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Saturation Mechanisms for the Generated Magnetic Field
in Nonuniform Laser-Matter Irradiation
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Spontaneously generated magnetic fieldsB can be generated by nonuniform laser irradiation caus
sources such as=Te 3 =neynee. By considering convective losses and dissipation including
triggering of lower hybrid drift turbulence a universal diagram of saturatedB versus L', the
characteristic transverse scale length for the nonuniformity, is found. ForL' less than the ion
collisionless skin depthcyvpi the saturatedB scales asLa

' a # 1. At higher L' valuesB scales
as L21

' because convective losses dominate. For resistive plasmas (e.g., highZ, low temperature)B
will be limited to sm0kTeyehd sL'yLkd whereLk is ney=ne. [S0031-9007(96)01987-4]

PACS numbers: 52.40.Nk, 52.50.Jm
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An important feature of any departure from on
dimensional symmetry in laser-plasma interactions a
in inertial confinement in general is the possibility o
the spontaneous generation of magnetic fields. S
fields can be in the several megagauss range [1
and are even predicted to be in the 108 gauss range
with intense short pulse lasers [5–7]. Such magne
fields can strongly affect energy transport leading to h
spots [4], fast electrons, and fast ions [8], as well
effectively freezing in initial laser imprints which ca
seed the Rayleigh-Taylor instability, and even produc
a significant magnetic pressure.

The source is principally due to a localized supply
energetic electrons, thermal in origin for low intensi
long pulse lasers, and very suprathermal, indeed relati
tic, for short, intense laser pulses, to which must be ad
the electron quiver energy in the region of laser intera
tion. These energetic electrons will try to leave the hea
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region. In one-dimensional symmetry electrostatic forc
arising from the breakdown of exact electrostatic neutr
ity will return the electrons, such fields also causing
slower acceleration of the ions, leading to a quasineu
expansion or ablation.

In the absence of one-dimensional symmetry the el
trons will not return along the same path, and a net c
culating current will flow. The resulting magnetic fieldB
that grows will induce a back EMF to oppose this curre
flow. The fact that the electric field is no longer pure
the electrostatic2=F field alone but has in addition an
induced2≠Ay≠t term is useful in deriving the rate o
generation ofB. This is done by combining Faraday’
law

≠B
≠t

­ 2= 3 E (1)

with Ohm’s law
2E ­ n 3 B 2
J 3 B

nee
1

qe 3 B
5
2 pe

1
=pe

nee
1 b

=T
e

2 hJ 2
me

nee2

≠J
≠t

1
1

nee

= ? sTe 1 nemenene 1 kneme
Ùj Ùj ld 1 k Ùj 3 B̃l , (2)
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where inclusion of the term in the electron heat fl
qe allows the simplification [9] of the otherwise tens
resistivity and thermoelectric terms of Braginskii [1
used here in corrected form [11]. We include the elect
traceless stress tensorTe and the ponderomotive stre
associated with the quiver velocityÙj which arises from
the high frequency Lorentz force associated with the la
fields Ẽ andB̃,

mej̈ ­ 2esẼ 1 Ùj 3 B̃d . (3)
The time averagek l of the last term leads to th
conventional radiation pressure given in the last term
Eq. (2).

By inserting the curl of Eq. (2) into Eq. (1) we ca
identify all the sources of magnetic field, the convect
loss terms, and the dissipative loss terms. This was un
n

r

n

r-

taken in an earlier review paper [12]. The new feature
presented here are (i) identifying and classifying into var
ous regimes the dominant terms in Eq. (2) that can gro
and lead to the saturation of the magnetic field amplitud
and (ii) including the possibility of the triggering of lower
hybrid drift turbulence at high current density, which will
be an additional saturation mechanism for the magne
field. It will be found that microturbulence can be domi
nant for transverse scale lengths less than the ion co
sionless skin depth.

