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The first Indian research reactor, APSARA, was utilized for various R&D programmes from
1956 until its shutdown in 2009. The biological shield of the reactor developed residual activ-
ity due to neutron irradiation during the operation of the reactor. Dose rate mapping and
in-situ gamma spectrometry of the concrete structures of the reactor pool were carried out.
Representative concrete samples collected from various locations were subjected to high-res-
olution gamma spectrometry analysis. ®*Co and 152Eu were found to be the dominant
gamma-emitting radionuclides in most of the locations. 133Ba was also found in some of the
concrete structures. The separation of 3H from concrete was achieved using an acid digestion
method and beta activity measured using liquid scintillation counting. The depth profile of
radionuclide specific activity in the concrete wall of the shielding corner was also studied. Spe-
cific activities of the radionuclides were found to decrease exponentially with depth inside the
concrete walls. This study would be helpful in bulk waste management during the decommis-
sioning of the reactor.
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INTRODUCTION

APSARA, the first Indian nuclear reactor, a
swimming-pool type research reactor employing
highly enriched uranium fuel, was utilized for various
R&D programmes from 1956 till 2009. Graphite and
beryllium oxide encased in aluminum boxes were
used as an in-core reflector. The internal dimensions of
the reactor pool are: length 8.9 meters, width 2.9 me-
ters, depth 8 meters. Reactor pool water was used as
coolant, moderator, reflector, and radiological shield-
ing. The pool walls are made of 2.6 meters thick con-
crete up to a height of 3 meters from the bottom, taper-
ing to 0.6 meter thick concrete at the top. The reactor
was mostly used for radioisotope production, neutron
activation analysis, fission studies, neutron radiogra-
phy, detector testing, seed irradiation, radiobiological
research and reactor shielding experiments [1]. The re-
actor had a maximum power level of 1 MW with a
maximum neutron flux of 1-10'%/cm?s and was mostly
operated up to 400 kW till its shutdown in 2009. In
case of the decommissioning of the reactor structure, it
is essential to have a detailed radionuclide character-
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ization of concrete in order to assess the type and quan-
tity of specific radioactivity in bulk wastes so as to
decide upon the suitable disposal option [2]. Neutron
activation of trace element impurities present in the
concrete leads to the build-up of activation products,
viz. %Co, 132Eu, 3*Eu, '33Ba, 3H, ®Ni, *Fe, etc., in the
biological shield. Gamma emitters contribute to a sig-
nificant external radiation dose in the structural com-
ponents. *H (Egmax = 18.6 keV) is one of the important
hard-to-detect (HTD) radionuclides in concrete
which, from the waste management perspective, re-
quires stringent monitoring [3, 4]. The evaluation of
scaling factors for difficult-to-measure radionuclides
in the structural components of the Indian research re-
actor CIRUS was carried out previously [3, 5]. Proba-
ble modes of production of activation products of con-
cern in concrete are given in tab. 1.

The experiences gained in the decommissioning
of the Austrian research reactor, ASTRA, are pre-
sented in refs. [6, 7]. Evaluation of residual radioactiv-
ity is required for comparison with radionuclide clear-
ance levels [2, 6, 7] for bulk waste disposal. A
discussion of regulatory liabilities and environmental
remediation in the decommissioning of nuclear reac-
tors in the Czech Republic [8] and publications on the
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Table 1. Important neutron activation reactions
considered for concrete

Nuclear reaction Cross-section - paughter
[b*] Emission T, [year]
3Co(n, )*Co 36 B,y 53
'Eu(n, )'**Eu 9000 EC,X,8 .7 13.5
S*Eu(n, 7)'**Eu 370 8,7, X 8.6
*He(n, p)’H 5330
SLi(n, «)’H 940 B 12.3
*H(n, y)°'H 0.00052
1b=10%m?

decommissioning plan for the Hungarian research re-
actor [9] and Romanian research reactor [10] describe
the importance of applicable regulatory norms, public
acceptance and the possible strategies to be adopted
during the actual decommissioning. Detailed radio-
logical dose rate mapping of the APSARA reactor was
carried out earlier, during the operation of the reactor
[11] and also after shutdown and the dismantling of
major reactor components [12]. This work presents the
details regarding the methodology and results of the
radiological dose mapping and characterization of
concrete structures of the pool walls. Depth distribu-
tion studies of the residual activity in the walls of the
shielding corner side are also presented.

