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The D(d, n)3He reaction is one of the common monoenergetic neutron sources. We compile the
Frag Data table of D(d, n)3He reaction from the literature as an external cross-section data for

On

PHITS. We confirm the validity of the Frag Data table by the calculation of the total and angular
neutron yield calculations for an ideal deuterium thin target. Finally, PHITS with the Frag Data

ly

table is applied to the angular neutron yield and spectrum calculations of the gas target and the
deuterium-loaded titanium target of the Tohoku University Fast Neutron Laboratory.

Keywords: neutron source; d-D reaction; accelerator; PHITS; frag data; double
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1. Introduction
The D(d, n)3He (d-D) reaction with a Q-value of 3.269 MeV is one of the common
monoenergetic neutron sources in the neutron energy range of 1.6-7.7 MeV for the incident
deuteron energy less than 4.45 MeV. The generated neutrons are not monoenergetic anymore
for the incident deuteron energy higher than 4.45 MeV due to the parasitic deuteron breakup
reaction. For the monoenergetic neutron source, a gas target is generally employed as a thin

Fo

target, where the neutron yield and the angular neutron spectra are easily evaluated by the
reaction cross-section including the differential cross-section and the kinematics. Also, the d-D

rP

reaction is used as a neutron source of the compact neutron generator, a so-called neutron tube,

ee

for many applications such as oil exploration, active neutron interrogation for fissile materials,
neutron detector testing, neutron imaging, where a deuterium-loaded metal target is used as a

rR

thick target. Generated neutrons are not monoenergetic anymore due to the slowing down effect

neutron yield evaluation.

iew

ev

of the incident deuteron in the target material, where a calculation code is required for the

The Particle and Heavy Ion Transport code System (PHITS)[1,2] is one of the Monte
Carlo particle transport simulation codes not only for neutrons but also charged particles. For

On

the charged particle transport calculation, PHITS uses a nuclear reaction model or a crosssection library such as JENDL-4.0[3] or ENDF/B-VII.1[4]. However, the nuclear reaction

ly

model employed in PHITS is not applicable for low energy, typically lower than several MeV/u,
and light nucleus. Also, the available ACE format nuclear data library of deuteron-induced
reaction is very limited. The ACE format file of the d-D reaction is not available at present.
Fortunately, PHITS has a function to read an external cross-section table so-called “Frag Data”.
The cross-section of D(d, n)3He reaction itself is well known. We compile the Frag Data table
of D(d, n)3He reaction from the literature. Section 2 describes the Frag Data table of D(d, n)3He
reaction. As a benchmark, the total neuron yield and the angular neutron yield of an ideal thin
deuterium target are discussed in Section 3. The application to the gas target and the deuterium2
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loaded titanium target of the Tohoku University Fast Neutron Laboratory (FNL) is described in
Sections 4.

2. Frag Data of D(d, n)3He Reaction
The major subject of the Frag Data[5] is the description of the double differential crosssections (DDX) for a certain reaction. The typical Frag Data table consists of an incident energy

Fo

table, a reaction cross-section table, an emission particle energy table, an emission angle table,
and a DDX table. For the D(d, n)3He reaction, we set the incident deuteron energy to be 0.01-

rP

4.5 MeV with 0.01 MeV step. The emission neutron energy is 1.5-8.5 MeV with 0.01 MeV

ee

step, and the emission angle is 0-180 degrees with 1-degree step. All those parameters are in
the laboratory system (LAB).

rR

The D(d, n)3He reaction cross-section dD is well known, and several fitting formulas

ev

[6-8] are available. We employed Bosch’s formula[8] to calculate the D(d, n)3He reaction crosssection, which is based on the R-matrix analysis and is commonly used in nuclear fusion

iew

research. Figure 1 shows the D(d, n)3He reaction cross-section by Bosch’s formula and the
pointwise data from ENDF/B-VII.1 for the incident deuteron energy from 0.01 to 5 MeV. It is

sections from ENDF/B-VII.1.

ly

< Figure 1 >

On

confirmed that the cross-sections by Bosch’s formula are in good agreement with the cross-

The DDX, which is a major part of the Frag Data table, is compiled by the combination
of the differential cross-section in LAB and the emitted neutron energy calculated by the twobody kinematics. The differential cross-section in the Center-of-Mass system (CM) is
represented by the Legendre polynomials as
𝑑𝜎(Θ)
𝑑Ω

