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Dielectric magnifying of plasma blocks by nonlinear force acceleration
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Specific studies were performed in order to increase the thickness of laser generated directed space
charge quasineutral plasma blocks with anomalously high ion current densities above 10'! A/cm?.
This may lead to an alternative scheme of laser driven fusion with the irradiation of
petawatt-picosecond laser pulses. Initial electron densities were used with Rayleigh profiles,
because these are unique for inhomogeneous plasmas for undistorted acceleration at very low

reflectivity until thermal

absorption processes disturb these ideal conditions.

Numerical

hydrodynamic results based on a genuine two-fluid code are presented to optimize the block
generation for possible fast ignition and details show the delay of thermal exchange between the ion
and electron plasma fluid. © 2010 American Institute of Physics. [doi:10.1063/1.3497009]

I. INTRODUCTION

In recent years, the developments of laser pulses were
highly motivated by the scheme of the fast igniter1 for appli-
cations in nuclear fusion of deuterium-tritium. Recent rapid
advancement in the development of intense laser systems in
the production of quasimonoenergetic electrons currently
boosts the use of such devices in producing energetic particle
beams.’ Studying the interaction of such advanced laser sys-
tems with plasma in various conditions is discussed.’ Laser
pulses between terawatt and a few petawatt power with a few
picoseconds and even shorter duration times were applied.4
Based on various observations, a rather rarely reported
anomaly was measured. Instead of the usually emitted very
intense and hard x-rays, only very much lower intensities
and softer x-rays were measured’ and instead of the usually
expected 22 MeV fast copper ions, only half MeV maximum
ion energy was measured, where the ion number did not
depend on the laser pulse energy.6 This was explained based
on the fact that these anomalous measurements were done
with exceptionally clean laser pulses where any prepulse was
suppressed by a factor 10% (contrast ratio) up to about 10 ps
before the main pulse arrived at the target. In these condi-
tions, it can be concluded that no relativistic self-focusing
could have been involved.’

All this could be explained by the acceleration of the
very fast ions as a block from the skin layer surface in full
agreement with the acceleration by the nonlinear (pondero-
motive) force.® This skin layer acceleration by the nonlinear
force (SLANF) was confirmed experimentally from the
highly directed space charge quasineutral plasma blocks with
directed current densities above 10'" A/cm? of ions up to
100 keV.”® The involved mechanisms®™'° are also important
for energy transport in overdense plasmas11 based on a spe-
cial analysis.12
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The nonlinear driven plasma blocks may permit an alter-
native approach for laser fusion based on the hydrodynamic
analysis by Chu'? where a fusion reaction wave was studied
to be produced by irradiating uncompressed solid state den-
sity deuterium-tritium. The result for this side-on ignition,
however, showed'” that the most exorbitant amount of en-
ergy flux density E* of more than 4 X 108 J/cm? is needed.
This may be available in the near future, thanks to the tech-
nology of the petawatt-picosecond laser pulses and thanks to
the anomz:11y7’8 of the laser generated very high ion current
densities. For estimating conditions of this laser fusion
scheme, the problem of E* was studied in view of the relax-
ation of the ignition conditions® due to phenomena discov-
ered after the early analysis by Chu."” The other problem is
how to produce sufficiently deep plasma blocks. One option
is conical guiding of the plasma blocks;® another is to
find conditions for generating thick plasma blocks from the
beginning.

This work focuses on the plasma-optical problem and
how the initially accelerated blocks may be produced with a
higher thickness or more depth by using better selected op-
tical properties in the laser irradiated inhomogeneous plasma
layers. This can be achieved if an appropriate initial plasma
density is produced according to the theory of the Rayleigh
density profiles.

Il. PROBLEMS OF OPTICAL PROPAGATION
IN INHOMOGENEOUS PLASMAS

One of the fundamental problems of wave propagation
in plasmas is the fact that these plasmas are nearly always
inhomogeneous. All this is defined with the solution of the
ordinary linear differential equation for the spatial part of the
electric field amplitude E(x) of the electric field E depending
on the one dimensional spatial coordinate x combined with
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that of the magnetic field H by Maxwell’s equations,
(d¥dx»)E(x) + (w/c)*n(x)%E(x) = 0, (1)

