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Abstract

A mixture of deuterium (D) and tritium (T) is the most likely fuel for laser-driven inertial con-
finement fusion (ICF) reactors and hence DD and DT are the fusion reactions that will fire these
reactors in the future. Neutrons produced from the two reactions will escape from the burning
plasma, in the reactor core, and they are the only products possible to be measured directly.
DT /DD neutron ratio is crucial for evaluation of T/D fuel ratio, burn control, tritium cycle and al-
pha particle self-heating power. To measure this ratio experimentally, the neutron spectra of DD
and DT reactions have to be measured separately and simultaneously under high neutron count-
ing with sufficient statistics (typically within 10% error) in a very short time and these issues are
mutually contradicted. That is why it is not plausible to measure this high priority ratio for reactor
performance accurately. Precise calculations of the DT/DD neutron ratio are needed. Here, we in-
troduce such calculations using a three dimensional (3-D) Monte Carlo code at energies up to 40
MeV (the predicted maximum ion acceleration energy with the available laser systems). In addi-
tion, the fusion power ratio of DD and DT reactions is calculated for the same energy range. The
study indicates that for a mixture of 50% deuterium and 50% triton, with taking into account the
reactions D(d,n)3He and T(d,n)*He, the optimum energy value for achieving the most efficient la-
ser-driven ICF is 0.08 MeV.
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1. Introduction

Nuclear fusion is one of the few options that provide a sustainable and safe energy source for future. There are
two approaches to achieve the nuclear fusion: Magnetic Confinement Fusion and laser fusion. Both of the ap-
proaches occur in burning plasma (high-energy-density plasma) to offer the very high temperature and density
required to achieve the fusion. The burning plasma regime is a critically important regime of plasma physics.
Investigating and understanding the physics of such plasmas are crucial in order to successfully achievement of
nuclear fusion.

High power laser is a promising tool to achieving nuclear fusion as lasers can focus intense bursts of energy in
a very short time onto small targets. Due to the recent progress of ultra-powerful lasers, the concept of fast igni-
tion was introduced [1]. According to the fast ignition approach, the compressed fuel, by symmetrically laser
beams irradiation, is injected by an ultra-intense laser pulse at the moment of maximum compression of the im-
ploded plasma. The fast ignition approach takes place with accelerated ions up to a maximum value which de-
pends on the laser properties. The question now is what is the best energy value to achieve the laser-driven ICF
with the highest energy efficiency?

In principle, a mixture of hydrogen isotopes deuterium (D) and tritium (T) is the most promising fuel to fire
the laser-driven ICF reactors in the future [2]-[6]. The fusion reactions D(d,n)*He and T(d,n)*He will occur in
the burning DT plasma in the reactor core. Neutrons produced by the two reactions will be used to measure the
fusion output and its time evolution. As it is impossible to probe the burning plasma directly, the produced neu-
tron yield is practically the crucial factor to judge the achievement of nuclear fusion [7]. The emitted neutrons
readily carry information from inside the burning plasma without any effect due to electric and/or magnetic fields
generated inside or around the plasma. In particular, numerous key plasma parameters can be deduced from the
neutron energy spectrum such as the fuel isotope ratio (D/T ratio), fusion power, ion temperature distributions,
and the plasma density profile in a plasma core [8]-[15]. Consequently, investigating the neutron energy spec-
trum of the emitted neutrons from the burning plasma has been recognized as a high-priority task.

In previous works [16]-[21], we started a series of studies both experimentally and theoretically to investigate
some important aspects of laser produced burning plasma. The studies depend on the analysis of neutron spectra
produced by nuclear reactions generated inside the burning plasma. For the best performance of the laser-driven
ICF reactors, it is essential to carry out similar studies to measure the DT/DD neutron ratio. This ratio is crucial
for controlling the isotope ratio of the fuel to be injected into the reactor. Controlling the D/T fuel ratio, and
hence the D/T burning ratio, is a key parameter for determining the output power of fusion energy [2]-[15]. This
study is interested in achieving a successful ICF using a mixture of D and T ions with the highest energy effi-
ciency. To do this, the cross sections of the D(d,n)*He and T(d,n)*He reactions are calculated up to 40 MeV
which is the predicted maximum acceleration energy of D ions using the laser facility for fast ignition experi-
ment (LFEX) at the Institute of Laser Engineering (ILE), Osaka University [22]. Nuclear reactions induced by
ions accelerated due to the front side acceleration [17] [18]. The maximum intensity of LFEX is 10* W/cm? and
hence 40 MeV is the maximum energy of D ions as calculated according to the model introduced in Ref. [20]. In
addition, the DT/DD neutron yield ratio over the energy range 0.01 < Ed < 40 MeV is calculated for the first
time. As well, the fusion power ratio of the two reactions is computed for the same energy range. It is known
that besides the channel D(d,n)*He, the DD reaction can occur through the other channel D(d,p)*H with the same
probability i.e., 50% for each channel. The channel D(d,p)*H doesn’t give any neutrons so that it has nothing to
do with the neutron ratio calculations.

