PRL 98, 135001 (2007)

PHYSICAL REVIEW LETTERS

week ending
30 MARCH 2007

Quenching of the Nonlocal Electron Heat Transport by Large External Magnetic Fields
in a Laser-Produced Plasma Measured with Imaging Thomson Scattering
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We present a direct measurement of the quenching of nonlocal heat transport in a laser-produced
plasma by applying large external magnetic fields (>10 T). The temporally resolved Thomson-scattering
measurements of the electron temperature profile show that the heat front propagation transverse to a high-
power laser beam is slowed resulting in extremely strong local heating. We find agreement with
hydrodynamic modeling when including a magnetic field model that self-consistently evolves the fields

in the plasma.
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Inertial confinement fusion (ICF) and high energy den-
sity science (HEDS) experiments require a detailed under-
standing of heat transport in the presence of magnetic fields
[1]. The indirect drive approach to ICF requires a detailed
understanding of the plasma conditions in the presence of
magnetic fields to accurately predict laser beam propaga-
tion [2]. Cross-magnetic-field heat transport is also impor-
tant for understanding magnetic fusion plasmas, astro-
physical observations [3], and basic plasma physics [4].

Current hydrodynamic simulations used to design igni-
tion hohlraums typically employ a flux-limited thermal
diffusion model. In this model the heat flux is determined
from the minimum of the classical Spitzer-Hirm (SH)
value and the free-streaming value (limited by a flux lim-
iter) [5]. The flux limiter was introduced primarily to
reproduce experiments where simulations involve energy
transport from the laser absorption region into a solid target
[6]. However, the coronal plasmas have been difficult to
model even though SH diffusion has been successfully
applied in a number of experiments that employ gas targets
without a critical surface [7]. The SH heat flow depends on
the local temperature gradients and is thus referred to as a
local model. This local approximation breaks down in
steep temperature gradients and a nonlocal model should
be used that take account of the non-Maxwellian nature of
the electron velocity distribution. In addition, the steep
density and temperature gradients typically found in
laser-generated plasmas can lead to self-generated mag-
netic fields [8] that may act to localize the heat flow.
Currently, there are outstanding questions regarding the
relative importance of nonlocal heat transport [9] and the
effects of self-generated magnetic fields in the complex
hohlraum plasmas employed in ICF; furthermore, in laser-
produced plasmas there are no direct measurements of
electron heat transport in the presence of magnetic fields
to compare with modeling calculations.

In this Letter, we present the first observation of the
localization of the electron heat transport by high magnetic
fields in high temperature laser-produced plasmas. It is
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found that a 12 Tesla external magnetic field oriented
parallel to a high-power laser beam inhibits electron ther-
mal transport perpendicular to the heater beam, reducing
the heat flux by a factor of x|/« = 15, where k|, k) are
the conductivities parallel and perpendicular to the mag-
netic field, respectively. With this reduction in heat flux,
simulations show the plasma expands adiabatically. Since
the magnetic Reynold’s number is large, the magnetic field
is frozen into the plasma and as the plasma expands (8 =
plasma/magnetic pressure = 20) the magnetic field fol-
lows the density and is compressed at the heat front.

Spatially and temporally resolved temperature measure-
ments using imaging Thomson scattering provide data for a
critical test of hydrodynamic simulations that include mag-
netic fields. We find for the highest imposed magnetic
fields (B = 12 T) that the electrons of the plasma gyrate
with a Larmor radius (r, = mv/eB =5 um) that is smaller
than the temperature scale length (7,/VT, =~ 300 wm),
thereby localizing the electron flux (r, < T,/VT,) and
classical Braginskii heat transport is successful in model-
ing the heat wave propagation. This results in very large
central electron temperatures, a factor of 4 higher than
without applying the external field. This finding indicates
that the presence of magnetic fields has important conse-
quences for the temperature profile in laser-produced plas-
mas suggesting that self-generated magnetic fields need to
be included in integrated simulations of laser-plasma ex-
periments where large magnetic fields are generated. The
results from this experiment will provide valuable data for
comparing to new hydrodynamic simulations that imple-
ment both nonlocal and magnetic field models [10].