where w is the radian frequency of the laser, ¢ is the vacuum
speed of light, and n is the real part of the refractive index of
the plasma, given by n(x)’= 1—(w/wp)2/(1+iv/ w) using the
plasma frequency w,=(4me’n(x)/m)"?, and the spatially
and temperature dependent collision frequency v in the
plasma. e is the charge, m is the mass, and n, is the density
of the electrons in the plasma. The wave equation (1) is
trivial if n, is constant (homogeneous plasma) where the so-
lutions of Eq. (1) are given by elementary functions cos(x),
sin(x), or exp (ix). But for x-dependent n(x), as in all the
inhomogeneous plasmas, the solution of Eq. (1) is very com-
plicated and contains a substantial part of mathematics of the
19th century. For the general case of plasmas with spatial
variation of the electron distribution, n.(x), special series of
higher functions have to be used. In this situation, it was
rather unique that Rayleigh14 found a solution for the wave
equation (1) for an inhomogeneous medium, if the refractive
index is given by n=1/(1+ax) with a constant «. The solu-
tions were exactly expressed by elementary functions with
amplitude E,

E(x) = (1 + ax)"?E,
xexp{* (12)[Qw/ca)* = 11"n(1 + ax)}.  (2)

With these exact solutions, the reflection between a homoge-
neous and an inhomogeneous Rayleigh medium could be
solved exactly, and it was clarified by Hora'” that there are
only two exact solutions in the inhomogeneous optical me-
dium for a wave moving into the direction of +x and one to
—x. There were no internal reflections as it was wrongly
suggested from the many-layer approximation (see. Ref. 17,
Sec. 7.3). The Rayleigh medium has a special importance
when studying the nonlinear (ponderomotive) forces gener-
ated by a laser field in plasmas. It was known from electro-
statics that electrons can be moved by a ponderomotive force
if there are gradients in the electric field E given by —VE?. It
was the merit of Weibel'® to demonstrate that the same forces
on electrons in vacuum appear also time averaged in the
high-frequency fields of microwaves. The evaluation of these
forces in plasmas including the inhomogeneous dielectric
properties resulted in a nonlinear force density17 after sub-
tracting gas dynamic, thermokinetic forces. The force can be
reduced and time averaged and with approximately using
real part values of n,

fnr = — (9/9x)(E? + H?)/(87)
=(n?-1) VE¥(8m)
=~ (wy/0)*(9/9x)(E,’/m)/(16m). 3)

Here, E,, is the amplitude of the electric field of the laser in
vacuum. Within the plasma, the square of the electric field is
increased by a swelling factor S=1/n(x). With respect to the
results of the Rayleigh profiles, the main limitation is that
propagating waves require an oscillating exponential func-
tion. This is fulfilled as long as 4w?/(c>a?)—1>0 and where
the limit for < a,=1.1X10°> cm™' is given for neodymium
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glass lasers. For a higher than the threshold «,, the solution
in Eq. (2) is exponentially decaying with a total reflection at
the boundary of the vacuum and the plasma.

In the following, we shall consider mostly cases where
(n®-1)=-n./n is close to —1 where n.. is the critical den-
sity with w=w),. Apart from the fast oscillating part in Eq. (2)
where the absolute value of the exponential function is equal
or less than 1, the ponderomotive action as determined by the
Rayleigh refraction is constant,

VE? = E,*(d/dx)(1/n) = a. 4)

A consequence is that the whole plasma is then accelerated
as an undistorted block. This property of the Rayleigh profile
with respect to the nonlinear (ponderomotive) force is very
significant and important to uniformly generate fast moving
plasma blocks for different applications.

The result of the undistorted plasma blocks with thick-
ness of about 20 times the vacuum wavelength by laser irra-
diation of Rayleigh density profiles was reported in one nu-
merical hydrodynamic fluid studies'® (see Ref. 17, Sec. 10.5)
of nonlinear force acceleration in plane geometry. But this
was only many years later to be confirmed in the first exact
measurement by Sauerbrey.19 The measured acceleration of
plasma blocks was about 10° cm/s? in agreement with pre-
dictions by the nonlinear force.*'” This was only possible
because of the then available terawatt-picosecond laser
pulses with a contrast ratio above 10® to avoid relativistic
self—focusing.8 The computations confirmed that the thick-
ness of the skin layer in the Rayleigh profile with the appro-
priately selected a-value was increased by the swelling fac-
tor S=1/n. This value could easily be higher than 20 times
even with inclusion of the collision frequency.”’18

This was all essential in the clarification of the anomaly
for terawatt-picosecond laser pulse interaction with targets as
a SLANF process which was shown before (Fig. 1 of Ref. 8).
A neodymium glass laser pulse of 10'8 W/cm? irradiated a
deuterium plasma of initially 100 eV temperature and a Ray-
leigh profile with @=2X 10* cm™!. At the interaction time of
1.5 ps, the electric field E of the laser was so strongly
swelled that the laser field energy density was more than 15
times higher than that in the vacuum. In the same way, the
thickness of the skin layer was increased by a similar factor
and a deuterium plasma block of more than 15 vacuum
wavelength depth was moving against the laser light nearly
undistorted with velocities up to a few 10° cm/s. A similar
block was moving into the plasma below the critical density.

