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Abstract

Neutrons energy deposition and energy gain of deuterium-tritium fusion targets in the central ignition inertial con-
finement fusion scheme are studied by numerical calculations. These calculations are based on a description of the
stagnation phase where the rate of change of energy in the hot spot is determined by the competition of the energy
losses due to thermal conduction and radiation with the heating due to compressional work and alpha particle energy
deposition. As a result, the target gain is obtained as a function of the beam energy input on the target, for different
values of the isentrope parameter a and hydrodynamic coupling coefficient 7. Results show that the growth proce-
dure of target gain decreases with the incident driver energy, whereas, increase in the hydrodynamic coupling coef-
ficient causes the target gain increases considerably. In addition, the neutrons deposition energy is calculated by the
MCNP code. Our calculations show that the neutrons energy deposition causes the target gain decreases considera-
bly, in comparison with a case that the deposited energy of neutrons is ignored, as the percent of gain reduction is
10% for low values of the incident driver energy and 50% for high values of it.
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1. Introduction

One of the methods for the production of energy
by nuclear fusion is inertial confinement fusion (ICF)
consisting different approaches [1-5]. In this method a
spherical shell of cryogenic deuterium and tritium
(DT) filled with DT gas is accelerated by direct laser
irradiation (direct drive) or x-rays produced by a high-
Z enclosure (indirect drive). When an intense laser
light is uniformly impinged on a spherical target, with
an intensity of the order 10'* — 10> Wcem™2, the
laser energy is absorbed on the surface to generate
high temperature plasmas of 2-3 keV and an extreme-
ly high pressure of a few hundred megabars is gener-
ated. This pressure accelerates the outer shell of the
target towards the target center. The mechanism of the
acceleration is the same as for rocket propulsion.
When the accelerated fuel collides at the center, com-
pression and heating occur. If the dynamics is suffi-
ciently spherically symmetric, the central area is
heated up to 5-10 keV and the fusion reaction starts to
generate a large amount of energetic alpha particles
and neutrons [6]:

D+T->n+a+17.6 MeV. D
The major scientific requirement for assessing the

feasibility of ICF is the achievement of relatively high
energy gain. The target gain G is defined as
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where E,, is the thermonuclear energy output and
Ep. is the beam energy input on the target. Central
ignition, which is being considered for reaching a high
energy gain, is required to drive the bulk of the fuel to
a lower specific entropy than that of the innermost part
by producing a suitable sequence of shocks and rare-
factions during the shell implosion. Here, we use an
isobaric ignition configuration. According to isobaric
model of fusion targets in ICF, it is assumed that at the
final stage of hydrodynamic implosion, target configu-
ration is composed of two distinct regions called hot
spot and cold fuel [7]. The hot spot is an ideal plasma
of hydrogen isotopes with density, temperature and a
radius of pg, Ty and ;5. On the other hand, the cold
fuel region is a degenerate electron gas with density of
pcr- Itis also assumed that pressure is constant across
the whole target at stagnation (maximum compres-
sion) time. This configuration can be generated by a
high intensity incident beam of laser or heavy charged
particles.

In numerous cases it is assumed that the fusion
reactions produced neutrons pass through the fuel
without substantial interaction with the cold fuel.
However, in this paper, by the MCNP code, we dem-
onstrate that the neutrons deposition energy is consi-
derable in the target and it reduces energy gain, and
we find the magnitude of the percent of gain reduction
for different values of the incident driver energy.


http://www.nitropdf.com/
http://www.sid.ir

Analytical and numerical study ...

2. Central ignition and the neutrons energy deposi-
tion
2.1. Ignition and burn

A hot spot with given values of the temperature T
and confinement parameter H,; = pys Ths, Can be pro-
duced by a hydrodynamic implosion process which
then ignites and propagates burning waves in the cold
region. Here, there exist processes which cool and
dissipate the hot spot. Most important of them are
Bremsstrahlung energy losses of hydrogen isotope
plasma and electron thermal conductivity.

