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a b s t r a c t

The 14 MeV neutron generator facility is being developed by the Institute for Plasma Research India to
conduct the lab scale experiments related to Indian breeding blanket system for ITER and DEMO. It will
also be utilized for material testing, shielding experiments and development of fusion diagnostics.
Occupational radiation exposure control is necessary for the all kind of nuclear facilities to get the
operational licensing from governing authorities and nuclear regulatory bodies. In the same way, the
radiation exposure for the 14 MeV neutron generator facility at the occupational worker area and
accessible zones for general workers should be under the permissible limit of AERB India. The generator
is designed for the yield of 1012 n/s. The shielding assessment has been made to estimate the radiation
dose during the operational time of the neutron generator. The facility has many utilities and constraints
like ventilation ducts, accessible doors, accessibility of neutron generator components and to conduct the
experiments which make the shielding assessment challenging to provide proper safety for occupational
workers and the general public. The neutron and gamma dose rates have been estimated using the MCNP
radiation transport code and ENDF eVII nuclear data libraries. The ICRP-74 fluence to dose conversion
coefficients has been used for the assessment. The annual radiation exposure has been assessed by
considering 500 h per year operational time. The provision of local shield near to neutron generator has
been also evaluated to reduce the annual radiation doses. The comprehensive results of radiation
shielding capability of neutron generator building and local shield design have been presented in the
paper along with detailed maps of radiation field.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

India is accelerating the fusion research through its participa-
tion in ITER, in-house research-development programs and DEMO
design studies [1e6]. Heading on the road of fusion research and
development program, Institute for Plasma Research is developing
a 14 MeV Neutron Generator (NG) facility which is based
deuterium-tritium fusion reaction. The facility will be utilized for
the neutronic mock-up experiments of the Indian Test Blanket
Module (TBM), associated systems of TBM, DEMO tritium breeding
blankets and shield blankets [7e11]. It will also help in the
by Elsevier Korea LLC. This is an
development of fusion diagnostics. A 2D sketch of the neutron
generator is given in Fig. 1. It consists of an ECR based ion source,
deuterium beam line and rotating tritium target. The beam of
deuterium ions is accelerated and focused through various quad-
rupoles and magnets as shown in Fig. 1. The accelerated deuterium
beam hits the rotating tritium target and generates the neutrons
and alpha particles. The maximum deuterium beam energy is
300 KeV and it produces the 1012 neutrons in a second [12].

It is required to control radiation exposure as per the nuclear
regulatory guideline for the neutron generator being a nuclear fa-
cility. The preliminary assessment has been made for the required
shield thickness [13] to control the radiation exposure outside the
laboratory. The laboratory has been built by considering the pre-
liminary shielding assessment, civil engineering and other utility
requirements. The significant changes in the building design have
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Fig. 1. 2D sketch of neutron generator.

Fig. 2. Schematic diagram of neutron generator laboratory building.
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Fig. 3. Neutronic Model of NG Lab top view (PZ ¼ 200).

H.L. Swami et al. / Nuclear Engineering and Technology 52 (2020) 1784e17911786
been made like air ventilation duct, door maze passes, roof thick-
ness etc. after the preliminary shielding assessment to accommo-
date the civil and operational requirements which demands
detailed neutronic analyses with the actually built lab model. A
schematic diagram of the laboratory building ground floor and first
floor are shown in Fig. 2. The neutronic assessment along with
detailed occupational radiation exposure analyses has been per-
formed using the detailed building dimension and model of the
neutron generator to get the operational licensing.

