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Abstract

Laser ponderomotive force at ultra-high intensities provides an efficient ion acceleration in bulk dense
targets and evacuates a channel enabling further laser beam propagation. The developed quasi-
stationary model of a laser piston—a double layer structure supported by the radiation pressure—
predicts the general parameters of the acceleration process in homogeneous and inhomogeneous over-
dense plasmas. In the first step of this work we solve the dynamics equations of Krypton-
Fluoride (KrF) laser with an operating wavelength of 248 nm has the deepest ultraviolet (UV)
wavelength of all current candidates for laser drivers. These qualities provide fundamental
advantages to obtaining robust high gain implosions by means of direct drive. Then in the
second step, using the obtained expression for the piston velocity, we determine the energy of the
accelerated ions, their energy distribution, and the laser penetration depth in case of an inhomogeneous
plasma slab. This way we can estimate the laser parameters necessary for propagating the light wave
up to a certain density. Moreover, we present solutions for the governing equations describing the
detailed structures of the ion charge separation layer and the electron sheath of the piston. Results of
our work are presented for circular polarization and various intensities of the incident laser light, which
exposes homogeneous plasma slabs of different densities. Although the calculations confirm the basic
features of the analytical model, they show two overlaying nonstationary effects: nonlinear oscillations
of the piston parameters around the stationary values and strong radiative energy losses of accelerated
electrons in ultra-intense laser fields at low plasma density. These nonstationary features modify the
stationary piston regime and set the limits on its validity.
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1-Introduction

Inertial confinement fusion (ICF) is a type of fusion energy research that attempts to initiate
nuclear fusion reactions by heating and compressing a fuel target, typically in the form of a
pellet that most often contains a mixture of deuterium and tritium. To compress and heat the
fuel, energy is delivered to the outer layer of the target using high-energy beams of laser light,
electrons or ions, although for a variety of reasons, almost all ICF devices as of 2015 have used
lasers. The heated outer layer explodes outward, producing a reaction force against the
remainder of the target, accelerating it inwards, compressing the target. This process is
designed to create shock waves that travel inward through the target. A sufficiently powerful
set of shock waves can compress and heat the fuel at the center so much that fusion reactions
occur. The energy released by these reactions will then heat the surrounding fuel, and if the
heating is strong enough this could also begin to undergo fusion. The aim of ICF is to produce
a condition known as "ignition", where this heating process causes a chain reaction that burns
a significant portion of the fuel. Typical fuel pellets are about the size of a pinhead and contain
around 10 milligrams of fuel: in practice, only a small proportion of this fuel will undergo
fusion, but if all this fuel were consumed it would release the energy equivalent to burning a
barrel of oil. We believe that direct drive with a Krypton-Fluoride (KrF) laser is an attractive
candidate for inertial fusion energy (IFE) because KrF laser beams are very uniform. KrF lasers
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have outstanding beam spatial uniformity, which reduces the seed for hydrodynamic
instabilities; they have an inherent short wavelength (248 nm) that increases the rocket
efficiency and raises the threshold for deleterious laser-plasma instabilities; and they have the
capability for “zooming” the spot size to follow an imploding pellet and thereby increase
efficiency. The cost to develop a KrF laser for inertial fusion energy would be relatively modest
because of the modularity of the system. We have a conceptual design for a 5000 J Rep-rate
KrF facility that would enable us to address some of the key engineering issues for inertial
fusion energy.

Also in this paper we present a more detailed analysis of the quasi-stationary regime of ion
acceleration in the laser piston, applying analytical methods. In the analytical model we
describe the internal structure of the laser piston assuming complete plasma evacuation in the
vicinity of the traveling laser wave. This paper is organized in the following way. After a short
introduction, we give an aneutronic clean D-*He fusion reaction in section 2.In section 3,
dynamics behavior of KrF lasers are presented. In section 4, an analytical description of the
relativistic piston motion driven by the ponderomotive pressure of a circularly polarized laser
wave are presented. Finally, we summarize our main results and suggest directions of further
investigations.

2. Aneutronic clean D-3He Fusion Reaction

To achieve an absolutely “clean” reactor, one would have to use one of the other possible fusion
reactions listed in Table 1.
Table 1. List of possible fusion reactions

D +T - He*(3.52MeV) + n(14.06MeV)
D+ D - T3(1.01MeV) + p(3.03MeV)
D + D — He3(0.82MeV) + n(2.45MeV)
D+ He3 - He*(3.67MeV) + p(14.67MeV)
T+T - He*+n+n(11.32MeV)
He3 +T - He* + p + n(12.1MeV)
He3 + T — He*(4.8MeV) + D(9.5MeV)
He3 +T — He®(2.4MeV) + p(11.9MeV)
p + Li® > He*(1.7MeV) + He3(2.3MeV)
p + Li” - 2He*(22.4MeV)

