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ABSTRACT

A field determination method for small D-T neutron source yield based on the oxygen prompt gamma
rays was established. A neutron-gamma transport equation of the determination device was developed.
Two yield field determination devices with a thickness of 20 mm and 50 mm were made. The count rates
of the oxygen prompt gamma rays were calculated using three energy spectra processing approaches,
which were the characteristic peak of 6.13 MeV, the overlapping peak of 6.92 MeV and 7.12 MeV, and the
total energy area. The R-square of the calibration curve is better than 94% and the maximum error of the
yield test is 5.21%, demonstrating that it is feasible to measure the yield of D-T neutron source by oxygen
prompt gamma rays. Additionally , the results meet the requirements for field determination of the
conventional D-T neutron source yield.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The neutron source of the small D-T accelerator (D-T neutron
source) is an important tool in performing application technology
research on neutron physics and neutrons. It has the characteristics
of high controllability and good monochromaticity, and has been
widely appreciated by countries all over the world. Neutron logging
technology using small D-T neutron sources has always been the
representative of international advanced nuclear geophysical
technology. In the field of petroleum exploration, neutron logging
technology has become a high-level dynamic reservoir monitoring
technology [1—6]. In the field of uranium exploration, neutron
logging technology based on uranium fission, is a revolutionary
nuclear logging technology for direct uranium determination that
can replace natural gamma logging [7]. Schlumberger and other
businesses launched an element capture spectroscopy logging (also
known as formation element capture spectrum logging [ECS]) that
detects secondary prompt gamma rays and ascertains the presence
of rock-forming elements using the nuclear capture reaction of
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neutron radiation [8—10].

Small D-T neutron sources are affected by the D-T reaction's
burn-up of tritium in the target, the natural loss caused by the
tritium nucleus' natural decay, the working loss caused by the
target's local overheating, and ion sputtering on its surface. As a
result, the yield will keep declining [11]. Currently, it is required to
determine the small D-T neutron source's yield in a neutron labo-
ratory rather than on-site. It frequently depends on working hours
while in use to decide if it can keep functioning. This will inevitably
result in the premature replacement of some neutron sources
before they reach the end of their useful lives, creating unnecessary
waste; alternatively, some neutron tubes that have already reached
the end of their useful lives may continue to function, producing
abnormal test data and leading to mistakes in the processing and
interpretation of the data. Therefore, it is essential to do yield
detection.

D-T neutron source yield detection mainly includes associated
particle method, activation method and neutron detector method.
The associated particle method has the advantages of being highly
accurate [12,13], but it is difficult to apply this technology in logging
devices. The activation method is simple to use and has been used
for power measurement of fusion and fission systems [14—16], but
it requires long activation time and high fluxes to meet the re-
quirements for neutron tube field detection. Neutron detector
method like the 3He, BF; detectors calculates the neutron yield by
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detecting moderated thermal neutrons. When used for field mea-
surements, it will be significantly affected by ambiently dispersed
neutrons, which will lead to inaccuracy into the calculation of
neutron source yield. As a result, we attempt to develop a new
technology for figuring out D-T neutron source yields that may be
used to field measurements. In this paper, a field determination
method of D-T neutron source yields was proposed, which is a
method of calculating the D-T neutron source yield through
measuring the prompt gamma rays generated by bombarding ox-
ygen with 14 MeV neutrons.

2. Oxygen prompt gamma rays method

D-T neutron source generates 14.1 MeV neutrons through the T
(d, n)*He process, which takes place when deuterons attack Triton.
Strong monochromaticity characterizes the produced neutrons.
The reaction formula is as follows.

2H +3H = 4He + {n + 17.6MeV

When fast neutrons interact with nuclei in the matter, nuclear
reactions such as inelastic scattering (n, n’ v), elastic scattering (n,
n), capture reactions (n,y), and activating reactions occur. These
nuclear processes cause incredibly quick-emitting gamma rays,
which are known as prompt gamma rays [17,18]. By using a gamma
ray detector to detect the prompt gamma ray and analyzing the
data in accordance with the various gamma energies, the type and
content of the elements in the substance can be determined.

Fast neutrons with energy more than 6 MeV can interact
inelastically with oxygen 80 (n,n")'®0*. When the excited state of
160+ is deexcited, gamma rays with energies of 6.13 MeV, 6.92 MeV,
and 7.12 MeV are produced. Fast neutrons with energy greater than
10.24 MeV can also activate oxygen 60 (n,p)'®N. After beta decay,
16N will create the excited %0 nuclear state '°0*, and 1%0* deex-
citation will result in two gamma rays with energies of 6.13 MeV
and 712 MeV. These two reactions lead to the oxygen prompt
gamma rays. Oxygen prompt gamma rays method is the process of
measuring oxygen prompt gamma rays in order to do physical
analysis [19,20].