INSTRUMENTS

The instruments employed for characterization
studies are described in this section.

Target isotope identifinder GmbH, Germany,
(Fieldspec): This is a portable instrument employing a
Nal(T1) detector used for gamma dose rate measure-
ments and radionuclide identification from in-built
isotope libraries.

Automess teletector (Model 6150 AD5): This is a
commonly used radiation survey instrument employing
two GM tubes to span the dose rate measurement range
from 0.1 puSv/h to 10 Sv/h. It has a linear response to
photons in the energy range of 65 keV to 3 MeV.

Brillance 380 Gamma Spectrometry Detector:
Consists of a 38538 model LaBr;:Ce detector from
Saint Gobain Crystals, France, operating at a HV of
551 V, with a resolution of 2.8% at 662 keV. It was
coupled to GSpec (Para Electronics, Ltd., India), a
portable 14 pin USB-based 1K Wilkinson type MCA.

HPGe gamma spectrometer: This system con-
sists of a coaxial germanium detector, GCD-35 180,
from Baltic Scientific. Instruments coupled to an 8K
MCA and having a resolution of 1.8 keV at 1332 keV
gamma ray of ®®Co. PHAST software [13] was used
for spectrum analysis.

Liquid Scintillation Counter: The quantification
of 3H was done using the Tricarb 2910TR Liquid Scin-
tillation Counter (Perkinelmer Inc. USA) with
Optiphase Hisafe-III (Perkinelmer Inc. USA) as the
scintillation cocktail.

EXPERIMENTAL

Gamma dose rate mapping and
in-situ gamma spectrometry analysis

Gamma dose rate maps of shield cubicles,
shielding racks and beam holes were generated using a
handheld isotope identiFINDER and automess
teletector. Surface dose rates of each square foot of the
walls were measured so as to draw the dose rate map of
the activated areas. After identifying the hotspots,
in-situ gamma spectrometry was carried out by the
portable LaBr;:Ce detector at different locations. The
portable detector assembly was also used to analyze
prominent structural materials like aluminum sheets,
MS plates and concrete and lead blocks in the vicinity
of the shielding columns.

Sampling and measurement

Representative samples were collected from vari-
ous locations by drilling the structural components like
SS liners, concrete walls of the pool, aluminum liners
etc. The samples were subjected to gamma spectrome-
try studies and liquid scintillation analysis to quantify
the activity content of long-term activation products of
various elements in the structural components.

To estimate the activation products formed in the
concrete biological shield, samples of concrete (o =
= 2.5 g/cm®) were collected from the shielding corner
cavity no: 3 of the APSARA reactor. The sampling lo-
cation was chosen based on the detailed dose rate map-
ping and in-situ gamma spectrometry studies. A drill-
ing machine was used to collect representative
samples in the form of fine powder. For the radiologi-
cal characterization of the concrete, sampling was car-
ried out from the surface, at depths of 3", 6", 9", 12",
and 18" inside the concrete wall.

Gamma spectrometry measurements

The radioactivity of gamma-emitting radionuclides
in the samples was determined using high-resolution
gamma spectrometry employing a HPGe gamma-ray de-
tector. Finely powdered concrete samples weighing 25 g
were taken in cylindrical vials and gamma radioactivity
measured for 10000 seconds. The source-to-detector dis-
tance was maintained as 50 mm in all of the measure-
ments. The detector was calibrated using the NPL con-
crete standard with known activity in the identical
counting geometry.

Tritium measurements

3H being a pure beta emitter requires a complete
separation from the other interfering 8, y radionuclides
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Figure 1. Counting efficiency of *H for different quench
levels (tSIE)

like °Co, '5?Eu, etc., that are present in concrete. Tri-
tium activity was measured using a Tricarb 2910TR lig-
uid scintillation counter. Efficiency calibration of the
system was done using the H standard. The quench
correction curve was constructed in the 0-18.6 keV re-
gion using the H standard. The quench standard was
prepared by adding the required amount of standard to
an 8 ml aqueous solution taken up with a 12 ml
scintillator in a polyethylene vial. Nitromethane (20 ul
to 100 pl) was added as a chemical quencher. Figure 1
shows the counting efficiency of *H.

