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Spatial distribution of cluster size and density in supersonic jets as targets for intense laser pulses
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Clusters were produced as a result of argon gas cooling during expansion through a supersonic nozzle. A
two-dimensional model was set up in order to calculate gas expansion and partial condensation into clusters.
Calculations were validated by experimental measurements using Mach-Zehnder interferometry and Rayleigh
scattering, and performed with two types of nozzleaval and conical nozzlésThese optical diagnostics
together with numerical simulations led to the cluster size and density determination with spatial resolution
through the gas and cluster jet. Cluster production was observed to be very sensitive to the nozzle geometry.
Homogeneous gas and cluster jets were produced and characterized using conical nozzle geometry, with cluster
density about 1% per cni. Due to the fast valve-nozzle connecting geometry, shock waves have been ob-
served at the Laval nozzle throat that strongly affected cluster production on the jet axis. Averaged cluster
radius was observed to be easily tunable from 180 to 350 A by varying the upstream gas Pgdsome 20
to 60 bars. A different scaling law, versig, has been observed for this regime of large cluster, compared to
Hagena'’s predictions for the small cluster regime.
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[. INTRODUCTION clusters. A similar scaling law was also obtained with a ge-
ometry without skimmers allowing cluster jets of higher den-
A great interest in clusters has been observed in the pasity [14]. Depending on the technique used, agreement on
few years, as a target for intense laser interaction with mattegbsolute or relative values was only obtained in the range
(see, for example, the overview in R¢fL]). Clusters pro- ['*<10* That means for argon, clusters containing less than
duced from rare-gas cooling in supersonic expansion havg~10* atoms. Besides, the size given by this formula was
been _shown to constitute an mtermedla_te state of maFter thébatially integrated through the jet, and no information was
combines advantages of gas targets with an absorption effiyajlaple about the cluster density and spatial distribution
ciency that is even higher than that of solid targets A 1hrgygh the jet. Such an information is crucial to determine
number of groups have bee_n motivated by the possibility the number of clusters in the focal volume irradiated by a
using clusters to produce high-temperature plasmas for funzger pulse.
damental plasma physi¢8], as well as for strong bursts of A yo-dimensional model was built in order to calculate
energetic particles such as x rdy or neutrong5]. Such @ e gas expansion and condensation into clusters through the
new laser-matter interaction regime has been proposed {Q,;;|e[15,16. In this paper, this model is presented in detail
provide debris-free sources of soft x rays for the next genyng compared with experimental measurements using Mach-
eration lithography6]. _ _ Zehnder interferometry and Rayleigh scattering. A special
Understanding of basic phenomena involved in laseryisort was made to measure spatially resolved absolute val-
cluster interaction relies on the knowledge about the target,es Good agreement was observed. Optical diagnostics to-
To get information about the unique cluster response withyather with numerical simulations led to a determination of
given initial parameters, it is necessary to characterize anflis cjuster size and density, with spatial resolution through
control cIus_ter size as well as their spf_:ltlal distributionp, gas and cluster jet. The nozzle geometry was observed to
through the jet. Mo_st of the pybllshed experlmental work ha%igniﬁcanﬂy affect the spatial distribution of clusters. Two
been performed with cluster jets produced with a nozzle andigterent types of nozzles were studiédaval and conical
skimmers(see, e.g., Ref7]). With this geometry, an empiri- ;|3 \ith upstream pressure from 20 to 60 bars. In this
cal formula was proposed by Hagef@9] in order to esti-  o4ime of Jarge clusters, the Hagena paramétervaried

mate the average cluster size as a function of an introducegly, 10 t0 1 extending the range already experimentally
parameted™*, which depends on nozzle and upstream 93%alidated. '

