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Experiments where a laser-generated proton beam is used to probe the megagauss strength self-generated

magnetic fields from a nanosecond laser interaction with an aluminum target are presented. At intensities of

1015 Wcm�2 and under conditions of significant fast electron production and strong heat fluxes, the

electron mean-free-path is long compared with the temperature gradient scale length and hence nonlocal

transport is important for the dynamics of the magnetic field in the plasma. The hot electron flux transports

self-generated magnetic fields away from the focal region through the Nernst effect [A. Nishiguchi et al.,

Phys. Rev. Lett. 53, 262 (1984)] at significantly higher velocities than the fluid velocity. Two-dimensional

implicit Vlasov-Fokker-Planck modeling shows that the Nernst effect allows advection and self-generation

transports magnetic fields at significantly faster than the ion fluid velocity, vN=cs � 10.
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Extremely large magnetic fields (up to hundreds of
megagauss) can be generated through various mechanisms
in laser plasma interactions [1–5]. In particular, the rne �
rTe mechanism [1] gives rise to an azimuthal self-
generated magnetic field around the laser focal spot when
there are nonparallel temperature and density gradients.
Braginskii’s classical transport theory [6] is commonly
employed to describe long-pulse laser interactions, such
as inertial confinement fusion (ICF) [7]. In experiments
currently being carried out on the National Ignition Facility
(NIF), electron temperatures are expected to be such that
the electron mean-free-path is long compared with typical
gradient scale lengths, and hence nonlocal transport will
occur where Braginskii’s theory breaks down and kinetic
effects become important. Magnetic fields are known to
influence the heat flow by inhibiting and localizing
transport, but the magnetic field may be advected with
the heat flux [8,9]. This coupling of the nonlocal
heat fluxes and magnetic field dynamics is poorly under-
stood and yet may be crucial for fully understanding
experiments.

Measurements of spontaneously generated magnetic
fields have been made using electrical probes [1],
Faraday rotation of an external optical beam [2,10,11], or
using the polarization properties of the self-generated har-
monics [3]. Another probing method, known as proton
deflectometry, measures the deflection of a proton beam
after it passes through quasistatic electromagnetic fields
[12]. Laser generated proton beams produced via the target
normal sheath acceleration mechanism have a small virtual

source size and excellent laminarity giving good spatial
resolution in addition to being well collimated and having a
temporal resolution of the order of 1 ps. Proton deflectom-
etry has successfully investigated various phenomena
occurring during laser plasma interactions including self-
generated magnetic fields around laser focal spots [13–15].
The results presented here investigate magnetic field

generation, time evolution, and the resulting plasma dy-
namics using a proton probing diagnostic. Magnetic fields
are detected surprisingly far from the focal spot generation
region very early (�50 ps) in the interaction and subse-
quently are not observed to change significantly during the
remainder of the 1 ns heating pulse. Two-dimensional
Vlasov-Fokker-Planck simulations show that under these
nonlocal conditions, the magnetic field is rapidly trans-
ported away from the generation region into the low den-
sity plasma before the magnetic field stagnates because the
magnetization has increased. Nonlocal effects in heat flow
are important in ICF scenarios because smoothing of
nonuniform laser illumination and the subsequent imprint-
ing are relevant to the seeding of the Rayleigh-Taylor
instability.
The experiment was carried out using the Vulcan Target

Area West facility at the Rutherford Appleton Laboratory.
Important requirements for this experiment were the ability
to simultaneously measure the plasma density, the mag-
netic field, the electron temperature (using Thomson scat-
tering), and to image the x-ray emission. The main
interaction beam had a pulse duration of 1 ns (rise time
of 100 ps), with up to 200� 30 J of energy (assume 50%
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in focal spot) at the fundamental wavelength of 1:053 �m.
This was focused by an f=10 lens (focal length of 1 m) to a
spot with a full-width-half-maximum (FWHM) radius of
50� 10 �m, giving a laser intensity of ð1:3� 0:8Þ �
1015 W cm�2. The angle of incidence was 45� to the target
normal and p polarized. The main interaction targets used
were 3 mm� 5 mm aluminum foils with thicknesses of
25 �m.

The proton beam was generated using a high intensity
laser interaction with a solid target [16]. The CPA beam
had a pulse duration of 1.5 ps with an energy on target of up
to 100 J and was focused with a f=3:5 off-axis parabola to a
focal spot with a FWHM diameter of 10 �m containing
around 40% of the total energy, to achieve peak intensities
of 5� 1019 Wcm�2. This pulse interacted with a 20 �m
gold foil 2 mm from the main interaction foil to generate
the proton beam, which then passed through a 25 �m�
25 �m mesh before the interaction. The embedding of the
mesh structure onto the proton beam enables quantitative
measurements of the deflection and hence the electromag-
netic field strengths to be made [17]. The magnifications of
the mesh and interaction are Mmesh � 20 and Mint � 10.