This experiment was performed in the Janus Laser
Facility at the Lawrence Livermore National Laboratory
(Fig. 1). Plasmas were produced in a nitrogen gas jet with a
1.5 mm diameter cylindrical nozzle and an operating up-
stream pressure of 6.5 atm. The opening of the nozzle was
aligned 1.5 mm below the target chamber center (TCC).
The neutral gas density was well characterized using in-
terferometery [11]; the peak electron density for our con-
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FIG. 1 (color). The experimental setup is shown where a 1w
high-power (1-ns square) laser beam initially heats a narrow
200 um plasma channel in N, gas injected by a 1.5 mm nozzle.
Two solenoids produce a uniform high magnetic field (B =
12 Tesla) parallel to the heater beam. A collective Thomson-
scattering diagnostic measures the electron temperature profile
perpendicular to the heater beam using a low power 2w probe; a
spectrometer slit is imaged perpendicular to the heater beam to
collect light scattered from the low energy 2w probe laser.

ditions (fully ionized nitrogen) was n, = 1.5 X 10" cm™3.

A 1w (1054 nm), 100 J laser beam was focused with a 1 m
focal length lens (f/6.7) through a continuous phase plate
producing a 150 um diameter focus at TCC. The laser
pulse was 1-ns square with a 350 ps rise and fall measured
to the half intensity point.

A second laser beam, frequency doubled (2w) to pro-
duce 0.5 J in 200 ps, was used to probe the plasma perpen-
dicular to the high-power beam by focusing the laser light
with a 40 cm focal length lens (f/10) to a 70 wm diameter
spot at TCC. The Thomson-scattered light was collected at
an angle of 90° and collimated by an f/5 lens and imaged
with a f/15 focusing lens on to the 200 wm entrance slit of
a 1 m, 2400 groves/mm imaging spectrometer. The
Thomson-scattering collection system had a magnification
of 3. An intensified gated CCD camera with 26 wm square
pixels was coupled to the spectrometer providing a spectral
resolution of 6A = 0.09 nm and a spatial resolution per-
pendicular to the high-power heater beam better than
6x = 30 microns.

The Thomson-scattering volume was defined by the
beam waist of the probe laser (70 um diameter) and the
projection of the spectrometer slit into the plasma plane.
The time between the beams was varied to study the
temporal evolution of the plasma heating; the relative
beam timing was known to 200 ps.

An external magnetic field parallel to the heater beam
was generated by driving high currents through a modified
Bitter magnet [12]. The magnet was driven with a pulsed
power system capable of delivering a peak current of

15 kA, resulting in a 12 T field in vacuum at the TCC.
The magnetic field was shown to be constant over the laser
experiment scale lengths (~1 mm, 1 ns) [13].

Figure 2 compares the Thomson-scattering spectra for
B =0T and B = 12 T; the separation between the spec-
tral features (AA) is a direct measure of the electron
temperature. In Fig. 2 we clearly observe that the trans-
verse thermal heat front propagation has been inhibited.
For B =12 T, the hot plasma extends spatially from
—0.3mm to +0.3 mm compared to —0.7 mm to +0.7 mm
in the unmagnetized case. Moreover, the wavelength sepa-
ration between the ion-acoustic features inside of the
heated plasma region is significantly larger with an exter-
nal magnetic field of 12 T indicating strong local heating
(Adg—12/AAg_o=2; Tg_,5/Tg—y = 4). The electron tem-
perature profile is obtained by fitting the measured fre-
quency spectrum every 30 microns with the frequency-
dependent Thomson-scattering form factor S(k, w) [14].
The average ionization state is calculated using a Thomas-
Fermi model giving Z in the range of 4—7 for the electron
temperature between 7, = 20 eV and T, = 350 eV [9].
Including errors in the calculation of Z, the absolute tem-
perature at x = 0 is determined to within an accuracy of
15%. The asymmetry around the heater beam observed in
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FIG. 2 (color). Spatially resolved Thomson-scattering spectra
are presented for conditions: (a) without an external magnetic
field (B = 0 T) near the end of the heating pulse and (b) with a
high magnetic field (B = 12 T), 500 ps after the end of the
heater; the magnetic field reduces the spatial extent of the plasma
and increases the electron temperature by a factor of 4. The
spectra near the center of the heated region are shown for both
conditions (¢) B=0T (T,=210eV), d) B=12T (T, =
800 eV); data are fit with a form factor to determine the electron
temperatures from the separation between the spectral features.
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the Thomson-scattering spectrum is a result of the convo-
lution of the gradients in the frequency shifts of both the
sound speed and radial plasma flow associated with plasma
expansion.

