Quantum Electronics 41 (4) 377-381 (2011)

©2011 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 52.38.Ph; 52.50.Jm; 42.65.Re
DOI: 10.1070/QE2011v041n04ABEHO014501

Simulations of neutron emission in the irradiation of deuterated
polyethylene by ultrahigh-intensity laser pulses

S.N. Andreev, S.G. Garanin, A.A. Rukhadze, V.P. Tarakanov, B.P. Yakutov

Abstract. The neutron yield from deuterated polyethylene targets
irradiated by ultrahigh-intensity laser pulses was calculated in a
wide range of pulse energies. The resultant data are in better agree-
ment with available experimental data than the data of the corre-
sponding simulations performed by other authors earlier. The neu-
tron pulse duration was shown to exceed the laser pulse duration by
more than an order of magnitude. We also showed that the neutron
yield accompanying the irradiation of a laminated target of deuter-
ated polyethylene is, thanks to redistribution of deuteron fluxes in
its volume, substantially higher in comparison with the irradiation
of a continuous target.
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1. Introduction

In the past decade, considerable attention was given to exper-
imental and theoretical investigations of nuclear reactions
occurring when ultrahigh-intensity (10'8—10%° W cm™) sub-
picosecond (0.1-1 ps) laser pulses irradiate solid [1], cluster [2],
and gaseous [3] targets which contain deuterium.
High-energy (fast) deuterons produced under laser irradi-
ation undergo a fusion reaction D(d,n)*He (D—D reaction)
attended with a neutron yield. Measuring the parameters of such
neutrons is an efficient method of studying the fast deuterons,
especially those which were accelerated into the target interior
under the action of a laser pulse. To acquire quantitative infor-
mation about the energy spectrum and angular distribution of
fast deuterons proceeding from the research data on neutron
fluxes, Hilscher et al. [4] and Izumi et al. [5] developed an approach
whereby the deuteron motion in the target volume was modelled
by the Monte Carlo technique with the inclusion of ionisation
losses and neutron emission. The ionisation losses were taken into
account by introducing an empirical “decelerating force™ acting
on a deuteron in its propagation through the target volume.
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A similar approach was adopted by Toupin et al. [6] and
by Petrov and Davis [7], who performed a numerical investi-
gation into the effect of different parameters of the laser pulse
and the target on the emission of neutrons. The virtually sim-
ilar simulation models employed in these works incorporated
a two-dimensional PIC code (it was used to calculate the
velocity distribution function for the fast deuterons acceler-
ated during laser irradiation) and a postprocessor, which used
the resultant distribution function as the initial condition for
calculating the neutron emission in the interaction of the fast
deuterons with the stationary deuterons of the target. In this
case, the mathematical model of the postprocessor [6, 7] relied
on the following basic assumptions: the angular deuteron dis-
tribution is symmetrical relative to the axis of the laser pulse;
the target is sufficiently ‘thick,” so that all fast deuterons lose
their energy completely for the ionisation of atoms in the target
volume.

One of the disadvantages of the model of Refs [6, 7], which
is indicated by the authors of Ref. [6] themselves, is that there
is no way of taking into account the dynamics of the heating
of target atoms in their interaction with electron and deuteron
beams accelerated by the laser pulse. We also emphasise that
the postprocessor does not in principle permit modelling the
emission of neutrons in the interaction of counter-propagat-
ing beams, which may emerge under laser irradiation of struc-
turally complex targets, in particular hollow and laminated
targets.

In this work we propose an approach involving ab initio
calculations of the D—D reaction event probability at each
time step for every deuteron in the course of self-consistent
PIC simulations of the ultrahigh-intensity laser pulse interac-
tion with a target containing deuterium ions. This approach
was realised in the framework of a fully three-dimensional
relativistic electromagnetic PIC code termed KARAT [8,9].

As shown in our work, not only does the proposed neu-
tron emission simulation method enable obtaining data which
agree well with experimental data on neutron emission in the
irradiation of ‘thick’ deuterated polyethylene targets, but it
also enables investigating laminated targets, in which the neu-
tron yield is substantially higher.

