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In pres sur ized heavy wa ter re ac tors, leaks from D2O pri mary cool ant and mod er a tor to H2O
sec ond ary cool ant and other light-wa ter sys tems in heat exchangers can not be com pletely
ruled out. High cost of D2O de mands that its loss should be pre vented to max i mum ex tent
pos si ble. Tra di tion ally D2O leak de tec tion and iden ti fi ca tion of leaky heat exchanger is car ried 
out by mea sure ment of tri tium ac tiv ity in H2O. Since tri tium emits low en ergy beta ra di a tion,
its con cen tra tion in H2O is mea sured by mix ing it with liq uid scin til la tion so lu tion in a def i -
nite pro por tion in count ing vial and counted in a Liq uid Scin til la tion An a lyzer.  It is very sen -
si tive method for leak de tec tion, but iden ti fi ca tion of leaky heat exchanger is time con sum ing
and may re quire low power op er a tion or re ac tor shut down. In the new method, high en ergy
beta emit ting fis sion prod ucts, which emit Cherenkov pho tons in H2O, were used as the
tracer. H2O was poured in 20 mL plas tic vi als with out scintillator and counted on Liq uid
Scin til la tion An a lyzer.  D2O leak was iden ti fied by com par ing the Cherenkov pho ton count
rate with that of the blank. A dis crim i na tion ra tio sig nif i cantly higher than av er age
Cherenkov pho ton count rate for all heat exchangers was used to iden tify the leaky one. The
tech nique has ad van ta geous  over ex ist ing method of D2O leak de tec tion, such as, (1) scin til -
la tion chem i cals are not re quired (2) low power op er a tion or re ac tor shut down is not re -
quired for iden ti fy ing the leaky heat exchanger (3) no generation of radioactive chemical
waste (4) on-power leak identification reduces generation of radioactive liquid waste.  .
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IN TRO DUC TION

In pres sur ized heavy wa ter re ac tor (PHWR) nat -
u ral ura nium is fuel and D2O is used as pri mary cool -
ant and mod er a tor. D2O flows in side the pres sure
tubes (PT) con tain ing fuel bun dles. Pri mary heat
trans port (PHT) sys tem trans ports heat gen er ated in
re ac tor core to steam gen er a tors (SG), where light wa -
ter boils-off in sec ond ary side to gen er ate steam for the 
tur bine. D2O af ter re leas ing  heat in SG re turns back to
other half of re ac tor chan nels through cen trif u gal
pumps. A sim pli fied flow di a gram of PHWR is given
in fig. 1 [1]. To en sure ad e quate safety of PHWR, ul ti -
mate heat sink (UHS) and as so ci ated re sid ual heat re -
moval sys tems are in place to trans port re sid ual heat
loads from re ac tor core, safety-re lated struc tures, sys -
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* Cor re spond ing au thor; e-mail: bndileep@npcil.co.in Fig ure 1. PHWR sim pli fied flow di a gram



tems and com po nents and spent fuel stor age bay. Heat
trans port sys tems as so ci ated with UHS con sist of heat
exchangers (HX) which pro vide cool ing to PHT shut -
down cool ing sys tem pumps, mod er a tor pumps, PHT
bleed cool ers, PHT main pump gland and mo tors, PHT 
shut down cool ers, mod er a tor cool ers etc. These HX
are of shell and tube de sign, in which D2O flow inside
the tube and H2O flow in shell side. The H2O flow ing
in sec ond ary side of HX is called ac tive pro cess wa ter
(APW). The process wa ter cool ing sys tem (PWCS)
re move heat from APW through pro cess wa ter heat
exchangers and dis si pate the heat to UHS i. e. to at mo -
sphere or large wa ter body [2]. Cooled APW is col -
lected in a com mon stor age tank and cir cu lated in
closed loop.

  In fresh D2O, tri tium ac tiv ity is neg li gi ble. Be -
cause of very high neu tron flux in nu clear re ac tor, deu -
te rium in D2O is con verted to tri tium by neu tron cap -
ture. There fore, with pas sage of time, tri tium ac tiv ity
con cen tra tion in D2O in creases. In ad di tion vol a tile
fis sion prod ucts (FP) such as iso topes of io dine and
no ble gases re leased from failed fuel are also ob served
in pri mary cool ant. Since pri mary cool ant be ing at
high tem per a ture and pres sure, in stances of D2O to
H2O leak in HX can not be com pletely ruled out. Be -
sides hav ing eco nomic im pli ca tions, D2O leak also
pose health haz ard due to pres ence of tri tium, other ac -
ti va tion prod ucts and FP pres ent in it.  All pos si ble
mea sures are to be adopted to en sure nor mal and
healthy func tion ing of the plant to comply with
regulatory release limits [3].

