PHYSICAL REVIEW E, VOLUME 65, 036410
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 tHmédef 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 wm).
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I. INTRODUCTION The Rayleigh length is defined as= wor/2c, wherer, is
the laser spot size radius. Plasma channels are characterized

The interaction of high-power, ultrashort laser pulses withby a low density region along the path of laser propagation,
matter, particularly atomic gas clusters, has been a subject @fhere the strong laser field has expelled the electrons, sur-
active investigation in recent years. Such investigations haveounded by a region of high electron density. This configu-
advanced fundamental research and understanding of the b@tion enhances the index of refraction along the edges of the
havior of matter under extreme conditiofis-12]. Laser in-  path and focuses the laser energy down the channel. If the
teractions with clusters have been studied extensively aleiser power exceeds critical powe; this process over-
sources of intense x-rays as well as for the generation ofomes the effect of diffraction and can allow the pulse to
highly energetic particles for practical applications in fusiontravel many times the Rayleigh length. On the other hand, if
research, medical and biological imaging, and microscale liP.; is not exceeded, the laser pulse experiences diffraction
thography(1,2,13. and the plasma is vulnerable to instabilitj@d—24. In ad-

The actual study of cluster formation has been limited dition, experiments involving channeling are sensitive to
particularly with respect to the spatial structure of clusterdensity gradients in the target gf26—28. Optimum laser
parameters. Previous work relied upon the empirical theorybsorption leading to the rapid onset of channeling occurs
developed by Hagend4-14 to describe cluster formation. when the laser focus is coincident with the large gradient at
In addition, Rayleigh scatterind] was used in some experi- the edge of the gas j¢21,28. These previous studies point
ments to evaluate the parameters of the clusters generatedid\a need to know the spatial distribution the target material.
summary of the studies of clustering can be found in Ref. Self-channeling experiments conducted on gas-jet
[17]. These approaches allow for the evaluation of condition$18,21], solid [29] and cluster target$19,20,30,3], have
of cluster formation, as well as determination of the averagelemonstrated many similarities among them. In the present
size of a cluster and the density of clusters; however, they dpaper, we will investigate the spatial distribution of plasma
not consider in detail the processes taking place in the gamdiation from cluster targets and contrast our results with
jet. In particular, the obtained parameters describe an averagaevious self-focusing experiments. The laser intensity em-
over the whole gas jet, while there is no information aboutployed in the current experiment is less than that used for
their spatial and temporal resolution. Meanwhile, some extypical self-focusing experiments. Such experiments usually
perimental results can be explained only by using the deemploy intensities>~10"® W/cn?. Also, self-channeling
tailed information about the spatial distribution of clusters,experiments have used laser pulses that range from 600 ps to
which can only be obtained from the modeling of the pro-250 fs. The current experiment uses a much shorter main
cesses taking place in a jet. pulse 60 fs, although the prepulse is on the order of 1 ps.

In cases where the spatial characteristics of laser produced One unique cluster experimel20] employed a moderate
plasmas are of interest, relevant experimental work can bmtensity prepulse- 10" W/cn?¥ to predissociate Ar clusters
found mostly in the study of laser self-focusing and plasmaalong the path of laser propagation. Since clusters absorb the
channel formatiof18-21]. Although the goal of the current laser energy much more efficiently than isolated atoms, only
investigation is primarily the analysis of hard x-ray produc-the wings of the main pulse were absorbed by clusters still
tion and the modeling of cluster formation within the jet, existing in the annular region surrounding the dissociated Ar
similar phenomena were observed and useful comparisoratoms, creating the necessary low electron density channel
can be made with self-focusing experiments. Channel formasurrounded by a high density plasma. The current experiment
tion allows laser guiding for distances longer than the Rayis quite different since it uses a lower intensity prepulse. We
leigh length without significant energy loss or diffraction. wish to complete dissociation of the clusters by the prepulse,
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FIG. 1. A schematic of the experimental setup is shown. The 0.395 0.419 A (nm)