Figure 3 shows the heat wave propagation for the highest
magnetic field experiments (B = 12 T). These match
simulations using the hydrodynamic code LASNEX [5]
used to solve the classical heat transport equations origi-
nally presented by Braginskii [15]. In this comparison it is
evident that a 12 Tesla magnetic field is sufficient to
localized the electron heat flux (v,7. < T,/VT,) and the
measurements are well reproduced without invoking ““tur-
bulent” transport models (r. >> Ap,) which is required in
most magnetic fusion energy research due to nonthermal
fluctuations such as unstable waves or gradient driven
broad band turbulence.

In our B > 0 magnetic field fluid simulations the elec-
tron heat flux is determined by the minimum between the
Braginskii heat flux (¢gp) and the free-streaming heat flux
(qf\ = neTeUe);

9z = —«VyT. =« VT, (D

where the cross-thermal conductivities have been ne-
glected due to the axisymmetry of the experiment and
the conductivities can be approximated for the high mag-
netic field simulations by [16,17]

=320 T g Pl T
me mewe, ei
Comparing the conductivity effected by the external mag-
netic field (k) with the conductivity that is not affected
by the external magnetic field (k) provides an estimate
of the reduction in heat flux for a 10 T magnetic field,
Ky/ky = 15.

Our LASNEX simulations propagate a laser pulse, using
the experimental parameters, through a constant density
two-dimensional slab (1.5 X 10'® em™3). The external
magnetic field is imposed around the beam (B, field) in
order to take advantage of the ability of LASNEX to self-
consistently calculate the evolution of such a magnetic
field. Potentially this field orientation (By) could limit the
heat flux in the direction of the laser beam, but for our
conditions the heater beam efficiently heats the neutral gas

1000 =17 @)’

1.0ns

Lo
Lo

T (eV)

100

Ll
Ll

[
0 0.2
Radius (mm)

| 11 E
04 0 0.2 04 0
Radius (mm)

|
0.2
Radius (mm)
FIG. 3 (color online). A series of measured electron tempera-
ture profiles (a) 1.0 ns, (b) 1.6 ns, (c) 2.1 ns are compared to the
simulated temperatures using the Braginskii model (curves)

showing that the heat wave has been localized by a B =12 T
magnetic field.

along the beam path and there is no parallel temperature
gradient to drive a heat flux.

Figure 4(a) compares the electron temperature profiles
with and without a magnetic field 1 ns after the rise of
heater beam. The profile obtained without an external
magnetic field (B = 0 T) shows that the heat front extends
out well past 500 microns from the center of the heater
beam. The B = 0 results are reproduced by full nonlocal
simulations using the code SPARK [18] that solves 1D
Fokker-Plank equations in the diffusion approximation,
consistent with earlier work [9]. The measurements shown
in Fig. 4(a) are direct evidence for the reduction in electron
heat flux by an external magnetic field and the reduction in
the heat wave propagation shows the quenching of the
nonlocal heat transport by externally applied magnetic
fields.

Figure 4(b) compares the measured electron temperature
at 1 ns with the hydrodynamic simulations for different
external magnetic fields. As the magnetic field is reduced,
the Larmor radius becomes comparable to the scale length
of the electron temperature gradient and the nonlocal na-
ture of the plasma becomes important in simulating the
electron temperature. This may be evident in the low field
measurements (B < 10 T) where the simulations slightly
overestimate the electron temperature; when no magnetic
field is applied, nonlocal simulations are required to repro-
duce the results [Fig. 4(a)] [9].