2. Shielding assessment

The laboratory of neuron generator should be designed as per
the norms of Atomic Energy Regulatory Board (AERB). The annual
dose limit prescribed by AERB is less than 1 mSv for the general
public and 20 mSv for occupation workers [14]. Regulatory also
directs to follow the principle of As Low As reasonable Achievable
(ALARA) for the shield design. In order to keep the safety margin for
calculated dose rates, the hourly doses should bemaintained below
10 mSv for occupational workers which includes the safety margin
Fig. 4. Neutronic Model of NG
factor of 4 for the annual operational time 500 h. The radiation
shielding assessment has been made to check the doses outside the
laboratory. A realistic 3D model has been prepared in MCNP code
using the 3D geometry details of the Lab. Neutronic models of the
NG Lab has been described in Figs. 3e5. The MCNP model has the
reference coordinate (0, 0, 0) at the center of the floor as shown in
Fig. 5. The wall thickness of all side is 180 cm whereas the roof
thickness is 50 cm. The door maze has a width of 200 cm and it has
two doors. The first door is made of 30 cm of HDPE and the second
door has 10 cm of HDPE. Also, there is a cutout in the wall at upside
of the door for the purpose of air ventilation. It has 200 cm width
and 120 cm height. In order to protect direct radiation roof has been
made in dog-leg kind of shape near to air ventilation duct as shown
in Fig. 5. The lab walls are made of concrete which has a density of
2.4 gm/cc and roof is constructed with Reinforced Cement Concrete
(RCC), having a density of 2.5 gm/cc. In order to provide adequate
shielding at door location, doors to be built of high dense poly-
ethylene; the density of the HDPE is considered 0.94 gm/cc.
Neutron source has been considered a point source of 14.1MeV. It is
located at the tritium target coordinates (X ¼ 450 cm, Y ¼ 50 cm,
Z ¼ 257 cm) and the same as shown in Fig. 3. The air is modeled in
the entire volume of laboratory and up to considerable height after
roof (20m radius hemisphere) to get the sky shine effects in results.

The neutron and photon dose rates have been assessed using the
MCNP radiation transport code [15] and ENDF VII cross-section data
libraries [16]. The ICRP-74 conversion factor for fluence to dose
conversion has been used and the same has been mentioned in
Table 1(a) and (b) [17]. The objective of the shielding assessment to
examine the instant doses and cumulative doses surround the
laboratory building and assess the requirement of local shielding.
As per the requirement of AERB, the dose rate has been estimation
at eight locations. The locations of scoring region for estimating
ambient dose equivalent rate have been shown in Figs. 3e5. The
neutronic responses have been estimated in cells which are having
the volume of 100 cm (H) X 100 cm (W) X 10 cm (T).

One hundred million (108) particle histories were tracked in
MCNP to get the good statistics. Moreover, importance sampling
technique of MCNP is used to get the particle transport in a huge
area of interest (extended up to 2000 cm horizontally and 1000 cm
vertically from source) and obtain sufficient particle scores at tally
locations. The relative errors in all results are maintained below
10%.
Lab Side view (PY ¼ 50).



Fig. 5. Neutronic Model of NG Lab Side view (PY ¼ �650).

Table 1(a)
ICRP-74 neutron fluence to dose conversion coefficients.

Energy
(MeV)

H*(10)/f (pSv
cm2)

Energy
(MeV)

H*(10)/f (pSv
cm2)

Energy
(MeV)

H*(10)/f (pSv
cm2)

1.00E-09 6.6 0.01 10.5 5 405
1.00E-08 9.9 0.02 16.6 6 400
2.50E-08 10.6 0.03 23.7 7 405
1.00E-07 12.9 0.05 41.1 8 409
2.00E-07 13.5 0.07 60 9 420
5.00E-07 13.6 0.1 88 10 440
1.00E-06 13.3 0.15 132 12 480
2.00E-06 12.9 0.2 170 14 520
5.00E-06 12 0.3 233 15 540
1.00E-05 11.3 0.5 322 16 555
2.00E-05 10.6 0.7 375 18 570
5.00E-05 9.9 0.9 400 20 600
1.00E-04 9.4 1 416
2.00E-04 8.9 1.2 425
5.00E-04 8.3 2 420
1.00E-03 7.9 3 412
2.00E-03 7.7 4 408

Table 1(b)
ICRP-74 photon fluence to dose conversion coefficients.

Energy (MeV) H*(10)/f (pSv cm2) Energy (MeV) H*(10)/f (pSv cm2)

0.01 0.061 0.5 2.93
0.015 0.83 0.6 3.44
0.02 1.05 0.8 4.38
0.03 0.81 1 5.2
0.04 0.64 1.5 6.9
0.05 0.55 2 8.6
0.06 0.51 3 11.1
0.08 0.53 4 13.4
0.1 0.61 5 15.5
0.15 0.89 6 17.6
0.2 1.2 8 21.6
0.3 1.8 10 25.6
0.4 2.38

Fig. 6. N-spectrum inside and outside lab.
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The neutron and gamma energy spectra at location-5(A) and
5(B) lab have been estimated. Neutron and gamma energy spectra
are shown in Fig. 6 and Fig. 7 respectively. As shown in Fig. 6 the
Fig. 7. G-spectrum inside and outside lab.



