
RAPID COMMUNICATIONS

PHYSICAL REVIEW E NOVEMBER 1997VOLUME 56, NUMBER 5
Effect of electron-ion equilibration on optical emission from a shock wave
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~Received 22 July 1997!

Optical emission from a shock wave emerging from a free surface is studied using numerical simulations
taking into account the effect of temperature equilibration between electrons and ions. The results show
significant variations depending on the equilibration rate. They also illustrate how measurements of the abso-
lute intensity, relative spectral intensities, and temporal history of such emission can provide a new and
important means for determining electron-ion equilibration rate in dense matter.@S1063-651X~97!50211-X#

PACS number~s!: 52.35.Tc, 52.25.Fi, 52.25.Rv
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Central to the study of high-density matter produced i
strong shock is the measurement of optical emission.
opaque materials, such observations are made on a free
face. The onset of optical emission signifies the arrival of
shock wave. This provides the usual means of measu
shock transit times and hence shock speeds. In the absen
preheat, the rate of increase in the intensity of emission
planar free surface is governed only by the opacity of
unperturbed material and the shock speed@1,2#. For a metal,
the emission rise time is typically of the order of picose
onds. Preheat of the material ahead of the shock front wo
be revealed by a much slower rise time@3#. The absolute and
the spectral intensities of the emission form the basis
brightness and color temperature measurements, respec
@4#. Subsequent to shock breakout at the free surface,
rapid decay in the emission can be used to yield informa
on transport properties of the material in the rarefaction w
@5#.

The analysis of optical emission from a shock wave h
long been performed assuming equilibrium conditions. Ho
ever, a recent experiment with silicon has suggested that
stantial differences between the electron and ion temp
tures exist in the region immediately behind the shock fr
@1,2#. The data also suggested a temperature equilibra
rate two orders of magnitude slower than that predicted fr
the Spitzer-Brysk formalism@6#. In addition, recent molecu
lar dynamics simulations with hot sodium ions and cold el
trons have indicated a temperature relaxation time of na
seconds@7#. For a proper interpretation of shock emissio
the effects of temperature equilibration need to be includ
Conversely, shock emission may provide an excellent me
for studying energy exchange between electrons and ion
a strongly coupled plasma. In this letter, we will exami
how various aspects of optical emissions can be used to
sess the temperature equilibration rate between ions and
trons behind a shock front. The numerical study will foc
specifically on opaque materials such as a metal to allow
consideration of a much broader class of materials other
silicon. The calculations will use a laser-generated sh
wave as an example since they offer the only laborat
means for studying shock waves exceeding 10 Mbar~1 TPa!.
However, the findings should apply to shock waves produ
by any other means. Our results will illustrate how the rate
temperature equilibration between electrons and ions aff
the brightness, spectral intensity distribution, and tempo
history of optical emission from a shock wave. This offers
561063-651X/97/56~5!/4947~4!/$10.00
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possibility for probing electron-ion coupling in strongl
coupled plasmas produced by shock compression of a m

The laser-driven shock wave and its optical emission
modeled using a one-dimensional, Lagrangian, hydro
namic code@8# coupled with an electromagnetic wave solve
Details of the application of this code to the study of sho
emission have been described elsewhere@2#. The shock state
is treated as a two-temperature electron and ion fluid. A tw
temperature quotidian equation of state@9# is used. The rate
of energy exchange between the two species is assumed
proportional to the mass density, the temperature differen
and a coupling coefficient, which is a free constant param
except in regions of the expanding plasma where it exce
the Brysk value@6#. In such regions, the local value of th
Brysk coupling coefficient is used. The energy equations
the electrons and ions are given by
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wherer is the mass density,u the fluid velocity,E the in-
ternal energy,P the pressure,k the thermal conductivity,g
the electron-ion coupling constant,eL the absorbed laser en
ergy, andr0 the normal mass density. Electron thermal co
duction is treated using a harmonic-mean flux limiter mo
@10#. A flux limiter of 0.03 is used that takes into accou
flux saturation in the laser-driven ablation process. Howev
at the shock front the diffusive heat flux does not exceed
free-streaming flux.

