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With previously developed experimental methods which include the preparation and measurement process
for the graphite sample, two new irradiated graphite spheres with surface c dose rates of 51.00 lSv/h and
0.14 lSv/h from the reactor core of the 10 MW high temperature gas-cooled reactor (HTR-10) have been
investigated experimentally. The total b counting rate, the b spectra and the c spectra for each graphite
sample of irradiated graphite spheres were recorded with a total a/b counting measuring apparatus, a
liquid scintillation counter and a high-purity germanium detector connected to a multichannel analyzer,
respectively. Combined with previous experimental data of two irradiated graphite spheres with surface
c dose rates of 25.10 lSv/h and 1.17 lSv/h, the types of key nuclides in the irradiated graphite sphere of
HTR-10 were determined, which were H-3, C-14, Co-60, Cs-137, Eu-152 and Eu-154. The distributions for
each nuclide in four irradiated graphite spheres were compared. The generation mechanisms of H-3,
C-14, Co-60, Cs-137, Eu-152 and Eu-154 in the irradiated graphite sphere of HTR-10 were discussed
and analyzed. Based on all the experimental data regarding impurities and uranium contamination in
the matrix graphite of HTR-10 available, a sensitivity analysis was performed to explain the effect of
impurities and uranium contamination on the specific activity of key nuclides in the graphite sphere.
The influence of the neutron flux and the dwell time in the core on the specific activity of key nuclides
was also considered. The differences of experimental specific activities among these irradiated graphite
spheres were compared and explained. Current comprehensive studies on irradiated graphite spheres of
HTR-10 can provide valuable information for the source term analysis, waste minimization and radiation
protection of high temperature gas-cooled reactors (HTGRs).

� 2018 Published by Elsevier Ltd.
1. Introduction

In the Generation IV Program, the very high temperature reac-
tor (VHTR) has been identified as one of the six technologies for
development as a next generation nuclear energy system (NERAC
and GIF, 2002). Compared to the current high temperature gas-
cooled reactor (HTGR), the VHTR is expected to supply electrical
production with a high efficiency and provide versatility in
process-heat generation or co-generation at a high temperature
level. However, with respect to the safety assessment of VHTR, cur-
rent reliable data about radionuclides including fission products
and activation products in the primary circuit, especially in the
reactor core is rather rare (Morris et al., 2008; Kissane, 2009).
The relevant information can be derived from the operating expe-
rience and experiments on the high temperature gas-cooled reac-
tors (HTRs). For a pebble bed core, the Arbeitsgemeinschaft
Versuchsreaktor (AVR) in Germany had accomplished a series of
experimental programs to study the radioactive source term and
made up a knowledge base for understanding the behavior of fis-
sion products and activation products in HTGRs (Bäumer and
Barnert, 1990; IAEA, 1997; IAEA, 2012).

After the decommissioning of AVR and the thorium high tem-
perature reactor (THTR-300) in Germany, the 10 MW high temper-
ature gas-cooled test reactor (HTR-10) is the only pebble bed
reactor working in the world, which is the first gas-cooled pebble
bed test reactor in China. It uses helium as the primary coolant
and graphite as a moderator and reflector (Wu et al., 2002). The
spherical fuel elements with 60 mm in diameter embedded
tristructural-isotropic (TRISO) coated particles are adopted, which
are composed of two parts: a fuel zone with 50 mm in diameter
and a fuel-free shell of 5 mm in thickness (Tang et al., 2002). The
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Fig. 1. Cylindrical graphite stick sample drilled from the irradiated graphite sphere
of HTR-10.
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HTR-10 attained first criticality in December 2000, realized full
power operation at the beginning of 2003, and demonstrated sev-
eral expected safety features of a pebble bed HTGR by July 2007
(Zhang et al., 2009). Then it was shut down and totally HTR-10
was operated about 225 equivalent full power days (EFPDs). In
2015, HTR-10 was restarted and operated at 2.9 MW for about
90 days (Wei et al., 2016). In order to obtain more valuable infor-
mation about radioactive source terms in the primary circuit and
reactor core, a series of experiments has been conducted in HTR-
10, including: (1) measurement of the activity concentration of
H-3 and C-14 in the primary coolant, (2) measurement of the con-
centration and particle distribution of radioactive dust in the pri-
mary circuit, and (3) measurement of the content and
distribution of key nuclides in the irradiated graphite sphere from
the reactor core (Xie et al., 2018, 2015, 2017; Liu et al., 2017; Li
et al., 2017).

All fission products and activation products in a power plant
come from the reactor core. To determine source terms in the core
will be essential to study the transport behavior of fission products
and activation products in the primary circuit and auxiliary sys-
tems. However, it is generally known to be difficult to determine
the core temperature precisely with respect to the pebble bed reac-
tor which might affect the performance of fuel elements. The direct
investigation of irradiated fuel elements can lead to an extensive
demand for experimental tools and radiation protection. For the
initial core of a pebble bed reactor, a certain percentage of graphite
spheres without fuel particles will be loaded into the core to bal-
ance the excess reactivity of the basically fresh fuels. From the
transition core to the equilibrium core, graphite spheres will be
gradually taken out. These graphite spheres have the same size
and material of matrix graphite as fuel elements, and experienced
nearly the same neutron flux and energy spectrum in the core.
Since there are no fuel particles inside, the radiation level of the
irradiated graphite sphere is rather low (usually about 1 lSv/h
with the maximum less than 60 lSv/h), which makes it ideally
suitable to obtain the radiological information about the pebble
bed reactor core on one hand. On the other hand, to study the irra-
diated graphite sphere can provide unambiguous data about
source terms in the nuclear graphite which has been widely used
in HTGRs.

Liu et al. (2017) has established the analytical methodology to
study the source term in the irradiated graphite sphere and deter-
mined the analytical procedure and parameters. Later, this analyt-
ical methodology was successfully applied to investigate the
content and distribution of key nuclides in an irradiated graphite
sphere of HTR-10 experimentally (Li et al., 2017). However, the
key nuclides and corresponding specific activities exhibit distinct
characters with different irradiated graphite spheres. In this paper,
we will combine all the experimental data available from four gra-
phite spheres irradiated in the reactor core of HTR-10 to compare
the types, specific activities and distributions of key nuclides
therein. Meanwhile we will gather all the information about impu-
rities in the matrix graphite available to do a sensitivity analysis
with the variation of neutron flux and dwell time in the core. The
study whose results are presented here deals with the detailed
investigation of four irradiated graphite spheres discharged from
the reactor core during the shutdown stage of HTR-10 in 2014.
As all graphite spheres loaded into the core were part of the initial
core of HTR-10, their irradiation time of 225 EFPDs is precisely
known. The fact that these four graphite spheres do not contain
any coated fuel particles has the advantage that any measured
radioactivity must originate from either natural contamination of
the graphite material with uranium and impurities, respectively,
or from activity that was transported with the cooling gas and
deposited on the sphere surfaces, while an origin from the coated
particles can be excluded. Therefore the measurements of surface
contamination (such as Cs-137) provide valuable information on
the overall fuel performance of the HTR-10 core, while other
nuclides identified (such as Co-60) show the level of impurities
in the graphitic material.
2. Experiment

The detailed experimental method and process can be found in
Liu et al. (2017). Briefly to say, a mechanical method was adopted
to obtain a cylindrical graphite stick sample through the center of
the irradiated graphite sphere with a homemade drilling machine
(SIEG SUPER X3, from Shanghai SIEG Machinery Co., Ltd). The gra-
phite stick of 60 mm in length and 7 mm in diameter was used to
prepare graphite powder samples at different radial positions of
the graphite sphere. Fig. 1 shows the cylindrical graphite stick sam-
ple drilled from the irradiated graphite sphere.