Table 2
Operational Dose Rate (without local shield).

Dose
location
number

Description of location Co-
ordinate of
the
location

Neutron
Dose Rate
(mSv/hr)

Gamma
Dose
Rate
(mSv/hr)

Total
(mSv/hr)

0 Side-1 (at door maze,
adjacent to the door-1)
inside NG hall

X ¼ �715
Y ¼ �650
Z ¼ 130

183252.00 4216.93 187468.93

1 Side-1 (at door maze,
adjacent to the door-2)
outside hall

X ¼ �1030
Y ¼ �259.7
Z ¼ 130

3.33 2.13 5.46

2 Side-1 (at outside maze,
in direction of door-1)
outside hall

X ¼ �1415
Y ¼ �650
Z ¼ 130

4.70 0.72 5.42

3 Side-1 (First floor AHV
room, adjacent to the
wall)

X ¼ �935
Y ¼ �650
Z ¼ 500

23.03 3.69 26.72

4 Side-1 (First floor, at the
door of AHV room)

X ¼ �1415
Y ¼ �650
Z ¼ 500

2.61 0.55 3.16

5 Side-2 (nearest point
from the source,
adjacent to the wall)
outside hall

X ¼ 450
Y ¼ �935
Z ¼ 250

2.25 0.31 2.56

6 Side-3 (nearest point
from the source,
adjacent to the wall)
outside hall

X ¼ 935
Y ¼ 50
Z ¼ 250

5.53 1.25 6.78

7 Side-4 (nearest point
from the source,
adjacent to the wall)
outside hall

X ¼ 450
Y ¼ 935
Z ¼ 250

2.62 0.37 2.99

8 Roof (nearest point
from the source,
adjacent to the roof)
outside hall

X ¼ 450
Y ¼ 50
Z ¼ 835

19221.20 1110.93 20332.13
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cumulative neutron flux has all energy of neutrons due to elastic
and inelastic scattering with air and concrete wall. The dominated
part inside the lab at point-5A has higher energy neutron and it gets
slowdown after the attenuation and moderation through 180 cm
concrete wall. The gammas are produced through neutron inter-
action with lab materials in substantial amount and have the
maximum energy up to 10MeV as shown in Fig. 7. The results of the
dose rate estimation results are presented in Table 2. The dose rate
inside the lab near to door around 187.5 mSv/hr, it is quite high and
mainly contributed by neutrons. The dose rate at point-1 which is
outside door reduces drastically due to the direct blocking of 30 cm
Fig. 8. Details of local shi
and 10 cm HDPE doors along with maze structured concrete walls.
The contribution of neutron dose at location-1 is not much higher
from gamma. However the gamma contribution is higher at
location-1 compare to other locations due to the streamed high
energy neutrons interaction with HDPE doors. Dose rate at other
locations of side-1 is also lower than the hourly limit of dose except
air ventilation room. The air ventilation room has direct streaming
of neutrons through 2 m wide duct. It is alarming and needs to be
reduced. The side-1 is designated area of occupational works
whereas other three sides are accessible by general workers and the
dose rate should be below 0.5 mSv/hr including the safetymargin by
factor of 4 (must be less than 2 mSv/hr without safety margin). It is
clear from output (see location point 5, 6 and 7 in Table 2) that the
limit is quite below from obtained dose rate results. The location of
point-6 is much closer from source in comparison to point-5 and 7
therefore the dose is higher. The dose rates are higher than the
permissible limit at various locations which leads the requirement
of local shield assessment to reduce the dose rate. Apart from the
building side areas, the dose rate has been estimated at roof also.
Since the roof thickness is 50 cm only considerably less than wall
thicknesses 180 cmwhich leads to the 20 mSv/hr dose rate at roof.
It is much higher than other locations which also needs attention.