De tec tion of chronic low level D2O to H2O leaks
in HX is car ried out by mea sure ment of tri tium ac tiv ity 
level in H2O by real-time tri tium-in-wa ter mon i tor and 
pe ri od i cal man ual sam pling and anal y sis by liq uid
scin til la tion count ing tech nique. In the for mer, the
H2O sam ple from HX out let is passed through plas tic
scintillator film packed flow cell. Two photomultiplier 
tubes (PMT) are op ti cally cou pled on ei ther face of
flow cell and tri tium mea sure ment is done in co in ci -
dence mode. Op er at ing ex pe ri ence shows that as sam -
ple is passed through flow cell, im pu ri ties and par tic u -
late sub stance in sam ple get trapped in plas tic sponge
de tec tor. This re sults in re duced trans par ency of de tec -
tor with time dur ing on line mon i tor ing, thus af fect ing
sen si tiv ity. This de mands fre quent re place ment of de -
tec tor and there fore main te nance of the  sys tem is dif -
fi cult. Later method is very sen si tive for the leak de tec -
tion. As D2O in gress pro gresses tri tium ac tiv ity builds
up in H2O, which is flow ing in closed loop sys tem.
This in creased back ground ac tiv ity makes it dif fi cult
to iden tify leaky HX by mea sure ment of tri tium ac tiv -
ity level in in di vid ual HX out let dur ing re ac tor op er a -
tion. Iden ti fi ca tion of leaky HX may re quire iso lat ing
one of them at a time, sam pling out lets of the in di vid -
ual HX and mea sure ment of tri tium ac tiv ity. Iden ti fi -
ca tion of defective HX by this method would require
low power operation or reactor shutdown.  

A sim ple and fast method of D2O to H2O leak de -
tec tion and iden ti fi ca tion of leaky HX dur ing steady
state op er a tion of  re ac tor by Cherenkov pho ton count -
ing the H2O in liq uid scin til la tion an a lyzer (LSA) is in -
ves ti gated. It makes use of the short lived FP in H2O,
which emit high en ergy beta ra di a tions, in place of tri -
tium as the tracer for leak de tec tion.  High en ergy beta
emit ters in wa ter pro duce light scin til la tions called
Cherenkov ra di a tion. Cherenkov ra di a tion is in duced
when charged par ti cle move through di elec tric me -
dium faster than ve loc ity of light. The min i mum elec -
tron en ergy, called the Cherenkov thresh old en ergy,
nec es sary for pro duc tion of Cherenkov ra di a tion is re -
lated to par ti cle rel a tive phase ve loc ity (b) and  re frac -
tive in dex (n) of the trans par ent me dium, as de lin eated
in eq. (1)  

b =
1

n
(1)

For the rel a tiv is tic equa tions, b is re lated to the
ki netic en ergy (E) of the elec tron, by eq. (2)
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Equa tion (2) in di cates a thresh old en ergy re -
quired for the pro duc tion of Cherenkov ra di a tion by
elec trons. In wa ter with a re frac tive in dex of 1.332 is
used as Cherenkov ra di a tor, b is 0.7508 ac cord ing to
eq. (1), and thus it is pos si ble to mea sure Cherenkov
ra di a tion over 264 keV ac cord ing to eq. (2) [4].  From
beta  par ti cle en ergy 264 keV Cherenkov pho ton out -
put in creases rap idly with en ergy up to about 2 MeV,
but fur ther in creases in en ergy re sults in smaller pro -
por tion ate in creases in light out put [5]. 90Y is pro lific
pro ducer of Cherenkov light, due to its higher mean
beta en ergy. Ma jor ity of 90Sr will not pro duce
Cherenkov light since their en ergy will be be low the
~250 keV thresh olds [6]. For a per fect ge om e try of
two-photomultiplier mea sur ing cham ber and mean
quan tum ef fi ciency of 20 %, the o ret i cal count ing ef fi -
ciency is cal cu lated as 72 % for 89Sr and 85 % for 90Y
[7]. Mean beta en er gies of these iso topes are 587 keV
and 933.6 keV re spec tively [8].

Short lived iso topes of io dine (132I, 133I, 134I,
135I) are ob served in sig nif i cant quan ti ties in pri mary
cool ant dur ing steady state op er a tion of re ac tor. Mean
beta en ergy of these iso topes is 470, 405, 620, and 335
keV re spec tively [8]. Among them 134I is a pro lific
pro ducer of Cherenkov ra di a tion in wa ter due to its
high mean beta en ergy emis sion. Hence Cherenkov
pho ton count ing tech nique of the H2O can be made use 
of for D2O to H2O leak de tec tion in HX. Since the 134I
(T½= 52.5 min) con cen tra tion reach equi lib rium very
early in   closed loop APW sys tem in com par i son with
tri tium (T½=12.3 years) ac tiv ity, the re sults would fa -
cil i tate to iden tify leaky HX. The de tails of the D2O to
H2O leak de tec tion and iden ti fi ca tion of leaky HX by
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Cerenkov pho ton count ing tech nique is ex plained in
this pa per.

