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To as sess the char ac ter is tics of 13N de cay, a mon i tor ing method of the pri mary loop leak age
rate based on the g-g co in ci dence method was pro posed. In this work, sam pling and mea sure -
ment de vices were de signed, in which NaI (Tl) crys tals were used as co in ci dence de tec tors.
The Geant4 sim u la tion method was used to study the re la tion ship be tween the ef fi ciency e
and ca pac ity V change of dif fer ent de vices, and the eV value un der the cor re spond ing ca pac ity
was ob tained. Ac cord ing to the value of eV, the op ti mal sam pling and mea sure ment de vice was 
de ter mined, and then the de tec tion ef fi ciency of the de vice was cal i brated ex per i men tally. 
Tak ing the 600.000 kW re ac tor of Qinshan Phase II as the re search ob ject, the lower limit of
de tec tion was dis cussed.When the sam pling point was lo cated in the fume hood of the con trol 
rod drive mech a nism, the the o ret i cal lower limit of the co in ci dence method was 0.756 Lh–1.
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IN TRO DUC TION

There are large quan ti ties of equip ment, pipe -
lines, and valves in the pri mary cir cuit of a re ac tor. Un -
der the forces of high tem per a ture and high cool ant
wa ter pres sure, it is easy to pro duce weak links or in -
duce the ex pan sion of orig i nal de fects and cracks in
the bound ary, lead ing to the leak age of cool ant wa ter
[1, 2]. When the leak age is ex ces sive, the tech ni cal
spec i fi ca tions re quire the op er a tion of the re ac tor to be
re stricted. There fore, a com plete and ef fec tive leak age 
mon i tor ing sys tem must be in cluded in the re ac tor de -
sign. The pri mary loop cool ant leak age mon i tor ing
sys tem mainly mon i tors ra dio ac tiv ity, such as par tic u -
late mat ter and gas eous mat ter, in the con tain ment.
The judg ing leak age rate based on the con cen tra tion of 
13N in the con tain ment is an ef fec tive method, and this
method has been used in many nu clear power plants
[3]. At pres ent, gamma spec tros copy is used to ob tain
a con cen tra tion of 13N, and the lower limit of the mon i -
tor ing sys tem is ap prox i mately 10 Lh–1[4]. The 13N
en ergy spec trum method has a rel a tively high de tec -
tion limit, and it is dif fi cult to find a very small leak in
the pri mary loop. More over, the en ergy spec trum
method has high re quire ments for the sta bil ity of the
en tire sys tem. To as sess the char ac ter is tics of 13N de -

cay, low back ground, and rel a tively low sys tem sta bil -
ity re quire ments of co in ci dence [5-10], a method for
mea sur ing the con cen tra tion of 13N in the con tain ment
by the co in ci dence method was pro posed.

THE ORY

The elas tic col li sions be tween a neu tron from
nu clear fuel fis sion and a hy dro gen nu cleus in wa ter
pro duce re coil pro tons 1H + n ® n + p

When the pro duced pro tons have en ergy higher
than 5.5 MeV, they may in ter act with 16O and pro duce
13N via 16O + p ® 13N + a

Here, 13N is a pos i tron emit ter that has a half-life
of 9.96 min utes, the emit ted pos i trons lose their en ergy 
when they pass through mat ter, an ni hi late with abun -
dant elec trons sur round ing them, and de cay into two
gamma-ray pro tons with equal en er gies of 0.511 MeV. 

The ory of leak age mea sure ment

The con cen tra tion of 13N in the pri mary wa ter is
pro por tional to the power of the re ac tor. Once the high
temperature and high pres sure wa ter in the pri mary
cir cuit leaks into the con tain ment, it will va por ize im -
me di ately. There fore, the leak age rate of the pri mary
cir cuit wa ter can be ob tained by de tect ing the in ten sity
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of gamma-rays with an en ergy of 0.511 MeV in the
uni formly mixed gas in the con tain ment.

