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Density-profile steepening by laser radiation in a magnetized inhomogeneous plasma
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The effects of a self-generated magnetic field on the density-profile modification in laser-plasma
interactions are investigated by means of calculating the field structure with the assumption of plane
electromagnetic waves propagating into a one-dimensional inhomogeneous magnetized plasma. The
computed results are in good agreement not only with laser-target experiments using a Nd-glass
laser, but also with those using a CO, laser. In addition, the calculations give the density dip also

observed in experiments.

I. INTRODUCTION

In laser-plasma interactions, the profile of plasma-
density distribution plays an important role in the propa-
gation and absorption of an electromagnetic wave in the
plasma.’?  Experiments using high-intensity lasers
demonstrated the phenomenon of plasma-density-profile
steepening, which is closely connected with the effects of
ponderomotive force. It is noteworthy that the plasma-
density-profile steepening depends on the wavelength of
the incident laser. In experiments with a Nd-glass laser
(A=1.06 um), the density-profile steepening appears only
when the intensity of laser light is above 10'* W/cm?, and
the observed upper-shelf density is never above 10n.,,>*
where n, is the critical density while in experiments with
CO, lasers (A=10.6 um) the density-profile steepening
can be seen at light intensity of only about 10> W/cm?,
and the upper-shelf density can reach 40n. and above.’
There even exists indirect evidence of observing an
upper-shelf density of 400n...° In addition, the density
dip near the critical-density surface is observed in both
CO, and Nd-glass laser-target experiments. The theories
currently available describing the modification of
plasma-density profile are all based on the assumption of
nonmagnetized plasma.”~!® Their predictions, though
compatible with some observations of Nd-glass laser ex-
periments, are inconsistent with the experiments using a
CO, laser. In view of there being a large self-generated
magnetic field, Fedosejevs et al.> have suggested the ef-
fects of a self-generated magnetic field on the supercritical
density profile, but no further work on this subject has ap-
peared. In this paper we start from the theoretical model
of laser light normally incident on a one-dimensional in-
homogeneous magnetized plasma, by calculating the
structure of the electromagnetic field, and we discuss the
effects of a self-generated magnetic field on the plasma-
density modification. Our results agree not only with
those of Nd-glass laser experiments, but also with those of
CO, laser experiments. In addition, the density dip struc-
ture observed in the vicinity of the critical surface is also
a natural consequence of our theoretical work.

II. ELECTROMAGNETIC FIELD STRUCTURE

Consider a plane electromagnetic wave E;
=E e!®*T%) propagating from a vacuum into a one-
dimensional inhomogeneous plasma with density gradient
Vn in the x direction. If there is no external magnetic
field, the electromagnetic wave propagating into a plasma
only consists of the ordinary mode, which gives no reso-
nance. If there exists a constant magnetic field B, in the
z direction, the electron motion under the action of
Lorentz’s force causes the electric vector of the incident
wave to change direction, and hence introduces a com-
ponent of E, which can couple with the inherent oscilla-
tion of the plasma.'"'?> In real physical processes, the
self-generated dc magnetic field in laser-plasma interac-
tions can act as the above-mentioned constant magnetic
field Bo.

The above noted process can be readily described by us-
ing Maxwell’s equations and the fluid equations. Elec-
tromagnetic waves propagating into a plasma satisfy the
wave equation derived from Maxwell’s equations,
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where n is the plasma density, o the laser frequency, and

u the quiver velocity of an electron in the driving field of
the laser light. u can be given in the following equation:
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where m, is the mass of the electron and v is the damping
rate. Substituting u obtained from (2) into (1), and notic-
ing that the inhomogeneity of plasma is only in the x
direction, we have
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d 9’ where w, =(4mne%/m,)!/? is the local frequency of plas-
2 P e
(s — )E 'Ha (ky Ex)+kyk; E; — aXZEy ma, w.=eBy/m.c is the electron cyclotron frequency,
ky,k,,k, are the components of the wave-number vector
—_ E x> P ’
- ko w.;Ex —i Kowp(v ;w) =0, (3b) and K —kf+k,3+k,2. Since we deal with the case of nor-
“’[(" io)+ol] “’[(V"“") +o;] mal incidence only, we can substitute k, =k, =0 into the
3?2 above equations. If we write all equations in the dimen-
212
(ky—k§)E, — —E,—k/k,E, +' (k Ey) s1onless form, ie, N=0}/0? E=kox, f=v/o,
k a=w?/w?, A=E/E, after some simple algebraic calcu-
— '—(0——_—) 0, (3c) lations Eq. (3) can be written as
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Apparently, the dc magnetic field only affects the
behavior of electric field components 4, and 4,, and 4,
remains unchanged. The coupling between A; and 4,
forms the extraordinary mode in a magnetized plasma,
while A4, is still the ordinary mode. Since we are interest-
ed only in the influence of self-generated magnetic fields
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FIG. 1. The field structure and density profile for

&=koL =30, a=0, f =0, where L is the scale length of the ini-
tial linear density profile. (a) Field structure, the light wave in a
vacuum has amplitude A=1. (b) Density profile for
vo/v.=0.4. (c) Density profile for vy /v, =

[

on the laser-plasma interaction, we will omit discussion of
A,.

