the attenuation of the i
dent droplet beam was measured with a detector ang
resolution of about 1 mrad and with the measured effec
scattering density of the secondary beam~see Sec. II C! the
size of the classical integral cross section can be ascerta
From these two measurements the average densities o
droplets are established.

B. Number of atoms in the droplets

Figure 1 shows a mass spectrum measured for a dro
beam containing about 33103 atoms after capture of Kr. The
mass spectrum is dominated by a series of peaks spac
amu apart which are due to the (3He)n

1 ion fragments. A
distinct peak is found at 84 amu which is due to Kr atom
which have been trapped in the droplet.

Figure 2 shows log plots of the scattered intensity@on the
(3He)2

1 mass# as a function of the scattering angle for dro
lets of five different sizes. The upper curve is measured w
the secondary beam crossing the droplet beam, wherea
lower curve is measured with the secondary beam interse
by a flag. The small difference between the deflected sig
and the undeflected signal reduced by the attenuation fa
shown on a ten times larger scale below the angular dis
bution, is attributed to droplets which were deflected af
capturing a secondary beam atom. Since from earlier exp
ments with4He droplets the momentum transfer is known
be complete the angle of deflectionq is directly dependent
on the numberN of atoms in the droplet and is given by

q'tan~q!5
msecysecsina

mdropNydrop1msecyseccosa

'
msecysecsina

mdropNydrop
, ~3!
3-2
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EXPERIMENTAL AND THEORETICAL STUDY OF THE . . . PHYSICAL REVIEW B 63 184513
wheremdropNydrop is the momentum of the droplets,msecysec
is the momentum of the secondary beam gas atoms, anda is
the angle between the two beams.

The droplet size distributions are plotted on the right-ha
side of Fig. 2 next to the corresponding measurements of
angular distributions. As found for4He droplets the mea
sured droplet atom number distributions can be very w
fitted with a log-normal distribution:31,32

P~N!5
1

A2pNd
expF2

~ ln N2m!2

2d2 G , ~4!

where the mean number of atomsN̄ and the width@full width
at half maximum~FWHM!# of the distributionDN1/2 are

N̄5expS m1
d2

2 D , ~5!

and

DN1/25exp~m2d21dA2 ln 2!2exp~m2d22dA2 ln 2!,
~6!

respectively. Table I lists the results forN̄, DN1/2, m, andd,
measured using Kr as the deflection atom for a wide rang
different 3He source pressures and temperatures. Ther
should be noted that theDN1/2 is comparable withN̄. The
mean sizes of3He droplets have also been recently measu
as a function of the source stagnation pressures and tem
tures using a technique based on an analysis of the rela
depletion in the mass spectrometer detector signal after r

FIG. 1. A typical mass spectrum of a3He droplet beam~P0

525 bars,T059.5 K! with a mean number sizeN̄53100 measured
after the pickup of Kr atoms. The atoms were captured in the s
tering chamber from the gas emitted by the secondary beam
with the Kr beam flag closed. The scattering probability was ab
25%. The peak at 84 amu is due to Kr atoms embedded inside
droplet. The other major peaks spaced 3 amu apart are ion
ments of the3He droplets. The large peak at 18 amu is probably d
to a small amount of captured water molecules.
18451
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nant photon absorption of an embedded molecule.12 These
independent measurements agree nicely with the res
listed in Table I.

Compared to4He droplets the mean3He droplet sizes
reveal quite a different behavior, with changing source c
ditions. Whereas small4He clusters and droplets are obtain
for a wide range of source pressures at source tempera
below aboutT0530 K, 3He droplets appear very suddenly
the source temperature for a given stagnation pressure
proaches an isentrope with an entropy of 11.3 J/gK, whic
very close to the liquid-gas phase line. These droplets t
are already quite large with sizes of 103 atoms and so far
there is no evidence for smaller clusters. As the tempera
is lowered further the cluster sizes remain in the ran
103– 83103 until at an isentrope withS58.1 J/gK, which is
nearly coincident with the phase line, very large dropl
with N3>104 atoms are formed. This behavior can be qua
tatively explained by the fact that the smallest stable3He
cluster consists of 29 atoms26 so that in order for condensa
tion to be initiated a relatively high atom density is requir
in the initial phases of the expansion.

