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Electric and magnetic field generation and target heating by laser-generated fast electrons

J. R. Davies*
GoLP, Instituto Superior Te´cnico, 1049-001 Lisboa, Portugal

~Received 5 May 2003; published 20 November 2003!

The electric and magnetic fields generated by a beam of fast electrons in a conductor are calculated ana-
lytically, including the change in resistivity due to Ohmic heating. It is assumed that the resistivity has an
arbitrary power law dependence on temperature, the fast electron current density is fixed~rigid beam!, charge
neutralization is instantaneous, and that magnetic diffusion is negligible. The implications for high-intensity
laser-solid interactions are discussed. The minimum fast electron density for fast ignition by Ohmic heating is
given, and found to be unrealistically high.
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I. INTRODUCTION

Experiments on high-intensity laser interactions with so
targets have renewed interest in the transport of high-cur
electron beams in conductors, as a significant fraction of
laser energy can be transferred into high-energy, or fast, e
trons entering the target. An application of such las
generated electron beams, which has received a lot of a
tion, is the fast ignitor@1#. In this scheme, it is proposed t
use the electrons to rapidly heat the core of a compres
fuel pellet to ignition, before pressure balance is reach
This would achieve higher gain than the slower, conventio
method of driving shocks into the target. A large amount
work has been carried out on the transport of high-curr
electron beams in conductors~which includes most material
at the currents we are interested in! outside the context o
laser plasmas@2#. Interestingly, igniting a plasma with a
electron beam was one of the applications considered.
transport of such beams is strongly affected by the fields
they generate. The field generation is dependent on the
ductor’s ability to cancel the beam’s charge and current d
sity. The simplest model for the response of the conducto
the basic Ohm’s law

E5h j c , ~1!

whereE is the electric field,j c is the current density in the
conductor, andh is its resistivity. This model has been use
extensively in calculations of electron beam transport.
simple cases analytic solutions can be found.

Bell et al. @3# obtained self-similar solutions for th
propagation of a Maxwellian distribution of fast electro
into a semi-infinite target, with a constant resistivity, in o
dimension. For a total number of fast electrons growing l
early in time Bellet al. obtained a mean penetration dept

L5
4^K&
3eh j 0

, ~2!

where ^K& is the mean fast electron energy andj 0 is the
current density of the fast electron source. This is roughly
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distance an electron with the mean energy would tra
against the initial electric fieldh j 0. Davies@4# has consid-
ered this model for various Maxwellian distributions~Bell
et al. used a three-component, nonrelativistic Maxwellia!.
Bataniet al. @5# have considered the scaling of this penet
tion depth with target density for the Spitzer resistivity a
strong target heating. We will return to this later. Glinsky@6#
considered a more complete one-dimensional model, u
the Spitzer resistivity, including fast electron collisions a
heat flow. However, he was only able to estimate tempo
regimes in which different terms would dominate, and gi
scalings for the essential parameters in these regimes.

Analytic solutions can be found for certain equilibria@2#.
However, these are of limited application in the study of t
dynamics of propagating beams.

A further assumption that greatly simplifies calculations
to assume a fixed fast electron current density. This is o
referred to as the rigid beam model. Clearly this does
model the dynamics of the beam, but rather the respons
the conductor to a given fast electron current density. It w
only be valid while the fast electrons remain strongly re
tivistic and the magnetic field is negligible. However, it a
lows analytic solutions to be obtained, which are useful
understanding more complex models, in identifying imp
tant effects, and in making crude estimates. The objec
here is to use this model to evaluate the effect of the chan
in resistivity caused by Ohmic heating on the field gene
tion. For current densities given by certain special functio
it is possible to solve the full Maxwell’s equations for
constant resistivity@2#. The details of these results are not
interest here, but they establish two important time sca
the neutralization time (tn) and the magnetic diffusion time
(td). Charge and current neutralization of the beam are
tablished over a time scale

tn5«0h, ~3!

which is extremely rapid; for a resistivity of 2mV m, a typi-
cal upper limit for solid density conductors@7,8#, it is only
17.7 as (atto510218). In using Eq.~1! we are ignoring pro-
cesses occurring on time scales less than the plasma p
of the conductor, which is often greater than this neutrali
tion time. Although rapid, beam neutralization is not insta
taneous, and therefore it is not exact, leading to field gen
©2003 The American Physical Society04-1
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tion. The transverse separation of the currents leads to
generation of a magnetic field, which acts to further sepa
the currents~opposite currents repel!. The return current de
cays on a time scale given by the magnetic diffusion tim

td5
m0R2

h
, ~4!

