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Supersonic lonization Wave Driven by Radiation Transport
in a Short-Pulse Laser-Produced Plasma
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Through the use of an ultrashort (2 ps) optical probe, we have time resolved the propagation of an
ionization wave into solid fused silica. This ionization wave results when a plasma is created by the
intense irradiation of a solid target with a 2 ps laser pulse. We find that the velocity of the ionization
wave is consistent with radiation driven thermal transport, exceeding the velocity expected from simple
electron thermal conduction by nearly an order of magnitude. [S0031-9007(96)00542-X]

PACS numbers: 52.50.Jm, 52.25.Fi, 52.40.Nk, 52.70.Kz

Progress in understanding the interaction of intense, ulef radiative transport have been inferred by indirect means
trashort laser pulses with plasmas has been quite dramafi¢] or by direct measurement of radiative transport effects
in the previous decade [1]. This progress has been fun thin foils [8,9] or foams [10] driven by a separate laser-
eled by a desire to study plasma conditions at very higltreated x-ray source. In these experiments the drive laser
temperatures and electron densities, a condition made pogtise width was comparable to or longer than the time
sible by the development of intense picosecond laserscale for the energy transport. Our experiment represents
which can rapidly heat a plasma before significant hydrothe first direct measurement of radiative transport effects
dynamic expansion can take place [2]. Understanding oifh short-pulse produced plasmas.
the physics behind energy transport mechanisms in these The energy flow in a high temperature plasma can take
plasmas is central to these studies. This is not only beplace by either electron or radiative transport. Radiative
cause of the fundamental nature of these mechanisms tansport will dominate over electron thermal transport
the understanding of plasma physics in general, but alsat high temperatures when a significant amount of the
because a clear picture of energy transport is required tenergy contained in the plasma is emitted as radiation
fully understand the dynamics of ultrashort pulse x-rayin the UV and x-ray regions. We can estimate the
generation [3], a very important application of short-pulseparameters required for radiative transport to domi-
produced plasmas [4]. nate over electron collisional transport by comparing

One important ultrafast process driven by energy transthe relative heat conductivity of the two mechanisms.
port is the formation of an ionization wave that propa-We can estimate the electron thermal conductiv-
gates with a supersonic velocity into the solid after theity by using the Spitzer-Harm conductivityxsy =
target surface has been heated by an intense short pUl&EB(kBTE)W/mi/Z(Z + 1)e* InA [11] (where m, is

[5]. This process has been studied previously at intenthe electron mass is the electron chargesT, is the
sities of <5 X 10'* W/cm* where the plasmas formed electron thermal energy, and I is the Coulomb loga-
exhibited temperatures of 50 eV or less [6]. In these studrithm). The radiative thermal conductivity is, in general,
ies the velocity of the ionization wave was inferred from a complicated function of the material opacity. It can be
the Doppler shift exhibited by a probe beam reflected ofksimply estimated, however, by using. = 160T3 A /3

the expanding ionization front within the cold fused silica[12] (where o is the Stefan-Boltzman constant). Here
substrate. This experiment found that the velocity of they, is the Rossland, radiation mean free path. For

ionization wave could be well explained by standard elecan jonized plasma, this mean free path is roughly

tron thermal conduction in this low intensity regime. Ag =9 X 10°T2/Z%n; (for hydrogenic ions) [12]. Thus

In this Letter we report the first time resolved mea-the ratio of the radiative thermal conductivity to the
surements of the spatial extent of an ionization wave prog|ectron thermal conductivity is
duced with high intensity (up t®0'” W/cn?) picosecond Krad (kpT.)**

—~ 18
pulses. At this intensity we find that the velocity of the KsH > % 10 ne (@)

ionization wave cannot be explained by simple electrofyhere k5T, is given in eV (and we have takem, =
thermal conduction. We find that our measurements arezy;). Equation (1) implies that for a solid density plasma
instead, consistent with radiative thermal conduction. Thevith an electron density of approximateljy0* cm™3
resulting velocity and depth of penetration of the radia-radiative heat transport will dominate whekgT, >
tively driven ionization wave is 1 to 2 orders of magnitude 100 eV. Therefore, we expect that radiative transport
greater than that observed at low intensity. Previous meawill dominate in the solid density, high temperature (500—
surements of radiative transport effects have been large 000 eV) plasmas created by an intense short pulse, as in
composed of long pulse~1 ng) studies where the effects our experiments.
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The experimental setup to measure the dynamics a6 clearly visible below the target surface. The plasma
the ionization wave inside a solid target is illustratedprofile 14 ps after the heating pulse is shown in the final
in Fig. 1. The experiment uses pulses from a Nd:glasgmage. The ionization wave has expanded to an extent
laser based on chirped pulse amplification operating ahat is larger than the initially heated region of the focused
1054 nm. The laser produces pulses with a temporapot. At this point the ionization expansion transforms
width of approximately 2 ps and a pulse energy of upfrom a one dimensional to a three dimensional expansion.
to 0.5J. These pulses are focused with /g0 lens, Consequently, the rate of expansion slows dramatically.
producing a focal spot d20 um and a peak intensity of ~ We can determine the ionization wave velocity if we
up to1 X 10'7 W/cn?. The circularly polarized pulses examine the maximum extent of the ionization wave in
are focused at normal incidence onto the polished edge @ direction normal to the target surface. This ioniza-
a fused silica glass plate with a width of approximatelytion front is plotted as a function of time in Fig. 3 for
500 um. Transparent fused silica is used as a targea peak intensity 0of.8 X 107 W/cn?. The ionization
since it allows optical probing of the material beneath thefront propagates in with a supersonic velocity of ap-
surface of the target. proximately 6 X 10® cm/s. It then slows and saturates