As indicated earlier, the graphite powder samples were mea-
sured first with a total a/b analyzer (BH1216III, from CNNC Beijing
Nuclear Instrument Factory). Then a high-purity germanium detec-
tor connected to a multichannel analyzer (GC3018 detector, from
Canberra Company) was used to record the c spectra of the solid
sample. After that, the graphite powder samples were combusted
sufficiently in a vessel (1180B, from Parr Instrument Company)
and the exhaust gas was absorbed in NaOH solution. Finally, an
automatic potentiometric titrator (809Titrando, from Metrohm
Company) was applied to determine the carbon content in the liq-
uid sample and the liquid scintillation counter (Quantulus 1220,
from Perkin Elmer Company) was used to measure the b spectra
of the liquid sample.

By now, four irradiated graphite spheres discharged from the
reactor core of HTR-10 have been investigated experimentally.
The experimental results of the first two graphite spheres have
been presented in previous literatures (Liu et al., 2017; Li et al.,
2017). In this article, all the experimental data available were con-
sidered for comparison and analysis. Table 1 lists the mass, the sur-
face c dose rate and the average total b counting rate per gram for
the four irradiated graphite spheres, which were denoted as A, B, C
and D for convenience.



Table 1
The mass, the surface c dose rate and the average total b counting rate per gram for
four irradiated graphite spheres of HTR-10.

Graphite
sphere

Mass
(g)

Surface c dose rate
(lSv/h)

Average total b counting rate
per gram (CPS/g)

A �210* 25.10 92.55
B 210.95 1.17 11.64
C 200.33 51.00 197.16
D 196.03 0.14 0.34

* This value was estimated from the graphite sphere after drilling with consid-
ering the mass of the graphite stick.
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3. Experimental results

For comparison, we plot the total b counting rate per gram, c
spectra, b spectra, and specific activity distribution of key nuclides
of graphite spheres A and B together with the new data from gra-
phite spheres C and D.

Fig. 2 exhibits radial distributions of the total b counting rate
per gram in the four irradiated graphite spheres, which can provide
qualitative aggregate activity information about the distribution of
nuclides in the graphite matrix. The zero position stands for the
center of the graphite sphere. When the whole graphite stick with
60 mm in length is measured, the relative position ranges from
�30 mm to 30 mm, which is the case for graphite spheres B and
C. When only half of the graphite stick was measured, the relative
position ranges from 0 mm to 30 mm, which is the case for gra-
phite spheres A and D. The average total b counting rates per gram
in the four irradiated graphite spheres are 92.55 CPS/g (counts per
second per gram), 11.64 CPS/g, 197.16 CPS/g and 0.34 CPS/g,
respectively. Graphite sphere A and graphite sphere C present a
rather uniform distribution. Graphite sphere D shows slightly lar-
ger values at the surface while graphite sphere B indicates an obvi-
ously larger value of total b counting rates per gram at the surface.
The average total b counting rates per gram in irradiated graphite
spheres are proportional to their surface c dose rate values.

Fig. 3 presents the typical b spectrum of the liquid samples con-
verted from the graphite samples at a radial position for three irra-
diated graphite spheres of HTR-10, including the samples at
29.0 mm, 14.6 mm, and 13.9 mm positions of irradiated graphite
spheres A, B, and C, respectively. It clearly indicates the existence
of H-3 and C-14 in the matrix graphite. In the graphite sphere D,
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Fig. 2. Radial distribution of total b counting rate per unit gram in four irradiated
graphite spheres of HTR-10.
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Fig. 3. Typical b spectrum of the liquid samples converted from the graphite
samples at a radial position for three irradiated graphite spheres of HTR-10: (a) at
29.0 mm position of sphere A; (b) at 14.6 mm position of sphere B; (c) at 13.9 mm
position of sphere C.
there are counts from b rays of H-3 and C-14. However, the b emis-
sion is too weak to become visible in the spectra since the specific
activities for the H-3 and C-14 in the irradiated graphite sphere D
are 0.52 Bq/g and 0.78 Bq/g, respectively. Fig. 4 presents the typical
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(b) at 14.6 mm position of sphere B; (c) at 9.4 mm position of sphere C; (d) at 23.8 mm position of sphere D.
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c spectrum of the graphite samples at a radial position for four
irradiated graphite spheres of HTR-10, including the samples at
0.0 mm (center of the sphere), 14.6 mm, 9.4 mm, and 23.8 mm
positions of irradiated graphite spheres A, B, C, and D, respectively.
The c nuclides in the graphite material of irradiated graphite
spheres of HTR-10 were explicitly identified. Table 2 lists the types
of nuclides, and the corresponding half lives and peaks in the spec-
tra for each irradiated graphite sphere. The isotopes K-40, Pb-214,
and Bi-214 are natural radioactive nuclides, which means the mea-
surement times are long enough to detect the radioactive nuclides



Table 2
Nuclides with corresponding half lives and peaks determined from the c spectra of four irradiated graphite spheres of HTR-10.

Items Nuclides Half lives Peaks (keV)

Graphite sphere A Cs-137 30.17 a 661.7
Eu-152 13.6 a 121.8, 244.7, 344.2, 778.8, 964.0, 1085.7, 1111.9, 1408.0
Eu-154 8.8 a 123.0, 723.2, 873.1, 996.2, 1004.7, 1274.3
Co-60 5.271 a 1173.2, 1332.6
K-40 1.277E9 a 1460.8

Graphite sphere B Cs-137 30.17 a 661.2
Co-60 5.271 a 1173.2, 1332.6
K-40 1.277E9 a 1460.8
Pb-214 27.1 m 241.9, 295.2, 351.9
Bi-214 19.9 m 609.3, 1120.2

Graphite sphere C Cs-137 30.17 a 661.2
Eu-152 13.6 a 121.8, 343.9, 1407.6
Eu-154 8.8 a 122.8, 1273.6
Co-60 5.271 a 1172.4, 1331.5
K-40 1.277E9 a 1460.5

Graphite sphere D Cs-137 30.17 a 661.2
Eu-152 13.6 a 343.9, 1407.6
Eu-154 8.8 a 1273.6
Co-60 5.271 a 1172.4, 1331.5
K-40 1.277E9 a 1460.5
Pb-214 27.1 m 241.9, 295.2, 351.8
Bi-214 19.9 m 608.6, 1120.1
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in the graphite samples. Cs-137 and Co-60 exist in all four irradi-
ated graphite spheres, which belong to the typical fission products
and activation products in HTGRs. Their specific activities will be
presented in Figs. 7 and 8 in the following text. The activities of
Eu-152 and Eu-154 in the graphite spheres C and D are much smal-
ler than those in the graphite sphere A, thus only the strongest
peaks of Eu-152 and Eu-154 can be recognized in the c spectra
of graphite spheres C and D with a rather long measurement time.
It was difficult to determine the specific activities and distributions
of Eu-152 and Eu-154 in the graphite sphere C, but obviously they
exist. However, in the graphite sphere B, no matter how long the
measurement time was, no characteristic peaks of Eu-152 and
Eu-154 appeared in the spectra.

