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Abstract. Neutron production from a thin deuterium—tritium (D-T) foil irradiated
by two intense femtosecond laser pulses from opposite sides with zero phase differ-
ence is studied analytically and numerically. For the interaction of a laser pulse of
amplitude a = 7, focal area 100 yum? and areal density 4.4 x 10*® ¢em™2 with a D-T
plasma foil, about 1.17 x 10! neutron s~* can be obtained, much more than from
other methods. The profiles of the ion and electron densities are also calculated.

1. Introduction

Recent development of ultra-short ultra-intense laser pulses with focused intensities
above 10'® W em™ has opened a new and rapidly progressing branch of relativistic
plasma physics. The interaction of such intense laser pulses with plasmas of various
densities is of great interest to many modern applications, such as compact electron
accelerators [1-4], fast ignition in inertial fusion [5], and neutron generation [6-8].
A novel scheme for neutron production using available table-top lasers was proposed
by Ditmire et al. [9]. When an intense femtosecond laser pulse interacts with a
deuterium cluster, the atoms are ionized. The resulting electrons fly off rapidly,
leaving the ions behind and an intense space-charge field is created. The Coulomb
explosion that follows causes the deuterium ions to gain high kinetic energies and
fusion reaction occurs when they collide. Collisions of the deuterium ions initiate the
2H(d,n)?>He reaction, yielding neutrons [8]. About 104 neutrons per shot, or 10° per
joule of laser energy, were produced. The neutron yield from laser-driven Coulomb
explosion of clusters depends on the cluster size, the ion energy can be as high as
10 keV. In the more classical schemes of neutron production from the interaction
of the intense laser pulse with plasma, excessive numbers of energetic electrons,
photons and ions are produced. These energetic particles can cause nuclear
reaction on the material around the target and produce undesirable background
neutrons. Up to now, neutrons produced by thermonuclear reactions in ultra-short
pulse plasma have been observed for low average plasma density, namely of the
order of and below the critical value. There have been observations and simulations
of neutron generation by the interaction of intense sub-picosecond laser pulses with
underdense deuterium plasmas. For example, for an input laser energy of 62 J,
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about (1.040.2) x 10% neutrons with a mean kinetic energy of (2.540.2) MeV were
detected by Fritzler et al. [10].

However, the ion density in clusters is relatively low (underdense), but the fusion
reaction rate is proportional to the square of the ion density. Thus, the concept of
neutron production from the interaction of an intense laser pulse with overdense
plasmas has received much recent attention. Volkov et al. [11] showed that the
neutron number can be increased to 10° per joule of the incident laser energy,
which is equal to that obtained in [9]. They reported neutron production by the
2H(d,n)>He reaction arising from illuminating a solid nanostructured target by
femtosecond laser pulses of intensity 20 PW ¢m™2. The target was structured by
prior illumination with a laser pulse of similar intensity. For densities much larger
than the critical density n,=1.1 x 1021 A% em™3, where the wavelength X is in
pm, most of the laser energy is reflected from the plasma surface in the case of
normal incidence. For ultra-thin (thinner than the laser wavelength and plasma skin
depth) foils, a large part of the laser pulse can penetrate the foil as an evanescent
wave. Thus, the interaction of intense laser pulses with ultra-thin foils is of special
interest [12-16].

Recently, we proposed an alternative method for producing neutrons from a
frozen thin deuterium—tritium (D-T) foil plasma confined by intense laser fields
[17]. In the laser confined fusion (LCF) approach, neutrons are produced by the
fusion reaction D + T — He' (3.5 MeV) 4+ n (14.1 MeV). The thin D-T foil is
simultaneously illuminated by two circularly polarized laser pulses from opposite
sides. The atoms are ionized rapidly and the electrons are pushed inward by the light
pressure. The ions are then pulled inward by the space-charge field, but on a longer
time scale. If the foil is not too thin, the ions need a long time to catch up with the
electrons, so that their velocities will remain smaller than, but can be comparable
to, the electron velocities. In the compressed quasi-stationary state, the ion density
and temperature, which can be much larger than the electron temperature because
of the large ion mass, can then be sufficiently large for a fusion reaction to occur.
Clearly, such a compact neutron source based on LCF should be attractive for many
modern applications.

