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Optimisation of neutron yield under ultra-intense laser impact

on deuterated polyethylene targets
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B.P. Yakutov

Abstract. The modelling of interaction of ultra-intense femtosecond
laser pulses with deuterated polyethylene targets is carried out with
the processes of multiple field ionisation of the target atoms and the
emission of neutrons produced in the course of the fusion reaction at
high-energy deuteron collisions taken into account. The possibility of
essential increase in the neutron yield (by tens of times) when using
layered deuterated polyethylene targets with optimal dimensions of
the layers and interlayer separations ~1 pm is demonstrated.
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1. Introduction

Nuclear reactions occurring in targets with different composi-
tion under the action of ultra-intense laser pulses have been
studied for more than a decade. As far back as in 1999,
Russian scientists proposed a method of initiating nuclear
reactions in the process of interaction of a high-power ultra-
short laser pulse with plasma [1], and the nuclear reaction
yield was estimated by using analytical calculations. In the
same 1999 the paper [2] was published reporting the results
of the first experiments on initiating photonuclear reactions
by laser radiation using the British setup VULCAN.

The interest to this issue keeps high in recent years. Many
experiments, aimed at the ignition of nuclear reactions using
laser radiation (see, e.g., [3—5]), and theoretical studies of the
relevant processes using analytical and numerical models (see,
e.g., [6,7]) have been carried out.

In the recent paper [8], devoted to numerical modelling of
neutron emission in the fusion reaction D(d,n)*He (D—D reac-
tion) under the irradiation of deuterated polyethylene targets
with ultra-intense laser pulses, an approach was proposed, in
which the probability of a D—D reaction event was calculated
ab initio at each time step and for each deuteron in the process
of self-consistent modelling of interaction between the laser
pulse and the target using the PIC method. This approach was
implemented within the framework of the relativistic electro-
magnetic PIC code KARAT [9, 10]. However, the process of
multiple ionisation of the target was not taken into account.
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In [8] a satisfactory agreement was obtained between the
results of calculations and the known experimental data; it
was also shown that the proposed method of neutron emis-
sion modelling allows investigation of layered targets, in
which the neutron yield significantly increases. Obviously, the
parameters of the target, such as its composition, the number
of layers, their thickness, the separation between the layers
essentially affect the acceleration of deuterons and neutron
emission.

In the present paper we carry out the modelling of neutron
emission at different parameters of the target aimed at opti-
mising the parameters of the laser source of neutrons. In the
course of modelling the process of multiple field ionisation of
the target atoms under the laser impact is additionally taken
into account.

2. Description of the model

For numerical modelling of the target ionisation dynamics at
the initial stage of laser impact a special programme unit,
describing the process of field ionisation, was developed and
introduced into the PIC-code KARAT. The block describing
the ionisation of atoms in the electromagnetic field of an
intense femtosecond laser pulse is based on the Keldysh the-
ory, thoroughly considered in the review [11]. The effect of
tunnelling in the time-dependent electric field of the laser
pulse and the multiphoton ionisation of atoms are two limit-
ing cases of the nonlinear photoionisation process, the char-
acter of which essentially depends on the adiabaticity param-
eter (Keldysh parameter)
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where K, = I/(hw); F = El(f°E,); x = [2I*(m.e*)]'?; E is the
electric field amplitude; w is the frequency of the electric field;
e is the electron charge; m, is the electron mass; E, = m2e’/hi* =
5.14x10° V em™! is the atomic electric field strength; I is the
ionisation potential of the atomic level. The tunnel ionisation
of atomic states takes place in the case wheny S 1, whereas at
y >> 1 the ionisation process is multiphoton [12]. At laser
intensity higher than 10'® W cm™ the case y << 1 takes place.

