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Abstract

High dynamic range, space-resolved X-ray spectra of an aluminum laser—plasma in the 5.5-8 A range were obtained
using a TIAP crystal and a cooled CCD camera as a detector. This technique was used to investigate the emission region
in the longitudinal direction over a distance of approximately @&0from the solid target surface. These data show that

the electron density profile varies by two orders of magnitude with the temperature ranging from about 180 €V in the
overdense region to about 650 eV in the underdense region. Accordingly, different equilibria take place across the
explored region which can be identified with this experimental technique. Detailed studies on highly ionized atomic
species in different plasma conditions can therefore be performed simultaneously under controlled conditions.

1. INTRODUCTION other diagnostic techniques like interferometric methods
(Kauffman, 1991; Griem, 1997
Plasmas generated by high-power, nanosecond laser irradi- X-ray spectroscopy with spatial resolution allows the
ation of solid targets exhibit a wide range of physical con-plasma parameters like electron temperature, density, orion-
ditions due to the large variation of electron density andization state to be measured at different regions. Laser-
temperature both in space and time. In the coronal regiomlasma interaction processes including nonlinear interaction
where coupling mechanisms between the laser light and thehenomena in the underdense region, such as filamentation
plasma mostly take place, the atomic physics is dominatedr self-focusing, two-plasmon decay instability or any other
by radiative processes, and the so-called coronal equilibmechanism which affects the electron distribution function
rium provides a good description of the system independergignificantly, can be studied by X-ray spectroscopy with
of the specific structure of energy levels in the plasma. Asspatial resolution. Further, spatially resolved spectra can be
we go towards the regions of higher electron density, colli-used to study strongly correlated plasmas of high density
sions start to contribute and a simple description is no longetLeboucher-Dalimieret al., 1993 or the gain region for
possible: Adetailed analysis must be performed which takeX-ray lasergd Nantelet al,, 1996. Finally, the knowledge of
into account atomic properties as well as statistical quantispatial characteristics of laser-produced plasmas allows X-ray
ties. This so-called collisional-radiative equilibrium can besources for applications to be optimizesgte Giuliettiet al,,
treated numerically and only for a given set of energy levels1998; Marziet al., 2000, and references thergin
Inthe densest part of laser plasmas, collisions may dominate The main obstacle to an extensive use of this technique is
and local thermodynamic equilibrium may provide again athat a micron-scale resolution requires a very narrow slit,
simple description. On the other hand, once the particulawith a consequent dramatic reduction of the X-ray flux. For
equilibrium is known, X-ray emission can be exploited as athis reason, this class of experiments has been limited in the
powerful diagnostic tool for characterization of laser-plasmagast to relatively low resolutiofiarge slitg and low spectral
(Giulietti & Gizzi, 1998. This is particularly true in the case dispersion. The recent availability of high dynamic range
of very dense plasmas, which cannot be easily studied b€CD X-ray detectors now makes it possible to perform
these studies at an unprecedented sp@aectral resolu-

_ _ ion, with the possibility of reaching the micron resolution
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of laser-produced plasmas and we show that the combinanixing of the &2p 3P and 1s2p P states in helium-like

tion of a back-illuminated CCD detector and a flat crystalions.

result in a high-sensitivity instrument well suited for high  Spectral resolution is determined by the size of the emit-

spatia)/spectral resolution studies of sm&ll0—1000um) ting region, by the size of the CCD pixels and by the rocking

X-ray sources. angle of the crystal. Therefore the resolving power is ap-
proximately given by(Haueret al., 199])

