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Time-Resolved Study of Nonlocal Electron Heat Transport in High Temperature Plasmas
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(Received 11 August 1997)

Exploiting the high absorption efficiency of intense, ultrashort laser pulses in gases of atomic clusters
we have created plasma filaments with temperatures of.1 keV and electron densities in excess
of 1020 cm23. Using picosecond laser pulses, we have interferometrically measured the temporal
and spatial evolution of the electron density in these plasmas on a fasts,50 psd time scale. Our
measurements indicate that nonlocal heat transport by hot electrons drives a fast ionization wave, and
the data agree well with a nonlocal heat transport model. [S0031-9007(97)05139-9]

PACS numbers: 52.40.Nk
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The mechanisms for heat transport in high temperatu
laser produced plasmas have been a topic of extens
research. The importance of nonlocal heat transp
effects due to hot electrons in these plasmas was identifi
some years ago and a substantial amount of theoretic w
has been conducted to understand its consequence [1
Some experimental confirmation of these effects has be
performed using long pulses.500 psd irradiation of solid
targets [5], although, most experiments have been limit
to the observation of indirect consequences such as
effect on the mass ablation rate [6]. Interpretation of the
measurements are complicated when long pulse lasers
used since the pulses deposit energy in the plasma
the time scale of the heat transport dynamics. Intens
ultrashort (ps or fs) laser pulses, however, make possi
clean, time-resolved studies of heat transport phenome
[7,8] and are ideal for more direct measurement
nonlocal transport effects.

Recent studies on the interaction of intense short puls
with gases of atomic clusters have suggested a uniq
method to produce high temperature plasmas of inter
for these transport studies [9,10]. It has been shown th
a gas of modest mean atomic density composed of atom
clusters with of the order of 1000 atomsycluster exhibits
between 50% and 100% absorption of the laser ener
within a focal volume [11]. This is made possible by th
high local density within the cluster and is in contrast to
gas of monomers in which the absorption of intense las
light is very low. Consequently plasmas with tempera
tures of.1 keV can be easily created on a fast time scal
When the intense laser pulse is focused through the clus
medium, the heated clusters explode leaving a hot plas
filament with a diameter of the order of the focus spot siz
s20 100 mmd and length of the order of the laser confoca
parameters.1 mmd. In this Letter we present a study of
the dynamics of heat transport from the keV plasmas pr
duced in these clustering gases. Using short pulse la
interferometry we have temporally and spatially resolve
the electron density profiles of the hot plasma filamen
We observe a heat transport driven radial ionization wa
on a time scale much faster than the hydrodynamic e
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pansion of such plasmas [12], and we find that this e
ergy transport is dominated by nonlocal effects. Throug
comparison with numerical modeling our measuremen
provide a direct experimental comparison with the prev
ously published theory of Lucianiet al. [1,4] on nonlocal
electron transport.

In plasmas with modest temperature gradients the e
ergy transport is usually dominated by electron diffusiv
heat transport. In this regime the heat conductivity
given by the usual Spitzer formula [13]. However, whe
the heat gradients in the plasma are large the diffusi
approximation breaks down. This failure occurs whe
the mean free path of the electrons approaches the s
tial scale of the temperature gradient. In this regime th
heat transport is dominated by hot electrons free strea
ing from the hot portions of the plasma to the cooler re
gions, and the Spitzer-Härm conductivity formula exceed
the maximum possible free-streaming electron condu
tion rate (given asqfs ­ 3neT 3y2

e y2m1y2
e ). This regime

is usually modeled by clamping the heat conductivity t
a value given byfqfs, where f is an empirical con-
stant less than one, called the flux limiter [14]. To
more accurately model the effects of this regime of he
transport a semiempirical formula for the nonlocal en
ergy transport was proposed by Lucianiet al. [1]. Cal-
culations using this formula have been shown to be
good agreement with more detailed Fokker-Planck sim
lations of electron energy transport in steep gradients a
deviate substantially from simple flux-limited transpor
calculations [2,4].