In this paper, we consider the LCF concept in more detail, and in particular
study the effect of the areal density of the target. We choose a not-too-thin frozen
D-T (50% of each) foil. The number N of neutrons produced in the plasma is
proportional to the square of the deuteron or tritium density np r

N ~ 0.25n3,(30)pr VT, (1.1)

where 7 is the lifetime of the dense plasma or the time of its cooling, V' is the
plasma volume and (G0)pr is the thermonuclear reaction rate averaged over the
Maxwellian distribution [18].

The number of neutrons produced depends strongly on the ion temperature and
density. To maximize neutron production, in the LCF we propose to use a frozen
D-T foil simultaneously illuminated from opposite sides by two circularly polarized
laser pulses. For simplicity, we assume that the phase difference of the two laser
pulses is zero. In general, this configuration leads to an unstable interaction [19].
However, if the foil is not too thin, the interaction can continue for a sufficiently
long time for effective neutron production. In fact, in the simulations we did not find
any observable modification of the foil during the main neutron production stage.
By using a suitable pulse front, one can also achieve a quasi-stationary state with
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Figure 1. Schematic drawing of electron and ion densities of the foil, with &,, & . & and
&q marking left and right layer boundaries. The wave amplitudes in the various regions are
given by a1, as, a3, as and as. Layer A is the layer where there are only ions and no electrons.
Layer B is the layer where there are both ions and electrons.

the desired ion temperature. The present work is devoted to this quasi-stationary
state of the interaction. Our analytical results are validated by one-dimensional
(1D) particle-in-cell (PIC) simulations based on the code LPIC++ [20].

2. Theoretical analysis

Thin foils illuminated by a single laser pulse have been studied by many authors
[14-16. 21, 22]. We consider a thin foil illuminated simultaneously by two circu-
larly polarized laser pulses from opposite sides. This configuration has been studied
in detail in [19, 23]. In [19], it was assumed that ions are fixed and electrons
are cold [24-27]. In [23], it was assumed that the laser pulse is long enough for the
ions to follow electron motion within the foil. The electron and ion densities are set
to be equal, so that the electrostatic field is zero. Here we shall relax these assump-
tions, so that stationary solutions for different foil thicknesses can be considered.

We shall start with Maxwell’s equations for the electromagnetic field and the
relativistic equation of motion for the electrons, or

2y LOPA _ dme

e T e ™ 1)
V2p = dme(n, —n;) (2.2)
and
dP e
s —€E+E(u x B), (2.3)

where A and ¢ are vector and scalar potentials satisfying the Coulomb gauge
V-A=0,E=—(1/c)0A/0t and B =V x A, n, and n; are electron and ion density,
respectively, e is the charge of an electron and c is the light speed in vacuum.
As long as the laser spot size is much larger than the depth of laser penetration,
one can assume planar geometry.

The foil and field configuration considered here is sketched in Fig. 1. It shows that
the light pressure of the incident waves a; and as compresses the electrons and the
ions inside the foil such that the electron layer extends from &, to . and the ion layer
extends from &, to {;. There are three main regions in the foil: both ions and electron
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exist in B, and only ions exist in A and C because the much heavier ions are unable
to follow the electrons. The incident and reflected plane waves are represented by
the constant amplitudes a;. as and as, a4, respectively. In the present analytical
model, only the evanescent waves in the overdense layer create a field with space-
dependent amplitude a2 (€) and phase 6(¢), the corresponding values at the left and
the right boundaries are ay, a., 0, and 0., respectively. From (2.3) we obtain the
stationary conservation equations for the electrons and the ions.

2.1. The central plasma layer

In this layer both electrons and ions exist. The ponderomotive force of the laser
field is balanced by the electron thermal pressure force and the electrostatic forces
on the electrons and ions. One then obtains

oy B (971/) _ ON, .
N, 9 N, o€ T, 9€ (2.4)
o _ 0N, i
where
u=a/y, (2.6)

v =(1+a>)V2 a = eA/mc? € = wpz/c, v = ep/mc?, m is the electron mass,
wy, is the laser frequency, N; = n;/n. and N, = n./n. are the normalized ion and
electron densities, respectively, and n. is the critical electron density. From (2.4)
and (2.5) we easily obtain the ion density

N = Ny exp(—y/T) N/ (2.7)

It follows that
N; = Njexp(—y/T;) for T,<T, (2.8)
N, = Njexp(—y/T.) for T, <T.. (2.9)

Case (2.9) was discussed in [23], so here we shall only discuss the case of cold
electrons (T, <Tj).