The con cen tra tion of 13N in the con tain ment

If the re ac tor is op er at ing at full power, the con -
cen tra tion of 13N in the pri mary cir cuit cool ant is N1,
and the pri mary cir cuit has a con stant leak age rate VL,
then the num ber of 13N nu clei per unit vol ume of air in
the con tain ment has a con stant in crease PV. The
change rate of 13N nu clei Nv per unit vol ume is as fol -
lows

d

d

N

t
P Nv

V V= - l (1)

where l is the de cay con stant of 13N in units of h–1 and
NV can be de rived from eq. (1)
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when t = 0, the leak age rate is zero, so NV can be ex -
pressed as
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In en gi neer ing, five cy cles are gen er ally used to
achieve uni form mix ing, if the vol ume of the con tain -
ment ves sel is V (ig nor ing the vol ume of the ven ti la -
tion pipe) and the ven ti la tion rate is Qs. then NV can be
ex pressed as
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when t is the greater than five half-lives, the con cen tra -
tion of 13N is sta ble. The NV be comes
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The num ber of 13N nu clei in the
mea sure ment de vice

If the time of gas from the sam pling point to the
mea sure ment de vice and gas through the de vice are t1
and tT, re spec tively, the num ber of 13N nu clei in the de -
vice within tT can be ex pressed as

N
N V

V
V

L V Qs= -1 5

l

le / (6)

where t1 = (L.´.S)/Q, tT = Vs/Q, Q is the sam pling flow
rate, L – the length of the sam pling pipe, S – the sec tion
of the sam pling pipe, and VS – the ca pac ity of the sam -
pling de vice.

Trans mis sion co ef fi cient K2

The trans mis sion co ef fi cient in di cates that when
the leak age rate is 1 Lh–1, the gamma-ray count rate is
mea sured by the mea sure ment sys tem.  If the de tec tion 
ef fi ciency is e, the count NT of the de tec tor sys tem
within tT can be ex pressed as

N NT
tT= - -e l

0 1( )e (7)

by sub sti tut ing eq. (5) and eq. (6) into eq. (7), the count
NT be comes
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Then, the count rate nT can be ex pressed as
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when the leak age rate of cool ant VL is 1 Lh–1, the trans -
mis sion co ef fi cient K2 be comes
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Since the con cen tra tion of 13N in the pri mary cir -
cuit wa ter is pro por tional to the nu clear power, when
the re ac tor is op er ated at any power P, the trans mis sion 
co ef fi cient K2 can be ex pressed as
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Leak age rate of cool ant

Once the high tem per a ture and high pres sure wa ter 
in the pri mary cir cuit leaks into the con tain ment, it will
va por ize im me di ately and 13N achieve uni form mix ing
in the air. The emit ted pos i trons an ni hi late with abun dant
elec trons sur round ing them and de cay into two
gamma-ray pro tons with equal en er gies of 0.511 MeV.
There fore, the co in ci dence method can be used to mea -
sure the con cen tra tion of 13N in air and de duce the leak -
age of the pri mary cir cuit. The co in ci dence count rate n,
leak age rate VL of the pri mary cir cuit, and trans mis sion
co ef fi cient K2 sat isfy the fol low ing re la tion ships

V
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by sub sti tut ing eq. (11) into eq. (12), the leak age rate
be comes
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when the re ac tor op er ates at full power, VL can be ex -
pressed as
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The lower limit of de tec tion

In the pres ence of back ground and 13N and with a
95 % con fi dence level, the min i mum de tect able count
ND of the mea sure ment sys tem can be ex pressed as

N LD C N D
= + 1645. s (15)

when the net count is small and only con cerns the sta -
tis ti cal fluc tu a tions of the count, ND be comes [11]
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N ND b= 4 653. (16)

Con vert ing the min i mum de tect able count to the
min i mum de tect able ac tiv ity A1, some fac tors need to
be con sid ered, such as the de cay branch ra tio f, sam ple
mea sure ment time t, and ab so lute de tec tion ef fi ciency
e. Then, the A1 can be ex pressed as

A
N

f t

N

f t
D b

1

4 653
= =

e e

.
(17)

For a pri mary loop mon i tor ing sys tem, the gas in
the sam pling con tainer is a gas eous ra dio ac tive source.  
The ac tiv ity A is re lated to the con cen tra tion of 13N and 
the ca pac ity V of the sam pling de vice. The A can be ex -
pressed as

