PHYSICAL REVIEW E 68, 056404 (2003
Electric and magnetic field generation and target heating by laser-generated fast electrons
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The electric and magnetic fields generated by a beam of fast electrons in a conductor are calculated ana-
Iytically, 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 isifiicedean), 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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[. INTRODUCTION distance an electron with the mean energy would travel
against the initial electric fieldyj,. Davies[4] has consid-
Experiments on high-intensity laser interactions with solidered this model for various Maxwellian distributioBell
targets have renewed interest in the transport of high-currergt al. used a three-component, nonrelativistic Maxwellian
electron beams in conductors, as a significant fraction of th8ataniet al. [5] have considered the scaling of this penetra-
laser energy can be transferred into high-energy, or fast, eletion depth with target density for the Spitzer resistivity and
trons entering the target. An application of such laserstrong target heating. We will return to this later. Glingy
generated electron beams, which has received a lot of attemonsidered a more complete one-dimensional model, using
tion, is the fast ignitof1]. In this scheme, it is proposed to the Spitzer resistivity, including fast electron collisions and
use the electrons to rapidly heat the core of a compressédtkat flow. However, he was only able to estimate temporal
fuel pellet to ignition, before pressure balance is reached.egimes in which different terms would dominate, and give
This would achieve higher gain than the slower, conventionascalings for the essential parameters in these regimes.
method of driving shocks into the target. A large amount of Analytic solutions can be found for certain equilibf&.
work has been carried out on the transport of high-currenHowever, these are of limited application in the study of the
electron beams in conductaiwhich includes most materials dynamics of propagating beams.
at the currents we are interested wutside the context of A further assumption that greatly simplifies calculations is
laser plasmag$2]. Interestingly, igniting a plasma with an to assume a fixed fast electron current density. This is often
electron beam was one of the applications considered. Theferred to as the rigid beam model. Clearly this does not
transport of such beams is strongly affected by the fields thanodel the dynamics of the beam, but rather the response of
they generate. The field generation is dependent on the cothe conductor to a given fast electron current density. It will
ductor’s ability to cancel the beam'’s charge and current denenly be valid while the fast electrons remain strongly rela-
sity. The simplest model for the response of the conductor isivistic and the magnetic field is negligible. However, it al-
the basic Ohm’s law lows analytic solutions to be obtained, which are useful in
understanding more complex models, in identifying impor-
E=7j., (1) tant effects, and in making crude estimates. The objective
here is to use this model to evaluate the effect of the changes
whereE is the electric fieldj. is the current density in the in resistivity caused by Ohmic heating on the field genera-
conductor, andy is its resistivity. This model has been used tion. For current densities given by certain special functions
extensively in calculations of electron beam transport. Foit is possible to solve the full Maxwell's equations for a
simple cases analytic solutions can be found. constant resistivity2]. The details of these results are not of
Bell etal. [3] obtained self-similar solutions for the interest here, but they establish two important time scales:
propagation of a Maxwellian distribution of fast electronsthe neutralization time+,) and the magnetic diffusion time
into a semi-infinite target, with a constant resistivity, in one(r,). Charge and current neutralization of the beam are es-
dimension. For a total number of fast electrons growing lin-tablished over a time scale
early in time Bellet al. obtained a mean penetration depth
A(K) ) Th=807, )
3enjo’ @ which is extremely rapid; for a resistivity of 2Q) m, a typi-
cal upper limit for solid density conductofg,8], it is only
where (K) is the mean fast electron energy ajylis the  17.7 as (atte- 10 ®). In using Eq.(1) we are ignoring pro-
current density of the fast electron source. This is roughly the&esses occurring on time scales less than the plasma period
of the conductor, which is often greater than this neutraliza-
tion time. Although rapid, beam neutralization is not instan-
*Electronic address: jdavies@popsrv.ist.utl.pt taneous, and therefore it is not exact, leading to field genera-
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tion. The transverse separation of the currents leads to the@hereC is the heat capacity term, assumed to be constant.
generation of a magnetic field, which acts to further separat®Ve write it in terms of the electron density of the conductor
the currentgopposite currents repelThe return current de- n. as
cays on a time scale given by the magnetic diffusion time
C=fkn, 9)
MORZ
Tq= , (4) where f is a dimensionless constant akds Boltzmann’'s
n constant. We will now solve these equations, and then dis-
whereR is the transverse scale length of the fast electrorfUSS the implications of the results for laser-solid interac-
ns, making comparisons with the results of numerical