D + Li® -» 2He*(22.4MeV)

p + B! > 3He*(8.082MeV)
n+ Li® > He*(2.1MeV) + T(2.7MeV)

The D-D fusion reaction is one of the side reactions of D-*He, which is carried out through two
channels b and ¢ with almost the same probability, but since the reactivity of these two channels
is much lower than D-He, the amount of neutron production and tritium is not significant from
these channels. It is also necessary to mention that because the D-T fusion reaction is one of
the side reactions, it produces neutrons with low rate. Another aneutronic fusion reaction is P-
B, The side effects of tritium generation and the production of high-energy neutrons have
aroused interest in using aneutronic reactions. Possible candidates for these reactions are D-
3He and p-''B. But from comparing their reactivities rate, it can be seen that the D-*He reaction
is more attractive than the p-''B because D-*He requires a lower temperature than p-''B
reaction. Although it should be emphasized that both of them require much higher temperatures
and triple product than the D-T reaction. But it should be noted that there is still disagreement
about the feasibility of the p-!'B reaction. However, research on p-!'B continues in earnest. In
the range of temperatures 0.5-190 keV the reactivity of D*He reaction is accurately fitted by
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the functional form (Bosch and Hale 1992): (ov) = 6‘1(_5/662 exp (—3{1/36) Where: { =

CaT+CyT?+CT3 .
1 — 2l e and & can be written as :& = C,/T/? . The values of the constant Co and
1+C3T+C5T2+CyT3

of the fit coefficients C1—C7 appearing in above equations are: C, (keVl/ 3) =10.572,C; X

1016 (Cms/s) = 151.16,C, x 103(keV ™) = 6.4192,C5 x 103 (keV 1) = —2.0290,C, X

10%(keV™=2) = —0.019108 ,Cs x 103(keV~2) = 0.13578, C, x 103(keV=3) =0 .,C, X
103(keV~3) = 0, in the temperature range 0.5-190keV .

But due to the higher reactivity of the aneutronic fusion reaction of D->He compared to p-''B,
this reaction has been investigated in this article. It is necessary to mention that the amount of
*He on the surface of the earth is not very high so it cannot produce enough fusion energy.
While on the surface of the moon, the amount of *He is so much that it can provide the energy
needed by humans for many years, and the origin of the presence of *He on the surface of the
moon is the solar wind. The abundance of *He on the lunar surface has been determined by
analyzing lunar samples brought back by the Apollo and Luna missions. Also, in the
atmosphere of giant gas planets, the amount of *He is so much that it can produce the energy
needed by humans for about 10'7 years. But extracting *He from these sources and transferring
it to the earth will be very difficult and expensive and can only be achieved in the distant future
[16].

There is also *He in natural gas wells. However, at the current rate of natural gas use, this
source provides *He less than 5 kg/year. Also, *He can be produced from the radioactive decay
of °H in reactors. Large amounts of *He also exist in the Earth's mantle but are inaccessible.
Therefore, a combination of artificial and natural sources of *He on earth can provide sufficient
3He fuel for the development of D-He fusion technology.

How can solid PHé be produced? In response, it should be said that the world is full of solid
helium in polymorphic forms. Therefore, the exploration of helium allotropes is vital to our
understanding of nature. However, producing, observing, and using solid helium on the earth
is challenging because high-pressure techniques are required to solidify helium. Of course, one
of the ways to produce solid P& at room temperature is through the encapsulation effect of
the diamond network. For more studies, refer to reference [17].

It is also characteristic of the D-*He reaction that the protons released in this reaction can heat
the fuel ions not only due to soft Coulomb collisions but also through elastic scattering on the
nuclear optical potential, which is called the nuclear elastic scattering (NES) process. This
scattering process occurs in relatively short distances and involves high momentum transfer.
As a result, energetic nuclei, which are the fuel ions D and *He, appear in the plasma. This
leads to average growth of the fusion reaction rate and thus contributes to the growth of the
total energy release of the thermonuclear process. This is another reason that has encouraged
the authors of this article to choose aneutronic D-*He fuel.

3-Dynamics behavior of KrF lasers

An implosion directly driven by a laser was one of the earliest concepts proposed to achieve
inertial confinement fusion (ICF) and remains the most straightforward. [1] The Krypton-
Fluoride (KrF) laser with an operating wavelength of 248 nm has the deepest ultraviolet (UV)
wavelength of all current candidates for laser drivers and it has demonstrated the most uniform
illumination. These qualities provide fundamental advantages to obtaining robust high gain
implosions by means of direct drive. Recent target design innovations can further mitigate the
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challenge posed by hydrodynamic instability. A particularly promising new approach to direct
drive is shock ignition. [2] Simulations indicate that shock ignition can obtain the very high
gains projected for fast ignition but with a simpler laser and target configuration. [3-4] NRL
simulations indicate gains greater than 100 are feasible with a 500 kJ laser and gains potentially
above 200 are possible at energies of 1 MJ when utilizing a KrF driver. [4]