80-mm-diameter laser beam is focused withf £125 off-axis para- . ]
bolic mirror. Two focusing spectrometers with spatial resolution ~FIG. 2. Spatially resolved AK-shell spectrum is shown. The
(FSSR are shown as well as a pinhole camera and two Chargedata were obtained over 4 mm in the IOngltudlnaI direction. The

coupled devicéCCD) cameras to obtain an interferogram. He, as well as the Hgcan be clearly seen with their B-, Be-, and
Li-like satellites. The Hg is obtained from the fifth-order mica

which would inhibit the production of x-rays. In addition, the reflection, while the Hg is obtained from the fourth-order reflec-
) ’ tion.
r

main pulse used in the current experiment has a much highe
intensity than that described in R€R0]. Finally, the current  ps by an aberration-free Offner stretcher. After four amplifi-
experiment used significantly larger clusters than many selfeation stages, the pulse is then recompressed down to 60 fs
channeling experimen{4.9,30,3], which may have also al- in a vacuum chamber that is directly connected to the experi-
lowed the clusters to survive the prepul82]. mental chamber. The contrast is measured to be about 10

In the present paper, a detailed simulation of the two-at 1 ps on the main beam with a high dynamic cross cor-
phase gas dynamic processes in the nozzle, which forms thiglator. The 80-mm-diameter laser beam is focused with an
jet, is presented and the spatial distribution of cluster paramft/6.25 off-axis parabolic mirror. The &7 focal spot radius is
eters is obtained. This model was applied to the conditions of.=25 uwm (M?~4). The corresponding Rayleigh length
a laser-cluster experiment performed on the UHI10 laser inand vacuum intensity are 60gm and 710" Wicm™?,
stallation at Saclay, France. This experiment will be deJespectively. Asmall amount of the laser energy is peaked up
scribed in Sec. Il. In Sec. Ill, we describe the “momentsPetween the third and fourth amplifiers for the second prob-

method” approach, which was employed to model the clustefd P&am, which is then sent to a separate compressor. After
formation. This technique was developed mainly for thel©COMPression in air, this probing beam has a 4-mJ energy
study of water-steam flows in nozzles and turbine cascadeé‘.ndA'SI used for mterfer(f)metrlé: anehst|gzt_|ogs._ L
The results of these calculations will be presented in Sec. IV\'/acuEr?]Stoefr ;%rgz;tg\(l)vr?sg;srrgiﬁ pyr; dlejcaeollab?tlz;: pe)ﬁ?saer(lj&\?gl\l/g
In Sec. V, the results of the cluster modeling will be com-

dt tiall ved At-shell ; I " with a conical nozzle. An arrangement with a 1-mm input
pared 1o spatially resolve -shell spectra as Well as I~ yiameter, a 5-mm output diameter, and a 20-mm expansion

terfer_omet_ric data used to measure electron de”S“_y’ and p"fEngth created the appropriate conditions to obtain a spec-
hole imaging. The x-ray spectra was analyzed using & Wogm featuring the x-ray emission from multicharged ions.
temperature kinetics model that incorporates the effects Ofhe |aser was focused at the vacuum-gas interface, about 1.5
hot electron$33—34. The results of the analysis will also be mm pelow the nozzle. The gas jet was characterized by laser
discussed in Sec. V. It will be shown that the hydrodynamicinterferometry. The density profile has a Gaussian shape with
modeling agrees well with the observed cluster behaviorg 4-mm width (at 1k), and a peak atom density of 4.6

Also, the spectral and interferometric data are used to dex 10'® cm™3 for a maximum gas backing pressure of 15
scribe the behavior of the cluster plasma. The results will bgyays[34].

summarized in Sec. VI. Figure 2 illustrates spatially resolved x-ray spectra of ar-
gon in the spectral range 3.35-4.2 A, which were obtained
Il. EXPERIMENTAL SETUP by means of two focusing spectrometers with spatial resolu-

tion; see Ref[36]. Spherically bent mica crystals with a
The experiments were performed on the UHI10 laser. Theadius of curvatureR=150 mm, were used in these spec-
experimental setup is shown in Fig. 1. UHI10 is a two-beamtrometers. The crystal of the first spectrometer was placed
10-Hz Ti:sapphire laser system with wavelength 250 mm from the plasma. The middle Bragg angle was
=800 nm. The main beam has a 10-TW peak power. Th§1.7°. Wavelengths near the Ly of H-like Ar
initial low-energy ultrashort pulse is produced by a modified(3.72—3.82 A) are in this spectral range, and correspond to
commercial Ti:sapphire oscillator that is stretched up to 30Qhe fifth order of the mica crystal reflection. The crystal of
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the second spectrometer was placed 300 mm from the 1 [2op/ P)\2 4mor?
plasma. The middle Bragg angle was 56.6°. The fifth-order l=— N exp — .
mica reflection allowed recording of the spectra near the Pi A

n-n"=3-1, and 4-1 transitions of He-like ArXVIl. The This value may be treated as the number of condensation

spectral range between the Hend K, Ar line was observed  npyclei appearing per unit time in unit volume of gas, where

in the fourth order of crystal reflection. It should be notedy, is Avogadro’s constanty is the mass per mole, ardis

that our attempts to observe the Liine of H-like ArxXVII| the Boltzmann constant.

