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We investigated the effect of plasma motion on the generation of spontaneous magnetic fields
under the influence of laser radiation. We show that the main features, previously deduced with a
simplified model, of the magnetothermal phenomena produced when a flat target is heated,
remain unchanged. The physical causes of saturation of the magnetic field in a hydrodynamic
time scale are determined. Principal among them is the attuning of the plasma-density profile to
the electron-temperature profile. Magnetization of the plasma by spontaneous magnetic fields
overheats the electrons and limits the heat transport in a direction perpendicular to the laser

beam.
PACS numbers: 52.50.Jm, 52.25.Fi, 52.25.Lp

1. The magnetic fields appearing spontaneously in a
plasma heated by intense laser radiation have been investi-
gated in a number of experimental and theoretical stud-
ies.'™!3 They are of interest in connection with their possible
substantial effect on absorption processes,’ and primarily on
heat transfer from the absorption region to the region where
the target material is compressed.>~

One of the most important mechanism of magnetic-
field generation in internal plasma layers in which the elec-
tron density exceeds the critical value 7, is the thermoelec-
tric effect in the presence of noncollinear electron density

_and temperature gradients.” Magnetic field of intensity ~ 1
MG and of characteristic scales on the order of the plasma-
inhomogeneity dimensions were recorded in experi-
ments.">"8 Special research is necessary, however, to identi-
fy the conditions under which the magnetic fields can reach
high intensities in the plasma, to find the physical causes that
limit their growth, to determine how strong their influence is
on the heat transfer, etc.

In many foreign papers reporting numerical simulation
of laser compression,®™'! magnetic-field generation was tak-
en into account in addition to many other processes. The
magnetic fields determined in these calculations agree in or-
der of magntitude with the experimental results (as well, in-
cidentally with the simplest estimates). To answer the ques-
tions raised above, however, it is desirable to single out the
most essential physical effects that accompany the genera-
tion of the magnetic fields, and also the main dependences on
the experimental conditions.

It was shown in earlier papers*'?*'? that the characteris-
tic time of magnetization of the thermal conductivity of a
plasma as a result of the increase of the magnetic field B is of
the same order as the time of equalization of the electron
temperature over the main scale of the inhomogeneity, and is
shorter than the characteristic plasma expansion time. It
was possible for this reason to separate the magnetothermal
part of the total picture of laser heating and to consider the
joint evolution of the magnetic field and of the electron tem-
perature in an inhomogeneous plasma at rest. This is permis-
sibleiftheinequality / /a»(m/M )"/?issatisfied, where/is the
mean free path, a is the scale of the inhomogeneity of the
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temperature and of the plasma density, and m and M are
respectively the electron and ion masses.

Numerical simulation of laser heating of a flat tar-
get'>!3 has shown that the growth of substantial magnetic
fields that magnetize the thermal conductivity of the plasma
has a threshold. If the heating radiation is focused smoothly
enough (i.e., if the distribution of the electron-heat sources is
sufficiently uniform) the magnetic-field growth can be limit-
ed at alow level, at which its effect on the thermal conductiv-
ity is insignficant. Conversely, if the focusing is sharp
enough the magnetic field increases with time practically
linearly and reaches values ~ 5 MG within a time ~ (.5 nsec,
in which case the thermal conductivity in the magnetized
regions is decreased manyfold.

Magnetization of the thermal conductivity takes place
atw, 7, ~(,.7.)* (0. = eB /mc is the cyclotron frequency,
7,is the time between electron collisions, (w, 7, )* depends on
the ion charge and, e.g., in the case of an aluminum plasma
(w, 7.)*=0.1). Since the most important mechanism that
stabilizes the growth of the magnetic fields, namely the drift
of the magnetic field together with the heat flow,* is turned
off simultaneously with the magnetization of the electronic
thermal conductivity of the plasma, it is clear that within the
framework of the magnetothermal picture the magnetic field
increases without limit in the latter case. The strength of the
magnetic fields, their distribution, and their influence on the
plasma dynamics evolve, as indicated in Ref. 12, over the
slow hydrodynamic time scale and must be determined by
simultaneously solving the magnetothermal and hydrody-
namic equations. The present paper is devoted to a numeri- .
cal analysis of this problem.