It is important to note that the hydrodynamic codes de-
scribe the macroscopic drift velocity of the ions while their
thermal energy of motion determines their temperature. The
change of this temperature by pressure into macroscopic mo-
tion is given by the hydrodynamic conservation equations. In
the hydrodynamics of the earlier studies,>!"® plasma with
collisions and time delays between heating of the electrons
and equipartition to ions was included in the same way as in
the following computations.
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Ion velocity (cm/s)

FIG. 1. Ion velocity within an initially bi-Rayleigh («=9.59%10°* cm™)
deuterium plasma with initially zero velocity and with 100 eV initial tem-
perature located between —10 and +10 um at neodymium glass laser irra-
diation from the left hand side of 2 X 10'® W/cm? intensity during the time
between 0 and 750 fs.

lll. NUMERICAL STUDY USING THE GENUINE
TWO-FLUID HYDRODYNAMICS

In order to clarify the selection of parameters for initial
density profiles, computations were performed mostly with a
Rayleigh type for the initial density including initial tem-
peratures and initial zero macroscopic velocities and the time
dependence of the interaction with the laser pulses. The criti-
cal ion density n. was 10! cm™. In these cases, the non-
linear force dominates the thermokinetic forces during the
short interaction time for achieving thick plasma blocks. At-
tention was especially given for producing a thick plasma
block directed inside the plasma in the direction for the laser
propagation for the conditions described before (see area A
in Fig. 6 of Ref. 8).

The advanced and very general hydrodynamic interac-
tion code was used as derived by a genuine two-fluid
treatment.”’ In this case, the double layer processes at the
caviton generation21 resulted in a plasma block of five
vacuum wavelength thicknesses moving against the laser
light being compensated by the block moving into the target.
Another two-fluid computation was used before analyzing
the partial standing wave generation22 while the present
analysis is to find conditions to avoid the subsequent density
rippling. Another formulation of a genuine two-fluid code
was established” to show the plasma block generation when
the laser pulse is hitting an initially linearly increasing den-
sity ramp.

The following results are using the earlier described
code” which is now applied for the laser interaction of the
initial density with a Rayleigh density profile or with slight
modifications. For comparison with the earlier one-fluid
computations”’18 and a first evaluation,24 more detailed
results are presented here for a laser intensity of 2
X 10'® W/cm? and laser pulse durations of 500 and 750 fs.
This time restriction is appropriate for the study of an initial
plasma thickness of about 20 wm only for the nonrelativistic
code. The initial plasma density given by the ion density n;
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FIG. 2. Same as Fig. 1 with overdrawn curves.

(at time t=0) depends on the plasma depth x (in centimeter)
for bi-Rayleigh profile for increasing from x=—10 um to
x=0 and decaying from there up to x=10 wm. The value of
@=0.959 X 10* cm™' was chosen for similarity with other
numerous cases.

Figure 1 shows the resulting ion velocity when the initial
temperature of the plasma was chosen to be 100 eV and the
laser was acting between the time 0 and 750 fs. Figure 2
shows the overdrawing of the three dimensional diagram of
Fig. 1. In order to show the heating process of the electrons
and ions, we show a case with the same parameters as before
but selecting 10 eV as initial temperature to better observe
the temperature fluctuations for a 300 fs long interaction.
Figure 3 shows the result of the ion temperature and Fig. 4
shows that of the electron temperature.

