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Theoretical and experimental study of He free-jet expansions
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The paper reports on calculations of the flow properties in low-temperature He free-jet expansions by means
of the Lennard-Jones potential and the recently appearing He-He van der Waals potential based on perturbation
theory. The calculated speed ratios are compared with both the values we measured in the 20–80 K source
temperature range and data which were already reported. The comparison points out a better agreement of our
experimental results with the speed ratio values obtained by the recent potential whenever the parallel tem-
perature of the beam decreases below 1022 K. In the same temperature range the light He-cluster size is
analyzed.@S1050-2947~99!01004-5#
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In recent decades, highly expanded nozzle beams fou
large number of important applications in molecular phys
@1#. In particular, He is well suited to produce superso
beams since its quantum properties lead to a higher ce
line intensity and narrower velocity distribution than cou
be obtained with heavier gases@2#. These features recentl
enabled, for instance, a deeper insight into a large clas
phenomena which occur on crystal surfaces at tempera
close to melting, i.e., anharmonicity, surface diffusion,
roughening@3#. Therefore, the aim of this work is to explor
the possibility of producing He-nozzle beams with extrem
high energy resolution from both a theoretical and exp
mental point of view.

Until now, the evolution of the expanding He-beam v
locity distribution was calculated at liquid nitrogen and roo
nozzle temperatures by Toennieset al. @2# assuming simple
three parameter~12-6-8! potentials reverting back to th
well-known Lennard-Jones~LJ! curve as a special case
Those authors found a good agreement with the experime
data collected at a nozzle temperature of 300 K for the
potential and the same result was obtained by Brusdey
et al. @4# a few years later at 77 and 30 K. However, mo
refined potential models which attempt to account for
unique low-temperature behavior of helium and to reprod
a larger fraction of the experimental data~see, e.g., Ref.@5#
for a historical review! are reported in the literature. In pa
ticular, a realistic He-He interaction potential must suppo
weakly bound dimer state whose detection@6#, although
questioned@7,8#, was recently confirmed with nondestructiv
transmission diffraction experiments@9#. Among modern po-
tentials, the van der Waals potential with Duman-Smirn
repulsive contribution derived from the perturbation theo
by Tang, Toennies, and Yiu@10#, hereafter called the TTY
potential, satisfies the above requirement. Without any
justable parameter, it agrees with recentab initio results@11#
as well as with quantum Monte Carlo calculations@5# and
semiempirical potentials@12#. Moreover, it has a simple ana
lytical form which allows a straightforward comparison wi
the available data.
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As far as we are aware, the TTY potential is used in t
paper for the first time to calculate the evolution of He-flo
properties during free-jet expansion in the source temp
ture and pressure ranges 20–80 K and 2–16 bars, res
tively, in which the data were collected. Calculations p
formed with the LJ potential are also shown to enable
fruitful comparison with the present and previous da
Moreover, the size of the neutral He clusters appearing
before the dramatic decrease in the beam speed ratio is
cussed.

To describe the He free-jet expansion, we solved
Boltzmann equation for the beam velocity distributionf (vW )
using the theoretical method described in Refs.@13,14#.
Briefly, the first basic assumption is to treat the expans
beyond the nozzle as spherically symmetric. Moreover,
take into account that the parallel and perpendicular velo
components with respect to the streamlines behave dif
ently during the expansion, an ellipsoidal velocity distrib
tion which consists of two Maxwellians with different tem
peratures~denoted, respectively, withTuu andT'), i.e.,

f ~vW !5nS m

2pkbTuu
D 1/2S m

2pkbT'
D

3expS 2
m

2kbTuu
~v uu2u!22

m

2kbT'

v'
2 D ,

was assumed. Herem is the mass,n is the number density
andu is the average velocity of the expanding gas. We o
tained the evolution of the parametersn, u, Tuu , andT' with
the distance from the sourcex by solving numerically, using
the standard Runge-Kutta computation procedure@15#, a set
of four coupled integro-differential equations deduced fro
the Boltzmann equation by the method of moments@2#. The
integration begins atr 5x/d52.5 (d is the nozzle diameter!,
where the spherically symmetric model was found to be
good approximation@16#. The initial parameters were evalu
ated from the source conditions using the analytical form
of Ref. @17# for the isentropic expanding gas. To stop t
expansion we checked the evolution of the ratiob5T' /Tuu
from the initial valueb51, corresponding to equilibrium
through b50 ~corresponding to molecular flow! at x/d
→`. We assumed negligible collisional coupling atb
:

3084 ©1999 The American Physical Society



1%
m

t

e

s
t

e
lo
,

al
ng
il

-

g.
s t
g
te

ar
te

n
u-
oss

-
oul-
re
oss-
the

e
s
the
em-

LJ
-

anel
rk-

the
ial.
ra-
re-
n-
the

in
.

t
p he

he

PRA 59 3085BRIEF REPORTS
<0.01 because the calculations up tob50.005 produced no
change in the flow parameters within a range less than 0.
The solution of the set of equations depends on the inter
lecular forces between the expanding gas atoms through
collision integral

V~2,1!~Teff!5S kbTeff

pm D ~1/2!E
0

`

Q~2!~E!g5exp~2g2!dg,

g5A E

kbTeff
, ~1!

where Teff is an effective average temperature varying b
tweenT' andTuu , Q(2) is the viscosity cross section, andE
is the collision energy of two atoms in the center-of-ma
system. We calculated the scattering cross section and
associated collision integral taking into account quantum
fects which are quite important for He at temperatures be
10 K @18#. For collisions between Bose-Einstein particles

Q~2!~E!5
8p\2

mE (
l 50,2,4, . . .