In the laser heated clustering gases, the temperatu
can be in the vicinity of 1 keV, the scale lengths ar
of the order of 10 50 mm, and the electron densities
are between1019 and 1020 cm23. Thus, using the usual
formula for 90± scattering of electrons [14], we find
that the electron mean free path is 1–10 times th
plasma gradient indicating that these plasmas are id
for exploring the dynamics of the nonlocal transpor
Furthermore, using a picosecond heating pulse decoup
the fast heating of the plasma from the subsequent ene
transport.
© 1998 The American Physical Society
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In our experiments the clustering medium was pro
duced with a pulsed gas jet which delivered a gas plum
with an average atomic density of up to1.5 3 1019 cm23.
Under these conditions we can produce argon cluste
with average cluster diameter of 80 Å (corresponding
about 5000 Ar atomsycluster). We can also cryogeni-
cally cool the gas jet which allows us to produce clus
ters of hydrogen or deuterium, gases which do not for
clusters at room temperature. The cluster gas was hea
with a Nd:glass laser system based on chirped pulse a
plification which produced transform-limited 2 ps pulses
These pulses were frequency doubled to 526 nm a
focused to a Gaussian spot diameters1ye2d of 50 mm
into the gas jet, yielding a peak intensity in vacuum o
,1016 Wycm2.

Under these conditions roughly 60% of the total in
cident laser energy of 300 mJ was absorbed by the g
within the focal volume (which was,4 3 1026 cm23)
[11]. For an argon gas with an atomic density of1.5 3

1019 cm23 and an average ionization state of81 (Ne-
like), this absorbed energy fraction implies an initial elec
tron temperature of,1.5 keV assuming equal electron
and ion temperatures. This value is consistent with pr
vious measurements of electron and ion energies result
from the explosion of laser heated clusters [15,16].

To probe the plasma filament, a small amount of th
main 2 ps, 526 nm pulse was split off and Raman shifte
in ethanol to a wavelength of 620 nm. This pulse traverse
a delay leg and illuminated the plasma filament at a rig
angle to the propagation direction of the main pulse. Th
plasma was imaged onto a charge-coupled device (CC
camera (yielding a spatial resolution of2.5 mm). Between
the imaging telescope and the CCD detector the pro
light passed through a Michelson interferometer with
roof prism in one leg such that probe light which traverse
the plasma filament was interfered with reference ligh
which passed below the plasma. The interferograms yie
information on the phase shift resulting from the passage
the light through a chord across the cylindrically symmetr
plasma. This phase shift can be Abel-inverted to yield th
radial electron density profile.

Figure 1 shows interferometric images of the plasm
filament created in an argon cluster gas at four differe
times with respect to the main heating pulse.t ­ 0 is
defined as the point at which the gas is ionized by th
peak of the laser pulse. 3 ps before the peak of the pu
a small amount of ionization due to the rising edge o
the laser pulse is evident from the small deviation of th
fringes along the center axis of the image. Att ­ 0 rapid
ionization by the main laser pulse in the center of the imag
on a time scale comparable to the probe pulse width cau
the fringes to smear out. From this image it is clear th
the gas is initially ionized to a radius of slightly greate
than50 mm. Because of the low ionization threshold o
the argons,2 3 1014 Wycm2d the gas is ionized out in
the spatial wings of the laser focus, however, assuming
Gaussian focal spot distribution this implies that the bu
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FIG. 1. Interferometric images of the plasma filament create
in an argon cluster gas at four different times with respect t
the main heating pulse. The heating pulse had an energy
300 mJ.

of the laser energy is deposited within a cylinder of roughl
20 30 mm in radius. Within 6 ps after heating by the
main pulse, energy transport from the central hot plasm
has driven ionization out to a radius of over100 mm.