(1)

= 𝜎0,𝐶𝑀 ∑𝑖𝐴𝑖𝑃𝑖 (𝑐𝑜𝑠Θ)

Where 0,CM is the differential cross-section at 0 degrees in CM, Pi is the ith order Legendre
function and  is the neutron emission angle in CM. The Legendre polynomial coefficient Ai
3
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is derived from the table given in the IAEA report [9] by linear interpolation as shown in Figure
2, where the incident deuteron energy is in LAB. Because the D(d, n)3He reaction cross-section
is symmetric in CM, all Ai for odd i is 0. In the incident deuteron energy range of 0-5 MeV, A0,
A2, and A4 are dominant. A4 increases with the incident deuteron energy and becomes the most
dominant Legendre polynomial coefficient for the incident deuteron energy higher than 3 MeV.
Therefore, the differential cross-section in CM has two peaks at 0 degrees and 180 degrees, and

Fo

the third peak appears at 90 degrees for the incident deuteron energy higher than 3 MeV.
< Figure 2 >

rP

We calculated the differential cross-sections in CM by using the Legendre polynomial

ee

coefficient shown in Figure 2 for the incident deuteron energy of 0-4.5 MeV and converted it
to the differential cross-sections in LAB. Figure 3 shows the three-dimensional plot of the

rR

differential cross-sections in LAB. The peak in the forward direction increases remarkably with

ev

the incident deuteron energy. On the other hand, the peak in the backward direction is roll-over.
The third peak around 80 degrees is clearly seen for the incident deuteron energy higher than 3

iew

MeV.

< Figure 3>

On

The differential cross-section is defined as the emitted neutron spectrum at an emission
angle for certain incident deuteron energy. Based on the differential cross-sections in LAB and

ly

the two-body kinematics, the DDX matrix is created for each incident deuteron energy. In the
case of a two-body reaction, the differential cross-section is delta-function-like, which causes
a “noisy” or discrete neutron spectrum in PHITS calculations as shown in Figure 4 where DDX
matrix with the incident deuteron energy width of 100 keV. The simple interpolation method is
adopted in the PHITS calculation using Frag Data. For example, DDX for incident deuteron
energy Edi and Edi+1 is delta-function-like at Eni and Eni+1. We expect that DDX for incident
deuteron energy Ed between Edi and Edi+1 is also delta-function-like at En between Eni and
Eni+1. However, PHITS interpolates the DDX by a simple linear combination of DDXs for Edi
4
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and Edi+1. The DDX for Ed has two peaks at Eni and Eni+1. Therefore, the incident deuteron
energy decreases continuously in the deuterium thick target, however, calculated neutron
spectra becomes discrete as shown in Figure 4, The improvement of the interpolation method
in the PHITS calculation using Frag Data is desired.
< Figure 4>
To avoid the “noisy” neutron spectrum, we should choose the Ed bin width (Ed) of

Fo

DDX as narrow as possible under the consideration of total data amount. Here, Ed of 20 keV
is adopted. Also, we smooth the DDX by the Gaussian function with the standard deviation

rP

STDEV as

STDEV = |En(Edi+1, j) - En(Edi, j)|

ee

(2)

where En(Edi, j) is the neutron energy emitted to the angle of j in LAB for the incident
Figure 5 shows the DDX matrix for the incident deuteron energy of

In the generated DDX matrix, the neutron emission angle in LAB is from 0 to 180

ev

500 keV.

rR

deuteron energy of Edi.

degrees with one-degree pitch, the emitted neutron energy is from 1.5 to 8.5 MeV with 10 keV

iew

pitch, and Ed is from 0.02 to 4.5 MeV with 10 keV pitch. The total amount of the Frag Data
table is approximately 230 MB. However, almost all of the differential cross-section matrix is

On

zero except the neutron emission energy at the certain emission angle as shown in Figure 5.
According to the new function of PHITS 3.24 or later, we introduced the notation of “0 -n”

< Figure 5>

ly

instead of n+1 consecutive 0s. Finally, the data size is reduced to be 18 MB.