Fig. 5 exhibits radial distributions of the H-3 specific activity in
the four irradiated graphite spheres. The specific activities of H-3 in
the interior of the graphite sphere exhibit nearly homogenous dis-
tribution and the average values are 7857.06 Bq/g, 96.20 Bq/g,
125.36 Bq/g, and 0.52 Bq/g, respectively, for the four spheres. How-
ever, at the surface, the H-3 shows a slightly higher concentration,
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Fig. 5. Radial distributions of H-3 specific activity in four irradiated graphite
spheres of HTR-10.
which is clearly seen in the graphite spheres B, C and D. Fig. 6 exhi-
bits radial distributions of the C-14 specific activity in the four irra-
diated graphite spheres. It looks like the distribution of C-14 in the
graphite sphere is much more uniform than that of H-3. The aver-
age specific activities of C-14 in the interior are 1591.87 Bq/g,
25.20 Bq/g, 26.83 Bq/g, and 0.78 Bq/g, respectively, for the four
irradiated graphite spheres. At the sphere surface, there is a some-
what higher concentration of C-14.

Fig. 7 presents radial distributions of Co-60 specific activities in
the four irradiated graphite spheres. The specific activities of Co-60
in the interior of the graphite spheres show an even distribution
and the average values are 1479.48 Bq/g, 26.35 Bq/g, 3324.45 Bq/g,
and 4.00 Bq/g, respectively, for the four spheres. (Note that in the
article of Liu et al. (2017), the efficiency factor for Co-60 between
the count per second and the Bq is wrongly used, which is
corrected in this paper.) Clearly, the specific activities of Co-60 at
the surface are larger than the average values in the interior of
graphite spheres A and B. However, the specific activity of Co-60
of graphite sphere C exhibits a relatively homogenous distribution
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in the interior and at the surface. As for sphere D, the average
specific activities of Co-60 are low with a slight increase at the
surface.

Fig. 8 presents radial distributions of Cs-137 specific activities
in the four irradiated graphite spheres. The specific activities of
Cs-137 exhibit a nearly even distribution in the interior and at
the surface of the spheres, of which the average values are
14.98 Bq/g, 5.15 Bq/g, 9.47 Bq/g, and 2.98 Bq/g, respectively.

In Liu et al. (2017), the distributions of the specific activities of
Eu-152 and Eu-154 in the irradiated graphite sphere A have been
presented, and the average values are 28.19 and 17.08 Bq/g,
respectively. Since the specific activities of Eu-152 and Eu-154 in
sphere B cannot be detected with current experimental instru-
ments and the specific activities of Eu-152 and Eu-154 in sphere
C are too small to determine the values, only the radial distribu-
tions of the specific activities of Eu-152 and Eu-154 in the irradi-
ated graphite spheres A and D are presented in Figs. 9 and 10,
respectively. Considering the uncertainty and the low specific
activities, the radial distributions of Eu-152 and Eu-154 in the irra-
diated graphite spheres A and D can be thought nearly
homogenous.
4. Sensitivity analysis and calculations

The source terms in the irradiated graphite sphere of HTR-10
can be influenced by several factors, such as the content of impu-
rities in the matrix graphite, the range of the neutron flux in the
reactor core, the uranium contamination fraction in the graphite
sphere, the dwell time for the graphite sphere in the core, etc.
Table 3 lists the thermal and fast neutron fluence rate in the reac-
tor core of HTR-10 at 225 EFPDs. In this section, we provide sensi-
tivity analysis for key nuclides of H-3, C-14, Co-60, Cs-137, Eu-152
and Eu-154 to determine the dominant production source and cru-
cial factors which can affect theoretical calculations on specific
activities.
4.1. Source term analysis and specific activity calculations of H-3

The production mechanisms of H-3 in HTGRs have been deter-
mined in a series of studies (Gainey, 1976; Xu et al., 2017). Briefly
said, H-3 can be generated by activation reactions of Li-6, Li-7 and



Table 3
Maximum value, average value, and minimum value of thermal and fast neutron flux
in the reactor core at 225 equivalent full power operation days.

Item Value

Maximum thermal neutron fluence rate in the core 4.16E+13 cm�2�s�1

Average thermal neutron fluence rate in the core 3.45E+13 cm�2�s�1

Minimum thermal neutron fluence rate in the core 2.93E+13 cm�2�s�1

Maximum fast neutron fluence rate in the core 2.05E+13 cm�2�s�1

Average fast neutron fluence rate in the core 1.44E+13 cm�2�s�1

Minimum fast neutron fluence rate in the core 9.70E+12 cm�2�s�1

Table 5
Specific activity calculation results of H-3 with different parameters at 225 equivalent
full power operation days.

Item Specific activity of H-3 (Bq/g)

Flux

Maximum Average Minimum

Li (Li-6) Design 8.62E+05 7.57E+05 6.72E+05
Maximum 4.58E+03 4.02E+03 3.57E+03
Average 1.44E+03 1.26E+03 1.12E+03
Minimum 5.75E+02 5.05E+02 4.48E+02

Li (Li-7) Design 1.19E+03 8.39E+02 5.65E+02
Maximum 6.35E+00 4.46E+00 3.00E+00
Average 1.99E+00 1.40E+00 9.41E�01
Minimum 7.96E�01 5.59E�01 3.77E�01

B (B-10) Design 1.31E+03 8.83E+02 5.70E+02
Maximum 8.02E+02 5.39E+02 3.48E+02
Average 2.96E+02 1.99E+02 1.28E+02
Minimum 8.82E+01 5.93E+01 3.83E+01
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B-10 in the irradiated graphite sphere. The specific activity of H-3

in the graphite sphere, A
�
T , can be expressed as follows,

A
�
T ¼ kT � NG Li�6

T þ NG Li�7
T þ NG B�10

T

� �
=m ð1Þ

dNG Li�6
T

dt
¼ rLi�6/ThNG Li�6 � kTN

G Li�6
T ð2Þ

dNG Li�6

dt
¼ �rLi�6/ThNG Li�6 ð3Þ

dNG Li�7
T

dt
¼ rLi�7/FNG Li�7 � kTN

G Li�7
T ð4Þ

dNG Li�7

dt
¼ �rLi�7/FNG Li�7 ð5Þ

dNG B�10
T

dt
¼ rðn;2aÞB�10/FNG B�10 þ rLi�7/FN

B�10
Li�7 � kTN

G B�10
T ð6Þ

dNG B�10

dt
¼ �ðrðn;2aÞB�10/F þ rðn;aÞB�10/ThÞ � NG B�10 ð7Þ

dNB�10
Li�7

dt
¼ rðn;aÞB�10/ThNG B�10 � rLi�7/FN

B�10
Li�7 ð8Þ

where NG Li�6
T , NG Li�7

T , and NG B�10
T are the numbers of H-3 atoms

generated by activation reactions of Li-6, Li-7, and B-10 in the gra-
phite, respectively, NG Li�6, NG Li�7, and NB�10