were unsuccessful. To obtain the velocity of growth of the existing droplets,
The theoretical spectral resolution of the fourth and fifthyye yse the expressidas]

reflection orders of mica crystal approachetb\ ~10 000

for the present geometry. The x-ray spectral images of Ar . P ( T ) @

have been obtained with a demagnification of about 2.1-2.3 r=——==\1-\7%5

and a spatial resolution around 30-40m in the direction of pN2TRT Ts(P)

propagation of the laser in the cluster jet, which is ConSiSter\'}vhereT andT

with the focusing properties of the sperically bent crystal.

The spectra were recorded on Kodak direct exposure fil

The film cassette was protected by two layers qirh-poly-

propylene covered by 0.2m of Al, and by a 7um Be

kT 3kT 2)

<(P) are the temperatures of the gas and drop-

lets, respectively. The temperature of a droplet is assumed to

Mhe independent of the droplet’s radius. This assumption is
valid if the growth of droplets takes place in the free atomic
regime that is not limited by heat transfer. This supposition is

filter. necessary for further development of the model.
The current model of two-phase gas flow is based upon
lll. MATHEMATICAL MODEL OF TWO-PHASE the following suppositions. The velocities of droplets are
GAS FLOW equal to the gas velocity. The droplet temperature is equal to

There have been numerous studies of phase transitions Fﬂe saturation temperature. The effects of breaking in and

nozzle flows(for example, se€37,3§ and the bibliography confluence of the dfo.p lets, viscosity, hgat condl_Jctlwty, ar]d
: turbulence are negligibly small. There is no solid phase in
presented theje The water-steam system has received th

. . . 'She flow. Neither the possibility of freezing of droplets nor
most attention since the steam flows are widely used in . S T .
he solid nuclei origination is taken into account.

power engineering. However, the _approaches develdpgel The model can be represented by the following system of
oretical consideration, mathematical models, ))eace valid . . . )
) . . . differential equations:

for an arbitrary gas flow with appropriate physical param-
eters. According to the conditions of our experiment, we con- p
sider a gas at low initial temperatures that does not contain E-FV-(pV):O, 4
ions.

The origination of the condensed phasehich shall be IoV
considered here to be the liquid phpsakes place due to L+V~(pVXV)= —-VP, (5
density fluctuations in supersaturated gas, i.e., spontaneous ot
condensation. The detailed presentation of the theory of

2 2
spontaneous condensation can be found, for example, in Ref. ﬁp er iy, oVl e+ v }: ~V.Pv, ©®)
[39]. Due to surface effects, a small liquid droplet can be in dat 2 2
equilibrium or evaporate even in supersaturated(gees sur-
face tension provides an additional potential barrier for an dpLly v 00—
atom entering the dropletSo, for particular parameters of at V- (pvido) =1, @)
the gas there is a critical value of droplet radiys A drop-
let with radiusr, is in equilibrium with the gas, a smaller dpy .
droplet evaporates and vanishes, and only the droplets with ot +V-(pvQy) =1t +1pQ, ®)
radii greater tham, can grow in the gas with these param-
eters. We use the expressi88] apQ, .
= +V-(pvQ,)=Irs +2rpQq, 9
20 !
f = 5 RTIN(PIP) @ IpB 4 ,
i TV (pvB)=—gmplri—A4mppirQs,  (10)
for the critical radius. Herer is the surface tension coeffi-
cient, p; is the density of liquidR=R,/u is the gas con- e+(1-B)L,
stant, T and P are temperature and pressure, aRd P=P(p,e,B)=p| ———|, (11
=P(T) is the saturation pressure at temperaflire _r _
To produce a condensation nucleus able to grow, the fluc- B(y—1)
tuation resulting in the appearance of a droplet with radius
r>r, must take place. The theory of fluctuatidd®] gives T= P (12)
the expression for the intensity of such fluctuations, BZpR’
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Herep is the density of the whole two-phase mediuwnis its P 2 Po

velocity, e is the internal energy per unit mass, g8ds the e+ ; + 2 =€t p—1 (13
mass ratio of the gas phase in the whole two-phase medium. 0

