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We report on the absorption of laser energy that results when an ultra-intense laser
l

pulse is incident onto a sharp vacuum-plasma boundary, where the initial shelf density of

the plasma is much greater than the critical density, ncr. It is found that 2-D effects greatly

increase the amount of absorption into hot electrons, over the amount predicted using I-D

theory. In particular, a scaling for the absorption as a function of density, for a fixed laser

intensity, implies that the absorption will be of order 30% for densities well in excess of

100 ncr. The interaction is studied using both 1- and 2- dimensional particle-in -cell (PIC)

simulations. The 1-D results agree quite well with a simple scaling of JxB heating, where

the laser electric field penetrates a skin depth into the overctense plasma and subsequently

heats electrons. In 2-D, when the laser is incident at an angle, the absorption is seen to

increase substantially due to a form of resonant absorption that occurs in steep density

profiles. We find that the inclusion of kinetic and multi-dimensional effects are crucial to

obtaining a complete picture of the interaction. The ability of ultra-intense lasers to produce

acceptable amounts of hot electrons necessary for the fast ignitor fusion concept will also

be assessed.

The main motivation for this work is the fast ignitor fusion concept 1, which

employs ultra-high intensity lasers to (1) bore a channel through the corona and then (2)

generate hot electrons at the end of this channel. These electrons are then used to heat the

highly compressed core. The hole boring laser is roughly 10-100 picoseconds in duration,

and has I_,2 _<1019 W I.tm2/cm2. The laser used to generate the hot electrons is roughly 5

picoseconds long, and has I_.2 - 1020 W I.tm2/cm2. The fast ignitor requires a large

number of energetic (500 keV-lMeV) electrons. This energy is chosen so that the electron

range is approximately equal to the range of a 3.5 MeV alpha particle. Therefore, we are

interested in maximizing the laser absorption into hot electrons with the appropriate

energies.

Previous 2-D simulations 2 at low plasma densities (n-4ncr) showed good

absorption (A ~ 30-50%) into hot electrons, with a nearly Maxwellian distribution with the

temperature approximately given by the ponderomotive potential of the laser. Recent work

in 1-D3, using much higher densities (--100-300 ncr), showed a considerable reduction in

absorption into hot electrons (<1%), with most of the absorbed energy (-3%) going into

the formation of a collisionless ion shock. The goal of this work is to determine if the low



amount of absorption into hot electrons in the I-D simulations is due to the fact that a

higher electron density was used, or due to the 1-D geometry, or some combination of the

two. To this end, we will first explain the low absorption found in I-D simulations. We

then present results obtained with high density (n~50-100 ncr) 2-D simulations.
,i

The particle-in-cell computer code ZOHAR 4, written by Langdon and Lasinski,

was used for all simulations. It should be noted that the equation of motion for the

electrons is relativisticaUy correct, and that all resulting nonlinearities are thus included in

the simulations. Particles move in the x-y plane. The electric field of the laser is in the

plane of particle motion (for 2-D) and this is considered p-polarization: For both the I-D

and 2-D cases, the ions are always mobile with a mass ratio of 1/2000. The 2-D runs are

the most realistic representation of the interaction of interest thus far.

In l-D, JxB heating is the principal mechanism available for energy to be

transferred into electrons at a steep vacuum plasma interface where the plasma density is

greater than critical. 5 Briefly, this mechanism can traced to the ponderomotive force of the

laser due to the penetration of the laser electric and magnetic fields a skin depth into the

overdense plasma. The non relativistic version of this force can be written as

Heating is the result of that component of the JxB force that oscillates the electrons at the

vacuum-plasma interface with a frequency of twice the laser frequency. The electrons at

the boundary oscillate in this "non resonant" wave. The phases of some of the electrons

oscillating in this wave may be such that they can escape this oscillation; hence, the

electrons are given a non adiabatic kick into the overdense plasma. However, only a

fraction of the electrons may escape the wave, and how many escape will depend on the

strength of oscillating force. Notice that the magnitude of the force is dependent on

c,o02/¢a_pe2, or equivalently, ncr/n. Thus, as the electron density increases, the magnitude

of the force goes down, and so less energy is transferred to hot electrons. The net result is

that the amount of laser light absorbed decreases with increasing density in one dimension.

This is consistent with the results of Reference 3, which also found that at these high

densities the majority of absorbed laser energy goes into ion motion.
w

Once a second dimension is added, a number of additional absorption mechanisms

become available for heating the electrons. We will concentrate on the following: (1)

rippling of the critical surface 6 (2) resonance absorption in steep density profiles 7.8.9.10.11

(3) creation of a lower shelf density 12(3) and relativistic filamentation.13,14



A rippling of the critical surface has long been invoked as a mechanism to explain

anomalously high absorption found in intense laser plasma interactions 15.16. In fact, this

mechanism can strongly affect the absorption, even for interactions at I_.2 -- 1016 W

}.tm2/cm2 for long pulses (> 1 nanosecond.) For picosecond (and shorter) pulses with low

" laser intensities, rippling may not occur. The wavelength of the perturbation on the surface

is typically on the order of the laser wavelength. Due to surface rippling, the absorption is

' enhanced, particularly at larger angles, where a larger component of the electric field can

drive electrons across the critical surface. When 1_.2> 1016 W I.tm2/cm2, this effect

becomes even more pronounced.