However, the application of the current oxygen prompt gamma
rays method is used to determine the oxygen content on the
assumption that the flux of the D-T neutron source is known (or
eliminating the influence of the flux by an indirect method).
Conversely, if the oxygen concentration of the material is constant,
the oxygen prompt gamma rays method can be used to gather the
pertinent information of the D-T neutron source.

3. Neutron-gamma radiation field transport equation
3.1. Source neutron diffusion equation

The D-T neutron source can be thought of as a point neutron
source that continuously generates 14 MeV fast neutrons. The
origin of the cylindrical coordinate system is used to determine the
position of the point source, which is put in a homogenous oxygen-
containing medium. The diffusion equation can be expressed using
Eq. (1).

d’o(r) 2. do(r) o(r)
dr? r dr L%

=0 (r=0) (1)

Since the neutron energy reacting with oxygen can be thought
of as a one-speed neutron, the diffusion equation of the source
neutron is found by solving Eq. (1) [21].
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e*r/LD

(2)

o) = 47Dr
where ¢(r) is the neutron flux density at any point in the homo-
geneous medium; S is the neutron flux, or neutron source yield; r is
the distance between the source point and the determination
point; Lp is the diffusion length of one-speed neutrons in the me-
dium; D is the diffusion coefficient of one-speed neutrons in the
medium.

3.2. Oxygen prompt gamma rays field transport equation

The oxygen-containing medium is a cylinder with a radius of Ry
and a height of Z¢y, as shown in Fig. 1. The detector D lies in a plane
with the horizontal section of the cylinder at a distance of d from
the origin point, and its cylindrical coordinate is (d,0, 0). Given that
the cylindrical coordinate of any point P in the oxygen-containing
medium is (p, «, z), and that the emission point of the D-T
neutron source is taken as the coordinate origin O, the neutron flux
density at point P is given by Eq. (3).

S

-
7(%) ~4rp 7

The total microscopic cross section of the collision between the
oxygen atoms in the medium and the source neutron to produce
prompt gamma rays is ¢, and the number of oxygen atoms in the
medium is N. At point P, the source neutron's oxygen prompt
gamma-ray reaction rate is R(P).

e~ VP2 /L (3)

NoS(1 — A)

41D/ p? + 72

where A is a constant associated with an oxygen-containing ma-
terial , representing the possibility that the neutron source in-
teracts with other elements other than oxygen at position P.

The secondary gamma field of oxygen prompt gamma rays will
be generated at point P. Due to the high energy of oxygen prompt
gamma rays (>6 MeV), the linear attenuation coefficient u in the
oxygen-containing medium can be regarded as being equivalent to
that in the air. Then the flux rate of the oxygen prompt gamma rays
generated at point P at detector point D can be calculated by Eq. (5).

R(P) = e VP*Hz /Ly (4)
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Fig. 1. Schematic diagram of n- y radiation field transport.
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NoS(1 — A)

4mDy/p? + 22

The length dpp of PD can be calculated using the geometry of
the source point O, point P, and detector point D.

\/02+ZZ/LD °

y d2 [—} —udpp
TC

PD

9, (PD) =~ 2 (5)

d3p = (p cos a — d)? + p? sin® a + 22

(6)

Eq. (5) can be expressed as the following when combined with
Eq. (6).

oy (dpp) =1 —A) NoeS(A-4A) @z /L
47:D\/p2+22
1

. e—u\/r(p cos a—d)*+p? sin® a+2z2

47:[(/) cosa —d)* 4 p2 sin® a+zz}
(7)

Ignoring the influence of oxygen in the air (or deducting it as the
background radiation), the count rate N, of oxygen prompt gamma
rays measured by the detector can be calculated by Eq. (8).

Zoy
=2 2mRey
JJJ NoS(1-A) e\/m/LD
47D/ p? 422
400
1

47 [(pcosa—d)2+p2sin2a+z2]

e—,u\/r(pcosoz—d)erp2 sin® a+22 dpdadz

(8)

According to Eq. (8), Ny is proportional to the neutron source
yield S when the oxygen-containing material are left unchanged.
Eq. (8) can be rewritten as Eq. (9).
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which is the space between the center cylinder and the outer shell,
is filled with powdered calcium oxide (CaO). Two thicknesses,
20 mm and 50 mm, with heights of 250 mm for both, were selected.
To prevent oxygen-containing compounds from leaking, the ma-
terial pressure plate is utilized to seal the loading cylinder.