Advantages of KrF for the achievement of high gain target implosions have been recognized
for many years. [1] However, it was viewed as a challenging laser technology to implement
compared to the ubiquitous flash lamp-pumped Nd:glass lasers that are currently used
throughout the world for ICF research. Large KrF systems use high power electron beams to
excite a gaseous lasing medium. Obtaining good performance from such amplifiers poses both
physics and technological challenges. Nevertheless, the laser fusion program at NRL has made
significant progress in advancing the state of the art in efficiency, performance and durability
of large electron beam pumped KrF lasers by the development of two large scale systems. The
original system, the Nike laser, is an integrated laser-target facility and is the world"s largest
KrF laser. [5] It has produced up to 5 kJ of laser light in 56 angularly multiplexed beams. The
beam smoothing by induced spatial incoherence (ISI) that was implemented on Nike has also
allowed an ability to zoom the focal diameter of the laser beams during a pulse. [6-7] This
unique feature would be used to match the drive laser focal spot to the diameter of an imploding
pellet to increase the overall laser-target coupling efficiency. The newer facility at NRL, the
Electra laser, was designed to develop technologies that can meet the fusion energy
requirements for rep-rate, efficiency, durability, and cost. [8] The 30 cm aperture main
amplifier of Electra provides up to 700 J of laser energy and has demonstrated high transport
efficiency (>70%) of the electron beam into the laser gas. The Electra laser has also
demonstrated 50,000 shots continuous at 5 Hz and 90,000 shots at 2.5 Hz with technologies
that are scalable to a full scale (> 16 kJ) amplifier. The overall system efficiency is predicted
to be greater than 7% based on advances in the electron beam transport into the gas and the
KrF kinetics. This level is adequate for inertial confinement fusion systems based on the high
gains predicted for the advanced KrF driven implosion designs cited above. The combination
of good target and driver performance makes direct drive with KrF lasers an attractive choice
for inertial confinement fusion energy. The ongoing laser fusion program at NRL has four
major objectives: (i) understanding and quantifying the benefits of KrF drivers,(ii) developing
the high performance ICF target designs through theoretical analysis and computer simulations,
(ii1) conducting experimental studies of hydrodynamics and laser-plasma instabilities in targets
driven by a KrF laser, and (iv) addressing the basic scientific and technological issues in the
production and operation of advanced electron-beam pumped KrF lasers for the longer term
energy application. This paper will briefly describe the first three goals related to the continued
advances in target physics being made at NRL through theory and experiment. Nike is a high-
energy krypton-fluoride (KrF) laser that was primarily developed to study the physics and
means for control of hydrodynamic instability. The KrF laser has unique characteristics for
such experiments, particularly in regard to beam smoothing technology. Nike produces the
most uniform target illumination of all available high-energy UV lasers (at 1/3 or 1/4 um). The
Nike laser at the United States Naval Research Laboratory in Washington DC is a 56 beam, 4-
5 kJ per pulse electron beam pumped krypton fluoride excimer laser which operates in the
ultraviolet at 248 nm with pulse widths of a few nanoseconds. Nike was completed in the late
1980s and is used for investigations into inertial confinement fusion. By using a KrF laser with
induced spatial incoherence (ISI) optical smoothing, the modulations in the laser focal profile
(beam intensity anisotropy) are only 1% in one beam and < 0.3% with a 44-beam overlap. This
feature is especially important for minimizing the seeding of Rayleigh-Taylor instabilities in
the imploding fusion target capsule plasma.
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We know that, KrF lasers are a particular type of excimer lasers. Excimer lasers are rare-
gas halide lasers emitting in the ultraviolet, that operate via the electronic transitions of
molecules. Electra uses an Ar/Kr/F2 laser gas mixture and emits at a wavelength of 248nm
(Fig.2).

The dominant formation reactions are:

Kr*+F, > KrF*+F
ArF* + Kr - KrF* + Ar
Krt+F +M-> KrF*+ M

Emission occurs when:

KrF*+ hv - Kr + F + 2hv (248 nm)

Laser Gas
Recirculator

electron
beam

Laser cell
(Kr+F,+Ar)

Pulsed
power

e-beam
window J
(hibachi)

I Deep UV laser light I

Figure 1: The principal components of an electron beam pumped KrF laser

The system of equations that are used to describe the incoherent amplification of laser pulses
in KrF media is in the form:

dN, N,—ONz O;N,—OzNy N,

= - ———0N;I 1
dt Ty Tgc (53 7N ( )
dt Ty Tge Tk
dN OcNg — 0N, N
Y . B S \ A | 3)
dt Ty Tp
dN OgN; —0O:Ng N
ZC_ppBc T¢B_TC 4)
dt Ty Tc
al N 10l (N Y .
ox " cot Ok p ®)

