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Silicon semiconductor production by neutron transmutation doping (NTD) method
using the JMTR has been investigated in Neutron Irradiation and Testing Reactor Center,
Japan Atomic Energy Agency in order to expand the industry use. As a part of investigations,
irradiation test with a silicon ingot was planned using WWR-K in Institute of Nuclear
Physics, Republic of Kazakhstan. A device rotating the ingot made with the silicon was
fabricated and was installed in the WWR-K for the irradiation test. And that, a preliminary
irradiation test was carried out using neutron fluence monitors to evaluate the neutronic
irradiation field. Based on the result, two silicon ingots were irradiated as scheduled, and the
resistivity of each irradiated silicon ingot was measured to confirm the applicability of
high-quality silicon semiconductor by the NTD method (NTD-Si) to its commercial

production.
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1. Introduction

Silicon (Si) semiconductor fabricated by a neutron transmutation doping (NTD) method
using 30Si (n,y) 31Si reaction, called as NTD-Si, have been widely used in various industrial
fields, especially for high quality semiconductor power devices. Among various areas of
research reactor utilization, the NTD method for Si is one well established technology required
by industry. The NTD method can provide a direct commercial income to research reactors, and
1s required being installed in facilities by many research reactor operators. Therefore,
enhancement of availability of the NTD method by involving more research reactor facilities
would reduce the burden of potential industrial partners developing another technology or
material cost. Benefitting not only industry but also the research reactor community,
collaboration in the NTD method is needed. The amount of the NTD-Si production is 160 ton
per year [presumption in 2004]V. In recent years, the Si semiconductors with large diameter
are required for low cost production?. Thus, feasibility study of the Si semiconductor
production facility® on the JMTR (the Japan Materials Testing Reactor)? in Neutron
Irradiation and Testing Reactor Center (NITRC) in Japan Atomic Energy Agency (JAEA) has
been carried out in order to produce large size diameter (8-inches) NTD-Si. In WWR-K of
Institute of Nuclear Physics (INP) of Republic of Kazakhstan, which is the light water
tank-type research reactor like the JMTR, several irradiation channels have been evaluated in
respect to the production of the NTD-Si, and it was found to irradiate the Si ingot of up to
8-inches in diameter?.

As a part of the investigation, irradiation test with the Si ingot for development of the
NTD-Si was planned using the WWR-K in a frame of specific topics of cooperation (STC),
Irradiation Technology for NTD-Si (STC No.II-4) on the implementing arrangement between
National Nuclear Center of Republic of Kazakhstan and the JAEA for “Nuclear Technology
on Testing/Research Reactors” in cooperation for research and development in nuclear
energy and technology ©.

As for the irradiation test, the Si-rotating device” was fabricated in JAEA, and the
fabricated device was transported with irradiation specimens from Japan to Kazakhstan.
Then the device was installed in the WWR-K, and a preliminary irradiation test using
fluence monitors was carried out in order to evaluate the neutronic irradiation field of the
irradiation channel for the Si ingot. Based on the result, Si ingots were irradiated and of
which the resistivity of each irradiated ingot was measured in Japan.

This report describes the installation of the Si-rotating device on the WWR-K, the result of
the preliminary irradiation test, irradiation test with the Si ingot and its resistivity
measurement after irradiation to confirm the applicability of high-quality NTD-Si to the

commercial production.
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2. Test schedule

The WWR-K research reactor in INP is a light-water-cooled tank-type having thermal
power of 6MWt. The core height is 0.6 m, and the core diameter is 0.72 m. Irradiation tests
are performed using vertical and horizontal channels. According to information exchange in
the technical meetings in September, 2009 between INP and JAEA, it was concluded that
irradiation of the Si ingot of 8 inches in diameter is possible in the WWR-K. However,
modification of the facility partly should be needed and it takes long time. Therefore, the
irradiation test with the Si ingot with 6 inches in diameter was decided among INP and
JAEA because of no need for drastic modification of the facility, and the irradiation channel

K-23 was selected. Planned irradiation test is composed of two kinds of tests as follows.

(1) Neutronic evaluation of irradiation field

Before the irradiation test with the Si ingot, a preliminary irradiation test using
aluminum (Al) ingots was planned to evaluate the actual irradiation field of the irradiation
channel for the Si ingot in the irradiation channel K-23 of the WWR-K. The dimension of the
Al ingot is almost same as that of Si ingots, and fluence monitors® are installed into the Al
ingot to measure both fast and thermal neutron fluencies after the irradiation.

On the other hand, neutronic calculations in the irradiation field are performed by INP
with the computer code of MCU-REA? using Monte Carlo method and the results are

compared with measurement results.

(2) Irradiation test with Si ingots

The irradiation test with the Si ingots is carried out after the preliminary irradiation
test. Two kinds of single crystal Si ingots with different length are prepared by JAEA for
irradiation, and transported from JAEA to INP. Specification and photographs of these Si
ingots are shown in Table 1 and Fig.1, respectively. Irradiated Si ingots are transported from
Kazakhstan to Japan, and resistivity measurements are carried out to confirm the

applicability to the commercial production.
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3. Installation of Si-rotating device

3.1 Si-rotating device

The Si-rotating device was designed and fabricated in JAEA in order to conduct the
irradiation test with the Si ingot in the irradiation channel K-23 of the WWR-K. The device
consists of a holder of Si ingot, a rotating motor, an up-and-down motor, a control panel, a
remote control panel, etc. A conceptual diagram for the irradiation test with the Si ingot in
the WWR-K is shown in Fig.2.

The holder of Si ingot works as a container with cylinder shape to store the Si ingot for
irradiation. The holder is suspended by an aluminum chain. The Si ingot is stored in the
holder and fastened by the spacers. Location in an axial direction of Si ingot with different
height is coordinated to the same by a spacer. High purity aluminum alloy (more than
99.50 %) is used for the material of the holder and the spacer in order to avoid the activation
of impurity by the thermal neutron as much as possible.

The rotating motor rotates the holder of Si ingot in order to irradiate Si ingot with axial
rotating for the uniform radial neutron flux distribution. The rotating speed of the device is 2
rpm. The revolution counter is installed in the control panel in order to confirm rotating of
the Si ingot outside the reactor during the reactor operation. Air sealing is installed against
dew condensation because the humidity in the channel is 100 % in maximum.

