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Model for the generation of toroidal and poloidal magnetic fields in a laser-produced plasma
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A mechanism of simultaneous generation of toroidal and poloidal magnetic fields in an underdense region of
a laser-produced plasma is discussed. The mechanism relies on the fact that at least a part of the incident
transverse mode of the laser field undergoes a linear conversion into a longitudinal mode in the thermal plasma.
It involves the conversion of ordered kinetic motion of the charged particles in the presence of the field into the
energy of the induced magnetic fields both in poloidal and toroidal directions. The analysis is based on
obtaining perturbative solutions of the two-fluid model of a hot nondissipative plasma. Our numerical results
show that both the toroidal and poloidal fields increase with the laser intensity, and that the former dominates
over the latter. Further, the toroidal fields decrease with increasing pulse lengths and increase rather slowly
with an increase in laser wavelengths. However, the poloidal fields seem to be insensitive to the laser pulse
lengths but they increase exponentially with the laser wavelengths. Finally, toroidal fields have a tendency to
decrease as the critical surface is approached. The poloidal fields show a contrary behavior.
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I. INTRODUCTION

The generation of spontaneous magnetic fields in a la
produced plasma is under continuous research becaus
their importance in pellet design in inertial confinement
sion ~ICF!. Various mechanisms have been proposed for
generation of large and small scale toroidal magnetic fie
in laser produced plasmas@1–13#. Sources of large scal
toroidal magnetic fields are the thermoelectric processes@1#,
the radiation processes@2,3#, the rippled surface irregularitie
@4#, the nonuniformities in laser intensity, and hot electr
ejection from the focal spot@5,6# on one hand whereas, o
the other hand, filamentation@7,8#, resonance absorptio
@9–11#, and the Weibel instability@12,13# are the sources o
small scale toroidal magnetic fields. In fact, the sources
large or small scale poloidal magnetic fields are not prope
understood yet. But, poloidal magnetic fields in t
megagauss range are produced through the dynamo e
@14#, ion-acoustic turbulence@15,16#, and the induced mag
netization arising out of the nonlinear optical response
plasmas@17–21#. Moreover, the gigagauss range poloid
magnetic field is produced through the ponderomotive fo
@22#. The various theoretical and experimental processe
the generation of toroidal and poloidal magnetic fields
laser-produced plasmas have been reviewed@23#. The effects
of those fields on energy transport in ICF research have
been studied by many authors@24–29#. So far, from the
available literature it appears that the generation of eit
toroidal or poloidal magnetic fields has been reported se
rately with supporting mechanisms. Recently@30#, a model
for the simultaneous generation of toroidal and poloi
magnetic fields by the interaction of an intense laser beam
an electron plasma has been discussed. In a realistic s
tion, the ion motion cannot be ignored. The present pa
treats ion motion and its consequence effects. For a be
understanding of the physics of magnetic-field generation
laser plasmas, various results are elucidated here graphic
1063-651X/2000/63~1!/016404~11!/$15.00 63 0164
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It is shown that ion motion contributes substantially to t
toroidal fields whereas the poloidal fields due to ions
nearly of the same order in magnitude and behave in
opposite direction to that of electrons.

The paper is organized as follows. In Sec. II the ba
formulation of the problem is presented. In the same sec
the expressions for the nonlinear velocities of electrons
ions are derived, and also the components of nonlinear
gular momentum~required for estimating the magnitude o
toroidal and poloidal magnetic fields! are evaluated. In Sec
III the numerical results are explained graphically. Finally,
Sec. IV, some concluding remarks and a brief discussion
added to point out the importance of the simultaneous g
eration of poloidal and toroidal fields in implosion physi
and also on spheromak. Some important derivations and
reason for exclusion of Landau damping effect are presen
in Appendixes A and B, respectively.

II. FORMULATION OF THE PROBLEM

A. Basic assumptions and the relevant equations

The plasma is assumed to be a hot two-component fl
Thermal velocities of electrons (v the) and ions (v thi) are im-
portant in our analysis. For simplicity, the electron tempe
ture Te is taken to be equal to ion temperatureTi ~i.e., Te
5Ti5T! and it is assumed that there is no temperature g
dient (¹T50). Hence, the magnetic fields due to therm
electric effect@1# are ignored. We treat the plasma as no
dissipative by assuming that (n/v)!1 wheren andv are the
collision and laser frequencies, respectively. Also assum
that the width of a resonance layerDx@.(n/v)L, whereL is
the density scale length# is small compared with the lase
wavelength (l ls). So, the phenomena occuring at the res
nance layer can be neglected@31#. Moreover, the inhomoge
neity due to Landau damping has also been ignored bec
it is assumed that the electromagnetic wave number (k') is
much greater than the electrostatic wave number (ki) @31#.
©2000 The American Physical Society04-1
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Further assuming that the thermal velocities of electr
(v the) and ions (v thi) are small compared with the phas
velocity (vw) of the radiation field, and also that the Deb
length (lD) is much less than the density scale length~L! of
the plasma then the effect of plasma inhomogeneity may
neglected@32#. The very long density scale length (L@l ls
@lD) and uniform temperature (¹T50) of the plasma in-
dicate that the most beam energy are absorbed in the un
dense plasma. The intensities of the incident waves are
sumed to lie below the threshold value for the generation
inhomogeneities which gives rise to the self-action effe
such as self-focussing, self-trapping, and self-phase mod
tion @33#. The intrinsic nonlinear instabilities due to SR
~stimulated Raman scattering! and SBS~stimulated Brillouin
scattering! are also being neglected@32,33#. In the present
formulation, we consider only Kerr-type nonlinearity@34,35#
and hence a simple perturbation scheme@36# is used for all
calculations.

