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Abstract

Ensuring the safeguards and monitoring of enriched uranium is crucial for
preventing its illegal theft, destruction, or transfer under arms control. Non-
destructive analysis techniques for uranium quantification play a vital role in
this effort. The Am-Li source is widely used as an excitation source in Active
Uranium Non-destructive Analysis Techniques. However, as acquiring Am-Li
becomes increasingly challenging, controllable accelerator-based neutron sources
have emerged as a promising alternative due to their superior energy monochro-
maticity, controlled yield, and on-demand operational capabilities. This study
develops an optimized neutron multiplicity measurement system based on a D-D
neutron generator, using metallic uranium samples with varying 235U content.
Key parameters, including the distance between the neutron generator and a
two-layer 3He detector array, 3He tube length, and the material and thickness
of the reflector, were optimized via Monte Carlo simulations. The detection effi-
ciency and neutron decay time of the optimized system were evaluated, followed
by experimental validation through the quantification of uranium samples with
different 235U enrichments and masses. The results indicate that for highly
enriched uranium (235U enrichment >50%), the M-C coupling curve yielded
a measurement relative deviation of less than 10%, while for other enrichment
levels, deviations remained within 100 g. Furthermore, by analyzing fission neu-
tron detection efficiency ( f) and spatial fission rate variations within the sample
chamber, a correction factor (k) was introduced using partial least squares re-
gression to account for sample geometry, density, and 235U abundance, reducing
the average relative deviation from 20.67% to 8.18%. This research provides a
foundation for further development and experimental validation of neutron mul-
tiplicity measurement devices utilizing D-D neutron generators.
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Preamble
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Ensuring the safeguards and monitoring of enriched uranium is crucial for
preventing its illegal theft, destruction, or transfer under arms control. Non-
destructive analysis techniques for uranium quantification play a vital role in
this effort. The Am-Li source is widely used as an excitation source in Active
Uranium Non-destructive Analysis Techniques. However, as acquiring Am-Li
becomes increasingly challenging, controllable accelerator-based neutron sources
have emerged as a promising alternative due to their superior energy monochro-
maticity, controlled yield, and on-demand operational capabilities. This study
develops an optimized neutron multiplicity measurement system based on a D-D
neutron generator, using metallic uranium samples with varying 235U content.
Key parameters, including the distance between the neutron generator and a
two-layer 3He detector array, 3He tube length, and the material and thickness
of the reflector, were optimized via Monte Carlo simulations. The detection effi-
ciency and neutron decay time of the optimized system were evaluated, followed
by experimental validation through the quantification of uranium samples with
different 235U enrichments and masses.

The results indicate that for highly enriched uranium (235U enrichment >50%),
the M-C coupling curve yielded a measurement relative deviation of less than
10%, while for other enrichment levels, deviations remained within 100 g. Fur-
thermore, by analyzing fission neutron detection efficiency ( f) and spatial fis-
sion rate variations within the sample chamber, a correction factor (k) was
introduced using partial least squares regression to account for sample geome-
try, density, and 235U abundance, reducing the average relative deviation from
20.67% to 8.18%. This research provides a foundation for further development
and experimental validation of neutron multiplicity measurement devices utiliz-
ing D-D neutron generators.

Keywords: Neutron Multiplicity, Portable D-D Neutron Generator, Enriched
Uranium, Partial Least Squares Regression
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Introduction

Uranium resources represent a dual-use strategic asset that is pivotal to both
nuclear energy and nuclear weapons applications. While significant progress has
been made in nuclear disarmament over recent years, escalating international
tensions have made the smuggling and illicit transfer of uranium materials major
threats to public safety. Consequently, strengthening oversight and control of
nuclear materials, mitigating nuclear weapon proliferation risks, and ensuring
global security have become critical objectives in international nuclear security
and safeguards. Within uranium materials, the characteristic gamma-rays of
235U exhibit limited penetration capabilities, rendering traditional gamma-ray
analysis techniques insufficient for determining the mass of 235U in bulk ura-
nium items such as canned oxides, fuel pellets, and fuel assemblies. Therefore,
neutron interrogation methods—including active neutron interrogation, active
neutron multiplicity measurement, prompt neutron measurement, and delayed
neutron measurement—must be employed.