3. Benchmark of the Frag Data for Deuterium Thin Target
In order to confirm the validity of the Frag Data, we calculate the total neuron yield and
the angular neutron yield of an ideal thin deuterium target with the calculation geometry of
PHITS as shown in Figure 6. A pensile deuteron beam bombers an ideal deuterium gas target
with a thickness of 10 mm and a pressure of 0.1 atm. The angular neutron yield at the emission
5
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angle  is counted by the belt-shaped tally region with emission angle width of . The total
neutron yield is counted by the outer sphere.
< Figure 6>
In the case of the thin target, the total neutron yield Yn is easily calculated by
Yn = d nD t dD

(3)

where d is the incident deuteron flux, nD is the deuterium density in the target, and t is the

Fo

target thickness. Figure 6 shows the total neutron yields per pC of the deuteron beam current
calculated by Eq.(3) as a function of the incident deuteron energy and those by PHITS with the

rP

Frag Data. We confirmed that the total neutron yields by PHITS agreed well with the theoretical

𝑑𝜎(𝜃)
𝑑Ω

𝑌𝑛(𝜃) = 𝜙𝑑𝑛𝐷𝑡

ee

neutron yield. Also, the angular neutron yields Yn () are calculated by theory and PHITS, where
(4)

rR

is used for theoretical angular neutron yields. Figure 8 shows the theoretical angular neutron

where is a good agreement.

iew

ev

yields and the angular neutron yields by PHITS for the incident deuteron energy of 3 MeV,

< Figure 7>
< Figure 8>

On

The emitted neutron spectrum is calculated by PHITS with a 0.1 MeV energy bin as
shown in Figure 9. The energy width is within the energy bin in the forward and backward

ly

directions, however, the width is 200-300 keV around 90 degrees, which is mainly due to the
emission angle width of the tally shown in Figure 6. The peak energy is plotted against the
emission angle compared with the emitted neutron energy calculated by two-body kinematics
as shown in Figure 10. Also, PHITS results agree well with the two-body kinematics.
Thus, we confirmed the validity of the PHITS calculation with the Frag Data of D(d,
n)3He reaction for the evaluation of the d-D target neutron yield.
< Figure 9>
< Figure 10>
6
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4. Application to Deuterium Gas Target and Deuterium-loaded Titanium Target
The Fast Neutron Laboratory (FNL) [10] of Tohoku University is an accelerator-based
neutron and ion source facility, where a 4.5 MeV Dynamitron [11] accelerator is employed.
FNL has contributed to the neutron cross-section measurements by using several kinds of the
target [12]. A deuterium target is one of the most important targets, especially for nuclear fusion

Fo

research. We applied PHITS with the Frag Data of D(d, n)3He reaction to the evaluation of the
neutron yield for the deuterium gas target and the deuterium-loaded titanium target which are

ee

rP

used at FNL.

4.1. Deuterium Gas Target of FNL

rR

In Section 3, we treated the ideal gas target. However, a real gas target has a gas cell, a

ev

gas inlet tube, and a beam window. Figure 11 shows the schematic view of the FNL gas target.
The gas cell is 10.8 mm in diameter and 32 mm in length and has a 6.47 m thick Havar foil

iew

window toward the deuteron beam. Havar is a Cobalt-based alloy and has very high mechanical
strength even at high temperatures, which is suitable material for the gas target window. On the

On

neutron yield characterization including angular neutron spectrum, deceleration of the incident
beam in the window and the gas itself, and scattering of generated neutrons by the gas cell

particles and neutrons such as PHITS is required.

ly

structure should be taken into account. Therefore, a transport calculation code of charged

< Figure 11>
The deuteron energy spectra after the Havar foil window are calculated by PHITS for
the incident deuteron energy of 2.5, 3.0, 3.5, and 4.0 MeV, where the Coulomb scattering and
the energy straggling are taken into account. The energy loss in the window is approximately
0.66, 0.57, 0.52, and 0.47 MeV, respectively. The energy spread is approximately 50 keV of
FWHM for all cases. We confirmed that the particle loss by scattering in the window is
7
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negligible, which indicates that all deuterons incident to the window reaches the deuterium gas.
In the case of the 3.0 MeV incident deuteron energy with 1 atm deuterium gas target,
the angular neutron spectra are shown in Figure 12. We can obtain the quasi monoenergetic
neutron as a function of the emission angle as same as the ideal thin target shown in Figure 8.
However, the energy width is wider than that in the ideal thin target, which is due to the energy
spread of the incident deuteron due to the window and the deuterium gas.

