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ABSTRACT

A deuterium-tritium based thermal-to-fast neutron converter uses the reaction 6Li(n,t)4He to pro-

duce tritium, which then fuses with deuterium in the target material and produces 14.1MeV neutron.

These neutrons are then used for activation studies of fusion relevant materials and measurement of

cross sections at 14.1MeV. The main advantage of such converter is that one can get a 14.1MeV
component in neutron spectrum relatively easily in an existing nuclear facility.

The Monte Carlo transport code MCNPX and its extension MCUNED, capable of light ion trans-

port using the external evaluated nuclear data libraries, are used to computationally support the design

and optimization of the deuterium-tritium converter inside the TRIGA Mark II research reactor at the

Jožef Stefan Institute. Calculations of fast neutron flux and energy spectra inside the converter were

performed in order to optimize the device to achieve the highest 14.1MeV neutron yield with as little

fast fission neutron flux as possible.

Results show that the thermal column is the most appropriate irradiation position for the DT

converter in the reactor. Additional calculations were done to perform safety assessment of the

device, such as analysis of pressure buildup in the device, heating, tritium production, etc. From

the potentially suitable active converter materials, 6LiD yields the most 14.1MeV neutrons. The fast

neutron flux (10–20MeV) inside the converter is approximately 3 · 106 neutrons/cm2s.

1 INTRODUCTION

Fusion based applications can utilize various reactions with different products, but the fusion of

deuterium and tritium has the highest cross section at the lowest kinetic energy. The product of the re-

action 2D(t,n)4He is a high energy neutron with kinetic energy of 14.1MeV and it has become one of

the main problems when dealing with neutron shielding for projects like JET or ITER. Neutrons with

such high energies have a great penetrating power which causes damage to the walls of the reactors.

For this reason a thorough activation analysis and damage study has to be performed on materials

that are going to be used in the fast neutron flux. Conventional neutron sources consist of ion accel-

erators and targets, however, with nuclear research reactors as TRIGA Mark-II in Ljubljana, it is also

possible to install the thermal neutron driven neutron generator consisting of an active material which

in thermalized neutron flux produces tritons that can be fused with deuterium atoms. The TRIGA
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Figure 1: Schematic view of the JSI TRIGA reactor.

reactor in Fig. 1 features various irradiation positions outside the core with well-thermalized neutron

flux that are easily accessible and could be used for the installation of a such neutron converter.

Neutron spectra inside four ex-core irradiation channels are comparable [1], while the Thermal

Column (ThCol) port, irradiation channel extending radially from the reactor core and piercing the

graphite stack Thermal Column, provides more thermalized neutron spectrum than other irradiation

facilities [2]. Existing computational model of the TRIGA reactor has been developed for the Monte

Carlo codes MCNP/MCNPX [3]. However, MCNPX uses nuclear models when transporting tritons

and not evaluated nuclear data libraries, consequently, this feature was added by MCUNED [4],

which offers total compatibility with the existing models. Due to the well verified computational

model of the reactor and the MCUNED code it was possible to find the optimal location inside the

TRIGA and to design and optimize the converter (Fig. 2) before the construction and insertion.

Lithium deuteride Aluminum 6061

Figure 2: Model (with a cut out) of the DT converter inside the irradiation position.

The DT converter (DTC) is designed as a hollow cylinder opened on one side to insert samples,

with an outer diameter of 80mm and height of 106mm. Between the walls made of aluminum and

thickness of 3mm, there is a thin layer of active material lithium deuteride (6LiD), which serves as a

triton source and a deuterium target for producing the 14MeV neutrons. The material has a density

of 0.559 g/cm3 and contains 1% of various impurities, mostly oxygen. Moreover, lithium inside the

lithium deuteride is highly enriched and the mass fraction of 6Li is around 99wt.%.

