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Spatially resolved x-ray spectroscopy investigation of femtosecond laser irradiated Ar clusters
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High temperature plasmas have been created by irradiating Ar clusters with high intensity 60-fs laser pulses.
Detailed spectroscopic analysis of spatially resolved, high resolution x-ray data near the Hea line of Ar is
consistent with a two-temperature collisional-radiative model incorporating the effects of highly energetic
electrons. The results of the spectral analysis are compared with a theoretical hydrodynamic model of cluster
production, as well as interferometric data. The plasma parameters are notably uniform over one Rayleigh
length (600 mm).

DOI: 10.1103/PhysRevE.65.036410 PACS number~s!: 52.50.Jm, 36.40.Gk, 52.70.La
it
ct
a
e

on
l

d
te
o
.
i-
ed
e
n
g
d

g
ra
u

ex
de
rs
ro

c
b

m
t
c
t,
o

m
ay
n.

rized
on,
sur-
u-
the
the

to
, if
tion

to

urs
t at
t
ial.
-jet

ent
a
ith
m-
for

ally

ps to
ain
.

s
the

nly
still
Ar

nnel
ent

We
lse,
I. INTRODUCTION

The interaction of high-power, ultrashort laser pulses w
matter, particularly atomic gas clusters, has been a subje
active investigation in recent years. Such investigations h
advanced fundamental research and understanding of th
havior of matter under extreme conditions@1–12#. Laser in-
teractions with clusters have been studied extensively
sources of intense x-rays as well as for the generation
highly energetic particles for practical applications in fusi
research, medical and biological imaging, and microscale
thography@1,2,13#.

The actual study of cluster formation has been limite
particularly with respect to the spatial structure of clus
parameters. Previous work relied upon the empirical the
developed by Hagena@14–16# to describe cluster formation
In addition, Rayleigh scattering@1# was used in some exper
ments to evaluate the parameters of the clusters generat
summary of the studies of clustering can be found in R
@17#. These approaches allow for the evaluation of conditio
of cluster formation, as well as determination of the avera
size of a cluster and the density of clusters; however, they
not consider in detail the processes taking place in the
jet. In particular, the obtained parameters describe an ave
over the whole gas jet, while there is no information abo
their spatial and temporal resolution. Meanwhile, some
perimental results can be explained only by using the
tailed information about the spatial distribution of cluste
which can only be obtained from the modeling of the p
cesses taking place in a jet.

In cases where the spatial characteristics of laser produ
plasmas are of interest, relevant experimental work can
found mostly in the study of laser self-focusing and plas
channel formation@18–21#. Although the goal of the curren
investigation is primarily the analysis of hard x-ray produ
tion and the modeling of cluster formation within the je
similar phenomena were observed and useful comparis
can be made with self-focusing experiments. Channel for
tion allows laser guiding for distances longer than the R
leigh length without significant energy loss or diffractio
1063-651X/2002/65~3!/036410~9!/$20.00 65 0364
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The Rayleigh length is defined aszr5v0r L
2/2c, wherer L is

the laser spot size radius. Plasma channels are characte
by a low density region along the path of laser propagati
where the strong laser field has expelled the electrons,
rounded by a region of high electron density. This config
ration enhances the index of refraction along the edges of
path and focuses the laser energy down the channel. If
laser power exceeds critical powerPcrit this process over-
comes the effect of diffraction and can allow the pulse
travel many times the Rayleigh length. On the other hand
Pcrit is not exceeded, the laser pulse experiences diffrac
and the plasma is vulnerable to instabilities@21–26#. In ad-
dition, experiments involving channeling are sensitive
density gradients in the target gas@26–28#. Optimum laser
absorption leading to the rapid onset of channeling occ
when the laser focus is coincident with the large gradien
the edge of the gas jet@21,28#. These previous studies poin
to a need to know the spatial distribution the target mater

Self-channeling experiments conducted on gas
@18,21#, solid @29# and cluster targets@19,20,30,31#, have
demonstrated many similarities among them. In the pres
paper, we will investigate the spatial distribution of plasm
radiation from cluster targets and contrast our results w
previous self-focusing experiments. The laser intensity e
ployed in the current experiment is less than that used
typical self-focusing experiments. Such experiments usu
employ intensities.;1018 W/cm2. Also, self-channeling
experiments have used laser pulses that range from 600
250 fs. The current experiment uses a much shorter m
pulse 60 fs, although the prepulse is on the order of 1 ps