The values();, i=0,1,2, are the moments of distribution

function of the droplets. In Eqg11) and (12), L, is the S(P,p)=S(Pg,po)- (14

evaporation heat per unit masss cp/cy is the specific heat

ratio, Z is a compressibility coefficient. Here,Sis the entropy and the subscript O refers to the initial

gas parameters in the vessel. Two-dimensional calculations
were performed for the region inside the nozzle volume and
some distance downstream from the nozzle’s outlet. The
nozzle modeled has a conical shape with an inlet diameter of
To obtain the gas parameters within the jet, the system of mm, an outlet diameter of 5 mm and a length 20 mm. Also,
equations(4)—(10) have been solved numerically using the the initial parameters for argon are given By=15 bars
relationships(1), (2), (3), (11), (12). The initial conditions andT,=293 K.
correspond to a stationary gas with temperafly@and pres- The results presented below correspond to some instant of
sure 1x 10 °P,, whereP, and T, are the initial parameters time when the pattern of the flow becomes mostly stationary.
of the gas in the vessel. The boundary condition at the wall3he color isoline maps for the average density of atoms
of the nozzle was zero normal velocity-(1)=0, while at ~ forming the liquid phas&N)ng.,, the mass ratio of gas
the inlet, boundary values were chosen so that the stagnatigrhase relative to the total mags and the number density of
parameters were consistent with the valuesPgfand T, drops(or clusterg ng,,, are presented in Fig. 3. Some spatial
using the following expressions: structure in the cluster distribution is evident, particularly in

IV. RESULTS OF CLUSTER PRODUCTION MODELING
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FIG. 5. Mean density of atoms,,, as a function of the dis-
tance from jet's axis at 1.5 and 2 mm from the nozzle’s outlet. The
theoretical calculation is compared with experimental measure-
7 ments, showing excellent agreement. We can see that the density
begins to drop off dramatically at a diameter of 4 mm.

2.0X1012 T T T T T
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12 i y R . .
1.0x10 sities and distribution of clusters. Further details concerning

the modeling of Laval nozzles can be found in Héfl].

5.0x10""
V. ANALYSIS OF SPECTRA AND DISCUSSION

Cluster Density, ngrop (cm's)

Detailed spectroscopic analysis, incorporating the effects
of hot electrons was conducted on spatially resolved Ar
K-shell spectra obtained in the experiment described in Sec.
Il. In Fig. 2 is the spatially resolvel-shell spectra in which

FIG. 4. Cross-section profiles of two parameters at 1.5 and Zhe He,, its satellites, and the %eare evident. Looking at
mm from nozzle's outlet are shown. The values presente@atee  he spectrally integrated profile inset to the right, the inten-
mass ratio of gas phase to the total mams;, the density of clus- sity strongly peaks at approximately 1000m and trails off
ters (droplets. so that the emission is indistinguishable from the background

by ~2500 pum.
the distribution of number density of dropger cluster$ Figure 6 shows the spatially integrated spectroscopic data
Narop- ON the other hand, the spatial structure for valueg of in the region of the Ar He. The He, and its satellites occur
and({N)Ngop= (1~ B)Naom are more homogeneous; they are in the range from 3.93 to 4.05 A, and are obtained from the
nearly one dimensional. This seeming contradiction can b&urth-order mica crystal reflection. Please note that the He

better understood if one considers that the cluster ¢itg, ~ appears in the Hespectrum from the fifth-order reflection
and density, ngop, May vary while (N)ng,o, remains off the crystal. This feature has been included in the model

uniform. spectra, although its intensity relative to the Heas arbi-

The dependences ¢, sometimes refered to as “dry-
ness,” and cluster densityg,,, as a function of distance

0
0 1 2 3 4 5 6

Distance from symmetry axis, r (mm)

240

ISpace Integratec'i Data

from the jet’s axis for the cross section positioned at distance
1.5 and 2 mm downstream from the nozzle’s outlet are pre-
sented in Fig. 4. One can see that although there is some
spatial structure of values presented, the changes of these
values are relatively small, within a radius of approximately
2 mm. In addition, the average density of atoms, which is
presented in Fig. 5, is practically constant across the jet, and
its diminishing takes place only at distances-2.5 mm
from the symmetry axis. Comparisons of experiment with
the hydrodynamic calculations indicate that the model pre-
dicts the measured cluster parameters very well. The width
of the density profilg4 mm diameteragrees well with the