2. The system of the magnetohydrodynamic equations
is of the form'*

on;/dt+div nyv=0, (1)
on.[ot+div n.v=T, 2)

0
Mn,.[—(% +(vV)v] ==V (p.+p+B*/3n), 3)

aT,
Yoe [ o+ vVT._,] +pe div v=—div qur+div @t Q. +S, (4)
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n.e e n,
where
3m n.

i= =0 Te'_ iy 7
Q:=0x s (T.—-T)) (7)
Q.=—Qs—jR./n.e—iR;/n.e, (8)
Re=—0""V,Te—B. "V Te—pa*" [hXVT.], (9)
R,=—au—oc_u,+o,[hXu], (10)
Qer=—%,° VuTe_“J-EVJ’-,T’_K“P (hXVT.], (11)
Qoo =B uy+B, " u, +B," [h X u]. (12)

The coefficients in (9)~(12) were taken form Ref. 14, and
h=B/B.

The ionization function I" describes the processes of
ionization and recombination in the electron-ion collisions,
as well as the photorecombination process in the mean-effec-
tive-charge approximation. '®

Account is taken in Egs. (1)-(8) of the specifics of the
problem, and many small terms were therefore discarded.
Thus, at the characteristic scales and times of the magneoth-
ermal phenomena the plasma undoubtedly remains quasi-
neutral, n, = Zn; = Zn, where Z is the average charge de-
termined from Egs. (1) and (2). The electron flow velocity
u= — j/n, is small compared with the characteristic aver-
age plasma velocity C,, since

u?/C 2~ (1/I1) B*/4zn,T ., where II=4nn.e*a’Z/Mc*

is the so-called running number of electrons. It is known that
in a plasma with a large number of electrons per unit length
(m>1) the electrons are bound to the ions not only by the
quasineutral electrostatic field, but also by the self-consis-
tent magnetic field induced by the electric field that confines
the electrons. In the situation considered, not only 7 > 1, but
the magnetic pressure B >/87 turns out to be small compared
with the kinetic pressure n,T,. The electron velocity was
therefore assumed in Egs. (4) and (5) to be equal to the aver-
age ion velocity v [a sufficient condition for this in Egs. (1)
and (2) is quasineutrality]. In the equation of motion (3), the
Lorentz force j-B/c in the planar geometry considered here-
after reduces to the gradient of the magnetic pressure. The
electron viscosity was left out of (3) and (5) because system is
hydrodynamic with a sufficiently large margin (/<a).

The basic terms in Egs. (4) and (6) describe the magne-
tothermal part of the complete laser-heating picture. In Eq.
(4) these terms are div q, and S, where g, is the electron
heat flux'* and S is the density of the electron heat source.
The first two terms in the right-hand side of (6) are the princi-
pal ones and describe respectively the growth of the magnet-
ic field on account of the source (inhomogeneous thermo-
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electric emf ce'[VT, X V Inn,]) and its drift on account of
the thermopower. This field-emergence mechanism is not
connected with the plasma motion. The magnetic field drifts
into the cold region together with the heat flux because it is
frozen-in better in the hot than in the cold electrons. Among
the terms added to Eq. (6) is the drift of the magnetic field at
the average hydrodynamic velocity curl{v X B] of the plas-
ma; its relative value compared with the generation term is
~(/C,)im/M)"*(a/l)w,7,. When the inequality / /a>(m/
M )2 is violated and v~ C,, the term curl[v X B] can com-
pete with the generation term. The contribution of the hy-
drodynamic drift can be substantial also at w,7, R (@,7,)*¥,
when the velocity of the thermal drift is decreased by the
magnetization.

The relative contribution of the current drift curl[ j/
n,e X B] which is different from zero in an inhomogeneous
plasma (in a homogeneous plasma with a straight-line mag-
netic field the direction of the current drift coincides with the
level lines of B), is of the order B 2/4mn, T, and was small in
the variants considered. The diffusion of the magnetic field
makes an even smaller contribution in the magnetized region
(@,7.)"'B*/4mn,T,, but in dense cold layers, where .7,
< 1 and the mean free path / <6 = c/w,,, the relative role of
the diffusion ~w,7,6°//? can be substantial.

The relative contribution of the electron-ion energy ex-
change to the balance of the electron heat (6) is determined
by the aforementioned ratio (m/M)'/?l /A. The fraction of
the Joule heating — R, - J/n, e in the electron-energy ba-
lance is ~ (w,7,8°/1%)? and can be noticeable only in the case
of substantial diffusion of the magnetic field in the cold re-
gion. The relative contribution of the work of the thermo-
force is

R:i/n.e~w,t.6%1%

An equal contribution — div q,, is made by the outflow of
the heat with the electron flux.