In the context of international safeguards applications, commonly used active
neutron systems include the Active Well Coincidence Counter (AWCC), the
Uranium Neutron Collar (UNCL), and the 252Cf-Shuffler. These systems rely
on neutron interrogation with isotopic neutron sources such as 252Cf or Am-Li
to precisely measure uranium-containing objects with high quality and density,
which are difficult to analyze accurately using gamma-ray techniques. How-
ever, the isotopic neutron sources required by active measurement systems like
AWCC and UNCL—especially Am-Li sources—are no longer produced by many
countries. The use of Am-Be sources as substitutes is impractical due to their
average energy significantly exceeding the induced fission threshold of 238U. The
252Cf-Shuffler system, which relies on the high neutron flux from 252Cf sources,
remains viable but presents substantial challenges due to the short half-life of
252Cf and significant shielding requirements, necessitating replacement every
five to seven years and making routine operational use prohibitively expensive.

The absence of suitable alternative neutron sources represents a significant chal-
lenge in the nuclear security and safeguards of uranium materials. Accelerator-
driven neutron sources, distinguished by their superior energy monochromatic-
ity, controllable yield, and on-demand operation, have emerged as the preferred
alternatives to isotopic neutron sources. This study employs Monte Carlo (MC)
simulation software to design and optimize an active neutron multiplicity device
based on a portable D-D neutron generator, replacing traditional interrogation
sources. Simulations conducted on various uranium metal components with dif-
fering 235U enrichments demonstrate the feasibility of the device design and
validate the accuracy of uranium quantification.

[Figure 1: see original paper]
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II. Devices and Principles for Uranium Mass Calculation

A. Principle of Active Neutron Multiplicity Uranium Mass Calcula-
tion

The active multiplicity measurement method involves analyzing the neutron
leakage multiplication M and the induced fission rate F of a sample by utiliz-
ing the single counting rate (S), double counting rate (D), and triple counting
rate (T). Equations (1), (2), and (3) describe the relationships between the
multiplicity count rates S, D, T and the parameters M, F. By simultaneously
solving Eq.(2) and Eq.(3), the values of M and F can be determined, enabling
the calculation of the total mass of 235U in the sample using Eq.(4).

S=S0+B+SS+FM fvslffdvs2M 2 (cid:20) (cid:21) (M — 1)vslvi2
vs2 (vil — 1) 3ftvs3M 3 (cid:34) 1 + (M —1)(3vs2vi24vslvid) vs3(vil—1) + (M
—1)3vslvi2 vs3(vil—1)2 (cid:35)

Where SO represents the counting rate of the excitation source; B denotes the
background counting rate; Ss accounts for the scattering of the source neutrons
by the sample; F is the sample-induced fission rate, measured in counts per
second s-1; M is the neutron leakage multiplication; f represents the detection
efficiency for induced fission neutrons; vsl, vs2, and vs3 correspond to the first,
second, and third reduced moments of uranium fission induced by the excitation
source, respectively; vil, vi2, and vi3 denote the first, second, and third reduced
moments of uranium fission induced by secondary fission neutrons; while fd is
the double gate factor and ft is the triple gate factor.

m235 = In Eq.(4), C represents the coupling coefficient of the apparatus, as
shown in Eq.(5), which is determined from the calibration with standard sam-
ples; m235 denotes the total mass of 235U in the sample, and Y is the neutron
yield of the neutron source. b(M — 1) 1 + ¢(M — 1) where a, b, and ¢ are
calibration constants obtained through data fitting.