As a capsule implodes, alpha particle deposition from
a thermonuclear burn of DT try to heat the central hot
spot. The volumetric rate of energy production due to
alpha particles self-heating is given by [8]:

P, = npny(ov)prEoq, 3)

where np and n; are deuterium and tritium densities,
respectively. (ov)pr is the Maxwellian averaged fu-
sion rate of a DT mixture and E,, is the alpha particle
birth energy at the hot spot center as it equals 3.52
MeV. Assuming equal number densities (n, = ny =
nys/2) of deuteriums and tritiums in hydrogen plasma
(nys 1s the ion density of the hot spot) we have:

Pa =0.25 n,215<O'U)DT an. (4‘)

Therefore, the volumetric rate of increase of energy
due to alpha particles energy deposition is given by:

Pyq = 0.25 nizls(o-v>DT Eoq (1 = fee)- 5)

Here, f,. is the fraction of the alpha energy that es-
capes from the hot spot and it is defined as [9]:

87?2
f 1-27+ - 7<0.25
ol i+~ 1025
4T 32T 64071

(6)

where

Ths
=D 7
r== @)

Here, A is the alpha particle range in the hot core, giv-
en by:

3/2

1=11x10"2 ;—S, (8)
hs

where Ty, and pj, are in keV and gcm™3, respective-
ly. On the other hand, electron conduction from the

Journal of Theoretical and Applied Physics, 3-4 (2010)

hot spot to cold surrounding fuel, as well as radiative
losses, act to cool the hot spot. The volumetric rates of
energy dissipation due to electron conduction and
Bremsstrahlung emission are given by [10]:

2
P, = 3.684 x 1071° (H“S) T2 keV-cm™3-s71,

hs hs
9)

3 1

'S_,

(10)

Py =335x 1075 nZ, T2 keV-cm™

where n, Ty and Hy, are in cm™3, keV and gecm™2,
respectively. If conduction and radiative losses from
the hot spot are too large, ignition never occurs. To
achieve ignition by the time the implosion process has
stopped, the hot spot must have a (pr),, equal to
about 0.3 — 0.4 gcm™2, and must achieve a central
temperature of about 5-10 keV. Under this condition,
alpha particle energy deposition can overcome losses
processes, and a self sustaining burn wave will be
generated. This expanding burn wave propagates into
the outer fuel layer, hopefully heating the entire target
before hydrodynamic disassembly. If the thermonuc-
lear burn wave ignites the entire fuel region well be-
fore disassembly, the target can be sufficiently dep-
leted in fuel ions (fractional burn up greater than 30%)
to reduce the reaction rate, at which point the target
has reached its maximum potential. These targets are
defined as strongly burning.

Conservation of energy indicates that the rate of
change of energy in the hot spot is given by the identi-

ty [11]:

. od 4,
U= a (§ 7Trhsnhs’rhs>

3 .
5 T hsMhs Ths

~3
+ 4nrf%snhsThs7'ﬂhs-
(11)
If the hot spot radius remains constant, we can write:
S
U= §7Trhsnhs Ths. (12)

At the same time, according to what we said, we have:

. 4
U= §7rrf:’s [0.25 nis (ov)prEoa(1 — foo) — 3.684

x 10719 (HZ) T//* —3.35

X 107 5nf ’115/2] keV.s1.

Ths
£= f
Tsi 0.25 Nps(00)prEoa(1 — foe) — 3.684 X 107190, —-T///? — 3.35 x 10~ 157, Tl/2

34

(13)
Equating equations (12) and (13) gives:
dTy
1
Hhs hs
(14)
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where ¢ is the burn time of the fuel in the hot spot and
T; is the self-ignition temperature (the hot spot tem-
perature at t = 0). Considering that the temperature
dependence of (ov),r is determined, we can obtain
the time dependence of the hot spot temperature by
above integration for different values of Tj. In Fig. 1
we have shown the hot spot temperature as a function
of time, supposing that Ty; = 5 keV, p,s = 40 gcm™3
and H,, = 0.4 gcm™2, for the temperatures of less
than 25 keV. At further temperatures, importance of
lossing factors outrun granting factors, and conse-
quently the denominator of integrand becomes nega-
tive in equation (14).

25

Spark Temperature(keV)
o =

[}
T

0 1 2 E s 5 5
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Fig. 1. The hot spot temperature as a function of time for
fixed values of T;, pps and Hy,.

2.2. Determination of target gain

Considering that we have the time dependence of
the hot spot temperature, we can calculate the time
dependence of temperature of a region where it is un-
der the heating in the cold fuel due to the exited alpha
particles from the hot spot. The mentioned region has
a thickness as size as the alpha particle range in the
cold fuel. However, we can determine the occured
number of fusion reactions and the produced fusion
energy in it. This energy is transfered to next layer of
cold fuel by alpha particles repeatedly, and conse-
quently the internal energy of this layer is increased.
In this manner, the burn wave propagates through the
whole target well before hydrodynamic disassembly.
Here, we have assumed that the energy transfer coeffi-
cient of alpha particles from a layer to other layer
equals 1. The energy released from the fusion reac-
tions, Ey,,, equals sum of the alpha particles energy of
final cold fuel layer and neutrons energy produced
from the fusion reactions. Also, we have:

