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2.B Magnetic Field Effects on Electron Heat Transport 

Thermal transport in laser-produced plasmas is a topic of great 
importance to laser fusion. In one-dimensional situations, and where 
moderately steep temperature gradients are believed to occur, heat 
fluxes considerably smaller than those predicted by the classical 
theories of Spitzer' and Braginskii2 have been inferred experimentally. 
Such results are often parametrized in terms of a "flux limiter" f;' with 
the heat flux q given as a multiple f of the "free-streaming flux" q,, 
defined here as q, = n,kT (kT/m) , where n,, T, and m are the electron 
number density, temperature, and mass, respectively, and k is 
Boltzmann's constant. In two-dimensional situations, the problem is 
more complicated because magnetic fields generated in the laser- 
plasma interaction process must be considered. It is the purpose of 
this article to discuss some of the effects of magnetic fields on thermal 
transport in the presence of moderately steep temperature gradients. 



Many attempts have been made to understand the physical basis of 
reduced heat fluxes. Three different approaches may be summarized 
as follows: 

a) Classical theories simply do not apply in the regime of 
interest (thermal-electron mean free path A,>_0.01 times the 
temperature scale length L).4 If the electron kinetic equations 
are solved more accurately, the correct heat flux will result. 
No additional physical processes are involved. This approach 
has recently attracted considerable attention, particularly on 
account of numerical solutions of the Fokker-Planck equation, 
reported by Bell et al.,%hich indicated reduced heat fluxes 
corresponding to a value of f of the order of 0.1. 

b) Ion-acoustic turbulence is set up in the plasma giving rise to 
an enhanced electron collision frequency and therefore a 
reduced heat 

c) Magnetic fields are generated in the plasma as a result of a 
lack of one-dimensional ~ y m m e t r y . ~  the classical theory of 
Braginskii2 then predicts reduced heat fluxes due to the 
localization of electron orbits in the magnetic fields. 

The third approach is inapplicable to ideal, one-dimensional 
plasmas, but real plasmas are never truly one-dimensional, whether 
due to the finite extent of the focal spot in single-beam experiments or 
to the finite level of irradiation nonuniformity in a multi-beam spherical 

i 
system such as OMEGA. In C0,-laser experiments, magnetic fields 
have been observed to play a significant role in enhancing i 

collisionless lateral energy transport along the target surface and , I 
away from the focal spot.?."' In the more collisional plasmas produced 
by micron- or sub-micron-wavelength lasers, the role of magnetic 
fields may be important in inhibiting the inward flow of energy to the 
ablation region as well as in affecting the lateral smoothing of 
irradiation nonuniformities. In the l im~t of small A,/L, the problem of 
heat conduction in magnetic fields was solved by BraginskiiI2 but for 
moderately large A,/L (20.01), a more accurate kinetic treatment is 
required. 

A full treatment of the transport problem in moderately steep 
temperature gradients, including both strong and weak magnetic field 
limits, would require, for example, a two-dimensional Fokker-Planck 
treatment. To date, such treatments have been computationally 
prohibitive. However, i t  was shown by Shvarts et at." that, in one 
dimension, a simple local treatment, in which the anisotropic portion of 
the distribution function (f,) is bounded from above by the isotropic 
Maxwellian distribution function (f,), leads to results similar in many 
respects to those obtained by Bell et a/.: from Fokker-Planck simu- 
lations. This correspondence encourages us to extend this simple 
local rnodel to two and three dimensions, including magnetic fields. 
While some questions will remain unanswered in the absence of a full 
Fokker-Planck treatment, this approach may provide some insight into 
the respective roles of magnetic fields and k~netic effects in inhibiting 
thermal conduction. In particular, we shall demonstrate that a transi- 
tion occurs between flux limitation and magnetic field inhibition at 
moderately low values of the magnetic field. 
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Theory 
We first review the physical basis by which electron heat transport 