A NV KV VL= =l l (18)

where K is the con stant un der cer tain con di tions and VL 

– the leak age rate. When A is equal to A1, the VL – the
min i mum de tect able leak age rate VLD of the mea sure -
ment sys tem. There fore, VLD can be ex pressed as

V
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t

K f V
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b

=

4 653.

le
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Equa tion (19) shows that re duc ing the back -
ground rate and in creas ing de tec tion ef fi ciency are ef -
fec tive meth ods to re duce the de tec tion lower limit of
the mon i tor ing sys tem to the pri mary cir cuit leak age
rate.

MA TE RI ALS AND METH ODS

De sign of sam pling and mea sure ment de vice

To im prove the de tec tion ef fi ciency of the co in -
ci dence method, a sam pling con tainer was de signed as 

a stain less-steel sealed cyl in der with a wall thick ness
of 2 mm and an in ner cav ity height of 8 cm. The lay out
of the de tec tor in the sam pling con tainer is shown in
fig. 1 (de vices are de fined as A to J), where the cyl in -
der rep re sents the NaI(Tl) crys tal and its size is
Æ3²´3². Sche matic di a grams A to D in di cate that five
de tec tor crys tals are placed ver ti cally, one lo cated in
the cen ter and the oth ers lo cated in dif fer ent po si tions
of the con tainer. The E to G means that the cen ter de -
tec tor is placed ver ti cally, and the sur round ing four de -
tec tors are placed hor i zon tally. The H to J means that
four de tec tors are placed hor i zon tally in dif fer ent po si -
tions in the con tainer.

Co in ci dence ef fi ciency sim u la tion

To study the co in ci dence ef fi ciency of dif fer ent
sam pling and mea sure ment de vices, the Geant4 pro -
gram was ap plied to sim u late the co in ci dence ef fi -
ciency of de vices A to J as shown in fig. 1.  In the sim u -
la tion, the 13N nu clei were uni formly and ran domly
gen er ated in the sam pling con tainer.  The phys i cal pro -
cesses ac ti vated in the de tec tor model of this work are
Compton scat ter ing, pho to elec tric ef fect for pho tons,
ion iza tion pro cesses, mul ti ple scat ter ing and brems -
strah lung for elec trons, ion iza tion pro cesses, mul ti ple
scat ter ing, and an ni hi la tion for pos i trons [12]. A use -
ful sig nal was taken when the en ergy de po si tion of
gamma rays in the NaI(Tl) crys tal ex ceeded the set
thresh old, and the co in ci dence only formed when any
two de tec tors si mul ta neously gen er ated use ful sig -
nals.  The sim u la tion pa ram e ters are shown in tab. 1.

The value of n Vb / e  in the mea sure ment sys -
tem will change within a range with the change in the
lower thresh old of the data ac qui si tion de vice.  In this
work, two typ i cal thresh olds E = 150 keV and E = 450
keV were set, and the cor re spond ing ef fi cien cies are
the to tal co in ci dence ef fi ciency eT and full en ergy co -
in ci dence ef fi ciency eF, re spec tively.
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Fig ure 1. Di a gram of de tec tor in
the con tainer



To tal co in ci dence ef fi ciency

To en sure that the sim u la tion was most sim i lar to the 
ex per i men tal mea sure ment and to re duce the elec tronic
noise of the mea sure ment sys tem dur ing the ex per i ment,
in the sim u la tion, the thresh old en ergy E = 150 keV was
used as the ba sic con di tion for ob tain ing co in ci dence
events.  If N sam pling was car ried out and pro duced nT co -
in ci dence events, then the to tal co in ci dence ef fi ciency eT

can be ex pressed as

eT
Tn

N
= ×100 [%] (20)

Through sim u la tion cal cu la tion, the re la tion ship 
curve of the to tal co in ci dence ef fi ciency with the ca -
pac ity change is shown in fig. 2.