Up =1 Epe, (15)
where Uy is the total internal energy of the target dur-

ing the time of ignition and 7 is hydrodynamic coupl-
ing coefficient. On the other hand, we can write:
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Here, Uy and U, are the hot spot and cold fuel inter-
nal energies, respectively, and they are given by [7]:

Ups = 3kTpsNys, 7)
Uer = 2188 x 102! aM;p2f keV, (18)

where k, Ny, oo and M., are the Boltzman constant,
the total number of hot spot ions during the time of
ignition, the isentrope parameter (the deviation of the
cold fuel from complete degeneracy) and the mass of
the cold fuel, respectively. Besides, according to iso-
baric model, we can write:

Up=—== 2mpR}, (19)
where p, V¢ and R are the fuel pressure, the total vo-
lume of fuel and target radius. The pressure p can be
written as:

ths kThs

Upr (20)

D = DPns =

Here, upy is the reduced mass of DT mixture. Accord-
ing to what we said concerning the calculation of E,,
and using equations (2) and (15-20), we have
represented the target gain G as a function of the beam
energy input on the target, E,., in Fig. 2 for different
values of the isentrope parameter o and coupling coef-
ficient 7. As can be seen, the growth procedure of
target gain decreases with the incident driver energy.
Also, increase in the hydrodynamic coupling coeffi-
cient to the extent that is possible, causes the target
gain increases considerably. For the reason that a suit-
able designing of target causes its symmetry is re-
tained, during the beam radiation on the target and the
implosion, and the hydrodynamic instabilities reach
the least value. Furthermore, increase in the isentrope
parameter (decrease in the cold fuel density) causes
the target gain decreases considerably.

3. MCNP code

MCNP is a general-purpose Monte Carlo N-
Particle code that can be used for neutron, photon,
electron, or coupled neutron/photon/electron transport,
including the capability to calculate eigenvalues for
critical systems. The code treats an arbitrary three-
dimensional configuration of materials in geometric
cells bounded by first- and second-degree surfaces and
fourth-degree elliptical tori.

Pointwise cross-section data are used. For neutrons, all
reactions given in a particular cross-section evaluation
(such as ENDF/B-VI) are accounted for. For photons,
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the code takes account of incoherent and coherent
scattering, the possibility of fluorescent emission after
photoelectric absorption, absorption in pair production
with local emission of annihilation radiation, and
Bremsstrahlung. A continuous-slowing-down model is
used for electron transport that includes positrons, x-
rays, and Bremsstrahlung but does not include exter-
nal or self-induced fields.
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=
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w
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Fig. 2. The target gain as a function of the incident driv-
er energy, apart from the neutrons energy deposition,
for different values of the isentrope parameter o and
coupling coefficient n, and for fixed values of Tg;, pps
and Hy,.

Important standard features that make MCNP
very versatile and easy to use include a powerful gen-
eral source, criticality source, and surface source; both
geometry and output tally plotters; a rich collection of
variance reduction techniques; a flexible tally struc-
ture; and an extensive collection of cross-section data
[12].

In the previous section, we assumed that the fusion
reactions produced neutrons pass through the fuel
without substantial interaction with it. Whereas, the
produced neutrons in the hot spot deposit a small
amount of their energies in that region, But consider-
ing that the hot spot density is very small (in compari-
son with the cold fuel density), therefore, the mean
free path of neutrons is very large in this region (in
comparison with its radius). As a result, the neutrons
deposition energy is not considerable in the hot spot
and we can ignore it. However, it is considerable in
the dense cold fuel. For the reason that the mean free
path of neutrons is small in this region. We can calcu-
late the deposited energy of any neutron in the target
by the MCNP code.

4. Central ignition with planning the neutrons
energy deposition

4.1. Investigation of the neutrons energy deposition in
target

As we said in section 3, the produced neutrons in

the hot spot deposit a large amount of their energies in
the cold fuel. On the supposition that the self-ignition
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temperature , and the hot spot density and confinement
parameter are the mentioned values in the section 2.
1., we have represented the ratio of the mean free path
of hot spot neutrons in the cold fuel (mfpn) to the cold
region thickness as a function of the target radius in
Fig. 3 for different values of the isentrope parameter
a. As can be seen, the mfpn decreases with the target
radius. Also, increase in the isentrope parameter (de-
crease in the density of fuel) causes the mfpn increases
considerably. Meanwhile, according to equation (14),
the hot spot temperature has been brought in input file
of MCNP in 5 time stage. Also, we have assumed that
the cold fuel temperature remains constant and it
equals 1 keV. Furthermore, the deposited energy of
any hot spot neutron in the cold fuel increases with the
target radius, as shown in Fig. 4. On the basis of this
Figure, increase in the isentrope parameter causes the
deposited energy of any hot spot neutron in the cold
fuel decreases.

