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Anomalous Resistivity Resulting from MeV-Electron Transport in Overdense Plasma
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Laser produced hot electron transport in an overdense plasma is studied by three-dimensional
particle-in-cell simulations. Hot electron currents into the plasma generate neutralizing return currents
in the cold plasma electrons, leading to a configuration which is unstable to electromagnetic Weibel and
tearing instabilities. The resulting current filaments self-organize through a coalescence process finally
settling into a single global current channel. The plasma return current experiences a strong anomalous
resistivity due to diffusive flow of cold electrons in the magnetic perturbations. The resulting electro-
static field leads to an anomalously rapid stopping of fast MeV electrons (almost 3 orders of magnitude
stronger than that through classical collisional effects).
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Weibel instability [9]) and subsequently to tearing insta- back of the plasma.
In recent years, the advent of multi-terawatt lasers
capable of producing focused laser intensities over
1019 W=cm2 and driving electron motion into the rela-
tivistic regime has opened up many new interesting fields
of research, such as fast ignition for inertial fusion [1],
development of novel high energy particle accelerators,
short pulse x-ray and neutron/proton sources, etc.

Recent experiments by Kodama et al. [2] have verified
many features of the fast ignition concept and have shown
that if one separates out the task of pellet compression
from that of heating, a relatively less expensive facility
comprising a petawatt class heating laser combined with a
low energy nanosecond precompression laser may be
adequate for carrying out fusion of a pellet. In these
experiments a conical target was used to introduce a
petawatt laser pulse directly into the core region of a
precompressed pellet, and enhanced neutron generation
was observed. Although the detailed heating mechanism
of the pellet core is not clear as yet, it appears that MeV
electrons produced at the plasma vacuum interface are
playing an important role. The classical stopping length
of such electrons is of the order of mms; heating of the
pellet core is thus taking place by some anomalous stop-
ping mechanism based on collective effects. The typical
currents generated at the vacuum plasma interface are of
the order of mega-amperes. This current exceeds the
Alfvén critical current [3,4] and in vacuum would pro-
duce intense self-consistent B fields bending the electron
trajectories backwards, and preventing their forward
movement. However, in a dense plasma important shield-
ing effects arise and the high energy electron current is
neutralized by a cold electron return current. This allows
the high energy electrons to propagate into the overdense
plasma. Previous multidimensional particle-in-cell (PIC)
simulation studies [5–8] have shown that the plasma with
hot and cold electron streams is unstable to relativistic
electromagnetic two stream instability (the so-called
0031-9007=03=90(15)=155001(4)$20.00 
bilities which breaks the streams into magnetic channels
and strongly influences the hot electron transport.

In this Letter we present results from our three-
dimensional PIC simulations which demonstrate that
the hot electrons experience an anomalous resistivity
because of the electromagnetic turbulence created by
their interaction with the cold electrons. We present the
first quantitative assessment of this anomalous resistivity
which is a crucial parameter in anomalous stopping of
fast electrons in the fast ignition concept of laser fusion.
The demonstration and estimation of anomalous resis-
tivity due to electron magnetohydrodynamic (EMHD)
turbulence created by interaction of streaming electron
fluids is a problem of considerable interest in a variety of
physical problems such as those related to fast pinches,
accelerated magnetic reconnection [10] in laboratory and
astrophysical plasmas, plasma opening switches [11], etc.

Following are the simulation conditions. The target
plasma is homogeneous, except for two longitudinal
sharp boundaries, and its density is 5 times critical den-
sity (ncr), which corresponds to 5:5� 1021 cm�3 for laser
wavelength � � 1 �m. The plasma consists of fully
ionized deuterons (ion mass is 3680me), and the initial
electron and ion temperatures are set to 5 keV and 0,
respectively. A finite spot size for the laser beam is used
to see what it has on the collective processes. The linearly
polarized laser is irradiating from the left boundary.
Its focal spot size is 6� with a super-Gaussian profile;
longitudinally, the pulse is semi-infinite and rises up
in three laser cycles (	) with a Gaussian profile. The
maximum of the normalized vector potential is a��
eA=mec

2� � 3:75, which corresponds to I0 � 2�
1019 W=cm2 approximately, and an amplitude of the os-
cillating laser magnetic field B0 � 400 MG. The trans-
verse system size is 9:14�� 9:14� and the longitudinal
length is 14:3�. The plasma has a length 11:5�, and there
are 2� and 0:8� vacuum regions in the front and at the
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In this simulation, the coordinate X is longitudinal and
Y and Z are transverse. Y is the laser polarization direc-
tion. Periodic boundary conditions are applied in the
transverse direction. We assume an absorbing boundary
for fields and a thermal reflection boundary for particles
in the X direction. The number of spatial grid points and
particles in the default parameter are 400� 256� 256
and 3:4� 108, respectively. The total simulation time is
30	. Simulations for the different densities, 4ncr, 5ncr,
and 10ncr, have also been performed to see the density
effect of the anomalous stopping.