To describe the interaction of laser fields with hot plasm
we consider the macroscopic behavior of the two-compon
plasma consisting of electrons and ions. So, the equation
continuity and momentum together with the usual Maxwe
equations can be written as

Ṅe1“•~Neṙe!50, ~1!

Ṅi1“•~Ni ṙ i !50, ~2!

r̈e1~ ṙe•“ ! ṙe1
e

me
E1

e

mec
~ ṙe3H!1

“Pe

meNe
50, ~3!

r̈ i1~ ṙ i•“ ! ṙ i2
e

mi
E2

e

mic
~ ṙ i3H!1

¹Pi

miNi
50, ~4!

“3E52S Ḣ

c D , ~5!

“3H5S Ė

c
D 1

4pe

c
~Ni ṙ i2Neṙe!, ~6!

“•E54pe~Ni2Ne!, ~7!

“•H50, ~8!

where E, H, Ne , Ni , ṙe , ṙ i , me , and mi are the electric
field, the magnetic field, the electron density, the ion dens
the electron velocity, the ion velocity, the electron mass,
ion mass, respectively and all other symbols have their u
meanings.

In order to complete the above set of equations, one ne
to specify the equation of state for ions and electrons.
isothermal processes, the equations of state for electrons
ions are

Pe5NekBTe , ~9!

Pi5NikBTi , ~10!
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where Pe , Pi , and kB are the electron pressure, the io
pressure, and the Boltzmann constant, respectively.

The above set of equations~1!–~10! are to be solved by
the successive approximation scheme@36#. In this scheme,
any variableF is to be written as

F5F01«F11«2F21«3F31¯ , ~11!

where F0 represents the value in the unperturbed state
zero-order solution ofF, F1 the first order or the usual linea
solution, while Fn is the nth-order approximation~for n
51,2,3,...!. In principle the parameter« is a mathematical
artifice @36,37# that allows us to compare the degree of a
proximation in a convenient way. In our case, however,e has
a natural physical meaning of being the ratio of the electr
quiver speed (vosc) to the speed of light~c!. Nonlinearly
excited third-order fields are to be solved in a closed form
which the first harmonic solutions are to be considered fr
their higher-order fields@37,38#.

B. First-order fields and solutions

Let us assume that the linearized electric field in a
plasma has the form@30#

E15~Mcv/2e!@ x̂a ieiu i1~ ŷa'2 i ẑb'!eiu'#1c.c.,
~12!

wherea'(5ea' /Mcv), b'(5eb' /Mcv) are the dimen-
sionless amplitudes of the transverse electric fielda i

(5aie/Mcv) is that of longitudinal field,u'5k'x2vt and
u i5kix2vt are two phases,k' andki are the transverse an
the longitudinal wave numbers, respectively,v is the fre-
quency of the wave,M @5memi /(me1mi)# is the mean
mass,x̂, ŷ, and ẑ are the unit vectors along the three mut
ally perpendicular directions and c.c. represents the com
conjugate. In Eq.~12!, the last two terms in the third bracke
arise directly from the laser fields while the first compone
arises from the converted mode@31#. The justifications for
using the form of the linearized electric field of Eq.~12! are
explained in Sec. IV and also in Appendix B.

Using Eq.~12! in the set of linearized equations~1!–~10!,
we have the linearized velocities of electrons and ions a

ṙe15 i ~Mec/2!@De1x̂a ieiu i1De2~ ŷa'2 i ẑb'!eiu'#1c.c.
~13!

and

ṙ i15 i ~Mic/2!@Di1x̂a ieiu i1Di2~ ŷa'2 i ẑb'!eiu'#1c.c.,
~14!

where

De1512Vi
2Geni/2Mi , De25~n'

2 21!/X, Me5M /me ,

and

Di1512Ve
2Gini/2Me , Di25De2 , Mi5M /mi .

The linearized densities of electrons and ions are
4-2
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Ne15 i ~N0/2!@Gea ieiu i2c.c.#, ~15!

Ni15 i ~N0/2!@Gia ieiu i2c.c.#, ~16!

where

Ge5@2~X21!1Ve
2ni

2#/@ni~Vi
22Ve

2!#,

and

Gi5@2~X21!1Vi
2ni

2#/@ni~Vi
22Ve

2!#.

Also the linearized magnetic field is

H15~Mcv/2e!@~ i ŷb'1 ẑa'!n'eiu'#1c.c. ~17!