When y << 1 and the polarisation of the electromagnetic
wave is linear, the probability of ionisation of an atom (or
ion) per unit time is determined by the formula [11]
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where m.e*/h = 4.13x10'0 s7!; m > 0 is the absolute value of
the quantum number, characterising the projection of the
angular momentum / onto the axis, directed along the electric
field; n* = Zly; Z is the charge of the atom (or ion);

.
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In the derivation of Eqn (2) the condition of multiquantum
process

I/

5= 0
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and the condition that the external electromagnetic field is
small compared to the atomic field

E

F=
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were assumed to hold. For example, for laser radiation with
the wavelength A = 1 um (hw = 1.24 e¢V) and the electric field
amplitude E = E'=2.74x10' V cm™ (intensity 10'® W cm™) in
the case of a hydrogen atom (ionisation potential /= 13.6 eV)
we have K, = 11 and F = 5.3. Therefore, for the considered
parameters the condition (4) is obviously valid, while the con-
dition (5) is not valid, since the amplitude of the laser pulse
electric field is much greater than the atomic field E,. In this
case the probability of ionisation (2) is formally much greater
than unity, which corresponds to instantaneous ionisation.
However, with the growth of potential and multiplicity of
ionisation in atoms having large charge number Z the quantity F
decreases proportional to 772 and reaches unity at 7 = 41 eV,
thus satisfying both conditions (4) and (5).

The model of ionisation of atoms in the electromagnetic
field of an intense laser pulse is implemented in the pro-
gramme unit GFI (gas field ionisation), in which in the pro-
cess of self-consistent modelling at each step in time and at
each spatial point the probability of ionisation and electron—ion
pair production, corresponding to the local gas density, is cal-
culated, with the distribution of neutral atomic gas taken as
the initial one. For the produced multiply charged ions at
each time step for each individual particle the probability of
its further ionisation is calculated in correspondence with the
value of the electric field strength at the point of the particle
location. If the probability is greater than the random number
0 < R < 1, then the multiplicity of ionisation 7 of the particle
isincreased by unity and one more macro-electron is launched.
Assuming that the modelling will be performed for the case of
irradiating the gas with intense laser pulses, the macro-elec-
trons are launched with zero initial momenta. The produced
macro-particles then participate in the PIC-modelling on
equal terms with all other participants of the ensemble.

The calculation domain, used to model the emission of
neutrons under the action of ultra-intense laser pulse on the
target, containing deuterium, was chosen to be a square with
the dimensions of 20 wm along the axes x and z. The step of
grid in both directions was 20 nm. The laser pulse was
launched from the left boundary of the calculation domain
and propagated in the positive direction of the z axis. The
boundary conditions for electric and magnetic fields at the
left and right boundaries of the calculation domain provided
the input and output of the radiation. At the top and bottom
boundaries of the calculation domain the boundary conditions

corresponded to an ideally conducting surface. For macro-
particles all boundaries were absorbing.

The target was a layer of deuterated polyethylene (CD,),
ly = 4 um thick and 4, = 16 um wide, occupying the domain
within 5 < z < 9 um and 2 < x < 18 um. The ionisation of
the target was modelled by means of the programme unit
GFI, the initial concentration of deuterium atoms was np =
8.22x10?2 cm™, and the concentration of carbon atoms was
ne = 4.11x10%> ecm=, which corresponded to the solid-state
density of deuterated polyethylene p,. = 1.105 g cm=.

In the ionisation programme unit the deuterium ionisa-
tion potential 7 = 13.6 eV was used, as well as the ionisation
potentials of carbon atom, summarised in Table 1. The target
was normally irradiated with a linearly polarised laser pulse
with the following parameters: the wavelength A = 0.911 um,
the Gaussian beam spot radius ry = 3 um centred at the point
x = 10 um, the pulse duration 7, = 45 fs. The intensity maximum
of the laser pulse reached the front surface of the target at the
moment of time ¢ = 61 fs. The maximal intensity of laser pulses
varied within the range I, = 10°°-10>' W cm™.

Table 1. Parameters of multiple ionisation of a carbon atom.