Li�7 are the numbers of Li-6
atoms, Li-7 atoms, and Li-7 atoms produced by the B-10 activation
in the graphite sphere individually, /Th and /F are the thermal and
fast neutron fluence rate in the graphite sphere in the core
(cm�2�s�1) separately, kT is the decay constant of H-3 (s�1), rLi�6

is the cross section of the activation reaction of Li-6 (n, a) H-3 (b),
rLi�7 is the cross section of the activation reaction of Li-7 (n, na)
H-3 (b), r(n,2a)B-10 is the cross section of the activation reaction of
B-10 (n, 2a) H-3 (b), r(n,a)B-10 is the cross section of the activation
Table 4
Main Parameters for the calculation of H-3 in the irradiated graphite sphere of
HTR-10.

Item Value

Design value of Li mass fraction in the graphite sphere 0.3 ppm
Maximum Li mass fraction measured in the graphite sphere 0.001594 ppm
Average Li mass fraction measured in the graphite sphere 0.0004997 ppm
Minimum Li mass fraction measured in the graphite sphere 0.0002 ppm
Design value of B mass fraction in the graphite sphere 3 ppm
Maximum B mass fraction measured in the graphite sphere 1.831 ppm
Average B mass fraction measured in the graphite sphere 0.6749 ppm
Minimum B mass fraction measured in the graphite sphere 0.2014 ppm
Cross section of the activation reaction of Li-6 (n, a) H-3 942 b
Cross section of the activation reaction of Li-7 (n, na) H-3 0.15 b
Cross section of the activation reaction of B-10 (n, 2a) H-3 0.05 b
Cross section of the activation reaction of B-10 (n, a) Li-7 (b) 3838 b
reaction of B-10 (n, a) Li-7 (b), and m is the mass of the graphite
sphere of HTR-10 (g).

Table 4 lists main parameters to calculate the specific activity of
H-3 in the irradiated graphite sphere, including the Li and B mass
fractions, and the cross sections of related activation reactions. In
order to do a sensitivity analysis to determine key parameters
which can affect the specific activity of H-3, several cases are con-
sidered for calculation, with different combinations of neutron flu-
ence rate and mass fraction of impurities. The detailed calculation
results are presented in Table 5. With the design values of Li mass
fraction and B mass fraction, the total specific activity of H-3 in the
irradiated graphite sphere of HTR-10 with 225 EFPDs can be as
high as 7.59 � 105 Bq/g. While according to the measured values
of Li and B mass fractions in the sampling batches of the graphite
spheres, the calculated H-3 specific activities are much smaller.
The H-3 produced by Li-7 activation is at least two orders of mag-
nitude less than that by Li-6 activation, and the H-3 produced by B-
10 activation is about one order of magnitude less than that by Li-6
activation. Therefore, the dominant source term of H-3 in the irra-
diated graphite sphere comes from the activation reaction of Li-6
in the graphite.

Fig. 11 presents calculation results of H-3 specific activity in
comparison with average experimental values of H-3 in the four
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irradiated graphite spheres. In the sampling batches of the graphite
spheres, the measured maximum Li mass fraction, 0.001594 ppm,
is much less than the design value, 0.3 ppm. On the other hand,
the measured maximum B mass fraction, 1.831 ppm, is close to
the design value of 3 ppm. Even so, the H-3 generated from the
Li-6 activation is much larger than that from the B-10 activation.
The control of the Li mass fraction in the graphite of HTR-10 can
reduce the specific activity of H-3 in the irradiated graphite
spheres effectively.

4.2. Source term analysis and specific activity calculations of C-14

In HTGRs, the generation of C-14 has been analyzed in several
studies (Davis, 1977; Wichner and Dyer, 1980). In the irradiated
graphite spheres, C-14 can be produced by activation reactions of
C-13 and N-14 in the graphite. The specific activity of C-14 in the

graphite spheres of HTR-10, A
�
C�14, can be calculated as follows,

A
�
C�14 ¼ kC�14 � ðNG C�13

C�14 þ NG N�14
C�14 Þ=m ð9Þ

dNG C�13
C�14

dt
¼ rC�13/ThNG C�13 � kC�14N

G C�13
C�14 ð10Þ

dNG C�13

dt
¼ �rC�13/ThNG C�13 ð11Þ

dNG N�14
C�14

dt
¼ rN�14/ThNG N�14 � kC�14N

G N�14
C�14 ð12Þ

dNG N�14

dt
¼ �rN�14/ThNG N�14 ð13Þ

where NG C�13
C�14 and NG N�14

C�14 are the numbers of C-14 atoms generated
by activation reactions of C-13 and N-14 in the graphite sphere,
respectively, NG C�13 and NG N�14 are the numbers of C-13 atoms
and N-14 atoms in the graphite sphere individually, rC�13 is the
cross section of the activation reaction of C-13 (n, c) C-14 (b),
rN�14 is the cross section of the activation reaction of N-14 (n, p)
C-14 (b), and kC�14 is the decay constant of C-14 (s�1).

Table 6 lists the main parameters for the calculation of C-14
source term in the irradiated graphite sphere of HTR-10. The
designed C-13 mass fraction in the graphite are adopted with nat-
Table 6
Main parameters for the calculation of C-14 in the irradiated graphite sphere
of HTR-10.

Item Value

Maximum N mass fraction in the graphite sphere 30 ppm
Average N mass fraction in the graphite sphere 15 ppm
Minimum N mass fraction in the graphite sphere 1 ppm
Cross section of the activation reaction of C-13 (n, c) C-14 9E�4 b
Cross section of the activation reaction of N-14 (n, p) C-14 1.82 b

Table 7
Specific activity calculation results of C-14 with different parameters at 225
equivalent full power operation days.

Item Specific activity of C-14 (Bq/g)

Flux

Maximum Average Minimum

C-13 Design 1.24E+03 1.03E+03 8.75E+02

N (N-14) Maximum 7.25E+03 6.01E+03 5.11E+03
Medium 3.62E+03 3.01E+03 2.55E+03
Minimum 2.42E+02 2.00E+02 1.70E+02
ural abundance. Since there are no measured N content data in the
matrix graphite of HTR-10 available, the N mass fractions in the
matrix graphite determined from the AVR graphite sphere are used
in the calculation (Wenzel et al., 1979). The calculation results of
specific activities of C-14 are provided in Table 7 considering 225
EFPDs. The C-14 produced from the C-13 activation is about
1.03 � 103 Bq/g with the average neutron fluence rate, and does
not change much with the variation of neutron flux. However,
the contribution from the N-14 activation can greatly affect the
total specific activity of C-14 in the irradiated graphite sphere.