C. Integral cross sections

The integral cross sections of the droplets are determi
from the decrease in the signal atu50 ~forward peak! with
and without scattering gas. Although this small attenuatio
not visible in the log plots in Fig. 2,@with the possible ex-
ception of Fig. 2~d!# it can be measured with high precisio
because of the large forward peak count rates. The atte
tion is related to the integral cross sections̄ of the droplets
according to Lambert-Beer’s law,33

I

I 0
5expF2

s̄nsecLeffy relFa0

ydrop
G , ~7!

where I and I 0 are the intensities of the3He droplet beam
with and without attenuation,nsec is the number density o
the secondary beam gas atoms in the scattering center
Leff is the effective length of the scattering volume. Mor
over, ydrop is the speed of the droplets andy rel the relative
collision velocity.Fa0 takes account of the smearing resu
ing from the velocity distributions of the two nozzle beams36

and leads to a correction smaller than about 1%.
The product of the density in the scattering center and

effective length of the scattering volume (nsecLeff) which en-
ters into Eq.~7! was calibrated to within an error of approx
mately 5% by measuring the attenuation of a nearly mono
ergetic helium atomic beam, for which the integral cro
section can be accurately calculated quantum mechanic
from the well established interaction potential.37 The values
of the absolute integral cross sections of the droplets are
listed in the next to last column of Table I.

As discussed inI the measured integral cross sectio
correspond to the cross sections which would be obtai
using a purely classical scattering theory, i.e., without a c
tribution from forward diffraction. The overall experimenta
errors are estimated to be about 5% and result from un
tainties in the absolute determination of the scattering
density.
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FIG. 2. Five typical measured
angular distributions for different
source pressures and source te
peratures in order of increasin
droplet size from top to bottom
measured with krypton as second
ary beam gas. The measured si
nals with and without a flag inter-
secting the secondary beam a
plotted on a logarithmic scale as
function of the deflection angle
~crosses!. Also shown are the
weighted differences of the two
signals ~closed circles! with the
standard deviations. In the righ
column the experimental point
are the size probability distribu
tions and the continuous curve
are best fit log normal distribu-
tions for the following mean num-

ber of atomsN̄ and the mean stan

dard deviationsS̄ ~a! N̄53050, S̄

52200; ~b! N̄54700, S̄52500;

~c! N̄57300, S̄54100; ~d! N̄

510 900, S̄56500; ~e! N̄

514 000,S̄510 500, respectively.
a
i- y

I.
D. Mean droplet densities

From the measured cross sections̄ an effective mean
densityr̄, defined as the density of a uniform sphere with
sharp step edge~liquid drop model! having the same class
cal integral cross section, is determined:
18451
r̄5
3

4
Ap

s̄3 N̄. ~8!

The values ofr̄, normalized to the bulk helium densit
rbulk50.016 35 Å23, are given in the last column of Table
3-4
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TABLE I. Experimental results for the mean number of atomsN̄ and the half widthDN1/2 as a function
of source pressure (P0) and source temperature (T0), measured with Kr as a secondary gas. The measu
mass distributions from the deflection experiment have been fitted with a log-normal distribution yieldin
parametersd andm, see Eq.~4!. The mean classical integral cross sections̄ is obtained by attenuation of th
droplet beam with the secondary beam. The mean density of the dropletsr̄ as a fraction of the known bulk

density (rbulk50.016 35 Å23) is obtained fromN̄ and s̄ using Eq.~8! and is listed in the last column.

P0 @bar# T0 @K# N̄ DN1/2 d m s̄ @Å2# r̄/rbulk

10 6.6 18 783 16 507 0.712 9.59 14 254 0.90
10 7.0 10 859 9 590 0.555 9.14 10 188 0.86
10 7.5 7 331 6 371 0.522 8.76 8 262 0.79
10 8.0 6 778 5 823 0.504 8.69 7 521 0.84
10 8.5 6 829 5 737 0.476 8.72 7 835 0.80
10 8.7 8 712 7 757 0.581 8.90 9 130 0.81
10 8.8 8 932 7 943 0.576 8.93 9 184 0.83
20 8.0 13 955 12 392 0.682 9.31 12 425 0.82
20 8.5 7 729 6 735 0.526 8.81 8 414 0.81
20 9.0 6 443 5 742 0.585 8.60 7 712 0.77
20 9.1 5 042 4 446 0.551 8.37 7 003 0.70
20 9.3 4 822 4 157 0.509 8.35 6 782 0.70
20 10.0 4 316 3 661 0.487 8.25 5 838 0.79
20 11.0 4 692 4 022 0.501 8.33 5 902 0.84
20 11.5 4 648 4 073 0.537 8.30 6 223 0.77
25 9.0 5 052 4 515 0.650 8.32 6 422 0.80
25 9.5 3 144 2 763 0.543 7.91 4 830 0.76
25 9.8 2 961 2 633 0.575 7.83 4 810 0.72
25 10.0 2 545 2 097 0.455 7.74 4 121 0.78
25 10.5 2 539 2 268 0.597 7.66 4 056 0.80
25 11.0 2 335 2 090 0.617 7.57 3 987 0.75
25 12.0 2 463 2 191 0.577 7.64 3 677 0.90
25 13.0 3 131 2 731 0.528 7.91 3 844 1.07
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The experimental data fors̄ are plotted versus the measur
values forN̄ in Fig. 3. For comparison the average integ
cross sections expected for uniform liquid drop mod
spheres with average densityr̄ are plotted for different av-
erage relative densitiesr̄/rbulk and are shown as dashe
lines. Here the average integral cross sections̄ is calculated
from the measured log-normal atom number distributio
P(N) by means of the following equation:

