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Abstract

The quantitative measurement of nuclear material hold-up in the process equipment is
one of the technical challenges in nuclear material measurement for nuclear facilities. Its
results are directly related to the optimization of radiation protection, the criticality safety
control of nuclear materials, and the accurate accounting of nuclear material. As a key
core equipment in the nuclear material reprocessing process, the precipitation reactor is
restricted by the complex on-site environment, compact spatial layout, and continuous
operation process, making it difficult for traditional measurement technologies to conduct
accurate quantitative analysis of the internal hold-up. To address this issue, this paper
proposes a method for measuring and analyzing the hold-up in the precipitation reactor
based on the passive neutron counting method. A laboratory model of the precipitation
reactor is constructed, and a multi-detector neutron measurement system is developed
in this work. By combining Monte Carlo (MC) simulation with experimental calibration
of standard point sources, a mathematical model suitable for hold-up measurement of
the precipitation reactor is established. Meanwhile, uncertainty analysis of key data was
carried out, and the accuracy of the model was verified by operational Pu samples of
various masses, effectively reducing the measurement deviation caused by the uneven
distribution of hold-up in the equipment and model assumptions. This research provides
a more reliable technical reserve and reference paradigm for the measurement of nuclear
material hold-up in nuclear facilities.
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1. Introduction

The accurate measurement of nuclear material hold-up is a key link in the nuclear
safeguard supervision system and nuclear material accounting [1,2]. It directly affects the
operational safety of nuclear facilities, the effectiveness of nuclear material control, and the
implementation of nuclear non-proliferation mechanisms [3].

The precipitation reactor is a core and key equipment in the nuclear material reprocess-
ing process system, which is primarily responsible for the technological functions of nuclear
material separation and purification. Its operational stability and nuclear material process-
ing accuracy are directly related to the overall efficiency of the reprocessing process and the
quality of nuclear material control [4,5]. To meet the requirements of criticality safety, the
currently applied precipitation reactors generally adopt an annular cavity structure with an
upper cylindrical and lower conical design. Although this structure can effectively avoid
the risk of nuclear criticality, it results in a complex internal flow channel of the equipment.
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Meanwhile, as a core unit of the reprocessing process, the precipitation reactor is required
to operate continuously for a long time with a compact external layout. The superposition
of multiple factors leads to the easy adsorption and deposition of nuclear materials on the
wall surface of the annular cavity, forming intractable nuclear material holdup. Affected
by both process conditions and equipment structure, the holdup nuclear materials exhibit
the characteristic of uneven spatial distribution in the radial and axial directions inside the
reactor. Restricted by detection accuracy, spatial resolution and equipment adaptability,
traditional measurement technologies (e.g., gamma spectrometry) are difficult to achieve
accurate quantitative detection of nuclear material holdup in such complex structures,
which has become a critical issue in nuclear material accounting and control.

In the field of nuclear material holdup detection, the y-ray spectroscopy method is
one of the widely applied detection techniques today [6,7]. However, this method has an
inherent defect of insufficient ray penetration, making it difficult to effectively detect the
main nuclear material holdup areas inside the annular cavity of the precipitation reactor,
and the accuracy and integrity of the detection results cannot meet the actual demands. As
a classic method in the field of non-destructive analysis of nuclear materials, the passive
neutron counting method relies on the neutron emission characteristics of nuclear mate-
rials. Neutrons, if compared with low energy gamma-rays emitted by nuclear materials,
penetrate the hold-up deposits and metal structures of the precipitation reactor easily, mak-
ing spontaneous neutrons a suitable source term to perform accurate measurements and
nuclear materials quantification. Combined with the structural and process characteristics
of the measured object, passive neutron counting can realize the quantitative character-
ization of nuclear material content in the measured object by detecting and analyzing
the neutron count rate generated by nuclear materials. Its technical advantages such as
strong detection penetration, no need for an external radioactive source and convenient
operation make it a potential optimal method for the detection of nuclear material holdup
in precipitation reactors.