3. We consider planar two-dimensional flow in which
the distribution of all the quantities is assumed uniform
along the y axis. In this geometry, the magnetic field has one
component directed along the y axis. This setup corresponds
to a physical situation in which radiation propagating along
the x axis is focused by a cylindrical lens on a flat target in
only the x direction, and was used by us in the numerical
analysis of the magnetothermal problem.''* In neodymium
amplifiers with rectangular active elements, the radiation
divergence in the direction of the small transverse direction
of the element is as a rule much larger than the divergence in
the perpendicular direction. When radiation of this type is
focused on a target by spherical optics the focal spot is an
elongated ellipsoid, so that the model assumed here is closed
to the experimental conditions in the “Mishen’-2” facili-
ty. 1617

The system (1)—(8) was solved numerically for an Euler
grid of unequal sides, in a rectangular region measuring 1.2
mm along the x axis and 10 mm along the z axis. The solution
method is described in detail in Ref. 18.

At the initial instant of time the temperature and the
degree of ionization of the target were assumed uniform, and
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the plasma velocity equal to zero, with its density dependent
only on the coordinate z, while the laser radiation propagat-
ed along the z axis towards decreasing z.

The initial condition was chosen to be that of a triply
ionized plasma with temperature 7,, = T, = 10eV. Calcu-
lations have shown that the influence of the initial values of
the temperature and of the degree of ionization is negligible.
In the region from z = 0 to z = 30-100 zm we specified n;

= 5% 10%2 cm 3, the density of the solid aluminum target.

Next, with increasing z, the density decrease exponentially
to the background value 7, = 5X10'® cm™?, and (V Inn)~!
was varied in the range 3-12.5 um.

For a more detailed investigation of the evolution of the
magnetic fields in the region where the energy is transferred
from the absorption region to into the ablation zone, we con-
sidered the motion of a fully ionized plasma with maximum
density n, = 5X 10?2 cm ™2 in the target region. The density
decreased exponentially to n,, = 5X 10" cm™>.

The heat source S is connected with the absorption of
laser radiation on account of the inverse bremsstrahlung.
The radiation reaching the critical surface is absorbed near
it. The refraction and reflection of the radiation was disre-
garded. We investigated Gaussian distribution of the radi-
tion intensity along the x axis in the form g = goe ~*”® " with
go = 3-10'3-5.10"* W/cm? and b = 33-200 um.

The boundary conditions were chosen such that the
boundary exerted no influence on the solution inside the re-
gion during the maximum calculation time.

4. The results of the calculations of the system (1)-(8)
have shown that the initial stage of the evolution of the mag-
netic fields in a moving plasma is the same as in the magne-
tothermal model. During the first 0.1 nsec the maximum
magnetic field in calculations with total ionization did not
differ from the values in the magnetothermal problem (see
Fig. 1).

If the density of the laser radiation is distributed suffi-
ciently homogeneously (b = 2000 xm), the maximum mag-
netic fields differ little in both setups also over long times,
but if the heat release is faster (b = 50 um) the magnetic field,
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FIG. 1. Time dependence of the maximum value of the magnetic field. The
dashed and solid lines correspond respectively to the magnetothermal and
complete formulations. Curves 1 and 2 correspond to b = 33 um and

go = 4.5X 10" W/cm?, and curves 3 and 4 to b = 200 um and
go="0.75X10" W/cm?.
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with the plasma motion taken into account, becomes stabi-
lized at a level ~2 MG within a time ~0.3 nsec.

We note that the saturation of the magnetic field in the
region n, > n,, has as before a threshold with respect to the
sharpness of the spatial distribution of the energy input.
Thus, at b = 200 zm the magnetic field in the region n, > n,,
increases to a value corresponding to w, 7, ~ (@, 7, )* and sat-
urates because it is carried away with the heat. The produced
“magnetic mirrors” with o,7, » (@.7.)* hardly penetrate
into the region with n, > n,. [Fig. 2(a)], although they are
formed in the region with n, < n,, in all the considered var-
iants, and limit substantially the thermal conductivity in the
direction of the x axis. In the case of a faster heat release
(6<50 um), the dense plasma magnetization threshold w, 7,
~(w,7,)*, is surmounted and the magnetic mirrors pene-
trate deeply into the region with n, > n,. [Fig. 2(b)].