where R is the transverse scale length of the fast elect
beam. This is a relatively slow process; for a transverse s
length of 10mm and a resistivity of 2mV m the magnetic
diffusion time is 62.8 ps, much longer than the typical pu
durations of high-intensity lasers, and the maximum pu
duration predicted for the fast ignitor scheme@1#. This means
that for most cases of interest we can greatly simplify
equations, neglecting the displacement current~which pro-
vides the initial current neutralization! and assumingj c
'2 j . The electric and magnetic fields are then given by

E'2h j , ~5!

]B

]t
'“3h j . ~6!

The model is quasineutral in both charge density and cur
density. The total charge and current densities are assum
be much smaller than those of the fast electrons, and are
considered explicitly. The equations for“•E and“3B can
be used to calculate the total charge and current dens
respectively, to check the validity of the quasineutral
sumption, but they are not used in the calculation of
fields. This may appear counterintuitive at first, as the cha
and current densities are the sources of the fields, howe
when we take into account that the total values are de
mined by very small differences between two large qua
ties, we see that such an approach would be strongly pron
error. The assumptions used in obtaining these results ar~i!
all time scales are much greater thantn @Eq. ~3!# and the
plasma period of the conductor, and much less thantd @Eq.
~4!#; ~ii ! all spatial scales are much greater thanctn and the
skin depth of the conductor, and~iii ! the collisional drag on
the conduction electrons is much greater than the forces f
the magnetic field and the pressure gradient. These ass
tions are satisfied if the fast electron density is much l
than that of the conductor, and for times much less thantd .
This approximation has been used to evaluate field gen
tion in laser-solid interactions for a constant resistivity by
number of authors@9–11#. Here we extend these calculation
to include a resistivity of the form

h5h0S T

T0
D a

, ~7!

where the subscript 0 indicates initial values anda is an
arbitrary constant. To calculate the temperature we cons
just Ohmic heating and neglect thermal conduction, givin

]T

]t
5

h j 2

C
, ~8!
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whereC is the heat capacity term, assumed to be const
We write it in terms of the electron density of the conduc
nc as

C5 f knc , ~9!

where f is a dimensionless constant andk is Boltzmann’s
constant. We will now solve these equations, and then
cuss the implications of the results for laser-solid inter
tions, making comparisons with the results of numeri
modeling@7,9,12–14#, and estimate the beam parameters
quired for fast ignition by Ohmic heating.

II. RESULTS

To simplify calculation, we assume rotational symme
and consider a fast electron current density with only
axial component (j5 j ẑ). The electric field is then predomi
nantly axial (E5Eẑ) and the magnetic field azimuthal (B
5Bû). Although it is possible to solve the equations fo
almost, arbitrary current densities, it does not detract fr
our understanding of the essential physics to simply cons
a blunt beam, moving at speedv along the axis, with a cur-
rent density that varies only with radius. With these assum
tions, all quantities can be represented as scalars tha
functions of only radiusr and the time variable

t[t2
z

v
>0, ~10!

which gives the length of time that the beam has been p
ing a given point. We assume that the beam is genera
from z50 starting att50, thust50 is the beam front and
t5t is the source of the beam. We will take the maximu
value oft to be given by the laser pulse duration. The equ
tions are not actually valid at the front of a blunt beam, as
current density clearly changes over a distance less than
ther ctn @Eq. ~3!# or the skin depth. There will be a non
neutral sheath region around the front of the beam@2#, but
this will affect only a very small region.

Substituting Eq.~7! into Eq. ~8! gives a first-order differ-
ential equation for the temperature, which has two differ
solutions depending on the value ofa. We have

T5T0S 11~12a!
h0 j 2t

CT0
D 1/(12a)

, a,1. ~11!

Although this is also valid fora.1, the temperature then
goes infinite att5CT0 /(a21)h0 j 2. As we do not encoun-
ter materials with resistivities growing faster than linea
with temperature, this is not a problem. The other solution

T5T0expS h0 j 2t

CT0
D , a51. ~12!