Fig. 12 presents calculation results of C-14 specific activity in
comparison with average experimental values of C-14 measured
in the four irradiated graphite spheres indicating a little higher
theoretical values than the experimental values even with the
adoption of minimum values of neutron flux and impurities. The
detail calculation results about the specific activities of C-14 in
the graphite sphere can be found in Table 7. One possible reason
is that the content of impurities in different batches of graphite
spheres are distinctive, and there may exist much lower contents
of impurities in some batches of graphite spheres. The other possi-
ble reason may be the uncertainty of operational historical and cir-
culation route of spheres in the reactor core.

4.3. Source term analysis and specific activity calculations of Co-60

In HTGRs, Co-60 is a typical activation product which can be
generated by the activation reactions of Co-59 and Ni-60 (Wang
et al., 2015). The specific activity of Co-60 in an irradiated graphite

sphere, A
�
Co�60, can be expressed as follows,

A
�
Co�60 ¼ kCo�60 � NG Co�59

Co�60 þ NG Ni�60
Co�60

� �
=m ð14Þ

dNG Co�59
Co�60

dt
¼ rCo�59/ThNG Co�59 � kCo�60N

G Co�59
Co�60 ð15Þ

dNG Co�59

dt
¼ �rCo�59/ThNG Co�59 ð16Þ

dNG Ni�60
Co�60

dt
¼ rNi�60/FNG Ni�60 � kCo�60N

G Ni�60
Co�60 ð17Þ



Table 9
Specific activity calculation results of Co-60 with different parameters at 225
equivalent full power operation days.

Item Specific activity of Co-60 (Bq/g)

Flux

Maximum Average Minimum

Co (Co-59) Design 8.43E+05 7.00E+05 5.96E+05
Maximum 5.69E+03 4.73E+03 4.02E+03
Average 1.37E+03 1.14E+03 9.67E+02
Minimum 4.21E+01 3.50E+01 2.98E+01

Ni (Ni-60) Design 3.88E+02 2.73E+02 1.84E+02
Maximum 2.17E+01 1.53E+01 1.03E+01
Average 4.52E+00 3.18E+00 2.14E+00
Minimum 5.82E�01 4.09E�01 2.76E�01
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Fig. 13. Comparison of calculated Co-60 specific activities based on different
neutron fluxes (maximum, average and minimum) and different contents of Co and
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dNG Ni�60

dt
¼ �rNi�60/FNG Ni�60 ð18Þ

where NG Co�59
Co�60 and NG Ni�60

Co�60 are the numbers of Co-60 atoms gener-
ated by activation reactions of Co-59 and Ni-60 in the graphite
sphere, respectively, NG Co�59 and NG Ni�60 are the numbers of Co-
59 atoms and Ni-60 atoms in the graphite sphere individually,
rCo�59 is the cross section of the activation reaction of Co-59 (n, c)
Co-60 (b), rNi�60 is the cross section of the activation reaction of
Ni-60 (n, p) Co-60 (b), and kCo�60 is the decay constant of Co-60
(s�1).

Table 8 lists main parameters for the calculation of Co-60
source terms in the irradiated graphite sphere of HTR-10. With
the measured Co mass fractions, the measured and designed Ni
mass fractions, and the maximum, average, and minimum neutron
fluxes, the calculation results of specific activities of Co-60 consid-
ering 225 EFPDs are provided in Table 9. If we assume the designed
Co mass fraction to be the same as the Ni mass fraction in the
matrix graphite, the Co-60 generated from the Ni-60 activation will
be three orders of magnitude less than that from the Co-59 activa-
tion with the same neutron flux and corresponding mass fraction.
Obviously, the content of Co-59 in the matrix graphite plays a cru-
cial role in the specific activity of Co-60 in the irradiated graphite
sphere.

Fig. 13 exhibits calculation results of Co-60 specific activity in
comparison with average experimental values of Co-60 measured
in the four irradiated graphite spheres which indicate that calcula-
tion results agree well with the experimental values.

4.4. Source term analysis and specific activity calculations of Cs-137

Cs-137, which is a typical fission product in HTGRs, was deter-
mined to come from the uranium contamination in the matrix gra-
phite (Li et al., 2017). The uranium contamination has two sources:
the natural uranium contamination of the matrix material and the
defective coated particles from the manufacturing process. For the
four spheres investigated here, of course, only the natural uranium
contamination applies. In this paper, we deduce the specific activ-

ity of Cs-137 in the irradiated graphite sphere, A
�
Cs�137, according to

the thermal power history of the reactor, which can be calculated
as follows,

A
�
Cs�137 ¼ kCs�137

X
X

NG X
Cs�137

 !
=m ð19Þ

dNX
Cs�137

dt
¼ k � Pth

g
� yX � f X � kCs�137 � NX

Cs�137 ð20Þ

where NG X
Cs�137 is the number of Cs-137 atoms generated by fission of

the nuclide X in the irradiated graphite sphere of HTR-10 which is
the fissile nuclide of U-235 here, kCs�137 is the decay constant of
Cs-137, k is the fraction of the uranium contamination in the gra-
Table 8
Main Parameters for the calculation of Co-60 in the irradiated graphite sphere
of HTR-10.

Item Value

Maximum Co mass fraction measured in the graphite sphere 0.02698 ppm
Average Co mass fraction measured in the graphite sphere 0.006483 ppm
Minimum Co mass fraction measured in the graphite sphere 0.0002 ppm
Design value of Ni mass fraction in the graphite sphere 4 ppm
Maximum Ni mass fraction measured in the graphite sphere 0.2237 ppm
Average Ni mass fraction measured in the graphite sphere 0.04662 ppm
Minimum Ni mass fraction measured in the graphite sphere 0.006 ppm
Cross section of the activation reaction of Co-59 (n, c) Co-60 37.18 b
Cross section of the activation reaction of Ni-60 (n, p) Co-60 0.13 b
phite sphere, Pth is the thermal power of the reactor (MW), yx is
the average yield of Cs-137 from fission of the nuclide X, fX is the fis-
sion fraction of the nuclide X, and g is the energy released per fission
(MW�s).

Table 10 presents the estimated fraction of natural U-235 in the
matrix graphite to the U-235 in a fuel element and the measured
natural uranium contamination fraction in the graphite sphere.
Assuming the irradiated graphite spheres experienced 225 EFPDs
in the reactor core, the specific activities of Cs-137 are calculated
as 26.6 Bq/g and 3.09 Bq/g, respectively, on the basis of the esti-
mated and measured natural U-235 fraction in the matrix graphite
in a fuel element and in a graphite sphere individually. However,
the specific activity of Cs-137 in the matrix graphite does not
change much with varying the dwell time in the core. Thus, the
crucial factor on the specific activity of Cs-137 in the irradiated
graphite sphere lies in the natural uranium contamination fraction
in the graphite.

