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Color temperature measurement in laser-driven shock waves

T. A. Hall,1 A. Benuzzi,2 D. Batani,3 D. Beretta,3 S. Bossi,3 B. Faral,2 M. Koenig,2 J. Krishnan,2
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A simultaneous measurement of color temperature and shock velocity in laser-driven shocks is presented.
The color temperature was measured from the target rear side emissivity, and the shock velocity by using
stepped targets. A very good planarity of the shock was ensured by the phase zone plate smoothing technique.
A simple model of the shock luminosity has been developed in order to estimate the shock temperature from
the experimental rear side emissivity. Results have been compared to temperatures obtained from the shock
velocity for a material of a known equation of state.@S1063-651X~97!50806-3#

PACS number~s!: 52.35.Tc, 62.50.1p
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I. INTRODUCTION

Knowledge of the equation of state~EOS! of strongly
compressed materials is of great important in inertial c
finement fusion~ICF! and planetary physics research field
The EOS in the megabar range can be determined u
laser-driven shocks produced by high power lasers. Rece
@1,2#, the possibility of achievingrelative EOS measure-
ments with a good precision has been demonstrated in
pressure domain previously achieved only in nuclear te
AbsoluteEOS measurements are much more difficult to p
form, since they require the simultaneous measuremen
two shock parameters. The shock velocityD is a relatively
easy quantity to measure with a good precision. In ear
experiments@3#, the feasibility of simultaneous measureme
of D and the fluid velocityU has been demonstrated, pr
vided that a very high-power laser is available. More
cently, the measurement of these two quantities has b
performed in shocked liquid deuterium@4#.

Another quantity which can be measured~with optical
techniques! is the shock temperatureTs . This measuremen
would also provide valuable additional information on t
thermodynamic properties of the material. It must be poin
out that the temperature is the most uncertain quantity
EOS physics, in the sense that it is the parameter on w
the discrepancy between currently available EOS mod
@such as theSESAMElibrary @5# and the quotidian equation o
state~QEOS! model @6## is the most important. Direct mea
surements ofTs can be easily performed with materials th
are transparent in their initial state@7#. In the case of an
opaque material, such measurements could only be mad
the time the shock arrives at the solid-vacuum interface,
fore the plasma expands into the vacuum. The finite temp
resolution of the instruments makes such direct meas
ments ofTs impossible, and leads to the measurement of
properties of the expanding plasma instead. In this cas
proper model of plasma expansion must be used in orde
deduce material parameters at shock breakthrough f
those measured at later times.
551063-651X/97/55~6!/6356~4!/$10.00
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The first measurement of the rear surface temperature
made by McLeanet al. @8# in order to study the mechanism
of energy transport in the dense target material. A more
cent work in this direction was made by Nget al. @9#. In their
experiment, spectral and brightness temperatures were m
sured. Even though such results were encouraging, they w
affected by intrinsic limitations. First, the brightness tem
perature determination requires an absolute calibration of
complete optical system, which is a difficult measureme
Indeed such a calibration induced an error of650% in their
results. In their experiments, the spectral temperature m
surement technique precludes a simultaneous measure
of the quality of the shock~i.e., the planarity and hence th
uniformity of parameters! and also a measurement of th
shock velocity on each shot. Therefore, they were not abl
verify on each shot the consistency of the spectral a
brightness temperatures with the other shock parameters

In this paper we present the first simultaneous meas
ments of target rear side color temperature and shock ve
ity. Very planar shock fronts have been obtained using
phase zone plates~PZP! optical-smoothing technique@10#.
The color temperature was determined by recording
space-time-resolved rear surface emissivity in two differ
spectral regions on the same detector. The imaging techn
allowed us to check the shock quality shot by shot. From
simple model~presented in Sec. III! which calculates the rea
surface emissions, we obtained an estimate of the shock
perature, notedTs

m , where the superscriptm stands for
‘‘model.’’ From a precise measurement of the shock veloc
using stepped targets and knowing the EOS, it is possibl
deduce the actual shock temperatureTs

EOS. It is for this rea-
son that we used Al targets, of which the EOS is well kno
~e.g., from theSESAME library! in the range of pressure
investigated in this paper (P<12 megabar!. The value of the
shock temperatureTs

EOScan then be used to check the vali
ity of Ts

m as an estimation of the shock temperature.