~ l 11!~ l 12!

~2l 13!
sin2~h l 122h l !,

whereh l is the phase shift of the partial wave with orbit
angular momentuml. Phase shifts were evaluated employi
the standard computation procedure described in deta
Ref. @19# and the Runge-Kutta method@15# for the numerical
integration of the Schro¨dinger equation. The He-He interac
tion is described by the LJ~12-6! @20# and the TTY @10#
potentials whose shapes are compared in the inset of Fi
Figure 1 shows the reduced viscosity cross section versu
reduced collision energy. According to the effective ran
theory, the remarkably large differences which can be no
in the Q(2) behavior, especially at the lowest energies,
directly related to the energy difference of the suppor
bound state@21#. The effect of different initial conditions~of

FIG. 1. The reduced viscosity cross section 3Q(2)/2pr 0
2 calcu-

lated for the LJ~—! and the TTY (•••) interatomic potential is
plotted versus the reduced relative energyE/e of the colliding at-
oms. Herer 0 is the zero of the intermolecular potential ande is its
well depth with values obtained from Ref.@20# and Ref.@10#, re-
spectively. The potential curves are compared in the inset where
dot-dashed line shows the difference between the TTY and LJ
tential; the difference is multiplied by ten.
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the expanding beam! on the flow properties is investigated i
the two panels of Fig. 2, where the evolution of the calc
lated parallel temperature and of the most probable cr
sectionQmp

(2) with x/d are shown.Qmp
(2) is defined as the value

of Q(2) at Emp5
5
2 kbTeff , which is the maximum of the

weighting function in the collision integral@see Eq.~1!,
where we setTeff5Tuu]. First, we note that for both poten
tials the minima in the cross sections are coupled to a sh
der in theTuu behavior, i.e., to a drop in the temperatu
decrease rate, while the opposite is observed at the cr
section maxima. This suggests direct correlation between
local temperature andQ(2) despite the averaging over th
relative velocity distribution in the collision integral. Thi
correlation brings about the differences in the TTY and
LJ parallel temperature behavior. In fact, as long as the t
perature of the expanding gas remains above;1022 K, the
TTY most probable cross-section curve is just below the
one leading to slightly greaterTuu values. That is what hap
pens during the whole expansion described in panel~a!. On
the contrary, ifTuu decreases below 1022 K ~which corre-
sponds toEmp;1023 meV on the energy scale!, as it hap-
pens in the final stages of the expansion described in p
~b!, the TTY most probable cross section becomes rema
ably higher than the LJ one leading to a supercooling of
TTY beam with respect to that described by the LJ potent

To check the different behaviors of the parallel tempe
ture pointed out by calculations, we performed measu
ments of the terminal velocity distribution in free-jet expa
sions with the He-atom beam line recently set up. Briefly,
beam particles leaving the high pressure,P052 –16 bars,
low temperature, T0522–79 K, source through ad
510 mm nozzle are skimmed, chopped mechanically
short pulses of a fewms widths, and differentially pumped

he
o-

FIG. 2. The beam parallel temperatureTuu and the corresponding
reduced most probable cross sectionQmp

(2) calculated for the LJ~—!
and the TTY (•••) He-He potential are reported as a function of t
distancex from the nozzle normalized with respect to its diameterd.
The two panels correspond to different initial conditions for t
beam expansion, i.e., different source temperatureT0 and pressure
P0 : ~a! T0579 K, P059 bars;~b! T0544 K, P055 bars.
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Thereafter, they are ionized by electron impact after
;1.89 m flight path, mass analyzed, and detected.
nozzle-skimmer distance is 20 mm andT0 is kept stable
within 0.03 K during measurements.