Tonisation ~ Frneipal  ap. 0 Projection Tonisation

multiplicity 2R o entum  Of angular potential/
number n momentum m eV

1 2 1 0 113

2 2 1 1 24.4

4 2 0 0 64.5

3 1 0 0 392

3. Results of the calculations

The effect of a femtosecond pulse on the deuterated polyeth-
ylene target at the moment ¢ = 80 fs is illustrated in Fig. 1.
The laser radiation, incident on the front surface of the
target, causes ionisation of atoms in a thin near-surface layer
as thick as the skin layer. The electrons produced in this pro-
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Figure 1. Impact of ultra-intense femtosecond laser pulse on the deuter-
ated polyethylene target at the moment of time 7 = 80 fs: (/) laser pulse;
(2) multiply charged plasma; (3) the target regions not ionised to the
considered moment of time.
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cess are accelerated by the field of laser radiation and create
an electric field of charge separation, which leads to propaga-
tion of the ionisation front into the target. In spite of the fact
that the laser radiation does not penetrate deep into the target
and is completely shielded by the surface layer of ionised sub-
stance, the entire target appears to be fully ionised. At the
intensity of I, = 10°° W cm the mean multiplicity of ionisation
of the carbon atoms is equal to four, and at I, = 10! W cm™
it is equal to six. Obviously, the deuterium atoms are fully
ionised.

As a result of the laser impact on the target, three fluxes of
deuterons are produced, namely, the deuterons that move
from the front surface of the target towards the laser pulse,
the deuterons that move from the front surface into the target,
and the deuterons that move from the back surface of the target
in the direction of the laser pulse propagation.

Only a small fraction of deuterons is accelerated at the
front and the back surface of the target, while the major part
of deuterons within its volume remains cold. Moreover, only
the deuterons moving from the front surface into the target
can efficiently participate in D—D reactions with cold deuterons
of the target, whereas the deuterons, moving off the target, in
spite of their high energy, cannot significantly contribute to
the neutron yield.

As the deuterons move through the target, the D—D reac-
tion events occur, creating neutrons in correspondence with
the model, thoroughly described in [8]. The probability of the
fusion reaction event at each time step for each initial macro-
particle, corresponding to a deuteron, was calculated using
the formula

P =04q|Vyel| ngAt, (6)

where 04q(Ey) = (107.4 + 0.33E;) Ej'exp(-44.4/v/Ey) is the
cross section of the fusion D + D - 3He + n reaction (in
barns); V, is the relative velocity of the initial deuteron and
the random deuteron at the point of the initial deuteron loca-
tion; nq is the concentration of deuterons at this point; Ej is
the kinetic energy of the deuteron (in keV), corresponding to
the velocity V,; At is the time step.

The neutrons produced in the target volume began to
reach the boundaries of the calculation domain in ~300 fs
after the end of the laser action on the target. During 1 ps the
neutron fluxes increased, reaching the maximum, and then
decreased practically to zero during the next 1.5 ps.

Figure 2 presents the dependence of the total neutron
yield (per 1 J of laser energy) on the intensity of the laser
pulse. Curve (/) corresponds to the deuterated polyethylene
target with the parameters, described above, and curve (2)
corresponds to the target, containing only deuterium in the
concentration, equal to that in the deuterated polyethylene
target. The comparison of curves (/) and (2) shows that for
the pure-deuterium target the neutron yield is 25-50 times
higher than for the deuterated polyethylene target, i.e., the
presence of carbon in the target leads to an essential reduction
of the neutron yield.

Significant influence on the neutron yield is exerted by the
process of field ionisation of the target. Indeed, curve (3),
corresponding to the preliminarily ionised deuterated poly-
ethylene target with double ionisation of carbon, shows that
the neutron yield is overrated and nearly equals the neutron
yield in the case of pure-deuterium target.