II. PRINCIPLE OF THE EXPERIMENT AND SETUP

The experiment was performed at the LULI laborato
The Al targets were irradiated with al50.53mm Gaussian
R6356 © 1997 The American Physical Society
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laser pulse with a full width at half maximum~FWHM! ap-
proximately equal to 600 ps. The laser pulse was focused
a f550 cm lens onto the target. The characteristics of
optical system~PZP plus focusing lens! were such that a
focal spot of'350-mm FWHM with a flat region of'200
mm was produced. Spatially averaged intensities betwee
31013 and 1014 W/cm2 were obtained, depending on th
number of laser beams we used. An optical system mad
an objective, two lenses and a biprism allowed the image
the target rear face to be split into two onto the slit of
visible streak camera. A different colored filter was then us
in front of each image. In this way, we measured on e
shot the emissivitiesI r and I b of the red and blue regions o
the visible spectrum, respectively. The streak camera tem
ral resolution was of'10 ps. The imaging system magnifi
cation wasM510, resulting in a spatial resolution of 10mm
at the target plane. The correct alignment of the biprism w
very critical for the experiment. In order to check precise
this alignment, during the experiment we recorded at reg
intervals the double image~without filters! of a transparent
target positioned in the center of the chamber with the str
camera in static mode. We then verified that the intensitie
the two images were well balanced. A schematic arran
ment of the imaging system is shown in Fig. 1.

The convolution of the blue transmission filter with th
streak camera spectral response,Fb(l) is a curve character
ized by a maximum of 20% transmission around 400 nm.
the red ‘‘channel,’’ the curveF r(l) has a maximum of 35%
transmission around 600 nm. The filter transmission fu
tions have been measured with a spectrophotometer.
streak camera has been spectrally calibratedin situ by using
a spectrometer@11#. In order to have a good precision on th
time scale, we have also performed the temporal calibra
of the streak camera by using the ultra-short laser pu
~'250 fs! at LULI @11#. We have verified that, for the optic
used, the time delay betweenI r and I b due to the group
velocity dispersion is still shorter than our time resolution

From the ratioI r /I b we could then deduce the color tem
peratureTc which is defined@12# as the temperature of
perfect blackbody, which would yield a ratio of brightness
two spectral regions equal to the experimentally measu
ratio. The color temperature is expected to be different fr
the real one because the emission is not a perfect blackb
In addition, absorption between the point of emission and
observer will differentially affect the values ofI r andI b . By
taking into account the transmission function of the filters
used, we deduced the curveTc(I r /I b). The ratio of the in-
tensities is insensitive to changes in temperature for temp

FIG. 1. Schematic arrangement of the setup. A field lens
been used in the imaging system to eliminate the vignetting eff
caused by the aperture of the objective.
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tures above'6 eV ~this corresponds toI r /I b below'0.6!.
For such values of temperature the maximum of blackbo
emission lies in the XUV region, and hence the visible
gion is in the tail of the curve. This implies that a sma
variation of the measured ratio ofI r /I b corresponds to a very
large change in temperature. For temperatures below'1 eV
(I r /I b above'1.5!, we have the opposite behavior: the tem
perature is not very sensitive to a variation of the ra
I r /I b . Therefore, in our case, the color temperature diagn
tic can be reasonably applied in the 1–6 eV region~corre-
sponding to a pressure range 2,P,12 megabar for Al!.
Because of the finite streak camera resolution time, the c
temperature measurement at the shock breakout corresp
to a time when the plasma is already expanding into
vacuum, and not to the instant of shock breakout. Hence
measured temperature gives a lower bound for the sh
temperature. In fact, the expanding material forms a co
absorbing layer obscuring the higher-temperature mate
behind it.