The protons were projected through the rear of the main
target and detected on a radiochromic film stack. The
signal on a particular layer in the stack will be dominated
by a single proton energy population close to their maxi-
mum range because of the proton Bragg peak. The electric
field of the main interaction, which is dominantly in the
target normal direction, should not deflect the protons in
this rear projection geometry and are expected to be of
sufficiently low amplitude that they do not affect the
energy of the proton beam significantly [15]. The deflec-
tion due to a magnetic field B extending over a thickness L

is given by d � qBLðb� L
2Þð2mpEpÞ�1=2, where d is the

deflection in the detector plane and b is the target to
detector distance. Both B and L are unknowns. However,
the extent of the field, L, may be estimated from the density
gradient scale observed by interferometry. If it is assumed

that b � L, then B �L ’ dð2mpEpÞ1=2=qb.
A temporally independent transverse optical probe

(10 ps, 263 nm) provided information on the electron
density and plasma dynamics using a Nomarski interfer-
ometer and shadowgraphy [18,19].

The main interaction beam arrives on the target at t0.
Figure 1 shows proton radiographs at times after t0 of 50,
100, 500, and 800 ps, with the raw images presented in the
top row, the images enhanced to show the mesh in the
middle row and the magnetic field maps calculated from
these images shown in the bottom row. Also shown is a null
shot where there was no interaction beam. The heated
plasma regions produces a roselike pattern in the proton
images and because it is likely that the laser beam contains
hot spots, filaments in the plasma are to be expected.
A collisional-Weibel instability [20] or an electrothermal
instability [21] could be responsible for the density or

temperature filaments, and perturbations in the heat front
should seed such instabilities.
Taking profiles along a number of angles from the

center of the focal spot of the magnetic field maps gives
average B �L products, as a function of distance from the
center of the focal spot [Fig. 2]. Although the mesh
structure is often unidentifiable in the central regions, at
radial distances greater than 150 �m the mesh is visible.
After an initially rapid expansion in the first 50 ps of the
interaction, the magnetic field does not show significant
evolution at later times. The magnetic field strength can be
estimated if the extent of the field is approximately the
interferometry density scale length, L � 100–200 �m,
giving B � 1–2 MG. For comparison, the product of
transverse electric field strength, E, and thickness, L, re-
quired are shown on the top axis of this plot. Estimating

FIG. 1 (color). Proton radiographs using the proton energy
indicated on the images to look at a null shot and times after
t0 of 50, 100, 500, and 800 ps. Top panels: raw images. Middle
panels: enhanced images. Bottom panels: magnetic field maps.
The mesh is too disrupted for measurement in the green regions.

FIG. 2 (color online). Left panel: A plot of the product of the
magnetic field and the spatial extent (B �L) against distance
from the focal spot for times after t0 of 50, 100, 500, and 800 ps.
Right panel: Electron density maps of plasma plumes from
interferometry at times of t0 þ 100 ps and t0 þ 400 ps.
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L� 100 �m and E � �rðkBTeÞ=e � 800 eV=50 �m ¼
16� 10�3 GVm�1 suggests that the electric field makes a
negligible contribution.

Figure 2 also shows the electron density maps of plasma
plumes from aluminum targets at times of t0 þ 100 ps and
t0 þ 400 ps. The plasma expansion speed perpendicular to
the target surface is calculated from the optical probing to
be of the order of 105 ms�1, which is comparable to the

sound speed, cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZkBTe=mi

p ¼ 2� 105 ms�1 [22],
where Te � 800 eV is the electron temperature measured
by Thomson scattering. However, the observed plasma
expansion speed along the target surface estimated from
the interferometry is 5� 105 ms�1. Expansion of the fast
electrons is expected to be faster along the target surface
than normal to it, due to the reservoir of cold electrons
available for the return current [23], which can ionize
plasma in a region away from the focus. The magnetic
field is observed to move radially, much more rapidly
[Fig. 2], at � 400 �m=50 ps ¼ 8� 106 ms�1.

It is expected that the magnetic field generation (rne �
rTe) should occur predominantly in the focal region,
where the plasma is being generated through ionization
and heating. If frozen-in-flow is assumed, the magnetic
advection velocity would be the ion fluid velocity, which
is too slow to explain the appearance of magnetic fields far
from the focal region at early times. However, as the hot
electrons stream from the focus, they also transport the
magnetic fields via the Nernst effect. This is a theoretically
well-known effect [8,9], arising from the velocity depen-
dence of the collision frequency, which makes it easier for
slower electrons to diffuse across magnetic field lines. It is
related to the electron heat flux, which is dominated by the
faster particles, those with 2–3 times the electron thermal
velocity, vTe

, and has recently been demonstrated in simu-

lations to advect magnetic field at a rate much faster than
frozen-in-flow [24]. There are numerous other mecha-
nisms, which could excite magnetic fields; however, such
higher order effects should be far less significant.