One unique cluster experiment@20# employed a moderate
intensity prepulse;1013 W/cm2 to predissociate Ar cluster
along the path of laser propagation. Since clusters absorb
laser energy much more efficiently than isolated atoms, o
the wings of the main pulse were absorbed by clusters
existing in the annular region surrounding the dissociated
atoms, creating the necessary low electron density cha
surrounded by a high density plasma. The current experim
is quite different since it uses a lower intensity prepulse.
wish to complete dissociation of the clusters by the prepu
©2002 The American Physical Society10-1
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which would inhibit the production of x-rays. In addition, th
main pulse used in the current experiment has a much hi
intensity than that described in Ref.@20#. Finally, the current
experiment used significantly larger clusters than many s
channeling experiments@19,30,31#, which may have also al
lowed the clusters to survive the prepulse@32#.

In the present paper, a detailed simulation of the tw
phase gas dynamic processes in the nozzle, which forms
jet, is presented and the spatial distribution of cluster par
eters is obtained. This model was applied to the condition
a laser-cluster experiment performed on the UHI10 laser
stallation at Saclay, France. This experiment will be d
scribed in Sec. II. In Sec. III, we describe the ‘‘momen
method’’ approach, which was employed to model the clus
formation. This technique was developed mainly for t
study of water-steam flows in nozzles and turbine casca
The results of these calculations will be presented in Sec
In Sec. V, the results of the cluster modeling will be co
pared to spatially resolved ArK-shell spectra as well as in
terferometric data used to measure electron density, and
hole imaging. The x-ray spectra was analyzed using a t
temperature kinetics model that incorporates the effects
hot electrons@33–35#. The results of the analysis will also b
discussed in Sec. V. It will be shown that the hydrodynam
modeling agrees well with the observed cluster behav
Also, the spectral and interferometric data are used to
scribe the behavior of the cluster plasma. The results wil
summarized in Sec. VI.

II. EXPERIMENTAL SETUP

The experiments were performed on the UHI10 laser. T
experimental setup is shown in Fig. 1. UHI10 is a two-be
10-Hz Ti:sapphire laser system with wavelengthl
5800 nm. The main beam has a 10-TW peak power. T
initial low-energy ultrashort pulse is produced by a modifi
commercial Ti:sapphire oscillator that is stretched up to 3

FIG. 1. A schematic of the experimental setup is shown. T
80-mm-diameter laser beam is focused with anf /6.25 off-axis para-
bolic mirror. Two focusing spectrometers with spatial resoluti
~FSSR! are shown as well as a pinhole camera and two cha
coupled device~CCD! cameras to obtain an interferogram.
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ps by an aberration-free Offner stretcher. After four ampl
cation stages, the pulse is then recompressed down to 6
in a vacuum chamber that is directly connected to the exp
mental chamber. The contrast is measured to be about 125

at 1 ps on the main beam with a high dynamic cross c
relator. The 80-mm-diameter laser beam is focused with
f /6.25 off-axis parabolic mirror. The 1/e2 focal spot radius is
r L525 mm (M2;4). The corresponding Rayleigh lengt
and vacuum intensity are 600mm and 731017 W/cm22,
respectively. A small amount of the laser energy is peaked
between the third and fourth amplifiers for the second pr
ing beam, which is then sent to a separate compressor. A
recompression in air, this probing beam has a 4-mJ ene
and is used for interferometric investigations.

A cluster target was formed by the adiabatic expansion
vacuum of an argon gas puff produced by a pulsed va
with a conical nozzle. An arrangement with a 1-mm inp
diameter, a 5-mm output diameter, and a 20-mm expan
length created the appropriate conditions to obtain a sp
trum featuring the x-ray emission from multicharged ion
The laser was focused at the vacuum-gas interface, abou
mm below the nozzle. The gas jet was characterized by la
interferometry. The density profile has a Gaussian shape
a 4-mm width ~at 1/e), and a peak atom density of 4.
31018 cm23 for a maximum gas backing pressure of 1
bars@34#.