2. Unit which describes neutron emission
in the course of D—D reaction

The mathematical model of neutron emission unit incorpo-
rated into the KARAT code relies on the formula for the cross
section of the fusion reaction D + D — *He + n in the labora-
tory reference frame. In accordance with the well-known
semiempirical data of Ref. [10] this formula is written in the
following form:
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where E| is the fast deuteron energy expressed in kiloelec-
tronvolts; 044 is the cross section in barns (1 barn is equal to
1072 cm?).

In the course of simulation of the action of an ultrahigh-
intensity laser pulse on a deuteron-bearing target, at each
time step the probability of a fusion reaction event for every
primary deuteron-corresponding macroparticle travelling with
velocity V is defined as follows. Calculated at every mesh
node of the simulation region are the deuteron density 7y, the
average deuteron velocity V,,, and the rms velocity spread V¢
in every Cartesian coordinate in the reference frame travelling
with velocity V,,. Determined next is the relative velocity V.,
of the primary deuteron and a random target deuteron at this
node.

Vrel =V- Vavf VT(X - 05)7 (2)

where y is a random number from the interval 0—1. Formula (1)
is used to calculate the total reaction cross section o for the
kinetic energy E, corresponding to this velocity and, finally,
the probability P is found:

P:AalV;ellndAt’ (3)

where A7 is a time step. The presence of the second term in
formula (2) ensures the absence of D—D reactions, for instance,
in a monoenergetic deuteron beam, when ¥ = V. The pres-
ence of the third term in this formula permits us to take into
account in formula (3) the heating of target deuterons due to
laser irradiation. No limitations are imposed on the values of
velocities ¥, and Frin formula (2). Since the reaction proba-
bility is expected to be quite low for the expected values of the
physical parameters of the objects being simulated, to create
favourable conditions for the observation of neutron dynamics
we introduced into formula (3) a coefficient A for the artificial
augmentation of reaction probability. In the determination of
the real neutron yield, the number of neutrons obtained from
simulations is divided by this coefficient.

The probability calculated by formula (3) is compared with
the random number from the 0—1 interval; when this proba-
bility is smaller than this number, a passage to the next deuteron
is effected. Otherwise there unfolds the event of 2.45-MeV
neutron production. Initially, a deuteron closest to the pri-
mary one is found whose relative kinetic energy is close to the
energy employed in the calculation of the probability. Next, a
neutron is projected from the centre-of-mass point of the pri-
mary and closest deuterons. In the centre-of-mass reference
frame, the neutron is projected with a velocity corresponding
to an energy of 2.45 MeV and at an angle uniformly distrib-
uted from 0 to 2x rad [11]. On launching the neutron, its tra-
jectory is calculated up to the point of intersection with the
boundary of the simulation region, where its parameters are
registered. The neutron is assumed to experience no interac-
tions inside the simulation region.

Also projected from the point of neutron launch is a macro-
particle, which models a *He?* ion. Its momentum is computed
from the requirement of momentum conservation in the event
being described.

To test the neutron emission unit we performed simulations
of deuterated polyethylene target irradiation by a femtosecond
laser pulse corresponding to the simulation reported in Ref. [7].
The parameters of the simulation region, the target, and the
laser pulse approximated, insofar as possible, the parameters
employed in Ref. [7]. Our simulation was carried out with the
aid of the two-dimensional XZ version of the PIC KARAT
code, whose physical model is outlined, for instance, in Ref.
[9].

The simulation region was an xz square with sides of
length 20 wm. The step of grid was equal to 20 nm in both
directions. The laser pulse was incident on the left boundary
of the simulation region and propagated in the positive direc-
tion of the z axis. The boundary conditions for electric and
magnetic fields at the left and right boundaries of the simula-
tion region ensured the input and output of the radiation. The
boundary conditions at the upper and lower boundaries of
the simulation region corresponded to the conditions at a per-
fectly conducting surface. All boundaries of the simulation
region were absorptive for macroparticles.

The target was a layer of deuterated polyethylene (CD,),
of thickness /, = 4 um and width d; = 12 um, which occupied
the region from z = 5 um to z = 9 um and from x = 4 um to
x = 16 um. Since the energy of particle motion in the field of
the laser pulse involved exceeded the electron binding energy
in the solid target by many orders of magnitude, the target was
modelled as a uniform collisionless plasma with the density of
a solid corresponding to the deuterated polyethylene density
ppe = 1.105 g cm ™. The plasma consisted of electrons with a
density n = 1.64x10% cm 3, C** carbon ions with a mass 121,
and a density nc = 4.11x10%2 cm, and deuterons D* with a
mass 2m;, and a density nyq = 8.22x10%? cm™?, where m;, is the
proton mass.