s~N̄!5E
0

`

P~N!p1/3S 3N

4r̄ D 2/3

dN. ~9!

As can be seen from Fig. 3 the effective droplet dens
which comes closest to the experimental points increa
from about 0.7rbulk , for droplets with 23103 atoms, to
about 0.8rbulk , for droplets with about 1.53104 atoms.
These relative densities are somewhat larger than found
4He droplets of comparable sizes.

III. CALCULATED DENSITY PROFILES

For comparison with these experiments the density p
files of large 3He droplets were calculated using a fini
range density functionalE3(r) consisting of the3He part of a
more general one described in Ref. 38 and employed the
18451
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describe mixed3He-4He droplets, whose parameters h
been adjusted to reproduce the liquid3He equation of state
and saturation properties, like the energy per atom, satura
~equilibrium! density and incompressibility, as well as th
surface tension of the bulk liquid surface at zero tempera
and pressure. As in Ref. 35 the large number of3He atoms in
the droplets justifies the use of the extended Thomas-Fe
method to express the kinetic energy density as a functio
the particle density and its gradients.18

For a given3HeN droplet, the Euler-Langrange equation

dE3

dr
5

]E3

]r
2¹

]E3

]~¹r!
1D

]E3

]~Dr!
5m3 , ~10!

wherem3 is the3He chemical potential, was solved assumi
spherical symmetry, using five point formulas to discret
the differential operators and anR step ofDR50.1 Å. Physi-
cally acceptable solutionsr(R) have to go to zero at large
distances and be regular at the origin; for a spherically sy
metric density this can be achieved by imposingdr/dR50
at R50.

As a check on the calculated droplet profiles the Eul
Lagrange equation was also solved for the bulk liquid s
face, in which case the particle density depends only on
Cartesian coordinater(z). For this system,r(2`)5rbulk ,
3-5
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HARMS, TOENNIES, BARRANCO, AND PI PHYSICAL REVIEW B63 184513
r(`)50, andm35m3,bulk. From the calculated bulk liquid
surface profiler0(z), the 10–90% thickness was found to b
t'7.6 Å in excellent agreement with the calculated width
the largest droplets (N̄3543104)

The calculated density profiles are shown in Fig. 4~a!.
These density profiles appear to be very similar to those
ported earlier for4He droplets. The two major difference
are the smaller bulk density of3He @rbulk~

3He!51.635
31022 Å 23# which is 75% of the4He density@rbulk~

4He!
52.1831022 Å 23# and the lack of any structure in the fal
off region. The radiiR0.5 calculated for a falloff in density
from the bulk value by a factor12, for both isotopes are
however, very similar and agree with the simple geometr
relationship

R0.5~
4He!

R0.5~
3He!

5S r0~3He!

r0~4He! D
1/3

. ~11!

For example, for N5104 atoms for 4He, R0.5548 Å,
whereas for3He, R0.5553 Å.

Finally another difference compared to the4He density
profiles appears to be a rather large asymmetry in the den
falloff with respect to theR0.5 radius. To quantify the asym
metry the radial derivative of the densityr8(R) was calcu-
lated for the smallest (N35103) and largest (N3543104)
droplets. Since the results were found to be nearly ident
only the radial density falloff and the derivative curve f

FIG. 3. The measured ‘‘classical’’ integral cross sections~aver-
aged over the measured number distributions! are plotted as a func

tion of the measured mean number of atomsN̄. The empty symbols
show the experimental results for different source stagnation p
sures:L P0510 bars,s P0520 bars, andn P0525 bars. The
solid line with filled circles is calculated from the DF calculate
radial density distributions as described in Sec. IV. For comparis
the classical cross sections of spherical droplets with constant
sity are indicated as dashed lines for different values of the rela
densityr/rbulk whererbulk50.016 35 Å23.
18451
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N3543104 are shown in Fig. 5. The dashed line in th
bottom part of Fig. 5 shows the derivative curve if the de
sity falloff were to be symmetric around the radius at whi
r8(R)50. Thus the falloff in density from the central regio
is initially more gradual than in the outermost region.