is modified by a magnetic field with reference to a simplified model2 
illustrated schematically in Fig. 12. The heat flux across a surface 
element at a given point P is obtained by summing the contributions of 
all electrons crossing that surface element, from all angles and from 
either side. Each electron transports energy characteristic of the 
temperature of the point at which it had its last collision; thus, in the 
absence of magnetlc fields [Fig. 12(a)], electrons whose last collision 
occurred on the hotter side of the surface (H) contribute more than 
electrons from the other s~de ,  and the net heat flux is directed 
antiparallel to the temperature gradient VT.  In the presence of a 
magnetic field perpendicular to the temperature gradient [Fig 12(b)], 
the electron orbits are circular, and a component of heat flux 
perpendicular to D T  arises. This component, which will be referred to 
as the "transverse" heat flux, maximizes when the average heat- 
carrying electron traverses half a gyrational orbit between collisions. 
The magnetic field also inhibits the "longitudinal" heat flux component 
antiparallel to V T  [Figs. 12(c) and 12(d)], because the heat flux from 
the hotter side is carried by electrons whose last collision may have 
been at a hotter point H [Fig. 12(c)] or a colder point C [Fig. 12(d)J. 

Fig 7 2 
Scherratic showing the eiiects of a magnetic field ( 5 )  on the orbits oi heat-ca~rying electrons A net 
fliix q acloss a surface eierner~t d t  a poin: P occurs because electrons wnich had their lasl 
c o l l i c i ~ n  at a hotter point ( H j  carry more energy than eiectrons whose iast co11,sion occu/red at a 
colder point (C) 

(a) When B = 0 q is d i /ecfed along VT 
(0)  When B # 0 heat can flow pe/pendic~i lar to V 7  
(c)  (d) When B f 0 the heat i lo~ving ant i~aral lei  to V T  1s reduced because of averaging over 
electrons whose lost coll~sions occii ired a1 diiierent  laces on the circiilar orbit 



LLE REVIEW 

The effect of the magnetic field is usually parametrized by the Hall 
parameter P ,  defined as OJ,T,,, where OJ, is the electron gyrofrequency, 
and T,, is the electron-ion collision time. Here, p is the number of 
radians traversed around a gyro-orbit between collisions; p depends 
strongly on the electron velocity v, since T ,  K v7. The longitudinal heat 
flux associated with electrons whose p is large is greatly reduced 
( - p  2 ) ,  since each point on the gyro-orbit develops an equal proba- 
btlity of being the locat~on of the last collision. In typical electron 
distribution functions, there will be some electrons with P<<1 and 
others with p>>1 

Our theory starts with the Boltzmann equation for the electron 
distribution function f(r, v, t): 

E and 6 are the electric and magnetic f~elds, (-e) the electron charge, 
c the speed of light, and C the collision operator. We consider a 
coordinate system (x, y, z) with the z axis locally aligned along the 
magnetic field, as indicated in Fig. 13, and we use spher~cal polar 
coordinates (v, 0, 4) in velocity space: v - vfZ. We use the first two 
terms of a moment expansion for f:12 

f(r ,  v, t) = f, (r, v, t) + f, (r, v, t) . {I, (2) 

where f, and f, will be referred to as the isotrop~c and anisotropic 
components o f f .  

In this model, fo will be treated as a known function (e.g., a 
Maxwellian at the local temperature). The anisotropic component f, is 
then obtained in terms of f, by subst~tuting Eq. (2) into Eq. (1) and 
integrating Eq (I) over 0 dl).  We find: 

where OJ, = eB/mc is the electron gyrofrequency, and > is a unit vector 
in the z direction. We assume that only electron-ion Coulomb 
scatter~ng contributes to the collision integral C,, and we use13 C, = 

-f,/r,,(v), where the velocity-dependent collision time re1(v) is pro- 
portional to v? We also drop the time der~vative in Eq. ( 3 ) ,  thereby 
assuming a quasi-static state. Then, solving Eq. ( 3 )  for f,, we obtain 

where p(v) = OJ,T,~(V) - p, (vI'v,)~, and vo = (kT/m)' 

So far, we have followed Braginskii's treatrnent. Now we make use 
of the prescription of Shvarts et a/." We assume that the i component 
of Eq. (4) is satisfied for v 5 v:, and that 
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F 1g. 1 3 
Coordinate system. The z axis 1s taken 
along the magnetic field, and spherical 
coord~nates about this axis ( v .  0, @) are 
used to describe velocity space. The 
x axis is chosen to lie along the lernper- 
ature gradient. The heal flux has two 
components.  " longitudinal" along the 
x axis, and "transverse" along the y axis 

for v 2 v:. where the parameters 6, are assigned values of order unrty 
to ensure, at least, that the electron distribution function in Eq. (2) will 
never be negative. The cutoff velocities v: are to be determined by 
iteration, and f,,(v) must be cont~nuous at v = vf. In the illustrative 
calculations below, we use 6, = 0.67 for each i .  The detailed results 
wi l l  of course, depend somewhat on the 6,,  but in view of the generally 
close agreement between this approach" and Fokker-Planck calcu- 
lations5 in one dimension, we may reasonably expect our results to 
yield some useful insight. 