Where N, = ¥1_, Ng, and Ny = ¥.1_, N, are the sums of population of the laser levels in
the B-state and corresponding levels in the C-state (the population of the L and K state
respectively); T, is the vibrational relaxation time for the L and K state; ® = Y2_,0,; 7, and
Tk are the decay time of the L and K state, respectively. An exact description of the generation
process in the excimer laser requires Egs.1-5 to be solved simultaneously with the equations
describing the kinetics of formation and quenching of excimer molecules. In particular, it
enables determination of the dynamics of collisional relaxation times and absorptive losses of
the medium and determination of the exact form of the R(t) function. Because, in the analyzed
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case of short pulse generation, the actual form of the R(t) function is of the secondary
importance and the changes in relaxation times and losses can be accepted as slow, it was
assumed in the model that the R(t) function is given and relaxation times and medium losses
are fixed. The R(t) function was assumed in the form R = RO exp [-(t/Tp) #] while the numeral
values of the medium parameters were taken typical for KrF laser, and especially:tg = 7, =
1, =Tk =15ns,75 =8ns,7, =1ns,06 =24x 10" cm?,p=001cm La=p =

0.5,05 = 0.72,0, = 0.28. In our model, as the accessible vibrational levels of the KrF*(B)
state, we took the levels v = 0,1. Their calculation showed that the vibrational populations in
v = 0,1 can all be extracted efficiently. However, the vibrational quantum number dependence
on its accessibility makes the model complex and also the consideration of their gain spectrum
widths is necessary. Therefore, for simplicity, we ignored the contribution of higher
vibrational. Because the quantity of characteristic time constant of 7, depends on the
vibrational quantum number considered, the 7, obtained in this paper is only valid for the
model with the accessible levels of v = 0,1. The quantities of ©5, ©., and 0 are calculated by
the energy gaps of Ez — E. = 80 cm™! and AE, = 327 cm™! and the instantaneous gas
temperature. By solving Egs.1-5 the population of the levels B and C as well as the vibration
levels of them were calculated that are shown in Fig.1. As presented in Fig.2 the population
inversion of levels after time 5 ns reaches saturation. The gain recovery curve g(t) = oN;(t)

for the KrF amplifier obtained from Eqgs.1-5 at the parameters given above is presented in
;—; = 32# and for I, as

shown in Fig.5 with solving Eqs.1-5 is obtained I;,, = 3.2 X 101* % and this value equals to

Fig.3.Our value for the saturation energy density equals to Eg,; =

Igr = EST‘” = % =3.2x 10" % . A fusion driver needs much larger systems (3-5 kJ, pulses

of 20-1000 ns). Here our amplifier system as presented in Fig.4 is routinely operated with
maximum intensity 2.2 X 108 % that almost equal to 5 kJ output.
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Figure 2: Population inversion of levels B, C and the levels of vibration
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Figure 3: Gain recovery curve for KrF amplifier.
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Figure 4: Output intensity KrF laser pulse

4-Relativistic piston laser model analysis

In ICF the ponderomotive force of intense electromagnetic pulses is considered for many
years as a promising way to accelerate matter up to relativistic velocities. The ponderomotive
force of intense electromagnetic pulses is considered for many years as a promising way to
accelerate matter up to relativistic velocities. The ponderomotive force acceleration can be also
efficient in bulk targets, where the electrons are pushed steadily by the radiation pressure and
the ions following behind them build up the double layer structure supported by the
ponderomotive force. Protons or heavy ions accelerated in the ponderomotive regime may
serve as drivers for efficient plasma heating of high-energy density states, or for the preparation
of warm dense matter conditions on a sub-picosecond time scale. As a further possible
application of this regime we considered the fast ignition of thermonuclear fusion targets by
using a two short and intense laser pulses. There are two qualitatively different regimes of the
relativistic laser pulse propagation through a dense plasma. The regime of induced transparency
is commonly related to plasma densities below or slightly above the critical density. For higher
densities, such a strong laser pulse experiences the stimulated Raman scattering, self-focusing
and self-modulation. The laser pulse propagation becomes unstable and is accompanied by
high energy losses. Another regime is realized in a strongly over-dense plasma. Here, the laser
pulse ponderomotive force pushes electrons ahead producing a cavitation zone. The electron
density peak reflects the laser pulse and the charge separation field pulls the ions forward. As
aresult, the interaction of an ultra-intense laser pulse with a high-density plasma forms a double
layer structure (often called a laser piston) that separates the propagation path of the laser pulse,
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where there is no plasma, from a shocked plasma with no laser pulse. Figure5 displays the
structure of the piston obtained from the analytical model.

Figure 5: Double layer structure of the laser piston maintained by the radiation pressure:
laser field amplitude — dot-dashed line (blue), laser intensity — thin solid (brown), electron
density — dashed (green), electrostatic field — thick solid (red), ion density —solid (black).