For our conditions, the magnetic field serves to restrict
the electron thermal conduction losses but it is not suffi-
cient to confine the hot plasma to the laser-heated core
(B =~ 20). Initially the simulations show a background
magnetic field throughout the plasma. At 1.5 ns, the field
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FIG. 4 (color online). (a) The electron temperature profiles for
no magnetic field (triangles) and an externally applied field of
12 Tesla (squares) show an increase in peak electron temperature
and a corresponding reduction in the propagation of the heat
wave perpendicular to the magnetic field lines. LASNEX simu-
lations with an imposed self-consistent magnetic field reproduce
the experimental results (solid-curve) when high external mag-
netic fields are applied. When no magnetic filed is imposed, a
nonlocal model is required and reproduces the results (dashed-
curve). (b) Comparison of the Braginskii model (curve) agrees
well with the peak electron temperature measured (squares)
when the maximum external magnetic field is applied (B =
12 T). For low magnetic field conditions, B=0T and B =
4 T, the model differs from the measurements indicating that
nonlocal effects are important.
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at the center of the plasma drops from the vacuum field of
12 T to 6 T, while the field at the heat front is compressed to
nearly 16 T. This compression of the density and magnetic
field is not sufficient to reach a balance between the
magnetic field and the plasma pressure (8 >> 1) as a
density compression greater than 20 is required. Turning
off the magnetic field pressure in the simulations did not
significantly change the results, indicating only energy
confinement is important, further suggesting 8 > 1 con-
ditions throughout the experiment.

The magnetic field compression closely follows the
radial density compression due to the expanding plasma;
initially, the magnetic field is trapped in the plasma, but as
the temperature gradient resulting from the local laser
beam heating creates a pressure gradient lowering the
density in the center of the plasma, the field is pulled out
by plasma expansion and compressed at the heat front. The
evolution of the magnetic field can be derived from Ohm’s
law. The magnetic field convects with the flow and diffuses
due to joule heating;

9B,
ot

~V-(vB,) =L VB, )
Mo

where ] ~1 X 1074ZIn(A)/ TS‘//Z is the plasma resistiv-
ity and In(A) ~ 8 is the Coulomb logarithm. Equation (2)
shows that when the plasma resistivity is small (i.e., perfect
conductor), magnetic field transport by convection greatly
exceeds transport by diffusion and the magnetic field will
be frozen into the expansion so that [19]

n() _ B@)
n,(t=0) B(t=0)

3)

Using the electron temperature (7, = 20 eV) required to
initially ionize the gas (Z = 1) and the scale length given
by the transverse laser beam profile (L ~ 100 wm), the
diffusion time during the heating is estimated to be 7, =
wol?/m 1 = 5.6 ns. Therefore, during plasma formation
which takes place over the rise time of the laser pulse (7, =
350 ps), the magnetic field does not have time to diffuse
(71 /74 << 1) before the resistivity can be neglected due to
the rapid increase in electron temperature; consequently,
the magnetic field is initially frozen into the plasma.

In summary, Thomson-scattering measurements have
been successfully employed to demonstrate quenching of
nonlocal heat transport in the presence of a large confining
magnetic field. A 12 T external magnetic field parallel to a
high-power laser beam is shown to reduce the heat flux by a
factor of 15 when compared with hydrodynamic simula-
tions using a Braginskii heat transport model. Fluid simu-
lations using classical heat transport (i.e., no turbulence) in
the presence of a magnetic field reproduce the measured
heat wave propagation and increase in electron tempera-

ture in contrast to unmagnetized experiments which re-
quire a nonlocal treatment. The use of magnetic fields to
contain the heat wave propagation has been shown to
produce hot long scale-length plasmas that could be used
for further studies on wakefield acceleration [20] and short-
pulse amplification [21] that require long scale length, low
density, hot plasmas.
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