Assuming an initial linear density profile, we can solve
Eq. (4b). The imaginary part in the equation can be
neglected because the parameter f is usually very small.
The boundary conditions can be easily obtained from
physical considerations; i.e., freely outgoing waves at the
vacuum side and evanescent waves at the high-density
side.

After A4, is deduced by numerical method from Eq.
(4b), A, can be directly calculated from Eq. (4a). In this
way, we obtained the structure of an electromagnetic field
over the whole coronal region. In particular, we have in-
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FIG. 2. The same as Fig. 1, but for Va=0.01, f=10"2
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FIG. 3. The same as Fig. 1, but for Va=0.05, f =102,

vestigated the influence of the dc magnetic field on the
field structure. Detailed results are shown in Figs. 1-3.
It can be seen that A, is always zero when B,=0, and
that the peak value of A, increases as B, grows. Because
the ponderomotive force is proportional to the amplitude
gradient of the electric field, we could reasonably expect
that the modification of plasma density caused by the
ponderomotive force will be intensified under the influ-
ence of the magnetic field.

III. DENSITY-PROFILE STEEPENING

Knowing the electromagnetic field structure, we can
further discuss the plasma-density modification by the
ponderomotive force. It is well known that when laser
light passes through a plasma with an initial linear density
profile, the ponderomotive force pushes the electrons as
well as the ions because of the quasineutral requirement of
a plasma. As a result, a new density profile is formed
where a balance between the force of the plasma pressure
and the ponderomotive force has been reached, and the
motion and density distribution of the plasma approach a

steady state. At this time the behavior of the plasma can
be described by the following fluid equations:

9
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Equation (5) is the continuous equation and Eq. (6) the
momentum equation. The time derivatives are set as zero
because the plasma is considered to be in a steady state.
All variables have been written in a dimensionless form,
ie, E=kox, N=w}/0?, A=E/EL, V=u/c,, where
is the ion sound speed, v, the thermal velocity of the elec-
tron, vo=eE; /mo. The first term on the right-hand side
of Eq. (6) represents the ponderomotive force, which is
proportional to the spatial derivative of the electric fields.
Integrating Eq. (5) gives

NV=N,, (7)

where N; is the integral constant which is equal to the
plasma density at the sonic point (¥ =1). Equation (7) in-
dicates that the product of density and velocity is a con-
stant for all values of £&. Solving Eq. (7) for N and then
substituting it into Eq. (6), we have
v __ 162342 ®
8§ 4 p2 3
Since 3V /36540, A? reaches its maximum when ¥V =1.
There are a number of peaks in the intensity profile. The
way we determine the sonic point is to choose the highest
peak, which is responsible for the trans sonic flow.
Solving Eq. (7) for ¥V and then substituting it into Eq.
(6), we have another equation
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Integrating Eq. (9) gives
1M 1%,
> N2 +InN = —Z—;Z‘A +const . (10)

The constant in Eq. (10) is determined by applying the
condition that the maximum A appears at the sonic point:
2
1Y%

const=%+lnN,+ZFAs2 , (11

e

where A; is the field intensity at the sonic point.
From Egs. (10) and (11) we obtain the elementary equa-
tion for density-profile calculation,
2
N N 1
— In——-1=—
n | Ty 2
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Equation (12) is a transcendental equation which can be
numerically solved if A4 is known. Before doing so we
shall, at first, have a discussion about this equation.

Let M =N /N, then the left-hand side of Eq. (12) can
be written as
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FIG. 4. The schematic behavior of function f(M).

f(M)=#+2lnM—l . (13)

A plot of function f(M) is shown in Fig. 4. We can see
that f(M)=0 when M =1. It implies that 4 =A4; ac-
cording to Eq. (12). This is in agreement with the condi-
tion mentioned above that the field reaches its maximum
at the sonic point. If M=£1, then f(M)>0; at this time
Eq. (12) has two solutions which lie, respectively, on both
sides of the sonic point. Since v3 is proportional to the in-
tensity of the incident light, it is easy to see that the more
intense the incident laser light, the larger the value of
f(M) will be, and the more severe the density-profile
steepening.

Besides the intensity of the incident light, the peak
value of the field A4; is also closely related to the oc-
currence of resonance. The appearance of the resonance
will generally lead to a significant increase of 4;. As pre-
viously mentioned, in a magnetized plasma, resonant ef-
fects will occur even when the laser light is normally in-
cident. So it is obvious that the existence of a self-
generated magnetic field will certainly play an important
role in density-profile steepening.