In the reference frame of the double layer, the dimensionless vector potential for a circularly
polarized laser pulse represents a standing wave with the amplitude 2ao in the downstream
region. The unperturbed ion density ny; is upstream, x’ > xg >. At positionx’ = xg, the ion
density undergoes a jump from ngy; to2ny;. In the interval between, 0 < x" < x;, there is an
overlap of the particles moving towards the piston and reflected from it. The ions are
decelerated passing from x’ = 0 tox’ = x;. Then they reverse their motion and are accelerated
from the piston. These two steps correspond in the laboratory frame to acceleration from a zero
velocity to the velocity v and then to v;.Let us first recall the expression for the piston velocity,

which follows from the conservation relations. We assume that neither electrons nor ions are
heated in the interaction zone. In the reference frame of the piston moving with the velocity

v; zﬂjc, the laser light is Doppler downshifted. The frequency in the moving frame @;is
related to the frequency in the laboratory frame @) by the Lorentz transformation,
60(') =)y (- ,Bf) , Where 7, = (1- ,32 f )71/2 . The laser light is completely reflected from the

plasma and the momentum flux deposited by the photons in the moving frame is % Here, I’
is the light intensity in the piston frame related to the incident laser intensity I in the laboratory
frame by the Lorentz transformation, /=1 (1- ,Bf)/ 1+ ,Bf) . This photon momentum flux has

to be balanced by the pressure of particles coming from the right side with the piston velocity
(they are at rest in the laboratory system) and reflected back elastically. The particle momentum

flux in the piston reference frame reads 2n;\{,-ma}/ Oy = 2]90272/,32_/' , Where M, =m, +ang the
atomic mass is, noj is the upstream ion density in the laboratory frame, Ze is the ion charge, and
LP=mMny is the mass density. Then, by equating the momentum fluxes of photons and those

of ions and electrons, one finds the relation for the front velocity:

I 1-Bf _ 2,2
EHﬁf—Vfﬁf (6)
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Solving Eq. (6) for the piston velocity, we have:

B
Br =15 (7

where B = (1/pc?)"?. It is convenient to relate the laser intensity to the dimensionless field
amplitude ao, I = aasn.m,c3. Here, a=1 in the case of circular polarization and @ =1/2 in the
case of linear polarization. The three-dimensional diagram of Fig. 6 shows that increasing the
range of the laser and decreasing the density of the plasma ion, increase the piston speed.

L

Piston Velocity

Figure.6. 3D piston speed variation in terms of ion density and vector potential for laser
pulses with circular polarization in plasma D->He

Then we haveB = a, \/ ANcMe /nol.ma. In particular, for B << 1 the piston is nonrelativistic and

one finds the known formula: f; = B, while in the ultrarelativistic case, B > 1, the piston

1
gamma factor increases as the square root of the laser amplitude: y; = (B / 2)2. After applying
the Lorentz transformation to the velocity of ions reflected from the piston, we get the

: 2 . T
expression v; = Bre / (1 ny 2) in the laboratory frame. The corresponding ion kinetic energy
f

reads:

2
2 B
1+2B

(8)

The three-dimensional of Fig. 7 shows that increasing the range of the laser and decreasing the
density of the plasma ion increase the kinetic energy of the ion. Assuming that no energy is
deposited in electrons.

g = myc?(y; — 1) = 2mc?yfBf = 2myc
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Figure.7.3D variations of kinetic energy of ion in terms of ion density and amplitude of the
vector potential of laser pulses with polarization in plasma D->He

In the case B < 1, the ion gains the energye; = 2m;c?B?, while in the ultra-relativistic case,
B> 1, = m;c?B . Knowing the piston velocity, we can also determine the reflection
coefficient of the laser light in the laboratory frame:

R = (1 - lgf)/(l N ﬁf) 9)

And the energetic efficiency of the laser driven ion acceleration:

(10)

2By 2B

1-R= =
1+Bf  1+2B

The three-dimensional of Fig. 8 shows that the magnitude of the refractive index increases with
decreasing the laser range and increasing the density of the plasma.

< 404

Fig.8: 3D variations of the reflectance coefficient in terms of the ion density and amplitude of
the vector potential of laser pulses with circular polarization in the plasma D-*He

Let us consider plasmas with an arbitrary density profile. The equation for the piston coordinate

d
reads xp/ dt = Vr-By integrating this equation over the plasma length, one finds the time T}, =

f dx/vfneeded for the laser pulse propagation through the plasma. For a monotonic plasma
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density profile, increasing from p . min to O, one can write: dx/ L= dp / p> Where L =

Y

is the density scale length. Then:

Tp = (11)

In case of an arbitrary density profile, this formula can be integrated numerically. For an
exponential dependence p (x), where L is a constant, one finds the expression:

_ 2L |{1-Bfmax 1-Bf min) (ﬁf min 1-BF max)]
T, =2 - + In (rmin 1=Bf max 12
b ¢ [( Bf max Bf min n Bf max 1-Bf min ( )

