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Abstract.  The nonstationary energy transfer by fast charged par-
ticles, i.e. products of thermonuclear reactions, is simulated, and 
the effect of this process on the compression and burning of thermo-
nuclear targets is numerically investigated. 

Keywords: laser plasma, charged particles, thermonuclear reac-
tions, particle transfer. 

1. Introduction 

The limited possibilities in carrying out experiments with full-
scale thermonuclear burning of targets make it necessary to 
resort to numerical modelling. This not only allows one to 
explain the results of the experiments and contributes to their 
understanding, but also facilitates the performance of the 
experiments themselves and their prediction. 

The problem of the creation and transfer of charged par-
ticles arising as a result of thermonuclear reactions in a burn-
ing deuterium – tritium plasma is very important. Often the 
calculation of target burning is carried out in the approxima-
tion of local energy release by fast charged particles, that is, it 
is assumed that the particle gives its energy at the same point 
in the space in which it originated. However, when the excess 
over the target ignition threshold is small, in determining the 
target parameters and also in evaluating the characteristics of 
the laser setup necessary to accomplish the target ignition, the 
model must accurately reflect where and how charged parti-
cles give up their energy, i.e., it is important to calculate the 
nonstationary energy transfer by fast charged particles, i.e. 
products of thermonuclear reactions. In what follows, they 
will be called fast charged particles. 

At first glance, it seems that taking into account the trans-
fer of fast charged particles in the target should lead to a 
decrease in energy release in the region where the DT fuel (DT 
region) is located since part of the energy is transferred to 
neighbouring regions and does not participate in the burning 
of the target. This reduces the temperature of the DT region 
and the yield of thermonuclear energy. Naturally, the target 
gain (the ratio of the released thermonuclear energy to the 
energy deposited in the target) decreases. A numerical study 
has shown that this is not always the case. The energy trans-

ferred from the DT region is localised in the adjacent region, 
where the bulk density of energy and pressure (and thus the 
expansion of the DT region is constrained), as well as the 
burning time of the DT gas and the thermonuclear energy 
yield increase. 

The task of studying the transfer of energy by charged 
thermonuclear particles in compressed laser targets is not 
new [1 – 3]. Vygovskii et al. [1] considered the deceleration of 
fast charged particles in an ideal plasma, paper [2] was 
devoted to the simulation of the energy transfer by charged 
thermonuclear particles in compressed laser targets with 
allowance for spontaneous magnetic fields, and Bel’kov et 
al. [3] described in detail the nonstationary mathematical 
model for the transfer of fast charged particles and studied 
the effect of this process on the burning of a specific thermo-
nuclear target for the NIF facility. 

The aim of this paper is to consider the effect of charged-
particle transfer on the parameters of micro-targets used in 
laser and thermonuclear fusion, using examples of known 
targets. 

2. Model of the transfer of fast charged particles 

All computational experiments were carried out using a tech-
nique oriented toward numerical investigation of the physical 
processes taking place in a laser plasma [4]. The following 
processes are calculated in the programme: motion of the 
medium in the presence of ‘detachment’ of temperatures (ions 
and electrons), absorption of laser energy with allowance for 
reflection from the critical density region, heat transfer by 
electrons and ions with diffusion flux restrictions, spectral 
radiation transfer in the quasi-diffusion approximation [5] 
and its interaction with matter, ionisation of matter and the 
excitation of ions in a nonequilibrium nonstationary plasma, 
kinetics of thermonuclear reactions and energy transfer of by 
fast charged particles. The equations of state, spectral ranges 
of radiation, coefficients of the electron and ion thermal con-
ductivity, electron – ion relaxation and absorption of laser 
energy were calculated taking into account the plasma com-
position [6]. 

Numerical simulation of a thermonuclear target takes 
into account four types of reactions: 

DT: D + T ® 4He (3.52 MeV) + n (14.07 MeV),

DDn: D + D ® 3He (0.82 MeV) + n (2.45 MeV),

DDp: D + D ® T (1.01 MeV) + p (3.02 MeV),
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D 3He: D + 3He ® 4He (3.67 MeV) + p (14.68 MeV).

The reaction rates are taken from [7]. One more model is 
known for the reaction rates [8]. Differences in the results of 
calculations of energy release, carried out using these two 
models for reaction rates, are about 10 % [9]. Which model is 
more correct is difficult to say, because a comparison with 
experimental data is necessary. The analysis carried out in 
[10], taking into account the measurements performed by 
Krauss et al. [11], as well as the theoretical results obtained in 
[11], allowed the authors of [10] to conclude that the initial 
data on the rates of processes [7], published in 1962, with-
stood the test of time over a wide range of energies.

The transfer of fast charged particles is calculated in the 
multigroup diffusion approximation. The equation for the 
transfer of fast charged particles is obtained from the kinetic 
equation by integrating the latter over the angle and is 
described in detail in [3]. It shows that the use of multigroup 
diffusion in the energy transfer by fast charged particles gives 
satisfactory accuracy in the calculations of thermonuclear 
burning. The difference from the results of calculations with 
allowance for the energy transfer by particles in the kinetic 
approximation is no more than 15 %, i.e., the calculations are 
reliable. 