4.2. Experimental test platform

The experiment was carried out at the China Institute of Atomic
Energy. The neutron source is a ®60mm small vertical D-T neutron
source, and the neutron tube has a Penningion structure. The
neutron source is controlled by adjusting the accelerating high
voltage, filament current and ion source current of the neutron
tube. The neutron source system and the control system are shown
in Fig. 3, and the yield control parameters provided by the labo-
ratory are shown in Table 1.

The gamma detector used was a 1024-channel gamma spec-
trometer developed by the East China University of Technology. A
®50mm x 50 mm BGO (BisGe3012) scintillation crystal was utilized
as the probe. To reduce the influence of low-energy gamma ray
scattering on the measuring results, a 5 mm-thick lead leather was
installed in front of the probe. The experiment's environment is
depicted in Fig. 4.

5. Testing and analysis
5.1. Oxygen prompt gamma spectra analysis

Two types of devices for determining the neutron yield with a
thickness of 20 mm and 50 mm were tested on an experimental
platform. The gamma energy spectra under different yields of the
neutron source were obtained, as shown in Fig. 5. With an increase
in the output of the neutron source, the spectral lines of gamma
also increase in general, the characteristic peak of gamma 6.13 MeV

(9)

e—u\/r(p cos a—d)*+p? sin® a+z2 dpdadz

Ny=KeS
Zoy
2 2Ry
| ][ evEE ., 1
2, 22 2
2y 0 o ATD\/p* + 2 47r[(pcosa—d) + p~ sin a+z}
T2

where K is the conversion coefficient, which can be obtained from
the standard neutron source experiment in addition to the integral
calculation mentioned above. In this paper, K is obtained using the
standard neutron source experiment.

4. Device for yield field determination and experimental
platform

4.1. Device for yield field determination

The device for yield field determination adopts a ring structure,
as shown in Fig. 2. The shell of the yield field determination device
is made of aluminum. The basic components of the structure are a
central cylinder, a loading cylinder, and a material pressure plate.
The D-T neutron source is positioned inside the central cylinder,
which has an inner diameter of 100 mm. The loading cylinder,
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becomes more obvious, and the characteristic peaks of 6.92 MeV
and 7.12 MeV overlap. The measured energy spectra show obvious
spectral drifting. The spectral lines should be adjusted before data
processing using the spectral drifting correction method outlined
in Ref. [22]. When calculating the neutron source yield using the
energy segment analysis technique, the characteristic peak of
6.13 MeV, or the overlapping peaks of 6.92 MeV and 7.12 MeV, or
the total energy area containing the three characteristic peaks of
6.13 MeV, 6.92 MeV and 7.12 MeV as three energy segments can be
selected. The characteristic peak energy segment of 6.13 MeV
gamma ray is called SCK(Fig. 5 (1)), and its energy range is
5.9 MeV—6.6 MeV. The overlapping peak energy segment of
6.92 MeV and 7.12 MeV gamma rays is called DCK(Fig. 5 (2)), and its
energy range is 6.7 MeV—7.6 MeV. The total energy area is called
TEA (Fig. 5 (3)), and its energy range is 5.9 MeV—7.6 MeV.



X. Zhang, B. Tang, G. Nian et al.

Nuclear Engineering and Technology 55 (2023) 2572—2577

(a) device with a 20mm filling thickness

(b) device with a 50mm filling thickness

Fig. 2. Actual photos of the device for yield field determination.
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Fig. 3. Experimental test platform and control system.

Table 1
Yield control parameters of neutron source.

Yield/s~! High voltage/kV ~ Filament current/mA Ion source current/pA
2.08 x 107 63 861 1070

3.96 x 107 73 861 1050

6.12 x 107 80 861 1020

7.92 x 107 86 861 960

1.00 x 108 90 861 950

5.2. Calculation of the conversion factor K

According to the energy spectra analysis, the division method of
each energy segment was put forward in section 5.1. With four yield
values of 2.08 x 107 s71, 3.96 x 107 s71, 612 x 10’ s7, and
1.00 x 108 s~1 each test point was measured for 3 min. Each of two
field determination devices of different thickness were used. Then
the conversion factor K can be obtained by applying the linear
regression calculation method. Nevertheless, the oxygen prompt
gamma count rate N, required in Eq. (9) is the net count rate
generated by the determination device, and the background count
rate brought by the measuring environment needs to be subtracted.
And then Eq. (9) can be converted further into

s—1

1
K*Nr=

17(. (NYA_NB) (10)
where N, is the total count rate of the oxygen prompt gamma rays;
Np is the environment background gamma count rate; the meaning

of the remaining signals is the same as that given above.
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BGO v
detector

Fig. 4. Experiment's environment photo.