beam. This is a relatively slow process; for a transverse sca ) ,
length of 10um and a resistivity of 2.0 m the magnetic modeling[7,9,12—-14, and estimate the beam parameters re-

diffusion time is 62.8 ps, much longer than the typical pulsedired for fast ignition by Ohmic heating.
durations of high-intensity lasers, and the maximum pulse

duration predicted for the fast ignitor schefig. This means Il. RESULTS

that for most cases of interest we can greatly simplify the
equations, neglecting the displacement curi@vtiich pro-
vides the initial current neutralizatipnand assumingj,
~ —]. The electric and magnetic fields are then given by

To simplify calculation, we assume rotational symmetry
and consider a fast electron current density with only an

axial componentj(:ji). The electric field is then predomi-
nantly axial E=EZ) and the magnetic field azimuthaB (

E~—7j, (5  =B#). Although it is possible to solve the equations for,
almost, arbitrary current densities, it does not detract from
B _ . our understanding of the essential physics to simply consider
vax - ©) a blunt beam, moving at speedalong the axis, with a cur-

rent density that varies only with radius. With these assump-
The model is quasineutral in both charge density and curreritons, all quantities can be represented as scalars that are
density. The total charge and current densities are assumedfimctions of only radius and the time variable
be much smaller than those of the fast electrons, and are not
considered explicitly. The equations f8r-E andV X B can
be used to calculate the total charge and current densities,
respectively, to check the validity of the quasineutral as-
sumption, but they are not used in the calculation of thewhich gives the length of time that the beam has been pass-
fields. This may appear counterintuitive at first, as the chargng a given point. We assume that the beam is generated
and current densities are the sources of the fields, howeverom z=0 starting at=0, thus7=0 is the beam front and
when we take into account that the total values are deterr=t is the source of the beam. We will take the maximum
mined by very small differences between two large quantivalue ofr to be given by the laser pulse duration. The equa-
ties, we see that such an approach would be strongly prone tns are not actually valid at the front of a blunt beam, as the
error. The assumptions used in obtaining these resulté)are current density clearly changes over a distance less than ei-
all time scales are much greater than[Eq. (3)] and the thercr, [Eq. (3)] or the skin depth. There will be a non-
plasma period of the conductor, and much less thafEg.  neutral sheath region around the front of the bd&in but
(4)]; (i) all spatial scales are much greater tltafy and the  this will affect only a very small region.
skin depth of the conductor, anii) the collisional drag on Substituting Eq(7) into Eq.(8) gives a first-order differ-
the conduction electrons is much greater than the forces frorantial equation for the temperature, which has two different
the magnetic field and the pressure gradient. These assumsnlutions depending on the value @f We have
tions are satisfied if the fast electron density is much less CTTI
than that of the conductor, and for times much less than 70)°T
This approximation has been used to evaluate field genera- CT, )
tion in laser-solid interactions for a constant resistivity by a
number of authorf9—11]. Here we extend these calculations Although this is also valid fore>1, the temperature then
to include a resistivity of the form goes infinite atr=CTy/(a— 1) 70j2. As we do not encoun-
ter materials with resistivities growing faster than linearly

z
TEI—E2O, (10

T=TO(1+(1—a) , a<l. (11

T\ with temperature, this is not a problem. The other solution is
7=\ 7| @)
0 02
T=Toex 27} a=1 (12)
where the subscript 0 indicates initial values amds an 0 CTy )’ “m s

arbitrary constant. To calculate the temperature we consider o _
just Ohmic heating and neglect thermal conduction, giving The electric fieldEq. (5)] is then

770j 27_ al(1-a)
CTy

P2
%:%, ®) E=—7 14+(1—a) j, a<1, (13
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Electric Field
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FIG. 1. The electric field for=1 and the current density given
by Eq. (17) for the indicated values of. Normalized units ex-
plained in the text.