Where ,Bfmaxand ﬂfmmare the front velocities at the maximum and minimum densities. In

terms of laser intensity and plasma density, we can rewrite this result as:

T, = 2L\/§ (\/pmax - \/pmin) +§1npmi (13)

Pmin
From Eq. (13) it becomes visible that the second term in Egs. (12) and (13) represents the time

. . L )
T, needed for light to traverse the distanceL,, T, = [ dx/. = [ Ldp / pc= "lc, where Ly is

the plasma layer thickness. Supposing a nonrelativistic piston motion, we obtain the simpler
relation:

Tb = (ZL/C)(l/,Bf max l/ﬁf min) + Lp/c (14)

Since for the cases of interestfr max < Bf min, the burn through time, according to Eq. (14), is
roughly proportional to the density scale length, the square root of maximum density and it is
inversely proportional to the laser amplitude (see also Eq. (13)). In addition, one can find the
laser pulse duration T, needed to penetrate into the plasma up to a given density. The
corresponding formula reads:

1 0Ld c rLd
TP:Tb_Tv:;fB_pp:\/;fT; (15)

1
In particular, for the exponential density profile we get: T, = 2L(pmax C/I) /2 I, =

1
2L(¢/ 1)2(\/ Pmax — /Pmin) - Laser pulse durations T,, calculated with help of this relation
for a set of laser amplitudes ap and plasma scale lengths L, normalized to the laser
wavelengthd, = 2”0/ w,- In dependence on the plasma density, Mo /nc. The three-dimensional

of Figure 9 shows that the laser pulse time increases with decreasing the laser range and
increasing the density of the plasma.
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Figure 9:3D variations of laser pulse time in terms of ion density and the potential for vector
pulses for circular polarization pulses and L=201, in D-*He plasma

In the case of a homogeneous plasma layer, the laser pulse duration needed for hole boring is
L L L
linearly proportional to the plasma length, T, = 7 / Brc™ Ple="7/ Bc- The product of pulse

duration T, and laser intensity I gives the laser fluence, Fq5 = IT}, used to push plasma over
the length L,,. As there is no plasma left behind the piston, this process can be considered as a
laser-assisted hole boring in an overdense plasma.

The piston model also allows to find an expression for the energy distribution of accelerated

ions. During the time interval dt the piston crosses the distance Utdf and accelerates dN; =
no;Vrdt ions. These ions are distributed in the energy intervalde; = (dsi/ dx) vrdt. Taking

into account that the ion energy depends on ﬂf and therefore on the plasma density, one finds

the following formula for the ion energy spectrum in the case of the exponential density profile:

-1 IL
Zmamic5ﬁj‘§y)?(1+ﬁf)

CiSi

dp

dN; L

(16)

de; mq

Where ,8]? =& / (2mc? + gi)is related to the ion energy according to Eq. (8). Figure 10 shows

that with the reduction of kinetic energy of the ion and the increase of the laser range, the
amount of energy distribution of the ions accelerates.
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Figure 10:3D variations of energy distribution of ions in terms of kinetic energy of ions and
different amplitudes of circular polarization of laser in D-*He exponential plasma layer with
L=204,

Fig. 11, shows that the two-dimensional variations of the mean, maximum and minimum ion
kinetic energy in terms of the laser range with circular polarization in the DT plasma with
Pmax = 100p. and p,,in, = 5p..From this figure we see that ,with increasing range of lasers,
all three quantities, the average, the maximum and the half of the kinetic energy of the ion
increases. The average of the kinetic energy of the ions is almost twice as high as half the
energy.

0.5

Fig. 11: Variations of the mean, maximum and minimum ion Kinetic energy in terms of the
laser range with circular polarization in the plasma D->He with p,,,5, = 100p.and ppin =

5pc

The conservation of the ion particle flux provides a relation between the ion density and ion
velocity for incoming and reflected ions. The ion energy conservation, & + Zeg' =
micz(yf — 1), provides the value of the potential jump in this layer, Zeg'(x;) =
m;c? (yf — 1), needed to stop and reflect the ions. The distribution of the electrostatic potential

follows from the Poisson equation rewritten as an equation for the ion relativistic factor in the
piston reference frame:

2
a?y _ 2wpi¥r B
dx'? cz B}

(17)
1
_o 1 2,2, /2
Where B{ = (1-v{ 2) /Zand Wp; = (Z € nm/mieo) is the upstream ion plasma

frequency. Then the first integral of Eq. (17) provides a relation between the electric field and
the ion energy in the charge separation layer. In particular, at the position of the electron peak
the electrostatic field reads:

1—ﬁf
1+,Bf

2
Ex(0) = —micwpysfy = 2VaE, (18)

The expression (18) shows that the maximum electrostatic field in the piston is approximately
equal to twice the electric field of the incident laser pulse at small piston velocities. By
integrating Eq. (17) once more, we define the position of the ion turning point and the thickness
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of the ion sheath layer, A;= —x;. In the non-relativistic piston regime, f8 & 1, the width of

the ion separation layer is A;= yA;=~ vr /3 w...- L he dependence of the thickness of the ionic
pi
layer on the parameter y is depicted in Fig. 12.
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Fig.12: Two-dimensional variations of the thickness of the ion charge separation layer

(normalized with ( rYs / Wpi ) in terms of the piston relativistic factor y¢

One can also find the ion circulation time in the charge separation layer:

= L [t i@ _dvivi 2rr ~ !
tl - Vftl - Wpi ﬁ'f fl (y{2—1)3/4 - Wpi 9 because Vf ~ yl(o)-

Figure 13 shows that the ion rotation time in a separate layer of load increases with increasing
ion density and decreasing the amplitude.

