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To assess the characteristics of 13N decay, a monitoring method of the primary loop leakage
rate based on the y-y coincidence method was proposed. In this work, sampling and measure-
ment devices were designed, in which Nal (TI) crystals were used as coincidence detectors.
The Geant4 simulation method was used to study the relationship between the efficiency &
and capacity V change of different devices, and the ¢V value under the corresponding capacity
was obtained. According to the value of ¢ V] the optimal sampling and measurement device was
determined, and then the detection efficiency of the device was calibrated experimentally.

Taking the 600 000 kW reactor of Qinshan Phase IT as the research object, the lower limit of
detection was discussed. When the sampling point was located in the fume hood of the control
rod drive mechanism, the theoretical lower limit of the coincidence method was 0.756 Lh-1.
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INTRODUCTION

There are large quantities of equipment, pipe-
lines, and valves in the primary circuit of a reactor. Un-
der the forces of high temperature and high coolant
water pressure, it is easy to produce weak links or in-
duce the expansion of original defects and cracks in
the boundary, leading to the leakage of coolant water
[1, 2]. When the leakage is excessive, the technical
specifications require the operation of the reactor to be
restricted. Therefore, a complete and effective leakage
monitoring system must be included in the reactor de-
sign. The primary loop coolant leakage monitoring
system mainly monitors radioactivity, such as particu-
late matter and gaseous matter, in the containment.
The judging leakage rate based on the concentration of
13N in the containment is an effective method, and this
method has been used in many nuclear power plants
[3]. At present, gamma spectroscopy is used to obtain
a concentration of 3N, and the lower limit of the moni-
toring system is approximately 10 Lh™![4]. The *N
energy spectrum method has a relatively high detec-
tion limit, and it is difficult to find a very small leak in
the primary loop. Moreover, the energy spectrum
method has high requirements for the stability of the
entire system. To assess the characteristics of >N de-
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cay, low background, and relatively low system stabil-
ity requirements of coincidence [5-10], a method for
measuring the concentration of >N in the containment
by the coincidence method was proposed.

THEORY

The elastic collisions between a neutron from
nuclear fuel fission and a hydrogen nucleus in water
produce recoil protons 'H+n — n+p

When the produced protons have energy higher
than 5.5 MeV, they may interact with '°0 and produce
BN via 0 +p — PN+«

Here, *N is a positron emitter that has a half-life
019.96 minutes, the emitted positrons lose their energy
when they pass through matter, annihilate with abun-
dant electrons surrounding them, and decay into two
gamma-ray protons with equal energies of0.511 MeV.

Theory of leakage measurement

The concentration of 3N in the primary water is
proportional to the power of the reactor. Once the high
temperature and high pressure water in the primary
circuit leaks into the containment, it will vaporize im-
mediately. Therefore, the leakage rate of the primary
circuit water can be obtained by detecting the intensity
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of gamma-rays with an energy of 0.511 MeV in the
uniformly mixed gas in the containment.

The concentration of N in the containment

If the reactor is operating at full power, the con-
centration of >N in the primary circuit coolant is N,
and the primary circuit has a constant leakage rate V|,
then the number of 13N nuclei per unit volume of air in
the containment has a constant increase P The
change rate of '*N nuclei N, per unit volume is as fol-

lows
dN
Y =P, —AN 1
4 v v (1)

where 1 is the decay constant of *N in units of h ' and
Ny can be derived from eq. (1)

Ny :%(PV —ce™H ) 2

when ¢ = 0, the leakage rate is zero, so Ny can be ex-
pressed as P
Ny === (=) 3)

In engineering, five cycles are generally used to
achieve uniform mixing, if the volume of the contain-
ment vessel is V (ignoring the volume of the ventila-
tion pipe) and the ventilation rate is Q,. then N, can be
expressed as

NV, _ _
, =L SAVIQ, (1M ) 4)
AV
when ¢ is the greater than five half-lives, the concentra-
tion of °N is stable. The N becomes

:NIVL o SAVIQ, )

%

13 iy
The number of "N nuclei in the
measurement device

If the time of gas from the sampling point to the
measurement device and gas through the device are ¢,
and 1, respectively, the number of 1N nuclei in the de-
vice within #; can be expressed as

_NVL savie, ©)
AV

where t; = (L x S)/Q, tr=VyQ, Q is the sampling flow

rate, L —the length of the sampling pipe, S— the section

of the sampling pipe, and Vs— the capacity of the sam-

pling device.

