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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?.®. In the same temperature range the light He-cluster size is
analyzed[S1050-29479)01004-5

PACS numbsd(s): 34.20.Cf, 36.40-c

In recent decades, highly expanded nozzle beams found a As far as we are aware, the TTY potential is used in this
large number of important applications in molecular physicsgpaper for the first time to calculate the evolution of He-flow
[1]. In particular, He is well suited to produce supersonicproperties during free-jet expansion in the source tempera-
beams since its quantum properties lead to a higher centefre and pressure ranges 20—-80 K and 2-16 bars, respec-
line intensity and narrower velocity distribution than could tively, in which the data were collected. Calculations per-
be obtained with heavier gasg]. These features recently formed with the LJ potential are also shown to enable a
enabled, for instance, a deeper insight into a large class dfuitful comparison with the present and previous data.
phenomena which occur on crystal surfaces at temperatufdoreover, the size of the neutral He clusters appearing just
close to melting, i.e., anharmonicity, surface diffusion, orbefore the dramatic decrease in the beam speed ratio is dis-
roughening 3]. Therefore, the aim of this work is to explore cussed.
the possibility of producing He-nozzle beams with extremely  To describe the He free-jet expansion, we solved the
high energy resolution from both a theoretical and experiBoltzmann equation for the beam velocity distributib)
mental point of view. using the theoretical method described in Rdfk3,14.

Until now, the evolution of the expanding He-beam ve- Briefly, the first basic assumption is to treat the expansion
locity distribution was calculated at liquid nitrogen and roombeyond the nozzle as spherically symmetric. Moreover, to
nozzle temperatures by Toenniesal. [2] assuming simple take into account that the parallel and perpendicular velocity
three parametef12-6-8 potentials reverting back to the components with respect to the streamlines behave differ-
well-known Lennard-JoneglLJ) curve as a special case. ently during the expansion, an ellipsoidal velocity distribu-
Those authors found a good agreement with the experimentédbn which consists of two Maxwellians with different tem-
data collected at a nozzle temperature of 300 K for the Lperaturegdenoted, respectively, with) andT, ), i.e.,
potential and the same result was obtained by Brusdeylins

et al. [4] a few years later at 77 and 30 K. However, more > 2 m

refined potential models which attempt to account for the f(v)=n 2mky T 27k T,

unique low-temperature behavior of helium and to reproduce

a larger fraction of the experimental ddtee, e.g., Ref5] ><ex;< . m (01— u)2— m 2)
for a historical review are reported in the literature. In par- 2ky T, vl 2kp T, oLl

ticular, a realistic He-He interaction potential must support a

weakly bound dimer state whose detectif8], although was assumed. Hema is the massn is the number density,

guestioned?7,8], was recently confirmed with nondestructive andu is the average velocity of the expanding gas. We ob-

transmission diffraction experimer{8]. Among modern po- tained the evolution of the parametersu, T, andT, with

tentials, the van der Waals potential with Duman-Smirnovthe distance from the soureeby solving numerically, using

repulsive contribution derived from the perturbation theorythe standard Runge-Kutta computation procedtfs, a set

by Tang, Toennies, and YiLLO], hereafter called the TTY of four coupled integro-differential equations deduced from

potential, satisfies the above requirement. Without any adthe Boltzmann equation by the method of momdgis The

justable parameter, it agrees with recahtinitio results[11]  integration begins at=x/d=2.5 (d is the nozzle diametgr

as well as with quantum Monte Carlo calculatidig and  where the spherically symmetric model was found to be a

semiempirical potentialgl2]. Moreover, it has a simple ana- good approximatiofl6]. The initial parameters were evalu-

lytical form which allows a straightforward comparison with ated from the source conditions using the analytical formula

the available data. of Ref.[17] for the isentropic expanding gas. To stop the
expansion we checked the evolution of the radie T, /T,
from the initial valueb=1, corresponding to equilibrium,