B. Structure of Active Neutron Multiplicity Device

The structural configurations of active neutron multiplicity devices vary depend-
ing on the neutron detectors employed. These devices are typically composed
of multiple 3He neutron detectors (3He tubes) or boron-coated straw detectors
(boron-coated straw tubes). However, they are limited to detecting neutrons
within the thermal or epithermal energy range. To facilitate this, the devices
incorporate moderation layers made of materials such as high-density polyethy-
lene (HDPE), paraffin, water, and others, ensuring effective neutron capture by
the detectors and the generation of pulse signals. Factors such as the number
and layout of detectors, along with additional structural characteristics, collec-
tively influence the detection efficiency of these devices, which typically ranges
from 20% to 60%.

The classic active device depicted in Fig. 1 (a) is the AWCC, produced by
Canberra, USA. The main body of the device is constructed from high-density
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polyethylene (HDPE) and features a cylindrical structure approximately 50 cm
in diameter and 70 cm in height. The measurement cavity has dimensions
of 22.9 cm X 20.6 cm. Surrounding the sample cavity are two rings, each
containing 21 3He tubes, for a total of 42 3He tubes arranged in an array.
These detectors are encased in HDPE and are primarily designed to detect
thermal neutrons within the detection system. Both the upper and lower parts
of the sample chamber are equipped with neutron source chambers specifically
designed for placing Am-Li sources. The device’ s detection efficiency, calibrated
using a 252Cf neutron source, is measured at 26%, with a neutron die-away
time of 50 ps. When measuring uranium samples, the Am-Li sources placed in
the neutron source cavity emit neutrons to induce 235U fission in the sample,
producing induced fission neutrons. The 235U mass is calculated using Egs. (1)
- (4) based on the multiplicity counting rate recorded by the 3He tube. However,
before this calculation, standard samples are required to calibrate and fit Eq.

(5)-

C. The Neutron Multiplicity Device Based on Portable D-D Neutron
Generator

The new device replaces the original two isotopic excitation sources with a single
portable D-D neutron generator, positioned beneath the sample cavity (Fig. 1
(b)). Neutron emission is controlled via external programs, significantly reduc-
ing daily radiation protection costs. In operation, the generator emits neutrons
that induce fission in the sample, and the resulting mass of 235U is determined
through detector measurements and software analysis, completing the process.
The device consists of eleven components arranged from top to bottom: elec-
tronic circuits, graphite plug, inner HDPE moderation body, 3He tube array,
sample cavity, portable D-D neutron generator (with neutron source), Ni reflec-
tor layer (to enhance neutron flux in the cavity), outer HDPE (for shielding
against external neutron interference), cadmium (Cd) layer (to absorb thermal
neutrons), and a bottom section of 3He tubes for monitoring the stability of
the neutron generator yield, as shown in Fig. 1 (b). Additionally, 1 mm thick
Cd layers are placed at the junctions of the sample cavity, outer device layers,
and the generator array. The Cd layers serve two functions: absorbing thermal
neutrons returning to the cavity after moderation, thereby reducing secondary
fission events, and absorbing neutrons that are moderated but not detected by
the array or leaked directly from the generator, providing additional radiation
shielding. The device is cylindrical, 115 cm tall, and 86 cm in diameter.

ITI. Device Optimization and Calibration Simulation

After finalizing the core structure of the device (Fig. 1 (b)), further optimiza-
tion of component specifications and configuration is required to enhance the
detection array’ s efficiency and neutron source utilization. The quantity, diam-
eter, tube length, and arrangement of 3He neutron detectors significantly affect
detection efficiency, directly influencing the device’ s performance. Additionally,
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since the portable D-D neutron generator emits neutrons across a 47 solid angle,
reflector layers are crucial to maximize neutron utilization. Due to the device’ s
complexity, optimizing its design through theoretical calculations is challenging.
Therefore, this study employs Monte Carlo (MC) software to model the device
and simulate the layout of the portable D-D neutron generator, detection array,
reflector layers, and other components. This approach aims to further optimize
detection efficiency and measurement accuracy, enhancing the device’s practical
applicability.