Figure 2 illustrates spatially resolved x-ray spectra of
gon in the spectral range 3.35–4.2 Å , which were obtain
by means of two focusing spectrometers with spatial reso
tion; see Ref.@36#. Spherically bent mica crystals with
radius of curvature,R5150 mm, were used in these spe
trometers. The crystal of the first spectrometer was pla
250 mm from the plasma. The middle Bragg angle w
71.7°. Wavelengths near the Lya of H-like Ar
(3.72–3.82 Å ) are in this spectral range, and correspon
the fifth order of the mica crystal reflection. The crystal

e

e-

FIG. 2. Spatially resolved ArK-shell spectrum is shown. The
data were obtained over 4 mm in the longitudinal direction. T
Hea as well as the Heb can be clearly seen with their B-, Be-, an
Li-like satellites. The Heb is obtained from the fifth-order mica
reflection, while the Hea is obtained from the fourth-order reflec
tion.
0-2
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SPATIALLY RESOLVED X-RAY SPECTROSCOPY . . . PHYSICAL REVIEW E65 036410
the second spectrometer was placed 300 mm from
plasma. The middle Bragg angle was 56.6°. The fifth-or
mica reflection allowed recording of the spectra near
n-n853 –1, and 4–1 transitions of He-like ArXVII. The
spectral range between the Hea and Ka Ar line was observed
in the fourth order of crystal reflection. It should be not
that our attempts to observe the Lya line of H-like ArXVIII
were unsuccessful.

The theoretical spectral resolution of the fourth and fi
reflection orders of mica crystal approachedl/dl;10 000
for the present geometry. The x-ray spectral images of
have been obtained with a demagnification of about 2.1–
and a spatial resolution around 30-40mm in the direction of
propagation of the laser in the cluster jet, which is consist
with the focusing properties of the sperically bent cryst
The spectra were recorded on Kodak direct exposure fi
The film cassette was protected by two layers of 1-mm poly-
propylene covered by 0.2mm of Al, and by a 7-mm Be
filter.

III. MATHEMATICAL MODEL OF TWO-PHASE
GAS FLOW

There have been numerous studies of phase transition
nozzle flows~for example, see@37,38# and the bibliography
presented there!. The water-steam system has received
most attention since the steam flows are widely used
power engineering. However, the approaches developed~the-
oretical consideration, mathematical models, etc.! are valid
for an arbitrary gas flow with appropriate physical para
eters. According to the conditions of our experiment, we c
sider a gas at low initial temperatures that does not con
ions.

The origination of the condensed phase~which shall be
considered here to be the liquid phase! takes place due to
density fluctuations in supersaturated gas, i.e., spontan
condensation. The detailed presentation of the theory
spontaneous condensation can be found, for example, in
@39#. Due to surface effects, a small liquid droplet can be
equilibrium or evaporate even in supersaturated gas~the sur-
face tension provides an additional potential barrier for
atom entering the droplet!. So, for particular parameters o
the gas there is a critical value of droplet radiusr * . A drop-
let with radiusr * is in equilibrium with the gas, a smalle
droplet evaporates and vanishes, and only the droplets
radii greater thanr * can grow in the gas with these param
eters. We use the expression@38#

r * 5
2s

r lRT ln~P/Ps!
~1!

for the critical radius. Heres is the surface tension coeffi
cient, r l is the density of liquid,R5R0 /m is the gas con-
stant, T and P are temperature and pressure, andPs
5Ps(T) is the saturation pressure at temperatureT.

To produce a condensation nucleus able to grow, the fl
tuation resulting in the appearance of a droplet with rad
r .r * must take place. The theory of fluctuations@40# gives
the expression for the intensity of such fluctuations,
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This value may be treated as the number of condensa
nuclei appearing per unit time in unit volume of gas, whe
NA is Avogadro’s constant,m is the mass per mole, andk is
the Boltzmann constant.

To obtain the velocity of growth of the existing droplet
we use the expression@38#

ṙ 5
P

r lA2pRT
S 12A T

Ts~P!
D , ~3!

whereT andTs(P) are the temperatures of the gas and dro
lets, respectively. The temperature of a droplet is assume
be independent of the droplet’s radius. This assumption
valid if the growth of droplets takes place in the free atom
regime that is not limited by heat transfer. This supposition
necessary for further development of the model.

The current model of two-phase gas flow is based up
the following suppositions. The velocities of droplets a
equal to the gas velocity. The droplet temperature is equa
the saturation temperature. The effects of breaking in
confluence of the droplets, viscosity, heat conductivity, a
turbulence are negligibly small. There is no solid phase
the flow. Neither the possibility of freezing of droplets n
the solid nuclei origination is taken into account.

The model can be represented by the following system
differential equations:

]r

]t
1“•~rv!50, ~4!

]rv

]t
1“•~rv3v!52“P, ~5!

]

]t
rS e1

v2

2 D1“•FrvS e1
v2

2 D G52“•Pv, ~6!

]rV0

]t
1“•~rvV0!5I , ~7!