The separation of tritium was carried out by an
acid digestion method reported earlier [14, 15]. Tri-
tium in the form of condensable HTO collected in the
condenser of the digestion system and the gaseous tri-
tium evolved during digestion trapped through
bubblers containing acidified water were treated and
distilled to facilitate counting with a scintillation cock-
tail. 12 ml Optiphase hi-safe III scintillator and 8 ml
sample was taken for all measurements and counted in
LSC for a counting time of 300 minutes.

RESULTS AND DISCUSSION

A typical gamma dose rate map of the APSARA
shielding corner side wall after removing the shielding
trolley- 3 is shown in fig. 2. The grids with the highest

dose rates have been marked in red and those with low-
est fields in green. The gamma spectrum obtained
during in-situ measurement of the shielding corner
wall using the LaBr;:Ce detector assembly is shown in
fig. 3. In-situ gamma spectrometry measurements at
hotspots of the shielding corner side showed ®°Co and
132Ey as the major gamma-emitting radionuclides. It
may be seen that the peaks in the in-situ gamma spec-
trum are not well resolved and hence yielded only
semi-quantitative estimates in terms of specific activ-
ity ratios. The ratios of specific activities of ®*Co with
respect to '3?Eu present in the structural materials were
found to range from 1.1-8.6. It was also noticed that
the activity of ®*Co was, in general, found to be the
highest on MS frames, followed by concrete structures
and aluminum and least in lead blocks. High-resolu-
tion spectra obtained by HpGe spectrometry were
used for accurate quantification and depth profile
studies.

Depth profile studies

The concrete samples analyzed for the depth pro-
file study of 3H and other gamma emitters were col-
lected from the shielding corner cavity walls where the
dose rate was found to be 40-50 uSv/h. Figure 4 shows
the high-resolution gamma spectrum of the neutron-ac-
tivated concrete sample collected froma 3" depth show-
ing prominent gamma ray peaks of ®®Co and '3?Eu. The
spectrum also shows 873 keV and 1274 keV gamma
lines of '>*Eu. Though the specific activity of '**Eu was
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Figure 3. In-situ gamma spectrum acquired using the
portable LaBr;: Ce system in the shielding corner wall
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Figure 4. HPGe gamma spectrum of activated concrete
bio-shield

negligible, it was observed in the samples up to a depth
of 6" inside the wall, after which the levels were too low
for detection. Figure 5 shows the LSC spectrum of *H
separated from the concrete sample, along with a back-
ground spectrum. Based on the HPGe and LSC analysis
of these samples, the depth distribution of the specific
activity of the three major radionuclides, *H, ®°Co, and
132Ey, in the shielding corner cavity 3 of the pool is
shown in fig. 6. It is seen that the maximum specific ac-
tivity of ®°Co and !>?Eu at the surface was found to be
40.8 Bg/g and 33 Bq/g, respectively. Appreciable levels
of ®Co and !>2Eu were observed up to a depth of 18" in-
side the concrete blocks near the shielding corner cav-
ity. The specific activity of these radionuclides was ob-
served to follow an exponential function of the depth
inside the wall. The exponential distribution of the spe-
cific activity with depth in the side concrete wall has
also been reported earlier [6]. '*3Ba was observed only
in surface samples and, hence, not included in the depth
distribution graph. The maximum specific activity of
133Ba measured among the surface concrete samples
was 20 Bq/g.

Tritium measurement and
correlation with y emitters

A comparison with the background spectrum
(fig. 5) shows a complete separation of *H from other
interfering activation products, viz. '>2Eu, ®°Co etc.,
present in concrete. The depth profile of the specific
activity of 8, y emitters with increasing depth inside
the concrete wall was also found to follow an expo-
nential function (fig. 6). This trend is expected, based
on the exponential decrease of the neutron flux with
depth inside the concrete.

Correlation ratios of *H activity with respect to
%0Co and '3?Eu activities observed at the experimental
locations are shown in fig. 7. It is seen that the ratio of
3H: ®Co activities ranges from 1.5-3.2 among the
samples analyzed. The ratio of *H with respect to '*?Eu
specific activities varied from 1.6-4.1. Correlation ra-
tios of DTM radionuclides would help in evaluating
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Figure 5. LSC spectrum of *H separated from concrete
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Figure 6. Depth profile of activity inside concrete
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the total activity in structural components [2, 16] and
in ensuring compliance with bulk waste disposal regu-
lations.