The electric field@Eq. ~5!# is then

E52h0S 11~12a!
h0 j 2t

CT0
D a/(12a)

j , a,1, ~13!
4-2
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E52h0expS h0 j 2t

CT0
D j , a51. ~14!

The magnetic field is given by integrating Eq.~6! with re-
spect tot. Making use of a change of variable toT, we
obtain

B52
d j

dr

CT0

j 2 S 11
11a

12a

T

T0
2

2

12a

h

h0
D , a,1,

~15!

B52
d j

dr

CT0

j 2 F11S 2h0 j 2t

CT0
21D T

T0
G , a51. ~16!

This completes the solution.

III. DISCUSSION

To illustrate our discussion we will use a current dens

j 52 j 0 expS 2
r 2

R2D , ~17!

FIG. 1. The electric field fora51 and the current density give
by Eq. ~17! for the indicated values oft. Normalized units ex-
plained in the text.

FIG. 2. The magnetic field fora51 and the current density
given by Eq.~17! for the indicated values oft. Normalized units
explained in the text.
05640
chosen for its mathematical simplicity~the exact form is not
important! and because laser intensities typically fall wi
radius ~the minus sign is to makej 0 positive for electrons
flowing in the positivez direction!, and values ofa of 1 and
23/2, chosen to represent two possible extremes. The e
tric and magnetic fields for these cases are given in F
1–4. Current density has been normalized toj 0, resistivity to
h0, temperature toT0 and distance toR. This gives electric
field in units of h0 j 0, magnetic field in units ofCT0 / j 0R,
and time in units ofCT0 /h0 j 0

2.
It is instructive to consider two limits of Eqs.~13!–~16!:

~i! h0 j 2t/CT0!1 and~ii ! h0 j 2t/CT0@1. This parameter is
the temperature increase caused while the resistivity eq
its initial value, divided by the initial temperature. Therefo
limit ~i! corresponds to weak heating and limit~ii ! to strong
heating.

For weak heating we obtain, to first order in the heati
parameterh0 j 2t/CT0,

E'2h0S 11a
h0 j 2t

CT0
D j , ~18!

B'2h0

d j

dr
t, ~19!

FIG. 3. The electric field fora523/2 and the current density
given by Eq.~17! for the indicated values oft. Normalized units
explained in the text.

FIG. 4. The magnetic field fora523/2 and the current density
given by Eq.~17! for the indicated values oft. Normalized units
explained in the text.
4-3
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J. R. DAVIES PHYSICAL REVIEW E 68, 056404 ~2003!
whatever the value ofa. These results apply near the front
the beam and at large radii. In this limit, only the elect
field is affected by the heating, increasing or decreasing w
time, or, equivalently, distance from the beam front, depe
ing on whether the resistivity increases or decreases
temperature. One effect of this would be to make the m
penetration depth@Eq. ~2!# dependent on the laser pulse d
ration. Glinsky @6# found that the fast electron penetratio
depth increased linearly in time at early times, as would
expected from Eqs.~2! and ~18! for a negative value ofa.
The radial profile of the electric field is also changed, due
the j 2 dependence of the heating, increasing more rap
with current density if the resistivity increases with tempe
ture, and more slowly if it decreases. This can be seen
Figs. 1 and 3. As noted by Bellet al. @3#, the increase in
electric field with current density will act to reduce the pe
etration depth on axis. This would lead to the beam fr
becoming hollow. When the resistivity increases with te
perature this will become more pronounced behind the be
front, which is not affected by the increase in resistivi
When the resistivity decreases with temperature this ef
will be counteracted, as the beam front will be overtaken
the following electrons, which see a lower electric field th
varies more slowly with current density. It will also be cou
teracted if the mean electron energy increases with the
rent density. As we expect both parameters to depend on
laser intensity, this may well be the case. This was assu
in our numerical modeling, where this hollowing of the bea
front was found to be a weak, transitory effect@9#. The mag-
netic field @Eq. ~19!# is zero at the beam front and initiall
grows linearly with time. This can be seen in Figs. 2 and
This time dependence of the magnetic field means that
fast electron transport will be strongly affected by the la
pulse duration. If the pulse duration is long enough@9#, the
magnetic field at the edge of the beam will eventually dom
nate over the electric field (cB.E), whatever the tempera
ture dependence of the resistivity, as can be seen by com
ing Figs. 1 and 2, and Figs. 3 and 4. The minus sign in
~19! means that it acts to pinch the beam or to filament i
the current profile is irregular. Once this occurs, the curr
density will increase rapidly, and so will the electric an
magnetic fields. This has been seen in our numerical mo
ing @9#, where we found that the maximum fields obtained
runs with a fixed resistivity rapidly exceeded the rigid bea
calculations due to the pinch effect, the difference being
greater for the magnetic field. Filamentation has been stu
by Gremilletet al. @15#. This increase in current density wi
also lead to a more rapid transition to the strong hea
regime.