]rV1

]t
1“•~rvV1!5Ir * 1 ṙrV0 , ~8!

]rV2

]t
1“•~rvV2!5Ir

*
2 12ṙrV1 , ~9!

]rb

]t
1“•~rvb!52

4

3
pr l Ir *

3 24prr l ṙV2 , ~10!

P5P~r,e,b!5rS e1~12b!Ls

g

b~g21!
21D , ~11!

T5
P

bZrR
. ~12!
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FIG. 3. ~Color! Spatial distri-
bution of ^N&ndrop, the average
density of atoms forming the liq-
uid phase;b, the mass ratio of gas
phase relative to the total mas
and ndrop, the number density of
clusters in the nozzle. One can se
that there is some spatial structu
in the transverse direction of th
cluster distribution, particularly
for the cluster densityndrop, while
the other parameters are quite un
form.
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Herer is the density of the whole two-phase medium,v is its
velocity, e is the internal energy per unit mass, andb is the
mass ratio of the gas phase in the whole two-phase med
The valuesV i , i 50,1,2, are the moments of distributio
function of the droplets. In Eqs.~11! and ~12!, Ls is the
evaporation heat per unit mass,g5cP /cV is the specific hea
ratio, Z is a compressibility coefficient.

IV. RESULTS OF CLUSTER PRODUCTION MODELING

To obtain the gas parameters within the jet, the system
equations~4!–~10! have been solved numerically using th
relationships~1!, ~2!, ~3!, ~11!, ~12!. The initial conditions
correspond to a stationary gas with temperatureT0 and pres-
sure 131026P0, whereP0 andT0 are the initial parameter
of the gas in the vessel. The boundary condition at the w
of the nozzle was zero normal velocity, (v•n)50, while at
the inlet, boundary values were chosen so that the stagna
parameters were consistent with the values ofP0 and T0,
using the following expressions:
03641
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, ~13!

S~P,r!5S~P0 ,r0!. ~14!

Here,S is the entropy and the subscript 0 refers to the init
gas parameters in the vessel. Two-dimensional calculat
were performed for the region inside the nozzle volume a
some distance downstream from the nozzle’s outlet. T
nozzle modeled has a conical shape with an inlet diamete
1 mm, an outlet diameter of 5 mm and a length 20 mm. Al
the initial parameters for argon are given byP0515 bars
andT05293 K.

The results presented below correspond to some insta
time when the pattern of the flow becomes mostly stationa
The color isoline maps for the average density of ato
forming the liquid phasê N&ndrop , the mass ratio of gas
phase relative to the total massb, and the number density o
drops~or clusters! ndrop are presented in Fig. 3. Some spat
structure in the cluster distribution is evident, particularly
0-4
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the distribution of number density of drops~or clusters!
ndrop. On the other hand, the spatial structure for values ob
and^N&ndrop5(12b)natom are more homogeneous; they a
nearly one dimensional. This seeming contradiction can
better understood if one considers that the cluster size,^N&,
and density, ndrop , may vary while ^N&ndrop remains
uniform.

The dependences ofb, sometimes refered to as ‘‘dry
ness,’’ and cluster densityndrop as a function of distance
from the jet’s axis for the cross section positioned at dista
1.5 and 2 mm downstream from the nozzle’s outlet are p
sented in Fig. 4. One can see that although there is s
spatial structure of values presented, the changes of t
values are relatively small, within a radius of approximate
2 mm. In addition, the average density of atoms, which
presented in Fig. 5, is practically constant across the jet,
its diminishing takes place only at distancesr'2.5 mm
from the symmetry axis. Comparisons of experiment w
the hydrodynamic calculations indicate that the model p
dicts the measured cluster parameters very well. The w
of the density profile~4 mm diameter! agrees well with the
measured profile and the peak atomic densities show a c
correspondence, see Fig. 5. It should be briefly noted tha
use of a Laval jet nozzle results in much less uniform de

FIG. 4. Cross-section profiles of two parameters at 1.5 an
mm from nozzle’s outlet are shown. The values presented areb, the
mass ratio of gas phase to the total mass;ndrop, the density of clus-
ters ~droplets!.
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the modeling of Laval nozzles can be found in Ref.@41#.

V. ANALYSIS OF SPECTRA AND DISCUSSION

Detailed spectroscopic analysis, incorporating the effe
of hot electrons was conducted on spatially resolved
K-shell spectra obtained in the experiment described in S
II. In Fig. 2 is the spatially resolvedK-shell spectra in which
the Hea , its satellites, and the Heb are evident. Looking at
the spectrally integrated profile inset to the right, the inte
sity strongly peaks at approximately 1000mm and trails off
so that the emission is indistinguishable from the backgro
by ;2500 mm.