parameters:
* |\ 2.35

1000

II. DEFINITIONS AND EXPERIMENTAL APPARATUS

N=33(

The target is a two-phase system, composed of argon gas
where N is the average number of atoms per cluster. Thisand clusters expanding in a vacuum chamber. The clusters
formula first established from mass spectrometer measuretudied in this paper contain more than 1000 atoms, and in
ments[9] was then confirmed via different techniques in- this range, their structure has been determined to be crystal-
cluding high-energy electron diffractiqi0], He atom scat- line fcc with a lattice parameter=>5.34+0.01 A[17]. Thus,
tering [11], and Rayleigh scatterind12,13 on argon the radiug (A) of a cluster composed ofatoms is given by
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Assuming the two-phase system to be in a stationary state, it
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can be described at each spatial locatooy the following N %
parameters(l) the total atomic densiti;y(x) (i.e., includ- §\ % _—
ing all atoms both in gas and cluster phasé€® the conden- / \\ %
sation degreey(x) (i.e., the fraction of atoms under cluster \\
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phase, (3) the distribution functionf(r,x) of the clusters
with respect to their radi.

In this paper, we use experimental and computational
methods to determine spatially resolved but statistically av-
eraged parametefge., averaged over the distribution func-
tion f). Several physical parameters can be defined such as
the cluster densit\,s, the average cluster radil or the
average number of atoms per clusir They are, respec-
tively, obtained from
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FIG. 1. Sketch of the two nozzles studied. They are both com-
posed of a commercial electrovaly&7] and the nozzle in itself.
* * Right: conical nozzlédiametersp,,=620um, ¢,,= 3.8 mm, and
R(X):fo rf(r,x)dr/ fo f(rdr, length L=20.2mm). Left: the Laval nozzle(diameters ¢,
=820um, ¢ou=2.4 mm, and length =13.0 mm).

N(x)zfxn(r)f(r,x)dr/ fmf(r,x)dr_ Py of the nozzles was varied and controlled by a precise
0 0 pressure gauge. The setup was at room temperdigre

To=293K).
N andN,s are related by

Ill. SIMPLE ONE-DIMENSIONAL ESTIMATE

N Nejus= 7Nior - 2 OF THE GAS FLOW PARAMETERS

Neglecting the standard deviation of cluster radius distribu- The gas expansion into the divergent part of a Laval
tion, N and R could be related by Eq.l). Nevertheless, it nozzle or a conical divergent nozzle can be analytically de-
should be noted that this is netrictly the case, since the scribed within a one-dimensionélD) model if we do not
distribution functionf is not a Dirac function. Under these take into account gas condensation, viscosity, and also shock
considerations, the two-phase system can be completely derave formation into the nozzle. This approach is not relevant
scribed by a set of three independent local parameterso determine spatial distributions at the nozzle output. But it
Nioi(X), 7(X), andN(x) for example, oMNy(x), andR(X). presents a simple way to estimate the total atomic density,
The study presented in this paper was performed with twahe mass flux, and the ability of cluster production in the
types of nozzles currently used in experiments of laser interstationary regime. At each point along the nozzle, the gas
action with cluster jets: Laval nozzléeft part of Fig. 1 and  flow is described by parameters such as pres§urmass
conical nozzlgright part of Fig. 3. They are both composed densityp, gas temperatur€, and flow velocityr. Consider-
of a commercial electrovalvgl8] and the nozzle in itself. ing the adiabatic expansion of a perfect gas in a given nozzle
The Laval nozzle consists of a first convergent conical parprofile, they are related by the well-known gasdynamics re-
down to a¢,, =820+ 20 um diameter throat, followed by a lations:
parabolic divergent part. Th¢,,~=2.40+0.05 mm diameter
output section is separated by a distance Lof13.0 pksT

+0.1 mm from the throat section. The conical nozzle con- P m

sists in a first convergent conical part down tapg=620
+20 um diameter throat, followed by a conical divergent

part. The ¢~ 3.80+ 0.05 mm diameter output section is Pp~Y=const,
separated by a distance lof=20.2+ 0.1 mm from the throat
section. These two nozzles are both made with axial symme- Swp=const,

try. Gas expansion and cluster production are consequently

supposed to have a revolution symmetry around the nozzle )

axis. The jet was controlled by an electromagnetic valve f £+V—=const
pulsed with a variable opening time. The upstream pressure p 2 '
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mis the atomic maskg is the Boltzmann constanfis the  to estimate if the experimental device allows cluster produc-
nozzle section, and is the ratio of the specific heatgy( tion. One should also keep in mind that shock waves are not
=2 for monoatomic gas such as argop= £ for diatomic  taken into account. They could decrease the Mach number
gas. The last of these relations is the generalized Bernouillachieved at the nozzle output, affecting the cluster produc-
equation(see, e.g., Ref.19)). tion. A two-dimensional description of gas expansion and