rP

Fo

< Figure 12>

4.2. Deuterium-loaded Titanium Target of FNL

ee

A deuterium-loaded titanium thin layer deposited on the copper substrate is widely used
as a deuterium thick target. In the high current accelerator typically several mA or higher, the

rR

target can be used eternally due to deuterium self-loading. Presently, the beam current of FNL

ev

is so low typically ~10 A, that the deuterium self-loading is not available. Therefore, we have
to use a deuterium pre-loaded titanium target. The target should be replaced with a new one

iew

frequently because deuterium in the titanium layer reduces by evaporation and consumption.
We employed a titanium foil target as shown in Figure 13. The titanium foil of 10 mm in

On

diameter and 0.1 mm in thickness is mounted inside the target shell made of copper. The inner
tube pushes the titanium foil to the endplate of the target shell to keep close contact for the heat

ly

removal of the foil. The foil can be replaced easily when the amount of deuterium in the foil
decreases.
< Figure 13>
Before the experiments, the titanium foils were heated up to 800 °C in a vacuum
chamber, and then deuterium gas was introduced into the vacuum chamber. When the
temperature decreased gradually to room temperature, the titanium foils absorbed deuterium
gas. The amount of deuterium absorbed in each titanium foil was evaluated by the increase of
each foil from weight before the absorption. Here, we assumed the deuterium density profile to
8
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be constant in the foil.
Figure 14 shows the angular neutron yield calculated by PHITS with the Frag Data of
D(d, n)3He reaction for the deuteron incident energy of 3.0 MeV based on the geometry shown
in Figure 13. The atomics density ratio of D/Ti is assumed to be 0.4 which is derived from the
weight change of the titanium foil before and after deuterium loading. The range of 3.0 MeV
deuteron is approximately 35 m in the titanium target. Therefore, 3.0 MeV deuterons fully

Fo

stop in the target. The angular neutron yield decreases with the emission angle. The angular
neutron spectra are shown in Figure 15. In the forward direction, the energy spectrum is wider

rP

and has a lower energy tail. On the other hand, the energy spectrum at the emission angle larger

ee

than 90 degrees is quasi-monoenergetic even in the thick target. In the experiment requiring
higher neutron flux such as material irradiation tests, the location of the detector or the material

rR

sample should be in the forward direction. The experiment requiring monoenergetic neutrons

ev

should use the backward direction. In that case, the gas target is suitable than the thick target.
< Figure 14>

iew

< Figure 15>

On

5. Conclusion

We compiled the Frag Data table of D(d, n)3He reaction from the literature as an external

ly

cross-section data for PHITS. We confirmed the validity of the Frag Data table by the
calculation of the total and angular neutron yield calculations for an ideal deuterium thin target.
Finally, we calculated the angular neutron yield and spectra of the gas target and the deuteriumloaded titanium target of the Tohoku University FNL. Of course, experimental validation of
those target characteristics is desirable. We could not find it in the literature. The experimental
validation is future work.
The Frag Data table of D(d, n)3He reaction is useful not only for the d-D target
characterization but also for neutron yield estimation at the beam dump of the deuteron
9
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accelerator such as a deuteron neutral beam injector (NBI) in the nuclear fusion experiment and
IFMIF.
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Figure captions

Figure 1.

D(d, n)3He reaction cross-section by Bosch’s formula and the pointwise data

from ENDF/B-VII.1 for the incident deuteron energy from 0.01 to 5 MeV.
Figure 2.

Legendre polynomial coefficient Ai interpolated from the table given in the

IAEA report [8].
Figure 3.

Three-dimensional plot of the D(d, n)3He differential cross-sections in

Fo

laboratory system for the incident deuteron energy of 0.01-4.5 MeV.
Neutron energy spectrum of the deuterium-loaded titanium target at 0 degrees

rP

Figure 4.

for the incident deuteron energy of 3 MeV calculated by PHITS with Frag Data of 100 keV

ee

Ed. The Frag Data is not soothed.

Differential cross-section matrix of D(d, n)3He reaction for the incident deuteron

energy of 500 keV.

ev

Figure 6.

rR

Figure 5.

Schematic view of the calculation geometry of PHITS for the total neuron yield

Figure 7.

iew

and the angular neutron yield of an ideal thin deuterium target.