Fig.13: 3D variations of the ion rotational time in terms of density in a separate load layer and
the amplitude of the laser with circular polarization in plasma D-*He
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In the non-relativistic piston regime, fy <« 1, it depends only on the ion plasma frequency.
Next we investigate the structure of the electron sheath layer [0,x,) «and the laser intensity
profile near the turning point of electrons, x’ = 0, coming from the upstream region. In analogy
to ions, the electron density distribution follows from the continuity equation. For the incoming
electrons we have ng-vy-, = —Zngysvpand for the reflected electrons, n,+v,+, =
Znyysvy. correspondingly, there are two electron streams with the opposite velocities within
the electron sheath layer, and for the entire electron density we get:

' B
ne = 2Znoi¥y - (19)
Although the potential drop in the electron sheath layer is relatively small compared to that we
found above in the ion charge layer, one has to account for the influence of the electrostatic
field on the ion motion inside the electron sheath. Then the ion density becomesn;(x") =

No; ) .. . .
2 oY Py B (x') As the electrons and ions are moving in the same electrostatic potential, one
i

finds the relation between their y-factors:

Vi) =yr =221 ) ~ v (20)

m

2

/ ’ 2 /2
The electron gamma factor y,(x') = [1 + (px,e 2) + (pL’e 2) l obeys the energy
MeC MeC

conservation:
g =mec?(yi— 1) = e’ +moc?(yy —1) (21)

Which assumes that the laser field is zero to the right from the electron sheath layer at x’ > x,.
Since the perpendicular component of the electron momentum is defined by the laser
field,p, , = am,c, the expression for the electron longitudinal velocity reads:

Vyre = £ey/1— (14 a?)/ye? (22)

The electron density is described by the Poisson equation in the form:
de’ B B

€05 = 2Zeng;Yy (# — ﬁ—f) (23)

Where the electron and ion densities have been substituted by their expressions specified
above. Applying the equation of electron motion in stationary approximation, we derive an
equation for the electron relativistic factor:

dzye" _ 2 w%e
dx'z c?

Vb | —— - 7= (24)
Jyéz—l—az JV{Z—l

The boundary conditions to be fulfilled arey,(0) = [1 + a? (0)]1/ 2, containing the transverse

momentum of the electrons at the electron turning point,By.(0) = 0, with the laser field

amplitude (0)and y,(x¢) = y; on the right of the electron sheath. Furthermore, we know the

values of the electrostatic field in the unperturbed plasma,0 = E, (x" - o), and at x" = 0:

— Minoi 1200 — 111/4
eE,(0) = 2momoc |72 [y Brlyi?(0) - 1] (25)

Since the electric field must change continuously from the charge separation layer to the
electron sheath, the latter expression was deduced from the maximum field in the ion layer.
Equation (25) is now corrected in comparison with Eq. (18) for the ion energy change in the
electron sheath.
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B 140 400

Fig.14:3D variations of electrostatic field in terms of the density and amplitude of the laser
with circular polarization in non-turbulent plasma D->He

Using the relation: eE, = —m,c? dye

/ dy'» Which follows directly from the electron energy
conservation law, one finds also a condition for the electron gamma factor on the left boundary

of the electron sheath:
are

e oo = =2 | =22 [y pBrlyi2(0) — 1]/ (26)

Zmg ¢

Equation (24) for the electron energy has to be complemented with the field equation for the
laser wave. On the left from the electron sheath layer, x" < 0, the laser does not interact with
particles so the amplitude a verifies the equation for the standing electromagnetic wave in
vacuum written in the piston frame:
d’a _ w}1-Pf
dx'2 ~ ¢2 1+Bf (27)
This equation can be easily integrated and the integration constant is defined by the condition
of total reflection in the piston reference frame. We obtain the result:

da\? w1-Bf 5 L w31-Bf 5
(dx’) Ix':O + c? 1+ﬁfa (O) =4 c? 1+B¢ %o (28)
Where ag is the dimensionless amplitude of the vector potential of the incident wave in the
laboratory frame.
To the right from the electron turning point one has to account for the electron screening
effect, and the equation for the evanescent laser field reads:
d?a e’ne  wil-Pr
dx'2 (eomeyécz c? 1+Bf a (29)
With help of Egs. (19) and (22), this wave equation takes the final form:
d’a _ ,wpe _ Bra w3 1-Br