METH ODS AND PRO CE DURES

This study in volved (1) eval u a tion of the fea si -
bil ity of us ing LSA for Cherenkov pho ton count ing,
(2)  mea sure ments of Tri tium ac tiv ity con cen tra tion in
H2O sam ples from pro cess wa ter HX out lets to  de tect
D2O leak (3) es ti ma tion of FP ac tiv ity con cen tra tion in
D2O sam ple col lected from pri mary cool ant dur ing re -
ac tor op er a tion us ing high pu rity ger ma nium de tec tor
based gamma spec trom e ter to in ves ti gate  source of
these ra dio iso topes and (4) Cherenkov pho ton count -
ing of the H2O sam ples from HX out lets to  de tect D2O
leak and iden tify the leaky HX. The pres ent study was
car ried out at 220 MWe PHWR, Kaiga Gen er at ing
Sta tion, Unit-3&4, In dia. The de tails of the in stru -
ments used and meth od ol ogy adopted for the mea sure -
ment are pre sented in the fol low ing:

In stru men ta tion

A Perkin Elmer Tri-carb 2900TR LSA was used
to es ti mate tri tium ac tiv ity and Cherenkov pho ton
count rate of sam ples. This sys tem con sists of two di a -
met ri cally op posed bi-al kali PMT housed in a 2'' thick
lead shield to re duce back ground. The sig nals af ter ini -
tial pro cess ing are sub jected to a co in ci dence cir cuit
hav ing a re solv ing time of 20 ns and passed into an a -
logue to dig i tal con verter (ADC).  ADC has a con ver -
sion gain of 4K chan nel which is pre-cal i brated to 0.5
keV per chan nel. 

A high pu rity ger ma nium de tec tor of co ax ial
type (Can berra Eurysis, EGPC 15-1.80) cou pled to a
PC-aided 16K MCA and InterWinner 4.1 soft ware
(Can berra Eurysis, IW.1) is used for gamma spec tro -
met ric anal y sis of pri mary cool ant sam ples. Ef fi ciency 
cal i bra tion of de tec tor was per formed by us ing 137Ba,
137Cs, and 60Co liq uid stan dard ra dio ac tive source
(Board of Ra di a tion and Iso tope Tech nol ogy, BRIT,
Mumbai) of ac tiv ity 9.2, 14.9, and 5.6 Bq re spec tively. 

Per for mance eval u a tion of Tri-carb 2900TR
LSA for Cherenkov pho ton count ing

Per for mance of the LSA for Cerenkov pho ton
count ing was car ried out by es ti mat ing Fig ure of Merit 
(FOM) of the sys tem.  FOM is a mea sure of ef fec tive -
ness of count ing sys tem in pres ence of back ground,
and is a pa ram e ter to be eval u ated for op ti mi za tion of
the sam ple count ing con di tions. Blank sam ples were
pre pared by dis pens ing de-min er al ized wa ter in fresh
plas tic count ing vi als. Pulse height orig i nat ing from

Cerenkov ra di a tion in wa ter does not ex ceed the
equiv a lent of ~ 50keV for pulse height spec tra cal i -
brated on en ergy scale. Hence en ergy re gion 0-50 keV
was se lected to in clude all pulse heights orig i nat ing
from Cerenkov ef fect [9]. The count ing time was
1hour. Count ing ef fi ciency for high en ergy beta emit -
ters was de ter mined us ing 90Sr-90Y cal i brated liq uid
stan dard with spe cific ac tiv ity 1.85 BqmL–1 sup plied
by BRIT, Mumbai. Count ing ef fi ciency (h) of
Cerenkov pho ton count ing for 90Sr-90Y liq uid source
in wa ter was de ter mined for sam ple vol umes from
5-20 mL us ing fol low ing eq. (3)

h =
-N B

AV
t

ml

(3)

and the FOM, is de ter mined us ing eq. (4)

FOM
B

=
h2

(4)

where Nt is the to tal count ing rate, B – the back ground
count ing rate, A – the spe cific ac tiv ity in BqmL–1, and
VmL – the vol ume of 90Sr -90Y stan dard so lu tion in the
count ing vial.