Intensity (arb. units)’

140

Heyo
q,ra-d
flik

40
3.93

3.99

4.05
Wavelength (angstroms)

4.11

measured profile and the peak atomic den_sities show a close g 6. Spatially integrated spectra of the Ar Hend its satel-
correspondence, see Fig. 5. It should be briefly noted that thRes are shown. Specific features important to the analysis and di-
use of a Laval jet nozzle results in much less uniform den-agnosis of the plasma are indicated.

036410-5



G. C. JUNKEL-VIVESet al.

PHYSICAL REVIEW E 65 036410

0.16 T T T TABLE I. Comparison of plasma parameters with longitudinal
700 um data distance.
He-o Model Spectrum ———

w Distance Bulk Electron Hot electron

= (um) temperaturéeV)  density (cm ) fraction

Ke]

3 008 500 222 5 1020 3x10°4

= 130 3x10'° 1.7x10°8

L5

= 600 222 5¢ 107° 3x10°4

130 3x 10" 1x10°8

0 0 —4
3.92 3.96 4 4.04 700 230 X102 7x10

Wavelength (angstroms) 130 3x10'° 7X10°°

FIG. 7. For the spectral data shown above, the plasma is char- ggg 205 5% 10%° 3x10°4
acterized by two sets of plasma paramet&B=230 eV, N.=3 130 5x 1019 1x10°7
x10%° cm 3, and hot electron fractionf=7x10% and kT
=130 eV, Ne=3x10" cm 3, andf=7x10"5. 1100 =205 6.5¢ 1020 3%10°4
trary and is not used in the spectral analysis. The relative 130 3x 10" 3x10°°
intensities of the Heg and its Li- and Be-like satellites pro-
vides detailed information about the electron density and 1300 215 >1.5x 107 1.7x10°*
temperature, as well as the hot electron fraction, since the 130 3x 10" 7x10°7
presence of high-energy electrons enhance the populations of
certain states via collisional excitation and ionization, such 1500 <215 >1.5x 107 1.7x10°4
as those leading to the Li-likg,r,a—d satellites of the Ar 130 3x10'° 3X10°
He, indicated in Fig. 6.

In order to generate the theoretical spectra, the system of 1700 265 <2%10%° <3%x10°3
steady state radiative-collisional rate equations was solved 130 3% 1019 1x10°7
for uniform plasma with different plasma parametf4g].

The rate coefficients for the electron collision processes were 1999 265 <2%10%° 3% 1073
calculated using a model electron-energy distribution func- 130 3% 1019 ~1%10°7

tion, which includes a provision for hot electrons. The details

of the calculations are described in detail in R¢B3,34.
The spectral profiles were calculated using an instrumental
resolution ofA/ANX=1400.

fractions. In spite of this small ambiguity, the theoretical

The calculated model spectrum is shown with the spaspectra generated from the current model is sufficiently sen-
tially resolved experimental data for the spectral regionssitive to the plasma parameters that the temperatures are
around the Ar Hg in Fig. 7. Note the excellent agreement known within 10-15% and the higher density is known
between theory and experiment. The model spectra is a sumithin 20%. Finally, the lower density spectra are insensitive
of spectra using two sets of plasma parameters: a high tente the density up tdN.=1x10?° cm 3, so the value used

perature, moderate density contributiddl=230 eV, N,
=3x10%° cm 3, with a hot electron fractio=7x10 *;
and a low temperature, low density contributioRT
=130 eV, N,=3x10" cm 3, with hot electron fraction

for the model spectra was chosen to be consistent with inter-
ferometry measurements.

The spatially resolved spectroscopic data, along with in-
terferometry data and pinhole imaging, provides detailed

f=7x10"8. Table | lists the plasma parameters for the in-characterization of the cluster plasma. AlthoughKshell
dividual spatially resolved line outs. The spectra are domiemission was measured over a distance of 4 mm, as seen
nated by the component with the higher electron densityin Fig. 2, the quality of the first 50Qum of data was too
sometimes as high as critical density, with the lower densitypoor
component generating an extra contribution for Be-like sat600 wm (500-1100xm) of useful data indicate remark-
ellites. However, the higher density component is only aably uniform plasma parameters and corresponds to the
small portion of the total plasma volume, of the order of maximum ArK-shell emission. Over the next 40Qm, the
107 to 10 ©. The low density emission can come from the electron density increases to nearly critical density and falls
rarified plasma between clusters or from the clusters thenrapidly below the values seen in the first region. In addition,

selves after they expanded into their surroundings.

to

be analyzed.