Fig. 14 exhibits calculation results of Cs-137 specific activity in
comparison with average experimental values measured in the
four irradiated graphite spheres indicating that the calculation
results agree well with the experimental values.

4.5. Source term analysis and specific activity calculations of Eu-152

Eu-152 can be produced as a fission product and also by neu-
tron activation in the nuclear reactor (Niese and Gleisberg, 1996;
Lahiri et al., 2005). Therefore it can be found in spent fuel and in



Table 10
Main Parameters for the calculation of Cs-137 in the irradiated graphite sphere of
HTR-10.

Item Value

Estimated fraction of natural U-235 in the matrix graphite to the
U-235 in a fuel element

7.0 � 10�7

Measured natural uranium contamination fraction in the
graphite sphere

0.05 ppm

Fission fraction of Cs-137 produced from U-235 0.0631
Total number of fuel elements in the core 27,000
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structure materials in the reactor core. In the graphite spheres of
HTGRs, Eu-152 can be produced by fission reaction of uranium
contamination in the matrix graphite. However, the yield of Eu-
152 from fissile nuclide U-235 is much less than that of Cs-137
(Nichols et al., 2008). The dominant production source of Eu-152
in the irradiated graphite sphere of HTR-10 is the activation of
Eu-151, which is one of the two natural isotopes of europium.
The specific activity of Eu-152 in the irradiated graphite sphere

of HTR-10, A
�
Eu�152, can be deduced as follows,

A
�
Eu�152 ¼ kEu�152 � NG Eu�151

Eu�152 =m ð21Þ
dNG Eu�151
Eu�152

dt
¼ rEu�151/ThNG Eu�151 � rEu�152/ThN

G Eu�151
Eu�152

� kEu�152N
G Eu�151
Eu�152 ð22Þ
dNG Eu�151

dt
¼ �rEu�151/ThNG Eu�151 ð23Þ

where NG Eu�151
Eu�152 is the number of Eu-152 atoms generated by activa-

tion reactions of Eu-151 in the graphite sphere, NG Eu�151 is the num-
ber of Eu-151 atoms in the graphite sphere, rEu�151 is the cross
section of the activation reaction of Eu-151 (n, c) Eu-152 (b),
rEu�152 is the cross section of the activation reaction of Eu-152 (n,
c) Eu-153 (b), and kEu�152 is the decay constant of Eu-152 (s�1).

Table 11 lists main parameters for the source term calculation
of Eu-152 and Eu-154. Natural europium consists of Eu-151 and
Eu-153 with approximately equal proportions, which can generate
Eu-152 and Eu-154 by the neutron flux. Assuming the irradiated
graphite spheres experienced 225 EFPDs in the reactor core, the
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contamination (estimated and measured) with average experimental values from
the four irradiated graphite spheres of HTR-10.
specific activity of Eu-152 does not change much with variation
of neutron flux. Since the measured Eu mass fraction values in
the sampling batches of graphite spheres vary in a small range,
from 0.0002 ppm to 0.0005 ppm, the calculated specific activity
of Eu-152 changes very little.

Fig. 15 exhibits theoretical calculations of Eu-152 specific activ-
ity in comparison with average experimental values measured in
the irradiated graphite spheres A and D. It seems that the mea-
sured Eu mass fraction values doesn’t cover the irradiated graphite
sphere A. This may be explained by large Eu mass fractions in the
irradiated graphite sphere A compared to the measured values in
sampling batches of graphite spheres.

Unlike the variation tendency of specific activities of H-3, C-14,
and Co-60, the specific activity of Eu-152 becomes larger with the
decrease of neutron flux. The reason is that the cross section of the
activation reaction of Eu-152 (n, c) Eu-153 is bigger than that of
the activation reaction of Eu-151 (n, c) Eu-152.

4.6. Source term analysis and specific activity calculations of Eu-154

Similar to Eu-152, Eu-154 can be produced by fission reactions
and activation reactions (Smith et al., 1992; Niese and Gleisberg,
1996). The yield of Eu-154 from fissile reaction of U-235 is also
much less than that of Cs-137 (Nichols et al., 2008). Therefore, in
the irradiate graphite sphere of HTR-10, the Eu-154 is dominantly
produced by the activation reaction of impurities in the graphite
material. There are two generation mechanisms for Eu-154, which
are (1) activation reaction of natural isotope of europium, Eu-153,
which is Eu-153 (n, c) Eu-154; (2) chain reaction of natural isotope

of samarium, Sm-152, which is Sm-152 (n, c) Sm-153 !b�46:284h
Eu-

153 (n, c) Eu-154 (Vimalnath et al., 2005). The specific activity of

Eu-154 in the irradiated graphite sphere of HTR-10, A
�
Eu�154, can

be deduced as follows,

A
�
Eu�154 ¼ kEu�154 � NG Eu�153

Eu�154 þ NG Sm�152
Eu�154

� �
=m ð24Þ

dNG Eu�153
Eu�154

dt
¼ rEu�153/ThNG Eu�153 � rEu�154/ThN

G Eu�153
Eu�154

� kEu�154N
G Eu�153
Eu�154 ð25Þ
Table 11
Main Parameters for the calculation of Eu-152 and Eu-154 in the irradiated graphite
sphere of HTR-10.

Item Value

Maximum Eu mass fraction measured in the graphite
sphere

0.0005 ppm

Average Eu mass fraction measured in the graphite sphere 0.0003116 ppm
Minimum Eu mass fraction measured in the graphite

sphere
0.0002 ppm

Maximum Sm mass fraction measured in the graphite
sphere

0.0190 ppm

Average Sm mass fraction measured in the graphite sphere 0.003233 ppm
Minimum Sm mass fraction measured in the graphite

sphere
0.002 ppm

Cross section of the activation reaction of Eu-151 (n, c)
Eu-152

9204 b

Cross section of the activation reaction of Eu-152 (n, c)
Eu-153

12,800 b

Cross section of the activation reaction of Eu-153 (n, c)
Eu-154

312 b

Cross section of the activation reaction of Eu-154 (n, c)
Eu-155

1340 b

Cross section of the activation reaction of Sm-152 (n, c)
Sm-153

206 b

Cross section of the activation reaction of Sm-153 (n, c)
Sm-154

420 b
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Table 12
Specific activity calculation results of Eu-154 with different parameters at 225
equivalent full power operation days.