2
E=—770exp<77°] T)j, a=1. (14)
0

The magnetic field is given by integrating E@) with re-
spect tor. Making use of a change of variable I we
obtain

B dj CT, 1+a T 2 7 1
T odr j2 1-aT, 1—a )’ a<l,
(15
dj CT, 2m0i%7 T
B——a 12[ +( CTQ - T—O, a=1. (16)

This completes the solution.

Ill. DISCUSSION

To illustrate our discussion we will use a current density

: 17

r2
i=—joexp| ~

Magnetic Field

Radius

FIG. 2. The magnetic field fow=1 and the current density
given by Eq.(17) for the indicated values of. Normalized units
explained in the text.
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FIG. 3. The electric field fow= —3/2 and the current density
given by Eq.(17) for the indicated values of. Normalized units
explained in the text.

chosen for its mathematical simplicitthe exact form is not
importan} and because laser intensities typically fall with
radius (the minus sign is to makg, positive for electrons
flowing in the positivez direction, and values ofr of 1 and
—3/2, chosen to represent two possible extremes. The elec-
tric and magnetic fields for these cases are given in Figs.
1-4. Current density has been normalizegigoresistivity to
70, temperature td, and distance t&R. This gives electric
field in units of 7)o, magnetic field in units oCTy/jgR,
and time in units ofC T,/ 70j3.

It is instructive to consider two limits of Eq$13)—(16):
(i) 70j27/CTy<<1 and(ii) 7,j27/CTy>1. This parameter is
the temperature increase caused while the resistivity equals
its initial value, divided by the initial temperature. Therefore
limit (i) corresponds to weak heating and lirfii§ to strong
heating.

For weak heating we obtain, to first order in the heating
parameteryoj27/CT,,

E~— 1, 1+a’7c°jTZOT)j, (18)
dj

B~ g, ™ (19
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FIG. 4. The magnetic field fotx= — 3/2 and the current density
given by Eq.(17) for the indicated values of. Normalized units
explained in the text.
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whatever the value af. These results apply near the front of dj

the beam and at large radii. In this limit, only the electric B~—(1+a)yg 7 asl (22)

field is affected by the heating, increasing or decreasing with

time, or, equivalently, distance from the beam front, dependThese results will apply some distance back from the beam
ing on whether the resistivity increases or decreases witfront at small radii, provided that the pulse duration is long
temperature. One effect of this would be to make the mea@nough. We can identify three different regimes of behavior
penetration depthEq. (2)] dependent on the laser pulse du- depending on the value af; (i) «>0, (i) —1<a<0, and
ration. Glinsky[6] found that the fast electron penetration (jji) o<—1. In regime(i) the electric and magnetic fields
depth increased linearly in time at early times, as would bgncrease more rapidly with both time and current density
expected from Eqg2) and(18) for a negative value of.  (Figs. 1 and 2 In regime(ii) the electric field falls in time
The radial profile of the electric field is also Changed, due toand increases more S|0W|y with current density, and the mag-
the j* dependence of the heating, increasing more rapidlyetic field increases more slowly with both time and current
with current density if the resistivity increases with tempera-density. In regimeiii) both the electric and magnetic fields
ture, and more slowly if it decreases. This can be seen ifg| in time and no longer increase with current density. For
Figs. 1 and 3. As noted by Beét al. [3], the increase in < —1 the electric field decreases with current density, and
electric field with current density will act to reduce the pen-the magnetic field changes sigifigs. 3 and % For «
etration depth on axis. This would lead to the beam front= —1 the electric field becomes independent of the current
becoming hollow. When the resistivity increases with tem-density and the magnetic field falls to zero. In all of the
perature this will become more pronOUnCEd behind the bealgtrong heating regimeS, the effect of target heating is most
front, which is not affected by the increase in resistivity. notable in the magnetic field, on the contrary to the weak
When the resistivity decreases with temperature this effeqheating result. As can be seen from E2p), in regime(i) the