The aim of this paper is to present preliminary calculations performed to support the design and

installation of the thermal neutron driven converter in the TRIGA Mark-II research reactor. Goal of

the study was to find the optimal design that could produce the highest 14MeV neutron yield with

the lowest fast neutron flux directly from fissions (fast fission neutron flux).
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2 COMPUTATIONAL APPROACH

Calculations presented in this paper were performed with MCUNED, the MCNPX extension de-

veloped to allow the transport of light ions with use of external cross-section libraries instead of

physical models. The code features a special variance reduction technique to increase the computa-

tional efficiency of simulating neutrons produced in the light ion interactions, where the probability

for neutron production is normally very low. Without these reactions present in the computational

model, MCUNED works identically as the MCNPX. Thermal and cross-section libraries used in

the calculation are ENDF/B-VII.1 [5], while the reactions1 2D(t,n)4He and 6Li(t,n)8Be use library

ENDF/B-VII.0 [6]. Computational model of the TRIGA Mark-II research reactor, that was used for

the study, is based on the criticality benchmark model described in the International Handbook Of

Evaluated Criticality Benchmark Experiments [7]. The improved model features several irradiation

facilities, fuel elements, reflectors, concrete shield and all additional elements necessary to perform

the study of installation of deuterium-tritium converter in the reactor (e.g. converter casing, converter

material and additional moderation).

Characterization of the JSI TRIGA irradiation facilities was already performed and published in

[1], therefore neutron fluxes and spectra in all ex-core channels are already determined. The DT

converter was constructed inside the computational model and placed in the Thermal Column port

and the Tangential Channel, because both irradiation positions showed promising features in the past

studies [2]. The track length estimate of neutron flux2 was calculated inside the converter by using

the 640 neutron energy group structure. The result with the highest 14MeV neutron yield and at the

same time with the lowest fast fission neutron flux was selected for further optimization and analysis.

The Surface-Source Write capability of MCNPX was used to shorten the calculation time during

the optimization, while the final calculation was performed with the KCODE card as the criticality

calculation at the full TRIGA power of 250 kW.

The values calculated by the Monte Carlo simulations are normalized per source neutron. Hence

a scaling factor has to be applied to the results in order to obtain physical neutron flux levels corre-

sponding to a certain reactor power level [8]:

φ =
P ν

wf keff
φmcnp, (1)

where P [W] is the reactor power level, ν the average number of neutrons produced per fission (ap-

proximately 2.439 on average for thermal fission in 235U), wf [MeV/fission] is the recoverable energy

released per fission event (approximately 198MeV on average for thermal fission in 235U) and keff
represents the effective multiplication factor.

3 LOCATION

The characterization of the TRIGA ex-core irradiation facilities [2] concluded that the highest

ratio of thermal to the sum of epithermal and fast neutron ratio is inside the Thermal Column port

(Fig. 1). This irradiation position offers the highest thermal neutron flux, which is necessary for

production of tritium inside the lithium deuteride, with the lowest fast neutron flux directly from

fissions. Additional promising location for installing the DT converter is in the Tangential Channel,

because when filled with a moderator (e.g. water, heavy water or graphite), it can provide a sufficient

neutron thermalization and therefore increases the 14MeV neutron yield. Fig. 3 shows the DT

1The library for the T(d,n) reaction is produced by the transformation of the D(t,n) library.
2Denoted as the F4 tally in MCNPX.
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converter (Fig. 2) inserted in the computational model of the TRIGA reactor. Three sequential

calculations were made: one with the DTC inside the Thermal Column port and two with the DTC

inside the Tangential Channel, with and without the moderation.

DTC inside the 

ThCol Port

DTC inside the 

TangCh with 

D2O

Light water 

inside the 

reactor vessel

Graphite reflector 

surrounding the 

reactor core

Figure 3: DTC inside the ThCol port and the TangCh with additional moderation.

The neutron spectra were calculated inside the DT converter and Fig. 4 shows that heavy water inside

the TangCh decreases the epithermal/fast neutron flux for almost two orders of magnitude, but at the

same time it also decreases the 14MeV neutron yield for one order of magnitude. The highest ratio

of DT neutron flux to the fast fission neutron flux is in the Thermal Column port and therefore all

further calculations were performed with the DT converter placed in the Thermal Column port.