Neutron spectra of DD and DT reactions have to be measured accurately to determine the DT/DD neutron
yield ratio and the T/D fuel ratio. Experimentally, there many difficulties in measuring the DT/DD neutron yield
ratio [23]. The neutron spectra produced by DD and DT reactions have to be measured separately and simulta-
neously in a very short time under high neutron counting with sufficient statistics (typically within 10% error)
and these issues are mutually contradicted. The DD neutron spectrum is usually contaminated by the scat-
tered/energy-degradation components of DT neutrons. In addition, neutron detectors suffer from a high event
rate or accidental counts due to high radiation intensities. That is why, with the current experimental facilities, it
is not plausible to measure this high priority ratio for reactor performance accurately. Consequently, precise
calculations of the values and the behavior of DT/DD neutron yield ratio are needed. Here, we introduce such
calculations for ICF using 3-D Monte Carlo code at energies up to 40 MeV. In addition, the first comparison of
the fusion power, which is the final output of fusion, of DD and DT reactions is introduced for the same energy
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range. The rest of this paper is ordered as follows: In Section 2, the cross sections of the DD and DT reactions
are calculated up to 40 MeV. In Section 3, the DT/DD neutron yield ratio over the energy range 0.01 < E4 < 40
MeV is introduced for the first time. In Section 4, the fusion power ratio of the two reactions is computed for the
same energy range. Finally, the conclusion is given in Section 5.

2. Cross Section Calculation

To calculate both the neutron yield ratio and the fusion power ratio, the total cross section values of DD and DT
reactions have to be calculated precisely. Here, the total cross sections of DD and DT reactions are calculated
over the energy range 0.01 < Ed <40 MeV with steps 0.01 MeV using the Drosg 2000 code [24]. To ensure that
the Drosg 2000 code can reproduce the measured data, the calculated values are compared with the published
data in nuclear data table [25] up to the maximum published value (Figure 1 and Figure 2). With the code we
could extend the cross section values up to 40 MeV. Figures 3-5 show a comparison between calculated total
cross section values of DT reaction and DD reaction up to 40 MeV.

In order to get the clearest possible picture, the comparison has been divided into three regimes. The first re-
gime is from 0.01 MeV to 0.3 MeV (Figure 3). In this regime, the cross section of the DT reaction is much
higher than that of the DD reaction and its minimum value exceeds 1000 mb. Throughout the regime, the DT
cross section increases gradually to reach its maximum value (=5000 mb) at 0.11 MeV and then it decreases
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Figure 1. Total cross section values of DD reaction. The calculated values by the Drosg 2000
code (gray line) are compared with those published in nuclear data table (black line).The experi-
mental data are a gathering of many experiments with discrepancies between them. This can ex-
plain the discrepancies between the theoretical values and the experimental data within the ener-
gy range 0.70 <Ed < 1.75 MeV.

1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -

DT total cross sectiom (mb)

0 T T T T 1
0 2 4 6 8 10

Energy of deuteron projectile (Mev)

Figure 2. Total cross section values of DT reaction. The calculated values by the Drosg 2000
code (gray line) are compared with those published in nuclear data table (black line).
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Figure 3. Comparison between calculated total cross section values of DT fusion reaction (gray
line) and DD fusion reaction (black line) by the Drosg 2000 code within the energy range 0.01 <
Ed <0.3 MeV for the incident deuteron.
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Figure 4. Comparison between calculated total cross section values of DT fusion reaction (gray
line) and DD fusion reaction (black line) by the Drosg 2000 code within the energy range 0.4 <

Ed <2.2 MeV for the incident deuteron.
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Figure 5. Comparison between calculated total cross section values of DT fusion reaction (gray
line) and DD fusion reaction (black line) by the Drosg 2000 code within the energy range 2.3 <
Ed <40 MeV for the incident deuteron.
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to ~ 1350 mb at 0.3 MeV. The second regime is from 0.4 MeV to 2.2 MeV (Figure 4). During this regime, the
cross section of the DT reaction is less than 1000 mb and it decreases regularly to be the same as the DD reac-
tion cross section at 2.2 MeV. In addition, this regime includes the maximum value of the DD reaction (=107
mb) at 1.75 MeV. The third regime is from 2.3 MeV to 40 MeV (Figure 5). Through this wide regime, the DD
total cross section is higher than the DT total cross section. Finally, it can be concluded that 2.2 MeV is the val-
ue at which the cross sections of DT and DD reactions are equal and before it the DT reaction cross section is
higher but after it the DD reaction cross section is higher. The maximum value of the DT reaction cross is =5000
mb at 0.11 MeV whereas the maximum value of the DD reaction cross is <107 mb at 1.75 MeV.