Thus, when the threshold is exceded the hydrodynamic
processes influence strongly the distribution of the magnetic
field and its maximum value over the region. At the same
time, the effect of plasma motion on the integral characteris-
tics, e.g., on the total field flux through the half-plane x > 0,
is weaker. The magnetic field fluxes in the magnetothermal

550 um @
X
9 ‘_igﬂ um
\
]
;
~550 pm h
0
=350 pm

FIG. 2. Level lines of |w,7, | (¢ = 0.3 nsec). Case a and b correspond to

b =200and 33 um and to g, = 0.75 X 10'*and 4.5 X 10'* W/cm?, respec-
tively. The line n, = n,, is shown dashed. Curve 2 corresponds to @, 7,
=0.05,3—0.4, 4—0.2, 5—0.5.
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FIG. 3. Magnetic-field flux through the half-plane x >0 (curves 1 and 2)
and through the region with n, > n,. (curves 3 and 4) as function of the
timeatb = 33 umand g, = 4.5X 10" W/cm?. Curves 1 and 3 correspond
to the magnetothermal formulation, and 2 and 4 to the complete one.

and complete calculations are close to ¢ = 0.4 nsec (Fig. 3).

We note that an appreciable part of the magnetic-field
flux is concentrated in the region with n, < n,., and this part
increases with time when allowance is made for hydrodyna-
mics.

To cast light on the main physical mechanisms that lim-
it the growth of the magnetic fields, we varied various pro-
cesses in the physical model, and compared the contribu-
tions of individual mechanisms to the time dependence of
the magnetic field. It is certainly clear that saturation of the
growth of the magnetic field in the above-threshold regime is
due not to the electron-temperature redistribution, which is
taken into account also in the magnetothermal setup, but to
the plasma motion itself. This motion leads, on the one hand,
to departure of the magnetic field from the generation region
on account of the freezing, and on the other hand to a den-
sity-profile restructuring that alters the very source [VT,
XVlnn,].

A comparison of variants with and without allowance
for the hydrodynamic drift in Eq. (6) has shown that the
departure of the field is responsible for a partial pushing-out
of the magnetic mirrors from the zone with n, > n,_ into the
region of the rarefied plasma, and does not change substan-
tially the maximum value of the magnetic field. The region
of the most intense magnetic-field generation is located near
the front of the thermal wave, and when heated the magnetic
mirrors expand into the denser region. It was found that
when the plasma motion is taken into account the field
sources decreases much more strongly than at a fixed frozen
density profile. The heat release increases the pressure and
causes expansion of the plasma. Thus, the main cause of the
field stabilization is that the density changes to match the
electron temperature. Since the acceleration of the new
batches of gas is not instantaneous, the profile of the electron
density near the thermal wave does not have time to follow
the change of the pressure (and hence of the temperature)
profile. As a result a source of the magnetic-field generation
exists also during hydrodynamic time intervals.

It was shown in the investigation of the magnetother-
mal problem that the growth rate of the maximum value of
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the magnetic field depends substantially on the sharpness of
the plasma density profile. In a purly hydrodynamic calcula-
tion the density profile is established self-consistently under
the influence of the heating radiation. Since the heat propa-
gation during the initial stage of the interaction is in advance
of the hydrodynamic expansion, the maximum value of the
magnetic field also depended on the initial density profile,
reaching values 5.2 MG at (VInn)~! =3 um over times
~0.5 nsec. At the same time, the total magnetic-field flux
depends little on the initial density profile.

An investigation of the dependence of the magnetic
field on the slope of the leading front of the heating pulse has
shown that when the front duration changes from 0 to 0.5
nsec the saturation level of the magnetic field does not
change. The time of reaching the stationary value correlates
well in this case with the pulse growth time.

We have thus shown that the magnetic field strengths
are more sensitive to the characteristic of the pre-pulse
(which is the one that produces the initial density profile)
than to the form of the main heating pulse.

In the calculations presented, the magentic pressure
was always much less than the kinetic, i.e., the inequality B 2/
8m<n, T, + n; T, was satisfied. Owing to the large value
Z = 13, the internal energy of the ions was much less than
the total energy of the plasma. Therefore the redistribution
of the ion temperature had little effect on the physical pic-
ture of the flow.