As shown in Fig. 6, the R-square of each calibration curve is
higher than 94%. It demonstrates that the neutron yield is obviously
linear with the prompt gamma count rate. This further confirms the
feasibility of determining the D-T neutron source yield using oxy-
gen prompt gamma rays.

Analyzing the conversion coefficients K of the two yield field
determination devices, it can be seen that the three conversion
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Fig. 5. Gamma spectra of two types of Ca0 yield field determination devices (1) SCK (2) DCK (3) TEA.
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Fig. 6. Calibration curves of field determination devices.

Table 2
Yield test results of the two yield field determination devices.

D-T neutron source yield ( s7!) Device type Data processing approaches Count rate N,s ( cps) Calculated yield (s7!) Relative error
7.92 x 107 50 mm SCK 21203 8.128 E+07 2.63%
DCK 1371.7 8.333 E+07 5.21%
TEA 3893.3 7.984 E+07 0.81%
20 mm SCK 2658.4 7.994 E+07 0.94%
DCK 1784.8 8.129 E+07 2.64%
TEA 5098.9 7.881 E+07 0.49%

coefficients K of the 50 mm device are respectively lower than
those of the 20 mm device. It proves the sensitivity of the 50 mm
determination device is better than that of the 20 mm device. In
other words, the sensitivity of the determination device will
improve as the oxygen content of the determination device
increases.

The environment background gamma count rates N of the
50 mm device are all lower than those of the 20 mm device. This is
because 50 mm device is thicker, less source neutron enters the
environment. Lower environment background gamma count rate
helps to reduce the detection limit of the device.

Additionally, as neutrons enter the environment, they could
react with the oxygen in the BGO detector to create prompt gamma
rays, which are likewise deposited in the detector and recorded.
The existence of the aforementioned reaction is proved by the fact
that the counting rate of the 20 mm device are higher than those of
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the 50 mm device in Table 2. Since the oxygen content of the BGO
probe is also a constant, it can be considered that the oxygen
content of the determination device has increased, maintaining the
linear relationship between the prompt gamma rays and the
neutron source yield. By using a standard neutron field experiment
to calculate the conversion coefficient K, this effect can be
eliminated.

Therefore, it is clear that raising the device's thickness and the
mass of CaO will increase the device's sensitivity and decrease the
device's detection limit. Additionally, it is reasonable to assume that
this performance improvement is modest. In the subsequent
research, the device's design should be optimized.

5.3. Test and analysis of neutron yield

Four of the five yields listed in Table 1 were chosen to determine
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the conversion coefficient K. A yield of 7.92 x 10”s~! was set aside
for testing the yield field determination device, and the measuring
time was 3 min. The yield test results are shown in Table 2.

It can be seen from Table 2 that the relative errors of the three
data processing approaches of the two yield field determination
devices are all less than 10%. The maximum relative error is 5.21%,
meeting the field quantitative requirements of conventional D-T
neutron sources.

6. Conclusion

A field determination method of D-T neutron source yields
based on oxygen prompt gamma rays was proposed. The neutron-
gamma transport equation of the determination device was
established. the accuracy of the method was confirmed through
experiments.

(1) After fixing the mass of the oxygen-containing materials
surrounding the D-T neutron source, the count rates of ox-
ygen prompt gamma rays are proportional to the neutron
yield. Therefore, a field method based on the oxygen prompt
gamma rays was developed to determine the yield of a D-T
neutron source.

(2) By establishing and analyzing the neutron-gamma transport
equation of the determination device, its conversion coeffi-
cient K can be calculated by using multiple integrals or ob-
tained through the standard neutron source experiment.

(3) Three methods—SCK, DCK, and TEA—were used to deter-
mine the count rates of the oxygen prompt gamma rays. The
R-square of each method is superior to 94%. The maximum
error of the yield test is 5.21%, demonstrating that it is
feasible to estimate the yield of the D-T neutron source by
using oxygen prompt gamma rays. It satisfies the field
quantification requirements of the conventional D-T neutron
source.

(4) The sensitivity and detection limit of the device can be
improved by increasing the device's thickness and CaO mass.
However, it is reasonable to assume that this performance
improvement is modest. In the subsequent research, the
device's design should be optimized.
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