will be counteracted, as the beam front will be overtaken bymagnetic field is a factor of (£ ) higher than if the resis-
the following electrons, which see a lower electric field thattjyity had maintained its maximum value throughout, in re-
varies more slowly with current density. It will also be coun- gime i) it is a factor of (1+ «) lower than if the resistivity
teracted if the mean electron energy increases with the cufad maintained its minimum value throughout, and in regime
rent density. As we expect both parameters to depend on thgj) the magnetic field either vanishes or reverses. A simple
laser intensity, this may well be the case. This was assumeghysical explanation for this is that the return current con-
in our numerical modeling, where this hollowing of the beamcentrates where the resistivity is lower, which is outside the
front was found to be a weak, transitory eff¢@}. The mag-  peam when the resistivity increases with temperature and
netic field[Eq. (19)] is zero at the beam front and initially inside the beam when it decreases. The effect on the electric
grows linearly with time. This can be seen in Figs. 2 and 4fje|d is not as pronounced, as no matter where the return
This time dependence of the magnetic field means that thgrrent flows the energy to drive it has to come from the fast
fast electron transport will be strongly affected by the laselg|ectrons.

pulse duration. If the pulse duration is long enoygh the We will now consider the implications of these results for
nate over the electric fieldc@>E), whatever the tempera- temperatures. For example, Milchbeegal. [8] found that
ture dependence of the resistivity, as can be seen by compafre resistivity of aluminum increased up to a temperature
ing Figs. 1 and 2, and Figs. 3 and 4. The minus sign in Ed¢kT/e) of around 50 eV, before eventually decreasing, obey-
(19) means that it acts to pinch the beam or to filament it ifing the Sptizer resistivity ¢ = —3/2) at high temperatures.
the current profile is irreg_ular. Once this_ occurs, the_currentrhiS means that the fields in metals will be considerably
density will increase rapidly, and so will the electric and pigher than would be expected from their initially low resis-
magnetic fields. This has been seen in our numerical modetyities. In particular, much higher magnetic fields could be
ing [9], where we found that the maximum fields obtained i”generated in metals than in insulators, as can be seen by
calculations due to the pinch effect, the difference being fa’fnodeling[lz]. As the magnetic field remains in the target, it
greater for the magnetic field. Filamentation has been studiegjj| pe important even if a metal is rapidly heated to tem-
by Gremilletet al.[15]. This increase in current density will peratures where the resistivity starts to fall. This means that
also lead to a more rapid transition to the strong heating; js important to correctly model this low temperature be-

regime. _ _ havior. This has been seen in our numerical mode]®iy
For strong heating we obtain where a large negative magnetic field remained near the
source of the electron beam, even though temperatures high
(1—a)r| @/ enough for _t.he Spi'tzer_ resistivity to _apply were rggched.
E~— 77(1)/(1a)(_) jrald-a 41, Regime(ii) applies in metals during the transition from
CTo the peak resistivity to the Spitzer resistivity, and may apply

