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Thermal Instability and Magnetic Field Generated by Large Heat Flow
in a Plasma, Especially under Laser-Fusion Conditions

Representing a large heat flow in a plasma as a flow of hot relatively collisionless
electrons balanced by an opposing current of cold collisional electrons, it can be shown
that an electrothermal instability can be induced in the cold resistive plasma when the
heat flow exceeds about 3io of the free-streaming limit. This is nonconvective if the
temperature of the cold plasma is less than 0.2n, ' 4Z K, with n, in m 3. The insta-
bility will lead to filamentary magentic structures with a typical growth time of a few
picoseconds and wavelength about 10 p, m.

PACS numbers: 52.50.Jm, 52.25.Fi, 52.3
In this Letter a new mechanism for an unstabil-

ity is proposed in laser-produced plasmas. It
can generate a filamentary density and tempera-
ture structure with associated magnetic fields in
the plasma between the critical and ablation sur-
faces in which a nonlinear heat flux occurs, and
could be dangerous for any inertial confinement
scheme.

A large heat flow can be approximately repre-
sented by an inward flow of relatively collision-
less hot electrons balanced by a return current
of cold electrons driven by an electric field. This
is because the mean free path of electrons with a
velocity e is proportional to n'/Zn„n, being the
number density of electrons and Z the ionic charg
number. Representing the hot and cold equilibri-
um currents by S„,and J„, respectively, the heat
flux q can be written as

5.Py
earlier by the author' in another context. Local-
ly the net current will no longer be zero, and a
spatially oscillating magnetic field will be set up.
Through Faraday's law, electric field changes
will occur so as to reduce the current perturba-
tions, but because the hot and cold electrons obey
different equations of motion a local net current
will persist, and the main effect of Faraday's
law will be found to reduce the growth rate at
longer wavelength. Short-wavelength modes will
be damped out by the term in electron thermal
conductivity I(,'.

A perturbation analysis requires a steady state,
and for an instability based on a dissipative ener-

e gy process some artificiality in the form of the
energy sink is required. Here, the Ohmic dis-
sipation of the return cold current is assumed to
be balanced by equipartition to the ions (which
are kept at a fixed temperature) and by brems-
strahlung radiation loss, as follows (with coeffi-
cient p, =1.42&&10 "mks):

q =-,'(k, / )7e„(T„,-T„),
where T„, and T„(&T„,) are the temperatures of
the hot and cold electrons, respectively, and 0,
is Boltzmann's constant. The electric field nec-
essary to drive the resistive cold return current
is given by Ohm's law, 3„=o,E, whilst quasineu-
trality ensures that 7„,+3„=0.

If the cold-electron temperature is spatially
perturbed with a wave vector k orthogonal to the
heat flow, the T,"' dependence of the electrical
conductivity o will cause the cold-electron cur-
rent to be increased where the cold-electron tem-
perature is higher and vice versa. In turn, the
Ohmic dissipation by the cold current will be in-
creased in the temperature peaks, so tending to
increase the electron temperature. This is the
basis of the electrothermal instability discussed

J',0 =3n e k(s,T —
0 T, )/m, +oop, no'T, "2. (2)

In reality the ions and electrons advect the ener-
gy in the ablation process. However it can be
shown a posteriori that replacing the equipartion
term by v ~ W&n, k, (T, +T,/2) for sonic fl. ow yields
a scale length of the same order as the optimum
wavelength of the instability, making the model
reasonably plausible. Taking the equilibrium
heat Qow to be in the z direction, perturbed quan-
tities are assumed to vary as exp(o, t+ikx) As.
in Ref. 1 it is found that for the fastest growing
mode a/k is of the order of the sound speed
(k&T,/m, ) ' . Therefore ion motion is also in-
cluded. The perturbed electron-energy equation
1s

M. G. Haines
The Blachett Laboratory, ImPerial College of Science and Technology, London SP77ZBZ, England

(Received 5 March 1981)

2 0'0& k s(no Te 1 +n 1 Te )+ 2 o0o no k BTea ikt „~+ o'o K& k T

=2/, OJ, , —3no e'k T„s/ ,. m— 6non, e ks(T, O
—T;)/m; —2aop~no(n, T, n OT+„O)T,O

'~ . (3)

1981 The American Physical Society



VOLUME 47, NUMBER 13 P H YSI CAL REVIEW LETTERS 28 SEPTEMBER 19SI

The cold-plasma equations of motion and continuity are

nom, nv„,/Z = —iknok BT„—ikn, k B(T,O+ T;/Z) —J„B„
nn, +n, ikv„, = 0. (5)

The perturbed Faraday's law and Ohm's law are
f'kE l:B&l and J l:Ol E 0 + 0'QE l where the per-
turbed conductivity 0, is given by 27'„o,/T„.