Figure 6 shows the spatially integrated spectroscopic d
in the region of the Ar Hea . The Hea and its satellites occu
in the range from 3.93 to 4.05 Å , and are obtained from
fourth-order mica crystal reflection. Please note that the Hg
appears in the Hea spectrum from the fifth-order reflectio
off the crystal. This feature has been included in the mo
spectra, although its intensity relative to the Hea was arbi-

2

FIG. 5. Mean density of atomsnatom as a function of the dis-
tance from jet’s axis at 1.5 and 2 mm from the nozzle’s outlet. T
theoretical calculation is compared with experimental measu
ments, showing excellent agreement. We can see that the de
begins to drop off dramatically at a diameter of 4 mm.

FIG. 6. Spatially integrated spectra of the Ar Hea and its satel-
lites are shown. Specific features important to the analysis and
agnosis of the plasma are indicated.
0-5
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trary and is not used in the spectral analysis. The rela
intensities of the Hea and its Li- and Be-like satellites pro
vides detailed information about the electron density a
temperature, as well as the hot electron fraction, since
presence of high-energy electrons enhance the populatio
certain states via collisional excitation and ionization, su
as those leading to the Li-likeq,r ,a–d satellites of the Ar
Hea indicated in Fig. 6.

In order to generate the theoretical spectra, the system
steady state radiative-collisional rate equations was so
for uniform plasma with different plasma parameters@42#.
The rate coefficients for the electron collision processes w
calculated using a model electron-energy distribution fu
tion, which includes a provision for hot electrons. The deta
of the calculations are described in detail in Refs.@33,34#.
The spectral profiles were calculated using an instrume
resolution ofl/Dl51400.

The calculated model spectrum is shown with the s
tially resolved experimental data for the spectral regio
around the Ar Hea in Fig. 7. Note the excellent agreeme
between theory and experiment. The model spectra is a
of spectra using two sets of plasma parameters: a high
perature, moderate density contribution,kT5230 eV, Ne
5331020 cm23, with a hot electron fractionf 5731024;
and a low temperature, low density contribution,kT
5130 eV, Ne5331019 cm23, with hot electron fraction
f 5731028. Table I lists the plasma parameters for the
dividual spatially resolved line outs. The spectra are do
nated by the component with the higher electron dens
sometimes as high as critical density, with the lower den
component generating an extra contribution for Be-like s
ellites. However, the higher density component is only
small portion of the total plasma volume, of the order
1027 to 1026. The low density emission can come from th
rarified plasma between clusters or from the clusters th
selves after they expanded into their surroundings.

There is not a unique set of parameters that will fit t
experimental spectrum. For example, the spectrum show
Fig. 7 could be fit just as well with the temperatureskThigh
5250 eV and kTlow5160 eV with greater hot electro

FIG. 7. For the spectral data shown above, the plasma is c
acterized by two sets of plasma parameters:kT5230 eV, Ne53
31020 cm23, and hot electron fractionf 5731024; and kT
5130 eV, Ne5331019 cm23, and f 5731028.
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fractions. In spite of this small ambiguity, the theoretic
spectra generated from the current model is sufficiently s
sitive to the plasma parameters that the temperatures
known within 10–15 % and the higher density is know
within 20%. Finally, the lower density spectra are insensit
to the density up toNe5131020 cm23, so the value used
for the model spectra was chosen to be consistent with in
ferometry measurements.

The spatially resolved spectroscopic data, along with
terferometry data and pinhole imaging, provides detai
characterization of the cluster plasma. Although ArK-shell
emission was measured over a distance of 4 mm, as
in Fig. 2, the quality of the first 500mm of data was too
poor to be analyzed. The results of the fir
600 mm (500–1100mm) of useful data indicate remark
ably uniform plasma parameters and corresponds to
maximum ArK-shell emission. Over the next 400mm, the
electron density increases to nearly critical density and f
rapidly below the values seen in the first region. In additio
the bulk electron temperature and hot electron fract
steadily increase over the same region; the totalK-shell
emission also falls over this region. The line emission b
yond 1900 mm is difficult to distinguish from the back
ground.

r-

TABLE I. Comparison of plasma parameters with longitudin
distance.