The target was irradiated along the normal to its surface by
linearly polarised laser radiation with a wavelength A = 1 pm,
a dimension of the Gaussian irradiation spot rq = 3 wm centred
at a point x = 10 um, and a pulse duration 74 = 160 fs. The
laser pulse intensity varied in time in accordance with the for-
mula /(1) = Iysin?(rnt/ty), where Iy = 10° W cm ™2,

Since the simulation was carried out in the two-dimen-
sional geometry, the third dimension (along the y axis) formally
remained unused. This is the reason why such parameters as
the total energy of laser radiation, the kinetic energy of par-
ticles, the neutron yield, etc. were determined per unit length
(1 cm) along the y axis. Assuming, following the authors of
Ref. [7], that the spot of laser radiation pulse is round, we
introduce a dimensional factor v'rtry = 5.3x10 cm to convert
the dimensions of these quantities to their natural dimension.
In particular, in this case the total energy of incident laser
radiation Ej,, = nrgly7e/2 = 2.26 J and the total number of
deuterons Ny = nglydyvmry = 2.1x10",

Figure 1 shows the time dependences of the total kinetic
energy of electrons (e7), deuterons (D*), and carbon ions (C**)
obtained by simulations. For comparison, the dashed line
shows the temporal profile of the intensity of the laser pulse
(in relative units along the ordinate axis). The point in time
t = 0 corresponds to the arrival of the laser pulse at the target
surface.

Referring to Fig. 1, the total kinetic energy of electrons
attains its peak value on the trailing edge of the laser pulse;
after this it begins to subside. The ion energy rises with time
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Figure 1. Total electron (¢"), deuteron (D*) and carbon ion (C?*) kinetic
energies as functions of time. The dashed curve shows the temporal inten-

sity profile of the laser pulse.

and saturates approximately 0.5 ps after the cessation of the
laser pulse. At the point in time ¢ = 240 fs, at which the simula-
tion of Ref. [7] terminates, the total kinetic energy of deuterons
was equal to 47 mJ (which is approximately 2.3 time higher
than in Ref. [7]). By the point in time # = 800 fs it amounted to
115 mlJ. In this case, the efficiency of laser radiation conver-
sion to the kinetic energy of deuterons was equal to 5%. The
highest energy of individual deuterons exceeded 11 MeV (8 MeV
in Ref. [7]). Therefore, according to our simulations the deuter-
ons gain approximately 5 times higher energy than in Ref. [7],
but during a longer period. It is pertinent to note that a rela-
tively longer duration of ion acceleration upon cessation of
the laser pulse was pointed out earlier, for instance by Oishi
et al. [12] and by Andreev and Tarakanov [13].

Let us consider in greater detail the features of deuteron
acceleration under target irradiation. Figure 2 shows the dis-
tribution of the z-components of deuteron velocities at the point
in time ¢ = 250 fs. Three deuteron fluxes result from the laser
irradiation of the target: deuterons which move from the
front target surface in the opposite direction to the laser pulse
(1), deuterons which move towards the target interior (2), and
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Figure 2. Distribution of z velocity components for deuterons at the
point in time 7 = 250 fs.

deuterons which travel from the rear target surface in the
direction of laser pulse propagation (3).

One can see from Fig. 2 that only a small fraction of deu-
terons experiences acceleration: at the front and rear surfaces
of the target, while the majority of deuterons in its volume
remain cool (by the point in time # = 250 fs the average kinetic
energy of the in-target deuterons amounts to only 13 keV).
Furthermore, only the deuterons of group 2, which travel in the
target volume, may effectively participate in the D—D reac-
tion with cool target deuterons, while the deuterons of groups
1 and 3, despite their high energy, cannot make an appreciable
contribution to the neutron yield.