The local shield design is required to reduce the dose rates at
side locations as well ventilation room and roof with reference to
ALARA. It is observed that there is direct streaming of neutron from
ventilation duct and there is significant leakage from roof which
needs to be stopped. Therefore, a block of HDPE which is
4.8 m � 4.3 m modeled at top of the source. The dimensions have
been decided by obstructing the solid angle view of direct primary
neutrons to ventilation duct and roof. The initial assessment has
been done by assuming LSA-1 and 2 which are 50 cm and 100 cm
thick HDPE blocks on top respectively. The dose rates results are
given in Table 3. The dose rate at the roof get decreased drastically
by factor 15 in the presence of 50 cm top shield and the factor gets
doubled for the 2nd case of LSA. The dose rates in general public
accessible areas (point-5, 6 and 7) are also reduced by a factor more
than 2. Dose rate in ventilation room is also decreased slightly from
26.7 mSv/hr to 18.2 mSv/hr. The secondary radiations still stream
through the duct which leads to less reduction in ventilation room.
The local shield arrangement-1 and 2 reduces the dose rates in
occupational worker area as well as general public area but the
reduction is not makes the dose rate below the safety limits.
Therefore, in order to get the further reduction in the dose rates,
with top shield three sides also covered with 50 cm HDPE blocks.
eld arrangement �6.



Fig. 9a. N flux for the plane PZ ¼ 100.

Fig. 9b. N flux for the plane PY ¼ -650.

Fig. 10a. G-flux for the plane PZ ¼ 100.

Fig. 10b. G flux for the plane PY ¼ -650.

Fig. 11a. N dose for the plane PZ ¼ 100.

Fig. 11b. N dose for the plane PY ¼ -650.

Fig. 12a. G dose for the plane PZ ¼ 100.

Fig. 12b. G dose for the plane PY ¼ -650.
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Fig. 13a. Error plot for N flux map PZ ¼ 100.

Fig. 13b. Error plot for N dose map PZ ¼ 100.

Table 3
Operational dose rate with local shield arrangements.

Location
numbers

Dose rate (mSv/hr)

LSA-1
(50 cm
HDPE
on top
of
source)

LSA-2
(100 cm
HDPE on
top of
source)

LSA-3
(50 cm
HDPE on
top and 3
sides of
source)

LSA-4
(100 cm
HDPE on
top and
50 cm in 3
sides of
source)

LSA-5
(same as
LSA-
4,add-on
2 mm Cd
sheet at
top)

LSA-6 (70 cm
HDPE and
30 cm B4C on
top and
remaining
similar to LSA-
5)

1 5.46 5.46 2.19 2.19 2.19 2.13
2 5.68 5.69 1.38 1.38 1.40 1.30
3 18.26 18.04 8.30 8.16 8.04 8.00
4 2.16 2.14 1.02 1.00 0.97 0.99
5 0.87 0.83 0.11 0.08 0.08 0.08
6 3.31 3.23 0.25 0.15 0.15 0.15
7 1.04 1.00 0.13 0.09 0.09 0.09
8 1329.11 539.00 860.84 73.36 66.57 45.33

Table 4
Annual cumulative doses.

Location
numbers

Dose rate (mSv/year) Remarks

Without Local
Shield

With
LSA-4

With
LSA-5

With
LSA-6

1 2.73 1.10 1.09 1.07 Occupational
worker area

2 2.71 0.69 0.70 0.65 Occupational
worker area

3 13.36 4.08 4.02 4.00 Occupational
worker area

4 1.58 0.50 0.49 0.49 Occupational
worker area

5 1.28 0.04 0.04 0.04 General Public
6 3.39 0.08 0.08 0.07 General Public
7 1.49 0.05 0.04 0.05 General Public
8 10166.07 36.68 33.29 22.66 Restricted Zone