The

results

of the first

the bulk electron temperature and hot electron fraction

There is not a unique set of parameters that will fit thesteadily increase over the same region; the tétashell
experimental spectrum. For example, the spectrum shown iemission also falls over this region. The line emission be-

Fig. 7 could be fit just as well with the temperatui€g,g,

036410-6
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FIG. 8. (Color) Pinhole image
of the cluster plasma.

The Ar x-ray spectral data is corroborated by an x-rayimportant as the laser propagates through the plasma. This
pinhole image and interferometry data shown in Figs. 8 andnay explain the diminished x-ray emission along the laser
9. In the pinhole image, the plasma appears to have an elopropagation direction.
gated shape approximately 2.8 mm long and 0.7 mm wide. Beyond one Rayleigh length, however, we find a region of
The electron density profile obtained from interferometryoscillating electron density, suggesting a Raman instability
measurements corresponds roughly with the size of the pif22—-25. This sort of instability is seen in high-intensity
hole image, having a length of approximately 3.5 mm and daser-plasma experiments when the laser intensity is below
0.8 mm width. This data agrees roughly with the hydrody-the threshold for self-focusing and is competing with diffrac-
namic modeling. Also, the mean density of atoms shown irtion effects[23,21]. It is most pronounced when the power is
Fig. 5 is consistent with a maximum electron density of lessbelow critical powerP.;;, and channeling does not occur.
than 8<10* cm 3 if the argon were ionized ta- 16 (He-  Forward Raman scattering is also known to generate highly
like). In comparison, interferometry data shows densities n@nergetic electrons and heat the plasma, which is consistent
higher than % 10*® cm™3. This is the maximum value of with the data. Regardless of the source of the instability, it
electron density that can be measured by optical interferomseems to have the effect of quenchighell emission.
etry using the current laser wavelength. The region of great-

e;t electr(_)n deqsity in the interferograrr_] coin_cides with the VI. CONCLUSION
high density region in the spectral data, including the sudden
drop in density at 1.7 mnt3.4 mm on the interferogram The mathematical model and numerical methods that

Also, unlike previous experiments where self-focusing wasvere widely used for the investigations of gas flows with
achieved[21,20, our interferogram does not show ridges phase transitionsspontaneous condensatidn power engi-
along the path of the laser pulse characteristic of a plasmaeering and some other fields, have now been applied to the
channel. investigation of processes taking place in gas-cluster target
Besides finding agreement between the cluster modelintprmation. The applicability in principle of this model and
and experiment, we were able to gather other informatiorihis class of models has been shown for the investigation of
about the laser-cluster interaction. Although the plasma waspatial structure of gas-cluster targets. Good agreement was
formed from a mixture of Ar gas and clusters, it was charac-obtained between the hydrodynamics modeling and the ex-
terized by notably uniform temperatures and density for theperimental data. As a result, this modeling will facilitate
first 600 wm, one Rayleigh length, in the direction of laser nozzle design in order to create specific clustering condi-
propagation. In addition, the maximum x-ray emission alsdtions.
occurred over this same region. Since the relevant length The analysis also revealed additional interesting informa-
scale seems to be the Rayleigh length, diffraction must b&on. The spectroscopy provides a detailed characterization of
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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 laser
propagation. It appears to have

4 6 only two small local maxima of
the plasma density. Its length is
close to the values of the jet diam-

z[:m:] eter determined experimentally
and theoretically with the current
model (4 mm). (b) A false color
plot of the electron densities deter-
mined from the interferogram.
The maximum value that can
be determined is aboulN.,=3
%X 10* cm™2. The downward dis-
placement at=3.5 mm seems to
come from the neutral density gra-
dient toward the expansion direc-
tion that tends to deflect the beam
from the nozzle.

(&)

(b)

the plasma, including its spatial structure. Spectroscopy is aﬁaé:ttrlggéﬁllt\k;g?y?rrgaser intensity and resulting x-ray emission

excellent complement to interferometry by probing electron
densities not accessible to interferometric techniques, and- ACKNOWLEDGMENTS
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