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Supersonic Ionization Wave Driven by Radiation Transport
in a Short-Pulse Laser-Produced Plasma

T. Ditmire, E. T. Gumbrell, R. A. Smith, L. Mountford, and M. H. R. Hutchinson
Blackett Laboratory, Imperial College of Science Technology and Medicine, London SW7 2BZ, United Ki

(Received 5 February 1996)

Through the use of an ultrashort (2 ps) optical probe, we have time resolved the propagation of
ionization wave into solid fused silica. This ionization wave results when a plasma is created by th
intense irradiation of a solid target with a 2 ps laser pulse. We find that the velocity of the ionizatio
wave is consistent with radiation driven thermal transport, exceeding the velocity expected from simp
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
,

s

g
h

a

r
l

t
p

c
t
e

r
a

d

g

ns
cts
r-
ser
e

ents
cts

ke
ive
ort
the
ion
he

i-
ng
s.

iv-

l,
be

re
or

hly

e

a

ort
–
s in
Progress in understanding the interaction of intense
trashort laser pulses with plasmas has been quite dram
in the previous decade [1]. This progress has been
eled by a desire to study plasma conditions at very h
temperatures and electron densities, a condition made
sible by the development of intense picosecond la
which can rapidly heat a plasma before significant hyd
dynamic expansion can take place [2]. Understandin
the physics behind energy transport mechanisms in t
plasmas is central to these studies. This is not only
cause of the fundamental nature of these mechanism
the understanding of plasma physics in general, but
because a clear picture of energy transport is require
fully understand the dynamics of ultrashort pulse x-
generation [3], a very important application of short-pu
produced plasmas [4].

One important ultrafast process driven by energy tra
port is the formation of an ionization wave that prop
gates with a supersonic velocity into the solid after
target surface has been heated by an intense short
[5]. This process has been studied previously at int
sities of ,5 3 1014 Wycm2 where the plasmas forme
exhibited temperatures of 50 eV or less [6]. In these st
ies the velocity of the ionization wave was inferred fro
the Doppler shift exhibited by a probe beam reflected
the expanding ionization front within the cold fused sili
substrate. This experiment found that the velocity of
ionization wave could be well explained by standard el
tron thermal conduction in this low intensity regime.

In this Letter we report the first time resolved me
surements of the spatial extent of an ionization wave p
duced with high intensity (up to1017 Wycm2) picosecond
pulses. At this intensity we find that the velocity of th
ionization wave cannot be explained by simple elect
thermal conduction. We find that our measurements
instead, consistent with radiative thermal conduction. T
resulting velocity and depth of penetration of the rad
tively driven ionization wave is 1 to 2 orders of magnitu
greater than that observed at low intensity. Previous m
surements of radiative transport effects have been lar
composed of long pulses,1 nsd studies where the effect
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of radiative transport have been inferred by indirect mea
[7] or by direct measurement of radiative transport effe
in thin foils [8,9] or foams [10] driven by a separate lase
created x-ray source. In these experiments the drive la
pulse width was comparable to or longer than the tim
scale for the energy transport. Our experiment repres
the first direct measurement of radiative transport effe
in short-pulse produced plasmas.

The energy flow in a high temperature plasma can ta
place by either electron or radiative transport. Radiat
transport will dominate over electron thermal transp
at high temperatures when a significant amount of
energy contained in the plasma is emitted as radiat
in the UV and x-ray regions. We can estimate t
parameters required for radiative transport to dom
nate over electron collisional transport by compari
the relative heat conductivity of the two mechanism
We can estimate the electron thermal conduct
ity by using the Spitzer-Härm conductivity,kSH 
4kBskBTed5y2ym

1y2
e sZ 1 1de4 ln L [11] (where me is

the electron mass,e is the electron charge,kBTe is the
electron thermal energy, and lnL is the Coulomb loga-
rithm). The radiative thermal conductivity is, in genera
a complicated function of the material opacity. It can
simply estimated, however, by usingkrad  16sT3

e lRy3
[12] (where s is the Stefan-Boltzman constant). He
lR is the Rossland, radiation mean free path. F
an ionized plasma, this mean free path is roug
lR ø 9 3 106T 2

e yZ2ni (for hydrogenic ions) [12]. Thus
the ratio of the radiative thermal conductivity to th
electron thermal conductivity is

krad

kSH
ø 5 3 1018 skBTed5y2

ne
, (1)

where kBTe is given in eV (and we have takenne 
Zni). Equation (1) implies that for a solid density plasm
with an electron density of approximately1023 cm23

radiative heat transport will dominate whenkBTe .