From these relations, one can easily obtain gas paramete¢hister production with an appropriate numerical simulation
as a function of its initial valueBy, py, andT (initial flow is needed.
velocity vo=0). At the nozzle throat, the gas flow velocity
vy €quals the local sound speeg; IV. MATHEMATICAL MODEL

OF CLUSTER PRODUCTION

d P) 1/2 ( 'kaTthr 2 1/2

Uthr= Cthr:<d_ m m Co- The numerical method used to calculate gas supersonic
thr expansion as well as cluster production is described in pre-
vious paper$15,16. The detailed presentation of the theory
of spontaneous condensation can be found, for example, in
Ref.[20]. An application of the classical condensation theory
to jets is given by Bartel(see, e.g., Refl21]). A different

Po 7V (o \O7Y Ty, ci, 2 approach has been carried out by Garret and co-wotkees
(P—> = (—) =—= e.g., Ref[22]). In the simplest approach we used, the distri-

0 bution functionf(r,x,t) of the clusters with respect to their

éadii r is represented by its moments:

1/2

Co is the sound speed calculated at the initial temperatyre
PressurePy,,, mass densityy,, and temperaturf ,, are
given by

Po _TO_CS ’y+1

At the nozzle output, the respective physical quantities ar
noted voy, Pouts Pouts @nd Toye. Under the conditiorp

<pg, the gas velocity is given by the simple following ex- an=f fr'dr, n=0,1,2... .
pression: 0
2 \12 With this representation, the equations that govern the
Vout= m Co- system composed by gas and clusters are the following:
J
As a consequence, the Mach numbég,= vou/ Cour @t the _p+V,(p,,):0, 3)
nozzle output is given by ot
,y+ 1 (y+1)/12 1/2( Sout) (y—1)12 ﬁpV
_ Tout ) —+V-(prev)=—VP, (4)
out y— 1 S[hr ot (P
Other gas parameters can be simply related to the ratio be- J V2 v
tween the output and throat nozzle sectio®g,/ Sy : E(pé}"’p? +V. pv( e+ /= -V-(Pv), (5
Pout| "7 _{ pou (y—l)zToutzizut: 2 iz 500
Po Po To ¢ \y=1/M 7t +V-(prQo) =1, (6)
(y=1)7 "M S| 771
G (s_) ' TPy " 4 ni
out 5 +V-(prQ)=Ir,+nipQ,_; (n=12), (7)
It should be noted that the conditign < pq falls down to
the equivalent conditioi®, /Sy <1. dppB 3 )
In the case of a no-clustering gas jet, this analytical model i TV (prB)=- sTpiryl —4mpp Qs 8

gives a good value of the output mass density. As experimen-
tally and numerically demonstrated in the following part of ;, 3, ¢, andP are, respectively, the global density, velocity,

this paper, this can be used with a good approximation t@pecific internal energy, and pressure of the systgml
estimate the total atomic density, even in the case of a cluster ,, js the dryness, i.e., the mass quota of gas phasejaisd

jet. For a pulsed nozzle, a stationary regime can be assumegle density of liquid phase.
after the time needed for the fast valve to open and the time The values of the moments in any pointan be derived

needed for the gas to reach the nozzle outpltcy. Inour  from system(3)—(8), leading to the different cluster param-

case, stationary regime was achieved after a time of the orde¥ers. For example, the cluster concentratip. is obtained
of 500 us, for a Laval nozzle at room temperature dnd  from

=2 cm. Gas to liquid phase transition is not taken into ac-

count in the model. Nevertheless, it can be expected to occur News= pQo,
if the output temperature calculated is lower than the satura-

tion temperature. This simple calculation gives a simple waythe average radiuR from
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Q, formed too. They permit to evaluate the characteristic values
R= . etc. of the parameters in the outlet section of the nozzle, with
0 very little computer time in comparison with two-