The source term of greatest interest arises from the=pe

term in Eq. (2). On taking the curl of just this term and
inserting into Eq. (1) we obtain the well known result

≠B
≠t

­
=Te 3 =ne

nee
, (4)
© 1997 The American Physical Society



VOLUME 78, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 13 JANUARY 1997

n
e
d
a

e

e
r
i
l
n
s
a

i
-
n
a
c
n

-

n
s

th

n

l
ti
r

e

e

if
om

n
e
-

al
d

ic

t

e
,
es

he

n
s
t

,

e
n

which demonstrates that if the electron temperature a
density gradients are not parallel, a spontaneous gen
tion of magnetic field occurs. Usually experiments an
modeling are conducted with azimuthal symmetry with
focused laser beam propagating in theẑ direction with
maximum intensity on the axis (atr ­ 0) and interacting
with a planar solid surface normal to the axis [1–4]. Th
dominant component of=ne is ≠ney≠zẑ the magnitude
of which we denote byneyLk, and the magnitude of the
relevant transverse component of=Te, i.e., ≠Tey≠r r̂ we
denote byTeyL'. If the ionic Z charge varies spatially
then a genuine thermoelectric emf can arise with≠By≠t
equal to=b 3 =Teye. Reference [9] givesbsZ, Veted
such thatb varies from 0.703sZ ­ 1d to 1.5sZ ­ `d for
Vetei ­ 0.

Other source terms particularly important at high las
intensity are the radiation pressure term and the ponde
motive force, if they are nonuniform in the transverse d
rection [6,13–15]. It is difficult in an experiment or a ful
numerical simulation to distinguish the magnetic field ge
erated by these source terms and by the electron pres
or stress tensor terms which soon grow to be equal in m
nitude [5,7].

Magnetic fields have also been predicted to occur
spatially uniform laser irradiation either through reso
nance absorption at oblique incidence [16] or through i
stabilities. The instabilities are caused by nonlinear he
flow and the associated anisotropy in the distribution fun
tion; this then essentially drives off-diagonal terms i
the electron stress tensor either through the collisionle
Weibel instability [17–19], the collisional Weibel insta
bility [20,21], or the thermal instability [22], depending on
the collisionality. For the last case this occurs in regio
of heat flow where the mean free path of the electron
lmfp , is less than the electron collisionless skin dep
cyvpe. (A thermomagnetic instability theory [23] derived
without proceeding to the stress tensor is incomplete a
is subsumed in Refs. [20] and [21].)

In what follows we will take the=peynee term in
Eq. (2) as the archetypal source term, it being relative
easy to replace the electron pressure by the laser radia
pressure or ponderomotive stress as appropriate fo
particular situation.

The resistive termhJ is the main dissipative term, and
we can identify regime 1 in which the saturation of th
magnetic field occurs when this term balances=peynee.
For classical resistivity and employing Ampère’s law

= 3 B ­ m0J (5)
we arrive at the result [24]

B ­
m0kTe

eh

L'

Lk

. (6)

The value of the Hall parameterVetei to which this
corresponds is

Vetei >
l

2
mfp

scyvped2

L'

Lk

, ~
T 4

e

nez2

L'

Lk

, (7)

wherelmfp is the electron mean-free-path.
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However, classical resistivity is valid only for low cur-
rent densities. If through some triggered microturbulenc
the electron drift velocity is limited to, say, the ion sound
speedcs ­ sZkTeymid1y2, a very different result pertains;
insertingjJj ­ neecs into Eq. (5) yields

B ­ m0nee

µ
ZkTe

mi

∂1y2

L' . (8)

We label this as regime 2.
A more specific result for this regime can be obtained

we assume that the most probable turbulence arises fr
the lower hybrid drift instability since the current density
and magnetic field are mutually orthogonal. At first, whe
there is no magnetic field, the ion-acoustic or even th
two-stream instability might be triggered, but as the mag
netic field grows, it is almost certain that the lower hybrid
mode will dominate. The linear growth rate for this in-
stability has been studied by various authors with a loc
approximation for electrostatic modes with unmagnetize
ions [25,26], and later the inclusion of electromagnet
modes, finiteb, and=B electron drifts [27,28]. More re-
cent work includes magnetized ions and=B ion drift [29].
Comparison with a nonlocal simulation [30] shows tha
the fastest mode has a growth rate of0.5sVeVid1y2 at an
optimum wave number ofsVeVid1y2yni whereni is the
ion thermal speeds2kTiymid1y2 in the regimevpe . Ve.
In the regimevpe , Ve we expect the growth rate to be
characterized by the ion plasma frequencyvpi and the
optimum wave number by the reciprocal of the Deby
length. In applying the results of lower hybrid turbulence
care must be taken to ensure that the characteristic tim
and wavelengths of the instability are much less than t
laser pulse length and inhomogeneity length scale.