H.L. Swami et al. / Nuclear Engineering and Technology 52 (2020) 1784e17911790
Only one side kept open which is required to maintain the gener-
ator and set-up experiments. Three sides and top of the source are
blocked through 50 cm HDPE in LSA-3 arrangement. The dose rates
are reduced by the factor 2 in compare to LSA-2 at all places except
roof location which is due to lesser thick top HDPE block. If the top
block thickness is maintained 100 cm same as the case of LSA-2
with 50 cm thick side blocks (LSA-4) the dose rate at roof gets
reduced by a factor 10. The dose rate at roof reaches to 73.4 mSv/hr
at roof for the case of LSA-4. In general, the dose rate at all location
considerably decreases in presence of 3rd and 4th LSA due to pri-
mary attenuation through HDPE. For the case of LSA-4, dose rates at
all location reached under the safety limit and also the dose rate at
roof also significantly reduced. The roof of NG facility is a restricted
area and will be under surveillance during the operation, still the
assessment has been dose to reduce the dose rate at roof further by
including the cadmium and boron carbide materials in local shield
arrangements. The LSA-5 has a similar arrangement to 4th; only
2 mm cadmium sheet on top has been added to reduce the dose
rate at the roof and it makes it up to 66.57 mSv/hr. The B4C material
is an advance shielding material and utilized for radiation shielding
purposes [18,19]. Therefore, the 6th arrangement has been
designed including B4C. It consist of 70 cm HDPE and 30 cm B4C as
a top part of local shield reaming 3 sides are made of 50 cm thick
HDPE. The inclusion of B4C made a significant reduction in dose
rate. It further reduces the dose rate up to the 45.33 mSv/hr at the
roof and under the hourly limit at other places. The representation
of local shield arrangements is given in Fig. 8 for the case of LSA-6.
3. Radiation maps

The detailed radiation maps for 14 MeV neutron generator
laboratory with presence of local shield arrangement �6 have been
generated to get the neutron and gamma field inside and outside
building. The neutron fluxmaps are shown in Fig. 9(a) and Fig. 9(b).
The gamma fluxes are shown in Fig. 10(a) and Fig. 10(b). The fluxes
are gradually decreases as it goes far from source. The neutron flux
intensity near to door-1 (inside hall) is around 105 n/cm2s whereas
it is 101 n/cm2s near to door 2 (outside hall). The neutrons get direct
streaming through the open side of local shield. As mentioned
above that one side is kept open for the accessibility of source and
arrangement of the experimental set-ups. The radiation doses
during operation has been alsomapped and presented in Fig.11 and
Fig. 12. The statistical errors for the neutron flux and dose rate
mapping given in Fig. 13 and they shows that statistical errors are
less than 10%. The radiation maps will also support to take pre-
cautionary actions for associated systems of neutron generator i.e.
electronics, instrumentation, surveillance equipments etc.

4. Occupation radiation exposures

The annual cumulative doses have been estimated by including
the neutron and photon doses. The annual operational time of the
neutron generator is considered 500 h. The cumulative dose results
are shown in Table 4. The dose rate for the case of without local
shield at most of the concerning locations is exceeding the limit,
mainly in general worker exposing area. In presence of the local
shield arrangement near to the source the dose rates decrease
significantly. Annual cumulative doses at all accessible locations are
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reached under the permissible limit for the case of LSA-4, LSA-5 and
LSA-6. The doses at roof get lowest for the case of LSA-6 which is
very close to the occupational worker annual dose limit. The roof is
considered as a restricted zone with online surveillance.

5. Conclusion

The shielding assessment has been made for the 14 MeV
neutron generator facility to analyze the occupation radiation
exposure for the workers and the general public during the oper-
ation. The neutronic model of the laboratory has been made
including the details of the constructed facility. All doors and util-
ities penetration in wall has been modeled as actual. The assess-
ment suggests the requirement of local shield for the safety of the
occupational workers during the operation of the neutron gener-
ator and as per the ALARA principle. There are 6 local shield
arrangement has been analyses and it is found that the 100 cm
thick HDPE at top and 50 cm thick HDPE blocks at sides makes the
significant reduction in doses and make it under regulatory limit in
accessible zones. Use of materials like B4C, cadmium can reduce the
dose rates further. The safety margin in estimation of hourly dose
limit has been kept a factor four which can account any marginal
difference raised due to some unseen or unaccounted factors in
modeling of neutron generator facility. The maps of radiation fields
have been generated to provide detailed picture of radiation envi-
ronment surround the lab building. It will also support to take
preventive measures for other associate systems inside and outside
lab. The cumulative doses in all area of interest are under the
permissible limit of AERB in the presence of appropriate local shield
arrangement. The roof will be considered as a restricted zone and
will be kept in surveillance and the cumulative dose at roof also
very close to the occupational exposure limit which is also near to
secure for restricted zone. The assessment will support to take the
operational licensing of the neutron generator from atomic energy
regulatory board and ensure the safe environment for occupational
workers and the general public.
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