For a qualitative overview, the following results are
added for the same laser intensity, same a-value, and same

lon temperature (k )

FIG. 3. Ion temperature for the same conditions as in Fig. 1 but at 10 eV
initial temperature and laser interaction between 500 and 800 fs.
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FIG. 4. Electron temperature for the case of Fig. 3.

initial temperature and initial bi-Rayleigh profile of deute-
rium plasma. Figure 5 shows the print-out of the develop-
ment of the electromagnetic laser energy density in the
plasma for 750 fs interaction time. Figure 6 shows the ion
velocity profiles for a 1750 fs interaction where at early
times the laser field had developed an intensity minimum
near the entrance in the plasma automatically from the gen-
eral numerical solution of the generated field. Figure 7 shows
the ion density profile at 500 fs interaction where the gen-
eration of the caviton near the entrance of the laser field can
be seen as known from earlier computations.21

IV. DISCUSSION OF THE RESULTS

For the case of 750 fs interaction, the propagation of the
laser field into the plasma can be seen from the wedges in
Fig. 1 for the first 300 fs, where the ion velocity is zero up to
the end of the plasma at +10 um. This corresponds to one
half of the vacuum speed of light and it expresses a dielectric
swelling by a factor 2 by which the factor of the speed of
light in the plasma is being reduced. Then the light is

x 10

E+H/8 T (oas)

FIG. 5. Electromagnetic field energy density (E>+H?)/8 in cgs of the
laser in the plasma at 750 fs interaction time for same conditions as in
Fig. 1.
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FIG. 6. Ion velocity profile for 1750 fs interaction time as in Fig. 5.

switched off at 750 fs, and the plasma moving against the
laser light can be seen (negative velocities) while the maxi-
mum velocity for the motion into the plasma has been
reached with subsequent spreading of the velocity profile at
the free motion of the generated plasma block. The fact that
there is still a little increase of the velocity at x=+10 wm
may be understood from this spreading process. In any case,
during the interaction, the laser intensity is high enough at
the end of the plasma, such that the stronger (negative) den-
sity gradient there causes the push of the plasma along the
direction of the laser light.

Figure 2 shows a maximum ion velocity of 5
X 10° c¢m/s related to the interaction time of 750 fs. This
corresponds to an acceleration of

a=6.6 X 10'"® cm/s?. (5)

This may be compared with the theoretically expected value
of the acceleration as done before® and for the acceleration
measured at higher intensity by Sauerbrey.lg For the accel-
eration into the plasma, the amplitude of the laser field is

Ton density (cm®)

FIG. 7. Ion density profile for 500 fs interaction for same conditions as
before.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



113108-5 Dielectric magnifying of plasma blocks...

taken as Eozs by using the swelling factor S and the vacuum
amplitude of the laser field. The density p of the deuterium at
critical density defines the force density according to Eq. (4),

pa=(3/9x)E *S/(8), (6)

where approximately the value is dx=3.3 um. For the laser
intensity 2 X 10'® W/cm?, one arrives with S=2 at an accel-
eration of a=6.44X10'"® cm/s? in rather good agreement
with the results in Eq. (5) of the computation.

The heating processes following Figs. 3 and 4 may be
followed up and at least qualitatively the genuine two-fluid
code®®? is correctly describing the delays of heat transfer
from the electrons to the ions while the main energy transfer
to the ions is given by the nonlinear force driven nonthermal
plasma dynamics. We note that the laser action is between
500 and 750 fs. There is indeed a heating of the electrons by
converting the quiver motion into heat by collisions up to
about 4 keV with short delay as expected (see p. 417 of Ref.
25), decaying from 750 fs after the laser action, but due to
the very much longer equipartition time being completely
included in the code based on the classical collisions, the
ions are heated by the electrons only marginally. The ion
heating shown in Fig. 3 is dominated by the adiabatic dy-
namic processes of the acceleration by the nonlinear forces.
This works even after 750 fs after the ion fluid has been
brought into motion by the nonlinear force.

V. CONCLUSION

The scheme of side-on ignition of solid state density
deuterium-tritium for fusion energy production following
Chu" and an updated reduction of the threshold* needs the
generation of highly directed space charge neutral plasma
blocks. This can be achieved by nonlinear (ponderomotive)
force acceleration at laser interaction by extension of the
effective skin layer using special profiles of dielectric plasma
properties. Using the genuine two-fluid plasma hydrodynam-
ics, this block generation leads to thicknesses of a large num-
ber of vacuum wavelengths. The properties of the results of
computations are compared with the expected theoretical
values confirming the detailed inclusion of plasma dynamics
in the computations. These can be used in examples to show
how the laser heating of the electrons by collisions arrives at
very different temperatures during the processes in less than
picosecond duration because of the comparably delayed eq-
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uipartition process for heating of the ions. At the studied high
laser intensities, the nonlinear force dominates the nonther-
mal transfer of laser energy in the directed ion motion.
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