CONCLUSIONS

Based on gamma dose rate mapping and in-situ
gamma spectrometry studies, representative concrete
samples were collected from different locations of the
APSARA pool wall. The samples were analyzed for
the quantification of gamma-emitting radionuclides
using a high-resolution gamma spectrometry system.
Tritium activity in the samples was estimated using
liquid scintillation spectrometry. The study of residual



P. Srinivasan, ef al.: Radiological Characterization of the Concrete Biological ...
258 Nuclear Technology & Radiation Protection: Year 2013, Vol. 28, No. 3, pp. 254-259

90 -

y=1.8999x + 1.0196
80 A= 09902

H activity [Bag™"]

3,

T 1
@ 0 10 20 30 40 50

#°Co activity [Bag™"]

90 -
y=2.682x+ 3.0054
804 A®= 0.9806

H activity [Bag™"]

3

T
0 10 20 30
152 L _1
(b) Eu activity [Bqg™ ']
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activity of the biological shield of the APSARA reac-
tor showed ®*Co and '*?Eu as the major gamma emit-
ters that contribute to residual activity. The method
adopted for the separation of *H from other
radionuclides present in concrete was satisfactory.
Depth distribution of radioactivity in concrete has
been carried out as it is useful in active waste volume
reduction during the decommissioning phase. This
study serves to provide data for developing scaling
factors for H with respect to the easily measurable
correlation partner ®°Co and is significant from the
standpoint of the clearance of bulk active wastes gen-
erated during the decommissioning of the reactor
structure.
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P. K. TOITAJTAKPUIIIHAH, A. TOCBAMUA

PAINOJOMKA KAPAKTEPU3AIIMJA BETOHCKE BHMOJOIKE
SAINITUTE PEAKTOPA AIICAPA

ATICAPA, npBu nctpaxkuBauku peaktop y Munuju, kopunitheH je y pa3HUM HCTPasKMBAYKO-
-pa3BojHUM mnporpamuma op 1956. rogune no csor ramemwa 2009. rogune. TokoM paja peakrTopa y
OHOJIOIIKO] 3alITUTH PEaKTOpa CTBOPUJIA ce Pe3uyajHa aKTUBHOCT YCIIel HEYTPOHCKOT O3paunBamba.
3aTo je CIpoBefIeHO Manupame jaulHe 103€, Kao U iA Sifi TaMa CIeKTPOMETpHja OETOHCKHUX CTPYKTypa
peakTopckor 6a3eHa. IIpUKyn/beHU Cy penpe3eHTaTUBHU y30pL OETOHA ca Pa3IMYUTUX MECTa KOjU Cy
MIOTOM aHAIM3UPaHK raMa CIIEKTPOMETPHjOM BICOKe pe3onyiuje. Ha Behunu nokauuja nponabeno je na cy
aykauau °Co u ?Eu rnaBau u3Bopu raMa 3pauera. Y HEKUM Off GETOHCKUX CTPYKTypa mpoHabeH je u
133Ba. Cenapanmja *H n3 6eToHa 00aBIbeHa je METOJIOM JIUTECTHje KUCEITNHE, a GETa aKTUBHOCT MEDPEHA je
TEYHUM CIMHTHIATOpOM. Pa3smaTpaHa je u pacnofesa 1o JyOuHU cnenuuyHe aKTUBHOCTH PAaIMOHYKJIIUA
y yriaoBuMa O€TOHCKe 3amTure. YTBpbeHO je ja cmeuuuuHa aKTUBHOCT PpafiMOHYKJIUAa omaja
CKCIIOHEHIjaJIHO ca JAyOMHOM yHyTap OeTOoHCKuX 3upoBa. OBO mpoyyaBame MoOxKe mnomohm 3a
CKIIAIUIITEHE OTHA/a BEIMKUX 3alpeMrHa TOKOM JIEKOMHUCH]jE PeakTopa.

Kmwyune peuu: Oexomucuja, oitiiiao seauke 3aiipemune, 2ama cilekiipometupuja,
flevHU CUUHTUUAQTUODP, OUONOWKU WIHUIT