Taking the accurate detection of nuclear material holdup in precipitation reactors as
the research objective, this study aims at the characteristics of the complex upper cylindrical
and lower conical annular cavity structure and the uneven spatial distribution of nuclear
material holdup in precipitation reactors. Adopting a research method combining simula-
tion and experimental verification, the research on the detection of nuclear material holdup
in precipitation reactors under laboratory conditions is carried out by optimizing the spatial
layout of neutron detectors. This study is intended to develop a set of high-accuracy and
easy-to-deploy non-destructive detection methods for nuclear material holdup that adapt
to the structural characteristics of precipitation reactors. It can provide technical support
for the decommissioning verification of nuclear facilities and the daily control of nuclear
materials in in-service nuclear facilities, and supplement key detection data for the realiza-
tion of the full-process accurate accounting of nuclear materials, thus helping to improve
the integrity and effectiveness of the nuclear material safeguards supervision system.

2. Measurement Principle

Extensive research has been conducted on y-ray-based nuclear material hold-up mea-
surement techniques, leading to the development of a mature methodological system
centered on energy spectrum analysis and passive efficiency calibration, which is suitable
for scenarios involving conventional shielding and small-scale precise measurement [8-11].
Compared with y-rays, neutrons possess stronger penetration capability and significant
scattering effects, making them more suitable for the measurement of nuclear material
hold-up in thick-shielded environments, large-scale and multi-region scenarios, as well
as for the “surface coverage” measurement and monitoring of specific process equip-
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ment [12,13]. Owing to its simple equipment structure and fast response speed, the total
neutron counting method is more applicable for the quantitative measurement of hold-up
in precipitation reactor. The key parameter affecting the accuracy of total neutron mea-
surement is detection efficiency, which can be obtained by experimental measurement and
Monte Carlo simulation.

In this work, the total neutron counting method is used to measure the spontaneous
fission neutrons of Pu isotopes and the («, 1) neutrons from Pu oxide in the precipitation
reactor [14]. Based on the weight fractions of Pu materials, combined with the spontaneous
fission neutron yield and («, n) neutron yield parameters of Pu isotopes, the neutron
emission rate per unit mass of Pu materials can be calculated, as shown in Equation (1).
Since the measurement duration is much shorter than the half-life time of Pu isotopes, the
isotopic composition can be regarded as constant.

Npy = (vsm + U(tx,n)zas)f238 + (05239 + v(“,”)239)f239 + (05240 * v(“'n)z‘m)f

240 (1)
+ <05241 + Z’(z><,n)241)f241 + (05242 + U(a,1n)p49 foa2

where Np,, [g_1 -s~1]is the neutron emission rate of 1 g of Pu material, vs,,, [s71]- Vsnyo [s71]
- : 238py,_242 -1 -1

are the spontaneous fission neutron yield of ~*Pu—=""Pu, v(y ), [s" -0 (4u),,, [s""] are

the reaction neutron yield of 238py-242py, fa3s—f242 are the weight fractions of Z38py—242py,

The spontaneous fission neutron yields of Pu isotopes are listed in Table 1.

Table 1. The spontaneous fission neutron yields of the Pu isotopes [15].

Nuclide Spontaneous Fission Neutron Yield/(g=1-s71) («, n) Reaction Neutron Yield/(g—1-s—1)
238py 2.59 x 103 1.34 x 10*
29py 2.18 x 1072 3.81 x 10!
240py 1.02 x 103 1.41 x 102
21py 5.00 x 102 1.30
242py 1.72 x 10° 2.00

The measured mass of the Pu sample is calculated according to Equation (2). The
core of realizing the measurement of Pu nuclear materials lies in determining the detection
efficiency of the device.

1o

m=—— (2)

o & X Npu

where m [g] is the measured mass of the Pu sample, 1y [s~!] is the measured net total
neutron count rate, ¢ is the detection efficiency.

From Equations (1) and (2), it can be concluded that the detection efficiency of the
measurement system is the key parameter that determines the accuracy of nuclear material
hold-up measurement. In this work, the detection efficiency of the system is accurately
determined by combining Monte Carlo simulation and standard source measurement.