Figure 1(a) shows a slice of transverse electrostatic
fields jE?j observed at the absorption point at t � 4	,
two laser periods after irradiation. The very intense re-
gion in the center is from the laser fields; in addition, we
can see ringlike structures, which are plasma waves with
wavelength ’ 2�c=!p. These plasma waves, like ripples
of water surface, are excited very quickly. They are faster
than the Weibel instability [6,9] and perturb the hot
electron density on the laser irradiated surface. Soon the
Weibel instability appears, and the ring structure breaks
into the filaments [see Fig. 1(b)]. Later, the magnetic
filaments merge and strengthen with time as shown in
Figs. 1(c) and 1(d). This merging process has a t�2=3

scaling similar to our previous simulations [8].
The magnetic filaments tend to come towards the

central region through the merging process due to the
global magnetic field surrounding the finite spot [12].
Figures 2(a) and 2(b) show the longitudinal cut of hot
and return electron currents at t � 13	. It can be seen that
the current filaments are bending toward the center. Also
it is clear that the hot electron current 2(a) and the return
current 2(b) are separated in the region of intense mag-
FIG. 1 (color). Transverse cut of jE?j at t � 4	 (a) and jB?j at
t � 5 (b), 15 (c), 25 (d). Each plot is observed at X � 2:85�.
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netic fields, though the separation is not 100% due to the
longitudinal mixing [8]. After merging, both current
profiles are rather similar.

The total current is completely neutralized as shown in
Fig. 2(c). From the left side, more than 600 kA current
flow comes into the overdense plasma region; the strong
reduction of current near the irradiated surface is due to
the intense magnetic fields and the electrostatic fields [8].
After the sharp drop, the current continuously decreases,
even though the reduction is more moderate. In that
region, a longitudinal electrostatic field Ex, which is
approximately proportional to jB�j, is observed in the
plasma [see Fig. 2(d)]. This electrostatic field indicates
the presence of anomalous resistivity in the plasma.
Evidence of filament merging and anomalous stopping
has also been seen in earlier 3D PIC simulation [5,8].
Quantitative aspects of the anomalous resistivity ob-
served in the present simulations will be discussed in
detail below.

Figure 3 shows the time evolution of the electron en-
ergy spectrum observed at two different points. The hot
electrons arrive at t
 5	 in the region of Fig. 3(b), while
at t
 12	 in the region of Fig. 3(a); this is consist with a
speed of hot electrons close to the velocity of light c. The
bold line with index ‘‘4.5’’ (this means the number of
counted electrons in the simulation is 104:5) corresponds
to the boundary of the two temperature distribution,
namely, bulk and hot electron temperature. In Fig. 3(b),
FIG. 2 (color). The longitudinal cut at the center of the hot
electron current (a) and the return current (b) at t � 13	. The
longitudinal current profile integrated over the transverse re-
gion at t � 16	 (c). The longitudinal profile of hjBji and hExi at
t � 16	 (d). Those fields are normalized by the laser field, Bz0
and Ey0, respectively, e.g., Ex � 0:005
 30 keV=�m.
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FIG. 4. The time evolution of the Lyapunov exponent �. The
phase plots Py � Pz of the particle which start with a negative
Px (a) and the positive Px (a0) are overplotted. The dotted line
in the phase plots indicates the perturbed orbit.
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FIG. 3. The time evolution of electron energy spectra ob-
served at around X � 10:6� (a) and X � 3:7� (b). Contour
lines indicate common logarithms of the number of electrons.
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this bold line starts expanding one laser cycle later after
the arrival of fast electrons. On the other hand, the
expansion of the contour is delayed about eight laser
periods in 3(a). This heat front velocity is about 0:5c
and close to the propagation speed of the quasistatic
magnetic channels [8]. The heating of the bulk plasma
occurs only within the magnetic channels. It is much
clearer when we compare the spectra line in Figs. 3(a)
and 3(b). Two spectra, which correspond to indices ‘‘2’’
and ‘‘3’’ at X � 3:7�, are overplotted using broken lines
in 3(a). We find that both these energy spectra are similar
up to t � 20	 and begin a shift to lower energy later
times. This is when MeV electrons lose their energy and
the bulk temperature increases. At the end of the simu-
lation, t � 30	, the bulk electron temperature increases to
over 50 keV.

From these results, it appears that the electron motion
in the magnetic channels is a key point of the above
heating process. To study further detail of this process
we have performed numerical calculations of some single
particle orbits. For these calculations, only the mag-
netic fields are considered. The vector potential of mag-
netic channels is assumed to be Ax�y; z� �

P
j�A0 �

exp�f�yj � y�2 � �zj � z�2g=r20� to make a simple model
of the multimagnetic channels observed in 3D-PIC simu-
lations. Here �yj; zj� is the central position of the jth
channel, and the peak intensity A0 and the radius r0 of
the channel are set to be close to the simulation results.
The following parameters are chosen: r0 � 0:5 �m,
B0 � 2A0=r0 � 30 MG, and the central position of the
155001-3
channels is placed on the grid whose distance is 1 �m.
The initial electrons are distributed randomly near the
origin �x; y; z� � �0;�h0:1i;�h0:1i� with the momentum
�Px=mc;Py=mc; Pz=mc� � ��or� 0:3� h0:01i;�h0:01i;
�h0:01i�, where �h�i is the Gaussian distribution with
the deviation �. The total number of particles is 1000, and
to see the system stability, we calculate another 1000
particles with a very small perturbation �P
 0:0001
initially.