2. EXPERIMENTAL SETUP

A tar? 9
The experimental setup inside the interaction chamber is A \/(519 )2+ (5x/L)§+ (5y/L)?’ @)
shown in Figure 1. The plasma was produced by focusing a ¢
Nd:YLF laser beaniA = 1.053um) with anf/4 lens onto &  wheredy is the Bragg anglesd, ~ 10~ rad is the TIAP
rotating cylindrical Al target. The laser, a transversally rocking anglel ~ 20 cm is the total distance of the source
and longitudinally monomode system, provided an energyo the CCD, andx ~ 100 um anddy ~ 24 um are, respec-
up to 3 Jireach 3-n¢FWHM) Gaussian pulse. Shot-to-shot tjyely, the size of the emitting region and of the CCD pixel.
fluctuations in the total energy delivered on the target wererpys, fory =7 A, we get a resolving powev/sA ~ 5 x 102,
limited to 10%. The laser beam had a Gaussian spatial disyhich is dominated by the source size. Notice that the value
tribution which resulted in a focal spot size of aboyt®  of 100 um for the source size is just an order of magnitude;
(FWHM) with a Rayleigh length of about 10m, resulting  actually, the source size depends on the wavelength consid-
in an intensity on the target up t0X610"* W/cm?. ered, as shown in the next section.

Aflat thallium hydrogen phthalat€TIAP) crystal(2d = The direction perpendicular to the spectral axis in the
25.9 A) coupled to a back-illuminated Peltier-cooled CCD plane of the CCD matrix can be exploited to spatially re-
camera was used to spectrally resolve X-ray emission fromglye the spectrum. To accomplish this task, autf-slit
the plasma. The crystal, set in a first-order Bragg configuas usedsee Fig. 1, which allowed us to obtain spectra

ration, and the CCD camera were placed at an angle ©f 43yith a spatial resolution of about 20m along the plasma
with respect to the laser beam axis, that is? #6m the  expansion axis.

plasma expansion axisee Fig. 1

The spectrometer allowed the spectral region from 5.5 t
8Ato bz investigated. A typical sgatially in?egrated spec-%" RESULTS AND DISCUSSION
trum in this range, obtained using the setup of Figure 1 buFigure 3 shows a portion of a typical space-resolved spec-
without the use of the slit, is shown in Figure 2. The reso-trum obtained with the setup of Figure 1. From this spec-
nance lines from Al X[lithium-like), Al XII (helium-like), trum, we can immediately determine the plasma X-ray source
and Al XIII (hydrogen-likg ions are visible, together with longitudinal size, that is, the size along the main plasma
their satellites. Also visible is the intercombination l{#€),  expansion direction, corresponding to the normal to the tar-
which results from the€2p 3P — 1s? 'Stransition inthe Al get surface. Figure 4 displays the intensity of thetiee as
Xl ions. This transition, normally forbidden by the spin a function of the distance from the original target surface
selection rule irL-S coupling, becomes allowed due to the (hereafter labelled ag). The spatial resolution is about
20um. The size of the emitting region, defined as the FWHM
of the Hex intensity profile, is about 28g.m.

To obtain the plasma electron temperature and density
profiles, we used the well-known method based on the mea-
surement of the ratio between the intensity of two spectral
lines. To this purpose, the comparison of measured line
ratios with the predictions of the steady-state atomic physics
code RATION(Leeet al,, 1984 was performed. The code
was set to calculate atomic populations and line intensities
assuming collisional-radiative equilibriufCRE) for a
steady-state, homogeneous plasma of a given size, temper-
ature, and density, including opacity effects; a discussion
about the applicability of these assumptions to our experi-
mental conditions is given in Macclei al. (1996. To re-
trieve the electron temperature and density, however, the
plasmatransverse dimension along the line of sight has to be
\%@ considered, to take into account the opacity effects. This
information can be obtained from spatially integrated spec-
Fig. 1. Schematic setup of the experiment showing the arrangement of th&f @, like the one shown in Figure 2, as we describe in the next
crystal spectrometer and the geometry of the interaction. subsection.

top view
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Fig. 2. Spatially integrated spectrum of X-ray radiation in the range from 5.5 to 8 A emitted by an Al plasma generated from laser
irradiation of a solid target.