The deconvolved electron density profiles in the argo
plasma at 2 times are shown in Fig. 2. Since the initia
radius of the ionization is,50 mm, these data indicate
that the velocity of the ionization wave driven by the
hot electrons is of the order of1 3 107 mys. This is
roughly consistent with the velocity of free-streaming
thermal electrons in a 1.5 keV plasmas1.6 3 107 mysd.
At the center of the plasma the measured electron dens
is 1.3 3 1020 cm23, indicating that the argon is about
eight times ionized.

FIG. 2. Deconvolved electron density profiles measured in th
argon plasma at two times (solid lines). The dashed lines a
the results of theMED103 calculation including the effects of
nonlocal electron heat transport.
721



VOLUME 80, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 26 JANUARY 1998

ve

V.
he
that
o a

tial

ri-
we
ode
n
nd

y-
ize
e
the

are
e
s
nd
nt
el.
d
e
a

rt
FIG. 3. Measured electron density profiles in deuterium g
at two times. The top image is from a plasma that initiall
contained no clusters and was therefore cold. The botto
image is of plasma created in a gas containing D2 clusters
in which the laser absorption was high and the initial plasm
temperature was high.

To illustrate the importance of the presence of ho
electrons on the plasma transport dynamics, the plas
profiles at two times in a deuterium plasma are shown
Fig. 3. In the first case the plasma is created in a gas
only D2 molecules from the gas jet at room temperatur
a case in which the laser absorption is very lows,3%d
and the plasma temperature is expected to be of t
order of 20–30 eV. In the second case, the evolutio
of a plasma created in deuterium clusters is illustrate
produced when the gas jet is cooled to2170 ±C. Here
the laser absorption is larges.80%d and the plasma is hot.
The low temperature deuterium plasma exhibits a flatto
profile, a result of complete ionization of the gas by th
laser att ­ 0, with no evidence for a fast radial heat wav
at a later time. The high temperature plasma, howev
exhibits a fast ionization wave traveling outward from th
initial plasma in a manner similar to that seen in the argo
plasma.

To derive information on the spatial extent of the ho
plasma we have also conducted time integrated pinho
camera measurements of x rays emitted from the arg
plasmas. We used a camera with a20 mm pinhole and
a magnification of 12. The pinhole is covered with
filter consisting of0.8 mm of Formvar and0.5 mm of Al
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FIG. 4. Pinhole camera image of x rays with energy abo
0.5 keV from the argon plasma.

which blocks photons with energy below about 0.5 ke
Figure 4 shows the image of the Ar emission under t
same conditions as Figs. 1 and 2. This image indicates
the plasma emits x rays with energy above 0.5 keV out t
radius of100 mm, much larger than the initial30 50 mm
radius of the energy deposition, confirming that substan
radial heat transport occurs.

To explore the effects of heat transport in our expe
ments and to test the importance of nonlocal effects
have modeled our data using the Lagrangian plasma c
MED103 [17]. A cylindrical geometry is assumed and a
ideal gas equation of state is used for the electrons a
the ions. This code includes all of the equations for h
drodynamic motion of the plasma (though we emphas
that virtually no hydrodynamic motion occurs on the tim
scales considered here) and the heat transport due to
standard Spitzer-Härm formulation.

Because the temperatures are high and the densities
modest, the ionization state of the plasma will not b
in local thermodynamic equilibrium on the time scale
considered. Consequently the plasma ionization a
excitation in our model are governed by time depende
population rate equations with an average atom mod
To examine the accuracy of the Luciani, Mora, an
Virmont model of the nonlocal heat transport we hav
included their formulation in our calculations. We use
variation of their original formula to account for transpo
in cylindrical coordinates [18]. The total radial heat flow
is given by

qnonlocalsrd ­
1
b

Z R

2R
qSpitzersr 0dGsr, r 0d dr 0, (1)
Gsr , r 0d ­
1

64lesr 0d
exp

∑
2

1
32nesr 0dlesr 0d

Z r

r 0

nesr 00d dr 00

∏
mins1, r 0yrd dr 0, (2)
tron

e
e
on

ed
d

where qSpitzersrd is the standard Spitzer heat flow [13
and b ­

RR
2R Gsr , r 0d dr 0. (R is the radial extent of

the plasma.) Here the standard electron-ion scatter
mean free path is used in regions of the plasma wh
the ionization state of the plasma is.1 and modified
to account for the impact ionization cross section in u
ionized regions of the gas.