In a paper by Wilks et al. [14] and in a number of subse-
quent papers (see, for instance, Ref. [13] and references therein)
it was shown that the main mechanism responsible for the
acceleration of ions into the target interior is the light pressure
of the laser pulse in its reflection from the target surface. An
analysis of the deuteron energy distribution function obtained
in our simulations suggests that the fraction of fast deuterons
in the target volume with energies exceeding 300 keV amounted
to 0.5% of the total number of deuterons. Therefore, the num-
ber of fast deuterons in the target volume, which participated
effectively in the D—D reaction, was equal to ~10'!. It is note-
worthy that a similar estimate of the amount of fast deuterons
under the similar parameters of the laser pulse and the target
was given by Disdier et al. [15] and Belyaev et al. [16]. In Ref.
[7], the number of deuterons with energies above 1 MeV was
estimated at about 10!,

In the motion of deuterons through the target volume there
occurred D—D reaction events, resulting in the production of
neutrons in accordance with the model described in Section 2
of the present work. Figure 3 shows the time dependences of
the total neutron fluxes F on the left and right boundaries as
well as on the upper and lower boundaries of the simulation
region.
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Figure 3. Time dependences of the total neutron fluxes: the solid curve
depicts the fluxes on the left and right boundaries of the computational
domain, the dashed curve stands for the fluxes on the upper and lower
boundaries.

As is evident from Fig. 3, neutrons begin to arrive at the
boundaries of the simulation region approximately 300 fs after
the termination of laser target irradiation. The neutron fluxes
build up for 1.5 ps to reach its peak and then fall off practi-
cally to zero during the following 1.5 ps. As this takes place,
the total neutron flux on the left and right boundaries turns
out to be somewhat higher (by a factor of 1.1) than the flux on
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the upper and lower boundaries of the simulation region. This
is consistent with the findings of Refs [4—7], which pointed
out the anisotropy of neutron emission in the ultrahigh-inten-
sity laser irradiation of deuterated targets.

Investigations of the dependence of the neutron yield on
the intensity and duration of the laser pulse for an invariable
area of the irradiation spot, which were performed in Ref. [7],
showed that the neutron yield was determined by the energy
Ey,, of the incident laser pulse. This dependence is plotted in
Fig. 4.
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Figure 4. Neutron yield N as a function of the energy Ej, of the inci-
dent laser pulse. The solid curve with black points represents the data of
simulations performed with the KARAT code for intensities of the inci-
dent laser pulse of 10", 10%, and 10*' W cm 2 (the remaining parameters
of the simulations remained invariable in this case); the dashed curve repre-
sents the simulations of Ref. [7]; the points show the results of experi-
ments in laser irradiation of targets of deuterated polyethylene (CD,),
carried out in Refs [4,15,17,18].

One can see that the results of our simulations are in good
agreement with those of Ref. [7] and the well-known experi-
mental data in a wide range (0.2—10 J) of energies of the inci-
dent laser pulse. The difference in neutron yield between our
simulation and that of Ref. [7], which accumulates with increas-
ing laser energy for Ej, > 10 J, can supposedly be attributed
to the difference in approaches to the modelling of D—D reac-
tions. Our ‘discreet’ approach implies that the high-energy
deuteron vanishes in a D—D reaction event; by contrast, in
Ref. [7] the deuteron continues to make contributions to the
neutron yield while travelling through the target volume until
it stops completely due to ionisation losses. For low deuteron
energies (below 300 keV), when the D—D reaction cross section
tends to zero, both approaches yield similar results. However,
as the deuteron energy and the D—D reaction cross section
increase, the approach adopted in Ref. [7] begins to yield
higher neutron yields than our simulation.

It is pertinent to note that the experimental conditions of
Refs [4, 15,17, 18] vary widely in intensity and duration of the
laser pulse as well as in amount of the preplasma at the target
surface. Since the preplasma has a significant effect on the
dynamics of ion acceleration at the front target surface [13],
the neutron yield should depend on its parameters. Indeed, in
Ref. [7] it is pointed out that the presence of the preplasma with
a characteristic length of 0.1-0.3 um results in an increase in
neutron yield in comparison with the target void of the pre-
plasma, but further increase in characteristic length of the

preplasma appreciably lowers the neutron yield. Conceivably
this is the reason why the neutron yield in Ref. [17] was lower
than the data of our simulations and of Ref. [7].