The up-and-down motor transfers the holder of Si ingot in an axial direction between the
irradiated and cooled locations in the channel. Air sealing is also set against dew
condensation. The encoder is incorporated at the up-and-down motor to measure the height
of the Si ingot, and the axial location is indicated on the location detector at the control
panel.

The rotating motor and the up-and-down motor are operated using the control panel and
the remote control panel. The control panel is the device for monitoring and operating the
Si-rotating device. Therefore, the revolution detector and the location detector are
incorporated. The remote control panel is incorporated at the laboratory with 30 m far from
the reactor, and enables simple operation of the Si-rotating device without entering the
reactor room. Therefore, the revolution detector and the location detector are not
incorporated.

Structural design conditions in order to install the Si-rotating device on the top of the
WWR-K are listed in Table 2. It is impossible to access to the device from outside the reactor
during reactor operation because the top of the WWR-K is covered with a protective cover.
Therefore, the space for installation of the device is limited, and the device should be
operated by a remote control. The Si ingot should be irradiated at the thermal power of 6
MW and should not be irradiated during the start-up and shutdown of the reactor to uniform

axial neutron flux distribution of the Si ingot.
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The photograph of the fabricated Si-rotating device is shown in Fig.3. After fabrication,
inspection tests such as visual inspection, dimensional inspection, number inspection,
material inspection and performance verification test were performed, and it was confirmed
to satisfy design conditions.

The Si-rotating device was transported from JAEA to INP with specimens such as Si and
Al ingots described in chapter 4.1, and the transportation was completed at September 13th,
2011.

3.2 Operation test

The Si-rotating device was assembled in the reactor building of the WWR-K, and was set
on the basement near the reactor for an operation test. After the assembly test, the operation
test was carried out on September 20th and 21th, 2011 by JAEA and INP, and the results are

listed in Table 3. As a result, it was confirmed to operate normally and safely.

3.3 Installation in WWR-K

The Si-rotating device was installed into the irradiation channel K-23 at the WWR-K for
the installation by the crane. However during the work, it was found that the encoder and
the motor cable of the rotating motor interfere with an important component for the WWR-K
control on the top of the reactor. Therefore, the encoder was removed from the device with
some modifications of related circuits, and the arrangement of the motor cable was changed
by rewiring with agreement of JAEA and INP. Then, the Si-rotating device was installed
again, and was installed successfully. After the installation, operation test was carried out,
and it was also confirmed to operate normally and safely. These works were carried out on
September 22th and 23rd, 2011 by JAEA and INP.

As a result of the specification change, it became to be impossible to indicate an axial
location of the Si ingot on the control panel, and to use the remote control panel. Therefore,

the axial location of the Si ingot is controlled by limit switches.
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4. Preliminary irradiation test for evaluation of neutron irradiation field

4.1 Preparation of specimen

In order to evaluate the actual irradiation field in the irradiation channel of the Si ingot
in the irradiation channel K-23 of the WWR-K, the preliminary irradiation test using fluence
monitors (F/Ms) was planned.

As for F/Ms used in the JMTR, 54Fe(n, p)>*Mn reaction of iron wire and 59Co(n,y)¢°Co
reaction of aluminum-cobalt (0.11wt% of cobalt) wire are used as measurement method of
fast and thermal neutron flux/fluence, respectively. For the preliminary irradiation test, sixty
F/Ms of the same specification as the JMTR were fabricated in JAEA, named F/M number 1
to 60. Each structure and photograph of F/Ms are shown in Fig.4 to Fig.6. F/Ms were
installed into an Al ingot prepared for the irradiation test. Four Al ingots which are almost
the same dimension as Si ingots were fabricated in JAEA. Two ingots of them are 150mm in
diameter with 202mm length, and were named as L.202-1 and L202-2. Other two ingots are
150mm in diameter with 278mm length, and were named as 1.278-1 and 1.278-2.

Al ingots were made of A1070 (99.76 %), and five holes of 3 mm in diameter were drilled
in each ingot in order to install F/Ms. Four holes are at the locations at the circle of 130mm
in diameter and one hole is at the center location of the Al ingot. F/Ms are installed into
these holes and placed at the top, middle and bottom locations, respectively. Fifteen F/Ms
were installed into each Al ingot with adjustment of those axial locations by an aluminum
spacer, and each hole was covered by the bolt. The name of the specimen was punched on the
top face of the ingot to identify it, and was not punched on the bottom face to distinguish the
top face with the bottom face. Photograph of the Al ingot is shown in Fig.7 as an example,
and loading location of F/Ms is shown in Fig.8. Each F/M is associated with its loading
location. Numbering method of its loading location is shown in Fig.9, and specification of

F/Ms 1s summarized in Table 4.

4.2 Preliminary calculation of irradiation field

Before preliminary irradiation test, distribution of the thermal neutron flux density over
Si ingot was calculated in INP in case that the Si ingot is located in the irradiation channel
K-23 of the WWR-K. The irradiation channel K-23 is located behind the tank of active core,
and the height is 5220 mm, from the top to the center core 510 mm and the bottom of channel
824 mm below the center of the core. Calculations were performed using the code MCU-REA in
three-dimensional geometry of the core. The layout of the calculation nodes is shown in Fig.10,
and the calculated distributions of the thermal neutron flux density (E<0.465 eV) over height
of the Si ingot are shown in Fig.11 and Fig.12. The average height irregularity factor is at
about 1.05. From the evaluation, it was revealed that it is possible to conduct uniform
irradiation of Si ingots in the irradiation channel K-23 in the WWR-K, and irradiation

conditions for Al ingots were planned.
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4.3 Irradiation condition

Neutron fluence is decided by the required resistivity for the NTD-Si because there is a
correlation between them. The resistivity of irradiated silicon is inversely proportional to the
total concentration of the produced dopants and initially existing impurities. In the NTD
method, the added atoms concentration is proportional to the irradiated neutron fluence, which
1s a product of the neutron flux, time of irradiation with a constant neutron flux and the
reaction cross-section. As the neutron cross-section varies by neutron energy, it is influenced
from the neutron spectrum in the irradiation site. In the semiconductor industry, the
resistivity rather than the dopant concentration is usually used. Therefore, the relationship
between the resistivity and the dopant concentration should be established first. For example,
it is said that the resistivity of NTD-Si ranges from about 10 to about 1000 Q-cm!9. Following

equations!V are used at JAEA as for the relationship between the resistivity and the dopant

concentration;
5x10°  5x10"
N, =—2 2% (1)
o 0o
N
¢ t=——2L— [em?] 2
Ngis0" 0,
°t
t=-2L g ®)
o}
where,
Np : Number density of the doped phosphorus in the Si ingot [atoms/cm3]
0o . Resistivity before irradiation [Q-cm]
p . Resistivity after irradiation [Q-cm]
@t :  Neutron fluence [cm2]
o) : Neutron flux [em2-s1]
t Irradiation time [s]
Nsiso  :© Number density of 30Si in the Si ingot [atoms/cms3]
‘Na 2.34:6.02x 107
_oNa 234602107 ) h3ps72
A 28.09
=1.55x107 [atms/b/cm]
Oa :  Neutron absorption cross section of 30Si[cm?]