3. Neutron Yield Ratio

DT/DD neutron yield ratio is an effective way to know the DT/DD burning ratio. This ratio will play a crucial
rule for any fusion reactor in the future. It is essential for the T/D fuel ratio, burn control, estimation of tritium
fuel cycle and alpha particle self-heating power [23]. Consequently, calculating of DT/DD neutron yield ratio
has been considered as a critical task.

Experimentally, neutron detectors are positioned at certain angles and hence the measured neutrons are those
emitted at these angles only. However, the total neutron yields of DD or DT reactions are required to determine
the neutron yield ratio. In this section, the DT/DD neutron yield ratio over the energy range 0.01 < E4 <40 MeV
is calculated using a three dimensional (3-D) Monte Carlo code.

Monte Carlo Code

To calculate the neutron yield ratio of DD and DT reactions, numerical experiments have been performed by
using 3-D Monte Carlo code [16]-[19]. This code is used to calculate neutron yields produced by the DD and
DT reactions in high-energy density plasma up to 40 MeV. Neutron yield Y, of DD or DT reaction is calculated
through the formula:

Y, = J nn,oodtdo (1)

where n; is the number density of the accelerated ions, n, is the number of the target ions per unit volume, og is
the total cross section of the nuclear reaction for a given energy E and v is the velocity of the accelerated ions.
The total cross section og for a given energy E is calculated by using the Drosg 2000 code. The neutron yield ra-
tio is calculated as Ynpmpp)= Ynom/Ynopy and the vice versa i.e., Yoopon = Ynooy Ynon.The time step, in the
calculations, is taken to be enough for large number of collisions. The Monte Carlo code has been run with a
large enough sample size to reduce the fluctuations in the calculated spectra.

Figures 6-9 show the results of calculations of the neutron yield ratio of DD and DT reactions in the energy
range 0.01 < E4 <40 MeV. To get the best possible analysis of the neutron yield ratio, the total energy range has
been divided into four regimes. The first regime is from 0.01 MeV to 0.14 MeV (Figure 6). In this regime, the
DT/DD neutron ratio is higher than 170 with a maximum value of 334 at 0.08 MeV. The second regime is from
0.15 MeV to 0.40 MeV (Figure 7). During this regime, the DT/DD neutron ratio is higher than 10 and less than
150. The third regime is from 0.5 MeV to 2.2 MeV (Figure 8). Through this regime, the DT/DD neutron
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Figure 6. DT/DD neutron yield ratio for incident deuteron energies from 0.01 to 0.14 MeV.
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Figure 7. DT/DD neutron yield ratio for incident deuteron energies from 0.15 to 0.40 MeV.
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Figure 8. DT/DD neutron yield ratio for incident deuteron energies from 0.5 to 2.2 MeV.
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Figure 9. DD/DT neutron yield ratio for incident deuteron energies from 2.2 to 40 MeV.
ratio is less than 9.0 and it decreases to the value 1.0 at the end of the regime. The value 2.2 MeV is an inversion
point as before it the DT/DD neutron ratio is more than 1.0 but after it we have the opposite situation i.e., the

DD/DT neutron ratio becomes higher than 1.0. The fourth regime is from 2.2 MeV to 40 MeV (Figure 9). This
is the regime that starts with the inversion point and through which the DD/DT neutron ratio is higher than one

and less than two.
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In summary, the DT/DD neutron ratio increases gradually from 191 at 0.01 MeV to the maximum value 334
at 0.08 MeV and then it decreases to become 1.0 at 2.2 MeV (the value at which the neutron yields of DD and
DT reactions are equal). At energies higher than 2.2 MeV, the neutron yield of DD reaction becomes higher than
that of the DT reaction. The energy value 0.08 MeV is the optimum energy value at which the highest DT/DD
neutron yield ratio can be obtained using a mixture of D and T ions. It is worth to mention that the fast tritons
produced in the DD fusion reactions may cause secondary DT reactions in flight with the D fuel ions. Neutron
yield of these secondary DT reactions, in a DT mixture, is at least three orders of magnitude less than the neu-
tron yield of the original DT reactions [2]. For this reason, the neutron yield of the secondary DT reactions is
ignored in this analysis.

4. Fusion Power Ratio

The total fusion energy produced per unit volume per unit time in the burning fusion plasma is called the fusion
power density of the fusion reaction. In this section, we perform a comparison between the fusion power of DD
and DT reactions (achieved in high-energy density plasma relevant to laser-driven ICF) in the energy range 0.01
< E4 <40 MeV. To achieve this comparison; we have derived a formula that is valid to calculate the DT/DD fu-
sion power ratio and the DD/DT fusion power ratio using the calculated cross section values in section 2.