Energy [MeV]

Figure 4: Neutron spectra inside the DT converter for 3 different cases.

4 THICKNESS AND ENRICHMENT VARIATION

DT converter was designed as a hollow cylinder with an outer diameter of 80mm and height

of 106mm. The current thickness of a DT layer is 3mm with 99% enriched 6Li, but due to the

complex manufacturing process, the thickness or enrichment may deviate from the planned values.

Multi-parametric optimization was performed (Fig. 5), because sometimes small uncertainties in

the production process can show larger deviations in the results. Outer dimensions were kept the

same, only the thickness of the DT layer was changed and the Li enrichment was varied. The results
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Energy [MeV]

Figure 5: Neutron spectra inside the DT converter for different Li enrichment and LiD thickness.

suggest that the lithium atoms are saturated in the DT material, because neither thicker layer nor

higher concentration of the 6Li atoms increases the 14MeV neutron yield. Only notable difference

in spectra is the decrease in thermal neutron flux due to the higher absorption in lithium.

5 MODERATION

The fusion neutron yield cannot be improved by changing the thickness of the 6Li or the chemical

composition, but additional moderation with a small absorption cross-section for thermal neutrons

could sufficiently increase the thermal neutron flux and thus the 14MeV neutron yield. Heavy water

was choosen as the moderator due to the good moderating capabilities and lower, thermal neutron

absorption cross-section, compared to the light water. Four different cases were prepared (Fig. 6),

where 10 or 20 cm long block of D2O was inserted in the ThCol port, with and without the 40 cm long

cylinder of D2O inside the Elevated Piercing Port (EPP)3. Results show that the moderation inside

Energy [MeV]

Figure 6: Neutron spectra inside the DT converter for different moderation setups.

3Determined by the past studies [2] to be the sufficient lenght of the moderation inside the EPP.
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the ThCol port (inserting moderation into the ThCol port also extends the distance from the core)

decreases the 14MeV neutron yield, while the heavy water inside the EPP only noticeably removes

the fast fission neutron flux.

6 RESULTS

The final results were obtained by the criticality calculations using the TRIGA computational

model. Optimized model of the DT converter has outer diameter of 80mm and height of 106mm,

where 3mm thick aluminum wall is enclosing a layer of the active material 6LiD (lithium-6 deu-

teride) of the same thickness. Neutron flux was calculated inside the hollow part of the cylinder and

Fig. 7 compares neutron spectra with and without the DT converter inside the ThCol port.

Energy [MeV]

Figure 7: Neutron spectrum inside the optimized DT converter and with a BN/Cd container.

Neutron spectrum inside the DT converter shows the increased absorption in the thermal and ep-

ithermal neutron region due to the 6Li(n,T)4He reaction, while the contribution of fusion neutrons is

distinguishable from the fast fission neutron flux from the energy 11MeV forward. The calculated

neutron flux above the energy 11MeV is approximately 2.8 · 106 neutrons/cm2s and it is around 17
times higher than the neutron flux without the converter (Tab. 1).

Table 1: Results obtained by the criticality calculation at the full TRIGA power of 250 kW.

10 → 20MeV neutron flux inside the DT converter 3.019 · 106(1± 0.008) neutrons/cm2s
thermal neutron flux without the DT converter 6.297 · 1010(1± 0.0002) neutrons/cm2s

total neutron flux without the DT converter 6.478 · 1010(1± 0.0005) neutrons/cm2s
ratio of fast flux ΦDTC/ΦnoDTC (E > 11MeV) 17.4(1± 0.11)

ratio (Φ10−20MeV/Φth): with / without DT converter 8.62 · 10−4(1± 0.008) / 6.20 · 10−6(1± 0.07)

number of produced tritons per day 1.442 · 1017(1± 0.0005) tritons/day
activity of the daily yield of tritons 2.573 · 108(1± 0.0005) Bq

pressure buildup per day times volume of the void ∆p · V = 1.167 · 10−3(1± 0.0005) Pa cm3

heating in the: DT material / Al-6061 casing 2.666(1± 0.0003)W / 0.159(1± 0.002)W