"Not-so-resonant" absorption is a related effect that occurs for obliquely incident,

p-polarized light in a sufficiently small density gradient. Briefly, this is a parameter regime

where the laser is so intense that the excursion of an electron in the driven wave at the

vacuum plasma interface is so large that it is literally pulled out into vacuum, then sent back

into the plasma. As with the ponderomotive heating discussed above, some of these

particles may be accelerated nonadiabatically back into the plasma, taking some of the laser

energy with them, thus causing the laser energy to be absorbed during the interaction.

Note that the frequency of this driven wave is now toO,and not 2o_0, as was the case for

the JxB heating. This mechanism is quite efficient at absorbing laser energy for oblique

incidence. In fact, Brunel showed that the fraction of laser energy absorbed is given by

labs = (rl/2g) Vosc(EL2/8g). The dependence of _! on the density was found by Kato et

al. 10to be given by 11=oJ(1-o._02/COpe2),where ot _ 1.75. Notice that this dependence of

the absorption on density is much different than that obtained for JxB in 1-D. Finally, it is

important to point out that this mechanism is more important than JxB only when the

driving field of the electric field (in particular, the component of the E-field that is normal to

the surface) is greater than the magnitude of the JxB driving term, i.e., 2ELsin0 > VoscBL,

or equivalently sin 0 > (Vosc/C) (co0/COpe),as discussed by Denavit in Ref. 3.

The creation of a lower shelf density was observed in the early CO2 laser

experiments 12. This t_otonly allows for increased absorption due to parametric instabilities

such as SRS and two pmsmon decay to occur in the underdense, but also allows for the

possibility of tl'.e laser to filament on its way to the critical surface. In fact, for parameters

of interest in this paper, the beam can both filament and self-focus, as shown in Fig. 1.

Note that not only will the intensity of the laser be higher once it reaches the critical density,

' but the surface becomes rippled, creating a scenario where enhanced absorption will occur.

Perhaps the most important 2-D absorption mechanism for our purposes is a

' combination of a rippled surface and Brunel absorption. A sample simulation illustrates the

effect. A plane wave is normally incident onto a sharp vacuum plasma interface. Early in



time, the absorption (as expected) agrees with the analogous I-D result of-6%. However,

as the laser continues to impinge on the interface, the absorption continues to increase until

it saturates near 50%. This can be explained by noting that as the interaction proceeds, the

surface becomes quite rippled (See Fig. 2). These tipples on the plasma surface allow a

component of the electric field of the laser to be oriented across a variation in plasma

density. This allows a wave to be driven across the gradient, thus accelerating electrons

(some nonadiabaticaUy) that absorb the laser energy. The larger the depth of the ripples

become, the more absorption can occur. The ripple could be due to a number of things, for

example, a Rayleigh-Taylor instability. 17

An even more important finding is the dependence of the absorption on the initial

shelf density. For a given angle of incidence and intensity, the absorption is found to be

roughly constant and only weakly dependent on density (for sufficiently large densities.)

This can be seen in the simulation results of not-so-resonant absorption presented in Fig. 3.

These results are consistent with a number of short pulse experiments, done at somewhat

lower intensities 18.19. Thus, we now have more confidence in predicting the scaling of

the laser absorption with the densities of interest for the fast ignitor, although more work

needs to be done in this area.

In conclusion, we have extended the parameter space of simulations done by both

our group and J. Denavit on the absorption of ultra-intense lasers at a sharp vacuum-

overdense plasma interface. Our previous work was all lower shelf density (< 10ncr) work

in 2.-D. In this report, we reviewed the important findings in l-D, and presented new

simulations done in 2-D with high shelf densities ( 25-100ncr). We examined a number of

absorption mechanisms that become available in a two dimensional geometry. We found

that the presence of these 2-D effects greatly increases the absorption over that which was

predicted from 1-D theory and simulation. In particular, we have shown the dependence of

the absorption on the density is characteristic of "not-so-resonant" absorption. This means

that although we cannot do simulations at the high densities present in the fast ignitor, we

can in principal extrapolate out to these densities. We find the absorption to be constant at

~ 30%, once the density is above 20 ncr. This implies that it may be possible to generate

the large numbers of electrons (in the energy range 500 keV to l MeV) necessary to heat

the compressed core in the fast ignitor fusion concept.
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Figure Captions

Figure 1. (a) Contour plot of laser intensity (E2/8_) in real space (x-y) showing that

initially intense (peak intensity 10_,2=1019W _tm2/cm2), finite spot (FWHM in y
6

dimension is 10_) beam can both filament and self-focus. The plasma density is linearly

ramped up from 0.2ncr to 0.6ncr over the first 70 c/¢t_O,and rises sharply to 3ncr at 70

c#.00, and stays constant at this density to the end of the simulation box. (b) This leads to a

rig,piing of the critical surface, as shown in the contour plot of electron density in real

space.

Figure 2. Contour plots of ion density in real space,for a simulation with parameters

n/ncr = 25 and plane wave laser with intensity 10_.2=1019W._m2/cm 2. (a) Early in time

(co0t=90) shows the initially smooth plasma density critical surface. (b) Late time

(¢.o0t=330)ion density contours show that a substantial ripple has developed on the surface.

Figure 3. Absorption versus density, showing the scaling that was found in Reference

10. In this series of 2-D simulations, two laser beams (incident at +45") with intensity

I_02 = 3.4x1019 W.[tm2/cm 2 are shot at an initially steep overdense plasma vacuum

interface for a variety of densities. The fact that the absorption levels out at a nonzero value

for large densities, is in marked contrast to what was found in 1-D.
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