To produce a sample 10-Mbar shock wave, we consid
temporally square laser pulse@full width at half maximum
~FWHM! of 500 ps with rise and fall times of 150 ps# inci-
dent normally from vacuum onto a 10-mm-thick aluminum
slab at an irradiance of 931013 W/cm2. Aluminum is used
as the sample material because of the availability of a w
range of data and models on its physical properties. T
aluminum thickness is chosen to yield a steady shock w
R4947 © 1997 The American Physical Society
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at its rear surface in accordance with the laser pulse sh
and duration. The temporally square pulse is an exampl
the Nova laser@11#. The short risetime of the pulse leads
a more rapid formation of a steady shock. Figure 1 illustra
the two-temperature structures of the resulting quasiste
shock at 2 ps prior to its arrival at the target free surface. T
heating in front of the shock is due to electron thermal c
duction. For an electron-ion coupling constant 1017 W/m3 K,
complete equilibration to the Hugoniot temperature occ
about 2mm behind the shock front.

To calculate the intensity of optical emission from t
shock wave as it approaches the free surface, an electro
netic wave solver is applied as a postprocessor that solve
Helmholtz equations for a monochromatic electromagn
wave entering the free surface from the vacuum. The opt
properties of aluminum are derived from its complex diele
tric function. This is formally equivalent to an atomic opa
ity model accounting for interactions with free electro
@12#. By applying an electromagnetic wave solver and K
choff’s law, a spatial profile of emission at a specific wav
length is obtained. Figures 2~a!–2~c! show the emission pro
files at different times. Prior to shock breakout, the exten
the emitting region is dominated by the opacity of the ov
dense material at the shock front. After the shock release
emission is localized to the critical density layers of incre
ingly lower temperatures. To obtain the observed intens
the spatial emission profile is integrated along the line
sight. The same procedure is repeated at successive tim
yield the entire emission history. For comparison with e
periment, the emission intensity is convoluted with the te
poral resolution of the detectors. A similar method has b
used to model optical emission from hot expanded sta
with equal electron and ion temperatures@5#.

Figure 3 shows the calculated optical emission assum
various values for the electron-ion coupling constantg. The
2-ps convolution times represent a reasonable combina
of temporal resolution and dynamic range of streak cam
measurements. Asg decreases, the peak emission intensity
reduced as a result of the lower electron temperature at
shock front. An even more drastic effect of the coupli
constant is the temporal shape of the emission pulse.

In addition to electron-ion coupling the calculation of o
tical emission also depends on the electrical conductivity
governs the dielectric properties of the material. The res
in Figs. 1–3 are based on electrical conductivities deriv

FIG. 1. Snapshots of pressure and temperature profiles of a
Mbar shock wave in-flight in aluminum. The free surface is az
50.
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from the Boltzmann transport model of Lee and More@13#.
The only alternative conductivity model which corroborat
experiments@14# and offers data over a sufficiently wid
range of densities and temperatures is the density-functio
theory calculation of Perrot and Dharma-wardana@15#. In
this model, however, the two-temperature treatment is l
ited to that with an ion temperature fixed at the lattice me
ing point. Figure 4 shows a comparison of the emission
tensities calculated from the two conductivity models. T

0-

FIG. 2. Snapshots of density, temperature and 400-nm emis
profiles:~a! 2 ps prior to shock arrival at free surface atz50; ~b! 5
ps after shock breakout; and~c! 22 ps after shock breakout.

FIG. 3. Temporal histories of optical emission at 400 nm from
10-Mbar shock wave in aluminum.



-

RAPID COMMUNICATIONS

56 R4949EFFECT OF ELECTRON-ION EQUILIBRATION ON . . .
FIG. 4. Comparisons of
400-nm emission for Lee and
More ~LM ! conductivity and Per-
rot and Dharma-wardana conduc
tivity ~PD!: ~a! g51016 W/m3 K;
~b! g51017 W/m3 K; ~c! g
51018 W/m3 K; and ~d! g
51019 W/m3 K.
ea
ctr

e
a
y
ea
y
w

fo
si

s
e
a
s
c

e
ea
t.
,
m

en-
ir-
ak
with
ri-

at
are
era-
the

ral
ted
vo-
or-

ion
the
n.
on
the

he
ly
to a

0-
ity

e

intensity and temporal variation of the emission are cl
signatures of the electron-ion coupling constant and ele
cal conductivity of the shock-produced plasma.