C. Preliminary analysis

Using Eq. ~12! in the linearized equations~1!–~10!, we
have the linearized dispersion relation for transverse wa
as

n'
2 213Xp50, ~18!

where

n'5k'c/v, Xp5Xi1Xe , Xe5vpe
2 /v2, Xi5vpi

2 /v2,

vpe
2 54pN0e2/me , vpi

2 54pN0e2/mi ,

and that for longitudinal waves as

@~Vi
2ni

2/2!21#@~Ve
2ni

2/2!21#1Xi@~Ve
2ni

2/2!21#

1Xe@~Vi
2ni

2/2!21#50, ~19!

where ni5kic/v, Ve
25v the

2 /c2, Vi
25v thi

2 /c2,
v the

2 52kT0 /me , v thi
2 52T0 /mi .

The above two linear dispersion relations~18! and ~19!
are not coupled. So, the exchange of energy between tr
verse and longitudinal waves at the time of their propaga
in the plasma is not possible in the linear case. It is also c
that the dispersion relations for both the waves are indep
dent of their wave amplitudes. Moreover, the linearized d
persion relation~18! for the transverse component is fre
from thermal velocities of charged particles whereas the l
gitudinal dispersion relation~19! depends on thermal veloc
ties of those particles.

D. Second-order fields and solutions

Using Eqs.~12!–~16! in the second-order field equation
~1!–~10!, the nonlinear excited second-order electric fieldE2
is obtained as

E25 i ~Mcv/2e!$x̂@j ia i
2e2iu i1j'~a'

2 2b'
2 !e2iu i#

1j~ ŷa'2 i ẑb'!a iei ~u'
1u i !%1c.c., ~20!

where

j i522~P1i /Q1i!, j'522~P1' /Q1'!, j52~P1 /Q1!
01640
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and also

P1i5XG1@~Vi
2ni

2/2!21#@~Ve
2ni

2/2!21#

1~X/4!@~Ve
2ni

2/2!21#t i i1~X/4!@~Vi
2ni

2/2!21#tei ,

Q1i54@~Vi
2ni

2/2!21#@~Ve
2ni

2/2!21#1Xi@~Ve
2ni

2/2!21#

1Xe@~Vi
2ni

2/2!21#,

P1'52~X/4!@~Ve
2n'

2 !21#t i'1~X/4!@~Vi
2n'

2 /2!21#te' ,

Q1'54@~Vi
2n'

2 /2!21#@~Ve
2n'

2 /2!21#1Xi@~Ve
2n'

2 /2!21#

1Xe@~Vi
2n'

2 /2!21#,

P15XG, Q15~ni1n'!2241Xe1Xi ,

G15 1
2 ~MiGeDe1MeGiDi !, G5 1

2 ~MiGe1MeGi !,

tei5seni1GiDiVe
2Meni

2, te'5Me
2n' ,

t i i5s ini1GeDeVi
2Mini

2, t i'5Mi
2n' ,

se5Me
2Di

22Ve
2Gi

2/2, s i5Mi
2De

22Vi
2Ge

2/2.

The expression of the second-order magnetic fieldH2 is

H252~Mcv/2e!@~ ŷb'2 i ẑa'!ja iei ~u'1u i !#1c.c.
~21!

Also the velocities of electrons (ṙe2) and of ions (ṙ i2) are the
forms

ṙe25~c/2!$x̂@h ia i
2e2iu i1h'~a'

2 2b'
2 !e2iu'#

1h~ ŷa'2 i ẑb'!a iei ~u'1u1!%1c.c., ~22!

ṙ i25~c/2!$x̂@z ia i
2e2iu i1z'~a'

2 2b'
2 !e2iu'#

1z~ ŷa'2 i ẑb'!a iei ~u'1u i !%1c.c., ~23!

where

h i5
1
4 ~Pei /Q1i!, h'5 1

4 ~Pe' /Q1'!, h5 1
4 ~Pe /Q1!,

and

z i5
1
4 ~Pi i /Q1i!, z'5 1

4 ~Pi' /Q1'!, z5 1
4 ~Pi /Q1!,

and also

Pe524XeG, Pi524XiG,

Pei52$4@~Vi
2n'

2 /2!21#1Xi%tei

1Xet i i14Xe@~Vi
2ni

2/2!21#G1 ,

Pe'52$4@~Vi
2n'

2 /2!21#1Xi%te'1Xet i' ,

Pi i52$4@~Ve
2n'

2 /2!21#1Xe%t i i

1Xitei14Xi@~Ve
2ni

2/2!21#G1 ,
4-3
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Pi'52$4@~Ve
2n'

2 /2!21#1Xe%t i'1Xite' ,

The excited electron and ion densities are

Ne25~N0/2!@Seia i
2e2iu i1Se'~a'

2 2b'
2 !e2iu'#1c.c.,

~24!

Ni25~N0/2!@Si ia i
2e2iu i1Si'~a'

2 2b'
2 !e2iu'#1c.c.,

~25!

where

Sei5~h i2MeGiDi /2!ni , Se'5h'n' ,

and

Si i5~2z i1MiGeDe/2!ni , Si'52z'n' .