Vv

Transmission coefficient K,

The transmission coefficient indicates that when
the leakage rate is 1 Lh™!, the gamma-ray count rate is
measured by the measurement system. Ifthe detection
efficiency is ¢, the count Ny of the detector system
within 7, can be expressed as

Ny =eNy(1-e ) (7

by substituting eq. (5) and eq. (6) into eq. (7), the count

Nrbecomes

_NMi
AV

Then, the count rate n, can be expressed as

thTe—lLs/Q (l—e_l V!l Q )e—sz V10, )

T

ny _Ny N Qe M0 (1_g M5!0 ) 5AV 10,
tr AV (9)

when the leakage rate of coolant V; is 1 Lh !, the trans-
mission coefficient K, becomes

— Nl
364V

Since the concentration of *N in the primary cir-
cuit water is proportional to the nuclear power, when
the reactor is operated at any power P, the transmission
coefficient K, can be expressed as
K, = N, nge—ALS/Q (1—e #7510 )e=54V 10 (11

36AV P,

, ng—iLs/Q (I_e—/lVS/Q )e—SlV/QA (10)

Leakage rate of coolant

Once the high temperature and high pressure water
in the primary circuit leaks into the containment, it will
vaporize immediately and 3N achieve uniform mixing
in the air. The emitted positrons annihilate with abundant
electrons surrounding them and decay into two
gamma-ray protons with equal energies of 0.511 MeV.
Therefore, the coincidence method can be used to mea-
sure the concentration of 1*N in air and deduce the leak-
age of the primary circuit. The coincidence count rate n,
leakage rate V; of the primary circuit, and transmission
coefficient K, satisfy the following relationships

v, =
K,
by substituting eq. (11) into eq. (12), the leakage rate
becomes

(12)

3.6AVnP,
V, = ‘ —ALS/Q (13)

N, PsQ (l_e—/‘tVS/Q)e—SAV/QSe

when the reactor operates at full power, V;, can be ex-
pressed as

v, - 3.6AVn (14)

N,e0 (l_e—iVS/Q)e—SlV/QA e MsIe
1

The lower limit of detection

In the presence of background and '*N and with a
95 % confidence level, the minimum detectable count
N, of the measurement system can be expressed as

Np =Lc +16450 (15)

when the net count is small and only concerns the sta-
tistical fluctuations of the count, Np becomes [11]
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N, =4.653/N, (16)

Converting the minimum detectable count to the
minimum detectable activity 4,, some factors need to
be considered, such as the decay branch ratio f, sample
measurement time ¢, and absolute detection efficiency
&. Then, the 4, can be expressed as

N, 4653N,
fet  fit

For a primary loop monitoring system, the gas in
the sampling container is a gaseous radioactive source.
The activity A is related to the concentration of 3N and
the capacity V of the sampling device. The 4 can be ex-
pressed as

4 = (17)

A=ANV =AKV,V (18)

where K is the constant under certain conditions and V;,
— the leakage rate. When 4 is equal to 4y, the V; — the
minimum detectable leakage rate V7 of the measure-
ment system. Therefore, ¥ can be expressed as

4653, |t
t

Vv, =— 1 ° 19
= e (19)
Equation (19) shows that reducing the back-
ground rate and increasing detection efficiency are ef-
fective methods to reduce the detection lower limit of
the monitoring system to the primary circuit leakage
rate.

MATERIALS AND METHODS
Design of sampling and measurement device

To improve the detection efficiency of the coin-
cidence method, a sampling container was designed as

A B

a stainless-steel sealed cylinder with a wall thickness
of 2 mm and an inner cavity height of 8 cm. The layout
of the detector in the sampling container is shown in
fig. 1 (devices are defined as A to J), where the cylin-
der represents the Nal(TI) crystal and its size is
3"%x3". Schematic diagrams A to D indicate that five
detector crystals are placed vertically, one located in
the center and the others located in different positions
of the container. The E to G means that the center de-
tector is placed vertically, and the surrounding four de-
tectors are placed horizontally. The H to J means that
four detectors are placed horizontally in different posi-
tions in the container.