In addition to the increase of A, resonance effects will
result in a shift of the sonic point as well. This effect is
clearly shown in Figs. 1 and 3. The sonic point is located
somewhere ahead of the reflection surface (i.e., the critical
density surface) when the dc magnetic field is absent, and
it moves to the neighborhood of the critical surface when
a large dc magnetic field is present.

Making use of the field structure obtained in Sec. II
and Eq. (12) in this section, we have calculated the modi-
fied density profile over the whole coronal region. Typi-
cal results are illustrated in Figs. 1—3. The parameters
used in the calculations are selected in accordance with
the experimental observations so that our results can be
compared with experiment.

IV. RESULTS AND DISCUSSION

Our computations show that besides the incident laser
intensity, the density-profile modification depends signifi-
cantly on the value of the parameter . We can separate
the effects of a self-generated field on the plasma-density
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modification into several cases.

(a) Va <0.01. In this case, the dc magnetic field is so
weak that though the resonant field 4, does not equal
zero, it can still be neglected compared with 4,. So nei-
ther the value of A nor the position of the sonic point is
significantly different from those when the dc magnetic
field is absent. To illustrate the density profile for this
case, we simply give the results in which B is zero, as
shown in Fig. 1. In comparing this with the initial linear
density-profile distribution, we find profile steepening.
For a light intensity of vy /v, =0.4—0.6, this corresponds
to, assuming that the electron temperature is 1 KeV,
I;,,=8.8%10"—2x10"® W/cm? for a Nd-glass laser and
I;,=8.8X10?—2x 10'* W/cm? for a CO, laser, when the
upper-shelf density is in the range of (2—4)n, and the
lower-shelf density is about 0.57,.

(b) Va~0.01. The dc magnetic field in this case,
though it is still not very strong, begins to manifest itself
through resonance. The results are that A increases and
that the sonic point has been relocated to the neighbor-
hood of the critical surface. A characteristic of this case
is a density dip that appears in the vicinity of the critical
surface; see Fig. 2.

(¢) Via>0.01. When the value of the dc magnetic field
is in this range, the resonant effects become more evident.
Not only does the sonic point approach the critical sur-
face, but A; also becomes significantly large as the
resonant peak rises sharply. As a result, the density pro-
file close to the critical surface will be severely steepened.
The upper-shelf density might reach above 10n.. If
Va=0.05, the upper-shelf density may reach as high as
40n. and above, even if the intensity of incident light is
only about 10'*> W/cm? (CO, laser), as shown in Fig. 3.
Such a high upper-shelf density is difficult to be interpret-
ed by a nonmagnetized model.

The consistency of our computation with experiments is
obvious. For Nd-glass laser beams at intensities
1015—10'® W/cm?, the self-generated magnetic field is up
to 1 MG order," i.e., Vi <0.01, corresponding to cases
(a) and (b); the measured upper-shelf density is about
(1—4)n.,,>* in accordance with our results.

Although the analytic calculation and computer simu-
lations without dc magnetic field considerations have
presented similar results” ! for the upper-shelf density in
the case of a Nd-glass laser, they have essential difficulties
in explaining the results obtained in CO, laser target ex-
periments.

For CO, laser beams at intensities 7 10'>—3x 10"
W/cm?, the self-generated magnetic field is in the range
100—500 kG,'"*" i.e., Via=0.01—0.05, corresponding to
cases (b) and (c). The measured upper-shelf density ranges
from 10n., to 40n..> This result, though far from being
fully explained by the nonmagnetized model, is a natural
consequence of our computations.

The density dip structure has been theoretically predict-
ed for a number of situations.!*~!* The dips can result
from momentum balance in both planar and spherical
geometries as well as from caviton formation in the pres-
ence of obliquely incident p-polarized laser light. We here
also mention a mechanism which is principally similar to
that of the latter case, that is, the ponderomotive force
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caused by the resonant field pushes the plasma aside in
the vicinity of the resonant point, and hence induces a
density dip. The difference is that our mechanism can
operate even if the laser light is normally incident on an
inhomogeneous plasma in the case of the presence of the
self-generated dc magnetic field.

Finally, it should be pointed out that in this paper we
have focused our discussion of the effects of the self-
generated dc magnetic field on the density-profile modifi-
cation. Therefore we pay much attention to the parame-
ter a, but only set f to a fixed and reasonable value al-
though the selection of f certainly has influence on the
density-profile modifications. In addition, in this paper
we have considered the plasma as collision dominated,
and limited the intensity of the incident laser to below the
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threshold of wave breaking, so the effects of hot electrons
could be neglected.

V. CONCLUSION

Our discussion demonstrates that the nonmagnetized
plasma model can explain some of the observations in
Nd-glass laser experiments only because the parameter a
of this case is small enough so that the resonance induced
by the self-generated magnetic field has not become dom-
inant. We also suggest that magnetization effects should
be taken into account in order to satisfactorily explain the
observed phenomena of density-profile steepening either
in CO, or in Nd-glass laser-plasma interaction experi-
ments.
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