
VOLUME 48, NUMBER 23 PHYSICAL REVIEW I.ETTERS 7 JUNE 1982

Magnetic-Field-Induced Surface Transport on Laser-Irradiated Foils
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Electrons heated by absorption of laser energy are shown to generate intense magnetic
fie1ds which rapidly spread from the edge of the laser spot along the target surface. The
fields convectively transport hot electrons and confine a major fraction of the deposited
laser energy in the corona. Eventually, this energy is lost to fast-ion blowoff or depos-
ited at large distances from the spot. This model qualitatively explains many experimen-
tal observations of thermal-transport inhibition and fast-ion loss.

PACS numbers: 52.25.Fi, 52.50.Jm

The generation of magnetic fields when intense
laser light is absorbed in a plasma is well known. '
It has been studied because its inhibition of elec-
tron transport would explain the inferred flux lim-
its needed to model energy transport in laser-pro-
duced plasmas. ' Here we report new results
from fully self-consistent calculations in colli-
sionless plasmas. ' These show large self-gen-
erated magnetic fields in the corona which convec-
tively transport 30% or more of the absorbed en-
ergy laterally and collimate the remainder be-
hind the laser spot. The results appear to quali-
tatively explain for the first time from first prin-
ciples a wide variety of experimental data on fast-
ion loss and lateral transport at various laser
wavelengths.

Coronal magnetic field generation by collision-
less processes is modeled in the relatively simple
geometry shown in Fig. 1. We consider a plasma
foil 500 pm wide iny in a 600-pm-wide system
with a sharp initial density gradient inx. The dep-
osition by a 10.6-pm laser at an average ab-
sorbed intensity of 5&&10" W/cm' in a 60-p, m spot
is modeled by accelerating some electrons from
2.5 to about 20 keV down the density gradient in a
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20' half-angle cone w'ith maximum heating at the
center. At the boundary behind the high-density
material, heat is absorbed by a cool electron
thermal bath. The ion to electron mass ratio is
1836. This system is numerically simulated with
a bvo-dimensional, implicit electromagnetic sim-
ulation code, vgNUs which solves Maxwell's
equations and Newton's laws self-consistently for
particle electrons and ions. The behavior with
I(d)-(f)] and without [(a)-(c)] self-generated mag-
netic fields is shown in Fig. 2.

Without magnetic fields, the electrons accelerat-
ed outward return from the sheath back towards
the foil. In the y -v„phase space of Fig. 2(a), the
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FIG. 1. Diagram showing geometry of model where
the shaded box is the laser deposition region. The sys-
tem is unform in g and the maximum density is twice
critical density for 10.6-p, m light.

FIG. 2. Results of simulations with a 60-p, m spot on
a 500-pm-wide foil at 12 psec. (a) —(c) correspond to
jg = 0 and (d)-(fI correspond to B & 0. (a) and (d) are
electron phase space v„vsy for all x, (b) and (e) are
electron phase spacev~ vs y for allx, and (c) and (f)
are ion phase space z „vs y for all x. Only electrons
with Iv I

& 0.17c and iona with
I U

I
& 0.00125c are plotted
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increase in the spatial extent of the reflected
lectrons (negative u ) arises from their smallx

2initial y velocities which are shown in Fig. (b).
Ion acceleration [Fig. 2(c)] is localized to the
laser spot where the electrons are accelerated.
The energy history [Fig. 3(a)] shows that the en-
ergy flow through the back boundary is about 90%
of the input, corresponding to a fast-ion loss of
about 10%, This level is about twice that for a
planar isothermal expansion because of scattering
from the curved potential surfaces in the corona,

With magnetic fields, the returning electrons,
Fig. 2(d), have the same spatial width as the

original laser spot. Many electrons, as seen in
Fig. 2(e), move laterally away from the laser
spot. As shown in Fig. 3(b), their lateral dis-
placement coincides with the magnetized region.
Note in Fig. 2(f) that ions are accelerated not
only in the laser spot but also over the entire
surface of the foil. The ions respond to the mag-
netic field, but their gyro-orbits are large com-
pared with the thickness of the magnetized re-
gion. The energy history [Fig. 3(a)] shows that
over 30% of the absorbed energy is lost. By 12

psec, the rate of loss to the coronal fast ions is
30% of the energy absorption rate, qualitatively
consistent with thick-foi. l experiments. ' The mag-
netic field energy saturates when the lateral trans-
port reaches the edge of the foil at about 12 psec
at which time the energy is transported around
the sides of the foil (Fig. 3). This saturation is
consistent with the measurements of magnetic

6'
field as a function of target size.

The spatially resolved electron energy flux flow-
ing across the back boundary of the foil is shown
in Fig. 4. The flux is averaged over the time
interval 9-18 psec for the magnetized (solid line)
an unmd nmagnetized cases (dashed line). The re-
sults shown in Fig. 4 reproduce the experimen a-
ly observed collimation of the hot electrons to the
laser spot, ' the limb brightening of targets, and
the strong transport around toward the rear of
disks, ' otherwise thought to be inconsistent. The
energy spectrum of electrons penetrating the foil
is cooler in the presence of the self-generated
magnetic field (Fig. 5) because the higher-energy
electrons are trapped i.n the magnetic field and
give up their energy to fast ions. Only lower-en-
ergy electrons are reflected in the sheath without
being caught in the magnetic field. Thus, the
flux penetrating the target is reduced at the ex-
pense of the more energetic electrons. The mag-
netic field alters the source of hot electrons
reaching high-density material, but, because the
field does not penetrate to high density, it should
have no effect on subsequent transport at higher
density. This may explain some of the apparently