Coincidence efficiency simulation

To study the coincidence efficiency of different
sampling and measurement devices, the Geant4 pro-
gram was applied to simulate the coincidence effi-
ciency of devices A to J as shown in fig. 1. In the simu-
lation, the '*N nuclei were uniformly and randomly
generated in the sampling container. The physical pro-
cesses activated in the detector model of this work are
Compton scattering, photoelectric effect for photons,
ionization processes, multiple scattering and brems-
strahlung for electrons, ionization processes, multiple
scattering, and annihilation for positrons [12]. A use-
ful signal was taken when the energy deposition of
gamma rays in the Nal(TIl) crystal exceeded the set
threshold, and the coincidence only formed when any
two detectors simultaneously generated useful sig-
nals. The simulation parameters are shown in tab. 1.

The value of \/E / €V in the measurement sys-
tem will change within a range with the change in the
lower threshold of the data acquisition device. In this
work, two typical thresholds £=150keV and £ =450
keV were set, and the corresponding efficiencies are
the total coincidence efficiency ¢, and full energy co-
incidence efficiency &g respectively.

Figure 1. Diagram of detector in
the container
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Table 1. Simulation parameters of the material

Number | Material | Density [gcm’3] Element | Content [%]

1| Nal(TI) 3.67 Nal 995
TI 0.5

Al 100

C 0.12

2 Al shell 2.702 Si 0.75
Mn 0.85

Cr 19.1

Ni 9.5

) S 0.2

3 |Stainless 7.9 P 0.3
Fe 68.8

Ti 0.38

Total coincidence efficiency

To ensure that the simulation was most similar to the
experimental measurement and to reduce the electronic
noise of the measurement system during the experiment,
in the simulation, the threshold energy £ = 150 keV was
used as the basic condition for obtaining coincidence
events. If N sampling was carried out and produced 7,.co-
incidence events, then the total coincidence efficiency &,
can be expressed as

n
er :WT-mo [%] (20)

Through simulation calculation, the relationship
curve of the total coincidence efficiency with the ca-
pacity change is shown in fig. 2.

Full energy coincidence efficiency

In energy spectrum measurements, if the initial
energy of the incident gamma-ray is E,,, then the start-
ing point energy of the full energy peak is approxi-
mately 0.9 E,. According to this rule, it is appropriate
to select £ =450 keV as the lower threshold for rays
with an incident energy of 511 keV.

If N sampling was carried out and produced 7,
coincidence events, then the full energy coincidence
efficiency € can be expressed as

9-

8 e Container A

F 7- e=fif= Container B
=

£ ey Container C

e Container D
=i Container E
==f@== Container F

e Container G

s Container H

0 T T T T T 1
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Figure 2. Curve of total coincidence efficiency with
volume
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Figure 3. Curve of full energy coincidence efficiency with
volume

n
£p :FF-mo [%] (21)

The relationship curve of the full energy coinci-
dence efficiency with the capacity change is shown in
fig. 3.

Figures 2 and 3 show thateand e, of D and E are
relatively high, and £ is much higher than & When the
position of the crystal in the container does not change,
the coincidence efficiency declines with the capacity in-
crease of the device. When the capacity is constant, the
efficiency gradually increases as the volume of the de-
tector crystal increases in the container.

Comprehensive factor eV

The primary loop leakage monitoring system re-
quires a high detection efficiency of the sampling and
measurement device and a larger value of the compre-
hensive factor /. When the 3N concentration in the
container is certain, the value of £} determines the
lower limit of the leakage detection system curve of
&V with capacity change, as shown in figs. 4 and 5.

When the capacity '=2.3 L, thee; V of devices D
and £ are 11.776 and 11.408, respectively, and, the e, V'
are 4.493 and 4.945, respectively. If only the e/ value is
considered, the geometric structure of device £ is better
than that of device D, however, in actual use, the shield-
ing and installation space of the device should also be
considered. When capacity /'=2.3 L, the radii of D and
E are 13.2 cm, and if the thickness of the shielding lead
chamber is 15 cm, then the shielding room radii of D
and F are approximately 30 cm and 60 cm, respectively.
Considering the £V and the installation space compre-
hensively, the sampling and measurement device
should be designed similarly to a D device (all five de-
tectors are placed vertically inside the container) with a
capacity of V=23 L.