The kinetics of cluster formation itself is described by thedimensional computations.
termsr, r,, andl, which are, respectively, the cluster
growth rate, the critical radius, and the nucleation rate, on theV. MACH-ZEHNDER INTERFEROMETRY DIAGNOSTIC
right-hand sides of Eq¥6)—(8). The following expressions

. Argon jets were first studied by Mach-Zehnder interfer-
are used for these parameters:

ometry using the gas jet facility at LUL(Laboratoire pour

P T |2 I'Utilisation des Lasers Intenses, Ecole Polytechnique, Pal-
f=eo 1_(_> } (99  aiseau, FrangeThe experimental setup is fully described in
piN2mR,T Ts(P) Ref.[24]. This Mach-Zehnder interferometer was based on a
He-Ne laser divided in two arms by the use of a beam split-
20 ter. One of these arms propagated through vacuum, the other
* :m' (10) one prqpagated through the gas jet. A second b.eam splitter
recombined the two arms that interfered. A lens imaged the
1(20u\Y P \2 477(”5 gas jet plane, collecting interferograms on a C(Qibarge-
= —( ) —) e p( - ) (11)  coupled devicecamera. As the He-Ne laser was continuous
Pl 7TNA kBT 3kBT

but not the gas jet, an optical shutter was usedh &2 ms
opening time. An electronic delay box was used to adjust the
delay between the gas jet and the shutter.
The phase shift measured by this technique integrated the
refractive index .y across the gas jet along the He-Ne
| propagation axis. Assuming an axial symmetry, an Abel
transformation was operated in order to obtain the value of

. : o 7opt F€Solved in the three dimensions of space. Since the
This thepry IS _ba_sed on the fact that a small Ilqwd dmpletHe-Ne optical wavelength was far from a resonance associ-
can be in equilibrium with a supercooled gas, since the sur-

face tension provides an additional potential barrier for aated with the cluster structuregey was simply the macro-
brov X .. _scopic result of the contributions of all Ar atoms both in gas
molecule depositing on the droplet. It leads to a definite

» ; : A . and cluster phases. This is related to the total atomic density
value of critical radiug, (i.e., at equilibrium depending on N... by the following exoression:
supercooled gas parameters. Expresgld for r, is called tot DY g exp '
Thomson’s formula. It can be obtained by detailed calcula- 2 _1-8N (12
. - . Mopt BNiot, )
tion of numbers of molecules leaving and entering the drop-

let, or by the analysis of the chemical potential. The equilib-yhere 3=2.10x 10"2% cn?® is the Gladstone-Dale constant

rium of the critical droplet is unsteady, since a smallerof Ar [25]. As a consequence, this technique provided a com-

droplet evaporates, while a larger droplet grows. plete determination o,y in the three spatial dimensions at
As a consequence, a condensation nucleus able of furthgfie nozzle output. The spatial resolution was limited to 15

growing can form if a cluster qf critical size occasionally ,m py the imaging device. The temporal resolution was lim-
occurs due to molecular fluctuations. In order to evaluate th@ged to 2 ms by the optical shutter minimum opening time.

frequency of such events, the dynamics of subcritical clusters
is considered within the classical theory of nucleation. The
distribution of such subcritical clusters is supposed to be
stationary, leading to expressiofill) for | (Frenkel- In a second part, Ar jets were characterized using the
Zeldovich formula. The experimental validation of the Rayleigh scattering diagnostic. A linearly polarized continu-
model remains necessary, since there are some doubts abauts He-Ne laser beam was focused into the gas and cluster
the validity of the main suppositions of classical theoryjet. Alens was placed at 90° both to the laser axis and the jet
(macroscopic approach to all molecular clusters under coraxis. It imaged the scattered light onto a cooled CCD cam-
sideration, stationary distribution of subcritical clusjers era. The relative position of the He-Ne beam and the jet was
To obtain the results of modeling, we solve the system olvaried in order to obtain spatial resolution in the jet. Calibra-
equations(3)—(8), closed by expression®)—(11), in the tion measurements with static gas were performed with ex-
spatial domain including the inner cavity of the nozzle andactly the same setup in order to keep the same faCtor
some open space behind its outlet. Boundary conditions cobetween the scattered light intensity and the signal measured
responding to the gas initial parameters are set at the inletn the CCD. This facto€ takes into account the collection
and at the outlet, boundary conditions are set correspondingngle as well as the optical system transmission and the CCD
to vacuum. Then calculations are performed to achieve thguantum efficiency.
stationary state. As a rule, the computations are carried out in Each atom, in gas or cluster phase, constitutes a dipole
a two-dimensional formulation with axial symmetry, leading excited by the laser electric field. This dipole emits scattered
to the two-dimensional distribution of all the values underradiation at the same wavelength as described, for example,
consideration. One-dimensional computations can be pein Ref.[26]. The scattered field phase is controlled by the