A. Nickel Reflector Layer

The reflector layer is configured as a hollow cylinder, with an inner diameter set
to 10.2 cm based on the selected neutron generator model. The outer diameter
and height will be further determined according to design specifications. Two
MC simulation models, shown in Fig.2 (a). Based on the simulation curve
Ah shown in Fig. 2 (a), with the reflector layer thickness (outer diameter) held
constant, the neutron flux within the sample cavity remains relatively unchanged
after increasing the reflector height to 35 cm. Therefore, a reflector layer height
of 35 cm is selected. With the reflector layer height fixed at 35 cm, the outer
diameter is increased, as shown by Ar in Fig.2 (a), increasing the reflector
thickness Ar enhances the neutron flux in the cavity, thereby improving neutron
utilization efficiency. However, considering material constraints, particularly
for 3He tubes, the final selection aligns the reflector thickness with that of the
sample cavity, resulting in a hollow cylinder with an outer diameter of 20 cm,
inner diameter of 10.2 cm, and height of 35 cm. At the upper end of the device,
graphite is used as the primary material, forming a cylindrical structure with a
diameter of 20 cm and a height of 35 cm. Surrounding the sample cavity is a 1
mm-thick cadmium layer, designed to absorb thermal neutrons scattered back
into the cavity.

B. Detection Array Composed of 3He Tubes

In the design and optimization of the neutron multiplicity device based on the
portable D-D neutron generator, the selection of 3He tubes is critical, as it di-
rectly affects response speed, detection efficiency, and cost. Key parameters,
including tube length, gas pressure, operating voltage, electrode radius (anode
wire, tube wall), and their quantity and distribution, require careful considera-
tion. To simplify the selection, this study uses 3He tubes with a diameter of 25.4
mm and a gas pressure of 4 atm as the baseline for device design. These specifi-
cations were chosen to optimize performance and ensure compatibility with the
intended multiplicity measurement application. The 3He tubes were arranged
at axial distances ranging from 11.5 cm to 20.5 cm from the sample cavity’
s center, corresponding to 1-10 cm from the cavity. Detection efficiency was
measured across 21 tubes. To minimize the impact of the effective tube length,
each tube was standardized to 50 cm and symmetrically distributed around the
cavity’ s central axis. A point source was placed at the cavity center, with neu-
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tron energy spectra tailored to match those verified by M. Devlin et al. using
the ENDF/B-VIL.1 database, specifically for prompt neutrons induced by fast
neutrons (2-3 MeV) interacting with 235U.

The detection efficiency of the 3He tube array is shown in Fig. 2 (b), with
peak efficiency at an axial distance of 13.5 cm. Therefore, the first ring of 3He
tubes is positioned 13.5 cm from the cavity center. To avoid cross-talk, a 4 to
5 c¢m separation between the two detector rings is maintained, with the second
ring placed 17.5 cm from the center. The rings are offset to maximize the
neutron capture area and enhance detection efficiency. The optimal effective
length of each 3He tube is determined using the simulation model in Fig.2 (c).
From the efficiency curves for different neutron types in Fig.2 (c), increasing the
effective gas length to 30 cm results in marginal improvements in fission neutron
detection. Therefore, the effective gas length for the 3He tubes was selected to
be 30 cm.