3.1. Source dimensions and opacity effects wheredg andL are as in formuldl) and A, = 69:Ag/

As we have seen above, the source size dominates the s {ands is the broadening due to the crystal rocking curve.
' ; p%Cormula(Z) allows the source sizéx to be estimated from

tral resolutiondA, which is much larger than the atomic . : .
linewidth, basically due to Doppler and pressure broadenEhe linewidthss ), knowingdA. andL.
' y PP P The geometrical parametér was retrieved with great

ing. The size of the emitting region for each spectral line in recision by studying the pattern of the spectral lines in the

the direction of the spectral dispersion can then be dete'glane of the CCD matrix. In fact, a given wavelength

mined by the instrumental linewidth. Indeed a spatial eXtenémitted bv a point source and dispersed by the crvstal is
sion éx of the source induces a broadenidg, of the yap h y y

collected in a curved path resulting from the intersection of

observed line at wavelengihgiven by the CCD matrix plane with a cone having the vertex in the
o \2 virtual source position. Position and curvature of these paths
Ao = /6/\% + ( Cand ) A?, 2 obviously depend on the geometrical parameters of the spec-
B
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Fig. 3. Spatially resolved spectrum.refers to the di-
?\. rection indicated in Figure 1.
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Fig. 4. Measured intensity of the Hdine from the plasma as a function of 14
the distance from the target plafeorresponding to “0). This plot was +

obtained from the space-resolving spectrograph shown in Figure 1. 12
. . . . 10 +

trometer, includingL, which can thus be retrieved by a

careful study of the images obtained by the CCD. The finite

extent of the source does not affect this consideration, re- 8t + +++++

sulting only in a broadening of the lines.

Ifeo/lic

The size of the emitting region was determined for three 6F +++++
different spectral lines, namely HeHeB, and Lyx. Geo- i
metrical considerations, together with the assumption of cy- 4 L L - L L -
C ) . 0 50 100 150 200 250 300 350
lindrical symmetry around the main plasma expansion i .
direction, allowed us to get the transverse, that is, normal to Spatial coordinate (um)

the expansion axis, size of the emitting regions. The valueﬁig. 5. Measured Lyt to He (@) and Hax to IC (b) intensity ratios as a

obtained ar@)_( =78+7pum,ox=66+5 e, ox =054+ function of the distance from the original target position along the plasma
4 um respectively for the He, HeB, and Lyx lines. These  main expansion direction.

results show that the size of the emitting region of the
hydrogen-like Lyr line is smaller than the corresponding size
for the helium-like lines. This is the first evidence of a strongdensity and temperature at the boundaries of the explored
spatial dependence of the electron temperature which affectegion, namely foz < 75 um and forz = 200 um. This
the distribution of H-like and He-like ions across the plasma.comparison was simplified by the negligible opacity of the
plasma in these regions for the selected transitions in our
experimental conditions. In particular, far= 200 um we
obtained a nearly constant temperature of about 650 eV. In
To obtain a detailed profile of electron temperature andcontrast, a much lower electron temperat(+e80 eV) as
electron density, we measured the spatial behavior of twaevell as a density greater than the critical one were estimated
line intensity ratios, namely Ly to HeB8 and Her to IC,  forz=< 75um. Therefore we can expect a strong density and
from the space-resolved spectrum of Figure 3. This last ratitemperature gradients in the intermediate region, although
was chosen because of its strong dependence upon the elege were not able to obtain detailed profiles. To overcome
tron density due to the collisional coupling amongPft  this difficulty we used the 1D Lagrangian hydrodynamics
states of helium-like iongDuston & Davis, 1980 Fig- code MEDUSAto calculate the density profile in this region
ures 5a and 5b show the spatial behavior of the two linéChristianseret al, 1974; Rodgerst al, 1989. The solid
intensity ratios. These data were compared with the prediccurve of Figure 7 shows the density profile calculated by
tions of RATION simulations performed assuming different MEDUSA in our interaction conditions. However, we point
plasma sizes: As an example, Figure 6 displays thetos  out here that the use of a 1D simulation to describe our
Heg intensity ratio as a function of the electron temperaturejnteraction condition results in a serious overestimation of
for different electron densities, obtained assuming a plasmthe electron density for distances from the target plane much
size of 75um. greater than the plasma transverse dimengidax, 1982.
Comparison of RATION simulations performed for dif- Previous studies performed by our group showed, in fact, a
ferent plasma sizes allowed us to easily estimate the electrazonsiderable discrepancy between 1D electron density pro-