(20 in other cases, but is not of particular interest.
Regime(iii) will apply to all materials if the heating is
2 strong enough, because at high enough temperatures the
E= ﬂoeXF{ M)J—, a=1, (21)  Spitzer resistivity @=—3/2) applies to all materials. This
CTo means that the result of truly strong target heating will be to
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lower the fields, and eventually to change the sign of theaeversal of the magnetic field is the most significant change
magnetic field. We can determine the heating parameter rén the field generation for this regime. It will act to expand
quired for the electric field to fall with current density, and and hollow the beam. The generation of a positive magnetic
for the magnetic field generation to change sign, to be  field can be seen in Fig. 4. It starts near the axis and moves
o outwards, as the current dendfifyg. (17)] is highest on axis.
“(1+a) T a<—1 (23  One can easily envisage the beam turning into an expanding
CTo annulus, being pushed outwards from the center and pinched
inwards at the edge. Another point to note from Fig. 4 is that
the negative peak in magnetic field continues to increase.
SWhen the resistivity falls linearly or faster with temperature
the magnetic field is maximized for a low current density
maintained for a long time, which translates to low laser
thtensities and long pulse durations. However, the increase in
magnetic field with pulse duration will eventually be limited
bﬁ/ magnetic diffusion. A falling magnetic field and the gen-
ation of a positive magnetic field near the axis has been
onsistently observed in all of our numerical res{it®,12—
14]. It was found to strongly limit pinching, leading to the
fast electron beam maintaining a roughly constant radius
532 | [7,14]. This is consistent with the estimates above, as the
4.25% 101 70 Tabs' T (24) numerical results are for average intensities greater than
Z%%n (InA)2H2 ~ 7 10°2 Wm™ 2. Signs of beam hollowing have been observed
[7], again at an intensity consistent with the estimate for the
whereZ is atomic number, Ih comes from the Spitzer re- generation of a positive magnetic field, but it was not exam-
sistivity, and we have used.=Zn,, n, being the atom ined in detail. The positive peak in the numerical results
number density, which varies little among solids. Solving thetends to be very sharp and concentrated near the axis, unlike
condition for the magnetic field to become positive numeri-that of Fig. 4. This is most likely due to the initial pinching,
cally, shows that the heating parameter must be approxiwhich produces a sharp current peak on axis, and to the fact
mately 12 times higher than that given by E84). As an that the resistivities used only decrease faster than linearly
example, we use Ed24) to give a condition on the laser with temperature at high temperatures.
intensity for an aluminum target, an absorption of 30%, a The change in magnetic field generation could explain a
laser pulse duration of 1 ps, and a wavelength ofrh, number of experimental results. Clagk al. [16] report the
parameters used in much of the numerical modeling and reformation of an annular plasma on the back of tardéte
evant to many experiments. For the initial resistivity we useside facing away from the lagemt intensities reaching
the measured maximum val§i8] of ~2 uQ m, assuming 10** Wm™2, whereas at intensities of 20W m~2 a narrow
that the heating up to this point is much faster, and we takget of plasma was observdd7]. This can be explained by
In A to be 10. From this we find that the intensity must bebeam pinching at the lower intensity], giving way to beam
greater than 1.8 10> Wm™ 2 for the electric field to start to hollowing at the higher intensity. The intensities are again in
fall, and greater than 2X010°°> W m~?2 for the magnetic field line with the above estimates. However, E@4) varies
to change sign. These values should be taken as estimates &$fongly with the absorption, which is not well known in the
the average intensities at which these effects will start t@xperiments. It is also possible that this is due to the electric
become important. We can also give the scaling of the field§eld reducing the penetration of the beam front on axis, as
with the laser parameters for the Spitzer resistivity in thediscussed above. However, this would be a transitory effect,

We cannot, in general, solve the condition for the magneti

should apply. We are interested in evaluating &%) for the
Spitzer resistivity in laser-solid interactions. To do this, we
assume that the heat capacity is that of an ideal gas at co
stant volume[Eq. (9) with f=3/2] and write the current
density asf,,d /(K), wherel is the laser intensity anfl,

is the absorption into fast electrons, and take the mean fa
electron energy to be given by the ponderomotive potenti
for IN?>10'° W, where\ is the laser wavelength, which is
(K)le=4.77(1\?)Y2 eV. This gives

strong heating regime so appears to be a less likely explanation. Clerlal. [16]
also report that the proton rings that they observed at a lower
Eoc f /5 ~1A0\ V5305 (25 intensity[13] were replaced by disks. In the previous experi-
ment, the protons were emitted from the back at specific
Boc f 15 ~V10\ V5251, (26)  angles determined by their energy, the lower the energy the