(=0.108[b] in 2200m/s) or effective cross section

As a result of the preliminary calculation and the correlation, irradiation condition for
the preliminary irradiation test was planned and listed in Table 5. Axial irradiation location

of each Al ingot is arranged with reflecting the result of each preliminary irradiation test.

,6,
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Test procedure for the preliminary irradiation using the Si-rotating device in the
WWR-K is as follows;

V)
(2)

3

(4)

(5)
6
(7

The Al ingot with F/Ms is loaded into the holder of Si ingot.

The Si-rotating device is installed into the irradiation channel K-23 in the WWR-K,
and trial run of the device is carried out during reactor shutdown. After the trial run,
the holder of Siingot is arranged at the cooled location.

The holder of Si ingot with the Al ingot is transferred down to the irradiation
location at 6MW operation, and the ingot is irradiated for planned time with
rotating.

The holder of Si ingot is transferred up from the irradiated location to the cooled
location after required irradiation.

The irradiated Al ingot is cooled in the cooled location up to necessary cooling time.
The holder of Si ingot and the Al ingot is taken out from the reactor core after that.
F/Ms are removed from the Al ingot, and neutron fluxes/fluencies are evaluated in

accordance with the method described in chapter 4.4.

4.4 Evaluation of neutron fluence

After irradiation, removed F/Ms from each Al ingot are dismantled, and monitor wires are

taken out. Radioactivity of these monitor wires are measured with the germanium detector.

The reaction rates are calculated by using radiation activities, and then, neutron

fluxes/fluencies are obtained from the reaction rates and the effective neutron cross section at
the F/M location.

Neutron fluence is evaluated from the radioactivity as follows 11;

>t
G 1. j=1 (4)

o Z (1 _ e_ﬂtij )e*ﬂl‘a)j

@ Neutron fluence (cm2)

A Radioactivity (Bq)

G Atomic weight (Fe =55,9 amu, Co=58,9 amu)

N : Avogadro number (6,023%1023)

M Weight of monitoring wire (g)

F Abundance ratio of (3*Fe and 59Co) in the monitoring wire (Fe or Al-Co)
o Effective cross section (barn)

i : jw irradiation time (s)
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A . Decay constant (s1)
toj . Cooling time after the end of ju irradiation (s)
n : Number of irradiation (operating cycles)

Neutron flux is calculated with normalization to the reactor power? ;

()
¢=— (5)
t
where,
¢ . Neutron flux (cm2s1)
d . Neutron fluence (cm2)
t . Effective operating time in thermal power (6 MW) of the WWR-K (s)
bi M
_ ntegralreactorpower(MW) % 24 % 3600(s)
6(MW)

When F/Ms are irradiated in a neutron field, the neutron capture reaction rates of 59Co
and 5¢Fe in the F/Ms are given by!?;

Ry = +J?O¢(E) x 7% (Eyx N dE = N XmT ©)
0
R, = T H(E)x "N E)x NFYE = NF* x W@p 7)
0
where,
Rr :  Reaction rate of each F/M for the 59Co (s1)
Rr : Reaction rate of each F/M for the 54Fe (s'1)
% + Normalized cross section for the 59Co(n,y)6°Co reaction (barn)
W : Normalized cross section for the 54Fe(n, p)54Mn reaction (>1MeV) (barn)
¢ : Thermal neutron flux (cm2s1),
o, : Fast neutron flux (cm2's)

N : Atomic density of 5Co
N 1 Atomic density of 5Fe

It is possible to calculate the neutron flux and the reaction rates of each F/M by the Monte
Carlo method with three dimensional model of the core, and the normalized effective cross

sections for the irradiation channel of the Si ingot in the WWR-K can be estimated by?;
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Normalized cross section of 34Fe (>1MeV) 5 =0 ®
10~ o
.[¢(E )dE
1.0
E)o(E)dE
Normalized cross section of 52Co (<0.683eV) _ £¢( J7(E) )]
0-04683 - 0.683
J #(E)dE
0

4.5 Results and discussion

As for the preliminary irradiation test in the WWR-K, measured neutron fluxes/fluencies
by F/Ms of each Al ingot were tentatively estimated with effective cross sections of the
commonly available tables from the references!®: 14 which are often used in the WWR-K. The
estimated tentative data are listed in Table 6 to Table 9 with considering a value of an effective
cross section for the 59Co (37.1+1.0) barn!® in the energy level of less than 0.0253 eV and an
effective cross section for the 5Fe 106 mbl4¥ in the energy level of more than 1 MeV,
respectively. These data were estimated to evaluate the actual irradiation field of Al ingots
tentatively, and the purpose is to decide the location in an axial direction of the Si ingot in
the irradiation channel. There is little influence in the difference of energy level between less
than 0.0253 eV and less than 0.683 eV on the distribution of the thermal neutron flux
density.

As for the axial location of the Al ingot, the center of the Al ingot axially is below the
center of the core 70mm for L202-1 and L202-2, 30mm above the center of the core for the
L278-1 and 13mm above the center of the core for L278-2, respectively. These were arranged
with reflecting each result of preliminary irradiation test.