Item Specific activity of Eu-154 (Bq/g)

Flux

Maximum Average Minimum

Eu (Eu-153) Maximum 1.18E+02 1.09E+02 9.96E+01
Average 7.31E+01 6.73E+01 6.18E+01
Minimum 4.71E+01 4.34E+01 3.98E+01

Sm (Sm-152) Maximum 2.32E+02 1.66E+02 1.27E+02
Average 3.79E+01 2.82E+01 2.16E+01
Minimum 2.35E+01 1.75E+01 1.34E+01
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dNG Eu�153

dt
¼ �rEu�153/ThNG Eu�153 ð26Þ

dNG Sm�152
Eu�154

dt
¼ rEu�153/ThN

Sm�153
Eu�153 � rEu�154/ThN

G Sm�152
Eu�154

� kEu�154N
G Sm�152
Eu�154 ð27Þ

dNSm�153
Eu�153

dt
¼ �rEu�153/ThN

Sm�153
Eu�153 þ kSm�153N

G Sm�152
Sm�153 ð28Þ

dNG Sm�152
Sm�153

dt
¼ rSm�152/ThNG Sm�152 � rSm�153/ThN

G Sm�152
Sm�153

� kSm�153N
G Sm�152
Sm�153 ð29Þ

dNG Sm�152

dt
¼ �rSm�152/ThNG Sm�152 ð30Þ

where NG Eu�153
Eu�154 and NG Sm�152

Eu�154 are the numbers of Eu-154 atoms gen-
erated by activation reactions of natural Eu-153 and chain reaction
of natural Sm-152 in the graphite sphere respectively, NG Eu�153 and
NG Sm�152 are the number of Eu-153 and Sm-152 atoms in the gra-
phite sphere separately, NSm�153

Eu�153 and NG Sm�152
Sm�153 are the number of

Eu-153 and Sm-153 atoms produced from chain reaction of natural
Sm-152 in the graphite sphere individually, rEu�153 and rEu�154 are
the cross sections of the activation reactions of Eu-153 (n, c) Eu-
154 and Eu-154 (n, c) Eu-155 (b) respectively, rSm�152 and rSm�153

are the cross sections of the activation reactions of Sm-152 (n, c)
Sm-153 and Sm-153 (n, c) Sm-154 (b) separately, and, kEu�154 and
kSm�153 are the decay constants of Eu-154 and Sm-153 (s�1)
individually.

According to parameters about Eu-153 and Sm-152 listed in
Tables 11 and 12 provides the specific activity calculation results
of Eu-154 based on different parameters combination of neutron
flux and measured Eu-153 and Sm-152 mass fractions in the gra-
phite sphere. Assuming the irradiated graphite spheres experi-
enced 225 EFPDs, the specific activity of Eu-154 shows a much
larger change with the variation of Eu-153 and Sm-152 mass frac-
tions than with the variation of neutron flux. Especially the mea-
sured Sm mass fraction values in the sampling batches of the
graphite spheres change from 0.0020 ppm to 0.0190 ppm, the
specific activities of Eu-154 vary from 17.5 Bq/g to 166 Bq/g
accordingly with the average neutron flux. While the measured
Eu mass fraction values in the sampling batches of graphite
spheres vary in a small range, from 0.0002 ppm to 0.0005 ppm,
also the specific activities of Eu-154 change very little.

Fig. 16 exhibits theoretical calculations of Eu-154 specific activ-
ity in comparison with the average experimental values measured
in the irradiated graphite spheres A and D. The calculated values
cover the experimental values reasonably. Unlike the generation
mechanism of Eu-152, the Eu-154 can be produced not only by
the activation reaction of natural europium but also by the activa-
tion reaction from natural samarium. Therefore, both the Eu mass
fraction and the Sm mass fraction in the graphite can have signif-
icant effects on the specific activity of Eu-154 in the irradiated gra-
phite sphere of HTR-10.
5. Discussion

Based on experimental results of four irradiated graphite
spheres, we concluded that source terms are determined by the
long lived nuclides H-3, C-14, Co-60, Cs-137, Eu-152, and Eu-154
in the matrix graphite of fuel elements and graphite spheres of
HTR-10. The surface c dose rates strongly depend on the specific
activities of Co-60 in irradiated graphite spheres. The average total
b counting rate per gram indicates a close relationship with the
specific activity of Co-60, though the specific activities of H-3
and C-14 are higher in some irradiated graphite spheres. Therefore,
the Co-60 is a characteristic nuclide to represent the radioactive
level of irradiated graphite spheres of HTR-10 with a preliminary
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measurement of the surface c dose rate and the total b counting
rate per gram.

Compared with the experimental data available about specific
activities of key nuclides in the graphite of AVR, it seems that the
average radioactive level in the matrix graphite of HTR-10 operat-
ing elements is much lower. Measurements taken on AVR gra-
phites are listed in Table 13. On one hand, this can be explained
that the AVR reactor has been operated for a long time with higher
thermal power and several types of fuel elements including
bistructural-isotropic (BISO) coated particles had been used, which
greatly promoted the transport and release of radioactive nuclides
in the reactor core. On the other hand, the high core release has
caused fission product profiles with a strong decreasing gradient
of all nuclide concentrations from the sphere surface towards the
inside showing that the contamination comes from the outside
(IAEA, 1997). In contrast, the primary loop of HTR-10 shows a
rather low radioactive contamination level up to now and the
TRISO coated particles in the fuel elements exhibit a good perfor-
mance on the retention ability of fission products. Besides, the con-
tamination with uranium in the HTR-10 spheres appears to be
lower compared to AVR spheres according to the fission gas release
observations during the irradiation experiment HFR-EU1 which
contained fuel spheres from both Chinese and German production
(IAEA, 2012). Also, the content of impurities in the matrix graphite
of HTR-10 may be lower than those of AVR based on the compar-
ison of activation products.

The experimental results in the graphite spheres B and C show a
nearly symmetric distribution of radioactive nuclides in the gra-
phite relative to the center. All the nuclides show a nearly homoge-
nous specific activities distribution inside the graphite spheres.
Only at the surface, the change of the concentration occurs. This
can be understood that H-3, C-14, Co-60, Eu-152, and Eu-154 in
the irradiated graphite sphere of HTR-10 are mainly generated
from the activation of impurities in the graphite which possess
nearly even distributions due to the manufacturing process (Tang
et al., 2002). Cs-137, as a typical fission product, is considered to
be produced by the fission reaction of uranium in the matrix gra-
phite. Thus, a homogenous distribution in the interior of the irradi-
ated graphite sphere of HTR-10 is given as expected. Since the
surface of the irradiated graphite sphere is the interface between
the matrix graphite and primary coolant or other materials,
adsorption, desorption, absorption, and diffusion processes may
happen, which can lead to a concentration alteration as observed
in the experimental results. However, these physical and chemical
Table 13
Experimental specific activities of typical nuclides in the graphite materials of AVR.