In order to measure the shock velocityD, we focused the
smoothed laser beam using the PZP technique on to a al
num grid target~see Fig. 1!. The high quality of the shocks
that were produced and the use of grid targets allowed a v
precise determination of the shock velocity shot by shot@1#.
The shock velocity is obtained by measuring the sho
breakthrough times from both the base and the step. The
thickness of the targets were in the range of 12–15mm,
while the step thicknesses were 5–6mm in addition. The
choice of targets thicknesses was suggested by simulat
performed with the one-dimensional hydrodynamic co
FILM developed at Ecole Polytechnique, under the condit
of ensuring constant shock pressure in the steps. The spa
between the steps was'140 mm, while the width of the
steps was'40 mm. Therefore, such a geometry togeth
with our focal spot dimension ensured there was always
step within the flat region of the focal spot.

III. DATA ANALYSIS

In order to achieve good experimental results, it is nec
sary to produce high-quality shocks. Indeed, only if hig
quality shocks are obtained is it possible to ensure uniform
of plasma parameters and hence to measure the shock pa
eters precisely. In order to find the optimal position for PZ
@10# and to check the shock quality, simple aluminum targ
were used. Once the planarity of the shock was establis
we used grid targets for the shock velocity measurement
typical image obtained is shown in Fig. 2. It can be seen t
the shock is perfectly planar on a dimension of'200 mm
which corresponds to the focal spot flat region. The tim
resolved blue and red emissivities are shown in Fig. 3~a!.
First, as mentioned in previous papers@13,14#, we note that
the shapes of the two signals are typical of negligible p
heating effects. Then we observe that the two emissivi
have different decay times. This happens because, at e
times, the temperature is a few eV, and hence the maxim
of the emissivity is in the UV region, while at later times th
plasma cools down and the maximum moves toward low
energies. The color temperature, corresponding to the e
sivities of Fig. 3~a!, is shown in Fig. 3~b!, as a function of
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time. It can be seen that the plasma cooling yields a decr
of Tc with time.

When a shock wave reaches the interface between s
and vacuum the surface material begins to expand@12#. In
our case, the shock wave is so strong that the metal is c
pletely vaporized on unloading and expands in a gas an
plasma phase. The region from which the radiation is emi
becomes larger with time. At the same time the mate
cools down and the emission decays. In order to evaluate
shock temperature, we developed a simple model which
produces the blue and red emission. This model is base
the following.

~i! The usual assumption is that the hydrodynamic exp
sion is an isentropic self-similar rarefaction wave@12#. We
preferred such a description instead of those given by u
Lagrangian hydrodynamic codes, because the sensitivit
the cell size prevents a reliable description of rear side
pansion. Recently@15,16#, it was pointed out that the expan

FIG. 2. Typical streak camera record of the ‘‘red’’ and ‘‘blue
spectral light emitted by the rear side of a grid aluminum targ
The base thickness is 13.55mm, and the step thickness is 5.7mm.

FIG. 3. ~a! Emissivities in the red and blue regions of th
shocked target rear side as a function of time.~b! Color temperature
as a function of time deduced from the ratio of the two emissivit
The solid line represents the best fit.
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sion should be considered as isothermal in the first'5 ps
after the shock breakthrough, and becomes isentropic o
after this characteristic time. We did not take this effect in
account, since it takes place on a time scale shorter than
temporal resolution.

