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SUMMARY

. froject Title

The Development of Silicon Doping Technique by Neutron

Transwmutation

T1. Objective and lmpourtance of the Project

The high purity  and tow  defect Czochralski-Silicon  and
Floatzone-Silicon  are  uwsed as  baze materials of the most
semiconductordevices, The farmer is chileflv used for devices
requiring a series of  annealing in manufacturing processes such as
IC and 1SI, and the latter particutarly for manufacturing of high
or medium Pt devices of such as thyristors, diodes and
transistors.

In the case of FZ2-5i crvstal, howvever, t he: dopant
striation,microscale  variation of dopant  concentration striated
unavidably during dopant  implantstion and crystal  growing, causes
not-uniform electric characteristics «ither frorm device to device or
even in  a device itself, and these siriations eventually reduce

production vield or lower the power rating of the devices,
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The neutron  transmutation doping method is based on  the
irradiation of high purity FZ-5i ingot in a nuclear reactor to
cause nuclear transmutation ,  329Si{np, y}#1Si-—=31P+ 2 - in which one
of the silicon isotopes |,  298i | is changed into the dopant 3tPp,
Since this technique is capable of homogencous doping over large
ingot volume in the wide range of aimed dopant concentration, NTD-Si
ingot is suitable for manufacturing high or medium power
devices with high production yield, At present, the annual! world
production of NTD-Si  for high-power devices amounts to about 120
tons/year and tends to increase owing to the trend of industrial
automation,

At KAERI , a multiple-purpose research reactor (KMRR) of 30MW is
under construction, Equipped with a heavy water reflector around the
core, the reactor is expected to provide a neutron field of good
quality with a small fast to thermal neutron ratio, which will
accordingly make it possible to produce high quality NTD-S1i,
This project aims the development of techniques and facilities to
produce NTD-Si at KMRR, so as to enable us, on the ope hand, to
take part in overseas NTD service market and, on the other hand,
to lead domestic semiconductor industries, some of which have
Just begun with CZ-8i production, to manufacturing high-power

devices by producing or importing FZ-Si.

111, Scope and Contents of Project
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The scope and contents of the project for the second year include
astablishment of fundamentale for the  evaluation of neuton field,
irradiation techniques and design of mechanical driving/electronic

control units, ets, . The major subjects are Jisted below.

i. ITnvestigation of nuclear characteristics in NTD vertical holes

a¥ Evaluation of thermal neutron distribution and neutron quality
hased on  3-dimensional reactor physics computation for KMRR core
charateristics,

b) Evaluation of radiation heating in HTD.

<) Evaluation of NTD influence on reactor reactivity.

2. Degign of NTD-1/¢  holes,

a} Design of jrradiation cleeve,

b) Design wodification of 8TD 1/2 holes.

¢} The basic design of handling tool for irradiation sleeve,

d) Real-time monitoring of neutron irradiation fluence.

3. Disign of HTD facilities,
a) Design of mechanical driving unit,
b) Design of electronic automatic control unit,

¢ Evaluation of NTD method (Evaluation of induced radivactivity)

- - Xiii -



4. Study on precise measurement of the absolute neutron flux
distributions in NTD holes,

a) Study of epithermal neutron spectrum measurement by mult-foil
detector method,

b)Y Fabrication of 3-; colncidence counting system and
characteristics tests.

¢) Activity measurement by 3—; coincidence counting methods.

IV. Results and Proposals

The R/D scope of NTD-Si production technique of the second year
includes the development of basic techniques and design of NTD
facilities. The important interim results and suggestions are given as

follows.

1. Investigation of nuclear characteristics in NTD hole

a) The thermal and epithermal neutron flux density distributions
at the center of NTD-1 hole are estimated from the 5 group neutron
flux calculation for KMRR core physics as follows 3

dpen = 4,26 x 1012 E(eV)/(kT)2 e~o/kT dE

dpepi = 3.60 x 1019 /E(eV) dE
The ratio of dopant concentrations produced from thermal and

epithermal neutrons is estimated to be [3P}] = 1.98 dopi/dtn.