It is evident that the linearized solutions~given in Sec.
II B ! contain first-order harmonic terms. But the secon
order solutions~derived in this section! contribute only
second-order harmonic terms. Hence, in the absence o
first-order harmonic terms the nonlinearly excited seco
order fields do not contribute a dc magnetic field. Moreov
in our calculations, plasma inhomogeneity, field fluctuatio
and collisional effects have been ignored. Thus, the seco
order solenoidal wave field does not generate a magn
field. Hence, the nonlinearly excited third-order field va
ables are to be explored for possible magnetic-field gen
tion by our mechanism.

E. Equations for third-order fields and their solutions

From Eqs.~1!–~10!, we deduce the following three bas
partial-differential equations of third order:

~c2¹22c2grad div2Dt
2!E324peN0Dt

2r i314peN0Dt
2re3

5TNEE, ~26!

~e/me!DtE31Dt@Dt
22~v the

2 /2!grad div#re35TNLE,
~27!

and

2~e/mi !DtE31Dt@Dt
22~n thi

2 /2!grad div#r i35TNLI,
~28!

where TNEE, TNLE, and TNLI are the nonlinear third-orde
terms. They have the following forms:

TNEE54peDt@~Ni1ṙ i22Ne1ṙe2!1~Ni2ṙ i12Ne2ṙe1!#,

TNLE52Dt@~ ṙe1•¹! ṙe21~ ṙe2•¹! ṙe1

1~e/Mec!~ ġe13H2!1~e/Mec!~ ṙe23H1!#

1@~v the
2 /2N0!grad div~Ne1ṙe21Ne2ṙe1!#

1Dt~v the
2 /2N0

2!@2~Ne1
2 /N0!grad divNe1

1Ne2 grad divNe11Ne1 grad divNe2#,
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TNLI52Dt@~ ṙ i1•¹! ṙ i21~ ṙ i2•¹! ṙ i12~e/Mic!~ ṙ i13H2!

2~e/Mic!~ ṙ i23H1!#1@~v thi
2 /2N0!grad div~Ni1ṙ i2

1Ni2ṙ i1!#1Dt~v thi
2 /2N0

2!@2~Ni1
2 /N0!grad divNi1

1Ni2 grad divNi11Ni1 grad divNi2#.

The terms in the square bracket ofTNEE are due to plasma
current for the electron and ion. The first two terms in t
first square bracket ofTNLE comes from the substantial de
rivative of the electron momentum; the last two terms in t
same bracket represent the Lorentz force for electron.
terms in the second square bracket ofTNLE are due to the
substantial derivative of the electron continuity equation.
other terms in the last square bracket ofTNLE are due to the
pressure gradient of electrons. In a similar way, all the n
linear terms ofTNLI contained in the square brackets can
explained due to ion motion in a plasma continuum.

Solving Eqs.~26!, ~27!, and ~28! by Cramer’s rule and
retaining only first-order harmonic terms, we have the f
lowing expressions for the nonlinear velocity of the electr
( ṙe3):

ṙe35 i ~c/2!$x̂@R11a i
3eiu i1R12~a'

2 2b'
2 !a iei ~2u'2u i !

1R13~a'
2 1b'

2 !a ieiu i#1 ŷ@R21a i
2a'ei ~2u i2u'!

1R22~a'
2 2b'

2 !a'eiu'1R23a i
2a'eiu'#

2 i ẑ@R31a i
2b'ei ~2u i2u'!1R32~a'

2 2b'
2 !b'eiu'

1R33a i
2b'eiu'#%1c.c. ~29!

and that of the ion (ṙ i3)

ṙ i35 i ~c/2!$x̂@T11a i
3eiu i1T12~a'

2 2b'
2 !a iei ~2u'2u i !

1T13~a'
2 1b'

2 !a ieiu i#1 ŷ@T21a i
2a'ei ~2u i2u'!

1T22~a'
2 2b'

2 !a'eiu'1T23a i
2a'eiu'#

2 i ẑ@T31a i
2b'ei ~2u i2u'!1T32~a'

2 2b'
2 !b'eiu'

1T33a i
2b'eiu'#%1c.c., ~30!

where values of allR’s andT’s are written in Appendix A.
Henceforth, the subscript 3 will be dropped from all th
third-order nonlinear terms. It is a fact that the nondissipat
plasma approximation demands the real values of wave n
ber ~k! and frequency~v! of the radiation fields which en
trusts to avoid field fluctuations and collisional effects in o
calculations.

F. Nonlinear angular momentum and magnetization

The total nonlinear magnetic moments for electrons a
ions turn out as

m5me1mi , ~31!

whereme andmi are the nonlinear electronic and ionic ma
netic moments, respectively, and can be expressed as
4-4
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me5~re3 je!/2c and mi5~r i3 j i !/2c, ~32!

whereje and j i are the nonlinear current vectors due to ele
trons and ions, respectively. The expressions ofje and j i are
given by

je52eṙe and j i5eṙ i . ~33!