The current and heat-flux vectors are obtained by solving Eqs. (4) 
and (5) iteratively for the components of f, and by perform~ng the 
appropriate integrals over velocity space. By way of comparison, full 
Fokker-Planck calculations evaluate f,(v) by solving Eq. (1 ) .  Results 
may be obtained for a given electric field (in which case the current 
and heat flux are calculated), or for a given current (in which case the 
electric field and heat flux are calculated). Details are given n Ref. 14. 

I l lustrative Results 
The magnetic-field-induced modifications to the heat flux arc 

presented in terms of the Hall parameter 0, for thermal electrons, 
given by 

where n, is measured in ~ m - ~ ,  T in keV, and B in MG. ( I f  the electron- 
ion momentum-transfer collision time T, glven by Braginskii' had been 



used in place of re,(v0), Po would be a factor of 3.8 higher.) The effect 
of electron-electron collisions is approximated here by using (Z+1) in 
place of Z, and the Coulomb logarithm is taken to be 10. For a typical 
plasma of Z=4 and T=l keV, we obtain the useful relationship 

or, at the critical density for 1-pm Nd:glass laser radiat~on, j_jO=B, where 
B is in units of MG. 

Magnetic fields of the order of a megagauss have been observed in 
the coronas of laser-fusion targets through Faraday rotation,'"hile 
fields of the order of 0.1 MG are harder to detect and are often 
considered unimportant. However, even values of 13, as low as 0.1 are 
sufficient to modify the heat flux significantly, because the 0 corre- 
sponding to the electrons which carry the bulk of the heat is at least 
an order of magnitude higher. 

We will restrict ourselves to the geometry of Fig. 13, with B aligned 
in the z direction and V T  in the x direction. The current, heat flux, and 
electr~c field w ~ l l  all lie in the x-y plane, their longitudinal and trans- 
verse components being parallel to the x and y axes, respectively. In 
all cases the heat flux q will be expressed relative to the free- 
stream~ng flux q, (=n,mv,); the ratio q/qF may be thought of as the 
effective flux limiter. 

In order to illustrate the main features of this model, we will consider 
the case where the ratio of the thermal - electron mean free path A ,  
(defined as v, T,,, where v, = & v,) to the temperature scale length L, 
is relatively high (0.1), and where the current J is zero. (The model 
applies equally to the case of non-zero current, for which results are 
given in Ref. 14.) The normalized heat fluxes q,/q, and q,/q, are given 
in Fig. 14 as functions of 13,. Here, as elsewhere, the solid lines denote 
q,/q, and the dashed lines q,/q,, for bounded f,. For the purposes of 
comparison, the thin lines denote the same quantities for unbounded 
f, (Braginskii's results2). The Braginskii result for /3, = 0 (off-scale) is 
q,/q, = 0.57. We note that for fi, 2 0.2, there IS  little difference 
between the bounded and unbounded results for either component. 
Therefore, even for a relatively small magnet~c field, there is no need 
to invoke a flux limiter. 

The asymptotic behavior of q at large 13, is suggested from the form 
of Eq. (4): q, - j3; and q, - 13;'. From Fig. 14, it is evident that there is 
a strong reduction of q,/qF (to 0.04), even for 0, = 0.2. At higher values 
of 13, the transverse component exceeds the longitudinal component. 
The transverse heat flux has a peak at very low 13, (0.03 in the 
Braginskii case, 0.1 in the bounded case); it should maximize when 
the 13 of heat-carrying electrons [ -  j3,(v/v0)" is of the order of IT, on 
the basis of the simple physical picture discussed earlier [see 
Fig. 12(b)]. Indeed, taking Po = 0.1 and v/v, = 3.2 (see Fig. 15), we find 
j3 - 3. 