3. Design and Optimization of Precipitation Reactor and
Measurement System

As a key process equipment in nuclear material reprocessing, the precipitation reactor
features a large scale and is typically installed at elevated positions [16,17]. The primary
functions of the precipitation reactor are to accomplish the precipitation reaction of nuclear
materials and ensure criticality safety control. Its structure mainly consists of an annular
precipitation reaction chamber (with an upper cylindrical section and a lower conical
section), monitoring instruments, and internal neutron poisons, as illustrated in Figure 1.
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Figure 1. Schematic diagram of the internal structure of the precipitation reactor (internal neutron

poisons are not shown).

3.1. Design of the Experimental Model

To investigate the hold-up measurement method of the precipitation reactor in detail, a
scaled-down experimental model of the precipitation reactor was developed while preserv-
ing its overall configuration (upper cylindrical, lower conical). Considering the limitations
of experimental space, the reduced dimensions were set to a diameter of 320 mm and a
height of 450 mm. Key components were retained to simulate the actual process, including
the annular reaction chamber, the casing for detection instruments, and the interfaces for
inlet and outlet pipelines of feed liquid. Eight evenly distributed openable windows were
arranged slightly above the mid-height of the outer shell of the annular chamber. This
design allows radioactive standard samples to be placed at various positions inside the
chamber to simulate the spatial distribution of hold-up. The structure of the experimental
model is illustrated in Figure 2.

== SE
al L
i;nterfaces
g/
N { openable window
support structure
outer wall

Figure 2. Schematic diagram of the precipitation reactor laboratory model ((a): shell; (b): 3D cross-
sectional view).

Considering the environmental constraints and measurement requirements, and abid-
ing by the design principles of lightweight structure, collaborative detection, and antifoul-
ing performance for the integrated detection system, a suspension mounting scheme was
adopted. The measurement assembly was installed from the top of the precipitation reactor
to avoid occupying internal space of the equipment. The combined application of multiple
detector groups allows full coverage of the radial and axial regions of the annular chamber,
thus enhancing the response performance to non-uniformly distributed hold-up.

The detection system for the precipitation reactor comprises three components: the
detector subsystem, the electronics module, and the data processing system, as shown in
Figure 3. The detector subsystem adopts *He neutron detectors (Model SK03218, manu-
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factured by LND, Incorporated (Oceanside, NY, USA), with an effective operating length
of 400 mm). The exterior of each detector is equipped with a 1.3 cm-thick high-density
polyethylene layer and a replaceable stainless steel shell, which are intended to improve de-
tection efficiency and mitigate radioactive contamination. The electronics module performs
signal acquisition and processing based on the fundamental principle of charge-sensitive
preamplification, using the A111 chip produced by AMPTEK, Inc. (Bedford, MA, USA)
as the main chip. A Schmitt trigger is employed at the backend to widen and adjust the
pulse width, followed by a gate circuit for shaping the output waveform. This electronics
module can achieve signal acquisition and processing at a maximum frequency of 2.5 MHz,
which can effectively satisfy the signal processing requirements of the *He detectors and

the counting system.

'

electronics
module

—He tube

s [~ \polyethylene

<—— stainless steel

Figure 3. Schematic diagram of the detection system for the precipitation reactor.

The simulation diagram and physical objects of the precipitation reactor and the
detection system are shown in Figure 4. The research on the hold-up measurement system
was carried out based on this integrated system.

Figure 4. The precipitation reactor and detection system ((a): simulation diagram; (b): physical object).

3.2. Performance Testing

To verify the measurement uniformity and stability of the detection system, experi-
mental investigations were performed on the hold-up measurement system.

3.2.1. Uniformity Test

To ensure the measurement uniformity of the detection system, the detection efficiency
of four groups of measurement modules was measured respectively. Combined with
the experimental parameters in the simulation, The 2>?Cf standard neutron source (source
strength of 106,532.8 s~ ! on the test day, Uy = 6% (k = 2)) was used for experimental testing
and verification. The neutron source was placed at the center of the experimental model,
where the distance from the radioactive source to each of the four groups of measurement
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modules was the same. The measurement time was 300 s (30 s x 10 timplease confirm
whether the funding information in the Acknowledgments section should be moved to the
Funding section.es), and the measurement results are shown in Table 2.