The nonlinear electron and ion velocitiesṙe and ṙ i are
given in Eqs.~29! and~30!, respectively, and their displace
mentsre andr i are defined in Eqs.~A1! and~A2!. The non-
linear angular momentum for two-component plasmas
given by

L5~2c/e!~mi2me!. ~34!

So, the nonlinear induced magnetization in laser plasm
averaged over the fast laser frequency time scale~i.e., 2p/v!
can be expressed as

^M &5~4peN0 /c!~^m i&2^me&!5^Mi&1^Me&, ~35!

where^Me& and ^Mi& are the averaged induced magnetiz
tion for electrons and ions, respectively.

The total averaged induced poloidal magnetic fields
electrons and ions in thex direction~i.e., the direction of the
wave propagation or, in other words, the direction of t
laser beam! can be expressed as

M p5~^Mex&1^Mix&!. ~36!

The resultant of bothy andz components of induced mag
netization for electrons and ions turns out to be the to
toroidal magnetic fields. It will be in a plane perpendicular
the direction of laser beams. The resultant toroidal magn
field can be expressed as

Mt5@~^Miy&!21~^Miz&!21~^Mey&!21~^Mez&!2#.
~37!

III. GRAPHICAL ILLUSTRATION ON
NUMERICAL RESULTS

The numerical estimations of both the toroidal and pol
dal magnetic fields have been made for the Nd-glass l
with wavelengths inmm, pulse lengths in ns, and intensitie
in W/cm2. The thermal power flux is 5(111/Z)(NkBT)
3(DR/t) W/cm2, whereZ, kBT, t, N, andR are the effec-
tive ionic charge number, the plasma temperature in eV,
laser pulse lengths in ns, the density in cm23, and the spot
radiusR in mm, respectively. The region of our interest h
been assumed to be composed of slabs, and the lengthDR of
each slab is so chosen such that the temperature in that
is fairly constant and the mean value of the density can
sonably be taken. The induced magnetic fields have b
calculated on the basis of those values of temperature
density. Numerical results show that the induced toroi
magnetic field is not maximum at the critical density but w
below it as in Fig. 1~a!. These results are consistent with t
experimental results@5# and numerically computed resul
@39#. But, Fig. 1~b! tells us that the position of the peak valu
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of the poloidal fields is near the critical density, which is y
to be verified either by experiment or by simulation. T
magnitudes of toroidal and poloidal fields are different
different plasma expansion regions. So, their Larmor rad
effects on the rate of energy deposition in conduction regi
would be different and hence, the effect of energy transp
from a critical surface to an ablation surface is not unifor
More studies are needed of energy transport for such fie
Figure 2~a! shows that the toroidal field decreases with
creasing pulse length but the poloidal field has no chang
shown in Fig. 2~b!. Figures 3~a! and 3~b! show that magnetic
fields will increase with increasing laser intensities. The
results agree with earlier results@1,2,4,5,11,14,16,17,19#.
Figure 4~a! points out that toroidal fields increase ve
slowly with an increase in the wavelength, but poloidal fiel
increase exponentially as shown in Fig. 4~b!. A rough sketch
in Fig. 5 shows the region of the underdense plasma wh
our model for the generation of magnetic fields may be va

FIG. 1. ~a! Variation of the logarithmic values of the toroida
magnetic fields in gauss (log10 Mt) with the density ratio (N/Nc) at
t55 ns,l51.06mm, I 51015 W/cm2. ~b! Variation of the logarith-
mic values of the poloidal magnetic fields in gauss (log10 M p) with
the density ratio (N/Nc) at t55 ns, l51.06mm, I 51015 W/cm2.
4-5
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It is better to point out here that out of 80-mm density scale
length the thickness of the resonance layer is of the orde
1 mm and the length of influence of Landau damping
approximately 24mm. Hence, the typical length of the regio
of interest for field generation is about 55mm only. In fact,
one can modify our results by incorporating the effects
resonance layer and Landau damping.

IV. CONCLUDING REMARKS

We have proposed here a mechanism of the simultane
generation of poloidal and toroidal magnetic fields in a o
temperature~i.e., Te5Ti5T!, two-component, and nondiss
pative plasma. This mechanism originates from the trans
mation of kinetic energies of the ordered motion of charg
particles, in the presence of the wave, into the energy of
induced magnetic fields both in poloidal and in toroidal
rections. Such toroidal and poloidal fields are dc over the
laser time scale~i.e., 2p/v!. But for measuring such fields in
a laboratory, the field should be dc for longer time sca
viz., laser pulse length~5 ns, say! or the hydrodynamic time
scale~5L/n thi , whereL is the characteristic length andn thi
is the ion acoustic velocity!. Even for such a longer time

FIG. 2. ~a! The variation of the logarithmic values of the toro
dal magnetic fields in gauss (log10 Mt) with the pulse length~t! in
ns at (N/Nc)50.3, l51.06mm, I 51015 W/cm2. ~b! Variation of
the logarithmic values of the poloidal magnetic fields in gau
(log10 M p) with the pulse length~t! in ns at (N/Nc)50.3, l
51.06mm, I 51015 W/cm2.
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scale our results do not show any qualitative change bec
of the fact that the effects of ion motion and moderate la
intensity have been taken into account for our field gene
tion studies.