Neutronic calculation of the neutron flux and the reaction rate of each F/M at L278-2 Al
ingot was carried out to estimate normalized effective cross sections by MCU code. As for A,B,C
and D, each F/M measurement result was compared with average neutron fluxes among A to D
because of no rotating in the MCU calculation. The calculation result is listed in Table 10. The
relative errors in calculating the neutron fluxes were around 1 - 4 % to the 59Co (<0.683eV) and
around 5 % to the of 34Fe (>1MeV). On the other hand, the relative errors in calculating the
reaction rates were around 5 - 6 % to the 3Co (<0.683eV) and around 5 - 7 % to the of 54Fe
(>1MeV). The neutron flux of each F/M at 1L.278-2 Al ingot was sorted using the measured
result and also the calculated average effective cross section as the definitive ones, and the
obtained data is listed in Table 11.

Distribution of measured fast and thermal neutron flux density at L278-2 Al ingot are
summarized and shown in Fig. 13 and Fig. 14. In measuring the radioactivity of irradiated
F/M wires by the Ge detector, the statistical errors were around 3 % to the 6°Co and around 4 -

6 % to the 54Mn, and these error bars are also shown in Fig. 13 and Fig.14.
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The average thermal neutron flux and fluence among fifteen F/Ms at 1L.278-2 Al ingot were
about 2.78%X1012cm™2s! and 4.01X1012cm 2, respectively. The result was good agreement with
the targeted irradiated condition listed in Table 5. It can be also said that there are good
performance about radial and axial uniformity in the result of neutron flux distribution at
L278-2 Al ingot.

The irregularity factors for sorted neutron fluxes/fluencies were calculated by following

equation!® and listed in Table 12;

¢
k, = (10)
¢
where,
/2. :  Maximum value of the thermal neutron flux, [cm2s°1]
5 : Average value of the thermal neutron flux, [cm2s1]

The minimization of irregularity factors allows receiving enough homogenous distribution
of mixtures added in the result of Si irradiation. From the evaluated data, the best location of
the Si ingot from holding radiation in the irradiation channel K-23 with uniformity of neutron
irradiation was determined as the same axial location as that of L278-2 Al ingot. Namely, the
axial location of the center of the Si ingot in the irradiation channel K-23 was also determined
as 13mm above the center of the WWR-K core.

7107
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5. Irradiation test with silicon ingot

5.1 Test condition

As a result of the preliminary irradiation test for neutronic evaluation, irradiation
condition for the irradiation test with the Si ingot was determined, and listed in Table 13. As
for the axial location of the Si ingot, the center of the Si ingot axially in the irradiation

channel K-23 was also determined as 13mm above the center of the WWR-K core.

5.2 Resistivity measurement with irradiated silicon ingot

Irradiated two Si ingots in the WWR-K core were removed from the core and cooled in
the reactor building. After cooling, these were decontaminated on the sink in the controlled
area in the WWR-K by INP members under the guidance of JAEA members. After confirming
of no contamination, these irradiated Si ingots were packed and transported to Japan.

These ingots were cut down in increments of 50 mm axially as shown in Fig.15 after
suitable heat treatment, and resistivity of five points in each axial plane of Si ingot was
measured respectively to evaluate radial and axial uniformity. An axial resistivity variation
(ARV)19 and a radial resistivity gradient (RRG)1? were calculated using measured resistivity
based on the evaluation method in JIS H 060216 to evaluate the axial and radial uniformity.
The meaning of the ARV and the RRG are as follows.

ARV 10
RRG 10)

100- {p(planefmax) " P(plane_min) } / P(plane_min) in % (11)
100- (pmax - pmin) /pmin n % (12)

The initial resistivity and uncertainty in the resistivity measurement has an effect on
the RRG directly. Above effects may be reflected in the specifications. While the specification
of the RRG would depend on the customer, it is usually less than or equal to 4-5% nowadays.
The requirement for axial resistivity uniformity depends on the customers and a variation

RRG within 5—-8% has been usually required.

5.3 Results and discussion

The irradiation test with two Si ingots was carried out, and completed as scheduled.
The result of irradiation test is listed in Table 14. Then, the irradiated Si ingots were
transported into Japan, and each resistivity was measured. The result of the resistivity
measurement is listed in Table 15 and Table 16. As no Si spacer was set below and above the
ingot in the irradiation test, the result of the top and bottom plane was ignored in the

evaluation. As a result of the test, followings became clear;

(1) Uniformity in radial and axial direction

There was no problem in the stacking fault by the fast neutron in each Si ingot. As for the Si
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ingot No.1, axial uniformity was evaluated, and the result was very good enough level for the
commercial production.

As for the Siingot No. 2, axial and radial uniformity was evaluated. The RRG of the Si
ingot No.2 was within 4.8 % and the radial uniformity was good enough level for the
commercial production in this time. On the other hand, the RRG was 9.8 %, and the axial
uniformity was insufficient level for the commercial production in this time. It is considered
that the gradient of axial neutron flux distribution in the WWR-K core has an effect on the
gradient of neutron reaction because the length of the Si ingot No.2 is longer than the Si
ingot No.l. Therefore, the axial uniformity of the resistivity will be improved by application
of an axial neutron flux flattening method such as an inversion method, a filter method and
so on, and also by installation of the Si spacer on the top of the ingot and below the bottom of

the ingot.

(2) Measured resistivity

Target resistivity was both 500 Q+cm by 4 hours irradiation. However, the result was
about 400 Q-cm in average in the Si ingot No.2. Parametric irradiation tests in the WWR-K
core will be needed to reveal the relation between irradiation time and resistivity when the

commercial production is planned.

6. Summary

Irradiation test with the Si ingot was planned using the WWR-K in INP by JAEA and
INP. Before the irradiation test, the fabricated Si-rotating device was established on the
WWR-K, and preliminary irradiation test using Al ingots was carried out. As a result, the
irradiation field was evaluated, and the test condition of the Si ingot was determined. Si
ingots were irradiated as scheduled, and the resistivity of each irradiated ingot was
measured. It can be said to be possible to apply the light-water-cooled tank-type reactor such
as the WWR-K and the JMTR to the commercial production of the NTD-Si. On the other
hand, it is indispensable to apply the axial neutron flux flattening method to meet the
criteria of the commercial production and to perform parametric irradiation tests to know the
relation between irradiation time and the resistivity in each site. The uniformity of neutron
irradiation is usually expressed by radial and axial uniformities. The principle to achieve
uniform irradiation is rather simple, and the methods can be classified into a few types.
However, even when the same method is used, the design and operation of an NTD facility
can vary greatly depending on the circumstances of each irradiation site. Therefore, it is
recommended that a reactor starting an NTD project should search for the appropriate
method by considering the characteristics and conditions of their own reactor, rather than

imitating an example.
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Table 1 Specification of Si ingot