The use of the full J„B„force on the cold-plas-
ma ions is a good approximation provided that the
number density of hot electrons n„ is much small-
er than that of cold n, . Then the ion density n,. is
close to n, /Z and the forces Zen, E„„—en, E„„
7 0 B l and J„QB„are of the same order, whilst
—en„E„, is much smaller. It follows that the
equations of motion and continuity for the hot
electrons are m„, =iJ„OB„/(n~m, /k+ kBT„ok). (10)

The hot electrons couple to the cold plasma
through Ampere's law

ikB„=p, o(J„+J„,)
with J» = - nh, ev~o - nhoevh„and Jho —n~ ev h, .

In Eq. (6}the hot-electron temperature is as-
sumed to be unperturbed because of the large hot-
electron thermal conductivity. Combining it with
Eq. (8) gives

+nhO~e ~hxl Jho Byl k 8 ho ~knnl&

eVa l=

~&hl+»"ho Vagal

(6)
The first term in the denominator can be ignored
since for the fastest growing mode it is of order
(m, /m, )(T„/T»} times the other term. Without
further approximation the equations can be re-
duced to an algebraic dispersion equation, quartic
in cv and cubic in k':

(x+y+I+2f)(x+ay+k) —3 +f (ay+8) —+dy
t —1 x' (Zt+ I)

t Z Zt

2 t —1 9 t —1+ —x —2 —2f dy (x +ay +k) ——dy +f = 0,t

where the dimensionless parameters are

(Tong Cnx-
2no 8

~

' 3Om; k nokR t T, d = 3k T'Ov0= 0.7054, f = o
30 kBe 2&000 QO T 4KQ'8 38 kBT 0

(12)
2 2

9 0 Jho shoe Po n0 Teo2—
k nhQ k BThQ sl shO hQ

Q3 no T p Ingp1Ã;
nho T hQ 80 Sl

The influence of the hot collisionless electrons is through the parameter k which, if J„,=n„e(kBT„,/
~,)"' is satisfied, becomes zero. Dispersion curves for f = 0, k = 0, and Z = 1 are to be found in Ref.
1. Figure 1 illustrates the positive x root (demonstrating unstable growth) versus y (o:k') for a = 5.375,
d =O.7054, t =3, Z =10, and for va, rious values of h. The left section of roots for h =0 and —1 are com-
plex, the real part only being drawn. The important property to note is that the fastest growing mode
is real and has x and y(x,„) of order l. It is likely that the nonconvective instability is the most
dangerous. This branch is generally real when it crosses the y axis, and the conditions for its onset
can be found by putting x = 0 in Eq. (11) and examining the resulting quadratic in y for the necessary
conditions that y is real and positive. The particular case of h = 0 simply leads to conditions similar
to those found in Ref. 1, namely

(5Z —2 —f ) + [(5Z —2 —f )' + 12Z (3f + 4)]"'
2Z(3f +4)

a ' [Zt(Zt + 1)]"'(ft+t —1) f + 1
18 Zt (4+3f) —t(5Z —2 —f) —3 3f +4 (14)
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FIG. 1. The unstable roots of the dispersion equation
are shown in a plot of positive real x vs y for Z = 10,
a = 5.375, d = 0.7054, f = 0, t = 3, and for h = 10, 1, 0,
and -1. C signifies that the root is complex, R that it
is real.

where T, is in degrees Kelvin and np in inverse
meters cubed. Returning to Eqs. (1) and (2) the
condition (13) on t can be written as a condition
on the heat flux, i.e. , for f «1, it is unstable if

& ~ &crit

spme 2 13 1 y 16

Therefore it can be seen, for example, that for
solid density (no = 10' m ') with Z = 10 the plas-
ma is unstable to the thermal instability if Tep

1 1~ 10 K and foz Tgp 4T 0 if the heat flow
exceeds 3% of the free-streaming limit. (T~

4T 0 ls taken to repre sent the fact that heat flow

is dominantly carried by electrons with 2 to 3
times the thermal velocity. ) This instability
might be the cause of the well-known flux limiter
in laser-plasma experiments which is also about
3%%uo of the free-streaming limit.