The electromagnetic mode of ap-polarized laser light can
be converted to the electrostatic mode at the critical den
Nc , when its electric vector oscillates along the direction
the density gradient. This effect is known as resonance
sorption @32# which also gives rise to the magnetic field
plasmas@9–11#. We exclude such an effect in our calcul
tions because our interest is in calculating the magnetic fie
in underdense regions.

Kull @31# has shown that the mode conversion is possi
even in the underdense region if the thermal plasma
present, and has also pointed out that the width of the c
version layer~here we call it a resonance layer! plays an
important role in such conversion. Thus, the amplitude of
electromagnetic mode of the laser light will be modified
thermal plasma and, so, the linearized form of the elec
fields in Eq.~12! is justified for the region of our interest

s

FIG. 3. ~a! Variation of the logarithmic values of the toroida
magnetic fields in gauss (log10 Mt) with the logarithmic laser
intensity ~I! in W/cm2 at t55 ns, (N/Nc)50.3, l
51.06mm. ~b! Variation of the logarithmic values of the poloida
magnetic fields in gauss (log10 M p) with the logarithmic laser in-
tensity ~I! in W/cm2 at t55 ns, (N/Nc)50.3, l51.06mm.
4-6
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Further, it may also be noted that this model should have
following three limitations.

~a! Let (n/v)(L/l ls).0.01 which gives Dx/l ls!1,
where the width of the resonance layer isDx@5(n/v)L#,
wheren is the collision frequency andL is the density scale
length. Hence, the phenomena which occur at the reson
layer have been ignored.

~b! The inhomogeneity due to Landau damping has a
been ignored. SincekilD,1, and k' /ki!1, where ki

(5k0Ae/b) is the electrostatic wave number,k'(5k0Ae) is
the electromagnetic wave number, andk0(5v/c) is the
vacuum wave number,b@5(n the1n thi)/c;n the /c#!1, and
the e$512@(vpe

2 1vpi
2 )/v2#;12(vpe

2 /v2)% is the dielec-
tric constant.

~c! The laser wavelength (l ls) is greater than the electro
static wavelength (les), and also the thermal velocities~v the
andv thi! and the Debye length (lD) are small compared with

FIG. 4. ~a! Variation of the logarithmic values of the toroida
magnetic fields in gauss (log10 Mt) with the laser wavelength~l! in
mm at (N/Nc)50.3, t55 ns, I 51015 W/cm2. ~b! Variation of the
logarithmic values of the poloidal magnetic fields in gau
(log10 M p) with the laser wavelength~l! in mm at (N/Nc)50.3,
t55 ns, I 51015 W/cm2.
01640
e
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the phase velocity (vw) of the radiation field and the densit
scale length~L! of the plasma, respectively. The effect
plasma inhomogeneity may therefore be neglected.

Hence, assuming a typical value of the plasma tempe
ture of 3 keV, the dimensionless amplitude of the elect
static modea i can be estimated quantitatively typically o
the order of 1023. This leads us to conclude that about 3.8
of the laser light would be converted to the electrosta
mode in an underdense plasma having 3-keV tempera
~say!. This is the main source of poloidal fields@30,31#.

Our results have the consequences of the inverse Far
effect ~IFB! @40# because in an IFE process the kinetic e
ergy of the ordered motion of particles in the presence of
electromagnetic wave is transformed into the energy of
induced magnetic field. The field generation mechanism
our study is a direct process due to the fact that, to calcu
induced magnetic fields, we have calculated the average
linear angular momentum of electrons and ions via the n
linear electron and ion velocities and their displacemen
whereas the IFE is an indirect process of the field generat

Our mechanism is different from the dynamo effe
@15,16# because our results, showing the simultaneous g
eration of toroidal and poloidal magnetic fields, do not pr
duce cyclically as toroidal to poloidal fields and vice vers

The temperature distribution of charge particles in pl
mas is assumed to be uniform~i.e., Te5Ti5T! and so the
temperature gradient is absent~i.e., ¹T50!, hence the ther-
moelectric effects@1,23# are automatically suppressed in o
model.

The electrostatic mode~i.e., the wake field! generation in
an underdense plasma is also of current interest, with
advent of ultrashort pulse lasers, because such fields pla
important role in plasma-based accelerators@41#. Such wake
fields are also important for the production of magnetic fie
in laser-produced plasmas@41,42#. All these will be studied
elsewhere.