Item Nuclides Specific activities (Bq/g)

AVR core graphite
(Bisplinghoff et al., 2000)

H-3 1.2 � 106

C-14 6.3 � 104

Co-60 4.1 � 105

Cs-137 4.4 � 103

Eu-152 <150
Eu-154 9.7 � 103

AVR irradiated fuel sphere
(Reitsamer et al. 1987)

Co-60 2.4 � 104

Cs-137 2.8 � 104

Eu-154 1.1 � 103

AVR reflector graphite
(Fachinger et al., 2008)

H-3 8.8 � 105

C-14 9.5 � 104

Co-60 2.7 � 104

Cs-137 1.9 � 103

Eu-154 560

AVR graphite dust
(Gottaut and Krüger, 1990)

Co-60 2.0 � 105–8 � 106

Cs-137 2 � 106–9.6 � 107

Matrix graphite of the AVR fuel element
(Wenzel et al., 1979)

C-14 3.7 � 104
processes depend on the characteristics of individual nuclides, the
concentration of each nuclide in the matrix graphite and in the pri-
mary helium, the ambient conditions for the graphite spheres, the
operational history of the reactor, etc. For H-3, the specific activi-
ties are clearly higher at the surface than those in the interior of
graphite spheres B, C and D, while it is not very clear in graphite
sphere A. It can be easily understood that matrix graphite acts as
a sink for tritium since the absorption interaction between tritium
and graphite is strong (Tsetskhladze et al., 1988; Xie et al., 2017).
However, in graphite sphere A, the specific activity of H-3 is rather
large, the sorption effect of H-3 is not as clearly visible as in gra-
phite spheres B, C and D. For C-14, the specific activities are slightly
higher at the surface than those in the interior of graphite spheres
A, B, C and D. Compared with the experimental results observed in
the matrix graphite of AVR (Wenzel et al., 1979), the higher con-
centration of C-14 at the surface can be explained that most of
the air is stored in the surface layer when fresh fuel spheres are
loaded. However, unlike a steep increase of C-14 concentration at
the surface of the fuel element in AVR, the content of N impurities
in the surface layer of HTR-10 graphite spheres may be much
lower, resulting in a slight higher concentration of C-14 at the
surface.

The specific activities of Co-60 in graphite spheres A, B and D at
the surface are clearly higher than those in the interior, while the
distribution of Co-60 in the graphite sphere C is rather equal, even
at the surface. In HTRs, the Co-60 is generated from the activation
reactions of Co-59 and Ni-60. However, the contents of impurities
exhibit a large variation among individual graphite spheres from
different sampling batches. Therefore, the specific activity of Co-
60 in different irradiate graphite spheres could change signifi-
cantly. Due to the abrasion and friction, the surface of the graphite
sphere with lower Co-60 specific activity can be adhered by sub-
stances (graphite dust, etc.) from other graphite spheres and/or
fuel elements with higher Co-60 specific activity. This process
can increase the Co-60 concentration at the surface for the irradi-
ate graphite spheres A, B and D. For Cs-137, the specific activities
in all measured irradiated graphite spheres are rather low, and it
is not very clear to quantify the variation tendency of specific activ-
ities at the surface. Since only in graphite spheres A and D, the
specific activities of Eu-152 and Eu-154 were determined, the dis-
tributions of Eu-152 and Eu-154 in the irradiated graphite spheres
are nearly equal due to the generation from activation reaction of
impurities in the graphite.

As indicated above, in the irradiated graphite spheres of HTR-
10, the dominant sources of H-3, C-14, Co-60, Eu-152 and Eu-154
are the activation reaction of Li-6, the activation reactions of C-
13 and N-14, the activation reaction of Co-59, the activation reac-
tions of Eu-151, and the activation reactions of Eu-153 and Sm-
152, respectively. The specific activity of Cs-137 in the irradiated
graphite spheres of HTR-10 mainly depends on the free uranium
contamination in the graphite. By now the measured uranium con-
tamination fractions in the graphite spheres of HTR-10 are all less
than the design value which was adopted in the Final Safety Anal-
ysis Report of HTR-10. Based on the sensitivity analysis, we can see
that the content of impurities in the matrix graphite can make sig-
nificant effects on the activity of activation products in the graphite
sphere of HTR-10, in comparison with variation of the neutron flux
in the reactor. The content of impurities varies with different sam-
pling batches of graphite spheres (Zhao et al., 2006). However, all
the measured values of impurities available are less than those
designed values in HTR-10 if the designed value for the specific ele-
ment has been set, which is the case for Li, B and Ni mass fractions
in the matrix graphite of HTR-10. This indicates that the radioac-
tive assessment for the primary loop of HTR-10 based on design
values will be sufficiently conservative. In future, the designed
values for Co, Eu and Sm mass fractions can also be proposed for
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the matrix graphite of fuel elements and graphite spheres, which
may effectively limit the amount of activation products in the core
of HTGRs.
6. Conclusion

Totally four irradiated graphite spheres from the reactor core
of HTR-10 have been studied experimentally with previously
developed experimental methods, including the total b counting
measurement with a total a/b analyzer, and the specific activi-
ties measurement for c nuclides with a high-purity germanium
detector connected to a multichannel analyzer and for b nuclides
with a liquid scintillation counter. Source terms in the irradiated
graphite spheres have been determined explicitly, and the key
nuclides were identified as H-3, C-14, Co-60, Cs-137, Eu-152,
and Eu-154. The specific activities of these key nuclides show
a rather symmetric distribution relative to the center of the gra-
phite sphere, and are nearly homogeneous in the interior of the
graphite sphere. The total b counting rate per gram, as well as
the surface c dose rate of the irradiated graphite spheres are
dominated by the specific activity of Co-60. The specific activi-
ties for each nuclide in the four irradiated graphite spheres exhi-
bit large differences individually except for those of Cs-137
which is thought to be generated from the fission reaction of
uranium in the graphite.

A sensitive analysis of source terms in the irradiated graphite
sphere of HTR-10 has been provided considering the following fac-
tors: the design value and the measured range of the content of
impurities in the matrix graphite, the range of the neutron flux
in the reactor core, the measured and estimated natural uranium
contamination fraction in the graphite sphere, and the variation
of dwell time for the graphite spheres in the core. It indicates that
the content of impurities in the graphite plays an important role in
the specific activity of key nuclides in the irradiated graphite
spheres of HTR-10. In comparison with the measurements, the
dominant source of H-3 in the irradiated graphite sphere of HTR-
10 is the activation reaction of Li-6. The second contributor of H-
3 in the matrix graphite is the activation reaction of B-10. The
specific activity of C-14 in a graphite sphere can be greatly affected
by the actual content of N-14 in the matrix graphite. Most of the
Co-60 in the irradiated graphite spheres of HTR-10 comes from
the activation of Co-59. To strictly control the content of Co-59
in the graphite matrix is very meaningful to decrease the c radia-
tion dose rate in HTR-10. The calculations of the specific activity of
Cs-137 in the irradiated graphite spheres of HTR-10 based on the
estimated and measured natural uranium contamination agrees
well with the experimental observations. The Eu-152 is thought
to be generated from the activation reaction of Eu-151. The calcu-
lations of the specific activities of Eu-152 can be compared with
experimental data. However, the calculated specific activities of
Eu-154 in the irradiated graphite sphere of HTR-10, which is pro-
duced by the activation reactions of Eu-153 and Sm-152, are a little
higher than the experimental observations. The control of the con-
tents of Eu and Sm in the graphite matrix is also an issue to be con-
sidered in waste minimization of HTGRs.

The current research can supply important information for the
source term analysis, waste minimization, decommissioning work
of HTR-10, and improve knowledge of behavior of fission products
and activation products in HTGRs.
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