For strong heating we obtain

E'2h0
1/(12a)S ~12a!t

CT0
D a/(12a)

j (11a)/(12a), a,1,

~20!

E5h0expS h0 j 2t

CT0
D j , a51, ~21!
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B'2~11a!h
d j

dr
t, a<1. ~22!

These results will apply some distance back from the be
front at small radii, provided that the pulse duration is lo
enough. We can identify three different regimes of behav
depending on the value ofa; ~i! a.0, ~ii ! 21,a,0, and
~iii ! a<21. In regime~i! the electric and magnetic field
increase more rapidly with both time and current dens
~Figs. 1 and 2!. In regime~ii ! the electric field falls in time
and increases more slowly with current density, and the m
netic field increases more slowly with both time and curre
density. In regime~iii ! both the electric and magnetic field
fall in time and no longer increase with current density. F
a,21 the electric field decreases with current density, a
the magnetic field changes sign~Figs. 3 and 4!. For a
521 the electric field becomes independent of the curr
density and the magnetic field falls to zero. In all of th
strong heating regimes, the effect of target heating is m
notable in the magnetic field, on the contrary to the we
heating result. As can be seen from Eq.~22!, in regime~i! the
magnetic field is a factor of (11a) higher than if the resis-
tivity had maintained its maximum value throughout, in r
gime ~ii ! it is a factor of (11a) lower than if the resistivity
had maintained its minimum value throughout, and in regi
~iii ! the magnetic field either vanishes or reverses. A sim
physical explanation for this is that the return current co
centrates where the resistivity is lower, which is outside
beam when the resistivity increases with temperature
inside the beam when it decreases. The effect on the ele
field is not as pronounced, as no matter where the re
current flows the energy to drive it has to come from the f
electrons.

We will now consider the implications of these results f
laser-solid interactions. Regime~i! applies to metals at low
temperatures. For example, Milchberget al. @8# found that
the resistivity of aluminum increased up to a temperat
(kT/e) of around 50 eV, before eventually decreasing, ob
ing the Sptizer resistivity (a523/2) at high temperatures
This means that the fields in metals will be considera
higher than would be expected from their initially low resi
tivities. In particular, much higher magnetic fields could
generated in metals than in insulators, as can be see
comparing Figs. 2 and 4, and this has been seen in nume
modeling@12#. As the magnetic field remains in the target,
will be important even if a metal is rapidly heated to tem
peratures where the resistivity starts to fall. This means
it is important to correctly model this low temperature b
havior. This has been seen in our numerical modeling@9#,
where a large negative magnetic field remained near
source of the electron beam, even though temperatures
enough for the Spitzer resistivity to apply were reached.

Regime~ii ! applies in metals during the transition from
the peak resistivity to the Spitzer resistivity, and may ap
in other cases, but is not of particular interest.

Regime~iii ! will apply to all materials if the heating is
strong enough, because at high enough temperatures
Spitzer resistivity (a523/2) applies to all materials. This
means that the result of truly strong target heating will be
4-4
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ELECTRIC AND MAGNETIC FIELD GENERATION AND . . . PHYSICAL REVIEW E68, 056404 ~2003!
lower the fields, and eventually to change the sign of
magnetic field. We can determine the heating paramete
quired for the electric field to fall with current density, an
for the magnetic field generation to change sign, to be

2~11a!
h0 j 2t

CT0
.1, a,21. ~23!