Distance Bulk Electron Hot electron
(mm) temperature~eV! density (cm23) fraction

500 222 531020 331024

130 331019 1.731028

600 222 531020 331024

130 331019 131028

700 230 331020 731024

130 331019 731028

900 205 531020 331024

130 531019 131027

1100 .205 6.531020 331024

130 331019 331028

1300 215 .1.531021 1.731024

130 331019 731027

1500 ,215 .1.531021 1.731024

130 331019 33102

1700 265 ,231020 ,331023

130 331019 131027

1900 265 !231020 331023

130 331019 .131027
0-6
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FIG. 8. ~Color! Pinhole image
of the cluster plasma.
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The Ar x-ray spectral data is corroborated by an x-r
pinhole image and interferometry data shown in Figs. 8 a
9. In the pinhole image, the plasma appears to have an e
gated shape approximately 2.8 mm long and 0.7 mm w
The electron density profile obtained from interferome
measurements corresponds roughly with the size of the
hole image, having a length of approximately 3.5 mm an
0.8 mm width. This data agrees roughly with the hydrod
namic modeling. Also, the mean density of atoms shown
Fig. 5 is consistent with a maximum electron density of le
than 831019 cm23 if the argon were ionized to116 ~He-
like!. In comparison, interferometry data shows densities
higher than 331019 cm23. This is the maximum value o
electron density that can be measured by optical interfer
etry using the current laser wavelength. The region of gre
est electron density in the interferogram coincides with
high density region in the spectral data, including the sud
drop in density at 1.7 mm~3.4 mm on the interferogram!.
Also, unlike previous experiments where self-focusing w
achieved@21,20#, our interferogram does not show ridge
along the path of the laser pulse characteristic of a pla
channel.

Besides finding agreement between the cluster mode
and experiment, we were able to gather other informat
about the laser-cluster interaction. Although the plasma
formed from a mixture of Ar gas and clusters, it was char
terized by notably uniform temperatures and density for
first 600 mm, one Rayleigh length, in the direction of las
propagation. In addition, the maximum x-ray emission a
occurred over this same region. Since the relevant len
scale seems to be the Rayleigh length, diffraction must
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e
n

s
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n
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e

o
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important as the laser propagates through the plasma.
may explain the diminished x-ray emission along the la
propagation direction.

Beyond one Rayleigh length, however, we find a region
oscillating electron density, suggesting a Raman instab
@22–25#. This sort of instability is seen in high-intensit
laser-plasma experiments when the laser intensity is be
the threshold for self-focusing and is competing with diffra
tion effects@23,21#. It is most pronounced when the power
below critical powerPcrit , and channeling does not occu
Forward Raman scattering is also known to generate hig
energetic electrons and heat the plasma, which is consis
with the data. Regardless of the source of the instability
seems to have the effect of quenchingK-shell emission.

VI. CONCLUSION

The mathematical model and numerical methods t
were widely used for the investigations of gas flows w
phase transitions~spontaneous condensation! in power engi-
neering and some other fields, have now been applied to
investigation of processes taking place in gas-cluster ta
formation. The applicability in principle of this model an
this class of models has been shown for the investigation
spatial structure of gas-cluster targets. Good agreement
obtained between the hydrodynamics modeling and the
perimental data. As a result, this modeling will facilita
nozzle design in order to create specific clustering con
tions.

The analysis also revealed additional interesting inform
tion. The spectroscopy provides a detailed characterizatio
0-7
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FIG. 9. ~a! ~Color! Interfero-
gram is shown. The plasma den
sity is fairly homogeneous for 3.5
mm along the direction of lase
propagation. It appears to hav
only two small local maxima of
the plasma density. Its length i
close to the values of the jet diam
eter determined experimentall
and theoretically with the curren
model ~4 mm!. ~b! A false color
plot of the electron densities dete
mined from the interferogram
The maximum value that can
be determined is aboutNe53
31019 cm23. The downward dis-
placement atz53.5 mm seems to
come from the neutral density gra
dient toward the expansion direc
tion that tends to deflect the beam
from the nozzle.
s a
o
n
d

ils
th
y

ion

nt
n

his
the plasma, including its spatial structure. Spectroscopy i
excellent complement to interferometry by probing electr
densities not accessible to interferometric techniques, a
vice versa. The spatial structure of the plasma is more
pendent on laser and gas-jet parameters than the deta
the large clusters employed in our experiments. Finally,
plasma over the first Rayleigh length is characterized b
relatively uniform temperature, density, and hot electron
03641
n
n
d-
e-
of

e
a

fraction, although laser intensity and resulting x-ray emiss
is strongly varying.
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