whereRy=R,/u is the gas constant,is the actual tempera-

ture, T4(P) is the saturation temperature at presyre(T)

is the saturation pressure,is the surface-tension coefficient,

wu is the mass per mole, and, is the Avogadro number.
The expressions fdrandr, are taken from the classica

theory of heterophase fluctuations presented by Frd2i&

VI. RAYLEIGH SCATTERING DIAGNOSTIC
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laser electric-field phase, and the scattered interigjtys 5°La11
E aval nozzie -

related to the laser intensity; by
l=Cailo;

a4 is the atom polarizability. The scattered intensity Nf
atoms in gas phase is

In(gag =NCajlo,

since they are randomly distributed in a large volume. In the 12 e
cluster phase case, the saM@&toms can be confined into a 10F Conical nozzle 4
small volume. If the cluster radiusis small compared to the D N 5 0 S 3
wavelength\, then all atoms contribute with the same phase N 6k ]
to the total scattered electric field, leading to the Rayleigh ! s
scattering cross sectid27]: (10" cm®) ;5 3

— N2 A2 F ]

'n(elustey =N"Calo. T s

z (mm)

In the Mie regime(i.e., r~\), destructive interference can
be observed as a function of the observation af2fg The FIG. 2. Profiles of the total atomic densily,,, for the Laval
scattering angular distribution study is a powerful diagnosticozzle (upper imaggand conical nozzlé¢lower image at 1.5 mm
of radius for very large cluster. In the rang® from the nozzle output with upstream pressig=40 bars. Full
~100-300 A concerned in this paper, this technique wouldine: 2D numerical calculation. Dotted line: 1D analytical calcula-
need vacuum ultraviolet light that would be largely absorbedion. Full circles: the Mach-Zehnder experimentis the distance
by the gas and cluster jet. from the jet axis.

Considering a single-size distribution of clusters, eac

e . . I«between the signal induced by clusters and the contribution
containingN atoms, the total intensity locally scattered b g y

Y of low-density residual gas present when the valve was

the gas and cluster jet was given by closed.
2
liot= (1= 7)NigC a0+ NowudN’Cadlo. VIIl. EXPERIMENTAL AND COMPUTED RESULTS
This scattered intensity was normalized to the valygob- Profiles of total atomic densiti,, were obtained from

tained with static gas at the total atomic dendity, deduced ~the Mach-Zehnder measurements with the two nozzles de-
from the Mach-Zehnder measurements. Using @, this ~ SCribed in Fig. 1, and with an upstream pressgein the

normalized quantity simplified as range 10-100 bars. Calculations using the model presented
in Sec. IV were performed &,= 20, 40, and 60 bars. Pro-
Lot/ gas= (1= 7))+ yN=~ 2N, (13)  files obtained withPy=40 bars at 1.5 mm from the nozzle

output are presented in Fig.(Raval nozzle in the top image
since the numbeN of atoms per cluster is quite large in the and conical nozzle in the bottom imagas a function of
range of concernN~ 10° for radiusR~100 A). In the ac- distancez from the jet axis. The error bars are larger near the
tual case, this quantity was averaged on the cluster size digxis, due to the Abel transformation. A very good agreement

tribution, giving is observed between the experimental and numerical data.
Shapes are very well reproduced and absolute values are the
gnz(r)f(r)dr (n2> - same within 10%. One should note that the valueNgj
Lot/ 1 gas= (1= 7m)+ Ten(nfar 7 iy n=N1, obtained at the nozzle output from the 1D analytical calcu-