* Author to whom correspondence should be addressed. FAXthrough b=0 (corresponding to molecular flowat x/d
+39 010 3622790. Electronic address: tatarek@fisica.unige.it ~ —. We assumed negligible collisional coupling &t
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lated for the LJ(—) and the TTY (- -) interatomic potential is
plotted versus the reduced relative eneEyy of the colliding at-
oms. Herer is the zero of the intermolecular potential ands its
well depth with values obtained from R¢20] and Ref.[10], re- FIG. 2. The beam parallel temperatdfieand the corresponding
spectively. The potential curves are compared in the inset where th@duced most probable cross sec@ﬁg calculated for the LJ—)
dot-dashed line shows the difference between the TTY and LJ pognd the TTY ¢ - -) He-He potential are reported as a function of the
tential; the difference is multiplied by ten. distancex from the nozzle normalized with respect to its diameter
The two panels correspond to different initial conditions for the
=<0.01 because the calculations upbte 0.005 produced Nno  peam expansion, i.e., different source temperafiyrand pressure
change in the flow parameters within a range less than 0.1%R,: (a) T,=79 K, P,=9 bars;(b) T;=44 K, P,=5 bars.
The solution of the set of equations depends on the intermo-
lecular forces between the expanding gas atoms through thge expanding beayon the flow properties is investigated in
collision integral the two panels of Fig. 2, where the evolution of the calcu-
KT\ (12 o lated parallel temperature and of the most probable cross
b e“) j Q@ (E)ySexp — yA)d7, sectionQ'Z) with x/d are shownQ{?) is defined as the value
mm 0 of Q@ at Enp=3kyTer, Which is the maximum of the
weighting function in the collision integrdlsee Eg.(1),
| E 1 where we seflo;=T)|]. First, we note that for both poten-
Y= KpTes (1) tials the minima in the cross sections are coupled to a shoul-
der in the T, behavior, i.e., to a drop in the temperature
where T is an effective average temperature varying be-decrease rate, while the opposite is observed at the cross-
tweenT, andT), Q® is the viscosity cross section, afid  section maxima. This suggests direct correlation between the
is the collision energy of two atoms in the center-of-masdocal temperature an@(® despite the averaging over the
system. We calculated the scattering cross section and thelative velocity distribution in the collision integral. This
associated collision integral taking into account quantum efeorrelation brings about the differences in the TTY and the
fects which are quite important for He at temperatures below.J parallel temperature behavior. In fact, as long as the tem-
10 K [18]. For collisions between Bose-Einstein particles, perature of the expanding gas remains abevid® ? K, the
5 TTY most probable cross-section curve is just below the LJ
Q?(E)= 8wt D (I+1)( +2)sin2( — ) one leading to slightly greatdF;, values. That is what hap-
mE =054 ... (21+3) M+27 s pens during the whole expansion described in p&@elOn
the contrary, ifT, decreases below 18 K (which corre-
where 7, is the phase shift of the partial wave with orbital sponds toE,,~ 102 meV on the energy scaleas it hap-
angular momenturh Phase shifts were evaluated employingpens in the final stages of the expansion described in panel
the standard computation procedure described in detail ifb), the TTY most probable cross section becomes remark-
Ref.[19] and the Runge-Kutta meth¢dl5] for the numerical ably higher than the LJ one leading to a supercooling of the
integration of the Schidinger equation. The He-He interac- TTY beam with respect to that described by the LJ potential.
tion is described by the LJ12-6) [20] and the TTY[10] To check the different behaviors of the parallel tempera-
potentials whose shapes are compared in the inset of Fig. lure pointed out by calculations, we performed measure-
Figure 1 shows the reduced viscosity cross section versus theents of the terminal velocity distribution in free-jet expan-
reduced collision energy. According to the effective rangesions with the He-atom beam line recently set up. Briefly, the
theory, the remarkably large differences which can be notetteam particles leaving the high pressuRg=2-16 bars,
in the Q® behavior, especially at the lowest energies, ardow temperature, To=22-79 K, source through ad
directly related to the energy difference of the supported=10 uwm nozzle are skimmed, chopped mechanically in
bound stat¢21]. The effect of different initial conditionéof  short pulses of a fevus widths, and differentially pumped.
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FIG. 4. He' (@) and He " (O) integrated intensities measured
20 at T,=35.5 K are reported versus the source pressure. The lines

are least-square fits for data relatedRg<<6 bars. See text for
more details.

FIG. 3. The calculated L§—) and TTY (---) terminal speed
ratios of the expanding He beam are reported as a function of th

Bata alone. Now we can speculate the re
source temperatur€, at differentPyd values and compared with b ason why speed

the values we measured]). Repeated measurements at fixed ratios higher than predicted by the LJ potential were not
source parameters give an estimation of the error bar falling withirpbserved before. The data from Rg23] show the beam

the symbols. The figure also reports the data from Red] and  Parallel temperaturd) cooled down to~0.01 K at most.
Ref. [24] represented with filled circles and triangles, respectively. Therefore, the temperature range in which the cross sections

differ largely was not explored in that case. On the contrary,

Thereafter, they are ionized by electron impact after arthe data from Ref[24] do extend toT;~0.002 K more
~1.89 m flight path, mass analyzed, and detected. Thé#kely following the LJ predictions. In the absence of any
nozzle-skimmer distance is 20 mm aig is kept stable data analysis description, we can argue the crude data which
within 0.03 K during measurements. were reported. In this case the speed ratio values are de-