Under the assumption that if these conditions
are satisfied the growth rate of the fastest grow-
ing mode corresponds to x = 1 and y = 1, the or-
der of magnitude can be found from Eq. (12) where
the growth rate e is

2 8~M-8 o

A e0 mi

and the wavelength ~ is, in terms of the mean

Recalling the definition of a, the condition (14) is,
for f «1, t-~,

T ~ 0 2& ~~4g ~~'
e0 ' 0

Taking the same example of gp= 10"m ', Tep
=10"K, Z =10, and A=20, the growth rate is 4.4
x 10' s ' with a wavelength of 11 p, m. The scal-
ing with Z is interesting in that higher Z gives
faster growth and shorter wavelengths, as does
lower T„. It would be less model dependent to
take the growth rate as the Ohmic heating rate by
the cold return current rather than the equiparti-
tion rate. The term f enhances the instability be-
cause the radiation loss, being proportional to g',
is greater in the denser colder plasma, and in
principle can be the dominant cause of the ther-
mal instability.

The more general case of h w 0 is more com-
plex for the marginal stability condition, x =0.
The condition for y to be real at x =0 is

h 3(t-1) 2Zt t-1
)

'
a t Zt+1 t

This condition is illustrated in Fig. 2 in the h-a
plane for t-~ and for t=1.4, the regions en-
closed by the parabolas being forbidden regions
of complex y. Outside a parabola defined by t,
Z, and f the two roots y, andy, are real, but
when condition (13) is satisfied the area, bound-
ed by the curve and the lines a = 0 and h =h,„(of
the curve), contains two negative real roots and
is therefore also forbidden. In the remaining re-
gions of h-a parameter space at least one real
positive root x can be found for some zeal posi-
tive y.

In the present work the source of magnetic field
is not the usual Vn&& V'T term' ' but arises from
the modeling of a large heat flow by counter-
streaming collisionless hot electrons and colli-
sional cold electrons driven by an electric field.
If the electrons were to be modeled as a single
fluid, the magnetic field would originate through
the perturbed electron stress-tensor component
P„. It is therefore not unlike the Weibel' insta-
bility, which is, however, collisionless. An
adaptation of the Weibel instability to counter-
streaming of collisional hot and cold electrons'
leads to very long wavelengths and small growth
rates. In the present theory a hybrid model is
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FIQ. 2. Condition (19) is shown in h-& space for
t = ~, any Z, and for t = 1.4, Z = 1, with f = 0. Values
of y are shown as numbers on the h, and h+ curves
illustrating the region of negative (and hence forbid-
den) y.

employed.
The saturation of the instability could occur

through convection of the ablating plasma or when
the magnetic pressure equals the plasma pres-
sure. If the filamentary current structures are
frozen into the ablating plasma, then, with use of
suitable arguments for the ablation velocity and
scale length, any perturbation will grow by at
least e'—- 20. If instead the magnetic field grows
until its pressure equals the plasma pressure, a
density of 10 cm at temperature 10' 'K will
give 5.9 MG. Shell breakup might occur, and in the
maximum magnetic-field regions the Hall param-
eter co~ could be much larger than one, resulting

in a much reduced transverse thermal conduction.
The shell breakup or even density fluctuations
will have a deleterious effect on the attainment
of a symmetric high compression.

In the experimental work of Willi and Rumsby'
large magnetic fields have been indicated by Far-
aday rotation measurements associated with fine
filamentary structure in the ablating plasma.
Whilst the origin of these filaments could be due
to laser self-focusing, many of the filaments or
jets do not follow the laser-ray path and indeed
in plane targets can occur outside the focal-spot
area. This would suggest that the origin of the
filaments might also be due to heat flow, espe-
cially as variation of Z of the target leads to a
variation in wavelength similar to that of Eq. (18).
The spatial scale length of the laser hot spots is
about 50 pm in contrast to the scale length of the
jets which is up to 10 pm for high Z. Grek et al. '
reported the occurrence of filamentary struc-
tures or jets originating in the overdense plasma
at up to sixteen times the critical density. In
this region heat-flow-driven instabilities could
be the origin of the filamentary structure.
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