(14) lation presented in Sec. lll is also close to the value mea-
sured within 20%. In the case of the conical nozzle, the jet
which is slightly different from the previous formula. diameter measured at 1.5 mm from the nozzle output and
By coupling the Rayleigh and Mach-Zehnder diagnosticsdefined as 10% of maximal density was observed to follow
we get the product of the condensation rate by the number dhe expected spatial extent within the opening angle of the
atoms per cluster averaged as in Ebd). This corresponds hozzle.
to the intuitive idea of a scattered signal increasing both with  Similar profiles obtained with the Rayleigh diagnostic
the average size and the density of clusters. The spatial resyere compared with numerical calculations in the same pres-
lution was about 10Qum, limited by the beam size in the sure range and at the same distance 1.5 mm from the nozzle
scattering area. Scattered signals were registered without amytput. In Fig. 3, the measured quantiNN,,, (defined in
optical shutter, then integrated over the valve opening timeSec. V) is plotted in the same graphs as the calculated quan-
(stationary regimeset to a value much larger than the valve tity NN, for P,=40 bars. As in Fig. 2, the Laval nozzle
rising time (transitory regimg The great sensitivity of the corresponds to the upper part and the conical nozzle to the
Rayleigh scattering on cluster size ensured a good contrakiwer image. Absolute values of signal amplitude were well
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: ] 0 e, io
1] AR, Lo 0 0 0.
. .5

5115 2 .5>3 3.5

z (mrr;) @ (mm)
10 10 FIG. 4. Numerical profiles obtained withy,=40 bars at 1.5 mm
S é A from the conical nozzle output, as a function of the distanfrem
8F onical nozzle 18 the jet axis. Full line: cluster radiug. Dotted line: cluster density
F 16 NN, Ngus- Dashed line: cluster radius estimated at the nozzle output

with 1D simulation.

Calculations performed at 40 bars, 1.5 mm from the nozzle

output and az=1.5 mm from the jet axis led to a conden-
coossvtebtosei] 0 sation raten of the order of 10% and to a numbiErof atoms

o 1 2 3 4 5 per cluster in the range of 610%. This corresponds to a
Z (mm) cluster radiusR~80A and a cluster densityNg,~5

X 10% cm 3.

As the section increase was smoother just after the throat,
such shock waves have not been observed in conical nozzle
Falculations. Homogeneous profiles were determined for the
different cluster parameters within the 4 mm jet diameter,
indicating that this conical nozzle geometry is well suited for
fundamental laser-cluster interaction experiments. Calcula-
tions performed withPy=40 bars at 1.5 mm from the nozzle
reproduced within 30%. The radial distribution of clustersoutput led to higher condensation rate~25%) and to big-
was found to be annuldi.e., no clusters on jet ajisising  ger clusters l~2x 10°) as compared to the Laval nozzle.
the Laval nozzle, both numerically and experimentally. How-The corresponding profiles of cluster radius and density are
ever, the mean radius of this annular distribution was 60%plotted in Fig. 4, as functions of the distanzérom the jet
overestimated by calculation as compared to the measuretkis. Standard deviatioAR of cluster size distribution was
value. Concerning the conical nozzle, a better agreement wa&¥tained from Eqs(3)—(8), leading toSR/R~12%. A 1D
found. calculation based on the same equations as presented in Sec.

Laval nozzle calculations demonstrated large shock waves/ Was also performed for the nozzle output, and results are
occurring at the very beginning of the gas expansion in asplotted in Fig. 4 together with the 2D calculation. This 1D
sociation with the rapid section increase just after the nozzl&@lculation represented an interesting gain of time, and gave
throat. These shock waves converged and strongly affected! estimation of the cluster average radrin good agree-
both the Mach number and the condensation on the jet axi:Q,1ent W'th_ th? cqmplet_e 2D calculatidne., within the cal-
leading to the annular cluster distribution obsere@l. As a culated distribution width6R/R). Values of the different

consequence, very inhomogeneous profiles were obtained fSP‘St‘?f parameters calculated from 1D nume.rlcal simulations
both cluster radius and density, in terms of the distance are given in Table I. The cluster average radius was found to

from the jet axis. In that sense, the Laval nozzle was detepe adjustable from 180 to 350 A by varying the upstream

mined not to be very suitable for fundamental laser-clustePr€SSUréPo from 20 to 60 bars.
experiments. Nevertheless, as larger atomic densities can be
obtained with this nozzle than with the conical nozzle, the