Saturation of the instability has been followed in a
electromagnetic implicit particle code [30]; at early time
s1000v21

pe d the anomalous resistivity is three times tha
at late timess3000v21

pe d. Taking the latter value in the
regime vpe . Ve, the numerical simulation gives an
effective collision frequency for lower hybrid turbulence
nLH,

nLH ­
0.02
bi

sVeVid1y2

µ
nd

ni

∂2

, (9)

where bi ­ 2m0nimin
2
i yB2 and nd ­ Jynee. If we

employ this in an anomalous resistivityhLH and bal-
ance hLHJ against=peynee in Eq. (2) and again use
Eq. (5), we find that Eq. (8) has to be modified toB ~

L
1y3
' sL'yLkd1y6. [(If we are in the regimevpe , Ve and

if it is appropriate to replacesVeVid1y2 in Eq. (9) byvpi

we find thatB ~ L
2y5
' sL'yLkd1y5.)]

There is another model of lower hybrid drift wave
saturation based on nonlinear mode coupling [31]. Th
result of this purely electrostatic model is to give a
effective collision frequencynLH given by

nLH ­ 2.4sVeVid1y2

µ
nd

ni

∂2

(10)
255
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which, when balancing the anomaloushLHJ with =pey
nee, leads to the saturatedB ~ L

1y2
' sL'yLkd1y4 in the

vpe . Ve regime. [In thevpe , Ve regime, replacing

sVeVid1y2 by vpi leads toB ~ L
2y3
' sL'yLkd1y3.]

There are three convective terms in Eq. (2) that can
as a loss to balance the source term. The first of thes
the n 3 B term. To estimate the ablation velocityn we
note from the fluid equation of motion

r

∑
≠n

≠t
1 sn ? =dn

∏
­ 2=p (11)

that the flow in the vicinity of the critical surface wil
be sonic with respect tocs, i.e., n ­ cs. On balancing
= 3 sn 3 Bd with the =Te 3 =neynee source we arrive
at the result [8,32] for regime 3,

B ­
1

L'

µ
mikTe

Ze2

∂1y2

. (12)

The B ~ L21
' variation clearly indicates that this is th

saturation mechanism for largeL'. If the ablation velocity
is reduced by a factor ofa , 1 due, for example, to the ga
fill in a hohlraum the magnetic field is increased bya21.

At this point we can combine the scaling laws found
Eqs. (8) and (12), whereB is proportional toL' and to
1yL', respectively. The intersection of these two scal
laws occurs atL' ­ cyvpi, the ion collisionless skin
depth; at this point the magnetic fieldB is sm0nekTed1y2,
i.e., the magnetic and electron pressures are almost e
and the Hall parameterVetei at this point is

Vetei ­
lmfp

cyvpe
. (13)

Figure 1 illustrates these two scaling laws. We can a
include the saturatedB for classical resistive diffusion
given by Eq. (6); forL' ­ Lk, B is independent ofL'

and depends only on temperature and ionic charge num
Z. Three lines are shown, corresponding to (a) h
temperature, lowZ or more preciselyVetei . 1, (b) the
triple point whereVetei ­ 1, and (c) low temperature
low Z, i.e.,Vetei , 1. In case (c) the saturated magne
field is determined by the lower envelope of the thr
equations (8), (6), and (12) covering regimes 2, 1, a
3, respectively. In case (c) atL' ­ cyvpi we have
lmfp , cyvpe, which is the necessary condition for th
triggering of a thermal instability [22].

Strictly we should replace Eq. (8) for regime 2 by a
equation employing the anomalous collision frequen
nLH given by Eqs. (9) and (10). The intersection of t
B ~ L

1y3
' curve of Eq. (9) with theL21

' curve of Eq. (12)
occurs at

L' ­
c

vpi

µ
Lk

L'

∂1y8µZme

mi

∂1y16µZTe

Ti

∂1y4µ0.01
4

∂1y8

,

(14)

which for Lk ­ L', Zmeymi­1y3672, and (a)Te­10Ti ;
and Z­10 gives L'­0.90cyvpi and for (b)Te­Ti and
Z ­ 1 gives L' ­ 0.28cyvpi. Similarly for the formula
256
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FIG. 1. Universal diagram of the saturated magnetic fieldB
versus transverse lengthL' (in dimensionless units).