Coincidence efficiency experimental test

To verify the accuracy of the simulation results
and calibrate the coincidence efficiency of the device,
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Table 4. Comparison of coincidence efficiency
Parameter Simulation | Experimental | Relative
6 efficiency [%] | efficiency [%]| error [%]
=4— Container A Total
54 Ny
- 8= Container B coincidence 5.12 5.05 1.37
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= 44 == Container C
=o ) Full energy
4 o= Container D coincidence 1.93 1.89 2.07
== Container E efficiency
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Figure 5. Curve of &7V with volume change

a sampling container with a capacity of 2.3 L was pro-
duced. All parameters are identical to those in the pre-
liminary design, as discussed. The measurement sys-
tem consisted of five @3"x3" Nal(T1) detectors, which
were purchased from BeiJing Zhong Guang Detector
Co. Ltd CHINA. The '3N-NHj gas used in the experi-
ment was produced by a medical cyclotron, and its ac-
tivity was measured by an activity meter. Under the ef-
fect of CCl, as a booster, '*’N-NH; was pushed into a
sampling container for the following measurement.
The detector and sampling container used in the exper-
iment are shown in fig. 6.

The coincidence experiment system consists of a
sampling container, Nal(Tl) detector, amplifier, sin-
gle-channel pulse amplitude analyzer, coincidence
(anti-coincidence) circuit, and intelligent scaler.

Table 2. Total coincidence efficiency

To assess the different activities of ’N-NHj, an
efficiency study was carried out, and the results are
shown in tab. 2 and tab. 3.

The results of three different activities and their
average values are shown in tabs. 2 and 3. For different
activities, coincidence efficiency is basically un-
changed. A comparison of the simulation efficiency
and experimental efficiency of device D is shown in
tab. 4.

The simulation and experimental results show a
slight discrepancy of <3 %, which further validates the
Geant4 predictions. The results show that device D is the
best sampling and measurement device, and it can adapt
to the change in the reactor primary loop leakage rate.

Comparison of measurement method

In the monitoring work, due to the influence of
environmental background and the detector's back-
ground, there is a background count in the coincidence
measurement system. The value of \/n, /&V varies
with the change in the lower threshold of the count sys-
tem, and the threshold corresponding to the minimum
\/E / €V is the optimal operating threshold of the sys-

Container number | Capacity [L]| Number of decay | Count of true coincidence |Coincidence efficiency [¢/%] &V g[%]
816700 41080 5.03 11.569
D 2.30 576982 29137 5.05 11.615 | 5.05+0.03
408347 20703 5.07 11.661
Table 3. Full energy coincidence efficiency
Container number | Capacity [L]| Number of decay | Count of true coincidence |Coincidence efficiency [¢/%]] &V &[%]
847070 16518 1.95 4.485
D 2.30 600064 11341 1.87 4301 | 1.89+0.06
423810 7882 1.84 4.232
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Table 5. Results of different threshold

Container number | Capacity [L] | Threshold energy [keV] | Background [cps] | Coincidence efficiency [%] M 4
150 2.08 5.05 0.124
D 2.
30 450 0.17 1.89 0.095

* counts per second

tem. In this work, the abovementioned experimental
system was used to discuss the coincidence back-
ground and efficiency when the threshold energy was
150keV and 450 keV. The results are shown in tab. 5.

When the lower threshold energy of the system
is 450 keV, the \/n;, / &V value is smaller. Therefore,
the full energy coincidence mode helps to reduce the
lower limit of the measurement system.

RESULTS

The lower limit of detection in the 1*N leakage
monitoring system is related to the system back-
ground, detection efficiency, and reactor power. In this
work, the Qinshan Phase I1 600,000 kW nuclear power
plant is used to calculate the theoretical lower limit of
the coincidence method. When the sampling point is
located in the hood of the control rod drive mecha-
nism, the calculation parameters are shown in tab. 6.