Laval nozzle seems to be more suitable for laser interaction The Mach-Zehnder experiment was performed as a func-
experiments with high density and cluster-free gas targetion of the delay between the He-Ne laser probe and the

FIG. 3. Profiles of the quantityyNN,,; measured by the Ray-
leigh diagnostic, and compared with the calculated quamtitiyN;;
at 1.5 mm from the nozzle output. The upstream pressureRyas
=40 bars. Top image: the Laval nozzle. Bottom image: the conica
nozzle. Full line: 2D numerical calculation. Full circles: experi-
ment.z is the distance from the jet axis.

VIIl. DISCUSSION

TABLE I. Cluster parameters calculated from 1D numerical simulations with upstream pré&&sfrcm
20 to 60 barsz is the condensation ratR,is the average cluster radiudiR/R is the relative width of radius
statistical distributionN is the number of atoms per cluster, aNg,s is the cluster density.

P, (barg 7 (%) R(A) SRIR (%) N Neys (€m™2)
20 20.7 183 14 6.14x10° 1.60x 102
40 235 275 12 1.97x10° 1.12x 10*
60 25.3 348 11 3.8710° 9.20x 101!
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valve opening. The signal was observed to reach its maxi- 10°
mum value within the temporal resolution of the diagnostic.
This indicated that a stationary regime was achieved within a
time smaller than 2 ms after the valve opening. The same N
behavior was also observed at the valve closing. From ana- i .
lytical considerationgcf. Sec. Ill), 100 us were expected for T
the gas to reach the nozzle output. The time needed for the L ]
valve to be opened was mechanically limited to %89 and 107t e
1 ms to be closed. Comparable values of the front and back
edge duration were already observed using the Rayleigh
scattering 14]. Stationary regime should have been reached FIG. 5. NumberN of atoms per cluster as a function of the
within the same time for cluster production, since condensat@gena parametdr*. Full line: from the Hagena empirical for-
tion directly resulted from gas cooling during expansion. Ab_mula. Full circles: f_ron.w calculatlons_ based on the model presented
solute values ofgNN,, were deduced from the Rayleigh in Sec. IV. Dotted line: power-law fit of calculated data.
experiments by normalizing the signal, integrated during the . . s~ . .
ZOpms valve ospl)ening time.gThe e?ror event%ally induce% by'*ssum'”g_a Gaussian d|st.r|but|dklll~\l~1.2, mplymg that
this averaging should not exceed 2Q%5%), assuming 2 the expe_nm_entally determined \_/aIlINa overestlmate_st\l by
ms (600 us) to reach and 2 m&L.1 m3 to leave the station- 20%, yvhlch is cllose to thge experimental error (szr Fig. 3.
ary regime. In order to get a better estimation of this errorAS N 1S proportional toR", only 7% overestimating should
the Rayleigh scattering was measured with different valvébe expe_cte_d on the_rad|us. This is relatively small compared
opening time from 10 to 50 ms. Normalized signal was ob-© the distribution W.'dth‘ . .
served to depend linearly on the valve opening time. The Values of N thamed from g:alculauons for th? co_nlcal
nozzle and confirmed by experiments are plotted in Fig. 5 as

difference between peak and average values inferred was . .
found to be less than 5%. a function of the parametdr* introduced by Hagenf9].