C. Simulation Calibration of the Device

To evaluate the device’ s performance and support the calibration of design and
production parameters, the device was modeled using MC software. Simula-
tion software was then employed to record data on neutron emission, transport,
collision, and induced fission processes. This data was organized and analyzed
using MATLAB to simulate the pulse time sequences generated by the detector
array during actual measurements. The device model was constructed using
MC software according to the configuration shown in Fig. 1 (b). In practical
applications, a 252Cf source is typically used to calibrate the detector efficiency
(f) and the neutron die-away time (7), as described in Egs. (6) and (7).

ndetected nemitted (cid:20) (cid:18) D = D0 x 1 — exp (cid:19)(cid:21)

Equations (6) and (7) present the calibration formulas for detection efficiency ( )
and neutron die-away time (7). In these equations, “ndetected” represents the
count rate of the device’ s 3He detection array (in s-1), while “nemitted” is the
neutron emission rate from the 252Cf source used during calibration (also in s-1).
D denotes the double counting rate, and GW refers to the gate width, measured
in microseconds (ps). The neutron emission rate from the 252Cf source was set
at 3.76$x105s — 1, withthedetectorarraycountingrateat1.20x$105 s-1. Using
Eq.(6), the detector array achieved a detection efficiency of approximately 32%.
Simulated measurements included a pre-delay time of 3 ps and a long delay time
of 2 ms. Various coincidence gate widths—16 us, 32 ps, 64 ps, 96 ps, 128 ps,
156 ps, and 188 pns—were applied, and the corresponding double counting rates
under each gate width were recorded. Curve fitting based on Eq.(7), shown in
Fig. 3 (a), indicates a neutron die-away time 7 of 49.58 ps, derived from the
fitted relationship between gate width and double counting rate.
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IV. Simulation and Result Analysis of Sample Measure-
ment

To assess the impact of uranium mass on the counting rate of the bottom-

mounted 3He tube used for background monitoring, 20 metal sphere samples

with 235U masses ranging from 300 g to 2250 g were placed in the sample

chamber. When no sample was present, the counting rate of the bottom 3He

tube was recorded as the baseline, corresponding to zero 235U mass. The

neutron yield of the portable D-D neutron generator was set at 1$x105s —
1.Fig.3(b)illustratesthevariationinthebottom3 H etubecountingrateasa functiono f235Umassinthesamplechay
Dneutrongenerator from0.85tol.15timesitsnominalvalue, asshowninFig.3(c). AsseeninFig.3(a), thecounting
mounted3 H etube forbackgroundmonitoringexhibitsminimalvariationwith235Umass. Withtheneutronyieldo
Dneutrongeneratorstabilizedat1 x$105 s-1, the counting rate remains approx-

imately 270 s-1. Variations in the neutron yield of the portable D-D neutron

generator correspondingly affect the counting rate of the bottom 3He tube

(Fig.3 (b)), demonstrating a linear relationship that satisfies the initial

calibration requirements.

A. Simulation of Uranium Material Measurement

The primary distinction between the multiplicity and coincidence measurement
methods lies in elevating the coincidence order to triple coincidence. In this
quantitative approach, the method surpasses conventional working curve anal-
ysis by coupling the double and triple counting rates to determine the sample’
s neutron leakage multiplication (M) and induced fission rate (F) in units of
s—1g—1. As shown in Eq. (4), prior to sample measurement, it is essential to
fit the curve relating neutron leakage multiplication (M) and coupling coefficient
(C) based on standard samples, as demonstrated in Eq. (5). Six metal spheres
of 235U, with radii ranging from 1 cm to 3.5 cm at 0.5 cm intervals, were placed
at the center of the sample chamber. The neutron yield of the portable D-D
neutron generator was set to 1 x 105 s—1, with a single measurement duration
of 300 s. Uranium metal spheres of varying 235U enrichment (ranging from 0%
to 100%, each with a radius of 3 cm) were used as validation samples.

B. M-C Coupling Curve and Quantitative Analysis

Based on Eq. (5), the fitting analysis is conducted on the relationship between
the neutron leakage multiplication (M) and the coupling coefficient (C) of six
235U metallic sphere benchmarks, as shown in Fig. 3(d). Eq. (8) represents
the fitted M-C coupling curve depicted in Fig. 3(d), which is then substituted
into equation (4). The relationship between the calculated and actual values
of the 235U equivalent mass for different 235U enrichment samples, computed
according to equation (4), is illustrated in Fig. 3(e).