100 eV. Therefore, we expect that radiative transp
will dominate in the solid density, high temperature (500
1000 eV) plasmas created by an intense short pulse, a
our experiments.
© 1996 The American Physical Society
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The experimental setup to measure the dynamics
the ionization wave inside a solid target is illustrate
in Fig. 1. The experiment uses pulses from a Nd:gla
laser based on chirped pulse amplification operating
1054 nm. The laser produces pulses with a tempo
width of approximately 2 ps and a pulse energy of
to 0.5 J. These pulses are focused with anfy10 lens,
producing a focal spot of20 mm and a peak intensity o
up to 1 3 1017 Wycm2. The circularly polarized pulses
are focused at normal incidence onto the polished edg
a fused silica glass plate with a width of approximate
500 mm. Transparent fused silica is used as a tar
since it allows optical probing of the material beneath t
surface of the target.

A small amount of energy is extracted from the ma
beam after compression with a 5% beam splitter
generate the probe pulse. The 1054 nm light is freque
doubled in KDP and then Raman shifted in ethan
to 620 nm. This wavelength shifting is required sin
probing with 1054 nm light or frequency doubled light
527 nm is not possible due to the excessive scatter fr
the heating pulse fundamental and the second harm
generated during the interaction. This scattered li
is rejected with an interference filter centered at t
wavelength of the Raman shifted light. The back-
target is imaged onto a charge coupled device cam
The estimated spatial resolution is3 mm, and the time
resolution is approximately 2 ps. The region that h
undergone ionization to the critical density of 620 n
light sne , 3 3 1021 cm23d within the transparent glas
slide becomes opaque to the probe.

The measured profile of the plasma at the targ
vacuum interface at three different times is shown
Fig. 2. The peak laser intensity of the heating pulse w
0.8 3 1017 Wycm2. The first image shows the plasma
a time roughly 3 ps before the peak of the pulse. (t  0
is defined when we first observe the ionization wa
propagate into the solid.) The second image shows
plasma at 6 ps after the heating pulse. An ionization fr

FIG. 1. Experimental setup to measure the dynamics of
ionization wave inside a solid target.
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is clearly visible below the target surface. The plasm
profile 14 ps after the heating pulse is shown in the fin
image. The ionization wave has expanded to an ext
that is larger than the initially heated region of the focus
spot. At this point the ionization expansion transform
from a one dimensional to a three dimensional expansi
Consequently, the rate of expansion slows dramatically

We can determine the ionization wave velocity if w
examine the maximum extent of the ionization wave
a direction normal to the target surface. This ioniz
tion front is plotted as a function of time in Fig. 3 fo
a peak intensity of0.8 3 1017 Wycm2. The ionization
front propagates in with a supersonic velocity of a
proximately 6 3 108 cmys. It then slows and saturate
with a maximum penetration into the target after 15
of 90 mm. We can infer the average expansion velo
ity by fitting a line to the ionization front over the firs
,10 ps. This inferred velocity is plotted as a functio
of laser intensity in Fig. 4(a). The penetration depth a
ter the expansion stops is plotted as a function of inte
sity in Fig. 4(b). We have defined this point at 25 p
after the heating pulse when the expansion has ne
stopped. The intensity was varied by changing the
cused energy on the target. We have made previous m
surements with a 1 ps pulse which suggest that the ene
absorption is 40% for the pulses used in our experime
and is constant over the range of intensities used. T
data in Fig. 4, therefore, essentially represent the ve
city and penetration as a function of energy input into t
plasma if we assume a constant absorption as a functio
intensity.