Iso to pic anal y sis of pri mary cool ant D2O

The D2O sam ple was col lected from the pri mary
cool ant sam pling sta tion while the  re ac tor was un der
the steady state op er at ing con di tion. The iso to pic anal -
y sis of   the pri mary cool ant sam ple was done by count -
ing 5 mL of the sam ple in a  plas tic vial on the HPGe
de tec tor, men tioned in the pre vi ous sec tion, which is
cal i brated for the same ge om e try. The de cay cor rec -
tion for the de lay in the sam ple col lec tion and the anal -
y sis are in cor po rated by the op tion avail able in the
Inter Win ner soft ware.

Mea sure ment of Cherenkov pho ton
count rate in pri mary cool ant D2O

The 5 ml of D2O sam ple was dis pensed in a plas -
tic count ing vial and counted in the LSA with out add -
ing the scin til la tion so lu tion and the count rate was
noted. The count ing time was 1 min. The mea sure ment 
of the Cherenkov pho ton count rate was re peated with
the time de lay and the re sults were noted. The pri mary
cool ant wa ter sam ple was di luted 102, 103, 105, and
106 times and 5-20 ml of the aliquot of easc di luted
sam ple was subjecrted to the Cherenkov count ing.

Tri tium ac tiv ity con cen tra tion mea sure ment
in H2O sam ples from HX out lets

The H2O sam ples from var i ous HX out lets were
col lected in the fresh poly thene bot tles. The 1 mL
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aliquot of the sam ple was dis pensed with 5 mL of liq -
uid scintillator so lu tion in the count ing vial and the
Tri tium ac tiv ity was mea sured in LSA in a di rect DPM
mode [10].

Mea sure ment of Cherenkov pho ton
count rate in H2O from HX out lets

The H2O sam ples from var i ous HX out lets were
col lected in the poly thene bot tles and poured into the
20 mL plas tic count ing vi als and counted in the LSA
for one minute. The Cherenkov pho ton count rate was
noted dur ing the sus pected D2O leak in HX.

RE SULTS AND DIS CUS SION

Cherenkov pho ton count ing per for mance of
tri-carb 2900TR LSA

The pPerformance of Tri-carb 2900TR LSA for
Cherenkov pho ton count ing was eval u ated us ing stan -
dard source of 90Sr-90Y (in liq uid form), which is a
high en ergy beta emit ter. Back ground count rate for
blank sam ples, count ing ef fi ciency and FOM of LSA
for 90Sr-90Y liq uid stan dard with 5, 10, 15, and 20 mL
sam ple in plas tic count ing vial is given in tab. 1. The
re sults show that back ground count rate is in the range
of 13.3-13.6 counts per min. (cpm) for blank sam ple
vol ume of 5, 10, 15, and 20 mL. Cherenkov pho ton
count ing ef fi ciency is max i mum for 10 mL stan dard
(35.4 %) and it re duces for higher or lower vol ume of
stan dard in the count ing vial. Gun ther et al. [11], re -
ported Cherenkov pho ton count ing ef fi cien cies of
90Sr, 89Sr,  and 90Y as <2 %, (24 ±1) %,  and (39 ± 2) %
re spec tively for aque ous so lu tions poured in 20mL
glass vi als with out scintillator and counted on liq uid
scin til la tion coun ters of the type Perkin Elmer 3170
TR/SL for 600 min. [11].

FOM is min i mum for 5 mL sam ple vol ume
(86.5) and max i mum for 10 mL (94.2)  sam ple. Min i -
mum de tect able ac tiv ity (MDA) was es ti mated in units 
of BqmL–1 us ing equa tion adopted by ANSI (1996)

MDA

R

t

V

B

B=

+3 4 65.

h
(5)

where RB is the back ground count rate, tB – the back -
ground count ing time, h – the count ing ef fi ciency in
the per cent age and V – the sam ple vol ume in mL [9]
and  the  re sults  are  given  in  tab.  1.  The MDA are
0.12 Bq mL–1 and 0.03 BqmL–1 for 5 and 20 mL sam -
ple, re spec tively. Hence, the sam ple vol ume was set as
5 mL for count ing the D2O sam ples as they con tain
high spe cific ac tiv ity ra dio ac tive ma te ri als. On the
other hand sam ple vol ume was set as  20 mL for count -
ing low ac tive and di luted pri mary cool ant D2O sam -
ples and H2O sam ples from var i ous HX outlets.

