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Design of the Container for the
Sampling and Detection Monitoring
System of N-13 in Pressurized Water
Reactor Primary Loop Water Leakage
Based on the Coincidence Method

Yue Zhao*, Guo-Pu Qu and Jian-Liang Zhou

School of Nuclear Science and Technology, University of South China, Hengyang, China

The N-13 coincidence method is an effective approach for monitoring the primary
loop leakage in pressurized water reactors. The high coincidence efficiency and low
background are crucial to achieving a lower limit of measurement for such a monitoring
system. In this paper, we proposed four types of geometric designs of the sampling
composing Nal(Tl) detector. For varying container volumes (V), the detection efficiency (g)
of these containers was investigated through the Geant4 simulation and experimental
measurement. The value of eeV, which is a key combined parameter, was obtained
accordingly. Finally, we obtained the optimal size of the suitable sampling and detection
container for the coincidence method.
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INTRODUCTION

During the operation of nuclear power plants, a series of uncertainties, such as the stress relaxation
of material and weld joint pressure corrosion, can cause the leakage of the primary loop radioactive
water (D’Auria et al., 2017). Such leakage may affect the safety of operation of the nuclear
power station, and so it should be accurately monitored. Methods to detect the release of reactor
coolant to the containment include the indication and/or monitoring of changes in (a) airborne
particulate radioactivity, (b) airborne gaseous radioactivity, (c) containment atmosphere humidity,
(d) containment atmosphere pressure and temperature, and (e) condensate flow rate from the air
coolers (Dissing and Svansson, 1980; Aoki, 1991; Zheng et al., 2016). Among these methods, a
reliable leakage monitor method is to measure the concentration of 1*N in the containment vessel,
e.g., by using the y-ray energy spectrum method. The use of >N as tracer isotopes for a reactor
coolant pressure boundary leakage detection system has been experimentally demonstrated at the
R2 research reactor at Studsvik, Sweden (Dissing and Svansson, 1980). Ling-Qiu et al. applied this
method to study the leakage of 3N in the primary loop of nuclear power stations. The lower limit
of detection was 11 L/h, which occurred at the pressure vessel for the 600-MW nuclear power plant
in Qin Shan, China. The lower limit of detection of the !*N energy spectrum method is high, and
the small-amount leakage of the first loop is difficult to find. For the energy spectrum method,
the detector system requires good stability, and it is challenging to achieve long-term stability
for such system. The coincidence method is a common method to measure the radionuclide
activity of simultaneously emitting several rays, which can effectively reduce the background,
improve the signal-to-noise ratio and reduce the stability requirements of the measurement
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system (Ember et al, 2004; Vidmar et al., 2007; Antovic and
Svrkota, 2009; Volkovitsky and Naudus, 2009; Tillett et al., 2017;
Zhang et al., 2018). However, the disadvantages are the low
coincidence efficiency and long measurement time. Because >N
is a short-lived positron emitter, its positron annihilation can
produce two gamma photons with equal energy of 0.511 MeV in
opposite directions. Hence, we propose a method to measure the
concentration of N in the containment using the coincidence
method. In this paper, we focus on designing an appropriate
sampling and detection container with a high coincidence
efficiency. Geant4 simulation and experimental measurements
were performed to optimize the detection efficiency of the
container for several geometric schemes.

METHODS
Theoretical Descriptions

The elastic collisions between a neutron from the nuclear fuel
fission and a hydrogen nucleus in water produce recoil protons:

fH—l—n—)n—i—p (1)

When the produced protons have energy higher than 5.5 MeV,
they may interact with 'O and produce *N via:

0+p PN+ (2)

Here, N is a positron emitter, which has a half-life of 9.96 min.
The emitted positrons lose their energy when they pass through
matter, annihilate with abundant electrons surrounding them,
and decay into two y-ray protons with equal energies of
0.511 MeV.

The concentration of *N (defined as Nj) in primary loop
water is proportional to reactor power P:

N;=K;P (3)

where K; is the coeficient in the unit of L~ (MW)~!.

If the water in the primary loop leaks, it can be gasified due
to its high temperature and pressure, and >N exists in a gaseous
form in the containment vessel. The gas in the vessel was pumped
into a sampling container and measured with the coincidence
system. The leakage rate V[ is obtained from the net coincidence
counting rates (n), transmission coefficient (K;), and reactor
power (P) as follows:

n n
VL = =
K>N; KiK>P

(4)

Here, the units of the true coincidence rate and leakage rate are
cph and L/h, respectively.