The total neutron yields per pC of the deuteron beam for the ideal gas target

calculated by the D(d, n)3He reaction cross-section of Bosch’s formula and by PHITS.

On

Figure 8.

Angular neutron yields calculated by the differential cross-section derived from

the IAEA report [9] and by PHITS for 3.0 MeV deuteron incident to the ideal deuterium gas

ly

target of 0.1 atm.
Figure 9.

Angular neutron spectrum calculated by PHITS with 0.1 MeV energy bin for

3.0 MeV deuteron incident to the ideal deuterium gas target of 0.1 atm.
Figure 10.

Peak energy plotted against the emission angle compared with the emitted

neutron energy calculated by two-body kinematics.
Figure 11.

Schematic view of the gas target at Tohoku University FNL. The gas cell is 10.8

mm in diameter and 32 mm in length and has a 6.47 m thick Havar foil window toward the

13
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deuteron beam.
Figure 12.

Angular neutron spectra for 3.0 MeV deuteron incident to the FNL gas target

with 1 atm deuterium gas pressure.
Figure 13.

Schematic view of the deuterium-loaded titanium target for the Tohoku

University FNL.
Figure 14.

Angular neutron yield calculated by PHITS with the Frag Data of D(d, n)3He

Fo

reaction for the deuteron incident energy of 3.0 MeV for the deuterium-loaded titanium target
for the Tohoku University FNL.

rP

Figure 15.

Angular neutron spectra calculated by PHITS with the Frag Data of D(d, n)3He

ee

reaction for the deuteron incident energy of 3.0 MeV based on the geometry for the deuteriumloaded titanium target for the Tohoku University FNL.
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Figure 1.

D(d, n)3He reaction cross-section by Bosch’s formula and the pointwise data

from ENDF/B-VII.1 for the incident deuteron energy from 0.01 to 5 MeV.
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Figure 2.

Legendre polynomial coefficient Ai interpolated from the table given in the

IAEA report [8].
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Figure 3.

Three-dimensional plot of the D(d, n)3He differential cross-sections in

laboratory system for the incident deuteron energy of 0.01-4.5 MeV.
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Figure 4.

Neutron energy spectrum of the deuterium-loaded titanium target at 0 degrees

for the incident deuteron energy of 3 MeV calculated by PHITS with Frag Data of 100 keV

Ed. The Frag Data is not soothed.
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Figure 5.

Differential cross-section matrix of D(d, n)3He reaction for the incident deuteron

energy of 500 keV.
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Figure 6.

Schematic view of the calculation geometry of PHITS for the total neuron yield

and the angular neutron yield of an ideal thin deuterium target.
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Figure 7.

The total neutron yields per pC of the deuteron beam for the ideal gas target

calculated by the D(d, n)3He reaction cross-section of Bosch’s formula and by PHITS.
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Figure 8.

Angular neutron yields calculated by the differential cross-section derived from

the IAEA report [9] and by PHITS for 3.0 MeV deuteron incident to the ideal deuterium gas
target of 0.1 atm.
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Figure 9.

Angular neutron spectrum calculated by PHITS with 0.1 MeV energy bin for

3.0 MeV deuteron incident to the ideal deuterium gas target of 0.1 atm.
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Figure 10.

Peak energy plotted against the emission angle compared with the emitted

neutron energy calculated by two-body kinematics.
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Figure 11.

Schematic view of the gas target at Tohoku University FNL. The gas cell is 10.8

mm in diameter and 32 mm in length and has a 6.47 m thick Havar foil window toward the
deuteron beam.
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Figure 12.

Angular neutron spectra for 3.0 MeV deuteron incident to the FNL gas target

with 1 atm deuterium gas pressure.
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Figure 13.

Schematic view of the deuterium-loaded titanium target for the Tohoku

University FNL.
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Figure 14.

Angular neutron yield calculated by PHITS with the Frag Data of D(d, n)3He

reaction for the deuteron incident energy of 3.0 MeV for the deuterium-loaded titanium target
for the Tohoku University FNL.
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Figure 15.

Angular neutron spectra calculated by PHITS with the Frag Data of D(d, n)3He

reaction for the deuteron incident energy of 3.0 MeV based on the geometry for the deuteriumloaded titanium target for the Tohoku University FNL.
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