No Diameter Length Weight
[mm] [mm] [kg]
1 151.13 202 8,443
2 151.14 278 11,621

Table 2 Design condition for Si-rotating device in WWR-K

Item condition
Atmosphere Air
Top of core —
Humidity 100%
Height (Max.) 4.900m
Internal diameter 193mm
Irradiation Atmosphere Coolant water / Air
channel At least 2 m above the top of
(K-23) Coolant water level the effective core
Coolant water about 45°C
temperature
Coolant water flow No
Power source In-core Less than 48V (AC50Hz / DC)
Ex-core 220V (AC50Hz / DC)
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Table 3 Operation test of Si-rotating device

Operation test using control panel

Emergency

emergency

Inspection item Criterion Result
Winch up Up
Winch Up Stop at upper limit Stop at upper limit
Winch speed (1m=10cm/min) 65s/m
Winch down Down
Winch Down Stop at lower limit Stop at lower limit
Winch speed (1m+10cm/min) 65s/m
Stop winching up when pushing | Stop
Emereenc emergency
gency Stop  winching down when | Stop
pushing emergency
Rotation On On
Rotation On Rotation Off Off
Rotation speed (2rpm+10%rpm) | 118s/2rpm
Emergency Stop rotating when pushing | Stop
emergency
Operation test using remote control panel
Inspection item Criterion Result
. Winch up Up
Winch Up Stop at upper limit Stop at upper limit
. Winch down Down
Winch Down Stop at lower limit Stop at lower limit
Stop winching up when pushing | Stop
Emergenc emergency
gency Stop  winching down when | Stop
pushing emergency
. Rotation On On
Rotation On Rotation Off oft
Stop rotating when pushing [ Stop
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Weight Fe Al-0.475%Co
Number for ATl of Length
loading F(/)i/[ F/M ( w ) (mm) ( w ) L(engt)h
(2) me X number me mm
L202-1- | A-1 1 0.16 8.182 5X5H 1.326 1
A-2 2 0.17 7.990 5x5 1.482 1
A-3 3 0.16 8.310 5x5 1.258 1
B-1 4 0.17 8.106 5X5H 1.281 1
B-2 5 0.17 8.167 5%5 1.055 1
B-3 6 0.17 7.988 5%5 1.504 1
C-1 7 0.17 8.108 5%5 1.127 1
C-2 8 0.17 8.045 5%5 1.253 1
C-3 9 0.17 8.166 5x5 1.370 1
D-1 10 0.16 8.111 5X5H 1.563 1
D-2 11 0.18 8.061 5x5 1.337 1
D-3 12 0.17 8.220 5X5H 1.212 1
E-1 13 0.16 8.134 5%5 1.115 1
E-2 14 0.17 8.117 5%5 1.459 1
E-3 15 0.17 8.121 5%5 1.230 1
L202-2- | A-1 16 0.17 8.070 5%5 1.330 1
A-2 17 0.17 8.334 5X5H 1.322 1
A-3 18 0.17 8.210 5x5 1.115 1
B-1 19 0.16 7.943 5X5H 1.581 1
B-2 20 0.17 8.178 5X5H 1.281 1
B-3 21 0.16 7.990 5%5 1.233 1
C-1 22 0.17 7.902 5%5 1.389 1
C-2 23 0.17 8.113 5%5 1.381 1
C-3 24 0.17 7.958 5%5 1.512 1
D-1 25 0.17 8.238 5X5H 1.315 1
D-2 26 0.16 8.095 5x5 1.329 1
D-3 27 0.17 8.248 5x5 1.320 1
E-1 28 0.17 8.159 5x5 1.098 1
E-2 29 0.17 8.129 5%5 1.064 1
E-3 30 0.17 8.150 5%5 1.183 1
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Table 4 List of fluence monitors (2/2)

Weight Fe Al-0.475%Co
Numbering for Nun}ber of Length
loading F‘/’M FM ( w ; (mm) ( w ; L(engt)h

(2) me X number me mm

L278-1- | A-1 31 0.17 8.167 5%X5 1.119 1
A-2 32 0.17 8.184 5%X5 1.271 1

A-3 33 0.17 7.877 5%X5 1.103 1

B-1 34 0.17 8.113 5%X5 1.187 1

B-2 35 0.17 8.221 5%x5 1.218 1

B-3 36 0.17 7.952 5%x5 1.103 1

C-1 37 0.17 7.986 5%x5 1.198 1

C-2 38 0.17 8.208 5%x5 1.301 1

C-3 39 0.17 8.128 5%X5 1.228 1

D-1 40 0.16 8.033 5%X5 0.950 1

D-2 41 0.16 8.096 5%X5 1.150 1

D-3 42 0.17 8.374 5%X5 1.132 1

E-1 43 0.16 8.208 5%x5 1.071 1

E-2 44 0.17 8.019 5%x5 1.493 1

E-3 45 0.17 8.093 5%x5 1.410 1
L278-2- | A-1 46 0.17 8.053 5%x5 1.272 1
A-2 47 0.16 8.162 5%X5 1.036 1

A-3 48 0.17 8.106 5%X5 1.126 1

B-1 49 0.17 8.005 5%X5 1.340 1

B-2 50 0.17 8.334 5%X5 1.079 1

B-3 51 0.17 7.949 5%x5 1.081 1

C-1 52 0.17 8.042 5%x5 1.154 1

C-2 53 0.17 8.026 5%x5 1.132 1

C-3 54 0.17 7.953 5%x5 1.247 1

D-1 55 0.17 8.200 5%X5 1.184 1

D-2 56 0.17 7.942 5%X5 1.201 1

D-3 57 0.17 8.187 5%X5 1.156 1

E-1 58 0.17 7.915 5%X5 0.991 1

E-2 59 0.17 8.107 5%x5 1.112 1

E-3 60 0.17 7.981 5%x5 1.278 1

Table 5 Irradiation condition for preliminary irradiation test

Thermal Thermal Irradiation

Test | Name of . f .
No specimen Rotation | neutron fluence neutron flux time

: [cm2] [cm=2-s1] [h]
I-1 L202-1 2rpm 2x1016 2.8x1012 2
I-2 L.202-2 2rpm 4x1016 2.8x1012 4
I-3 L.278-1 2rpm 2x1016 2.8%x1012 2
I-4 L.278-2 2rpm 4x1016 2.8x1012 4
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Table 6 Tentative data of neutron flux/fluence for 1.202-1 Al ingot
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Neutron fluence (cm2)