~ii ! The assumption of the Kramers-Unso¨ld opacity, as
suggested by Ref.@12# for the absorption of visible light in
metallic vapors. Such an absorption coefficient accounts
free-free and bound-free transitions involving highly excit
states of hydrogenlike atoms. This formula accurately
scribes the absorption in the low-density region, while
does not apply in high-density regions. The problem of op
ity calculations for the visible light in highly compresse
~'1–3 times the solid density! and cold matter~approxi-
mately equal to a few eV! is a very difficult problem which
has not yet been solved. As far as we are aware, all the sh
visible luminosity calculations performed so far have use
power law for the opacities~Kramers-Unso¨ld or the free-free
absorption formula! @14,17,18#. In Ref.@17#, the authors used
also Rosseland frequency-averaged opacities from
SESAME library, which is rather questionable, since fr
quency averaging leads to an important overestimation of
luminosity.

~iii ! The use of More’s@19# formula for the mean ionic
charge, which is based on the Thomas-Fermi model, give
reliable value for degenerate plasmas.

The calculation ofI r andI b has been undertaken using th
hypothesis of local thermal equilibrium~in our case the ther-
malization characteristic times are smaller than the hydro
namic characteristic times!. Hence at each time we used th
solution of the transfer radiation equation@12#.

We noticed that at early times~'10–50 ps after the shoc
breakthrough! the radiation can come from regions slight
overcritical ~at most'0.1 mm beyond the critical layer po
sition! since a screening layer has not yet completely dev
oped. However, in our calculations we did not have to ta
into account any particular effects near the critical layer.
deed the sharp cutoff atv5vp occurs at low pressures onl
~whennei /v!1; nei is the electron-ion collision frequency
v is the light frequency, andvp the plasma frequency! and
becomes less and less distinct as collisional damping
creases@20#. At early times, the plasma has not yet expand
and we are clearly in the opposite regime (nei /v@1) @16#.

We determinedTs
m by changing its value and the adiabat

coefficientg in the self-similar expanding profiles, until w
found the best interpolation of our experimental curves. W
varied g in the range'1.2–1.7, as expected in rarefactio
after a strong shock@14#. The results are shown in Fig. 4
where the color temperaturesTc ~at the shock breakthroug
time! and the shock temperaturesTs

m are compared with the
shock temperaturesTs

EOS given by theSESAME equation of
state. The calculated values of the shock temperatureTs

m are
not too far from those obtained from theSESAMEEOS. Part
of the difference may be due to a poor description of plas
opacities. As expected, the color temperaturesTc are an un-
derestimation of the shock temperaturesTs

EOSdue to the rear
surface expansion. The error bar for the shock velocity m
surement~64%! was determined by considering the unce
tainties on: the step thicknesses, the shock breakthro
time, and the streak camera sweep speed. The error ba

t.
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the color temperature measurement was determined by
ing into account the uncertainty that comes principally fro
an imperfect alignment of the optical system. Obviously,
error in the ratioI r /I b implies an error inTc which depends
on the behavior of the functionTc(I r /I b) ~cf. Sec. II!. Ac-
cording to the previous explanation, the error increases c
siderably with the shock strength. The error varies in
range615–20% for the two points at lower temperature

FIG. 4. Aluminum shock temperatureTs vs shock velocityD.
The solid line corresponds toTs

EOSgiven bySESAMEEOS, the solid
circles to color temperatureTc measurements and the solid squa
to the shock temperatureTs

m obtained by the model.
Li-
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e
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e
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while the error for the third point is more important~630%!,
since it lies near the limit of the diagnostic applicability~cf.
Sec. II!.

IV. CONCLUSIONS

In this paper the efficacy of a color temperature measu
ment as diagnostic of shock breakout was demonstrated
the first time, to our knowledge. The color temperature a
shock velocity were measured on the same laser shot.
using a reference material~Al !, we obtained a direct com
parison between the shock temperature deduced from
SESAME EOS and the color temperature. Using a simp
model for the target rear side emissivity, we obtained
independent estimation of the shock temperature. If, in
future, accurate opacity data are improved, the method
sented here would provide a more precise shock tempera
determination in the 1–6 eV temperature regime.
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