Taking the field a = ag(§) exp(iwt + i0(€)) with real amplitude ag(§) and real
phase 6(£), and substituting it into (2.1) and (2.2) and connecting with (2.8)
we obtain two constants of motion with respect to &,

Rl Rl
M=——("?—-1)=——ad* 2.1
85(7 ) 2" (2.10)
Loy M2 AP
W‘M(ag) Toz Ty TN
1 da\* a?+1

where M the net flow of the laser pulse and for the case of two similar laser pulses,
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M = 0. From (2.11) we obtain

32
a—g = Niv? = 29° + v+ 2Wy — 2TiNyy — N, (2.12)
and then we obtain the electron density,
0%y
Ne = s Ni
T +

=74 2Wy —29° + (% = 2Tiy) N,

= Va2 + 12W — 20> — 1) + (a® + 1 — 2v/a? + 1 T Ni, (2.13)
using (2.2).
2.2. The ion layers

In the ion layers A and C, the electrostatic pressure is balanced by the ion thermal
pressure, so that

AT
23 23
and (2.2) becomes
0%y
— L =_N.. 2.14
o (2.14)
We then obtain for the ion density
No
N; = Ny sec? 2.15
0 Sec ( ST ) ( )
in layers A and C.
Invoking the continuity of the transverse electric (E = —da/dt) and magnetic
(B = da/0€) fields at the boundaries between the layers, we find
2(a3 + a3) = (04, /0¢)* + M?/a} + aj, (2.16)
M = a? — a3, (2.17)
at & (left boundary). For M = 0, (2.16) becomes
(Oay/0¢)* + ai = 4a}. (2.18)

In the layer avoiding electrons we can obtain the constant

2 b 2 M2 2
W= <7> ++ L

2a2 \ 8¢ 202 " 2
1 (0a)\® Lattl
-2\ 0¢ 2
2, 1 .
=2a] + 3 (2.19)
and accordingly we obtain
. . ag ,
a = 2a; sin [i & + arcsin ()} (2.20)
2(11

for the electrostatic field.
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Figure 2. The electron and ion density profiles n.. n; and the laser field a as functions of the
foil depth /. Two circularly polarized laser pulses of amplitude a = 7 and phase difference
@51 = 0 illuminate the foil from opposite sides. The electron density per unit area of the foil
is 4.4 x 10'® em™2. (a) Simulation result when a stationary state is reached. (b) Analytical
results.

The next task is to obtain the constant W, the space-dependent laser field and the
ion or electron densities in terms of the amplitudes a;, a5, the ion temperature and
the foil areal density. From (2.19) and (2.11), one can then obtain W. We rewrite
(2.20) and (2.12) as

da 5
% = ++/4a] —a?, (2.21)

Oa _ +/(2W — a2 — 1 —2T}N;) (a2 + 1). (2.22)

o€

Using (2.15), (2.20), (2.21), (2.8), (2.13) and (2.22), one can calculate the laser field
and ion or electron density as a function of space. In the analytical calculation,
a(&,) at the left-hand boundary is found by trial and error, such that the desired
self-consistent ion density N;(§,) (= 10 in the present example) at the left-hand
boundary is realized.
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Figure 3. The ion and electron temperature profiles after compression. The areal plasma
density of the foil is 4.4 x 10'® em™2. Lines 1 and 2 are the analytical and simulation results,

respectively.

3. Results

We give the results for a thin D-T foil with an areal plasma density of 4.4x10® em ™2
2

illuminated by two circularly polarized laser pulses of intensity 0.67 x 102° W em™
(a = 7) and wavelength 1 pm. The initial relative phase between the two laser
pulses is zero, i.e. ¢51 = 0. In the PIC simulation, the ion charge-to-mass ratio is
q/e = 1 and the ion mass is 2.5 times the proton mass, or m;/m, = 4590, which is
the average mass of the deuterium and tritium ions. The pulse length is 400 laser
periods.