The DF profiles were also fitted to the analytical functi
Eq. ~1! where the radiusR0 was fixed so that the droplet ha
the required number of atomsN. The density was taken to b
r05rbulk(11dr/rbulk) wheredr takes into account the com
pression effect caused by the surface tension and the c
pressibility of liquid3He. This correction has been estimat
to be18

dr

rbulk
5

2

3

KrbulkEs

N1/3 , ~12!

where the surface energy isEs58.42 K and Krbulk
50.0826 K21, whereK is the compressibility~see Table II
and Ref. 29!. The correctiondr/rbulk turns out to be 4.6, 2,
and 1% forN51000, 10 000, and 40 000, respectively. Re
sonable fits could be obtained usingn54 and a52.1 Å,
which yields t57.1 Å for the large droplets, in reasonab
agreement with the exact DF results.

s-

n,
n-
e

FIG. 4. The density distributions calculated with a densi
functional method are plotted as a function of the droplet radiusR.
The curves are for droplets with betweenN5103 and N54
3104 atoms in steps of 103 up toN513104 and in steps of 104 up
to 43104 atoms. The effective radiusReff calculated for a droplet
with 43104 atoms is shown to illustrate the relation ofReff to the
calculated density distribution. Also shown as a dotted line is
density profile for a3He droplet withN351360 ~Ref. 23!. ~b! The
corresponding calculated transmission function for a beam of kr
ton atoms passing through the same droplets shown in~a! are plot-
ted as a function of impact parameterb.
3-6
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IV. COMPARISON OF EXPERIMENT AND THEORY

For comparison with the experiment first the transmiss
coefficients were calculated as described inI using the fol-
lowing expression:

T~b!5expS 2E
s~b!

s~Erel!r~z!dzD , ~13!

which is based on Beer’s law attenuation of particles and
assumption of straight line trajectories for the Kr atoms pa
ing through the outer regions of the3He density tails. The
method used to calculate the atom-atom scattering cross
tion s used in Eq.~13! and the justification of the approxi
mation Eq. ~13! are given in I . The results forT(b) are
presented in Fig. 4~b! where they can be compared with th
calculated density profiles. The integral cross sections
then calculated using the ‘‘classical’’ expression

FIG. 5. The calculated outer particle density for a3He droplet
with N543104 atoms is plotted as a function of the radiusR. ~b!
The solid line shows the radial derivativer8(R) plotted on the same
radius scale. The dashed line shows ther8(R) curve for the outer
region reflected on to the inner region around the point at wh
r8(R)50. An identical behavior was found for the density fallo
calculated forN5103 atoms.
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@12T~b!#bdb, ~14!

which is also justified inI . In a subsequent step the cro
sections are averaged over the distribution in the numbe
atomsP(N) in a similar way as in Eq.~9!. The results for the
effective radii Reff5Aseff /p, the effective averaged cros
sectionseff , the average relative densitiesr̄/rbulk and the
10–90% thicknesst obtained from the numerically calcu
lated density profiles are summarized in Table III, whe
they are compared with the corresponding theoretical va
for 4He droplets of the same size reported inI . The calcu-
lated average cross sectionsseff and the average relative den
sities r̄/rbulk for the 3He droplets are compared with th
experimental values in Fig. 3. The theoretical values, sho
as small filled circles, are in excellent agreement with
experimental values which were calculated using Eqs.~8!
and ~9!.

As in I , the surface width was estimated directly from t
measured integral cross sections and measured droplet
ber sizes following the same procedures described ab
Equation ~1! was used with a fixed value ofn54 which
provided the best fit of the DF calculated profiles andR0 and
a were fit to the experimental values. The resulting values
t are plotted as a function ofN̄ in Fig. 6. The mean 10–90%
thickness is found to be about 6.761.3 Å, which agrees
within the large errors with the DF thicknesses which
between 7.8 and 7.7 Å for droplets of the same sizes~Table
III !. A smaller thickness of 5.761.6 Å is obtained if the
same symmetric shape function described inI @Eq. ~11!
which is equivalent to Eq.~1! with n51 of this paper# is
used. This confirms the asymmetry of the DF calculated f
off region in the case of the3He droplets shown in Fig. 5
which is not properly accounted for by the symmetric fallo
function. It is interesting to note that in the case of the4He
droplets the estimated widths based on the symmetric sh
function agreed within the errors with the DF calculations31

This observation provides additional confirmation that t
3He droplets have asymmetric profiles whereas the sm
asymmetry predicted for4He droplets could not be exper
mentally confirmed.