Transmission coefficient K, is the true coincidence rate
measured by the coincidence system when the leakage rate of
the primary loop radioactive water is 1 L/h in the containment.
K, depends on many factors such as coincidence efficiency ¢
of the gamma ray with an energy of 0.511 MeV, gasification of
water leaked from the primary loop, uniform mixing time t;, gas

transmission time of gas in the sampling pipe (f;) and sampling
container (f3) as follows:

K EQe—}\tl e—)utz(l_e—)nt_z) (5)
2T wVi

where A is the decay constant of 3N in units of h™!, Q is the
sampling flux in units of L/h, and V; is the volume of hood
containment of the reactor driving mechanism ventilation in
units of L. As a result, leakage rate Vi, can be expressed as:

N nAVI
T gQe Mg M2(]1—e~M3)K P

Vi (6)

When the reactor operates at full power, by substituting Equation
(3) into Equation (6), the leakage rate becomes:

ni V1

Vi =
L eQe Mig—Mz2(]—e~M3)N;

™)

The lower limit is an important parameter for the detection
instrument system. At 95% of confidence probability, if only
statistical fluctuations are considered, lower limit of net count Np
can be expressed as (Knoll, 2000):

Np = 4.65\/N; (8)

Where Ny, is background counts. To convert Np in counts to
minimum detectable activity A, the additional factors of radiation
yield per disintegration (f), measurement time of background t,,
and absolute detection efficiency (¢) must be taken into account
(Knoll, 2000):

. & _ 4‘65\/1717 9)
- fStb N fé’;‘tb

The activity of the gas in the sampling container (A;) is
determined by concentration of 3N (N) in the gas and volume
V of the sampling container. It takes a form:

A} = ANV = AKVLV (10)
Here K is a constant.

When A; equal to A, the lower limit of leakage rate Vip can
be expressed as:

Ny
4.65 W2

KfheV (1)

Vip=

During the measurement, Kfk can be considered a constant.
From Equation (8), we find the designing sampling and detection
container, which can enhance the coincidence efficiency and eV,
which is a key issue to reduce the lower limit of detection of the
13N leakage monitoring system.
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Preliminary Design of the Sampling and

Detection Container

The Marinelli beaker (MB) as a sampling container has been
used for the ®N leakage monitoring system based on the
y-ray energy spectrum analysis (Dissing and Svansson, 1980;
Erbeszkorn et al, 1996; Ahmed et al, 2009). The design
parameters of the MB container enable one to detect gamma
ray with energy of 0.511 MeV. We design the current sampling
and detection container based on the MB container. Since
the positron annihilation can produce two gamma photons
in opposite directions, the sampling container is selected as
a sealed stainless-steel (1Cr18Ni9Ti) cylindrical container. The
stainless-steel container is 1mm thick. The inner and total
heights are 78 and 80 mm, respectively. Five @3”x3”Nal(TI)
detectors were used as coincidence detectors. Among them, one

was installed at the center of the container, and the others were
symmetrically distributed around the container. To obtain an
optimal coincidence detection efficiency of the container, four
types of geometric designs of the container were selected: four
detectors were installed outside the container (NO.1), a quarter of
the detector circumference was located in the container (NO.2),
the center of the detector in the circumference of the container
(NO.3) and all detectors in container (NO.4). A schematic of
these sampling and detection container arrangements is shown
in Figure 1.

Detection Efficiency Simulation

The Geant4 toolkit (Agostinelli et al., 2003) presents an object-
oriented programming that enables one to select among a wide
range of physical processes or implement them according to
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FIGURE 1 | Diagram of the sampling container.
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FIGURE 2 | Simulated geometry with GEANTA4.

TABLE 1 | Technical dimensions of detector provided by the manufacturer.