Full en ergy co in ci dence ef fi ciency

In en ergy spec trum mea sure ments, if the ini tial
en ergy of the in ci dent gamma-ray is E0, then the start -
ing point en ergy of the full en ergy peak is ap prox i -
mately 0.9 E0. Ac cord ing to this rule, it is ap pro pri ate
to se lect E = 450 keV as the lower thresh old for rays
with an in ci dent en ergy of 511 keV.

If N sam pling was car ried out and pro duced nT

co in ci dence events, then the full en ergy co in ci dence
ef fi ciency eF can be ex pressed as

eF
Fn

N
= ×100 [%] (21)

The re la tion ship curve of the full en ergy co in ci -
dence ef fi ciency with the ca pac ity change is shown in
fig. 3.

Fig ures 2 and 3 show that eT and eF of D and E are
rel a tively high, and eT  is much higher than eF. When the
po si tion of the crys tal in the con tainer does not change,
the co in ci dence ef fi ciency de clines with the ca pac ity in -
crease of the de vice. When the ca pac ity is con stant, the
ef fi ciency grad u ally in creases as the vol ume of the de -
tec tor crys tal in creases in the con tainer.

Com pre hen sive fac tor eV

The pri mary loop leak age mon i tor ing sys tem re -
quires a high de tec tion ef fi ciency of the sam pling and
mea sure ment de vice and a larger value of the com pre -
hen sive fac tor eV. When the 13N con cen tra tion in the
con tainer is cer tain, the value of eV de ter mines the
lower limit of the leak age de tec tion sys tem curve of 
eV with ca pac ity change, as shown in figs. 4 and 5.

When the ca pac ity V = 2.3 L, the eT V of de vices D
and E are 11.776 and 11.408, re spec tively, and, the eF V
are 4.493 and 4.945, re spec tively. If only the  eV value is 
con sid ered, the geo met ric struc ture of de vice E is better
than that of de vice D, how ever, in ac tual use, the shield -
ing and in stal la tion space of the de vice should also be
con sid ered. When ca pac ity V = 2.3 L, the ra dii of D and
E are 13.2 cm, and if the thick ness of the shield ing lead
cham ber is 15 cm, then the shield ing room ra dii of D
and E are ap prox i mately 30 cm and 60 cm, re spec tively.
Con sid er ing the eV and the in stal la tion space com pre -
hen sively, the sam pling and mea sure ment de vice
should be de signed sim i larly to a D de vice (all five de -
tec tors are placed ver ti cally in side the con tainer) with a
ca pac ity of V = 2.3 L.

Co in ci dence ef fi ciency ex per i men tal test

To ver ify the ac cu racy of the sim u la tion re sults
and cal i brate the co in ci dence ef fi ciency of the de vice,
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Ta ble 1. Sim u la tion pa ram e ters of the ma te rial

Num ber Ma te rial Den sity [gcm–3] El e ment Con tent [%]

1 NaI(Tl) 3.67
NaI 99.5

TI 0.5

2 Al shell 2.702

Al 100

C 0.12

Si 0.75

Mn 0.85

Cr 19.1

3 Stain less
steel 7.9

Ni 9.5

S 0.2

P 0.3

Fe 68.8

Ti 0.38

Fig ure 2. Curve of to tal co in ci dence ef fi ciency with
vol ume

Fig ure 3. Curve of full en ergy co in ci dence ef fi ciency with 
vol ume



a sam pling con tainer with a ca pac ity of 2.3 L was pro -
duced. All pa ram e ters are iden ti cal to those in the pre -
lim i nary de sign, as dis cussed. The mea sure ment sys -
tem con sisted of five Æ3''×3'' NaI(Tl) de tec tors, which 
were pur chased from BeiJing Zhong Guang De tec tor
Co. Ltd CHINA. The 13N-NH3 gas used in the ex per i -
ment was pro duced by a med i cal cy clo tron, and its ac -
tiv ity was mea sured by an ac tiv ity me ter.  Un der the ef -
fect of CCl4 as a booster, 13N-NH3 was pushed into a
sam pling con tainer for the fol low ing mea sure ment.
The de tec tor and sam pling con tainer used in the ex per -
i ment are shown in fig. 6.