V. SUMMARY

By using a combination of scattering techniques~deflec-

h

TABLE II. Comparison of some important physical properties of bulk3He and4He and their droplets
(N>103) ~Ref. 13!.

4He 3He Units

Surface tension at 0 K 0.38 0.16 dyn/cm
Chem. potential at 0 K 7.169 2.473 K
Bulk particle density at 0 Ka 2.1831022 1.63531022 Å23

Fermi temperature 1.75 K
Entropy at 2.0 K 3.85 12.95 J/mole K
Compressibility at 0 K 0.120 0.361 cm3/J
Temperature of dropletsb 0.37 ~60.05! 0.15 ~60.01! K

aAt zero pressure.
bReferences 6 and 7.
3-7
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TABLE III. Theoretical results for the effective radiiReff5Aseff/p and the effective cross sectionsseff

obtained using Eq.~14! based on the present DF calculations of density profiles for3He droplets, are
compared with the corresponding values calculated for4He droplets~Ref. 31!. The effective average densit
r̄ as a fraction of the known bulk density (rbulk50.016 35 Å23) and the 10–90% surface thicknesst are
listed.

N @103 atoms# seff @Å2# Reff @Å# r̄/rbulk t @Å#

3He 4He 3He 4He 3He 4He 3He 4He

1 2 608 2083 28.81 25.75 0.61 0.64 8.0 5.6
2 3 901 3135 35.24 31.59 0.67 0.69 7.9 5.6
3 4 962 4000 39.74 35.69 0.70 0.72 7.8 5.7
4 5 896 4763 43.32 38.94 0.72 0.74 7.8 5.7
5 6 748 5459 46.35 41.69 0.73 0.76 7.8 5.7
6 7 538 6106 48.99 44.09 0.75 0.77 7.8 5.7
7 8 283 6713 51.35 46.22 0.76 0.78 7.7 5.7
8 8 989 7292 53.49 48.18 0.76 0.78 7.7 5.7
9 9 664 7843 55.46 49.97 0.77 0.79 7.7 5.7
10 10 312 8373 57.29 51.63 0.78 0.80 7.7 5.7
20 15 866 71.07 0.81 7.7
30 20 469 80.72 0.83 7.6
40 24 550 88.40 0.85 7.6
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average densities of large3He droplets with average numbe
of atomsN̄523103– 23104. The results have been com
pared with density-functional calculations, and overall go
agreement has been found. The density functional 10–9
surface thicknesses vary between 8.0 Å forN513103 and
7.6 Å for N543104, and are about 30% larger than tho

FIG. 6. The experimental 10–90% surface thicknesst of 3He

droplets are plotted as a function of the mean number of atomN̄
evaluated from the experimental data assuming an asymmetric
sity profile @Eq. ~1!# with n54, as shown in the inset. The mea

value of t averaged over all measurements for different sizest̄
56.761.3 Å. The present DF values are shown as a dashed li
18451
d
%

calculated for4He droplets of similar sizes~see Table III!.
Theory and experiments indicate that the density profile
3He is significantly asymmetric in the falloff region, where
in our earlier study of4He droplets no significant evidenc
for an asymmetry was found.

It is interesting to note that recent x-ray reflectivity me
surements of 125-Å thick films of4He on a silicon substrate
which yield a thickness oft56.560.5 Å,39,40 are nearly in
agreement with the earlier DF calculations which yieldedt
55.7 Å for large droplets.31 A fit of the experimental data
using a formula similar to Eq.~1! yielded 6.461.3 Å. Thus
there is now some experimental evidence that large drop
and flat surfaces have very similar thicknesses.

The reasonable agreement found between the den
functional calculations and the experiments for both3He and
4He droplets provides direct confirmation of the calculat
density profiles. At the present time there are only a f
experiments which are sensitive specifically to the surf
region. These include the spectroscopy of alkali41 and
alkaline-earth42 atoms, which are known to be located at t
surfaces of 4He droplets and presumably also on3He
droplets.43 The metastable excitation by electron bomba
ment of He droplets has also been shown to occur at
surface of He droplets as well as in the interior and is the
fore also indirectly sensitive to the surface density.44 In ad-
dition, there is now some evidence that the energy posi
and half width of the observed bands in the photoexcitat
spectra of3He and4He droplets are correlated with the a
erage density.45
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