Substituting the relevant parameters into eq.
(10), eq. (17), and eq. (19), the performance parame-
ters of the coincidence monitoring method are ob-
tained and shown in tab. 7.

The error of the theoretical detection lower limit
is affected by errors in the background count rate, de-
tection efficiency, and sampling container volume.
The errors in the background count rate, detection effi-
ciency, and sampling container volume are approxi-
mately 2.4 %, 3.2 %, and 3 %, respectively. Based on

Table 6. Calculation parameters

Parameter Value
Half-life of *N [min] 9.96
Concentration of N in coolant water [13] [cm ]| 4.781-10°
Volume of the hood [m’] 2.5:10°
Cooling ventilation speed [m*h '] 5.0-10°
Length of sampling pipe [m] 80
Diameter of sampling pipe [cm] 2
Capacity of sampling container [L] 2.30
Sampling rate [Lmin '] 35
Coincidence efficiency [%] 1.89
Measurement time [s] 900
Count rate of background [cps] 0.169

Table 7. Performance parameters of the coincidence
monitoring method

Transmission Detectable activity | Detection lower
cocefficient [cps/(Lh™)] [Bq] limit [Lh™']
0.084 3.36 0.756

the error transmission rule, we know that the error of
the theoretical detection limit is approximately 5 %.

CONCLUSION

Monitoring coolant water leakage is an important
strategy to prevent reactor safety accidents, and moni-
toring the content of 1*N in containment is an important
method for leakage monitoring. Based on the character-
istics of the positron, a method to measure the content of
3N by 7~y coincidence is proposed. In this work, simu-
lations and experiments were used to optimize the coin-
cidence sampling and measurement device and cali-
brate the detection efficiency of the coincidence
measurement device. Taking the 600 000 kW reactor of
Qin Shan Phase II as the research object, when the sam-
pling point is located in the fume hood of the control rod
drive mechanism, the theoretical lower detection limit
of the coincidence method is 0.756 Lh™!. This result can
meet the nuclear power plant's requirement of 1 Lh™".
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Jye ITAO, I'yo I1. Y, Ben /1. IIOY

INPAREIBE HYPEIA IIPUMAPHOTI KOJA PEAKTOPA CA BOAOM IO
MPUTUCKOM 3ACHOBAHO HA KOMHUUJAEHTHOJ BN METOIU

Jla 6u ce mpoleHMIe KapakTepucTuke pacnaga N npeanoxkeH je mMeTos npahema Op3uHe
Iypema IpuMapHe NeT/he 3aCHOBAH Ha METO/Y Y-y KOMHIMAICHIHje. Y OBOM pafy NpojeKTOBaHU cy ypebaju
3a y30pKOBame M Mepeme y Kojuma cy Kpucranu Nal(Tl) xkopuirhern Kao KOMHIUIEHTHH AETEKTOPH.
Merogom Geant4 cumyitanuje mpoy4aBaH je OfHOC u3Meby epuKacHOCTH & K IPOMEHE KaNlaluTHBHOCTH }/
pasmranTux ypebaja, a fobujena je BpegHoCT £}/ ucnox HuBoa oprosapajyhe xanamurusHocru. Ilpema
BpenHOCTH ¢l ofpebeH je ontumanum ypebaj 3a y30pKoBame U Mepeme, a 3aTHM je eKCIEPUMEHTATHO
KkanuOpucaHa eukacHOCT ieTeknuje ypebaja. ¥Y3nmajyhu kao o0jekaT uctpaxkuBama peaktop Qinshan
Phase II cnare 600 000 kW, ananu3upaHa je fowa rpanuna aerekuuje. Kaga je Mmecto y3opkoBamwa 6110
JIOIMPAHO Y TUMHOj KOMOPH IIOIOHCKOT MEXaHW3Ma KOHTPOJIHE LIUIKE, TECOPUjCKa JOHa rPaHuIla METOJIe
KouHIuAeHuje 6una je 0,756 Lh!,

Knyune peuu: '3 H, kounyudenitina meitioda, ypehaj 3a y3opkosarse u meperse, eqpuxacHocili Oeiliekyuje,
00ma Zpanuya oetliexyuje