of Eq. (10) theB ~ L
1y2
' curve intersects Eq. (12) at

L' ­
c

vpi

µ
Lk

L'

∂1y6µZme

mi

∂1y12µZTe

Ti

∂1y6

1.21y6. (15)

Again for Lk ­ L', Zmeymi ­ 1y3672 and (a) Te ­
10Ti and Z ­ 10 gives L' ­ 1.09cyvpi and for (b)
Te ­ Ti and Z ­ 1 gives L' ­ 0.50cyvpi . We con-
clude that the intersection points are approximat
coincident, especially forTe ¿ Ti and high Z. The
curves corresponding to Eqs. (9) and (10) forvpe . Ve

are included in Fig. 1 for case (a) above.
The second convection term is the Hall effect. Since

current densityJ obeys= ? J ­ 0 and theJ streamlines
are closed in the poloidal plane, the magnetic field
essentially rotated around by this term. Its inclusion
simulations [33] can modify the field distribution, but sinc
Jynee should be limited by microturbulence to values
ordercs it is not likely to lead to a new scaling regime.

The third convection term,qe 3 Bys 5
2 ped, is more

accurately written [9] asb^qe 3 byek', whereb is the
unit vector in the magnetic field direction. If the he
flux qe is dominated by the term2k' =T , the ratio
of this convective term to=peynee is the dimensionless
quantityb^sLkyL'd. b^ is a function ofVetei and has
a maximum value of 0.285 atVetei of 0.89 for Z ­ 1,
and of 0.491 atVetei of 0.23 forZ ­ ` [11]. The Nernst
term is therefore significant but requires a value ofLkyL'

of 2 to 4 (for Z ­ ` to 1) in order to balance the sourc
term. Since for inertial confinement the heat flux inwar
towards the ablation surface must exceed the outw
advected enthalpy flow5

2 pen > 5
2 pecs it is clear that in

general the heat flow is nonlinear and can convect
magnetic field both inwards towards the ablation surface
well as outwards in the corona outside the critical surfa
so long as there are sufficient collisions for the theory
hold. Indeed the inward convection can theoretically le
to considerable amplification of the magnetic field [34,3
a phenomenon confirmed in nonlinear heat flow us
Fokker-Planck calculations [36,37]. However, because
expected heat flux while exceeding5

2 pecs will scale in a
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similar way the scaling of the saturation value ofB must
be similar to Eq. (8), i.e., regime 2.

The terms involving electron inertia in Eq. (2) allo
penetration ofB to an electron collisionless skin dep
cyvpe, this being manifested as a radially propagating s
face layer in a PIC simulation [38], and in a reversed m
netic field in the overdense region in an analytic relativis
case [6]. The apparent discrepancy between Refs. [5]
[6] might be attributed to a kinetic broadening over a tim
t of the region carrying the “return” current; the anom
lous skin effect formula [39,40]sc2nTeptyv2

ped1y3 fits the
simulation [5] well. Heresptd21 has replaced the em fre
quencyv of Ref. [40]. These fast electrons can be en
gized by resonant absorption [41] or by “vacuum” heati
proposed by Brunel [42] due top-polarized light [7].

In summary, we have shown (see Fig. 1) that
spontaneously generated magnetic field can be lim
by lower hybrid turbulence for transverse inhomogene
scale-lengths less thancyvpi, scaling asLa

' where a

is 1
3 to 1 (regime 2) depending on the model used;

L' . cyvpi the magnetic field is determined by co
vection (regime 3), scaling asL21

' . At the intersection
of these regimes the magnetic pressure can equal
plasma pressure, and at this pointVete ­ lmfpyscyvped
provided thatVete . 1. For a colder or highZ plasma,
dissipation can dominate, leading to regime 1 in which
magnetic field is limited tosm0kTeyehd sL'yLkd. We
have limited our consideration to the generalized Ohm
law and have not explored the coupling to the elect
energy equation or indeed carried out full simulations o
the range of physics considered in this Letter, which wo
be very interesting. Thus the estimate ofL' for a given
inhomogeneity in laser irradiation, and the subsequ
importance or otherwise of magnetic fields in laser fus
targets requires further study. But this model gives,
example, in regime 3 fields of several magagauss forL'

of 2cyvpisø 20 laser wavelengths at critical density) fo
Te ­ 1 keV which will perturb pressure and transport.
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the Lawrence Livermore National Laboratory and in p
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