Component Dimension (mm)
Nal(Tl) crystal diameter 76

Nal(Tl) crystal length 76
Magnesium oxide thickness 2
Cladding aluminum thickness 1.5

experiment requirement. In this work, Geant4 was used to
simulate the entire sodium iodide detector assembly, materials,
and sampling containers with different volumes, as shown in
Figure 2. The dimensions of the sodium iodide crystal, thickness
of reflective-layer magnesium oxide, and thickness of cladding
aluminum were provided by the manufacturer, as shown in
Table 1; the thickness of the stainless steel was physically
measured using a Vernier caliper. The physical processes
activated in the detector model of this work are: Compton
scattering, pair production, photoelectric effect for photons,
ionization processes, multiple scattering and Bremsstrahlung
for electrons, and ionization processes, multiple scattering and
annihilation for positrons. The >N nuclei were uniformly and
randomly generated in the sampling container. To ensure that the
simulation was most similar to the experimental measurement, a
useful signal was taken when the energy deposition of gamma ray
in the NaI(TT) crystal exceeded 150 keV, and the coincidence only
formed only when any two detectors simultaneously generated
useful signals. Sampling numbers of 10°, 10, 107, and 108 were
used to test and ensure statistical uncertainties.

Experiment Measurement

Gaseous 3N Production

Gaseous >N was produced with cyclotron protons (whose energy
was 16.5 MeV) by bombarding deionized water in the target
chamber. The bombardment lasted approximately 10 min. The
produced N existed in the form of liquid *N-NO; and *N-
NOj . After pressured by dense argon, they were delivered to
a collection container with Devardas alloy and NaOH. The
collection container was also shielded by a lead chamber. After
a few minutes, the produced > N-NHj in the collection container
was transferred into a 5ml vacuum bottle. The activity of 1*N
was measured using an activity meter CRC-25R produced by
CAPINTEC.IN, and activity Ay was recorded. Furthermore,
I3N-NH; was pushed under the effect of CCly as a booster
and sampling container for the following measurement of the
coincidence efficiency, which will be later discussed. A detailed
flow chart of the >N production is shown in Figure 3.

Sampling Container and Measurement System

To verify the accuracy of the simulation detection efficiency, the
detection efficiency of '*N was experimentally studied in the
laboratory. Four arrangements of containers with the capacity of
two liters were produced. All parameters are identical to those in
the preliminary design, as discussed. The radii of four types of
containers (NO.1-NO.4) were 100, 110, 120, and 130 & 1.0 mm.
The sampling containers and detector are shown in Figure 4.
The measurement system consists of five @37 x 3”Nal(TI)
detectors, which were purchased from Bei Jing ZhongGuang
Detector CO.LTD CHINA, and a data acquisition system, which
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FIGURE 4 | Detector and sampling container used in experiment.

was purchased from Beijing Nuclear Instrument CO.LTD. The
detector and sampling container are shown in Figure 4.

Five @3” x 3”Nal(TI) detectors were installed into locations
of the sampling container. The background of the coincidence
detection system and coincidence efficiency were measured
without the lead shield. In our experiments, the threshold of
a single channel depends on the pulse amplitude of gamma
rays of 0.511 MeV. The lower threshold of a single channel
was set to 20% of the amplitude of the pulse, and the upper
threshold was 120%. The input pulse width in the coincidence
circuit was set to 0.5 ps, which satisfies the requirement of
time resolution for the discussed coincidence measurement.
According to the arrangement of five detectors and characteristic
of the positron annihilations, we see that even if there is a
radioactive source, it has very low probability to form true
coincidence between detector 1 and detector 3 or between
detector 2 and detector 4. To reduce the background of the
coincidence system, these two types of coincidence events are
considered negligible.

RESULTS AND DISCUSSION

Data-Based Geant4 Simulation for
the Efficiency

Due to the limitation of space in the containment, the sampling
container volume of the primary loop leakage monitoring system
is small, so the max radius of the container is only 16 cm in the
simulation calculation. For different container radii, coincidence
efficiency € and eV are shown in Figures 5, 6. The coincidence
efficiency decreases with the increase in container radius due
to the decreased solid angle of the NaI(TI) detector. Unlike
the coincidence efficiency, eV first increases and subsequently
decreases with the container radius. Maximal coincidence
efficiency and ceV are obtained to be 11.55% and 0.103,
respectively. According to the relationship between detection
lower limit Vip and ceV, we can find that when the fourth
container radius is R = 130 mm, the detection limit is minimal
in all simulated sampling containers, which is theoretically
considered the optimal sampling container size.
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FIGURE 5 | Coincidence efficiency vs. container volume (simulation results).
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FIGURE 6 | ceV vs. container volume (simulation results).