Cherenkov pho ton count ing of
pri mary cool ant D2O sam ples

A typ i cal pulse height spec trum due to Cerenkov
pho tons from pri mary cool ant D2O sam ple ob tained
from Packard Tri-carb-2900TR LSA is given in fig. 2.
The pulse height var ies from 0 to 50 keV. Cerenkov
pho ton count rate ob tained for 5 mL of pri mary cool -
ant sam ples is given in tab. 2, col umn 13. Re sult of
Cerenkov CPM ob served for di luted pri mary cool ant
sam ple (di luted by 102, 103, 105, and 106 times) is
shown in fig. 3. The count rate ap proached back -
ground level for sam ple which is di luted to more than
105 times. For 105 di lu tions, the ob served counts are 3,
5 and 10 times the back ground CPM for sam ple vol -
ume of 5, 10, and 20 mL re spec tively. H2O flow rates
through var i ous HX em ployed in re ac tor are 2-600
m3h–1. Es ti mated D2O leak rate to reach this level of 
di lu tion in sec ond ary side with above flow rate   is
0.02-6 kgh–1. Hence it is im plicit that the re sults of
Cerenkov pho ton count ing of H2O sam ples from HX
out let would in di cate D2O to H2O leak since sim i lar
level of  di lu tion is  ex pected in  chronic low level D2O 
leaks in HX.
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Fig ure 2. Pulse height spec trum pro duced by the
Cherenkov pho tons from a sam ple of the pri mary
cool ant D2O seen on the com puter mon i tor of the
Packard Tri- carb-2900TR LSA

Table 1. The Cherenkov photon counting performance of the Tri-carb 2900TR LSA

Sam ple vol ume [mL] Back ground (cpm) Ef fi ciency (h %) FOM = (h % )2/B MDA [BqmL–1]

5 13.6 ± 0.5 34.3 ± 0.24 86.5 0.12

10 13.3 ± 0.6 35.4 ± 0.20 94.2 0.06

15 13.3 ± 0.5 35.0 ± 0.30 92.1 0.04

20 13.3 ± 0.6 34.1 ± 0.24 87.4 0.03



Sources of FP in pri mary cool ant D2O

Io dine and no ble gas con cen tra tion mea sured by
gamma spec trom e try of pri mary cool ant sam ples dur -
ing steady state op er a tion of Kaiga Unit-3 is given in
tab. 2, col umns 2-12. The fis sion prod uct data is given
in tab. 3. Vol a tile FP (io dine and no ble gases) can be re -
leased from ura nium di ox ide fuel into the free void
space within the fuel el e ment via solid–state lat tice dif -
fu sion. FPs that is re leased into the gap will mi grate to -
wards the de fect site of failed fuel el e ments, where
they are re leased into re ac tor cool ant. Ura nium con -

tam i na tion re sult ing from a pre vi ous fuel loss from
de fected fuel el e ments, or from fuel man u fac tur ing
pro cess it self, can lead to ad di tional ac tiv ity in PHT
sys tem when this con tam i na tion is de pos ited on
in-core sur faces. FP due to ura nium con tam i na tion will 
get re leased into cool ant di rectly [12].

 The mass bal ance for fis sion prod uct in ven tory
Ni (atom) re leased into pri mary cool ant for iso tope i
and losses due to ra dio ac tive de cay and cool ant pu ri fi -
ca tion is given by the eq. 6

d

d

N

t
R Ni

i p i= - +( )l b (6)

where bp is the cool ant pu ri fi ca tion rate con stant (s–1)
and Ri is to tal re lease rate in to cool ant from de fec tive
fuel and ura nium con tam i na tion [12]. One can dis tin -
guish re leases be tween de fec tive fuel and ura nium
con tam i na tion by anal y sis of cool ant ac tiv ity dur ing
steady state op er a tion of the re ac tor and gen er at ing a
plot of the re lease to birth ra tio (R/B) of mea sured io -
dine iso topes against their de cay con stants. This plot is
gen er ated by mea sur ing cool ant ac tiv ity for each iso -
tope and di vid ing this by its fis sion yield frac tion to
pro vide an ef fec tive R/B [13]. The plot gen er ated with
mea sured cool ant io dine ac tiv ity for Kaiga Unit-4 is
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Ta ble 2.  Io dine and the no ble gas con cen tra tion in the pri mary cool ant and the Cherenkov pho ton count rate dur ing the
steady-state op er a tion of Kaiga re ac tor

Sam ple
num ber

Fis sion prod uct ac tiv ity [MBqL–1] Cherenkov
cpm85MKr 87Kr 88Kr 131I 132I 133I 134I 135I 133Xe 133mXe 135Xe