We proceed now to discuss the influence of spontaneous
magnetic fields the heat transport in an expanding plasma.
Figure 4 shows the electron-temperature level lines obtained
with and without allowance for magnetic-field generation.
The presence of magnetic mirrors (see Fig. 2) leads to a sub-
stantial restructuring of the thermal front in the region with
n, <n,.. Since the heat-release source is independent of the
magnetic field in the approximation considered, the total
heat flux in the plasma is fixed. Consequently lowering the
thermal conductivity in the magnetic mirrors makes the pro-
file of T, steeper in both the longitudinal and transverse di-
rections relative to the beam axis. It can be noted in Fig. 4(b)
that on the beam axis, where B = 0 because of the symmetry
of the problem, the channel cross sections with good thermal
conductivity do not permit the heat to spread out at the same
rate as without the magnetic field [Fig 4(a)]. This overheats
the heat-release region. This effect manifests itself particu-
larly strongly when the magnetization threshold of the dense
region is broached (n, > n..). The point is that the bulk of the
heat flux is directed towards the dense plasma (towards the
target surface). When the magnetic mirrors penetrate into
the region with n, > n,. the overheating of the heat-release
region n, ~n,, is shown in Fig. 5. The position of the mag-
netic mirror is illustrated in Fig. 5 by the plot of |@, 7, |-

The magnetic fields in an expanding plasma were calcu-
lated in a number of papers'®-?! in a simplified model, in
which no account was taken of the reaction of the magnetic
fields on the heat-conduction and plasma motion processes.
In the present analysis of the contribution of the various
processes to the overall picture of the magnetothermal phe-
nomena we observed a curious circumstance. The magnetic
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FIG. 4. Level lines of electron temperature at b = 33 um, g, = 4.5X 10"
W/cm?, and ¢ = 0.3 nsec. The case a pertains to the calculation without
allowance for the generation and magnetic field, and case b to the com-

plete formulation. The curve with index 1 corresponds to T, = 0.025, 2—
0.3, 3—0.6, 4—0.9, 5—1.2, 6—1.5, 7—1.8, and 8—2.1 keV.

fields influence not only the heat-conduction processes, but
also the rate of generation of the magnetic fields themselves.
A calculation was made without allowance for the reaction
of the magnetic field to the motion and for the heat conduc-
tion of the plasma. In this calculation we retained in the
right-hand side of (6) only the generation term (c/
€)[VT, XV Inn, ]. The magnetic-field flux through the half-

T, keV @7,

—0

: !
g 200 400  x,pm
FIG. 5. Transverse profiles of 7, and |w, 7, | at b = 33 um, g, = 4.5%X 10'*
W/cm?, and ¢t = 0.3 nsec near the critical surface. The dashed line is the
profile of |w,7,|. Curves 1 and 2 correspond to calculations without and
with generation of magnetic fields.
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plane x > 0 turned out in this case to be much less than in the
complete problem. Since the discarded terms of (6) can lead
only to a redistribution of the magnetic fields and does not
affect the total flux, the decrease of the flux in the simplified
model is due only to the decrease of the source (c/
e)[VT, X Vinn, ] when the reaction of the fields is turned off.
It is interesting that the influence of the magnetization on
the generation process itself is found to be much stronger in
the hydrodynamic problem than in the magnetothermal for-
mulation. These facts can be explained by recalling that the
magnetization of the heat conduction makes the profile of 7,
steeper. In addition, the density profile n, attunes itself in
this case to the steeper T, profile than in the unmagnetized
plasma.

Allowance for the ionization processes produced by la-
ser heating has shown that the main characteristics of the
magnetic fields differ little from case described above of a
fully ionized plasma. The electron temperature in the heated
zone is practically the same in both cases. The energy con-
sumed by ionization leads to a somewhat slower motion of
the thermal wave.

Although the calculation results pertain directly to
heating of the target under conditions of a focal spot that is
strongly elongated in one direction, there are grounds for
assuming that the deviations from the axisymmetric case are
small. In fact, the flow of plasma in the generation region is
not accompanied by substantial broadening for which the
difference between the two- and three-dimensional pictures
can be appreciable.

The main conclusion of the present paper can be taken
to be the fact that the main features of the magnetothermal
phenomena, previously obtained in a simplified model, are
duplicated in the complete formulation of the magnetohy-
drodynamic problem. The initial stage of the evolution of the
magnetic fields, just as in the case of substantial magnetiza-
tion of the thermal conductivity and in the case of saturation
of the growth of the magnetic fields in the dense zone, is the
same in the magnetothermal and complete formulations.
Saturation of the generation of the magnetic field in the re-
gion with n, > n,. has as before a threshold with respect to
the sharpness of the spatial distribution of the heat input.
Allowance for the plasma motion limits the maximum value
of the magnetic field, but does not change significantly the
integral characteristics, e.g., the total magnetic flux. The
main cause of the saturation of the magnetic-field growth in
hydrodynamic time scale is that the electron-density profile
attunes itself to the electron-temperature profile. The mag-
netization of the plasma by spontaneous fields leads to over-
heating of the electrons and to limitation of the heat trans-
port in a direction transverse to the laser beam.
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