Our measured expansion velocity of8 3 108 cmys at
the highest intensity is nearly 2 orders of magnitu
greater than the plasma sound velocity,,107 cmys (the
velocity of an ionizing shock wave), and approximate
40 times greater than the supersonic ionization wa
velocity reported at lower intensity in Ref. [5]. We ca
simply calculate the earlys,30 psd time history of the
ionization front by finding the solution of the nonlinea
heat diffusion equation. We assume the expansion is
one dimension at early times, and that the specific h
of the plasma is given by the ideal gas law. This w

FIG. 2. Measured profile of the plasma at the target-vacu
interface at three times, (left) 3 ps before the heating pul
(middle) 6 ps, and (right) 14 ps after the heating pulse.
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FIG. 3. Measured ionization front plotted as a function
time for a peak intensity of0.8 3 1017 Wycm2 (squares). The
thin solid lines are the predictions of one dimensional radiat
energy transport for 20% and 40% laser energy absor
and the dashed lines are for electron thermal transport.
thick solid line is the numerical calculation of the radiativ
energy transport in one dimension which includes the effect
flux-limited radiative heat flow. The thick dashed line is th
numerical calculation for flux-limited electron transport (flu
limiter  0.5).

somewhat underestimate the actual specific heat sin
ignores the energy required to ionize the target mate
We seek the solution for the equation

3
2 nekB

≠Te

≠t


≠

≠x

∑
ksTed

≠Te

≠x

∏
, (2)

where ksTed is given by either the electron or radiativ
conductivity given above. The use of the diffusio
equation to model the ionization front is appropria
because of the nature of the observed data. If the en
transport were dominated by nonlocal effects (such as
electrons or hard x rays), we would expect to see pro
ionization within the solid target. Instead we observe
ionization front propagate with a speed significantly le
than the speed of light, indicative of diffusive heat flow

When a fast heat input is launched into a cold medi
with a nonlinear heat conductivity, as is the case whe
short-laser pulse heats the surface of a medium sub
to either electron thermal or radiative heat conducti
Eq. (2) predicts the formation of a steep heat fro
propagating into the medium [12]. This heat front
characterized by a sharp rise in temperature whose lea
edge is propelled into the cold material by the ene
transport of the hot material from behind. Our experim
measures the maximum extent of ionization to the pro
beam critical densitys,3 3 1021 cm23d. This electron
density will be achieved in fused silica when the plas
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temperature has risen to,1 eV. Thus, the propagation
distance of the observed ionization wave will correspon
closely to the leading edge of this heat front and is
direct indicator of the extent of heat conduction by th
hot material behind the heat front. An analytic solutio
of Eq. (2) exists for the extent of this temperature fro
for a delta function heat input [12]. This is closely
approximated by our 2 ps heating pulse. For electr
thermal conduction, the solution is [12]

xSH
front  j0

0@ 8

3m
1y2
e sZ 1 1de4n

7y2
e ln L

1A2y9F
5y9
abs t2y9.

(3)

Fabs is the absorbed laser energy fluence on the surface
the target. For radiative energy conduction the soluti
for the temperature front is [12]

xrad
front  j0

√
32s

9n7
ek6

BZ
9 3 106

!
1y7F

5y7
abst1y7. (4)

To derive this we have used the simple formula for th
Rossland mean free path quoted above. [j0 is equal to
1.0 in Eq. (3) and is equal to 0.76 in Eq. (4).]

The estimates of the thermal ionization front for bot
electron thermal conduction and radiative conduction c
culated from Eqs. (3) and (4) are compared in Fig.