A small amount of energy is extracted from the mainwith a maximum penetration into the target after 15 ps
beam after compression with a 5% beam splitter toof 90 um. We can infer the average expansion veloc-
generate the probe pulse. The 1054 nm light is frequenciy by fitting a line to the ionization front over the first
doubled in KDP and then Raman shifted in ethanol~10 ps. This inferred velocity is plotted as a function
to 620 nm. This wavelength shifting is required sinceof laser intensity in Fig. 4(a). The penetration depth af-
probing with 1054 nm light or frequency doubled light at ter the expansion stops is plotted as a function of inten-
527 nm is not possible due to the excessive scatter fromity in Fig. 4(b). We have defined this point at 25 ps
the heating pulse fundamental and the second harmonafter the heating pulse when the expansion has nearly
generated during the interaction. This scattered lighstopped. The intensity was varied by changing the fo-
is rejected with an interference filter centered at thecused energy on the target. We have made previous mea-
wavelength of the Raman shifted light. The back-litsurements with a 1 ps pulse which suggest that the energy
target is imaged onto a charge coupled device camerabsorption is 40% for the pulses used in our experiments
The estimated spatial resolution 3sum, and the time and is constant over the range of intensities used. The
resolution is approximately 2 ps. The region that hadata in Fig. 4, therefore, essentially represent the velo-
undergone ionization to the critical density of 620 nmcity and penetration as a function of energy input into the
light (n, ~ 3 X 10*' cm™3) within the transparent glass plasma if we assume a constant absorption as a function of
slide becomes opaque to the probe. intensity.

The measured profile of the plasma at the target- Our measured expansion velocity X 10® cm/s at
vacuum interface at three different times is shown inthe highest intensity is nearly 2 orders of magnitude
Fig. 2. The peak laser intensity of the heating pulse wagreater than the plasma sound velocityl0’ cm/s (the
0.8 X 107 W/cn?. The first image shows the plasma atvelocity of an ionizing shock wave), and approximately
a time roughly 3 ps before the peak of the pulse.=(0 40 times greater than the supersonic ionization wave
is defined when we first observe the ionization wavevelocity reported at lower intensity in Ref. [5]. We can
propagate into the solid.) The second image shows theimply calculate the early<30 ps time history of the
plasma at 6 ps after the heating pulse. An ionization frontonization front by finding the solution of the nonlinear

heat diffusion equation. We assume the expansion is in
one dimension at early times, and that the specific heat
Heating pulse of the plasma is given by the ideal gas law. This will
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FIG. 2. Measured profile of the plasma at the target-vacuum

FIG. 1. Experimental setup to measure the dynamics of thénterface at three times, (left) 3 ps before the heating pulse,
ionization wave inside a solid target. (middle) 6 ps, and (right) 14 ps after the heating pulse.
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temperature has risen tel eV. Thus, the propagation
distance of the observed ionization wave will correspond
closely to the leading edge of this heat front and is a
direct indicator of the extent of heat conduction by the
hot material behind the heat front. An analytic solution
of Eq. (2) exists for the extent of this temperature front
for a delta function heat input [12]. This is closely
approximated by our 2 ps heating pulse. For electron
thermal conduction, the solution is [12]
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F.ps is the absorbed laser energy fluence on the surface of

20% abs, the target. For radiative energy conduction the solution
g for the temperature front is [12]
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FIG. 3. Measured ionization front plotted as a function o
time for a peak intensity of.8 X 107 W/cn? (squares). The

¢ To derive this we have used the simple formula for the

Rossland mean free path quoted abovéy i equal to

thin solid lines are the predictions of one dimensional radiativel.0 in Eqg. (3) and is equal to 0.76 in Eq. (4).]
energy transport for 20% and 40% laser energy absorbed, The estimates of the thermal ionization front for both

and the dashed lines are for electron thermal transport.
thick solid line is the numerical calculation of the radiative
energy transport in one dimension which includes the effects of
flux-limited radiative heat flow. The thick dashed line is the
numerical calculation for flux-limited electron transport (flux
limiter = 0.5).