1 0.12 0.05 0.19 0.23 0.88 0.71 0.43 1.06 8.49 0.22 1.19 6.4×105

2 0.10 0.57 0.16 0.17 0.94 0.61 0.73 1.02 7.48 0.16 1.11 6.7×105

3 0.21 0.16 0.29 0.21 0.47 0.61 0.95 0.92 10.83 0.21 1.46 9.8×105

4 0.21 0.16 0.29 0.21 1.00 0.71 0.68 1.14 13.31 0.40 1.21 7.9×105

5 0.13 0.15 0.38 0.34 1.73 0.83 2.13 1.36 6.85 0.13 1.18 7.9×105

6 0.21 0.12 0.30 0.24 0.85 0.54 0.53 0.97 18.06 0.57 2.30 7.6×105

7 0.20 0.22 0.31 0.24 1.34 0.66 1.57 1.21 15.80 0.19 1.97 6.6×105

8 0.13 0.07 0.21 0.15 1.01 0.55 0.65 0.95 9.50 0.15 1.28 8.7×105

9 0.12 0.10 0.23 0.14 1.25 0.56 1.50 1.08 7.88 0.18 1.23 9.4×105

10 0.16 1.23 0.30 0.19 1.19 0.68 1.21 1.27 7.84 0.14 1.61 1.03×106

11 0.11 0.07 0.21 0.21 1.20 0.77 0.83 1.33 7.39 0.19 1.35 8.8×105

12 0.10 0.04 0.17 0.19 0.93 0.60 0.51 1.02 6.28 0.10 1.14 9.6×105

Fig ure 3. The Cherenkov pho ton count rate (cpm) with
the pri mary cool ant D2O sam ple for dif fer ent di lu tions

Ta ble 3.  Iso to pic fis sion prod uct data for the Io dine and the no ble gases [8, 12]

Sample
number Ra dio nu clide De cay con stant l [s–1]

Fis sion prod uct yield
235U(10–2 at oms per fis sion)

En ergy and intensity of beta  ra di a tions 

Mean en ergy [keV] To tal in ten sity [%]

1 131I 9.98E-07 2.88 181.9 100

2 132I 8.37E-05 4.30 470 12.5

3 133I 9.26E-06 6.70 405 100

4 134I 2.20E-04 7.71 620 101

5 135I 2.91E-05 6.30 335 100.3

6 85mKr 4.30E-05 1.30 280 78.3

7 87Kr 1.52E-04 2.52 1330 100

8 88Kr 6.78E-05 3.55 360 101

9 133mXe 3.66E-06 0.019 – –

10 133Xe 1.53E-06 6.70 100 99

11 135Xe 2.12E-05 6.54 307 100



shown in fig. 4. The  iso topes, 131I and 133I show an ex -
po nen tial de pend ence on the de cay con stant  (from de -
fec tive fuel re lease) while a flat slope for the short
lived iso topes (132I, 134I, and 135I) in di cates pres ence of
ura nium con tam i na tion. 131I has long half-life and is
there fore the pre dom i nant iso tope with a large
diffusional re lease. On the other hand, short-lived 134I
will de cay be fore it is re leased from de fec tive fuel el e -
ment. Con se quently these two iso topes can be used to
dis tin guish  de fec tive fuel vs. ura nium con tam i na tion
con tri bu tion [12]. From fig. 4, nor mal ized re lease rate
(R/B) for 134I is 1.2 ×1012, and es ti mated amount of ura -
nium con tam i na tion is 3.2 gm (in-core) yielded  by 
equat ing R/B with  nor mal ized pro duc tion rate Nfsfj
[14], where is nu clear num ber den sity of 235U;  is fis -
sion cross-sec tion for 235U[15] and j is neu tron flux
[16]. Ura nium con tam i na tion within the core, par tic u -
larly on pres sure tube sur faces, act as a con tin u ous
long term source of dis solved fis sion prod ucts in pri -
mary cool ant [17].

Io dine and no ble gas ac tiv ity con cen tra tion in
pri mary cool ant sam ple and re sults of the re peat count -
ing of sam ple with time de lay is plot ted in fig. 5. De cay 
curves plot ted for each iso tope in di cates that ac tiv ity is 
re duc ing in ac cor dance with their ra dio ac tive half
lives – e. g., in the de cay plot for 134I, ac tiv ity re duces

from 1.93 MBqL–1 to 0.1 MBqL–1 within a time pe riod 
of about 240 min, which is  in agree ment with the half
life of this ra dio iso tope, 52.5 min. In the fig ure, slope
of the plot for Cherenkov pho ton count rate mea sured
si mul ta neously closely fol lows  de cay curve of 134I ac -
tiv ity and it  re duced to half of its ini tial value within 70 
min. This in di cates that among all the FP 134I con trib -
uted sig nif i cantly to Cherenkov pho ton counts for  its
higher  con cen tra tion and Cherenkov pho ton yield in
wa ter, due to  higher  mean beta en ergy emis sion (in -
ten sity) 620 keV (101 %) [8]. Other short lived iso -
topes of io dine (132I, 133I, and 135I), de spite their sig nif -
i cant con cen tra tion in pri mary cool ant do not
con trib ute sig nif i cantly to Cherenkov counts be cause
mean beta en ergy of these iso topes are low (tab. 3) and
hence pho ton yield of these iso topes in wa ter will be
less. Among the FP no ble gases, 133Xe, de spite its
large con cen tra tion in pri mary cool ant, con trib ute
very less to Cherenkov pho ton counts since it emits
low en ergy beta par ti cles of mean en ergy (in ten sity)
100 keV (99 %), the  en ergy which is far be low the
Cherenkov thresh old.