To elucidate how the observed optical emission from
shock wave can be utilized, we consider experiments wh
the shock pressure is already determined either theoretic
or experimentally. The former may be predictions from h
drodynamic simulations and the latter may involve the m
surement of the shock speed. If only the absolute intensit
shock emission is measured, the data can be compared
theoretical predictions similar to those shown in Fig. 5
the appropriate shock pressure. We have limited our con
eration of the coupling constant between 1016 and
1019 W/m3 K, following the findings of previous studie
@1,2,16–20#. The difference in the absolute intensity for th
two conductivity models is relatively small because, ne
solid density, both models yield similar conductivity value
Since absolute intensity calibrations can be made with ac
racies of better than 10%, measurements of the absolut
tensity of optical emission alone can readily provide a r
sonable assessment of the electron-ion coupling constan

If the reflectance of the shock wave is also measured
can be used to determine the absorbance of the shocked

FIG. 5. Absolute intensity of emission at 400 nm from a 1
Mbar shock wave in aluminum calculated using LM conductiv
and PD conductivity.
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terial. Coupled with the measured absolute emission int
sity this yields a brightness temperature directly via K
choff’s law independent of electrical conductivity. The pe
brightness temperature thus obtained can be compared
theoretical predictions shown in Fig. 6. Similarly, in expe
ments whereby the relative intensities of optical emission
different wavelengths and the corresponding reflectance
measured, the data can be used to yield a spectral temp
ture. Both of these offer another means of assessing
electron-ion coupling constant. The effect of finite tempo
resolution of the experiment can be seen from the calcula
brightness or spectral temperatures without the 2-ps con
lution ~Fig. 6!. In this case, the calculated temperatures c
respond to the electron temperatures at the shock front@Fig.
2~a!#. These are governed predominantly by the electron-
coupling constant with a relatively weak dependence on
conductivity model through the effect of thermal conductio

We have already pointed out that thermal equilibrati
between electrons and ions has a significant effect on
temporal characteristics of the optical emission~Figs. 3 and
4!. At early times after shock breakout, the opacity of t
released material is low, allowing regions with increasing
higher electron temperatures to be exposed. This leads

FIG. 6. Brightness temperature (Tb) and spectral temperatur
(Ts) as a function ofg for Lee and More conductivity~LM: dotted
lines! and Perrot and Dharma-wardana conductivity~PD: solid
lines!.
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continual increase in emission intensity and hence an
crease in the rise time of the emission signal. However, v
rapidly the opacity of the released material begins to do
nate and the emission intensity starts to decrease. None
less, thermal conduction mitigates the cooling of the relea
material, thus affecting the decay time of the optical em
sion. As the shocked material releases, the plasma elec
conductivity also plays an increasingly more important r
as it determines the optical properties of the expand
plasma. The overall persistence of the optical emission
be characterized by its FWHM duration as presented in F
7. These can serve as a sensitive measure of the electro
coupling constant for the Lee and More conductivity mod
In any case, the detailed emission pulse shape will allo
definitive assessment of the coupling constant as evid
from Figs. 3 and 4.

Our calculations have assumed the absence of prehe

FIG. 7. The FWHM of the 400-nm emission pulse as a funct
of g for LM conductivity and PD conductivity.
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suprathermal electrons@21# or x rays from the laser-heate
plasma in the front side of the target. These are issues p
nent only to laser-driven shock waves. The suprather
electron problem can be mitigated by keepingIl2 below
1014, where I is the laser irradiance in W/cm2 and l the
wavelength inmm. Even for 530 nm radiation, this allows a
irradiance of up to 431014 W/cm2 which yields a typical
shock pressure of;30 Mbar. Radiative preheat can be mit
gated using relatively thick targets or by generating
shock in a low-Z ablator such as CH before launching it in
the aluminum sample. The latter also offers shock enhan
ment resulting from the impedance mismatch between
and aluminum. Alternatively, the shock wave can be driv
indirectly by converting the laser radiation into x rays@3#.
Although a 10-Mbar shock wave is used here as an exam
calculations for a shock wave of 30 Mbar yield similar fe
tures.

In conclusion, our results have illustrated the significa
influence of electron-ion equilibration on the optical em
sion from a shock wave emerging at a free surface. We h
also shown how the absolute intensity, brightness temp
ture, spectral temperature, the duration of emission and
particular, its temporal history can all be used to ass
electron-ion coupling in shock compressed matter. This
proach does not require a semitransparent material, an in
ent limitation of previously measurements on the electr
ion coupling constant@1,2#.

We wish to thank R. M. More, Y. T. Lee, F. Perrot, an
M. W. C. Dharma-wardana for the use of their theoretic
models. This work was supported by the Natural Scien
and Engineering Research Council of Canada.
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