Uniform compression of a spherical target is one of t
key issues for inertial confinement fusion. The coupling
the self-induced magnetic fields with the transport proces
may have serious effects on the heat flux, but this has
been investigated in detail because of its complexity. Wh
the toroidal fields of the megagauss range were observe
laser plasmas, it was realized that such toroidal fields
hance the lateral energy transport@24–29# but the axial en-

FIG. 5. A rough sketch for different regions out of the chara
teristic length~L! 80 mm.
4-7
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ergy propagation due to the poloidal field was ignored.
fact, the rate of energy deposition and inhibition in the co
duction region due to poloidal fields is yet to be studi
thoroughly. Moreover, electrons and ions turn around
toroidal and poloidal fields and get trapped in a layer of
radius of the order of their Larmor radii. Ion’s Larmor radiu
is greater than that of the electron in the presence of a m
netic field. The strong toroidal field~of the order of severa
megagauss! enhances lateral energy transport but degra
axial energy transport which affects the implosion physics
the ICF target@24–26#. But the poloidal field, though weak
can trap both electrons and ions along the axis of the la
beam. Ideally it is desirable that the rate of energy dep
tion, due to poloidal fields in conduction regions, should
increased, thereby enhancing the energy transport from
critical surface to the ablation surface. Hence, the ene
distribution in conduction regions due to toroidal and pol
dal fields are important. It may be speculated that the po
dal field combined with the toroidal field set up by the las
may lead to the formation of a magnetic cage which could
used for plasma confinement such as a spheromak and
for better thermal insulation in an inertial confineme
scheme@43#.
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APPENDIX A: FIRST-ORDER HARMONIC TERMS
CORRECT UP TO THIRD ORDER

Integrating Eqs.~29! and~30! the expressions for the dis
placements of the electron and ion can be written, by ret
ing only first-order harmonic terms correct up to third ord
@37,38#, as in the following:

r e35 i S c

2v D $x̂@R11a i
3eiu i1R12~a'

2 2b'
2 !a iei ~2u'2u i !

1R13~a'
2 1b'

2 !a ieiu i#1 ŷ@R21a i
2a'ei ~2u i2u'!

1R22~a'
2 2b'

2 !a'eiu'1R23a i
2a'eiu'#

2 i ẑ@R31a i
2b'ei ~2u i2u'!1R32~a'

2 2b'
2 !b'ei ~2u'2u'!

1R33a i
2b'eiu'#%1c.c. ~A1!

and
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r i35 i S c

2v D $x̂@T11a i
3eiu i1T12~a'

2 2b'
2 !a iei ~2u'2u i !

1T13~a'
2 1b'

2 !a ieiu i#1 ŷ@T21a i
2a'ei ~2u i2u'!

1T22~a'
2 2b'

2 !a'eiu'1T23a i
2a'eiu'#

2 i ẑ@T31a i
2b'ei ~2u i2u'!1T32~a'

2 2b'
2 !b'eiu'

1T33a i
2b'eiu'#%1c.c., ~A2!

whereR115P11/Q11, R125P12/Q12, R135P13/Q13,

P115$Ae1@ni
2~Vi

2/2!211Xi #1XeAi1

2Me~s111G11!@ni
2~Vi

2/2!21#%,

P125$Ae2@~2n'2ni!
2~Vi

2/2!211Xi #1XeAi2

2Me~s211G21!@~2n'2ni!
2~V1

2/2!21#%,

P135$Ae3@n'
2 ~V1

2/2!211Xi #1XeAi3%,

Q115$@ni
2~Vi

2/2!21#@ni
2~ve

2/2!21#1Xe@ni
2~Vi

2/2!21#

1Xi@ni
2~Ve

2/2!21#%,

Q125$@ni
2~Vi

2/2!21#@ni
2~Ve

2/2!21#1Xe@ni
2~Vi

2/2!21#

1Xi@ni
2~Ve

2/2!21#%,

Q135$@ni
2~Vi

2/2!21#1@ni
2~Ve

2/2!21#1Xe@ni
2~Vi

2/2!21#

1Xi@ni
2~Ve

2/2!21#%

and

R215P21/Q21, R225P22/Q22, R235P23/Q23,

P215@Mes31#, P225@Mes41#,

P235$re4@n1
2211Xi #1Xer i42MeG31%,

Q215@n1
2211Xi1Xe#, Q225@n'

2 211Xi1Xe#,

Q235@n'
2 211Xi1Xe#,

R315P31/Q31, R325P32/Q32, R335P33/Q33,

P315P21, P325P22, P3352P23

Q315Q21, Q325Q22 , Q335Q23.

Also we have

T115S11/L11, T125S12/L12, T135S13/L13,

S115$Ail @ni
2~Ve

2/2!211Xe#1XiAe1

1Mi~s111G11!@ni
2~Ve

2/2!21#%,
4-8
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S125$Ai2@~2n'2ni!
2~Ve

2/2!211X#1XiAe2

1Mi~s211G21!@~2n'2ni!
2~Ve

2/2!21#%,

S135$Ai3@ni
2~Ve

2/2!211X#1XiAe3%,

L115$@ni
2~Vi

2/2!21#@ni
2~Ve

2/2!21#1Xe@ni
2~Vi

2/2!21#

1Xi@ni
2~Ve

2/2!21#%,

L125$@~2n'2ni!
2~Vi

2/2!21#@~2n'2ni!
2~Ve

2/2!21#

1Xe@~2n'2ni!
2~Vi

2/2!21#

1Xi@~2n'2ni!
2~Ve

2/2!21#%,

L135L11,

T215S21/L21, T225S22/L22, T235S23/L23,

S215@Mis31#, S225@Mis41#,

S235@r i4~ni
2211Xe!1Xire42MiG31#,

L215@ni
2211Xi1Xe#, L225@n'

