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Characterization of laser plasmas for interaction studies:
Progress in time-resolved density mapping
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Time-resolved probe interferometry was used to obtain complete density mapping of laser produced plas-
mas. The plasma was produced by symmetrical irradiation of thin targets, to be used for short pulse delayed
interaction experiments. The progress in the plasma characterization due to the use of a picosecond pulse probe
is reported, and the relative merits of different target designs are also discussed. The two-dimensional density
maps obtained appear to be in substantial agreement with two-dimensional hydrodynamic code predictions.
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I. INTRODUCTION seconds has already been successfully used in the past to
study the temporal evolution of laser produced plasfids
Laser heating of thin targets is now recognized as an esFhe recent enormous advances in laser technology, and in
tablished methodalso known as the exploding foil tech- particular the development of the chirped pulse amplification
nique for the production of laboratory plasmil. With this ~ (CPA) technique[12], gave a new impulse to these diagnos-
technigue, plasmas within a wide range of densities and tenfics. The high power and coherence of the short pulses pro-
peratures can be obtained by appropriately choosing thduced with this technique allow one to probe large plasma

heating beam parameters. Analytical modés have been regions. Furthermore, since in short pulse interaction studies

developed in order to predict the hydrodynamic expansion of '€ Probe is normally split off from the interaction beam,
nchronization of probe and interaction pulse within a few

such plasmas. Numerical codes presently in use can provi Ise length iiv be obtained b tical del
simulations of the plasma temporal evolution from both gPU'se 1engtns can eastly be oblained by oplical detay.
In a previous worK 6], we already produced and charac-

hydrodynamic and an atomic physics viewpdia. terized plasmas for interaction studies, obtained from thin

.T.hOUQh pla_smas produced from ex_plodmg f(.)'ls WerCtoils exploded by symmetrical irradiation. In that study, the
originally considered for x-ray laser studigt, experiments density mapping of the denser, inner region of the plasma

studying the interaction of suitably delayed laser pulses Witr@/vas restricted by both probe duratiéh00 ps and target

preformed plasmas proved to be important for inertial CON<onfiguration. In this paper we present results showing

flnemen_t fusmr(lCF) studied5]. Several methods of plasma progress toward a complete and reliable density mapping of
production from thin targets have therefore been developeghe plasma, determined by the use of a shorter probe pulse
for this specific purpose, together with diagnostic methodsind two different and complementary target configurations.
able to describe as best as possible the preformed plasmathe following the main features of the previous experiment
conditions. Some of these methods are reviewed and diswill be briefly discussed, in order to allow a comparative
cussed in a previous papls]. discussion of the density maps obtained in the previous and
Among the diagnostics for plasma characterization, optiin the current measurements.
cal interferometry is a well known and widely used tech- In the previous experiment, the plasma was produced by
nique for electron density measurements. Interferometry witluniform laser irradiation from opposite sides of Al digk€0
delayed probe pulses has been also widely used to detect then in diametey coated on thin, narrow plastic strigas
effect of the delayed interaction. Recent wofks8] report  wide as the Al dot Time-resolved x-ray spectroscopy was
the use of interferometric methods with temporal resolutionused to infer the electron temperature from line intensity ra-
of tens of picoseconds to study the propagation of intensdos between H-like and He-like lines, while two-
laser pulses through preformed plasmas. In this respect, tiimensional2D) electron density maps were obtained using
success of novel applications, such as the fast ignitor schenan interferometric technique. The 100 ps temporal resolution
for ICF [9] and particle acceleration by plasma way&8], of the interferometryi.e., the duration of the laser pulse used
relies on the understanding of physical phenomena that takss an optical probeesulted in limiting the readability of the
place on picosecond and subpicosecond time scales. In ordetterferograms. In fact, the visibility of the fringes dropped
to resolve the interaction processes on these time scales, tte zero in the inner region of the plasma. Here the density
use of probe pulses of comparable duration appears to beriation during 100 ps was large enough to smear out the
necessary. Microphotography with resolution of a few pico-fringe pattern. A complete density map of the plasma could
be obtained only at late stages of the plasma evolutigi-
cally after 4 ns from the peak of the heating pyJsehen the
:Also at Dipartimento di Fisica, Universitdi Pisa, Pisa, Italy. density variation rate had become considerably lower. At
Also at Scuola Normale Superiore, Pisa, Italy. these times, however, the plasma was rather cold, and could
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not be characterized completely, since temperature measure-
ments viaK-shell line spectroscopy were not possible. An-
other problem encountered was the deviation of the plasma
from cylindrical symmetry, as a consequence of the target
design. This aspect was also discussed in f&f.Since the
spot of the heating beam was larger than the Al dot, a plasma
was produced from the plastic substrate, mostly above and
below the dot, and this resulted in confining the Al plasma in
the vertical direction. Consequently, the symmetry of the Al
plasma was ellipsoidal rather than cylindrical, with the
longer axis along the probe line. Since Abel inversion tech-
nigues(through which the electron density map is obtained
from the interferogramare based on the assumption of cy-
lindrical symmetry of the plasma, a systematic overestima-
tion was introduced to the density measurements. The devia-
tion from cylindrical symmetry was considerably close to the
original foil target position, and resulted in an overestimate
of up to 40% in the peak plasma density, when compared
with hydrodynamic simulationgs].