(cid:18) —23.91 — 576.91 x (M — 1) 1 — 20.07 x (M — 1) (cid:19) x 10—6

Fig. 3 (e) shows the relationship between the calculated and theoretical 235U
mass in uranium metallic spheres of varying 235U enrichment, using Eq. (8).
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The red curve represents the line mCalculated = mTheoretical, indicating that
as the calculated values approach the theoretical values—reflecting increased ac-
curacy—more data points align along this line. The black dashed line denotes the
region defined by mCalculated = mTheoretical + 100, representing deviations
within 100 g from the theoretical values. The distribution of the blue points in
Fig. 3(e) suggests that the computational deviations for the uranium metallic
sphere samples, derived from the six 235U benchmark samples, are predomi-
nantly less than 100 g. Fig. 3(f) presents the relative deviation statistics of the
quantitative results for 235U in samples with varying enrichments. It is evident
from the figure that samples with 235U enrichment above 50% exhibit relative
deviations of less than 10%. Conversely, as enrichment decreases, the relative
errors increase. This can be attributed to the fact that the neutron energy from
the portable D-D neutron generator exceeds the induced fission threshold of
238U within the sample. As the mass of 238U increases, more neutrons react
with it, as depicted in Fig. 3(f). For enrichments between 10% and 50%, 235U
masses are notably underestimated due to neutron reactions with 238U or sec-
ondary neutron inductions from fission events, which lower the calculated values.
As the 238U mass continues to increase, its substantial presence compensates
for some of the fission neutrons of 235U, gradually reducing the error.

C. Analysis of the Sources of Quality Calculation Errors

The variations in f shown in Fig. 4(a) are used to correct the detection efficiency
( f) for metal spheres of different radii. The neutron leakage multiplication (M),
adjusted for efficiency, is then recalculated using Eqs. (2) and (3). The com-
puted values of neutron leakage multiplication (M) for samples of various radii
are presented in Fig. 4(c). After correcting for f, the theoretically predicted
values of neutron leakage multiplication (M) more closely align with the calcu-
lated values for samples with radii smaller than 2.5 cm. However, as the sample
radius increases beyond this threshold, the computed neutron leakage multipli-
cation diverges from the theoretical values, particularly for radii greater than
3.0 cm.

In the MC simulation model depicted in Fig. 1(b), a 235U metal sphere with
a radius of 1.0 cm was positioned with its center at the origin of the sample
chamber. The coordinates along the X and Z axes were varied, and the neutron
yield of the portable D-D neutron generator was set to 1 x 105 s—1. The
number of fission neutrons emitted from the unit sphere at different locations
was recorded, as shown in Fig. 4(d). Fig. 4(d) reveals significant variation in
fission efficiency at different positions within the sample chamber, indicating
that fission efficiency is not uniform across the spatial domain. Due to the
upward emission of neutrons from the portable D-D neutron generator, the
neutron flux is higher at the bottom of the sample chamber, where the sample
is placed, resulting in a maximized fission-induced neutron rate in this region.
As the unit sphere sample is elevated, the neutron flux decreases due to the larger
solid angle subtended by the portable D-D neutron generator and the reduced
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flux. The surrounding Ni reflector and graphite at the top of the chamber
create a neutron flux stabilization region between 4.0 cm and 5.0 cm from the
center. In this region, the neutron-induced fission rate remains stable, which is
why, as shown in Fig. 4(d), the corrected neutron leakage multiplication (M)
closely matches the theoretical values when the sample radius is less than 2.5
cm. Beyond this range, non-uniform fission-induced neutron detection efficiency
at different locations leads to deviations between the calculated and theoretical
M values.