The co in ci dence ex per i ment sys tem con sists of a 
sam pling con tainer, NaI(Tl) de tec tor, am pli fier, sin -
gle-chan nel pulse am pli tude an a lyzer, co in ci dence
(anti-co in ci dence) cir cuit, and in tel li gent scaler.

To as sess the dif fer ent ac tiv i ties of 13N-NH3, an
ef fi ciency study was car ried out, and the re sults are
shown in tab. 2 and tab. 3.

The re sults of three dif fer ent ac tiv i ties and their
av er age val ues are shown in tabs. 2 and 3. For dif fer ent 
ac tiv i ties, co in ci dence ef fi ciency is ba si cally un -
changed. A com par i son of the sim u la tion ef fi ciency
and ex per i men tal ef fi ciency of de vice D is shown in
tab. 4.

The sim u la tion and ex per i men tal re sults show a
slight dis crep ancy of £3 %, which fur ther val i dates the
Geant4 pre dic tions. The re sults show that de vice D is the
best sam pling and mea sure ment de vice, and it can adapt
to the change in the re ac tor pri mary loop leak age rate.

Com par i son of mea sure ment method

In the mon i tor ing work, due to the in flu ence of
en vi ron men tal back ground and the de tec tor's back -
ground, there is a back ground count in the co in ci dence 
mea sure ment sys tem. The value of n Vb / e  var ies
with the change in the lower thresh old of the count sys -
tem, and the thresh old cor re spond ing to the min i mum   

n Vb / e  is the op ti mal op er at ing thresh old of the sys -
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Fig ure 4. Curve  of eTV with vol ume change

Fig ure 5. Curve  of  eTV with vol ume change

Fig ure 6. De tec tor and sam pling con tainer used in the
ex per i ment

Ta ble 2. To tal co in ci dence ef fi ciency

Con tainer num ber Ca pac ity [L] Num ber of de cay Count of true co in ci dence Co in ci dence ef fi ciency [e/%] eV e [%]

D 2.30

816700 41080 5.03 11.569

5.05 ± 0.03576982 29137 5.05 11.615

408347 20703 5.07 11.661

Ta ble 3. Full en ergy co in ci dence ef fi ciency

Con tainer num ber Ca pac ity [L] Num ber of de cay Count of true co in ci dence Co in ci dence ef fi ciency [e/%] eV e [%]

D 2.30

847070 16518 1.95 4.485

1.89 ± 0.06600064 11341 1.87 4.301

423810 7882 1.84 4.232

Ta ble 4. Com par i son of co in ci dence ef fi ciency

Pa ram e ter Sim u la tion
efficiency [%]

Ex per i men tal
ef fi ciency [%]

Rel a tive
er ror [%]

To tal
co in ci dence
ef fi ciency

5.12 5.05 1.37

Full en ergy
co in ci dence
ef fi ciency

1.93 1.89 2.07



tem. In this work, the abovementioned ex per i men tal
sys tem was used to dis cuss the co in ci dence back -
ground and ef fi ciency when the thresh old en ergy was
150 keV and 450 keV. The re sults are shown in tab. 5.

When the lower thresh old en ergy of the sys tem
is 450 keV, the n Vb / e  value is smaller. There fore,
the full en ergy co in ci dence mode helps to re duce the
lower limit of the mea sure ment sys tem.

RE SULTS

The lower limit of de tec tion in the 13N leak age
mon i tor ing sys tem is re lated to the sys tem back -
ground, de tec tion ef fi ciency, and re ac tor power. In this 
work, the Qinshan Phase II 600,000 kW nu clear power 
plant is used to cal cu late the the o ret i cal lower limit of
the co in ci dence method. When the sam pling point is
lo cated in the hood of the con trol rod drive mech a -
nism, the cal cu la tion pa ram e ters are shown in tab. 6.

Sub sti tut ing the rel e vant pa ram e ters into eq.
(10), eq. (17), and eq. (19),  the per for mance pa ram e -
ters of the co in ci dence mon i tor ing method are ob -
tained and shown in tab. 7.