Neutron flux (cm-2s1)

{:)Ocziil(r)lr% I\ilfl?/ll)\ir Fast Thermal Fast Thermal
[>1 MeV] | [<0.683eV] | [>1 MeV] | [<0.683eV]
L202-1-A-1 1 1.54 X 1015 2.09X1018 2.14 X101 2.88X1012
L202-1-A-2 2 1.65X1015 7.89X 1015 2.29 X101t 1.08 <1012
L202-1-A-3 3 1.25X 1015 1.79X 1016 1.74 X101 2.45X 1012
L202-1-B-1 4 1.52X1015 —* 2.11 X101 —*
L202-1-B-2 5 1.45X1015 1.99 X'1016 2.02 X101 2.73X1012
L202-1-B-3 6 1.11X1015 1.76 X 1016 1. 54 X101 2.42X 1012
L202-1-C-1 7 1.50X 1015 2.19X 1016 2.09X 101 3.01 X102
L202-1-C-2 8 1.36X 1015 1.98 X 1016 1.89 X 1011 2.72X1012
L202-1-C-3 9 1.18X 1015 1.80X 1016 1.64 X101 2.47X1012
L202-1-D-1 10 1.62X1015 2.13X1016 2.25X 1011 2.93X 1012
L202-1-D-2 11 1.47X1015 1.89X 1016 2.056X 101! 2.59X 1012
L202-1-D-3 12 1.13X1015 1.84X 1016 1.57 X101 2.52X1012
L202-1-E-1 13 1.55X 1015 1.97X1016 2.15X101 2. 71X1012
L202-1-E-2 14 1.42X 1015 1.92X 1016 1.97 X101 2.64X 1012
L202-1-E-3 15 1.12X1015 1.67X1016 1.56 X 1011 2.29X1012
! missing

Table 7 Tentative data of neutron flux/fluence for 1.202-2 Al ingot

Neutron fluence (cm2)

Neutron flux (cm2s1)

{(‘)0021(221% 1\(1)1;1;}1)\? Fast Thermal Fast Thermal
[>1 MeV] | [<0.683eV] | [>1 MeV] [<0.683eV]

L202-2-A-1 16 3.42%x1015 4.35x1016 2.26x1011 2.99x1012
L202-2-A-2 17 3.26%x1015 4.08x1016 2.16x1011 2.81x1012
L202-2-A-3 18 2.87%x1015 3.87%x1016 1.90x101 2.66x1012
L202-2-B-1 19 3.36x1015 4.38%1016 2.13x1011 3.02x1012
L202-2-B-2 20 3.21x1015 4.15%x1016 2.02x1011 2.86%1012
L202-2-B-3 21 2.74x1015 3.65%x1016 1.78x101 2.51x1012
L202-2-C-1 22 3.30%x1015 4.21%x1016 2.18x1011 2.90%x1012
L202-2-C-2 23 3.11x1015 4.27%x1016 2.05x101 2.94%1012
L202-2-C-3 24 2.59%x1015 3.77x1016 1.71x101! 2.59x1012
L202-2-D-1 25 3.41x1015 2.62x1016 2.22x1011 1.80x1012
L202-2-D-2 26 3.29x1015 4.30%x1016 2.17x1011 2.96x1012
L202-2-D-3 27 2.93%x1015 4.00x1016 1.93x101! 2.75x1012
L202-2-E-1 28 3.156%x1015 4.03x1016 2.05x1011 2.77x1012
L202-2-E-2 29 3.25%1015 3.97x1016 2.12x1011 2.73%1012
L202-2-E-3 30 2.47x1015 3.62x1016 1.61x101 2.49%x1012
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Table 8 Tentative data of neutron flux/fluence for 1.278-1 Al ingot
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Neutron fluence (cm2)

Neutron flux (cm-2s1)

{:)Ocziil(r)lr% I\ilfl?/ll)\ir Fast Thermal Fast Thermal

[>1 MeV] | [<0.683eV] | [>1 MeV] | [<0.683eV]
L278-1-A-1 31 9.78%x1014 —* 1.36x1011 —*
L278-1-A-2 32 1.37x1015 1.96x%1016 1.90x1011 2.69x1012
L278-1-A-3 33 1.45%1015 2.13%x1016 2.02x1011 2.93%1012
L278-1-B-1 34 1.06x1015 —* 1.47x1011 —*
L278-1-B-2 35 1.40x1015 1.87%1016 1.94x101 2.57x1012
1L.278-1-B-3 36 1.33%1015 2.13%x1016 1.85x1011 2.93x1012
L278-1-C-1 37 1.10x1015 1.62x1016 1.53%x101! 2.22x1012
L278-1-C-2 38 1.44x1015 1.85x1016 2.01x1011 2.54x1012
L278-1-C-3 39 1.40x1015 1.83x1016 1.95%x101! 2.52x1012
L278-1-D-1 40 1.00x1015 1.58x1016 1.39x101! 2.17x1012
L278-1-D-2 41 1.50x1015 1.90x1016 2.09x1011 2.61x1012
L278-1-D-3 42 1.53%x1015 —* 2.13x1011 —*
L278-1-E-1 43 9.07%x1014 1.58%1016 1.26x101 2.18%1012
L278-1-E-2 44 —* —* —* —*
1L278-1-E-3 45 1.55%1015 2.66x1016 2.15x101 3.66x1012

! missing

Table 9 Tentative data of neutron flux/fluence for 1.278-2 Al ingot

Neutron fluence (cm2)

Neutron flux (cm2s1)

{(J)Ocz(iil:)lr% I\(I)?I];‘l/?\zr Fast Thermal Fast Thermal
[>1 MeV] | [<0.683eV] | [>1MeV] | [<0.683eV]