5contradictory experimental data.
An approximate expression' for the source of
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FIG. 3. The energy in various plasma components
as a function o t.me is sf t' shown in (a) with dashed curves
corresponding to B = 0 and solid curves for B & 0. Curve
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FIG. 5. Time-averaged electron spectrum of net
energy transported across the entire back foil boundary.
The curve is the integral of all energy transported
above that energy. The dashed line is for B = 0, and
the solid line is for B & 0.

the magnetic field in this model is given in the
cqllisionless limit by B =V &&V II/n„where II is
the electron pressure tensor. With an initial den-
sity gradient length L„ inx and a temperature
gradient length Lr iny, the magnetic field in-
creases at the rate 0, =v, '/L„Lr, where v, is the
hot-electron thermal speed and 0, is the electron
gyrofrequency. The magnetic field is generated
at the edge of the laser spot where gradients are
largest. Saturation occurs in the simulations be-
cause of finite magnetic pressure. Since the peak
magnetic pressure is observed to be of the order
of the plasma pressure, the lateral electron E
&&B drift is estimated to be v„/v, - c/&u~, L„, inde-
pendent of spot size, similar to a thermal magne-
tic wave. " The high coronal pressure induced by
the magnetic field maintains a density gradient of
order of /~c~, and thus the high lateral drift
speed. The magnetic field is localized as a re-
sult of the large return current of cooler elec-
trons drawn along the surface at higher densities.
This magnetic boundary layer structure is remi-
niscent of the properties of a rarefaction shock."
It is also apparently the thermal analog of parapo-
tential flow present in magnetically insulated
dj odes.

From Fig. 3, absorbed laser energy trapped in
the corona is proportional to the magnetic field
energy. From the field generation rate and the
assumption of a plasma P of order unity, the
ratio of the rate of field generation to input ener-
gy flux is proportional to c/&o~, R, where R is the
spot radius. Thus the larger the spot size or the
higher the plasma density the smaller the initial
magnetic field generation rate and the lower the
fast-ion loss.

The speed of convectivetransportinthe magnetic
field is enhanced by the directionality of electron
acceleration in resonant absorption. The magnet-

ic field is no less important in cases where the
electrons are heated isotropically"' where more
of the outward directed energy should be trapped
in the corona until lost to ion motion. Modeling
this process in general with an isotropic flux
limit in the diffusion approximation is question-
able and it should not be surprising that there
have been difficulties with one-dimensional model-
ing of flat-target experiments. For example,
this model seems to explain the asymmetry in
plasma expansion between the front and back side
of laser-irradiated disks" which cannot be ac-
counted for by simple one-dimensional models. "
Field generation should occur also at shorter
wavelengths (which deposit energy in more colli-
sional piasmas) provided Q,v&1, where 7. is the
electron-ion collision time, so that pressure ef-
fects dominate magnetic diffusion. Since the
field generation depends upon sharp density gra-
dients, a plasma with much gentler gradients,
such as a gas jet,"may not be as susceptible to
magnetic-f ield-modif ied transport.

In short, self-generated magnetic fields near
the laser deposition region convectively transport
electrons along the target surface causing sub-
stantial fast-ion loss from an extended region.
The results appear to match qualitatively a varie-
ty of experimental data on inhibited electron trans-
port and fast-ion loss.

This work was performed under the auspices
of the U. S. Department of Energy.
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The critical behavior of two nonionic-amphiphiIe solutions showing a lower consolution
point is investigated by laser-light scattering. The critical exponents y and v take the
values '/=1. 15 and &=0.57 for the system H2O-C8Et4, and &=0.90 and &=0.44 for H20-
Cg,Et8. Both sets of values are different from those previously found with the system
HpO-C)2Ete. The description of the observed nonuniversality of critical micellar solutions
may require three-dimensional models which exhibit continuously varying critical expo-
nents.

PACS numbers: 64.60.Fr, 05.70.Jk, 82.70.Dd, 87.15.Da

There is a growing awareness of the importance
of critical phenomena for the description of the
thermodynamic and transport properties of micel-
lar solutions" and microemulsions. ' A detailed
knowledge of the phase-transition mechanism in
such systems, besides its intrinsic interest, is
strongly relevant for the biochemical applications
of nonionic amphiphiles4 and for the chemical
engineering use of mieroemul. sions. The experi-
mental results previously obtained with the criti-
cal binary mixture water-n-dodecyl hexaoxyethy-
lene glycol monoether (C»Ete) have shown that
the solution properties in a temperature region
extending 20'C below the lower consolution point
are mainly determined by critical concentration
fluctuations. ' An unexpected result reported in
Ref. l is that the measured critical exponents (y
=0.97+ 0.05, v =0.53+ 0.05) were found to disagree
with those measured in usual critical binary mix-
tures and predicted by the three-dimensional Is-
ing model. In order to test the interpretation of

the previous results and to gain further inf orma-
tion on the critical behavior of mieellar solutions,
we have studied by light scattering two nonionic
amphiphiles similar to C»Et„but with different
monomer lengths, namely, C,Et4 and C»Et, .
Our data show that the values of the critical expo-
nents depend on the nature of the amphiphile.
Clearly this result is not compatible with the Is-
ing model or with the equivalent predictions of
Wilson renormalization- group theory. '

The compound C,Et4 was synthetized and puri-
fied by Grabo et al.' High-purity C»Et, was ob-
tained from Nikko Chemicals, Tokyo. The sam-
ple preparation procedure and the light-scatter-
ing apparatus are the same as in Ref. 1. The
scattering angles used were 22' and 90'.

The phase diagram of C,Et, in H,O at atmos-
pheric pressure is shown in Fig. 1. The curve of
critical micelle concentration (cmc, the concen-
tration above which micelles are formed; this
should not be confused with the concentration e,
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