4. The case of laminated target of deuterated
polyethylene

Petrov and Davis [7] pointed out that the neutron emission
efficiency is appreciably higher when an ultrahigh-intensity
laser pulse irradiates a thin two-layer target: a gold foil with a
layer of deuterium deposited on its rear side. The directional
deuteron flux produced by laser irradiation bombarded the
surface of the second, ‘thick,’ target of deuterated polyethyl-
ene and gave rise to neutron emission in the course of D—D
reaction. Similar directional deuteron fluxes are also produced
in the case considered above (see fluxes 1 and 3 in Fig. 2);
however, they do not result in neutron emission, because they
do not interact with the stationary deuterons of the target or with
counterpropagating deuteron fluxes. The use of laminated tar-
gets makes it possible to ensure the interaction deuteron fluxes.

Figure 5a shows the schematic of the simulation region in
the irradiation of a laminated target of deuterated polyethyl-
ene by an ultrahigh-intensity laser pulse. The laser pulse and
the target parameters correspond exactly to the case consid-
ered in Section 3, except that the target is divided into eight
equal 0.5-um-thick layers spaced at 0.5 um in the positive
direction of the z axis. The intensity of the laser pulse
Iy =10 W cm-2.

Figure 5b shows the distribution of the z-components of
deuteron velocities in the laminated target at the point in time
t = 250 fs. One can see that deuteron fluxes similar to fluxes
1 and 3 in Fig. 2 are now formed in every target layer. The
deuteron flux from the front surface of the first (left) layer in
the opposite direction to the incident laser pulse, which is similar
to flux 1 in Fig. 2, does not make a contribution to neutron
emission as before. In this case, the deuteron flux from the
rear surface of the last layer, which does not make a contribu-
tion to the neutron yield, is substantially lower than its cor-
responding flux 3 in Fig. 2. Therefore, the target layering made
it possible to redistribute the deuteron fluxes in such a way
that the number of accelerated deuterons moving inside the
laminated target became substantially larger.

From the simulations performed in our work it follows that
the neutron yield in the irradiation of the laminated target is
2.8 times higher than in the case of a continuous target con-
sidered above and is equal to 2.1x10° neutrons. The aniso-
tropy of angular neutron distribution also became more pro-
nounced: the ratio of the total neutron flux on the left and
right boundaries to the flux on the upper and lower boundaries
of the simulation region became equal to 1.22.

It is noteworthy that the laminated target parameters like
the number of layers, their thickness, and their spacing have a
significant effect on the dynamics of deuterons and the neutron
emission. Indeed, with decreasing the number of layers and
their spacing the laminated target will structurally approach a
continuous target and the neutron yield will become lower.
On the other hand, increasing the number of layers and their
spacing will result in a lowering of the effective deuteron den-
sity in the target and the consequential lowering of the D-D
reaction probability [see formula (3)]. Therefore, there exists
a set of target parameters whereby the neutron yield attains
its peak value. Investigation of neutron emission in relation to
the target parameters is of unquestionable interest for opti-
mising the yield and angular distribution of neutrons.
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Figure 5. Schematic representation of the computational domain (a) and distribution of the z-components of deuteron velocities at the point in time
t =250 fs (b) in the irradiation of a laminated target of deuterated polyethylene by an ultrahigh-intensity laser pulse.

5. Conclusions

In the present work we performed simulations of neutron
emission in the irradiation of deuterated polyethylene targets
by ultrahigh-intensity laser pulses with the use of a novel tech-
nique, whereby the probability of D—D reaction events is deter-
mined by ab initio calculations for every deuteron at each time
step. The employment of this technique allowed us to calcu-
late the spatio-temporal characteristics of the neutron pulse
formed in the laser irradiation of the deuterated polyethylene
target; the duration of the neutron pulse exceeded the dura-
tion of the laser pulse by more than an order of magnitude and
was equal to ~3 ps. The total neutron yield is in good agree-
ment with the experimental data of Refs [4,15,17,18] in the
0.2—-10 J energy range of incident laser pulses.

We considered the emission of neutrons in the interaction
of counter-propagating deuteron beams produced in the inter-
action of a laminated deuterated polyethylene target by an
ultrahigh-intensity laser pulse. The neutron yield in the irra-
diation of the laminated target was shown to be substantially
(2.8 times) higher than in the irradiation of the continuous
deuterated polyethylene target due to redistribution of deuteron
fluxes, all other conditions being equal.
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