The electron transport is described under these condi-
tions by the Vlasov-Fokker-Planck equation with relevant
heating operators, and with fields and currents being
coupled by Faraday’s and Ampére’s laws. When appropri-

ate moments are taken, the Lorentz term, v�B � ð@f@vÞ in the
kinetic equation gives rise to a term in a generalized Ohm’s
law, vN �B. When combined with Faraday’s law, this
yields an advection equation to describe the evolution of
the magnetic field [9]; _Bþr� ½ðCþ vNÞ �B	 ¼ 0,
where C, the plasma flow velocity, has been specifically
included. Assuming a locally defined Maxwellian electron
distribution function, the classical transport equations of
Braginskii [6] can be used to express the Nernst velocity,
with a collision frequency which scales as v�2 [9], as vN �
2qe=5neTe, where qe ¼ �neTe�ei�

c � rTe=me, is the
classical Braginskii heat flux (ignoring the current contri-
bution), with �c being the normalized thermal conductivity

tensor [25]. An estimate of the lateral Nernst velocity is
vN ¼ 1:3� 106�? ms�1, based on the experimental
parameters using a characteristic temperature gradient
scale length of the focal spot size and assuming full ion-
ization. The thermal conductivity in the radial direction,
�c
?, depends on the local Hall parameter, !c�ei, which is

estimated to be less than 1 at the critical surface, where
!c ¼ eB=me and �ei is the electron ion collision time. �c

?
has a value of 13.6 for low magnetization (!c�ei 
 1), and
falls off to �c

? � 1 for !c�ei ¼ 1 [25].

Two-dimensional modeling of the experiment was per-
formed using IMPACTA, an implicit, finite-difference,
Vlasov-Fokker-Planck code, which uses a Cartesian tensor
expansion of the distribution function [26,27]. In this
model, the kinetic equations are solved for the electron
distribution, but ions are treated as a cold (but mobile) fluid
which is initially stationary. Figure 3 illustrates the geome-
try of the simulation plane and the initial density profile
based on a fully ionized aluminum plasma approximating
the early time interferometric data. The plasma was heated
from an initial temperature of 20 eV using Langdon’s
inverse bremsstrahlung operator [28] for a laser intensity
of 1015 W cm�2.
Strong magnetic fields are generated in the high density

region near the focal spot through rne �rTe and other
mechanisms and are rapidly advected into the low density
region and across the target surface. By examining the
contributions to the electric field, the simulation indicates
that the hot electrons both advect the field through the
Nernst effect and also spontaneously generate fields
through a nonlocal version of the rne �rTe mechanism
[4]. Ionization effects, which are not currently included in
the code, may also play a role. The Nernst velocity in the
simulations is calculated directly via vN ¼ hvv3i=hv3i—
where the angle brackets indicate the expectation of
the quantity within the brackets—through integration with
the electron distribution function calculated by the code.
The factor v3 arises because of the velocity dependence of
the electron-ion collisions, which is factored out in formu-
lating Ohm’s law. By 50 ps the magnetic field stagnates at a
distance of up to 400 �m from the interaction region.

FIG. 3 (color online). The 2D simulation plane is perpendicu-
lar to the target surface, with the heating occurring at one end of
the box so that the magnetic field expansion can be observed.
(a) and (b) are the initial ne profiles.
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The ion velocity is predominantly perpendicular to the
target surface and is orders of magnitude too slow to
account for the magnetic field advection.

In Figs. 4(a) and 4(b), magnetic field profiles are
shown at 25 and 50 ps, respectively, demonstrating an
average advection velocity of the fields of around
400 �m=50 ps ¼ 8� 106 ms�1, in good agreement with
the experiment. Figure 4(c) shows vN calculated directly
from the electron distribution at 25 ps. At later times, vN is
still high, but forms eddies rather than a linear flow, form-
ing stagnated regions of high magnetization sufficient to
form a magnetic transport barrier.

In conclusion, proton deflectometry has been used
to measure self-generated magnetic fields from
I � 1015 W cm�2 nanosecond laser interactions with alu-
minum targets. The rapid radial expansion of the measured
magnetic fields is not consistent with magnetohydrody-
namic theory but is predicted by 2D kinetic modeling
where it appears as a combination of the Nernst effect
and nonlocal magnetic field generation. The magnetic
fields are intrinsically coupled to the hot electron dynam-
ics, can be rapidly transported and can also form transport
barriers. Measurements of this phenomenon are of funda-
mental interest in understanding magnetic fields in laser-
heating scenarios, and in particular, for ICF experiments
currently being conducted at NIF, where although the
gradient scale lengths are larger, the high electron tem-
perature results in a very long electron mean-free-path.
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