=2— -— 30

e ¢ \/Vé2—1—a2 2 1+Bf (30)

The system of coupled Eqgs. (24) and (31) has one first integral that can be found as follows.
One multiplies Eq. (24) by dye/ dy'and integrates it over the interval x’€[0, 0).Then one
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multiplies Eq. (30) by:da/ dy'» Integrates over the same interval, and subtracts both resulting
equations from each other. Applying the boundary conditions (26) and (28), one finds a relation
between ao and},. One may also apply the boundary conditions (18) and (28) and the

momentum flux conservation (6) in an attempt to estimate the value of the vector potentiala, =
Y¢Br- However, such a relation would be incorrect as one has to account for the interaction of

upstream ions with the electrostatic field in the electron sheath. The correct relation (25) for
the maximum electrostatic field provides a more appropriate estimate for the vector potential
and the electron energy at the electron turning point:

a(0) = y,(0) = y;(1+ p#J/2mi/Zm,)  (31)
To integrate the system of coupled Egs. (24) and (30) numerically, we determine first the
asymptotic solution to the right from the electron sheath at x" > C/wpc, supposing y, = y5 +

6y and 4 0y, a(x") < 1. The linearized system reads:
dzs Ze 5
yiBE ok = =k (—2% + az) (32)

dx'2 c?

d’a . wfe w3 1-Bf

dx'2 — © ¢2 a c? 1+ﬁfa (33)

Equation (32) contains a” as a source term. Therefore, this equation does not contain any free
constants, 5y is of the same order of magnitude as a® and it follows from a particular solution

to Eq. (32). Consequently, the asymptotic solution is defined by only one constant that follows
from the evanescent solution to Eq. (33):

a(x") = aeexp (—\/Z_qw) (34)

C

(“%/2a3.)
2w3,

solve now the full nonlinear systems (24) and (30) numerically by starting the integration
procedure from the aperiodic part of the asymptotic solution as a boundary condition at large
valuesx,. For a given small value of the evanescent amplitudea,,, we vary the corresponding
coordinate x;, as long as the boundary conditions in the final point x" = Oare not satisfied with
sufficiently high accuracy. Figure 15 shows that electrostatic potential energy increases at the
location of the electron peak by decreasing the ion density and increasing the amplitude.

(1-5)
Where g =1 — /( 1+ ﬁf) = 1.Using the asymptotic solution, one can
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Figure 15:3D variations of electrostatic potential energy in the location of electron peak in
terms of plasma density and pulsed amplitude of the incident laser with circular polarization
in D->He plasma

However, the electrostatic potential at the position of the electron peak is different from zero:

e'(0) = myc? [T+ a2(0) — vz (35)

The same expression could be obtained from the energy conservation law for the ions in the
charge separation zone if one would account for the deceleration of ions in the electron sheath.
However, e@’(0)is much smaller than the maximum value of the electrostatic potential at the

2
. . . m;c -1 . o .
ion turning point, e@pay = (yf ) 7> and this approximation has a little effect on the

ion charge layer characteristics. The correct relation (36) provides the monotonic decrease of
the potential with increasing x’ from a maximum value at x; on the left boundary of the ion
charge separation layer to zero on the right boundary of the electron sheath. Therefore, the
stationary electrostatic field E. is always positive. Figure 16 shows the maximum electrostatic
potential energy at the location of the electron peak, which increases with decreasing ion
density and increasing the amplitude.

Figure 16:3D variations of maximum electrostatic potential at the turning point (ion rotation)
based on the plasma density and the pulsed amplitude of the incident laser with circular
polarization in the plasma D-*He
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5. Conclusion

In the first step of this work we solve the dynamics equations of Krypton-Fluoride (KrF) laser
with an operating wavelength of 248 nm has the deepest ultraviolet (UV) wavelength of all
current candidates for laser drivers. These qualities provide fundamental advantages to
obtaining robust high gain implosions by means of direct drive. Then in the second step, using
the obtained expression for the piston velocity, we determine the energy of the accelerated ions,
their energy distribution, and the laser penetration depth in case of an inhomogeneous plasma
slab. By this method we can estimate the laser parameters necessary for propagating the light
wave up to a certain density. Moreover, we present solutions for the governing equations
describing the detailed structures of the ion charge separation layer and the electron sheath of
the piston. Results of our work were presented for circular polarization and various intensities
of the incident laser light, which exposes homogeneous plasma slabs of different densities.
Although the calculations confirm the basic features of the analytical model, they show two
overlaying nonstationary effects: nonlinear oscillations of the piston parameters around the
stationary values and strong radiative energy losses of accelerated electrons in ultra-intense
laser fields at low plasma density. These nonstationary features modify the stationary piston
regime and set the limits on its validity.
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