Table 2. Data of the uniformity Test.

Net Counting Rate . . o o . . o Detection
Module s-1) Efficiency (%) Average (%)  Relative Bias (%) Efficiency (%)
1 286.25 0.269 0.6
2 285.37 0.268 0.30
3 284.26 0.267 0.267 0.09 1.06
4 282.23 0.265 0.81

Note: the detection efficiency here refers to the sum of the detection efficiencies of the four modules. Relative
Bias = (Efficiency — Average)/Average.

3.2.2. Stability Test

The 2°2Cf standard source was placed at the center of the annular chamber for mea-
surement, with a total measurement time of 36 h (30 s x 4320 times). The measured net
neutron count rate was 1054.5 s~! (the source strength on the test day was 99,582.4 s~ 1).
The net neutron count rate is the total value summed from all four detection modules. Un-
less otherwise specified, the term “net count rate” hereinafter refers uniformly to the total
neutron count rate of the four modules. The detection efficiency of the measurement system
was calculated to be 1.06%, and the relative standard deviation (RSD) of the measurement
was 0.59%, which is calculated by dividing the standard deviation of the counting rates by
the average counting rate, reflecting the long-term stability of the detection system, demon-
strating good long-term stability of the measurement system. Meanwhile, the detection
efficiency obtained from both long-term measurement and short-term measurement was
1.06%, which proves that the hold-up measurement system has good overall stability.

3.2.3. Detection Limit

After the debugging of the detection system, long-term environmental background mea-
surement was carried out, with a measurement time of approximately 50 h (30 s x 6000 times).
The average value of the background count rate was measured to be 0.94 s~!, and the stan-
dard deviation (SD) was 0.19 s~ !, which further verifies the stability of the measurement
system. According to the empirical Equation (3), which is simplified from the detection
limit formula specified in ISO 11929-1:2025 [18], the detection limit of the measurement
system was calculated to be 6.3 mg (normalized to the effective mass of 240Py). The total
detection efficiency used in the calculation is obtained from the 252Cf point neutron source
experiment, and the calculated detection limit of 6.3 mg should be regarded as an order of
magnitude, which is related to the Pu isotopic distribution (Equation (1)) but not related to
the distribution of Pu-material hold-up within the reactor vessel.

L ~ 3 X 4/1800 x N 3)

P(mg) ™ 7,02 x 1800 x €
where Lp () is the detection limit normalized to effective mass of 240Py, and N, [s7!]
is the neutron background count rate, the value of 3 represents the confidence factor
(corresponding to a confidence level of 99.73%), 1800 denotes the measurement time of

1800 s, and 1.02 is an empirical coefficient normalized to the effective mass of 240py,
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4. Establishment of the Mathematical Model

The simulation is carried out based on the Monte Carlo method. The structure and
dimensions of the simulation model are consistent with the Precipitation Reactor model
established in the laboratory (dimensions are diameter 320 mm and height 450 mm), except
that only the top transport pipe is omitted, which has been verified to exert no significant
influence on the simulation results. The reactor model is an annular chamber with an
upper-circular and lower-conical configuration equipped with a top cover plate. The
detector model includes 12 3He proportional counters at 4 atm (diameter 2.54 cm, effective
length 40 cm), with both the stainless steel casing and *He gas region fully established.
The detectors are wrapped by a 1.31 cm-thick high-density polyethylene moderator and
a 0.17 cm-thick stainless steel protective sleeve in sequence, as shown in Figure 5. The
neutron emission rate of 1 x 10° s~! is set to characterize the neutron emission intensity of
nuclear materials. The simulated radioactive sources are respectively placed on the inner
and outer walls at various axial heights, where the holdup is likely to be distributed.

top cover plate
3He gas
polyethylene
stainless steel

inner wall

: :' outer wall

Figure 5. Cross-section schematic diagram of the precipitation reactor and detection system.