To model our data we assume that the energy is d
posited instantaneously by the laser, and we start with
]

ing
en

n-

e-
an

argon plasma that has Gaussian temperature and elec
density profiles with35 mm, 1ye2 radii. The electron and
ion temperatures are initially set to be equal, though w
find that the dynamics are virtually identical if we assum
that the ions are cold. We chose a peak temperature
axis of 1.5 keV, an atomic density of1.5 3 1019 cm23,
and the initial charge state of the argon on axis as81.
These initial conditions are consistent with the measur
total energy deposition by the laser, the initial observe
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ionization radius, and the measured initial charge state
the argon at early times.

An example of a calculation with these initial condition
is shown in Fig. 5. This shows the electron density radi
profiles at three different times calculated accounting f
the effects of nonlocal transport. For comparison, th
calculated plasma evolution for the same initial condition
when the effects of nonlocal heat transport are not includ
is also shown in this illustration. For this calculation w
utilize flux-limited transport with a maximum physical
flux limiter of 1.0. From the evolution of the plasma
in the presence of nonlocal transport the evolution
composed of two stages. Within 6 ps of the initial energ
deposition, the temperature gradient is very large. T
nonlocal transport term is responsible for fast heating
the cold gas surrounding the hot core on a 2–6 ps tim
scale. The heat transport is accompanied by a rapid fall
temperature in the center of the plasma to 500 eV. Th
transport drives a radial ionization wave with a velocity o
around

p
kBTeyme ø 107 mys.

The fast ionization wave seen in the nonlocal calcul
tion is not present in the flux-limited Spitzer case. Onl
the slower increase in electron density is evident. Fu
thermore, we see that the extent of ionization in the rad
direction does not increase, nor does it yield the electr
density tail at large radii seen in the nonlocal calculatio
The presence of this ionization tail in the cold material ad
jacent to a hot plasma is the result of free-streaming h
electrons and was predicted in the original modeling
nonlocal effects in Ref. [1].

A comparison of these calculations with the time re
solved electron density data confirm the importance of no
local heat transport effects. First we see in Fig. 1 that t
observed extent of ionization expands by50 mm in under
6 ps. This is very similar to the ionization wave driven
by nonlocal transport seen in the calculation of Fig. 5.

FIG. 5. Calculated electron density profiles resulting from a
Ar plasma with the initial density profile shown and an initia
peak electron and ion temperature of 1.5 keV. The sol
lines show the evolution of the plasma profile when nonloc
transport effects are included in the calculation and the dash
lines show the calculated profile when flux-limited diffusive
transport is used.
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is also apparent that the tail in the radial profile of the
measured electron density 6 ps after heating the plasma
very similar to that tail predicted by the nonlocal transpor
model. Plotted in Fig. 2 are the calculated electron den
sity profiles for comparison with the experimental profiles
We see that the nonlocal heat transport model quite acc
rately predicts the shape and extent of this tail. Finally w
point out that the predicted extent of the plasma after th
nonlocal heat conduction within the initial 10 ps is very
similar to the radial extent of the x-ray emission from the
argon plasma measured with the pinhole camera (Fig. 3
increasing from50 100 mm.

In conclusion, we have presented time- and space
resolved images of moderate density plasma filaments wi
initial temperature of.1 keV. Comparison of these mea-
surements with modeling including nonlocal electron hea
transport indicates that the more conventional treatment
flux-limited diffusive heat transport is inadequate in pre-
dicting the heat flux or the spatial extent of the plasm
x-ray emission. These results emphasize the importance
using a nonlocal formulation of heat transport when plasm
temperature gradients are large.
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