Since the plasma was produced with the aim of studying
the propagation of a short laser pu[4e3] from the Ruther-

fo“?' Appleton Laboratory CPA Iase_r, the use of a short pulse FIG. 1. Interferogram taken 3 ns after the peak of the heating
optical pro?e appeared to be dgswqble_ for- tW(_) reas@s: ulses using a 100 ps probe pulse. The target was an Al(d&k
for measuring the electron density distribution in the centra lum diametey on a narrow plastic strip. The heating irradiance was

denser region of the plasma at times of interest @9do 510 w/cn? on each side of the target. The original target posi-
probe the region perturbed by the short interaction pulse witlon is shown by & wedge.

sufficient temporal resolution. For this reason, a fraction of

the 1-ps CPA beam energy was used in a probe beam for . .
interferometry. At the same time a thin target configuration' /10 1en$ imaged the plasma and recollimated the probe

was employed in order to minimize perturbation of the cy-P€am. A third lens was used in order to relay the image
lindrical symmetry. plane, so that spatial filtering could be performed in the Fou-

rier plane of this lens in order to reduce plasma emission
noise. The Wollanston prism was located close to this plane.

Il. EXPERIMENTAL SETUP

The new experiment was performed at the Central Laser
Facility of the Rutherford Appleton Laboratory. The plasma Il DENSITY MAPPING
was produced by four 600 ps, 1.04#& heating beams of the As stated before, when the plasma was characterized via
Vulcan laser, using the configuration reported in Héi. interferometry with 100 ps resolution, the density was not
The heating beams were superimposed on target in two opreasurable in the inner regions of the plasma, even at times
posite pairs in a 65@sm focal spot for an irradiance on each at which the peak density was well below critical. In Fig. 1
side below 1& W/cn?. Each pair was composed of two an interferogram taken 3.0 ns after the peak of the heating
beams at angle of 13° and—13° to the target normal, re- pulse with the 100 ps probe pulse is shown. It can be noticed
spectively. The targets used were Al disks, alternativeljthat over a wide regioriextending longitudinally to about
coated onto 0.Jum-thick, plastic foil supporfconsiderably 300 um from the original target positigrthe visibility of the
wider than in the previous experimégnor held by four tiny  fringes is zero. As pointed out in Rd®6], the loss in fringe
Al arms in the shape of X. This second type of target was visibility was caused by density variations taking place
obtained by etching of an Al thin deposit on a plastic foil. throughout the duration of the probe pulse.
The diameter of the dots was 8@@n and their thickness 0.4 The use of a considerably shorter probe pulse was ex-
um. The two target shapes are schematically drawn togethdremely effective in overcoming this limitation. Using the
with the corresponding interferogram in the figures shown irpicosecond probe, we were able to measure the density pro-
the next section. The 1 ps CPA beam, frequency doubled tbile almost over the length of the whole plasma as early as 2
0.53 um, was used as an optical probe for interferometricns after the peak of the heating pulses. The interferogram
measurements in a line of view parallel to the target planshown in Fig. 2 was in fact obtained 2 ns after the peak of
(see Ref[6]). The plasma was probed with different delays,the heating pulses. The plasma was preformed from an Al
typically around 2 ns after the peak of pulse. At these timeglisk coated on a large plastic foil, with a heating irradiance
the size of the plasma was 1-2 mm. A modified Nomarskicomparable to the case of Fig. 1. The improvement in the
interferometer [14] was employed to detect the phaseinterferometric characterization of the plasma due to the
changes undergone by the probe beam and measure the elsberter probe pulse duration is clearly evident from compari-
tron density profiles. The probe line setup was different fromson with the interferogram shown in Fig. 1, obtained with a
the configuration of the previous experiment. A confocal op-100 ps probe pulse. It can be seen that in that case, even at a
tical system(composed of a microscope objective and anlater time and in the presence of a smaller plasma, the vis-
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FIG. 2. Interferogram taken 2 ns after the peak of the heating | i
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pulses usig a 1 psprobe pulse. The target was an Al di€00 um
diametey on a large plastic foil. The heating irradiance was1D'®
W/cn? on each side of the target.

ibility of the fringes was lost over a considerably wider re-
gion.

However, even with the picosecond probe, when using Al 8
disks on large plastic foils as targets, a small region of the o 200 200 600 800
interferogram is still obscured by the shadow of the dense, X POSITION [um]
slowly expanding plasma created on the outer edges of the
foil by the tails of the laser spot. In the interferogram shown, goo[ T —— T
this shadow extends to 15@m from the center of the target. - 5.0x1018 (b) ]
On the other hand, this kind of target ensures a high degree 4
of cylindrical symmetry of the plasma. Plasma is produced
from the plastic substrate all around the Al plasma, confining
it symmetrically.