P for 6Li(t,n)8Be to produce E > 10MeV neutron 2.89 · 10−5(1± 0.008)
P for 2D(t,n)4He to produce E > 10MeV neutron 1.77 · 10−4(1± 0.003)
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Additionally, filtering out the thermal neutrons has been done by inserting hollow cylindrical con-

tainers made of boron nitride (5mm thick wall) or cadmium (1mm thick wall) into the converter and

Fig. 7 shows how efficiently thermal flux was removed, while the 14MeV yield remains the same.

Material heating mostly occurs in the active material lithium deuteride (approximately 2.7W),

where around 55% comes from tritons and 33% from alpha particles. The rest are neutrons (about

11%) and the smallest contribution is due to photons. From the safety perspective of the device,

calculated material heating is very low and does not represent a safety risk. Pressure buildup inside

the enclosed DT material can be estimated by the number of produced tritons per day, which is equal

to the number of produced alpha particles in the reaction 6Li(n,t)4He. Contribution of the triton

absorption is neglected. Tab. 1 shows that the number of produced tritons per day is approximately

1.4 · 1017 tritons/day and by using the ideal gas law the estimate of maximal pressure buildup per

day multiplied by the volume of the void inside the casing is 1.2 · 10−3 Pa cm3. For example, if there

is a 10−3 cm3 large void inside the active material and the converter is irradiated for 10 years at the

maximum TRIGA power of 250 kW, the pressure is increased for around 0.04 bar.
Additional calculation was performed by using a simple model in order to determine the prob-

abilities for reactions 6Li(t,n)8Be and 2D(t,n)4He to produce neutrons with energies above 10MeV.

Neutron point source, with the neutron energy distribution as it was calculated in the Thermal Col-

umn port, was placed inside the lithium deuteride and the Particle Track Output Card4 was used to

register events where the neutron was produced after the reaction of tritons on lithium-6 or deuterium.

The probability for reaction 6Li(t,n)8Be to produce a neutron with energy above 10MeV is approxi-

mately 2.9 · 10−5 and for reaction 2D(t,n)4He about six times higher of 1.8 · 10−4, defined as the ratio

of produced neutrons (having energy E > 10MeV) by the specific reaction to the total number of

the produced tritons.

The design of the DT converter is missing one of the surfaces which affects the spatial distribution

of the neutron flux inside the converter. Fig. 8 shows the ratio of 10–20MeV to the total neutron

flux on the horizontal plane passing through the Thermal Column port. The ratio is highly increased

inside the 6LiD layer and in the area closer to the closed side of the cylinder. The figure suggests that

due to the large 10–20MeV neutron flux gradient, the optimal position for the sample would be as

close to the converter walls as possible.

Figure 8: Ratio of fast to total neutron flux inside the ThCol port and the DT converter.

4Denoted as the PTRAC card in MCNPX.
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7 CONCLUSION

MCNPX extension MCUNED brings considerable benefits compared to the MCNPX code, as it

allows the transport of tritons by using the evaluated nuclear data libraries and the production of fast

neutrons from the fusion reaction. The thermal neutron driven neutron generator was designed as a

hollow cylinder opened on one side and placed inside the TRIGA computational model. Thermal

Column port was determined to be the optimal location inside the reactor, as it features a well-

thermalized neutron spectrum and a low fast fission neutron flux. The DT converter produces a

10–20MeV neutron flux of 3 · 106 neutrons/cm2s by using the lithium-6 deuteride as the triton

source and deuterium targets. Safety analysis showed very low heating mostly due to the tritons and

negligible pressure buildup if one provides a sufficient empty volume for produced gases.
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