3.2. Temperature and density profiles
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file simulation and experimental profiles obtained by inter-tances from the target much greater than the initial plasma
ferometric techniques$Gizzi et al, 1994. As shown in transverse dimension size. Here by initial plasma transverse
Figure 7, in the experimental condition considered in thissize, we refer to the transverse size at the beginning of the
work, MEDUSA simulations performed in a planar geom- plasma formation process, that is, to the laser focal spot
etry give a nearly constant electron dengity10?2 cm™3) diametel(~10um). MEDUSAwas therefore set to perform
over the whole 50Qtm range. This result is in clear dis- hydrodynamic simulations of our experimental conditions
agreement with the results obtained fox 200 um, where by simulating a uniform irradiation of a spherical target. The
an electron density of the order of@m~3 can be inferred  result is shown in Figure 7 where the density profiles ob-
from the comparison with RATION simulations. We have tained at the peak of the pulse are shown for three different
successfully overcome this problem using an option oftarget radii. The simulation corresponding to a target radius
MEDUSA to run simulations in a 1D spherical interaction of 100 um provided density values well in agreement with
geometry, instead of the planar geometry. In fact, we foundur estimation from spectroscopic measurements in the ex-
that such a geometry resulted in a more reliable prediction ofernal regiongfor z< 75 um and forz = 200 um). There-
electron density profiles than the planar geometry for disfore we used this electron density profile of the plasma to
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integrated measurements as characteristic of the peak of the

carry out the comparison of the kyto HeB intensity ratio  pulse, with time-smearing effects playing only a negligible
with RATION simulations so as to complete the electroneffect.

temperature profile in the intermediate region between
75 pm and forz = 200 um.

The final temperature profile is shown in Figure 8. Ac- 4. SUMMARY AND CONCLUSIONS
cording to the determination from the spatially integrated
spectra, a plasma size ranging from 50 to 140 was used The use of a space-resolving Bragg X-ray crystal spectrom-
for the region around the critical surface, which is located a€ter equipped with a 1@:m slit coupled to a high-dynamic
about 160um from the target. For regions closer to the 'ange-cooled CCD camera allowed us to obtain X-ray spec-
original target position we took into account lower plasmat’@ with high spatial resolution. This high spatial resolution
sizes too. However, it is important to point out that in theWas only possible thanks to the use of a high sensitivity,
marginal region$z < 100um andz = 200.m), the uncer-  high-dynamic range-cooled CCD detector.
tainties arising from plasma size determinations result in 1he spectra obtained in these conditions clearly show that
much lower errors than the experimental ones. large electron temperature and density differences exist in

It is interesting to compare the electron temperature prooUr plasmas over a longitudinal extent of 326 from the
file with anintegratedtemperature determination retrieved target surface. A temperature profile was obtained which
from spatially integrated spectra. By performing on theseShows that the electron temperature ranges from around
spectra an analysis similar to that described above, we wer00 €V in the overdense region up to about 650 eV in the
able to estimate an electron temperature of about 260 e\¢oronal region. These results have been compared with the
Thus, according to Figure 8, the electron temperature in thEesults obtained from spatially integrated spectra which give
overdense region is slightly lower than the temperature ob@nintegratedtemperature of approximately 260 eV.
tained by spatially integrated spectra. In contrast, the tem- Despite the small size of plasmas produced in our exper-
perature rises to much greater values in the coronal regiofnental conditions, our study clearly demonstrates the ef-
where the strong laser energy deposition occurs. These réectiveness of our space-resolved measurements in detecting
sults clearly show that space-resolved measurements al@ge temperature and density gradients in a submillimeter
indeed necessary in the investigation of laser-produce§c@le plasma.
plasma parameters and in particular in the case of plasma
produced by laser interaction with solid targets where stron
temperaturgdensity gradients exist. Additional problems %EFERENCES
may aris,e f“?m tgmporal integratidibustonet al, 1983. CHRISTIANSEN, J.P.,, AsHBY, D.E. & ROBERTS, KV. (1974. Com-
which still exists in our measurements. However, previous ¢ phys. Commun, 271.
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