The er ror of the the o ret i cal de tec tion lower limit
is af fected by er rors in the back ground count rate, de -
tec tion ef fi ciency, and sam pling con tainer vol ume. 
The er rors in the back ground count rate, de tec tion ef fi -
ciency, and sam pling con tainer vol ume are ap prox i -
mately 2.4 %, 3.2 %, and 3 %, re spec tively.  Based on

the er ror trans mis sion rule, we know that the er ror of
the the o ret i cal de tec tion limit is ap prox i mately 5 %.

CON CLU SION

Mon i tor ing cool ant wa ter leak age is an im por tant
strat egy to pre vent re ac tor safety ac ci dents, and mon i -
tor ing the con tent of 13N in con tain ment is an im por tant
method for leak age mon i tor ing. Based on the char ac ter -
is tics of the pos i tron, a method to mea sure the con tent of 
13N by g-g co in ci dence is pro posed. In this work, sim u -
la tions and ex per i ments were used to op ti mize the co in -
ci dence sam pling and mea sure ment de vice and cal i -
brate the de tec tion ef fi ciency of the co in ci dence
mea sure ment de vice. Tak ing the 600.000 kW re ac tor of
Qin Shan Phase II as the re search ob ject, when the sam -
pling point is lo cated in the fume hood of the con trol rod 
drive mech a nism, the the o ret i cal lower de tec tion limit
of the co in ci dence method is 0.756 Lh–1.  This re sult can 
meet the nu clear power plant's re quire ment of 1 Lh–1.
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Ta ble 6. Cal cu la tion pa ram e ters

Pa ram e ter Value

Half-life of 13N [min] 9.96

Con cen tra tion of 13N in cool ant wa ter [13] [cm–3] 4.781×106

Vol ume of the hood [m3] 2.5×102

Cool ing ven ti la tion speed [m3h–1] 5.0×103

Length of sam pling pipe [m] 80

Di am e ter of sampling pipe [cm] 2

Ca pac ity of sampling con tainer [L] 2.30

Sam pling rate [Lmin–1] 35

Co in ci dence ef fi ciency [%] 1.89

Mea sure ment time [s] 900

Count rate of back ground [cps] 0.169

Ta ble 7. Per for mance pa ram e ters of the co in ci dence
 mon i tor ing method

Trans mis sion
co ef fi cient [cps/(Lh–1)]

De tect able ac tiv ity
[Bq]

De tec tion lower
limit [Lh–1]

0.084 3.36 0.756

Ta ble 5. Re sults of dif fer ent thresh old

Con tainer num ber Ca pac ity [L] Thresh old en ergy [keV] Back ground [cps]* Co in ci dence ef fi ciency [%]  n Vb / e  

D 2.30
150 2.08 5.05 0.124

450 0.17 1.89 0.095

* counts per sec ond
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Jue XAO, Guo P. ]U, \en L. XOU

PRA]EWE  CUREWA  PRIMARNOG  KOLA  REAKTORA  SA  VODOM  POD
PRITISKOM  ZASNOVANO  NA  KOINCIDENTNOJ  13N  METODI 

Da bi se procenile karakteristike raspada 13N predlo`en je metod pra}ewa brzine
curewa primarne petqe zasnovan na metodi g-g koincidencije. U ovom radu projektovani su ure|aji
za uzorkovawe i merewe u kojima su kristali NaI(Tl) kori{}eni kao koincidentni detektori.
Metodom Geant4 simulacije prou~avan je odnos izme|u efikasnosti e i promene kapacitivnosti V
razli~itih ure|aja, a dobijena je vrednost eV ispod nivoa odgovaraju}e kapacitivnosti. Prema
vrednosti eV odre|en je optimalni ure|aj za uzorkovawe i merewe, a zatim je eksperimentalno
kalibrisana efikasnost detekcije ure|aja. Uzimaju}i kao objekat istra`ivawa reaktor Qinshan
Phase II snage 600 000 kW, analizirana je dowa granica detekcije. Kada je mesto uzorkovawa bilo
locirano u dimnoj komori pogonskog mehanizma kontrolne {ipke, teorijska dowa granica metode
koincidencije bila je 0,756 Lh–1.

Kqu~ne re~i: 13N, koincidentna metoda, ure|aj za uzorkovawe i merewe, efikasnost detekcije,
..........................dowa granica detekcije