When the simulated point source was placed at the center of the annular chamber, the
calculated detection efficiency was 1.03% (relative error was 0.93%). To verify the accuracy
of the mathematical model, the ?°>Cf standard source and the Pu sample were respectively
placed at the center of the precipitation reactor (consistent with the simulation position),
and measurement experiments were carried out to calculate their detection efficiencies.
The specific results are shown in Table 3.

Table 3. Comparison of experimental and simulated data.

Net Count Rate Nm‘nmal Expf:r.lment Sln.lu.lated Relative Bias
Sample (s-1) Emission Rate Efficiency Efficiency (%)
(s~ (%) (%) °
99,582.40 £
252 ,
Cf 1054 + 6 2987 47 1.06 £ 0.03 1.03 + 0.01 231+291
Pu 3.73 £ 0.31 379.40 £+ 18.97 0.98 £ 0.10 —5.35£211

Note: Relative Bias = (Experiment Efficiency — Simulated Efficiency)/Simulated Efficiency.

For the 2°2Cf and Pu samples, the relative bias between the experimentally measured
and simulated detection efficiencies is commensurate with its standard uncertainty, in-
dicating that the two sets of results are in good statistical agreement. This rigorously
validates the rationality, reliability, and high computational accuracy of the established
simulation model.

https:/ /doi.org/10.3390/jne7020039
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5. Hold-Up Measurement Error Analysis

The hold-up in the precipitation reactor is mainly distributed on the inner and outer
walls. Measurement experiments were performed along the axial and radial directions,
respectively, and industrial Pu samples were used to validate the measurement results.

5.1. Analysis of Radial Error

Since the hold-up in the precipitation reactor is mainly distributed non-uniformly
along the axial direction, a combined simulation and experimental verification strategy
was adopted in this work. A point source model was employed in the simulation, and
the experiments were performed at positions consistent with the simulation. The 2>2Cf
standard neutron source (the source strength of the test day was 99,725.5 571, U, = 6%
(k = 2)) was placed at eight window positions for measurement respectively. Three heights
were selected for each window, with the axial distances from the reactor top being Hy =7 cm,
H; =20 cm and Hj = 35 cm (distances from the top of the reactor), totaling 24 measurement
points. Each point was measured for 300 s (30 s x 10 times). The detailed results are
presented in Table 4 and Figure 6.

Table 4. Measurement results of spatial efficiency radial uniformity distribution.

Height (cm) 7 20 35
Window Number Detection Efficiency (%)
1 1.19 1.49 1.26
2 1.30 1.55 1.25
3 1.22 1.49 1.20
4 1.24 1.54 1.23
5 1.27 1.48 1.21
6 1.26 1.60 1.32
7 1.29 1.49 1.27
8 1.22 1.47 1.23
average value (%) 1.25 1.52 1.25
maximum bias (%) 4.28 5.26 5.60
1.8
—=— T7cm
Lok —o— 2lcm
' ./O\'/o\/\:: 35cm
S
> 1.4
é 1.2
o
Lo
0. 8 L L 1 1 1 1 L L
0 1 2 3 4 5 6 7 8 9

Window Number
Figure 6. Efficiency distribution of eight windows at different heights.
The results listed in Table 4 and Figure 6 confirm that the measurement system exhibits
excellent radial response characteristics. For the eight observation windows at the same

height, the maximum relative deviation between the measured values and their average
value is less than 5.6% at all measurement positions.
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5.2. Analysis of Axial Error

Since the hold-up in the precipitation reactor is mainly distributed non-uniformly
along the axial direction, a combined simulation and experimental verification strategy
was adopted in this work. The point source model was employed in the simulation, and
the experiments were performed at positions consistent with the simulation. The 2>2Cf
standard neutron source (source strength: 99,725.5 s~! on the measurement date) was
utilized, and six axial positions closely attached to the outer wall of the annular chamber
were selected as measurement points. The measurement time for each position was 300 s
(80 s x 10 times). The detailed results are presented in Table 5 and Figure 7.