somewhat underestimate the actual specific heat since it
ignores the energy required to ionize the target material.
We seek the solution for the equation

3 aT, d [ 8T6i|
=t kpn — = — T
7 NeKB ox K( e) ox B

o ()

where k(T,) is given by either the electron or radiative
conductivity given above. The use of the diffusion
equation to model the ionization front is appropriate
because of the nature of the observed data. If the energy
transport were dominated by nonlocal effects (such as hot
electrons or hard x rays), we would expect to see prompt
ionization within the solid target. Instead we observe the
ionization front propagate with a speed significantly less
than the speed of light, indicative of diffusive heat flow.
When a fast heat input is launched into a cold medium
with a nonlinear heat conductivity, as is the case when a
short-laser pulse heats the surface of a medium subject
to either electron thermal or radiative heat conduction,
Eq. (2) predicts the formation of a steep heat front
propagating into the medium [12]. This heat front is
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(a) Inferred ionization front velocity plotted as a

plotted versus laser intensity. The solid line is the prediction
of radiative energy transport, Eq. (4) with constant 40% laser
nergy absorption and the dashed line is the prediction of

electron thermal conduction, Eq. (3). The dotted line is the

density will be achieved in fused silica when the plasmaprediction of the radiation transport numerical model.
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with the measured ionization front for two values of thedeposition at the target surface, confirming the predictions
absorbed energy fraction 20% and 40%. We have a®f Eq. (4) which indicate that the important parameter is
sumed that the laser energy is deposited uniformly in d@he absorbed energy fluence and not the specifics of the
20 um Gaussian spot, and we have simply assumed  initial plasma temperature. The results of this calculation
10%* cm~3 (roughly solid density within the heated fused for an absorbed energy fraction of 40% are plotted in
silica) to make quantitative estimates. (We have also agrig. 3. This calculation accurately predicts the observed
sumed that I\ = 5, appropriate for this plasma density thermal wave velocity over the first 10 ps of the expansion
and a plasmatemperature§00 eV.) Notethatthe one as well as the rollover in the thermal wave penetration at
dimensional solutions of Egs. (3) and (4) will generally ~100 um. The ionization front penetration after 25 ps
overestimate the thermal front propagation distance sincealculated using this model is also shown in Fig. 4(b) as
the experimental heat flow transforms from a one to threa dotted line. The numerical result is very close to the
dimensional heat flow, slowing down the thermal wave dueanalytical result of Eq. (4).
to volume increase. Even with these simplifying assump- For the sake of comparison we have also included
tions it is clear from the comparison in Fig. 3 that electronthe results of numerical calculations using standard flux-
thermal conduction alone is inadequate in explaining thdéimited electron thermal transport in Fig. 3. For this we
rapid expansion of the ionization front. The radiative heaused a flux limiter of 0.5 (the maximum heat flux is
flow model, however, does accurately predict the rapid exelamped at0.5 X 3n.virkpT,./2). We have found that
pansion of the ionization front te 100 wm on atime scale the calculated curve changes very little when we vary
of ~20 ps. the flux limiter between 0.1 and 1.0. The calculated
The calculated extent of the ionization wave propa-ionization front velocity using electron thermal transport
gation after 25 ps assuming a fixed absorption fracis over an order of magnitude lower than that of the data
tion of 40% for both electron and radiative thermal and is clearly inadequate in explaining the observed rapid
conduction using Egs. (3) and (4) is compared to theenetration of the ionization front.
measured ionization wave penetration in Fig. 4(b). This In conclusion, we have presented the first direct mea-
comparison reinforces the importance of radiative heasurement of radiation driven ionization waves in short-
conduction in thel0'® to 107 W/cn? intensity range. pulse produced plasmas. We find that at an intensity
Electron thermal conduction is inadequate in describingf 10'7 W/cn? the ionization wave exhibits a super-
the deep penetration of the ionization wave on the fassonic velocity of expansion into fused silica of nearly
time scale we have observed. Equation (4) accurately0° cm/s. The ionization wave penetrates to a depth
predicts the intensity scaling of the penetration depthpf ~100 wm into the cold substrate on a time scale of
while the slope predicted by electron thermal conduction<20 ps. This measurement suggests that there is a transi-
[Eq. (3)] is too shallow to explain the observed scaling. tion from an electron to radiation transport mechanism as
From Fig. 3 we see that Eq. (4) clearly overestimateshe intensity of short-pulse irradiation increases fropi
the propagation velocity at early time. This rapid propa-to 10'7 W/cn?.
gation is due to the unphysical nature of the solution of We would like to acknowledge useful conversations
Eqg. (2) in which we have assumed a delta function heatvith O. Willi, and we appreciate the technical assistance
input. This results in an infinite heat flux at= 0 and of S. Haniff. R.A. Smith is supported by an EPSRC
an infinite velocity of the thermal wave at= 0. Infact, Advanced Fellowship.
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