L278-2-A-1 46 2.37x1015 3.90%x1016 1.64x10! 2.71x1012
L278-2-A-2 47 3.12x1015 4.00%x1016 2.17x1011 2.78%x1012
1L278-2-A-3 48 3.12x1015 4.20%x1016 2.16x1011 2.92%x1012
L278-2-B-1 49 2.44x1015 3.97x1016 1.69%x1011 2.75%1012
L278-2-B-2 50 2.44%1015 4.30%x1016 2.21x101 2.98x1012
1L.278-2-B-3 51 2.95%1015 4.38%x1016 2.05x101 3.04x1012
L278-2-C-1 52 2.20%1015 3.79%x1016 1.53%x1011 2.63x1012
L278-2-C-2 53 3.12x1015 4.01%x1016 2.16x1011 2.78%1012
L278-2-C-3 54 2.66x1015 4.13%x1016 1.85x101! 2.87%x1012
L278-2-D-1 55 2.41x1015 3.73%x1016 1.68x101! 2.59%x1012
L278-2-D-2 56 2.63%x1015 4.04x1016 1.82x101! 2.81x1012
L278-2-D-3 57 2.70x1015 4.15%x1016 1.87x101! 2.88%x1012
L278-2-E-1 58 2.34%x1015 3.74%x1016 1.62x101! 2.60%x1012
L278-2-E-2 59 2.91x1015 4.02x1016 2.02x1011 2.79%x1012
1L278-2-E-3 60 2.70x1015 4.10%x1016 1.88%x1011 2.85x1012
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Table 10 Calculated neutron flux/reaction rate for 1.278-2 Al ingot
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Neutron flux (cm-2s1)

Reaction rate (s1)

{:)Ocziil(r)lr% I\ilfl?/ll)\ir Fast Thermal 54Fe 59Co
[>1 MeV] | [<0.683eV] | [>1MeV] | [<0.683eV]
L278-2-A-1 46 5.12x1010 1.83x1012 7.70%1009 7.20x1013
L278-2-A-2 47 7.94%1010 2.18%1012 9.14%1009 8.13x1013
L278-2-A-3 48 6.01x1010 1.97x1012 8.00%1009 7.35x1013
L278-2-B-1 49 1.34x101 2.34%1012 1.38x1010 8.72x1013
L278-2-B-2 50 1.66x10M1 2.53%1012 1.52x1010 9.35%x1013
L278-2-B-3 51 1.44x101 2.39%1012 1.44x1010 8.77%x1013
L278-2-C-1 52 5.39x1011 4.46x1012 2.71x1010 1.70x1014
L278-2-C-2 53 5.62x1011 4.76x1012 2.51x1010 1.78%x1014
L278-2-C-3 54 5.59x1011 4.55x1012 2.74x1010 1.73x1014
L278-2-D-1 55 1.26x1011 2.30x1012 1.33x1010 8.59x1013
L278-2-D-2 56 1.63x101 2.54x1012 1.47x1010 9.51x1013
L278-2-D-3 57 1.38x1011 2.34x1012 1.40x1010 8.86x1013
L278-2-E-1 58 1.54x101 2.67x1012 1.62x1010 9.83%x1013
L278-2-E-2 59 2.05%x101t 2.82%1012 1.87x1010 1.05x1014
L278-2-E-3 60 1.59x101 2.73%1012 1.42x1010 9.93%x1013
Ave*-1 - 2.12x101t 2.73%1012 1.55x1010 1.04x1014
Ave*-2 - 2.43%x101t 3.00%x1012 1.60x1010 1.12x104
Ave*-3 - 2.25%101t 2.81x1012 1.60x1010 1.06x1014
Ingot ave. - 2.04x1011 2.84x1012

Ave*: Average among A, B, C and D
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Table 11 Definitive data of neutron flux/fluence for L.278-2 Al ingot

Loading | Number Neutron fluence (cm2) Neutron flux (cm2s1)
location of F/M Fast Thermal Fast Thermal
[>1 MeV] | [<0.683eV] | [>1MeV] | [<0.683eV]

L278-2-A-1 46 3.14%x1015 3.88%x1016 2.18x101 2.69%1012
L278-2-A-2 47 4.77%X1015 3.98%x1016 3.31x1011 2.77%x1012
1L278-2-A-3 48 4.35%x1015 4.18%x1016 3.02x1011 2.90%x1012
L278-2-B-1 49 3.24%1015 3.94%x1016 2.25x101 2.74%x1012
L278-2-B-2 50 4.85%x1015 4.28%x1016 3.37x1011 2.97%x1012
1L.278-2-B-3 51 4.12%x1015 4.35%x1016 2.86x1011 3.02x1012
L278-2-C-1 52 2.93x1015 3.76x1016 2.03x1011 2.61x1012
L278-2-C-2 53 4.76x1015 3.99%x1016 3.30x1011 2.77%x1012
L278-2-C-3 54 3.71x1015 4.11x1016 2.58%x1011 2.85%x1012
L278-2-D-1 55 3.21x1015 3.70x1016 2.23x1011 2.57%x1012
L278-2-D-2 56 4.01x1015 4.03%x1016 2.79x1011 2.80%x1012
L278-2-D-3 57 3.76x1015 4.13x1016 2.61x1011 2.87x1012
L278-2-E-1 58 2.57%x1015 3.72%x1016 1.79%1011 2.58%1012
L278-2-E-2 59 3.62x1015 3.99%x1016 2.52x101 2.77x1012
1L278-2-E-3 60 3.23%x1015 4.08%x1016 2.24x101 2.83%1012

Table 12 Irregularity factor for preliminary irradiation test

Al ingot L. 202-1* | Alingot L. 202-2* | Alingot L. 278-1* Al ingot L, 278-2
Height Height Height Height
KA 1.08 KA 1.06 KA 1.04 KA 1.04
K.:B 1.06 K.:B 1.08 K.:B 1.07 K.:B 1.04
K.C 1.10 K.C 1.05 K.C 1.05 K.C 1.04
K.D 1.09 K.D 1.04 K.D 1.09 K.D 1.04
K:E 1.06 K:E 1.04 K:E 1.00 K:E 1.04
Radius Radius Radius Radius
K.AEC1 1.05 K.AEC1 1.04 K.AEC1 1.01 K:AEC1 1.02
K:AEC2 1.02 K:AEC2 1.04 K:AEC2 1.03 K.AEC2 1.00
K:AEC3 1.03 K:AEC3 1.03 K:AEC3 1.08 K:AEC3 1.01
K.DEB1 1.04 K.DEB1 1.04 K.DEB1 1.00 K.DEB1 1.04
K.DEB2 1.03 K.DEB2 1.04 K.DEB2 1.01 K.DEB2 1.04
K.DEB3 1.05 K.DEB3 1.07 K.DEB3 1.00 K.DEB3 1.04
Volume Volume Volume Volume
1.14 1.08 1.16 1.09