2 211Xi1Xe#,

L235@n'
2 211Xi1Xe#,

T315S31/L31, T325S32/L32, T335S33/L33,

S315S21, S325S22, S3352S23,

L315L21, L325L22, L335L23,

APPENDIX B: ELECTROSTATIC WAVE AND LANDAU
DAMPING „Ref. †31‡…

It is a fact that the fluid description neglects Land
damping of an electrostatic wave in laser plasmas, but in
Vlasov-Maxwell theory, it can be shown easily from the d
persion relation that the Landau damping exists outside
resonance layer (Dx) and that the distance over which th
electrostatic wave freely propagates can be estimated
reasonable order of magnitude. By taking the dispersion
lation @44# in the following form:

D~v,k!512SS vpe,i
2

k2 D E ~]Fe,i /]u!

u2v/k
du50, ~B1!

all symbols have their usual meanings. Generally, Eq.~B1!
relates complex number such that

D~v,k!5Dr~v,k!1 iD i~v,k!, ~B2!

where the subscriptsr and i represent the real and imagina
part of the dispersion relation~B1!, respectively. Let the
complex wave number and complex frequency be

k5kr1 ik i and v5v r1v i . ~B3!

Assuming the imaginary parts are small, i.e.,
01640
e
-
e

a
e-

v i /v r!1 and ki /kr!1. ~B4!

Expanding Eq.~B2! about real frequency and real wav
number, and separating the real part and imaginary parts
get

Dr~v r ,kr !50, ~B5!

]v i
Dr~v r ,kr !v i1]kr

Dr~v r ,kr !ki1Di~v r ,kr !50,
~B6!

where

Dr~v,k![12SS vpe,i
2

k2 D E
c

~]Fe,i /]u!

u2v r /kr
du, ~B7!

Di~v,k!52pSS vpe,i
2

k2 D S ]Fe,i~v r /kr !

]u D , ~B8!

wherec is the Landau contour.1

For the mode conversion analysis we take the freque
as

v r5v, v i50, ~B9!

and also assuming the distribution function is Maxwelli
then we have

f e,i5SS me,i

2pKTe,i
D 3/2

expS 2
me,iu

2

2KTe,i
D . ~B10!

By neglecting ion terms, which are small byme /mi , the
integral of Eq. ~B7! may be evaluated explicitly for fluid
approximations as

Dr5e2
v the

2 kr
2

v2
, ~B11!

Di533/2~p/2!1/2e23/2expS 2
3

2

1

e D , ~B12!

where Eq.~B11! is the real dispersion relation which follow
directly from Eq.~19! if the ion distribution is dropped, and
Eq. ~B12! gives the dispersion relation for an imaginary e
fect.

One then readily obtains the expression for the real w
number as

kr5
k0Ae

Ve
~B13!

and for the imaginary wave number as

1Equation~B1! is similar to equation 8.3.11@44#, if the electro-
static case only be retained, and the functionFe,i is the integral of
the distribution function off ei defined in Ref.@44#. Moreover, Eqs.
8.6.11 and 8.6.12@44# may be expressed as Eqs.~B7! and ~B8!,
respectively, for real (v r) and real (kr).
4-9
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ki5
21

VeAe
vpeAp

8 F S 3

e DexpS 2
1

e D G3/2

, ~B14!

wherek0 is the vacuum wavelength ande512(vpe
2 /v2).

Therefore, the wave amplitude then decreases by the
tor exp(2c) where the damping argumentc is of the form

C5E kidz. ~B15!

For a linear profilee5z/L, we have the damping argume
as

c5A3

2
p S k0L

Ve
DexpF2

3

2

1

e G , ~B16!

which is to be a linear function of (k0L/Ve) only when the
density is fixed.

Moreover, for the same profile we have the following:
,

i,

-

s.

ll,

d-

r,

iz.

C

ta

01640
c-

E krdz5~ 2
3 !j3/2. ~B17!

Let n be the number of the electrostatic waveleng
which can be expressed easily as

n5~1/3p!j3/2. ~B18!

The above equation~B18! allows us to choose the numbe
of electrostatic wavelength asn.24 and consequently, we
have from Eq.~B17! that the effective region of Landa
damping is approximately 24mm for the linear profilee
.0.25. Moreover, we also have the thickness of the re
nance layerDx.0.8mm. So, the magnetic fields are calc
lated only on the region of typical length 55mm. In other
words, magnetic fields at the resonance layer and also a
Landau damping region have not been included in
present analysis. This should be done elsewhere. A ro
sketch has been given in Fig. 5 for understanding the reg
of our interest in magnetic-field calculations.
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