Background of Single Detector and

Coincidence System

The backgrounds of the single detector and coincidence detection
system were measured without the lead shield within 10,000s.
The results for three repeated measurements and their average
value are shown in Table2. The coincidence measurement
system rapidly suppresses the background count rate for a single

TABLE 2 | Background resullts.

Number Background Coincidence Ratio of
count rate background coincidence

of single count rate (S“) background and

detector (S~1) background of

single detector
1 66.63 0.10 1.5 x 1073
2 65.66 0.12 1.8 x 1073
3 66.16 0.09 1.4 x 1073
Average 66.15 0.10 1.6 x 1073

detector to the order of 0.1 Hz, which is only 1/660 times of that
from a single detector.

Coincidence Efficiency

Under the same condition of measuring the background
coincidence, we performed the coincidence measurements. The
measurement integral is selected as 300 s. For the short-lived *N
isotope, its activity visibly decreases during the measurements.
Both numbers of decayed nuclei in the measurement period and
true coincidence events should be considered to calculate the
coincidence efficiency, which takes a form:

nA
— 0,
&= Ag(eH B0 — gt x 100% (12)

Here, n is the true coincidence events, A is the decay constant,
Ay is the activity of 3N at time to, and t; and t, are the initial
and end time of the coincidence measurement, respectively.
The results for three repeated measurements, which correspond
to three types of 13N activities are shown in Table3. For
different '*N activities, the coincidence efficiencies obtained with
Equation (9) are consistent with one another within systematic
and statistical uncertainties.

Coincidence efficiency ¢ and eV of the four containers
are summarized in Table4. The comparison between
simulation and experimental results shows a slight discrepancy
of <5%, which further validates the Geant4 predictions.
This difference may be caused by the effect of ¥F and
150 produced from the cyclotron accelerator, since these
short-lived isotopes with tiny quantity are present in
the liquid of N-NOyand N-NO; due to the lack
of separation.

In our work, four arrangements of containers with the
capacity of two liters were used in the experiment, and the results
are in good agreement with simulation. However, due to the
lack of experimental or theoretical verification, the results of
other volumetric containers are uncertain. If the method was
applied to engineering, further experiments are needed to verify
the reliability of the results.

CONCLUSION

Based on the '*N decay characteristic, we proposed the gamma-
gamma coincidence method to measure the concentration of
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TABLE 3 | Coincidence efficiency and eeV for different arrangements of containers.

Container number Capacity Decayed True coincidence Efficiency eV (%) eV
V(L) nuclei number N events n & (%)

60,4700 9252 1.53 0.030

NO.1 1.99 42,7083 6790 1.59 0.032 1.56 0.031
30,2255 4745 1.57 0.031
72,8700 1,8873 2.59 0.061

NO.2 2.34 51,4813 1,3488 2.62 0.061 2.62 0.061
36,4353 9691 2.66 0.062
66,7700 1,6892 2.53 0.059

NO.3 2.35 47,1724 1,2170 2.58 0.061 2.54 0.060
33,3836 8379 2.51 0.059
81,6700 4,0590 4.97 0.100

NO.4 2.02 57,6982 2,8214 4.89 0.098 5.02 0.101
40,8347 2,0744 5.08 0.102

TABLE 4 | Comparison of the simulated and measured results.

Container number Container radius (cm)

Container capacity V(L)

Simulation results Experimental results

Efficiency z (%) eV Efficiency z (%) eV
NO.1 10 1.99 1.63 0.032 1.56 0.031
NO.2 11 2.34 2.71 0.064 2.62 0.061
NO.3 12 2.35 2.59 0.061 2.54 0.060
NO.4 13 2.02 5.08 0.1038 5.02 0.101

I3N. This coincidence method can be applied to monitor the
leakage of >N from the primary loop of nuclear power plants.
To improve the coincidence efficiency and eeV value, four
types of sampling and detection containers were designed.
The coincidence efficiencies in four arrangements of sampling
and detection containers were investigated through Geant4
simulations and experimental measurements. The results show
that when the NO.4 sampling and detection container (five
detectors in the container) has radius R = 130mm, the
coincidence detection system has a higher detection efficiency
and maximum eV value for *N. Thus, the NO.4 container
of this size has optimal arrangement sampling and detection.
This work was performed in the laboratory, and the effects
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