3. Formulation of the problem and results  
of calculations 

The effect of the particle transfer on the parameters of micro-
targets used in laser and fusion synthesis was considered by us 
on examples of known targets [12 – 14]. In the calculations, we 
took into account all the processes described above. 

For each calculation, we present a table that contains the 
following values: E is the energy deposited in the target, F is 
the energy released from the thermonuclear reactions, Fa is 
the energy of fast charged particles obtained by burning the 
target, D is the fraction of the energy released by charged par-
ticles from the DT regions and K is the target gain (K = F/E). 
Tables 1, 2 and 4 show the results of target calculations with-
out taking into account the transfer of fast charged particles 
(upper row) and with allowance for the transfer (bottom row). 

The first task is the calculation of the direct compression 
target [12]. The geometry of the target and the shape of the 
laser pulse are shown in Figs 1 and 2, respectively, and the 
results of this calculation are listed in Table 1. In Fig. 1, the 
first region is the DT gas, the second one is the DT ice, and 
the third one is the CH polymer. 

A laser pulse with a wavelength l = 0.35 mm is absorbed in 
the layers of the target with an electron density below the 
critical value. Unabsorbed radiation is reflected from the crit-
ical density region and is absorbed in the ‘corona’ during its 
backward pass. 

With a local energy release from fast charged particles due 
to the burning of the micro-target, a thermonuclear energy of 

9.84 MJ is released, and the target gain K is 6.65. In the calcu-
lation, taking into account the transfer of particles, an energy 
of 6.2 MJ is released, and the target gain is reduced to 4.2. An 
energy of 6.1 MJ is released by fast particles, with 7.3 % of this 
energy (0.444 MJ) being transferred by particles to the region 
with CH, and is excluded from the process of thermonuclear 
burning. Consequently, when the energy transfer by fast 
charged particles is taken into account, the energy release as a 
result of thermonuclear reactions decreases, since part of the 
energy is removed from DT regions into the CH region and 
does not participate in thermonuclear reactions. 

Figures 3 – 6 show the distributions of the target density, 
electron and ion temperatures and pressure as a function of 
radius at the time instant of a maximum energy release (for 
the case without the transfer of fast charged particles at 
10.43  ns, for the case with their transfer at an instant of time 
10.46 ns), and Fig. 7 demonstrates the value of W = òDT  rdr as 
a function of time. The boundary between the DT and CH 
regions is located at r = 0.04 cm in both calculations for the 
given target. 

Differences in the distributions of all quantities are notice-
able, but we would especially like to draw attention to the 
difference in ion temperatures in the two calculations, since 
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Figure 1.  Geometry of the target: r is the spatial variable; r is the initial 
density of the layers. 
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Figure 2.  Shape of the laser pulse.

Table  1. 

E/MJ F/MJ Fa/MJ D (%) K

1.48 9.84 – – 6.65

1.48 6.2 6.1 7.3 4.2

0

400

800

1200

r/g cm–3

0.0110.006 0.066 r/cm

Figure 3.  Radial distributions of the target density r. Here and in 
Figs 4 – 7, dashed curves are a calculation with allowance for the energy 
transfer by fast charged particles, and solid curves are calculations with-
out taking the energy transfer into account. 
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the reaction rates and the amount of the released thermonu-
clear energy depend on them. 

In the second calculation, we simulate the heating and 
compression of a shell target made of a CH polymer filled 
with a DT mixture. In comparison with the previous problem, 
here we deal with a different geometry and a different shape 
of the pulse. The geometry of the target (Fig. 8) and the shape 
of the pulse are taken from [13].

The target is irradiated by laser radiation with a wave-
length l = 0.35 mm and a pulse energy of 1 MJ. The laser pulse 
has a rising leading edge up to the instant of time t1, then a 
plateau in the interval t1 < t < t2 and a rapidly falling trailing 
edge: 
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where t1 = 8 ns; t2 = 10 ns; t3 = 11 ns; and Elas = 1 MJ.
The calculation shows that all the laser energy Elas is com-

pletely absorbed in the ‘corona’ during the forward and back-
ward passages. Table 2 shows the results of this calculation. 

Figures 9 – 12 show the distributions of the target density, 
electron and ion temperatures and pressure as a function of 
the radius at the time instant of a maximum energy release 
(for the case without the transfer of fast charged particles at 
10.31 ns, for the case with their transfer at an instant of time 
10.29 ns), and Fig. 13 demonstrates the value of W as a func-
tion of time. The boundary between the DT and CH regions 
corresponds to r = 0.07 cm in both calculations for the given 
target.

It can be seen from Figs 9 – 12 that for this target the 
maxima of the distributions of the target density, tempera-
tures and pressures are higher in the CH region when calcu-
lations take into account the energy transfer by fast charged 
particles. 