The D2O to H2O leak de tec tion and the
iden ti fi ca tion of leaky HX by the Cherenkov
pho ton count ing

The D2O to H2O leak in HX would lead to grad ual 

buildup of tri tium ac tiv ity in H2O. Pe ri odic sam pling

and anal y sis of H2O for pres ence of tri tium ac tiv ity pro -

vides backup mon i tor ing of any leak ages in HX tubes

dur ing pe ri ods when the on-line mon i tors are in op er a -

ble / in ef fec tive. Var i ous HXs from sam ples are col -

lected for leak de tec tion in cludes shut down cool ing

sys tem pumps (SD/P 1-2), PHT bleed cool ers (BCD) ,

PHT main pump gland and mo tors (PCPG/C 1-4), PHT
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Fig ure 4. Curve of the R/B value for the ra dio iodines in
the pri mary cool ant D2O vs. l

Fig ure 5. Isotopic ac tiv ity and the
Cherenkov pho ton count rate (cpm)
for 5 mL pri mary cool ant D2O vs.  time



shut down cool ers (SD/C 1-2), mod er a tor cool ers

(MOD/C 1-2), fuel ing ma chine re turn cooler (FMR/C),

fuel ing ma chine by pass cooler (FMB/C) etc.   Tri tium

ac tiv ity ob served in the H2O from var i ous HX dur ing a

pe riod of time in dur ing re ac tor op er a tion is shown in

fig. 6. The fig ure shows that there is no in crease in tri -

tium con cen tra tion in H2O dur ing the ini tial days. Sub -

se quently tri tium con cen tra tion in creases and reaches ~

200 BqmL–1 within a pe riod of seven weeks. It clearly

in di cates D2O to H2O leak from HX. For ar rest ing leak,

it is re quired to iden tify the leaky one.  But tri tium ac tiv -

ity is com pa ra ble in more than one HX sam ples and

hence it is dif fi cult to iden tify the HX, which has de vel -

oped leak. This is due to the fact that as D2O in gress pro -

gresses tri tium ac tiv ity builds up in H2O, which is flow -

ing in closed loop APW sys tem and hence back ground

ac tiv ity in creases till steady state con di tion is reached.

For a par tic u lar leak rate,  it  will  take  about  130 days to

reach the equi lib rium con cen tra tion of tri tium ac tiv ity

in the APW  in ven tory of 500 m3 with makeup rate for

loses, 440 Lh–1.
When tri tium con cen tra tion in HX out let sam ples 

were ~200 BqmL–1, re sults of Cherenkov pho ton
count ing of HX out let H2O sam ples are given in fig. 7.
Cherenkov pho ton count rate for all HX out let sam ples
are more than three times the blank (11CPM), which
clearly in di cates D2O leak from HX. Once D2O leak
started from a HX the “back ground’’ counts in H2O in -

creases and reaches equi lib rium very early (<5 h) as the
Cherenkov pho ton counts are con trib uted es sen tially by 
134I. There fore H2O from leaky HX is ex pected to ex -
hibit count rate sig nif i cantly higher than that of back -
ground level. Leaky HX is iden ti fied on the ba sis of ra -
tio of their sig nal to back ground or Dis crim i na tion
Ra tio (DR) [18]. If DR cor re sponds to a par tic u lar  HX 
sam ple  is sig nif i cantly higher (about 30 %) than the av -
er age Cherenkov pho ton count rate for all other HX, it is 
an in di ca tion of D2O leak from the HX.  