In Fig. 2(a), we show the profiles of the electron and ion densities as well as the
laser field after a stationary state is reached in the 1D PIC simulation.
The analytical result is given in Fig. 2(b). The initial conditions for the theory
and simulation are the same. The temperature used in the analytical calculation is
T. =0 keV and T} = 0.039m.c? = 20 keV, which is taken from the PIC simulation.
The foil thickness is compressed to 0.016 um and the laser field inside the foil
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Figure 4. Same as in Fig. 2, but for areal density 9.9 x 10'® em™2.

tends to zero (a=0.04). The ion density is about n; = 2400n., corresponding
to 10.96 g ecm™3. The ion mass density is still much smaller (200gcm=3) than in
inertial confined fusion (ICF). Nevertheless, it is much larger than that in clusters
or underdense plasmas [9, 10]. The reaction rate (G0)pr is 4.2 X 1076 em™3 71
for T; = 20 keV. Using (1.1), one can compute the number of neutrons generated.
For two femtosecond laser pulses each with a focal area of 10 x10 um?, we can
obtain 1.17 x 10%! neutrons per second or about 108 neutrons per shot. From the
electron and ion velocities of the simulation, we can calculate the corresponding
temperature profiles as shown in Iig. 3. Thus, we have T; = 20 keV and 7T, = 1 keV.
We see that the assumption T; > T, is well satisfied.

The results for a thicker D-T foil of areal plasma density 9.9 x 108 em™2 are
given in Fig. 4. We find that after compression the plasma density is almost similar
to that of the preceding case but its final thickness is about 0.0375 pm, which is
thicker than that of the preceding case. From Fig. 4, we see that because of the
larger thickness, the laser field inside the foil is smaller (¢ = 0.002) than that of the
case in Fig. 2. Since the total ion number has increased because of the larger plasma
volume, more neutrons can be produced at the expense of more laser energy being
needed to compress the thicker D-T foil. In general, given the laser parameters,
one can easily find the optimum foil thickness.
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Figure 5. Schematic drawing of a foil placed inside a pre-formed channel.

In the stationary state, the ion density is mainly determined by the ion temper-
ature and the laser intensity, and is almost independent of the areal density of the
foil. The largest ion density at the center (where the laser field is nearly zero) is

2 2
Nmex 22 (3.1)

1
for a thick foil. For a laser pulse of @ = 7 and ion temperature T; = 20 keV, we have
NP3 = 2499, which is in excellent agreement with the simulation result.

The total number of neutrons per shot may be increased by increasing the pulse
energy or the plasma volume. Increasing the ion temperature also seems to be an
efficient way of obtaining more neutrons, since the reaction rate would be increased.
However, the ion density would then decrease. For example, the reaction rate would
be about four times smaller if the ion temperature were 10 keV (instead of 20 keV).
Since in this case the ion density would be increased, the total number of neutrons
produced may not changed significantly, although the process is more efficient for
lower ion temperatures. We found that an ion temperature of between 10 and 20 keV
is optimum for neutron production in the laser-compressed D-T foil plasma.

4. Conclusions

In conclusion, we have introduced a new method for producing controllable quant-
ities of neutrons as well as a simple analytical model for it. Using the cold-electron
steady-state model we have obtained analytical solutions for the problem of the
compression of a thin D-T foil from both sides by circularly polarized lasers.
The foil is represented by a dense plasma containing free electrons and ions. We
find that 1.17 x 10%! neutrons per second are produced from the interaction of two
femtosecond laser pulses of amplitude 0.67x10%° W ¢m~2 and focal area 10x 10 zm?
with a thin D-T foil of areal plasma density 4.4 x 10'® em™2. We have not considered
the case when the electron temperature is comparable to the ion temperature. This
case is expected to be of lower efficiency because of the lower achievable ion density,
and the plasma will expand under the two thermal pressures.

The scheme introduced here can also be useful for producing other elementary
particles. Because of its compactness, it should be of much interest for applications
in nuclear physics, materials science as well as other fields.

The important question of foil stability in two and three dimensions is beyond the
scope of the present paper. Both the PIC simulations and the analytical model here
are 1D and are expected to be valid if the focusing area is sufficiently large. In real
experiments, the fusion material can also be placed inside a preformed channel, as
shown in Fig. 5, so that the plasma can be tightly confined. One can also accelerate
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the foil as a whole using light pressure [28,29] and place it inside a pre-formed
channel.
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