FIG. 4. (a) Inferred ionization front velocity plotted as a
function of laser intensity. (b) Penetration depth after 25
plotted versus laser intensity. The solid line is the predictio
of radiative energy transport, Eq. (4) with constant 40% las
energy absorption and the dashed line is the prediction
electron thermal conduction, Eq. (3). The dotted line is th
prediction of the radiation transport numerical model.
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with the measured ionization front for two values of th
absorbed energy fraction 20% and 40%. We have
sumed that the laser energy is deposited uniformly in
20 mm Gaussian spot, and we have simply assumedne ø
1023 cm23 (roughly solid density within the heated fuse
silica) to make quantitative estimates. (We have also
sumed that lnL ø 5, appropriate for this plasma densit
and a plasma temperature of,500 eV.) Note that the one
dimensional solutions of Eqs. (3) and (4) will genera
overestimate the thermal front propagation distance si
the experimental heat flow transforms from a one to th
dimensional heat flow, slowing down the thermal wave d
to volume increase. Even with these simplifying assum
tions it is clear from the comparison in Fig. 3 that electr
thermal conduction alone is inadequate in explaining
rapid expansion of the ionization front. The radiative he
flow model, however, does accurately predict the rapid
pansion of the ionization front to,100 mm on a time scale
of ,20 ps.

The calculated extent of the ionization wave prop
gation after 25 ps assuming a fixed absorption fra
tion of 40% for both electron and radiative therm
conduction using Eqs. (3) and (4) is compared to
measured ionization wave penetration in Fig. 4(b). T
comparison reinforces the importance of radiative h
conduction in the1016 to 1017 Wycm2 intensity range.
Electron thermal conduction is inadequate in describ
the deep penetration of the ionization wave on the f
time scale we have observed. Equation (4) accura
predicts the intensity scaling of the penetration dep
while the slope predicted by electron thermal conduct
[Eq. (3)] is too shallow to explain the observed scaling.

From Fig. 3 we see that Eq. (4) clearly overestima
the propagation velocity at early time. This rapid prop
gation is due to the unphysical nature of the solution
Eq. (2) in which we have assumed a delta function h
input. This results in an infinite heat flux att  0 and
an infinite velocity of the thermal wave att  0. In fact,
the heat flux in an opaque plasma is clamped at its ma
mum possible value ofqmax

rad  sT4
e (in a manner analo-

gous to the free streaming limit on the electron therm
heat flux of qmax

elec  3neykT kBTey2). For a sharp tem-
perature gradient, this maximum heat flux implies a ma
imum thermal wave velocity ofymax ø 2sT3

e y3kBne.
To explore this effect we have numerically solve

Eq. (2) using radiative heat flow, accounting for th
radiative heat flux limitation ofsT 4

e . We have also
used an estimate forZ as a function of temperature
to more accurately estimate the electron density.
do this we have used the analysis of Ref. [6] which
based on a solution of the Saha equations. We h
assumed that the energy input into the plasma occ
over a 2 ps pulse into a2 mm deep region at the targe
surface. We have found, however, that the calcula
time history is quite insensitive to the details of the ener
e
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deposition at the target surface, confirming the predictio
of Eq. (4) which indicate that the important parameter
the absorbed energy fluence and not the specifics of
initial plasma temperature. The results of this calculati
for an absorbed energy fraction of 40% are plotted
Fig. 3. This calculation accurately predicts the observ
thermal wave velocity over the first 10 ps of the expansi
as well as the rollover in the thermal wave penetration
,100 mm. The ionization front penetration after 25 p
calculated using this model is also shown in Fig. 4(b)
a dotted line. The numerical result is very close to th
analytical result of Eq. (4).

For the sake of comparison we have also includ
the results of numerical calculations using standard flu
limited electron thermal transport in Fig. 3. For this w
used a flux limiter of 0.5 (the maximum heat flux i
clamped at0.5 3 3neykT kBTey2). We have found that
the calculated curve changes very little when we va
the flux limiter between 0.1 and 1.0. The calculate
ionization front velocity using electron thermal transpo
is over an order of magnitude lower than that of the da
and is clearly inadequate in explaining the observed ra
penetration of the ionization front.

In conclusion, we have presented the first direct me
surement of radiation driven ionization waves in sho
pulse produced plasmas. We find that at an intens
of 1017 Wycm2 the ionization wave exhibits a super
sonic velocity of expansion into fused silica of near
109 cmys. The ionization wave penetrates to a dep
of ,100 mm into the cold substrate on a time scale
,20 ps. This measurement suggests that there is a tra
tion from an electron to radiation transport mechanism
the intensity of short-pulse irradiation increases from1014

to 1017 Wycm2.
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