We cannot, in general, solve the condition for the magn
field to be positive, at which point the strong heating resu
should apply. We are interested in evaluating Eq.~23! for the
Spitzer resistivity in laser-solid interactions. To do this, w
assume that the heat capacity is that of an ideal gas at
stant volume@Eq. ~9! with f 53/2] and write the curren
density ase fabsI /^K&, whereI is the laser intensity andf abs
is the absorption into fast electrons, and take the mean
electron energy to be given by the ponderomotive poten
for Il2@1010 W, wherel is the laser wavelength, which i
^K&/e'4.77(Il2)1/2 eV. This gives

4.2531019
h0

5/3f abs
2 I t

Z5/3na~ ln L!2/3l2
.1, ~24!

whereZ is atomic number, lnL comes from the Spitzer re
sistivity, and we have usednc5Zna , na being the atom
number density, which varies little among solids. Solving
condition for the magnetic field to become positive nume
cally, shows that the heating parameter must be appr
mately 12 times higher than that given by Eq.~24!. As an
example, we use Eq.~24! to give a condition on the lase
intensity for an aluminum target, an absorption of 30%
laser pulse duration of 1 ps, and a wavelength of 1mm,
parameters used in much of the numerical modeling and
evant to many experiments. For the initial resistivity we u
the measured maximum value@8# of '2 mV m, assuming
that the heating up to this point is much faster, and we t
ln L to be 10. From this we find that the intensity must
greater than 1.631022 W m22 for the electric field to start to
fall, and greater than 2.031023 W m22 for the magnetic field
to change sign. These values should be taken as estimate
the average intensities at which these effects will start
become important. We can also give the scaling of the fie
with the laser parameters for the Spitzer resistivity in
strong heating regime

E} f abs
21/5I 21/10l1/5t23/5, ~25!

B} f abs
21/5I 21/10l1/5t2/5R21. ~26!

From which we see that the fields will start to fall with in
creasing intensity, but very slowly, giving an effective sa
ration in the field generation with intensity. Saturation of t
peak, negative, magnetic field has been observed in num
cal modeling at a peak intensity of 531023 W m22, which is
consistent with the above intensity estimates. The stron
scaling is with time, the electric field decreasing in time a
the magnetic field increasing, but with the opposite sign
that generated initially. This again shows that fast elect
transport will be strongly affected by pulse duration. T
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reversal of the magnetic field is the most significant chan
in the field generation for this regime. It will act to expan
and hollow the beam. The generation of a positive magn
field can be seen in Fig. 4. It starts near the axis and mo
outwards, as the current density@Eq. ~17!# is highest on axis.
One can easily envisage the beam turning into an expan
annulus, being pushed outwards from the center and pinc
inwards at the edge. Another point to note from Fig. 4 is t
the negative peak in magnetic field continues to increa
When the resistivity falls linearly or faster with temperatu
the magnetic field is maximized for a low current dens
maintained for a long time, which translates to low las
intensities and long pulse durations. However, the increas
magnetic field with pulse duration will eventually be limite
by magnetic diffusion. A falling magnetic field and the ge
eration of a positive magnetic field near the axis has b
consistently observed in all of our numerical results@7,9,12–
14#. It was found to strongly limit pinching, leading to th
fast electron beam maintaining a roughly constant rad
@7,14#. This is consistent with the estimates above, as
numerical results are for average intensities greater t
1022 W m22. Signs of beam hollowing have been observ
@7#, again at an intensity consistent with the estimate for
generation of a positive magnetic field, but it was not exa
ined in detail. The positive peak in the numerical resu
tends to be very sharp and concentrated near the axis, u
that of Fig. 4. This is most likely due to the initial pinching
which produces a sharp current peak on axis, and to the
that the resistivities used only decrease faster than line
with temperature at high temperatures.

The change in magnetic field generation could explai
number of experimental results. Clarket al. @16# report the
formation of an annular plasma on the back of targets~the
side facing away from the laser! at intensities reaching
1024 W m22, whereas at intensities of 1023 W m22 a narrow
jet of plasma was observed@17#. This can be explained by
beam pinching at the lower intensity@7#, giving way to beam
hollowing at the higher intensity. The intensities are again
line with the above estimates. However, Eq.~24! varies
strongly with the absorption, which is not well known in th
experiments. It is also possible that this is due to the elec
field reducing the penetration of the beam front on axis,
discussed above. However, this would be a transitory eff
so appears to be a less likely explanation. Clarket al. @16#
also report that the proton rings that they observed at a lo
intensity@13# were replaced by disks. In the previous expe
ment, the protons were emitted from the back at spec
angles determined by their energy, the lower the energy
larger the angle, forming rings on the detector. This w
explained by protons passing through the target being
flected by the negative magnetic field generated by a
electron beam. The disappearance of the rings for hig
intensities is also consistent with the eventual fall and rev
sal of the magnetic field due to target heating. Differences
heating regimes could explain the apparent differences
tween the earlier results of Clarket al. @13# and those of
Snavelyet al. @18#. The annular peak in target heating r
ported by Kochet al. @19# does not appear to be directl
explicable in terms of this result, due to its large radius. T
4-5