Table 5. Comparison of Simulated and Experimental Axial Detection Efficiencies.

Altitude (cm) Coordinate Eifcloncy (%) Effctency () Relative Bas (00
7 (14.89 4.44 —7.00) 1.20 1.25 -3.61
14 (14.89 4.44 —14.00) 1.48 1.45 0.92
21 (14.89 4.44 —21.00) 1.56 1.55 —0.58
28 (14.89 4.44 —28.00) 1.51 1.50 0.60
35 (14.89 4.44 —35.00) 1.27 1.24 2.73
38 (13.46 4.01 —38.00) 1.01 1.01 —0.29

Note: Relative Bias = (Simulation Efficiency — Experiment Efficiency)/Experiment Efficiency.

2.0
—B— Simulation
- —o— Experiment
= 1.5F — L
£ /. \
2 [} '\
b=
QL 1.OF
9
&
[0}
0.5 F
0 O L L L L L L L L

5 10 15 20 25 30 35 40
altitude (cm)

Figure 7. Comparison of simulated and experimental detection efficiency curves along the ax-
ial height.

Six measurement points at different axial heights were selected, and the detection
efficiency was obtained by simulation and experiment measurement respectively. As shown
in Figure 7, the simulation and measured detection efficiency curves exhibit consistent
linear trends. The maximum relative bias between simulation and experiment is only 3.61%,
which further validates the accuracy and reliability of the simulation model. Thereafter, the
detection efficiency calculated with this verified simulation model can be directly applied
to the study of hold-up spatial distribution.

5.3. Pu Sample Measurement

Operational Pu samples were used to preliminarily validate the feasibility of the
proposed method. Owing to the large physical size of the samples, direct measurement
inside the annular chamber was difficult. Thus, the Pu samples were placed at the center
of the precipitation reactor model for measurement, with a single-point acquisition time

https:/ /doi.org/10.3390/jne7020039
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of 300 s (30 s x 10 times), as listed in Table 6. By combining the data in Table 1 with the
isotopic abundance information of the Pu samples and using Equation (1), the value of Np,,
was calculated to be 2.428 x 10~% g~!-s!. Based on the simulated detection efficiency at
the central position, the measured mass of the operational Pu samples was derived from
Equation (2) and subsequently compared with the nominal mass. The sample size and
placement position are identified as the main sources of the deviation.

Table 6. Comparison of Measured and Nominal Neutron Emittance Rates and Their Deviations for
operational Pu samples.

Number

Net Count Rate
(s 1)

Simulation
Efficiency
(%)

Calculate Mass Nominal Mass Relative Bias

(g) (g) (%)

373+ 025
5.01 £0.21
5.40 + 0.22

1.03 4 0.01 (8.79+£0.98) x 1072 (9.21+£0.65) x 1072 —4.35 + 12,53
1.02 + 0.01 (1.19+£0.11) x 1071 (1.28 £0.09) x 107! 6.46 + 10.57
0.98 & 0.01 (1.344+0.11) x 107! (1.424+0.10) x 10-!  —5.78 +10.37

References

Note: Relative Bias = (Calculate Mass — Nominal Mass)/Nominal Mass.

6. Conclusions

The precipitation reactor is a key process equipment in nuclear fuel reprocessing facili-
ties. Measuring the nuclear material hold-up inside it is of great significance for radiation
protection in the operation of reprocessing plants, criticality safety analysis, and accurate
accounting of nuclear materials. In this paper, a laboratory model of the precipitation
reactor and a hold-up measurement system were established. Through simulation and
experimental verification, the measurement uniformity, stability and reliability of the entire
system were comprehensively evaluated. Additionally, a variety of operational Pu samples
with different masses were measured to verify the accuracy of the simulation model. In fu-
ture research, it is necessary to combine actual on-site conditions, consider the influences on
hold-up measurement such as neutron-absorbing poisons in the precipitation reactor, trans-
portation pipelines and hold-up distribution, and continuously optimize the parameters of
the measurement model to further improve the accuracy of hold-up measurement.
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