The method used to obtain the density map from the in-
terferogram was the same as used in the previous measure—
ments, involving a Fourier transform meth¢d5] for the 3
phase extraction, and subsequent Abel inversion of the phaseg 490
distribution. A detailed discussion of the sensitivity of this I
technigue can also be found [ii]. The algorithm proposed
by Barr[16] was used this time to invert the Abel integral.
The phase distribution and the 2D density map obtained from 200 -
the interferogram of Fig. 2 are shown in Fig. 3.

The hydrodynamic expansion of the plasma was simu-
lated using the 2D Eulerian hydrocod®LLux [17]. The
code models laser absorption via inverse bremsstrahlung and o . , . . L
thermal transport via flux-limited Spitzer-Harm conductivity. 0 200 400 600 800
lonization is calculated assuming local thermodynamic equi- X POSITION [pm]
librium, while a perfect gas equation of state is used for
electrons. A single side irradiation configuration was em-
ployed; the target thickness assumed in the simulations was

half the experimental value. In order to simulate the laser g 3 (s Phase map obtained from the interferogram of Fig. 2,
irradiation from both sides of the target, reflective boundary,sing a Fourier transform method. The phase is expressed in radi-
conditions for the laser energy flux were imposed at theants. Thex position is measured with respect to the original target
boundary of the simulation box opposed to the laser. position, while the origin of th& position is arbitrary(b) Density

In Fig. 4 the code prediction for the density profile in the map obtained by Abel inversion of the phase map. The density is
same conditions of the interferogram of Fig. 2 is shown. Thexpressed in electrons/éniThe radius is measured with respect to
agreement with the experimental data is quite good, confirmthe symmetry axis.

600 -
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X POSITION [um] FIG. 5. Interferogram of a plasma produced fronX&haped
40T T T T T T ) target, taken 2.2 ns after the peak of the heating pulseg asinps
i \2 ] probe pulse. The heating irradiance was 15> W/cn? on each
Crore_ ] side of the target.
300F (b)— of the plasma. An interferogram of a plasma produced from
L 3.0x10' 3] an X-shaped target is shown in Fig. 5. Unfortunately the
] width of the Al arms could not be reduced below 20,
E L 0x101? soxio'____ due to difficulties in the target preparation. C_onsequently, the
= 200k o N plasma produced on the Al arms by the wings of the laser
2 i S0x10 ] spot introduced a substantial perturbation to the symmetry of
= ?~°*’°19—\\ the whole plasma. This resulted in a lower accuracy in the
[-———7.0x1019 5oy 1e interfero_metric determination of the absolute electron density
100 B.ox1019 E than using the other type of target. However, plasmas pro-
i duced from these targets appear to be particularly suitable for
\ interaction studies, as density variations induced in the
o, o plasma by an interaction pulse can be observed and evalu-
b .+,.°'f’ LN .’olﬁ,} L ated even in the inner part of the plasma.
150 200 250 300 350 400 Finally, we recall that the interferometric technique de-
X POSITION [um] scribed above is quite effective in detecting small-scale

variations of the plasma density. The substantial absence of
FIG. 4. (a) 2D simulation for the density profile in the experi- small-scale inhomogeneity, which results from the interfero-
meqtal condition Qf the interferogram of Fig. &) Experimental  metric analysis, makes this type of laser-produced plasma
profile for comparison. very useful as a test bed for delayed interaction experiments.
This aspect was discussed in detail in Réf. Here we only
ing that the assumption of cylindrical symmetry is justified notice that these conclusions can now be extended over al-
for plasmas produced with the new target configuration. Thenost the whole plasma extent, thanks to the progress in the

residual, though unsubstantial, discrepancy may be attributeslasma characterization outlined in the present paper.
to the fact that the plasma produced from the plastic sub-

strate around the Al dot can confine the Al plasma. Thus the
density in the central plasma region may result higher than in
the case of completely free expansion, as modeled by the
code. However, the substantial agreement between experi- In conclusion, optical interferometry with picosecond
ment and simulation gives confidence in 2D hydrocodes as gemporal resolution has been used to obtain a density map of
reliable and useful tool in designing experiments in this con-millimeter-sized plasmas produced by symmetrical laser
figuration. heating of a thin target. Significant improvements in the den-
Targets in which the Al disk is held by four Al arms sity characterization of the plasma have been introduced by
(X-shaped targetswvere also used. The main advantage in-the high temporal resolution and appropriate target design.
troduced by the absence of the plastic substrate was that tige plasmas thus produced and characterized appear to be
field of view of the probe beam was not limited by any most suitable for interaction studies. The uniformity and
shadow, but extended virtually throughout the whole lengthbsymmetry of the plasma was confirmed by the substantial

IV. CONCLUSION
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agreement between the experimental 2D density maps arfdr the help received in performing the experiment, and in
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cussions about the target design. The work was supported by
the European Commission funding for the Access to Large
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