larger the angle, forming rings on the detector. This was
From which we see that the fields will start to fall with in- explained by protons passing through the target being de-
creasing intensity, but very slowly, giving an effective satu-flected by the negative magnetic field generated by a fast
ration in the field generation with intensity. Saturation of theelectron beam. The disappearance of the rings for higher
peak, negative, magnetic field has been observed in numeiintensities is also consistent with the eventual fall and rever-
cal modeling at a peak intensity 0b510°> Wm™2, which is  sal of the magnetic field due to target heating. Differences in
consistent with the above intensity estimates. The strongesteating regimes could explain the apparent differences be-
scaling is with time, the electric field decreasing in time andtween the earlier results of Clart al. [13] and those of
the magnetic field increasing, but with the opposite sign tdSnavelyet al. [18]. The annular peak in target heating re-
that generated initially. This again shows that fast electrorported by Kochet al. [19] does not appear to be directly
transport will be strongly affected by pulse duration. Theexplicable in terms of this result, due to its large radius. The
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expansion of the region of positive magnetic field, which cang 46x 10?8 m~3. The fast electrons must be generated with a
be seen in Fig. 4, is too slow to reach such a large radiugensity lower than that of the plasma where the laser is ab-
during the laser pulse, and numerical results have alwaysorbed. This will be at most the critical density, which is
given a much smaller region of positive magnetic field. ~10%y/\? m~3, wherey is the Lorentz factor of the elec-
The consequences of the eventual fall in the electric fieldrons in the laser field. We thus require this to be much
with current density have been considered, for the Spitzegreater than the density given by Eg87). For nonrelativistic
resistivity, by a number of authors. Our results show thaintensities this requires the wavelength to be much less than
these considerations apply whenever the resistivity fall9 124 ,m, which is not, currently, practical. For a more re-
faster than linearly with temperature. Hairf@®] noted that  gajistic wavelength of 1um it requires the intensity to be
the fall in the electric field would allow a larger current to mych greater than 5.7410°° Wm~2. If we take into ac-
flow, increasing the heating and thus further reducing theount that the radius of the heated region must be at least
electric field, leading to an instability that he called the elec-1g wum [1], then from this lower limit on the intensity com-
trothermal instability. However, when the magnetic field be-pined with the pulse duration of 10 ps we see that the laser
comes important the fast electrons are pushed away frornergy must be much greater than 180 kJ. At these strongly
regions of low resistivity, and it is the conduction current thatre|ativistic intensities the critical density varies as 150 we
increases, not the fast electron current. Batrl. [5] con-  can only gain a factor of 2 or 3 for realistic reductions in the
sidered the scaling of the electric field and the penetratiofyger wavelength. It should be pointed out that in determin-
depth of Eq/(2) with target density. This enters our equationsing these limits the only assumption we have made about the
via the heat capacity ter@ [Eq. (9)], and we obtain the fast electron generation is that it occurs at a density less than
same result as they did: the electric field scale€a)y°>  the critical density. They are independent of factors such as
[Eg. (20)], therefore the penetration depth should scale ashe mean energy and the absorption. If we were to calculate
Lon, **[Eq.(2)]. They found this to be consistent with their the fast electron current density as we did in deriving Eq.
experimental results on fast electron propagation througli24) we would find that higher intensities and laser energies
foams of different densities, which indicat&de ng°'5. Ap- and lower wavelengths are required, even for high absorp-
plying Eqg.(24) to their parameters indicates that the electrictions. Possible variations in the parameters used may lower
field should start to fall for the highest density used, that thehese limits, but not by much more than an order of magni-
magnetic field should start to change sign for the intermeditude. The density of the fast electrons can be significantly
ate density used, and that the strong heating effects wilihcreased by magnetic pinching. However, the magnetic field
clearly dominate the results for the lowest density usedincreases the curvature of the electrons’ trajectories, lowering
Therefore a slower change in the penetration depth with derthe forward velocity, and thus increasing the required den-
sity than predicted by the strong heating results might besity, so the gain is not as great as might be expected. More
expected. The effect of the magnetic field on the penetratioimportantly, for fast ignition we must rapidly enter the strong
depth is complicated. In general, it reduces penetrdti@h  heating regime, so, for the Spitzer resistivity, the magnetic
thus as the magnetic field starts to fall the penetration couldield will largely act to expand the beam. The magnetic field
increase, but once a positive magnetic field starts to be gerwould be of indirect benefit in that it will inhibit lateral heat
erated it would start to fall again. Glinsk$] considered the flow, possibly relaxing the ignition requirements, but this is
scaling of the penetration depth with time. For later times hebeyond the scope of this paper. A possibility that could
obtained &% scaling, as would be expected from Eg5). greatly lower these limits is the presence of anomalous resis-
Finally, we will use the results to estimate the beam padivity [2]. Whatever the process involved, we do not expect
rameters required for fast ignition by Ohmic heating, forthe mean free path of the background electrons to be reduced
which the rigid beam model is perfectly adequate. The goamuch below the mean interparticle separation. The magnetic
here is to heat a hydrogen plasma with an electron numbdield required to give a Larmor radius less than this is already
density of the order of 8 m™2 from a temperaturek(T/e) greater than 10T at an electron energy of 1 eV, which is not
of a few eV to around 10 keV in a time not greater thanachievable in these circumstances. Taking the interparticle
around 10 p$1]. From these parameters H§) can be used separation to ba,, 13 gives
to determine the minimum current density required. As the