*: To be exception maximum deviation

,22,




JAEA-Technology 2015-021

Table 13 Irradiation condition of silicon ingot

Thermal Thermal Irradiation

Test Name of . f .
No specimen Rotation | neutron fluence neutron flux time

: [cm2] [cm2-s1] [h]
-1 No.1 2rpm 4x1016 2.8x1012 4

(202mmL) )
No.2
- 16 12

II-2 (278mmL) 2rpm 4x10 2.8X10 4

Table 14 Irradiation test result

with silicon ingot

Ttem Silicon ingot No.1 Silicon ingot No.2
Irradiation channel K-23 K-23
. . +13 mm +13 mm
Axial location [from the core center] [from the core center]
th
Irradiation date Feb. 27th, 2013 Apr. 9, 2013

1315 to 17:15

09:30 to 13:30

Irradiation time 4 hours 4 hours

Irradiation temperature 30I51-37'790C 35:28-42'460(:
(Light water) (Light water)

Number of rotation 2 rpm 2 rpm

Inversion of specimen No No

Si spacer No No
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Table 15 Result of resistivity measurement with silicon ingot No.1

<Uniformity in axial direction>

Measured point Resistivity (Mean) Ato E B to D”
[Q-cm] Max. | Min. | ARV | Max. | Min. | ARV
A —Aplane 448.3
B - B plane 429.3
C — C plane 424.6 448.3 | 424.6 | 56 % | 429.3 | 4246 | 1.1 %
D -D plane 425.3
E — E plane 431.0

*: There is no Si spacer below and above the ingot in this test. Therefore, data of A-A plane

and D-D plane were ignored for the evaluation.

Table 16 Result of resistivity measurement with silicon ingot No.2

< Uniformity in axial direction >

Measured point Resistivity (Mean) Ato F Bto B
[Q-cm] Max. | Min. | ARV | Max. | Min. | ARV
A —Aplane 425.1
B — B plane 415.5
©-Cplane 5873 425.1 | 378.3 | 12.4% | 4155 | 3783 | 9.8%
D -D plane 379.7
E — E plane 378.3
F — F plane 382.7

*: There is no Si spacer below and above the ingot in this test. Therefore, data of A-A plane

and E-E plane were ignored for the evaluation.

< Uniformity in radial direction >

Measured Resistivity [Q-cm]

point R1 R2 R3 R4 R5
A —Aplane 436.6 426.7 420.6 421.7 428.6 436.6 419.2 4.2 %
B — B plane 411.6 411.5 423.8 408.3 405.5 424.0 405.5 4.6 %
C — C plane 389.8 390.5 388.1 384.1 382.1 390.5 382.1 2.2 %
D -D plane 368.0 380.5 384.7 381.4 374.1 385.5 368.0 4.8 %
E — E plane 370.8 377.9 381.8 379.9 374.3 382.1 370.8 3.0 %
F — F plane 374.6 383.8 391.7 378.2 367.3 392.0 367.3 6.7 %

*: There is no Si spacer below and above the ingot in this test. Therefore, data of A-A plane

Max. Min. RRG*

and E-E plane were ignored for the evaluation.
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(1) Silicon ingot No. 1 (2) Silicon ingot No.2
(¢ 151mmx202mmL) (¢ 151mmx278mmL)

Fig.1  Photograph of silicon ingot
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Irradiation position Cooling position

/g\/ N\
= I T

Upper limit switch

N Up-and-down motor

hl

Rotating motor NG N Guideshaft

B

K-23

. ) 4 Aluminum chain
Bottom limit switch RS /
W 1 Holder of Siingot
1 Inthe reactor vessel
(Cooling water)
A A
Center of thecore --|Coref J Core \
i i . ] Irradiation tube

. y |

Fig.2  Conceptual diagram for irradiation test with silicon ingot
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Overall view of device

Remote control panel

Control panel

Fig.3  Photograph of Si-rotating device
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Labeling of F/M number
99.98%Fe(5mm) ; 5 pieces + Al-0.475%Co(1mm) ; 1 piece

10 10 5

Fe Al-0.475%Co

—

\ 4
y

[Unit : mm]

Fig.4  Structure of fluence monitor type I (F/M number 1 to 30)

Labeling of F/M number
99.98%Fe(5mm) ; 5 pieces + spacer + Al-0.475%Co(lmm) ; 1 piece

/ :.-\

10 10 5

Y

N / Fe \_AI-O.475°/0C0

25 5

Al spacer
[Unit : mm]

Fig.5  Structure of fluence monitor type IT (F/M number 31 to 60)

Fig.6  Photograph of fluence monitor
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ame of
. specimen

Fluence

Non punch

Aluminum ingot mark

Fig.8 Loading location of fluence monitor

L202-1 - A -1
— - —

Name of Al Radial position Axial position
ingot of F/M of F/M
(A~E) (1~3)

Fig.9 Numbering method of loading location of fluence monitor
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The K-23 ¢

Siingot

hannel with

The core of the
WWR-K reactor

Fig.10 Layout of calculation nodes for silicon ingot
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Fig.11 Distribution of thermal neutron flux density (E<0.465eV)
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Fig.12 Distribution of thermal neutron flux density (E<0.465eV)

for ¢ 152mmxL280mm silicon ingot
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3.0E+12 .
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'
2.0E+12
1.0E+12
A BB C D oF
0.0E+00 : : : : :
450 100  -50 0 50 100 150

Axial location from the core [mm]

Fig.13 Distribution of thermal neutron flux density (E<0.683eV)
by measurement of fluence monitors at 1.278-2 Al ingot
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Fig.14 Distribution of fast neutron flux density (E > 1MeV)
by measurement of fluence monitors at 1.278-2 Al ingot
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Bottom
(1) Silicon ingot No.1 (2) Silicon ingot No.2
(¢ 151mmx202mmL) (¢ 151mmx278mmL)

e ; Five measured points on each plane

Fig.15 Cutting location of irradiated silicon ingot for resistivity measurement
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