Since the magnetic channel pinches the positive elec-
tron flow and defocuses the negative flow, the electrons in
the positive flow tend to stay in the same channel,
whereas the negative electron flow likes to go outward
from the channel. Figures (4a) and (4a0) show one electron
phase plot in Py � Pz space. In the case of positive Px, the
electron is trapped inside the channel, its motion is very
regular, and there is no difference between perturbed and
unperturbed ones as shown in Fig. (4a0). On the other
hand, in the case of the negative flow, the electron is
scattered by the magnetic channels and the two electrons’,
unperturbed and perturbed, orbits are quite different. As
a result of these scattering processes, the negative flow is
extremely diffusive. The system stability was checked by
the Lyapunov exponent, �, which is calculated by [13]

� � lim
�t!1

1

�t
log

P
jP�P0 � �P� � P�P0�jP

j�Pj
: (1)

The negative Lyapunov exponent of the positive flow
means that the system is stable. On the other hand, � is
positive in the negative flow system; that is, the particle
orbit is very diffusive both in the space and the momen-
tum space. This diffusiveness of the return current is the
155001-3
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FIG. 5. The stopping range (R (solid line) and the hot elec-
tron temperature Th (broken line) versus the plasma density in
the case of the transverse uniform laser with a � 3:75. These
plots are evaluated after the global magnetic structures reach
almost a steady state.

P H Y S I C A L R E V I E W L E T T E R S week ending
18 APRIL 2003VOLUME 90, NUMBER 15
cause of anomalous resistivity. As a result, the longitudi-
nal electric fields are excited to sustain neutralizing re-
turn currents in the magnetic channel region.

The resistivity due to scattering of cold electrons by the
quasistatic magnetic perturbations may be estimated
from Ohm’s law [14]

 effhJci � huc � Bi=c; (2)

where  effJc��  effeneu� ’ hJci �B=enec leading to
the estimate  eff ’ 4�!c=!2

p. This expression is under-
standably equivalent to replacing the collision frequency
!eff due to stochastic scattering of cold electrons by
magnetic perturbations with !c � ejBj=mc. We may
thus write the electrostatic field sustaining the cold
plasma return current as

Ex ’  effhJci 
 �4�!c=!2
p�eneu � �u=c�B: (3)

In the small region near the laser irradiated surface where
the magnetic energy and electron flow energy are com-
parable, we may use the MHD approximation [15] r�
B
 �4�=c�Jc giving a scaling Ex / jBj2. However, in-
side the target, magnetic field energy is much less than the
hot electron energy and the MHD approximation is not
valid. We may now write Ex 
 �u=c�jBj where u is gov-
erned by the current neutrality condition eneu
 enhc;
this finally gives the linear scaling hExi 
 �nh=ne�jBj. In
Fig. 2(d), hExi and hBi inside the target (X > 5�) are
shown; it is noted that they have the same profile except
for a scaling factor of 0.2, which is close to the density
ratio of hot and cold electron components.

The electrostatic field hExi is responsible for stopping
the hot electrons within a range R where eExR
 Th, the
typical energy of hot electrons. Figure 5 shows the den-
sity dependence of the range parameter (R, viz. (R
���
n

p
. The overall scaling (as seen from several simulation

runs with different laser intensities and different den-
sities) is seen to be

(R
 0:89� 10�5ThMeV��ne=ncr�g=cm2�: (4)

The
�����
ne

p
dependence arises because the hot electron en-

ergy scales as 1=
�����
ne

p
; this, in turn, is related to the physics

of acceleration by v�B forces across skin depth c=!p.
Expression (4) shows that for MeV electrons, the anoma-
lous stopping is 103 times stronger than the collisional
stopping even in solid density plasmas. In the simulation,
the fast electron circulation effect is suppressed by the
boundary condition, hence the above scaling of stopping
length is expected to hold even for a massive target. From
these results we conclude that the heating of the core is
dominated by anomalous stopping mechanisms.

To summarize, we have performed 3D PIC simula-
tions to study the hot electron transport in overdense
plasmas. The anomalous resistivity arises due to stochas-
tic scattering of cold electrons by magnetic perturbations.
As a result, electrostatic fields appear in the plasma,
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which sustain the neutralizing return currents and also
decelerate the hot electrons. The amplitude of the E field
(
 10 keV=�m) is about a few percent of the field in the
incident laser light. It is also shown that this field is
proportional to the cold electron drift velocity and the
magnitude of the quasistatic magnetic field perturbation.
Finally, we show that the anomalous stopping dominates
over the classical stopping by as much as a factor of 103.
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