To clarify the mechanisms of the effect of carbon ions on
the neutron yield we investigated the dependences of different
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Figure 2. Dependence of the neutron yield per 1J of laser radiation
energy N, on the maximal intensity of the laser pulse for the targets
of (CDy), (1), D, (2), and pre-ionised (CD,), (3).

parameters of laser plasma on the concentration of carbon, the
intensity of the laser pulse being fixed as Iy = 4x10%° W cm™.
It was found that the energy of laser radiation absorbed by
electrons at the front surface of the target and transformed
into the kinetic energy of the electrons is practically independent
of the carbon concentration. Indeed, the fraction of the laser
energy absorbed by electrons for the pure deuterium target
(nc = 0) amounts to 25.4%, and for the deuterated polyethyl-
ene target (nc = 4.11x10?*> cm™) 24.6%. In the pure deuterium
target the total number of electrons is four times smaller than
in the deuterated polyethylene target. As a result the maximal
mean energy of electrons and, as a consequence, the maximal
kinetic energy of deuterons for the pure deuterium target
appears to be greater than for the deuterated polyethylene
target. Figures 3 and 4 show the dependences of the maximal
mean energy of electrons and the maximal kinetic energy of
deuterons, respectively, scaled to the laser pulse energy, on
the concentration of carbon atoms in the target. It is seen that
these energies in the case of pure deuterium target are by
4.4 times greater than in the case of the deuterated polyethyl-
ene target. The neutron yield in this case increases by 4 times
(see Fig. 2).

Thus, to increase the neutron yield one should prefer such
solid-state targets, in which the concentration of deuterium
atoms is maximal [see Eqn (6)], and the number of electrons,
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Figure 3. Dependence of the maximal mean energy of electrons E, on
the concentration of carbon atoms.
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Figure 4. Dependence of the ratio of maximal kinetic energy of deuteron
Kp to the total energy of the laser pulse W, on the concentration of
carbon atoms.

with the multiple ionisation of target atoms taken into account,
is minimal (which provides their maximal energy). From this
point of view the targets made of lithium deuteride LiD seem
most promising. In these targets the concentration of deuter-
ons (np = 6.13x102% cm™>) is 1.34 times smaller than in deu-
terated polyethylene targets, the maximal concentration of
electrons at total ionisation of the target being also 1.34 times
smaller. One can expect that, at other conditions being equal,
the maximal energy of electrons in lithium deuteride targets
will be considerably higher than in the deuterated polyethylene
targets. Detailed comparison of lithium deuteride targets and
deuterated polyethylene ones, as well as other targets having
different composition, will be carried out in our future publi-
cations.

An additional possibility to increase the neutron yield
under the conditions of ultra-intense laser irradiation of the
targets, containing deuterium, consists in using the targets
with complex shape, in particular, the layered ones. Under
irradiation of a layered target, the deuteron fluxes, analogous
to the three ones described above, are produced in each of the
layers. Such a redistribution of the fluxes leads to a consider-
able increase of the number of accelerated deuterons, moving
in opposite directions inside the layered target, and to the growth
of the neutron yield. We performed calculations, in which the
parameters of the laser pulse and the target were exactly corre-
sponding to the case, considered above (nc = 4.11x10% cm™)
except the target being divided into similar parts, separated
by equal distances from each other. The intensity of the laser
pulse was I, = 4x102° W cm2.

Figure 5 shows the dependence of neutron yield per 1 J of
laser energy on the number of layers in the deuterated poly-
ethylene target. The following schemes of dividing the target
into layers were considered: one layer 4 um thick with the
density pp,e; two layers 2 um thick with the density p,,. sepa-
rated by 2 um; four layers 1 pm thick with the density pp.,
separated by 0.5 um; eight layers 2 um thick with the density
Ppes separated by 0.5 um; sixteen layers 0.25 um thick with the
density pp., separated by 0.25 um; thirty two layers 0.125 ym
thick with the density p,., separated by 0.125 um; one layer
8 um thick with the density 0.50,, corresponding to an infinite
number of layers with the thickness tending to zero. The mean
density of the targets averaged over the thickness of 8§ um in
all seven cases was equal 0.50,.

From Fig. 5 it is seen that the presence of even two layers
in the target causes the increase in the neutron yield by almost
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Figure 5. Dependence of the neutron yield per 1 J of laser radiation
energy N, on the number of layers in the target ;.

