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Generation of Long-Scale Magnetic Fields from Rippled Surface Irregularities
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A mechanism of long-scale magnetic field generation from rippled surface ir-
regularities is given and compared with the thermoelectric effect. Criteria are
given for the former dominating over the latter. These criteria are accessible
in present-day experiments. An experiment is done to show an implication of the
above mechanism.

PACS numbers: 52.50.Jm, 47.65.+a, 52.30.+r

Uniform compression of a spherical target is
one of the key issues for inertial confinement
fusion. There are many obstacles to uniform
compression, such as nonuniform laser illumina-
tion, "surface roughness of the target, the
Rayleigh-Taylor instability, "the converging
amplification instability, "and so forth. Further-
more, large-scale magnetic fields induced by
various mechanisms degrade the uniform com-
pression by causing electron flux bunching' and
so on. Although various mechanisms have been
proposed for magnetic field generation, the sim-
plest one, such as V'T&Vn, ' may be the most
dangerous source. When the spot size L of a
laser beam becomes large, this source decreas-
es in proportion. to I ' and is believed to become
less of a problem. This argument is not correct
in an exact sense, however, because there may
be small-scale irregularities of the laser beam
or target within the focal spot and thus the source
size may be determined by this scale length. The
magnetic field generated by such small-scale
fluctuations is rapidly changing its sign and
hence may not influence the overall transport
process and dynamic motion. But we show that
this microfluctuation leads to a long-scale mag-
netic field through the dynamo" effect' and that
the amplitude of the magnetic field generated by
this mechanism can be greater than that caused
by the thermoelectric effect of long scale length.
Furthermore, we discuss an experiment which
implies the realization of this mechanism.

First, let us estimate the amplitude of the mag-
netic field generated by the dynamo effect, using
a configuration shown in Fig. 1. This figure illu-
strates the ablation layer, and hence the density
gradient is antiparallel to the temperature grad-
ient in the x direction. Furthermore, the tem-
perature has a slow variation in the y direction
due to the finite focal-spot size of the incident
energy and so on. The density fluctuation in the

y direction may originate from target irregular-

ities and may be a rapidly varying function of y
with the wave number k. Consequently, we can
set

n(x, y) = n, (x, y) [ 1 + 6 sin(ky) ],
T(x, y) = T,(x, y),

where n, (x, y) and T,(x, y) are slowly varying
functions with respect to their arguments x and
y. For simplicity, constant pressure along the
x direction is assumed, and hence n, ~exp(-x/L')
and T~ exp(x /L') are assumed with the assump-
tion kI-'»1.

The motion induced by this configuration is
estimated to be

e, =0,

v, = -(C~'/v, ) 5kL'c o(ksy)[1 —exp(-o, t)],
where v, = v,/L', if n and T remain constant in
time and the terms of the order of (kL') ' are
neglected compared with unity. Here v, is the
uniform convection velocity in the x direction.
In this configuration, a magnetic field is also
generated according to

BB c= -V ~ (v B ) +- (VT&&Vn)~ +VD&VB, (2)
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I"IG. 1. Schematic of the configuration used in the
analysis. The target has rippling structure along the

y direction.
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(a)

FIG. 2. Cross-sectional view of the rippled copper
target used in the experiment.

where D~ is the diffusion coefficient. Retaining
leading order terms, we integrate Eq. (2) as

B, =(cT,/eL' a,) 64 cos(ky) [1-exp(-&, t) J; (3)

o, = v, /L'+O'D~ .

(c)

7mm

kL'&1,
D~/L'C„= 8.3(AZ)'~'/T, p'L'(1,

(7)
(7')

Since v, and B, are in the same phase with re-
spect to y, the spatial average of the product
v, 8, along the y direction becomes a slowly vary-
ing function of y. Here, this dynamo term can
generate a long-scale magnet'ic field B, such as

~B &'k' c—[1—exp(-&, t) ]
Bt 2vpe0,

~0~ spx[1-exp(-o, t)] ' "=—Ss .
Bp

If the characteristic scale length of temperature
in the y direction is I-, we can estimate the other
source term of the long-scale magnetic field,
i.e., the thermoelectric effect,

C ctTp Alp C Tp
-ape ~p 8g el Z. '

It may be useful. to compare the magnitudes of
these sources in the limit of I,-~:

Ss~/S~r-—(6kL'C, o/vo)'/(1+ O'D~L'/vo). (6)

If we assume that the flow is almost sonic (v,/C„-1) and 6- O(1), the necessary condition for
the ratio [Eq. (6)] being greater than unity be-
comes

FIG.'3. Density profiles at 200 ns for (a) A =40 pm,
(b) A. =200 Ijm, and (c) flat target. The larger the de-
formation of the blowoff plasma front becomes, the
shorter the rippling wavelength is.

where A and Ze are the mass number and ionic
charge of the material. These conditions are
accessible and hence the dynamo effect can be-
come greater than the thermoelectric effect in
the typical conditions of inertial confinement
fusion.