Let Cherenkov pho ton count rate for a sin gle HX 
is S and av er age Cherenkov pho ton count rate for all
HX is A. S is nor mal ized to A and is ex pressed as 

 
DR

S

A
= (7)

From fig. 7, the range of Cherenkov pho ton
count rate for var i ous HX is 36.2-72.0 cpm. Count rate
for FMR/C sam ple is show ing higher value for re peat
sam ples with an av er age of 61.7 cpm (S). Av er age
count rate for all other HX is 50.6 (A). Sub sti tut ing for
S and A in eq. (6)

DR = 1.32

i. e. Cherenkov pho ton count rate of   FMR/C  sam ple
is 30 % higher than av er age Cherenkov pho ton count
rate for all other HX. It in di cated that D2O leak was
from this par tic u lar HX. 134I con cen tra tion in pri mary
cool ant was 4.5 MBqL–1 dur ing this pe riod and heavy
wa ter leak rate was 2.2 kgh–1. The same HX was iden -
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Fig ure 6. Tri tium buildup in the
H2O sam ple from var i ous HX out -
lets

Fig ure 7. The Cherenkov pho ton
count rate (cpm) of the H2O
sam ples from var i ous HX out lets
dur ing the D2O leak



ti fied as the leaky one by the tra di tional method of D2O 
leak de tec tion.  

CON CLU SION

A new meth od ol ogy of Cerenkov pho ton count -
ing tech nique of H2O, the sec ond ary cool ant, could be
suc cess fully em ployed to de tect the D2O to H2O leak
in heat exchanger and iden tify leaky one dur ing steady
state op er a tion of PHWR. Pres ence of fis sion prod ucts 
in H2O was sensed by Cerenkov pho ton count ing tech -
nique for the leak de tec tion. A dis crim i na tion ra tio sig -
nif i cantly higher than the mean count rate for all heat
exchangers was used to iden tify the leaky one. Non
use chem i cals and iden ti fi ca tion of leaky heat
exchanger dur ing full power op er a tion of the plant
makes the new method en vi ron men tally be nign, saves
econ omy and re duce gen er a tion of ra dio ac tive liq uid
waste in com par i son with tra di tional method of iden ti -
fi ca tion of leak by measurement of tritium by liquid
scintillation analysis.  
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Dilip BLANGAT, Ravi Pa|ajathu MANA, Karunakara NERUGUNDI,
Sangame{var MANAGANVI, Rax Mangal TRIPATHI

NOVA  METODA  ZA  ODRE\IVAWE  CUREWA  IZ  TE[KE  U  OBI^NU  VODU
I  IDENTIFIKACIJU  PROPUSTQIVOG  IZMEWIVA^A  TOPLOTE  U  PHWR

REAKTORU  PRIMENOM  TEHNIKE  BROJAWA  ^ERENKOVIH  FOTONA

Kod reaktora sa te{kom vodom pod pritiskom curewe iz D2O primarnog sistema hla|ewa
i moderatora u H2O sekundarni sistem hla|ewa i druge lakovodne sisteme u izmewiva~ima toplote
ne mo`e biti u potpunosti iskqu~eno. Visoka cena D2O zahteva da wegov gubitak bude sveden na
minimlani mogu}i nivo. Tradicionalno, detekcija curewa D2O i identifikacija propustqivosti
izmewiva~a toplote obavqa se merewima aktivnosti tricijuma u H2O. Po{to tricijum emituje
niskoenergestko beta zra~ewe, wegova koncentracija u H2O meri se me{awem sa rastvorom te~nog
scintilatora u kona~nom odnosu u epruveti i brojawem te~nim scintilacionim broja~em. Ovo je
veoma osetqiva metoda za detekciju curewa, ali je identifikacija propustqivog izmewiva~a
toplote vremenski zahtevan posao i mo`e usloviti i rad reaktora na niskoj snazi ili wegovo
ga{ewe. U novoj metodi, fisioni produkti koji su izvor visokoenergetskog beta zra~ewa i koji
emituju ̂ erenkove fotone u H2O, iskori{}eni su kao traga~i. H2O je sipana u plasti~ne epruvete
zapremine 20 mL bez rastvora scintilatora i izvr{eno je brojawe te~nim scintilacionim
broja~em. Curewe D2O identifikovano je pore|ewem odbroja ^erenkovih fotona sa blanko
odbrojem. Diskriminacioni nivo, znatno vi{i nego sredwi odbroj ^erenkovih fotona za sve
izmewiva~e toplote, uspostavqen je i iskori{}en za identifikaciju propustqivog izmewiva~a
toplote. Prednosti ova metode nad postoje}im metodama su: (1) scintilacione hemikalije nisu
potrebne, (2) za identifikaciju propustqivog izmewiva~a toplote nije potreban rad rekatora na
niskoj snazi niti wegovo ga{ewe, (3) nema stvarawa radioaktivnog hemijskog otpada i (4)
identifikacija curewa u toku rada reaktora smawuje generisawe te~nog radioaktivnog otpada.

Kqu~ne re~i: reaktor sa te{kom vodom pod pritiskom, curewe D2O u H2O, brojawe
                         ^erenkovih fotona