mfpniRe

a—4

o=2

10! oa=1

u] I01 D.DI15 D.IDQ D.D|25 D.ID3 0.035
Rf(cm)
Fig. 3. The mean free path of hot spot neutrons in the
cold fuel to the cold region thickness as a function of the
target radius for different values of the isentrope para-
meter a, and for fixed values of Tg;, pps and Hpg.
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Fig. 4. The deposited energy of any hot spot neutron in
the cold fuel as a function of the target radius for differ-
ent values of the isentrope parameter a.

On the other hand, the neutrons which are produced
in the cold fuel in next stages deposit a large amount
of their energies in this region, and consequently its
temperature increases. In this manner, in spite of the
fact that this process supports the fusion reactions, it
causes the energy which the neutrons send out, de-
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creases. As a result the target gain decreases. The de-
posited energy of any produced neutron in the cold
fuel increases with the target radius as shown in Fig.
5. As can be seen, increase in the isentrope parameter
causes the deposited energy of any produced neutron
in the cold fuel decreases.

Deposition Energy Per Neutron(MeV)

0 . . . . .
100 150 200 250 300 350 400
Rf(micro meter)

Fig. 5. The deposited energy of any produced neutron in

the cold fuel as a function of the target radius for differ-
ent values of the isentrope parameter a.

4. 2. Determination of target gain

We assume that the exited neutrons from the hot
spot cause the ionic temperature increases in the cold
fuel before the fusion reactions produced alpha par-
ticles exited from it and arrived the cold fuel. Of
course this assumption is logical, because the transla-
tion velocity of neutrons is four times the translation
velocity of alpha particles, approximately. Also, we
assume that the produced neutrons in any layer of the
cold fuel lose a fraction of their energy in the next
layers and send out the rest of it from the target during
the burn process in the cold fuel. It is clear that the
range of the alpha particles increases as the burn wave
propagates to the outer regions of the cold fuel, be-
cause the energy loss of the neutrons is increased to
the energy of previous layers, and consequently the
temperature of these layers increases. Therefore, the
range of the alpha particles will become more than the
remained thickness of target, finally. Besides, we as-
sume that the lost energy of neutrons in the cold fuel is
distributed in this region uniformly. We have
represented the target gain G as a function of the beam
energy input on the target, E,,, in Fig. 6 for different
values of the isentrope parameter « and coupling
coefficient 7. As can be seen, the growth procedure of
target gain decreases with the incident driver energy,
similar to what we said in section 2.2., but the target
gain on the basis of this Figure is less than the case
which we considered in that place.
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Fig. 7. The target gain as a function of the incident driv-
er energy, with planning the neutrons energy deposition,
for different values of the isentrope parameter « and
coupling coefficient n, and for fixed values of Tg;, ppus
and Hy,.

5. Conclusion

We have studied the burn performance in central
ignition not only supposing that the fusion reactions
produced neutrons pass through the fuel without sub-
stantial interaction with it, but also for a case that the
neutrons energy deposition is considered in target. We
have shown that the neutrons energy deposition causes
the target gain decreases considerably, in comparison
with a case that the deposited energy of neutrons is
ignored. In Fig. 7 we have represented the percent of
gain reduction in case which the neutrons energy de-
position has been considered in comparison with a
case which the neutrons pass through the fuel without
substantial interaction with the cold fuel, as a function
of the beam energy input on the target, E,, for hydro-
dynamic coupling coefficient n = 0.1 and different
values of the isentrope parameter a.. As can be seen,
decrease in the isentrope parameter causes the percent
of gain reduction increases considerably. Also, the
mentioned percent is 10% for low values of the inci-
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Fig. 6. The percent of gain reduction due to the neutrons
energy deposition as a function of the incident driver energy
for hydrodynamic coupling coefficient » = 0.1 and different
values of the isentrope parameter. The dashed curves have
obtained from interpolation of data.
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dent driver energy and 50% for high values of it.
These facts indicate that the neutrons deposition ener-
gy is important in calculations of concerning the ICF
reactors. Furthermore, we have shown that increase in
the hydrodynamic coupling coefficient to the extent
that is possible, causes the target gain increases consi-
derably. For the reason that a suitable designing of
target causes its symmetry is retained, during the beam
radiation on the target and the implosion, and the hy-
drodynamic instabilities reach the least value.
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