a
iu
a

el
tz
ha
al

to
th
c
e
ro
a

tio
ns

a
ir
ug

ric
th
d
w
ed
e
b

tio

u
e

h

pa
o
o
b

an

th
w
no
n

h

t
on
ch

o

a
ab-
is
-
ch

han
e-

east
-
ser

ngly

he
in-
the

than
as

late
q.

ies
rp-
wer
ni-
tly
eld
ring
en-
ore
g
tic
ld
t
is
ld
sis-
ect
ced
etic
dy
t
icle

an
.26
be-
n
me

by

J. R. DAVIES PHYSICAL REVIEW E 68, 056404 ~2003!
expansion of the region of positive magnetic field, which c
be seen in Fig. 4, is too slow to reach such a large rad
during the laser pulse, and numerical results have alw
given a much smaller region of positive magnetic field.

The consequences of the eventual fall in the electric fi
with current density have been considered, for the Spi
resistivity, by a number of authors. Our results show t
these considerations apply whenever the resistivity f
faster than linearly with temperature. Haines@20# noted that
the fall in the electric field would allow a larger current
flow, increasing the heating and thus further reducing
electric field, leading to an instability that he called the ele
trothermal instability. However, when the magnetic field b
comes important the fast electrons are pushed away f
regions of low resistivity, and it is the conduction current th
increases, not the fast electron current. Bataniet al. @5# con-
sidered the scaling of the electric field and the penetra
depth of Eq.~2! with target density. This enters our equatio
via the heat capacity termC @Eq. ~9!#, and we obtain the
same result as they did: the electric field scales asE}nb

3/5

@Eq. ~20!#, therefore the penetration depth should scale
L}nb

23/5 @Eq. ~2!#. They found this to be consistent with the
experimental results on fast electron propagation thro
foams of different densities, which indicatedL}nb

20.5. Ap-
plying Eq. ~24! to their parameters indicates that the elect
field should start to fall for the highest density used, that
magnetic field should start to change sign for the interme
ate density used, and that the strong heating effects
clearly dominate the results for the lowest density us
Therefore a slower change in the penetration depth with d
sity than predicted by the strong heating results might
expected. The effect of the magnetic field on the penetra
depth is complicated. In general, it reduces penetration@12#,
thus as the magnetic field starts to fall the penetration co
increase, but once a positive magnetic field starts to be g
erated it would start to fall again. Glinsky@6# considered the
scaling of the penetration depth with time. For later times
obtained at3/5 scaling, as would be expected from Eq.~25!.

Finally, we will use the results to estimate the beam
rameters required for fast ignition by Ohmic heating, f
which the rigid beam model is perfectly adequate. The g
here is to heat a hydrogen plasma with an electron num
density of the order of 1032 m23 from a temperature (kT/e)
of a few eV to around 10 keV in a time not greater th
around 10 ps@1#. From these parameters Eq.~8! can be used
to determine the minimum current density required. As
physical significance of the current density is not clear,
use the fact that the velocity of the fast electrons can
exceed that of light to give a lower limit on the electro
density fromn.2 j /ec. As the final temperature is muc
greater than the initial value, we neglect this to give

n.
1

ec
A CT

~12a!ht
, a,1. ~27!