Total atomic density profiles were fully determined by theThese values were averaged over the jet section, at 1.5 mm
- ; h I ith ki
Mach-Zehnder experiments. Nevertheless, the Rayleigh dlf_rom the nozzle output, and with backing pressufs

agnostic was not able to disentangjdrom N profiles, i.e., ~20, 40, and 60 bars. The Hagena empirical formula given
to determine separately the cluster size and density. Conse-

qguently, gas and cluster jets were characterized by the way of * 235
2D numerical simulations based on the model presented in N=33( 1000)
Sec. IV. Experiments were then used in order to validate

these calculations. Within this approach, the 1D anaIytica|S plotted in the same figur@ull line). Data were well fitted

model prese_nted in Sec. Il was observed to egsily prpvid%y similar power scale law, but with different parameters
good valuedi.e., 20% accuragyfor the total atomic density (dotted lin: '

Niot, Up to 25% condensation rate. As shown in Fig. 4, clus-
ter size, and then density values, could also be easily esti- ({ r* )1.8
N=10

10 E ’l

(15

mated using 1D numerical simulation, with a quite good ac- 1000 (16)

curacy (i.e., less than the distribution widthR/R). One
should note that the validity of this procedure was only dem—AS a consequencd* was still observed to be a relevant

onstrated with homogeneous jets obtained with conicaly, . meter to estimate the average numienf atoms per
nozzle geometry. Two-dimensional simulations were stilly e hyt the power factor was observed to be lower than

necessary in order to get cluster spatial information. The¥-|agena’s value. It is interesting to note that these two laws

were validated by the Mach-Zehnder and Rayleigh experiz.occ forr* ~10* which was the upper value df* for

ments, with some reserve for the Laval nozzle. In that Cas&yhich the Hagena formula was experimentally validated

9as gxpa}nsion was dominated by ShOCk. waves. Their maj B,13. These results suggest that the Hagena empirical for-
contribution to a decrease of condensation occurred as th ula(15) should be continued by EL6) in the range of *

converged on the jet axis. This process might be very sensk o 10" to 1. Eurther work will be performed in this

tive to 3D nozzle structures, which could explain the ob-gireiion with a wider range of nozzle parameters, and clus-
served discrepancy between 2D calculations and experimenfs, jet geometry

for the Laval nozzle.
Clusters are statistically distributed in size. In the range

investigated, distribution widthSR/IR~15% was inferred IX. CONCLUSION

from moments calculated by Eq8)—(8). This value is quite A two-dimensional numerical model was developed in or-

small compared to different theoretical estimatidds?8],  der to calculate gas expansion and condensation through su-

but comparable with the Mie scattering measurements pegersonic nozzles. Total atomic density, condensation rate,

formed with very large cluste®9]. The ratioN/N depends cluster size, and density were derived from this model with

on the statistical distribution of cluster radius. In the precedspatial transverse resolution in a stationary regime. Nozzles

ing section, it was set to unity. Considerid®/R~15% and  with different geometry(Laval and conical were studied.
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Two independent optical diagnostics were developed to valithe nozzle output. High-density cluster jets 10'? clusters
date this model, both with spatial resolution through the gaper cnt) were produced and characterized with adjustable
and cluster jet. Mach-Zehnder interferometry directly led toaverage radiuf from 180 to 350 A with backing pressure
the measurement of total atomic densMy, in very good  from 20 to 60 bars. Statistical distribution widéiR/R about
agreement with calculations. A simple analytical 1D calcula-150 was inferred from calculations. These results were com-
tion was observed to give a good estimateNgf. The prod-  pared with the Hagena empirical formula, which has been
uct of the condensation rate and the average number of agxperimentally validated for small clusters. Discrepancy was

oms per cluster was deduced from the Rayleigh scatteringpserved, suggesting that this formula should be modified in
experiments. A good general agreement was observed for this range of large clusters.

cluster spatial distribution at the nozzle output. Some dis-

crepancy in the absolute values was, however, observed with

the Laval _n_o_zzle, within a_factor of 2. This could be due to ACKNOWLEDGMENTS

high sensibility of gas cooling strongly affected by 3D shock

waves with this geometry. With the conical geometry, this This work was partially supported by the Fond Eurepe
effect was less relevant for cluster production. Homogeneoude Developpement Economique Bienal, the Conseil Re
gas and cluster jets were obtained both experimentally andional d’Aquitaine, the Russian Foundation for Basic Re-
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