What explains this difference in calculation results for the 
first and second targets? What is more important: the geom-
etry of the system or the shape of the laser pulse? Table 3 lists 
the calculation results for the second target, while maintain-
ing its geometry, but for the same shape of the laser pulse as 
for the first target (top row), and also for the case when the 
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Figure 4.  Radial distributions of electron temperature e. 
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Figure 5.  Radial distributions of ion temperature Ti. 
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Figure 6.  Radial distributions of pressure p. 
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Figure 7.  Time dependences of the quantity W = òDT  rdr. 
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Figure 8.  Geometry of the target. 
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Figure 9.  Radial distributions of the target density r. Here and in 
Figs 10 – 13, dashed curves are a calculation with allowance for the en-
ergy transfer by fast charged particles, and solid curves are calculations 
without taking the energy transfer into account. 

Table  2. 

E/MJ F/MJ Fa/MJ D (%) K

1 2.265 – – 2.26

1 2.543 2.494 57.9 2.54
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total energy of the pulse is reduced by 1.48 times, so that the 
deposited energy is equal to 1 MJ (bottom row), as in the first 
calculation for the second target. From these calculations, we 
can draw the following conclusion: for these targets, the 
energy release depends on the shape of the laser pulse rather 
than on the geometry of the target. 

Figure 14 compares the shapes of laser pulses used in cal-
culations for the first and second targets. 

The next calculation, where we study the effect of the 
energy transfer by fast particles on the target parameters, is 
the calculation of a cylindrical target for synthesis on heavy 
ions (Fig. 15). In this micro-target [14], the first layer is the 
DT layer, thin layers 2 and 4 consist of dense materials 
(gold) – ‘heavy’ layers, and external laser radiation is intro-
duced into the ‘light’ layer 3 (‘perforated’ lead). The func-
tions of the heavy layers are to suppress the expansion of the 
DT region and the target. The energy is deposited in layer 2 
so that at the boundary of the DT region, the specified 
velocities and pressures necessary for its unstressed com-
pression are provided [15].

To reproduce unstressed compression on the right bound-
ary of the working DT region, the velocity and pressure in the 
case of an ideal gas must be represented in the form (these 
dependences were obtained by Stanyukovich [15])
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where L0 is the length of the compressible layer; r0 and c0 are 
the initial density and speed of sound, respectively; and g is 
the adiabatic exponent. 

The time dependence of the energy deposition for this case 
is given in [14], the numbering of layers from the centre begin-
ning with the zeroth layer: 
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Figure 10.  Radial distributions of electron temperature Te. 
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Figure 11.  Radial distributions of ion temperature Ti. 
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Figure 12.  Radial distributions of pressure p. 
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Figure 13.  Time dependences of the quantity W = òDT  rdr. 

Table  3. 

E/MJ F/MJ Fa/MJ D (%) K

1.48 1.915 1.88 60 1.3

1 1.757 1.732 63 1.76
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Figure 14.  Shapes of laser pulses used in calculations for the first (solid 
curve) and second (dashed curve) targets. 
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Figure 15.  Geometry of the target for synthesis on heavy ions. 
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Here, mi and Vi (0) are the masses and volumes of the layers 
(i = 0 – 3), respectively; and a is a parameter that depends on 
the target geometry. The energy deposition is calculated by 
this formula until Q(t) < Q* (Q* is the so-called maximum 
specific absorption rate, the characteristic of the laser setup), 
and then by the formula ∂E/∂t = Q*, until the required amount 
of energy is deposited (in this case, 21 MJ). 

The function Q(t) is shown in Fig. 16 for a specific target 
with c0 = 0.01 cm ns–1 and L0 = 0.1 cm and for the maximum 
specific absorption rate Q* = 60 TW g–1. The length in the 
above formulas is measured in cm, the time in ns, and Q(t) in 
TW g–1. Quantitatively, the values of Q(t) differ in different 
calculations   depending on the geometry of the target (or 
masses mi), the maximum value of Q*, the values of c0 and L0, 
but the shape of the curves is the same (with the specific 
absorption rate). The results of the calculation for this target 
are listed in Table 4. 

Without taking into account the energy transfer by fast 
particles, the energy released amounts to 25.6 MJ, and when 
the transfer is taken into account, it is 27.2 MJ. At the same 
time, 17 % (4.19 MJ) of energy is removed from the DT region 
by fast particles of thermonuclear reactions and is localised in 
the neighbouring region made of gold. Therefore, the expan-
sion of the DT region is restrained and its burning intensifies.

Thus, in the present work, modelling is carried out on the 
basis of spectral diffusion equations for the transfer of fast 
particles that arise as a result of thermonuclear reactions. It is 

shown that the transfer of fast charged particles can both 
reduce and increase the energy release in the DT region, 
depending on the shape of the laser pulse and the geometry of 
the target. 
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Figure 16.  Dependence of Q on t. 

Table  4. 

E/MJ F/MJ Fa/MJ D (%) K

21 25.6 – – 1.22

21 27.2 24.67 17 1.3