Using the Spitzer resistivity with aZ ln L of 10 and the hea
capacity of an ideal gas at constant volume, approximati
that should at least be valid as the temperature approa
the desired value, gives a minimum fast electron density
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6.4631028 m23. The fast electrons must be generated with
density lower than that of the plasma where the laser is
sorbed. This will be at most the critical density, which
'1015g/l2 m23, whereg is the Lorentz factor of the elec
trons in the laser field. We thus require this to be mu
greater than the density given by Eq.~27!. For nonrelativistic
intensities this requires the wavelength to be much less t
0.124mm, which is not, currently, practical. For a more r
alistic wavelength of 1mm it requires the intensity to be
much greater than 5.7431025 W m22. If we take into ac-
count that the radius of the heated region must be at l
10 mm @1#, then from this lower limit on the intensity com
bined with the pulse duration of 10 ps we see that the la
energy must be much greater than 180 kJ. At these stro
relativistic intensities the critical density varies as 1/l, so we
can only gain a factor of 2 or 3 for realistic reductions in t
laser wavelength. It should be pointed out that in determ
ing these limits the only assumption we have made about
fast electron generation is that it occurs at a density less
the critical density. They are independent of factors such
the mean energy and the absorption. If we were to calcu
the fast electron current density as we did in deriving E
~24! we would find that higher intensities and laser energ
and lower wavelengths are required, even for high abso
tions. Possible variations in the parameters used may lo
these limits, but not by much more than an order of mag
tude. The density of the fast electrons can be significan
increased by magnetic pinching. However, the magnetic fi
increases the curvature of the electrons’ trajectories, lowe
the forward velocity, and thus increasing the required d
sity, so the gain is not as great as might be expected. M
importantly, for fast ignition we must rapidly enter the stron
heating regime, so, for the Spitzer resistivity, the magne
field will largely act to expand the beam. The magnetic fie
could be of indirect benefit in that it will inhibit lateral hea
flow, possibly relaxing the ignition requirements, but this
beyond the scope of this paper. A possibility that cou
greatly lower these limits is the presence of anomalous re
tivity @2#. Whatever the process involved, we do not exp
the mean free path of the background electrons to be redu
much below the mean interparticle separation. The magn
field required to give a Larmor radius less than this is alrea
greater than 105 T at an electron energy of 1 eV, which is no
achievable in these circumstances. Taking the interpart
separation to benb

21/3 gives

h;
AmkT

nb
2/3e2

, ~28!

wherem is the electron mass. Using Eq.~28! gives a lower
limit on the density of 5.4931027 m23, which for a wave-
length of 1mm requires an intensity much greater th
4.0231023 W m22 and a laser energy much greater than 1
kJ. The difference is not as great as might be expected
cause forkT/e,380 eV the Spitzer resistivity is higher tha
that of Eq.~28!. Only in this extreme case does the sche
appear to be feasible, which was the conclusion reached
previous calculations on electron beam fusion@2#. The very
4-6
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much higher electron currents that can be generated by la
do not significantly improve the situation. However, for t
resistivity given by Eq.~28!, the magnetic field would rap
idly increase to the point where it turns the electrons ba
and the current entering the target would be greatly redu
This may not be a disadvantage, as Hain and Mulser@21#
have shown that ignition can be triggered by heating
corona. Apart from this possibility, which relies on a som
what unrealistic reisitivity, fast ignition by Ohmic heatin
from laser generated fast electrons does not appear t
feasible. The original fast ignitor proposal@1# relied on col-
lisional energy deposition. This exceeds Ohmic heating if
fast electron energy is low enough. Electron energies
0.5–1 MeV were considered to be ideal@1#. The constraint
then is maintainingIl2 low enough while delivering suffi-
cient energy in a short enough time. There is also a com
rable lower limit on the fast electron density in this case,
calculated by Zepfet al. @22#, which cannot be overcome b
relativistic effects. These problems could be overcome
using many beams, possibly irradiating the whole spher
.
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surface, thus maximizing the spot size and increasing the
electron density by spherical convergence. This is almo
return to the classical configuration, but using a heat w
instead of a shock wave.

IV. CONCLUSIONS

We have solved the equations for the electric and m
netic fields generated by a rigid fast electron beam propa
ing in a conductor, including Ohmic heating and a resistiv
with an arbitrary power law dependence on temperatu
These results provide a qualitative assessment of the effe
temperature dependent resistivity on fast electron propa
tion in more realistic circumstances. We have seen that t
can help to explain a number of numerical and experime
results on laser-generated fast electron transport in solid
gets, and we have used them to give estimates for the
ignitor scheme. It was shown that the fast electron den
required to achieve ignition via Ohmic heating is unrealis
cally high.
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