14 times (N, = 225000) per 1 J of laser energy as compared
with the single-layer target 4 um thick with the density p,
(N, = 18800). The maximal number of neutrons N, = 413000
was achieved for the target with 16 layers separated by 0.25 um
from each other. Further increase in the number of layers
and decreasing the separation between them leads to gradual
lowering of the neutron yield. In the limit of infinite number
of layers (one layer 8 um thick with the density 0.5p,.) the
neutron yield was reduced to N, = 22600.

To explain this dependence, consider the distribution of
the z-component of the charge separation electric field in a
layered target. This field is a superposition of electric fields
of each layer. Figures 6 and 7 show the distributions of the
z-component of the electric field for targets, consisting of 16
and 32 layers, respectively, at the moment of time ¢ = 200 fs.
The electric field distribution possesses bipolar shape with
negative and positive extrema at the left and the right bound-
aries of the layer, respectively. In the regions corresponding
to the field extrema the acceleration is most efficient and the
deuteron fluxes, directed from the layer boundaries, are pro-
duced. If the interlayer separation is reduced, then the electric
fields, created at the left and the right boundaries of the
adjacent layers (except the leftmost and the rightmost layers)
begin to overlap and mutually compensate (Fig. 7). As a result,
the efficiency of the deuteron acceleration inside the layered
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Figure 6. Distribution of the electric field component E. (/) and the
concentration of deuterons 74 (2) in the target, comprising 16 layers, at
the moment of time # = 200 fs.
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Figure 7. Distribution of the electric field component E. (/) and the
concentration of deuterons n4 (2) in the target, comprising 32 layers, at
the moment of time 7 = 200 fs.
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Figure 8. Energy spectra of deuterons in the targets with 16 (/) and 32
(2) layers at the moment of time 7 = 1 ps.

target decreases, which leads to the reduction of the neutron
yield. This conclusion is confirmed by Fig. 8, in which the
energy spectra of deuterons are presented for the targets with
16 and 32 layers at the time moment # = 1 ps under irradiation
with a laser pulse with the intensity I, = 4x10%° W cm™. It is
seen that the maximal energy of high-energy deuterons in the
16-layer target is more than two times higher than that in the
32-layer target. Besides that, the number of deuterons with
the energy, exceeding 100 keV, in the 16-layer target is two
times greater than in the 32-layer one.

From Fig. 5 it is also seen that the dependence of the
neutron yield on the number of target layers (and the separa-
tion between them) is rather weak. Of crucial importance is
the presence of cavities in the target, at the boundaries of
which multidirectional fluxes of accelerated deuterons arise.
Therefore, to provide an essential increase in the neutron yield
under the conditions of irradiating solid-state targets with
ultra-intense femtosecond laser pulses, it seems reasonable to
use layered or porous targets having the typical cavity size of
~1 um.

4. Conclusions

In the present paper the modelling of interaction of ultra-
intense femtosecond laser pulses with solid-state deuterated
polyethylene targets is carried out, taking into account the
processes of multiple field ionisation of the target atoms and
the emission of neutrons, produced in the fusion reaction,
when high-energy deuterons collide.

It is shown that the ionisation of atoms in the volume of
the target, to which the incident radiation does not penetrate,
is provided by the electric field of charge separation, arising at
the expansion of electrons, accelerated by the laser pulse at
the front surface of the target.

The characteristics of the target hot plasma and the neu-
tron yield are investigated depending on the concentration of
carbon atoms in the target. It is found that in order to increase
the neutron yield it is preferable to use such solid-state targets,
in which the concentration of deuterium atoms is maximal
and the number of electrons, with the multiple ionisation of
the target atoms taken into account, is minimal.

The possibility is demonstrated to increase the neutron
yield essentially (by tens of times) by using layered targets,
made of deuterated polyethylene and irradiated with ultra-
intense femtosecond laser pulses. The dependence of the neu-
tron yield on the number of layers and the separation between
them is studied. It is shown that this dependence is rather
weak and the crucial role is played by the presence of sub-
micron-size cavities in the volume of the target. At the bound-
aries of such cavities multidirectional fluxes of accelerated
deuterons arise. The collisions of these deuterons with each
other and with resting deuterons of the target essentially
increase the total neutron yield.
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