More than 100 time-of-flight spectra were collected at dif-creased with a larger effect on higher values, thus masking
ferent source parameters and analyzed to estimate the Heny deviation from the LJ potential.
beam intensityl ;;, and the energy resolution. The analysis To have a better understanding of the supersonic expan-
was performed fitting each spectrum by a constant, whiclsion in the low-temperature rangg;<0.01 K, we searched
accounts for the He background in the detector stage, and tHer the presence of light He clusters in the beam setting the
ellipsoidal function converted into the time scale. This lastspectrometer an=8 amu, thus looking for the Hesignal.
was integrated to obtain the beam intensity while the contridt is well known that this signal might appear for several
butions of the finite chopper opening time and the detectoreasons other than direct ionization of the dimer, including
arrival time spreading were quadratically subtracted from itsollision processes in the ionizer and ionization of large clus-
standard deviation to estimate the full width at half maxi-ters followed by fragmentatiofi24]. Now, within a model
mum of the beamAt, [22]. Finally, the measured speed similar to the sudden-freeze of25], the ratio between the
ratio obtained asS,,,~1.65(,/Aty), wheret, is the peak density of clusters of siz8l and the monomer density in the
position, was compared with the theoretical val® expanded beam behaves for monatomic gase\d@®

= \V3mu?/(kyT))) calculated atb=0.01 for the considered xPy ", whenever the freezing temperature slowly depends
potentials. Figure 3 reports the calculated LJ and TTY ter2n the source densif},2€]. Resting on this result, the He
minal speed ratios of the expanding beam as a function of thend Hg intensities measured &t,=35.5 K are reported
source temperature &,d=2 and 4 mbars cm together with VersusPy in the log-log plot of Fig. 4. Since on decreasing
our experimental data. The twR,d values were chosen to the source pressure below 6 bars the measured terminal par-
compare our results with the data of Rgf3] and Ref[24]. allel temperature of the beam remains constant within
First of all, the figure points out that all the data agree at the=0.5 mK, the data in this pressure range were fitted with
liquid nitrogen temperature. Moreover, the upper panebtraight lines whose slopes resulted in G:9202 and 3.1
shows that, in going from the liquid nitrogen temperature=0.1 for the monomer and the dimer ion signal, respec-
until about 40 K, our results are more likely described bytively. This suggests that in the present case thg kignal

the LJ potential curve even though the LJ and TTY curvesarises from the helium trimer fragmentation in the electron
can hardly be distinguished in this temperature range. Therégmpact ion source. A similar behavior was also observed in
after, any furtheil, decrease makes our data follow the TTY Refs.[27,28 at source temperatures 4.2 and 7 K, respec-
predictions, thus overhanging the LJ expected values, untiively. In the first case the authors could not identify the
they collapse and strong deviations from both potentials apparent cluster while in the second case a trimer parent was
pear. A similar behavior is also shown below about 50 K bysuggested. Finally, our interpretation confirms the recent re-
the data we collected @®,d=4 mbars cm. Although the sults of Schikopf and Toennie$9]. In that experiment, the
observed speed ratio drop-off is a common feature to all théragile He, and He clusters produced in the supersonic
data reported in Fig. 3 and can be regarded as a clear indbeam expansion were mass selected and nondestructively
cation of the onset of condensation, speed ratio values closdentified. Measuring the relative ionization and fragmenta-
to those predicted by the TTY potential are peculiar to ourtion probabilities, the authors concluded that &
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=30 K,P,=15 bars the observed e signal was mainly below 10 2 K. This was demonstrated to be largely due to
due to trimer fragmentation and they estimated the ratiahe higher viscosity cross section at energies below
I e, + /I e+ to be about 1.8 1072, in excellent agreement ~1 ueV obtained for the TTY potential which correctly
with the value of (1.80.2)x10 2 we measured at predicts the zero-energy resonance maximum in atomic col-
30 K,16 bars. lisions peculiar to the quantum He-He system. Finally, the
Summarizing, we compared the He-nozzle beam speesize of the parent clusters producing the,Hesignal was
ratios measured down to source temperatures of about 20 #tudied. The data showed that the observed dimer intensity
with the calculated flow properties of the beam as derivedvas mainly due to trimer fragmentation in the electron im-
both from the LJ and the more refined TTY interatomic po-pact ion source.
tential. In particular, the TTY potential was proved to predict
correctly the He-flow properties in the low-temperature The financial support from MURST through Grant No.
range, i.e., whenever the beam parallel temperature decreas¥§2178261-003 is gratefully acknowledged.
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