Next, we describe an experiment' which may
imply this dynamo effect. A carbon-dioxide (CO, )

laser of 1-kJ, 50-ns pulse and 230 mm in diame-
ter driven by an electron-beam-control. led oscil-
lator I,EKKO I (unstable mode) is linearly polar-
ized in the TEMpp mode and focused normally on
a 7& 7-mm' target to a 3-mm spot by an R = 4 m
mirror. The 50- p. m-thick copper foil target was
ruled at period X with a yttrium-aluminum-gar-
net l.aser, as shown. in Fig. 2. A three-channel
holographic interferometer using a 2-ns ruby la-
ser measures ablating plasma prof il.es perpendic-
ular to the CO, -laser axis. The laser polarity is
parallel to the surface of the page in Fig. 2. Fig-
ure 3 shows the density profil. e at 200 ns after
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the CO,-laser pulse rise for various periods A,
where one fringe corresponds to 4&&10' cm '.
The plasma blows are strong in the laser cone
angle, resulting in three peaks and two nodes.
For X = 40 p.m, a strong deformation of the b1ow-
off plasma is observed. On the other hand, it is
not clear in a flat target. As the period becomes
longer (X = 200 p, m), the deformation becomes
weaker.

Theoretically, the magnitude of the long-scale
magnetic field 3, can be obtained from Eq. (4)
as

0 = &,/(4&noTo)'I -5 k v~,,C, O2t /3(up, LL'

beam, and the dynamo effect of such small-scale
fluctuations leads to a long-scale magnetic field.
The criteria for our proposed mechanism to
dominate over the thermoelectric effect were
given and were shown to be accessible in present
day experiments.

A part of this work was done when one of the
authors (T.Y.) was visiting the Institute for Fu-
sion Studies, University of Texas at Austin. He
would like to thank Dr. T. Tajima and Dr. F.
Brunel for helpful discussions and Professor
M. ¹ Rosenbluth for hospitality. The authors
are indebted to the Ministry of Education of
Japan for the funding of the Japan-U. S. coordina-
tion of fusion research.

The condition P-1 is attained for t&t„where t,
is about 900 ps fork =40 p, m and 2.7 ns for X

=200 p, m if f is set to 0.1." This means that the
magnetic field can grow to a value which is enough
to influence plasma motion within a short time
compared with the 1,aser pulse width. Consequent-
l.y, the amplitude of the generated magnetic field
B, is inversel. y proportional to X' and this quali-
tatively agrees with the experimenta1. resu1ts, if
the deformation of the plasma flow observed in
our experiment is due to this long-scale mag-
netic field.

In the experimental condition, the tempera-
ture is estimated to be about 200-600 eV for a
flux limitation factor f= 0.6-0.1 from absorbed
intensity 10"W/cm' and hence the criteria Eqs.
(7) and (7') for the scale length I-' become L'
&max(174 f'I' pm, k ') for a copper target (A
= 63 and Z - 20). The scale length L' may be
estimated by a steady ablation structure where
convection loss balances heat conduction, " i.e. ,
C„&T/@c-(Uz, Lz, ) &', T/&x'. Consequently, L'
- (m, /'Zm, ) 'I'L r, - 42.9(A/Z) 'I'L r„where v ~,
is the electron thermal velocity and L~, is the
electron mean free pa.th; Lr, -1.5&10 'T,v'/
(Zn, /10") cm. In our experiment, L' is esti-
mated to be about 2 mm for f=0.1 and the above
criteria are satisfied; hence the dynamo effect
dominates over the thermoelectric effect.

In summary, we have proposed a new mechan-
ism of long-scale magnetic field generation.
This mechanism originates from small-scale
fluctuations of the target surface or the laser
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