physical significance of the current density is not clear, we JmkT

use the fact that the velocity of the fast electrons cannot TR (28
exceed that of light to give a lower limit on the electron n, €

density fromn>—j/ec. As the final temperature is much

greater than the initial value, we neglect this to give wherem is the electron mass. Using E@®8) gives a lower

limit on the density of 5.4810°” m~ 2, which for a wave-
1/ CT length of 1um requires an intensity much greater than
n>oe (1—a)y7 a<l. 27 402¢<1BWm 2 and a laser energy much greater than 1.26
kJ. The difference is not as great as might be expected be-
Using the Spitzer resistivity with ZIn A of 10 and the heat cause folkT/e<380 eV the Spitzer resistivity is higher than
capacity of an ideal gas at constant volume, approximationthat of Eq.(28). Only in this extreme case does the scheme
that should at least be valid as the temperature approachappear to be feasible, which was the conclusion reached by
the desired value, gives a minimum fast electron density oprevious calculations on electron beam fusj@h The very
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much higher electron currents that can be generated by lasesarface, thus maximizing the spot size and increasing the fast
do not significantly improve the situation. However, for the electron density by spherical convergence. This is almost a
resistivity given by Eq(28), the magnetic field would rap- return to the classical configuration, but using a heat wave
idly increase to the point where it turns the electrons backinstead of a shock wave.

and the current entering the target would be greatly reduced.
This may not be a disadvantage, as Hain and Mulgé&f
have shown that ignition can be triggered by heating the
corona. Apart from this possibility, which relies on a some- We have solved the equations for the electric and mag-
what unrealistic reisitivity, fast ignition by Ohmic heating netic fields generated by a rigid fast electron beam propagat-
from laser generated fast electrons does not appear to lieg in a conductor, including Ohmic heating and a resistivity
feasible. The original fast ignitor propoddl] relied on col-  with an arbitrary power law dependence on temperature.
lisional energy deposition. This exceeds Ohmic heating if thélhese results provide a qualitative assessment of the effect of
fast electron energy is low enough. Electron energies ofemperature dependent resistivity on fast electron propaga-
0.5-1 MeV were considered to be idddl. The constraint tion in more realistic circumstances. We have seen that they
then is maintaining A2 low enough while delivering suffi- can help to explain a number of numerical and experimental
cient energy in a short enough time. There is also a compaesults on laser-generated fast electron transport in solid tar-
rable lower limit on the fast electron density in this case, agjets, and we have used them to give estimates for the fast
calculated by Zepét al.[22], which cannot be overcome by ignitor scheme. It was shown that the fast electron density
relativistic effects. These problems could be overcome byequired to achieve ignition via Ohmic heating is unrealisti-
using many beams, possibly irradiating the whole sphericatally high.

IV. CONCLUSIONS
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