To calculate the fusion power density, the reaction rate (the number of fusion reactions per unit volume per
unit time) has to be incorporated. The reaction rate R, is given as:

R, =onnu (2

where ¢ is the reaction cross section, n; is the number density of the accelerated ions, n, is the number of the
target ions per unit volume, and v is the velocity of the accelerated ions. If each fusion collision generates energy
E, , then the fusion power density S, is calculated in W/m® as:

S =E;R,=E;onnu. (3)

In the case if DT fusion fuel mixture is composite of 50% D and 50% T, then ny =n; =n and the fusion
power density of DT and DD fusion reactions is given as:

S (o1) = Ef(or)TorN"Vp 4)

S (o0) = Ei(0)T00M Vo - ®)

Consequently, the fusion power ratio Pf( is calculated as:

DT/DD)

Pt (or/o0) = Sf(DT)/Sf(DD) = Ef(DT)GDT/Ef(DD)GDD : (6)

The above formula is introduced for the first time and it is used to compare the fusion power of DD and DT
fusion reactions ( Pf( and P, )) in high energy—density plasma within a broad energy range (0.01 <

E4 < 40 MeV). The formula can be generalized to compare the fusion power of other fusion reactions like D->He,
D-*C, D-°Be, D-°Li, P-T and P-'Li.

For the sake of high degree of accuracy, the comparison of fusion power ratio is divided into five regimes
(Figures 10-14). The first regime is from 0.01 MeV to 0.13 MeV (Figure 10). In this regime, the DT/DD fusion
power ratio is more than one thousand with a maximum value of 1763 at 0.08 MeV (the same value at which the
DT/DD burning ration is maximum).The second regime is from 0.14 MeV to 0.3 MeV (Figure 11). During this
regime, the DT/DD fusion power ratio is higher than one hundred and less than one thousand. The third regime
is from 0.4 MeV to 1 MeV (Figure 12). Through this regime, the DT/DD fusion power ratio is less than seventy
and higher than ten. The fourth regime is from 1.1 MeV to 14.4 MeV (Figure 13). In this regime, the DT/DD
fusion power ratio is less than ten and it decreases to the value 1.0 at the end of the regime. The value 14.4 MeV
is an inversion point as before it the fusion power of the DT reaction is higher than that of the DD reaction but
after it we have the opposite situation where the fusion power of the DD reaction becomes higher than that of
the DT reaction. The fifth regime is from 14.4 MeV up to 40 MeV (Figure 14). This is the regime that starts
with the inversion point and through which the fusion power of the DD reaction is higher than that of the DT

reaction.

DT/DD) (DD/DT
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Figure 10. Comparison between the fusion power of DT and DD fusion reactions in the energy
range 0.01 - 0.13 MeV.
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Figure 11. Comparison between the fusion power of DT and DD fusion reactions in the energy
range 0.14 - 0.3 MeV.
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Figure 12. Comparison between the fusion power of DT and DD fusion reactions in the energy

range 0.4 - 1 MeV.
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Figure 13. Comparison between the fusion power of DT and DD fusion reactions in the energy
range 1.1 - 14.4 MeV.
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Figure 14. Comparison between the fusion power of DT and DD fusion reactions in the energy
range 14.4 - 40 MeV.

5. Conclusion

In this work, an effective method for comparing the neutron yield and the fusion power of DT and DD fusion
reactions is introduced. We found that the neutron yield of the DT reaction is much higher than that of the DD
reaction in the energy range 0.01 - 2.2 MeV. The DT/DD neutron yield ratio reaches its maximum value at 0.08
MeV. At the energies higher than 2.2 MeV, the neutron yield of DD reaction becomes higher than that of the DT
reaction but less than its double. Consequently, from the burning ratio point of view, DT reaction is the prefera-
ble fusion reaction at energies up to 2.2 MeV but the DD reaction is the preferable one at the higher energies. In
addition, the fusion power of the DT reaction is higher than, but less than twice, that of the DD reaction in the
energy range 0.01 - 14.3 MeV. The DT/DD fusion power ratio reaches its maximum value at 0.08 MeV. The fu-
sion power of DD reaction becomes higher at the energies higher than 14.3 MeV. Thus, from the fusion power
point of view, DT reaction is preferable fusion reaction at energies up to 14.4 MeV but the DD reaction is the
preferable one at the energies higher than 14.4 MeV. From the picture presented, for a mixture of 50% deute-
rium and 50% triton, at 0.08 MeV both the DT/DD neutron yield ratio and the DT/DD fusion power ratio are
maxima. Therefore, one can say that the energy value 0.08 MeV is the optimum value for achieving the la-
ser-driven ICF. Now the question is whether or not the secondary fusions produced by the energetic *H and *He
can affect this energy value. The very recent studies point out that the total probability of these secondary fu-
sions is generally on the order of 102 or less [2] [26].
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