V. Partial Least Squares Regression Quality Correction
Method

To address the computational deviations arising from differences between the
sample and the reference standard in terms of position within the sample cham-
ber, shape, density, and isotopic abundance, and to simplify the correction
process, a correction factor k is introduced in Eq. 4, as shown in Eq. 9:

m235 = k X

The correction factor k is calculated using Eq. 10, where m and n represent the
axial and radial distances from the sample surface to the top of the chamber,
respectively, when the sample is positioned at the chamber center, as illustrated
in Fig. 5(a). These distances, measured in cm, define the spatial position of
the sample. The parameter s accounts for the sample shape, calculated using
volume formulas for circular, cylindrical, and rectangular shapes when m and
n are identical. The variable denotes the sample density (g-cm—3), and f
represents the 235U abundance. The coefficients ai (i = 1, 2, 3, . . .) are
regression coefficients. The equation for k is given as:

A total of 300 uranium metal samples with varying shapes, geometries, and
isotopic abundances were randomly generated within the sample chamber. The
sample density was randomly set between 16.5 and 19 g+ cm—3, ensuring that
the mass of 235U remained between 100 and 15,000 g to avoid reaching crit-
icality. Following the mass computation process described in Eqgs. 1-5, the
regression terms in Eq. 10 were recorded. Subsequently, 90% of the data was
selected for regression fitting of the coefficients ai using the partial least squares
regression (PLSR) algorithm. The remaining 10% of the data was used for
prediction based on the regression matrix. The relationship among the actual
sample mass, computed mass, and k-corrected mass is shown in Fig. 5 (b). The
black curve represents the actual sample mass, while the green and red curves
correspond to the computed mass before and after applying the correction fac-
tor k, respectively. By employing the correction factor k, the average relative
deviation was reduced from 20.67% to 8.18%, demonstrating good adaptability
to variations in sample shape, density, and isotopic abundance.
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VI. Conclusion

This study designs a neutron multiplicity measurement device based on a D-D
neutron source, using Monte Carlo simulations to further optimize the device’ s
performance in terms of the reflector layer and 3He tube layout. The new device
has polyethylene as its main body, with a height of 115 cm and a diameter of 86
cm. It is equipped with 43 3He tubes, 42 of which are evenly distributed in two
concentric rings within the polyethylene moderator, while one is positioned at
the bottom to monitor the yield of the D-D neutron generator, thus stabilizing
the yield. Using MC simulations, the overall performance of the new device was
studied. The device’ s detection efficiency is 32.00%, and the neutron decay
time is 49.58 ps. When the D-D neutron generator’ s yield is stable at 1 x 105
s—1, the counting rate at the bottom 3He tube remains at 270 s—1.

The M-C coupling curve obtained for highly enriched uranium materials enables
preliminary quantification of uranium in materials with various 235U enrich-
ments. The deviation between calculated and theoretical mass values is less
than 100 g. For samples with more than 50% 235U enrichment, the relative
deviation is below 10%. This research lays the foundation for the development
and experimental validation of neutron multiplicity measurement devices based
on D-D neutron generators. The study also discusses the sources of the device’
s quantitative error and corrects the calculation of the neutron multiplication
factor M by acquiring the actual fission neutron detection efficiency f. Based
on the fission behavior of a unit 235U metal sphere in the sample chamber, the
new device shows a stable neutron flux region of only 2.5 cm in size at the center
of the sample chamber. To further improve measurement precision, additional
optimizations to the sample chamber structure or the spatial distribution of
fission neutrons are needed.

Lastly, a correction factor k is proposed to address complex sample measure-
ments, along with a method for fitting regression coefficients using the partial
least squares regression (PLSR) algorithm. The average relative deviation of the
corrected sample mass was reduced from 20.67% to 8.18%. This study, through
MC simulations, validates the feasibility and practicality of the D-D neutron
source-based multiplicity measurement device for production applications, pro-
viding a reference for the design of active neutron multiplicity instruments and
uranium quantification methods.
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