More than 100 time-of-flight spectra were collected at d
ferent source parameters and analyzed to estimate the
beam intensityI He

1 and the energy resolution. The analys
was performed fitting each spectrum by a constant, wh
accounts for the He background in the detector stage, and
ellipsoidal function converted into the time scale. This la
was integrated to obtain the beam intensity while the con
butions of the finite chopper opening time and the detec
arrival time spreading were quadratically subtracted from
standard deviation to estimate the full width at half ma
mum of the beam,Dt0 @22#. Finally, the measured spee
ratio obtained asSexpt;1.65(t0 /Dt0), wheret0 is the peak
position, was compared with the theoretical valueS

5A 1
2 mu2/(kbTuu) calculated atb50.01 for the considered

potentials. Figure 3 reports the calculated LJ and TTY t
minal speed ratios of the expanding beam as a function of
source temperature atP0d52 and 4 mbars cm together wit
our experimental data. The twoP0d values were chosen t
compare our results with the data of Ref.@23# and Ref.@24#.
First of all, the figure points out that all the data agree at
liquid nitrogen temperature. Moreover, the upper pa
shows that, in going from the liquid nitrogen temperatu
until about 40 K, our results are more likely described
the LJ potential curve even though the LJ and TTY curv
can hardly be distinguished in this temperature range. Th
after, any furtherT0 decrease makes our data follow the TT
predictions, thus overhanging the LJ expected values, u
they collapse and strong deviations from both potentials
pear. A similar behavior is also shown below about 50 K
the data we collected atP0d54 mbars cm. Although the
observed speed ratio drop-off is a common feature to all
data reported in Fig. 3 and can be regarded as a clear
cation of the onset of condensation, speed ratio values c
to those predicted by the TTY potential are peculiar to o

FIG. 3. The calculated LJ~—! and TTY (•••) terminal speed
ratios of the expanding He beam are reported as a function o
source temperatureT0 at differentP0d values and compared with
the values we measured (h). Repeated measurements at fix
source parameters give an estimation of the error bar falling wi
the symbols. The figure also reports the data from Ref.@23# and
Ref. @24# represented with filled circles and triangles, respective
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data alone. Now we can speculate the reason why sp
ratios higher than predicted by the LJ potential were
observed before. The data from Ref.@23# show the beam
parallel temperatureTuu cooled down to;0.01 K at most.
Therefore, the temperature range in which the cross sect
differ largely was not explored in that case. On the contra
the data from Ref.@24# do extend toTuu;0.002 K more
likely following the LJ predictions. In the absence of an
data analysis description, we can argue the crude data w
were reported. In this case the speed ratio values are
creased with a larger effect on higher values, thus mask
any deviation from the LJ potential.

To have a better understanding of the supersonic exp
sion in the low-temperature range,Tuu,0.01 K, we searched
for the presence of light He clusters in the beam setting
spectrometer atm58 amu, thus looking for the He2

1 signal.
It is well known that this signal might appear for sever
reasons other than direct ionization of the dimer, includ
collision processes in the ionizer and ionization of large cl
ters followed by fragmentation@24#. Now, within a model
similar to the sudden-freeze one@25#, the ratio between the
density of clusters of sizeN and the monomer density in th
expanded beam behaves for monatomic gases asrN /r1

}P0
N21 , whenever the freezing temperature slowly depen

on the source density@6,26#. Resting on this result, the He1

and He2
1 intensities measured atT0535.5 K are reported

versusP0 in the log-log plot of Fig. 4. Since on decreasin
the source pressure below 6 bars the measured terminal
allel temperature of the beam remains constant wit
60.5 mK, the data in this pressure range were fitted w
straight lines whose slopes resulted in 0.9960.02 and 3.1
60.1 for the monomer and the dimer ion signal, resp
tively. This suggests that in the present case the He2

1 signal
arises from the helium trimer fragmentation in the electr
impact ion source. A similar behavior was also observed
Refs. @27,28# at source temperatures 4.2 and 7 K, resp
tively. In the first case the authors could not identify t
parent cluster while in the second case a trimer parent
suggested. Finally, our interpretation confirms the recent
sults of Scho¨llkopf and Toennies@9#. In that experiment, the
fragile He2 and He3 clusters produced in the superson
beam expansion were mass selected and nondestruct
identified. Measuring the relative ionization and fragmen
tion probabilities, the authors concluded that atT0

he

in

.

FIG. 4. He1(d) and He2
1(s) integrated intensities measure

at T0535.5 K are reported versus the source pressure. The l
are least-square fits for data related toP0,6 bars. See text for
more details.
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530 K,P0515 bars the observed He2
1 signal was mainly

due to trimer fragmentation and they estimated the ra
I He2

1 /I He1 to be about 1.831022, in excellent agreemen

with the value of (1.860.2)31022 we measured a
30 K,16 bars.

Summarizing, we compared the He-nozzle beam sp
ratios measured down to source temperatures of about 2
with the calculated flow properties of the beam as deriv
both from the LJ and the more refined TTY interatomic p
tential. In particular, the TTY potential was proved to pred
correctly the He-flow properties in the low-temperatu
range, i.e., whenever the beam parallel temperature decre
f
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below 1022 K. This was demonstrated to be largely due
the higher viscosity cross section at energies be
;1 meV obtained for the TTY potential which correctl
predicts the zero-energy resonance maximum in atomic
lisions peculiar to the quantum He-He system. Finally,
size of the parent clusters producing the He2

1 signal was
studied. The data showed that the observed dimer inten
was mainly due to trimer fragmentation in the electron i
pact ion source.
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