Figure 15 shows, plotted as functions of vlv,, the x and y 
components of f, Ifo (upper graphs) and (v/v,): f, (lower graphs) 
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Fig 14  0 0  0 2  0 4  0 6  0 8  1 0  
Dependence of heat flux on Do (=w T, ) for 
A T I L ,  = 0 7 and zero current (J = 0) Solid 
curves q, dashed curves, q, Light curves Po (=a, re, 

TC1426 
Brag~nskii theory Only for low values of 13, 
is it necessary to nlodify the Braginskii 
lheory 

correspondlng to the fluxes plotted ~n Flg 14 for various values of Do 
For p, =0, a llmlt on f,,/f, IS needed to avold large values of t h ~ s  ratlo 
No limit IS needed for the hlgher values of p, shown, since the 
magnetlc fleld llmlts f,,/f, ~n the Braglnskrl theory and f,, IS well- 
behaved throughout the whole veloclty range Thrs maxlmum, and the 
mlnlmum correspondlng to the low-veloclty return current both 
decrease ~n amplitude as p, Increases 

In our model it is always necessary to limit f,,/f, at some velocity. 
For low values of p, (e.g.. p, = 0.2). a strong transverse flow of hrgh- 
velocity electrons IS  partially limited. As p, increases (e.g., Do = 0.6). 
the cutoff point moves to higher velocities, and the electrons which 
carry the bulk of the energy flow are unaffected. 

The areas under the lower graphs [of (v/v,)~ f , (v) ]  are proportional 
to the heat fluxes in the respective directions. In each case, the 
maximum occurs at v/v, - 3. The integrated transverse flux IS clearly 
greater than the longitudinal flux, and both decrease with increasing 

P" , 

In Flg. 16, the heat fluxes q,/q, and q,/q, are shown as functions of 
A,/L, for various values of p,. The classical Braginskii' or Spitzer- 
Harm1 result for Do = 0 is also plotted. The Braginskii curve would of 
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x - component / y - component 

Fig. 15 
Dis:ribul!on funcfions corresponding to the 
fiuxes plot!ed in Fly. 7 4 .  The upper plois, 
of the perllirbed distribution function f ,  If,, 
show that for B,, as small as 0.2. only 
the transverse (y) component need be 
bounded. The iower plots, of the normal- 
!zed  heat flux (v /v , ) -  f . ,  show that in most 
cases the doniinant contr~butions to the 
heat flux come from electrons with veloci- 
ties - 3v0. 

course be a straight line on a linear/linear plot. There is a region in the 
flgure (A,/L, - 0.1, 0.1 <, Do < 0.3) where both components of the heat 
flux are of the order of a few percent (0.03-0.1) of the free-streaming 
value. This value of A,lL, is typical of what may occur in laser- 
produced plasmas at moderately high intensities, and it is arguable 
that the inhibition commonly observed can be explained by very 
modest values of magnetic field. It must, however, be noted that the 
effective flux limiter implied by Fig. 16 is a strong function of both 
A,/L, and p,, and might lead to a greater diversity of experimentally 
inferred flux limiters than has been observed to date. 
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Figure 16 includes values of A,/L, up to 1.0, but the regime of 
validity of this theory probably does not extend beyond h,/L, = 0.1,' '  at 
least in the magnetic-field-free case. Beyond this limit, the heat flux is 
dominated by nonlocal contributions from electrons whose mean free 
path exceeds the temperature-gradient scale length L,. Conversely, 
for smaller A,/L, or for larger Po, the nonlocal contribution decreases. 

Fly. 16 
Dependence of heat f!ux on h T / L ,  for J = 
0 and 6, = 6, = 0.67. for various Po. Solid 
curves, q,; dashed curves, q,.. Llgnt curve: 
Braginskii (or Spitzer-Harm) tileory tor Po 
= 0. In the range 10~' < A,/L, I l o - ' .  
typical of many experiments, modest mag- 
netic fields give rise to an effectlve flux- 
!/miter (qlq,) in the range 0.01 -0.7 

Summary 
We have investigated the relationship between flux limiting and 

magnetic-field-induced transport inhibition, using a simple model 
which describes the transition between these two regimes in a 
physically reasonable way and yields some useful insight. While it 
would be unwise to advocate classical magnetic field inhibition as the 
primary explanation for the small flux limiter inferred from experiments, 
it is clear that these magnetic field effects deserve more careful 
consideration. For parameters corresponding to typical Nd:glass 
irradiation experiments, strong inhibition occurs for fields as small as 
100 kG, an order of magnitude smaller than the megagauss fields 
which have been observed. At shorter wavelengths such as a third of 
a micron, magnetic field effects are probably less (since the collision 
time at the critical density scales as the square of the laser 
wavelength), but could still be significant. 