- X1V -



Therefore, the epithermal contribution is expected to be about 0.15%
of the thermal’s,

b) The NTD influence( structual materials and Si ingot) on total
reactivity luss is estimated to  be about 0.5k and therefore
negligible impact is expected on reactor operation parameters, such as
control margin

) The maxiwum speed of Sioingot into/from NTR hole is estimated
to be 37cwm/sec not tao trip RRS from the  induced variation of power
distribution,

4} The nuclear heat generation rate is calculated using 1D-ANTSN
code in NTD-1 hole, The calculated average heat is 57.23KW. Of this,
8% is from Si Ingot, 9.4% from 7Ti screen, 43%,5% from structural
materials such as Zr flow tube, Studis are to be continued for the
removal of the heat to sustain S ingot at an appropriate temperature

level,

2. Design of NTD 1/ holes
a) Design of the irradiation slceve
An irradiation sleeve, cquipped with neutron screen to flaten the
axial neutron flux distribution and four SEND: for tle monitoring of
the irradiation fluence, is to bhe installed in ¥TD hote for uniforn
irradiation,
Using Ti, Ni nr SUS foil as neutron absorbing material, an

analytical wmethod is under test for the optimum~design of multi-laver

- XV



structured neutron screen to minimize the flux varriatien & $=(Pmax-
$mint/ Hav over the Si ingot,

Having no knowledge of the time varriation of the axial flux
distribution due to fuel burn-up and control rod geometry etc, however,
the effects of neutron screen are examined in two reference axial
distributions, those of 1/4 control rod insertion(¢i.4) and no control
rod (¢no). For example, when 40cm long Si ingot is irradiated inside a
50cm long and 5-layer screen optimum-designed with respect to the
avergage axial distribution, ¢av{Z), some typical results, regardless
of screen material, are given as follows,

(1) The flux variation & ¢(40cm-Si) over 40 cm long Si ingot is
less than 5%, when the positions of both neutron screen and Si1 ingot
are centered at the peak of actual axial distribution.

(2) The flux variation &@(40cm-Si) is estimated to be about 10%,
when the neutron screen is centered at the peak of avarage axial
distribution, while Si ingot is centered at the peak of unscreened
axial distribution.

In view of the complicated factors, such as  time-spatial
variation of neutron flux distribution, design~instailation of the
screen and the position of Si ingots, on uniform irradiation, the
neutron screen is to be design-fabricated based on detailed flux

mapping experiments over several KMRR fuel cycles,

b) Design modification of KMRR NTD 1/2 holes

- XV1i -



Somnte structural design of NTD-1/2 holes, the upper flange, tube
thickness eto,, are modefied so as to improve installation facility of
the irradiation sleeve and mechanical rigidity against possible
interaction vith handling tool during services,

¥ Basic design of the handiing tool for irradiation sleeve.
d) Real time monitoring of neutron irradiation fluence.

b dedicated nvt-conputer, which feeds 2 x 4-SPND signaals via A/D
converter, is to be operated for the continous monitoring of
integrated irradiation fluence, time-spatial wvariation of flux
distribution and also the correction of detector sensitivity from the
emitter burn-up. After fabrication-testing of basic parts, such as
SPND signal awmplification and multiplev A/D convertion, this unit is

on  order pon for fabrication.

3. Degign of NTD irradiation facility

a) Mechanical driving unit
Tn the driving unit, the up-down motion and rotation of Si ingot
linked to a Al chain are to he operated independenty and the former
motion is  precisely  position-controlld using stepping motor and
abszolute position cncoder 712-bit resclution) for a variety of
nperational modes for uniform irradiation.

The design of this unit ic finished with various safety

- Xvil -



consideration and prototype unit is on order now for fabrication.
b) Electronic control unit

This unit is to be framed with an industrial computer and PLC
units for the automat ic control of the mechanical driving unit in a
variety modes of homogeneous irradiation, such as fixed-position mode
and constant-velocity mode  through communication with the . nvt-PC.
Also, each driving stroke is operated manually through either control
panel swiches or dialog mode on PC. After performing preliminary
experiment of position—veiocity control using stepping motor and
absolute position encoder, this unit is on custum—order now for
fabrication. The development of software will be followed with due
consideration of flexible and safe NTD operation,

c) The original plan for irradiation method reviewed in the first
year project is to move each irradiated Si ingot to the cooling
station in SF pool at ~5m depth of pool water.

¥MRR project group is studving a normal-close concept of the
reactor top using a pool cover and to open daily for a limitted time
period. In view of this, the posihility of removing irradiated Si
ingot through the pool cover i examined and estimated the induced

radioactivities of 51 ingot and Al set-up, such as housing and chain.

When assumed average np-mot ion velocity of 20 ocm/min, total

activity of ~1000Ci from *15i, 55Mp, ?Z4Na, etc., is estimated at the

the surface of pool water and if the pool cover has no shielding
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capablity, a shield tube oxtended into the pool and the mechanical
driving unit vith shielding, each with ~6 ton of lead-equivalent
weight, are required to secure RPS(2. Smrem/hrY  and working personnal.

In view this large loading capacity of the pool cover, an
alternative method is under reviewings irradiated Si ingots is stored
in the near-by temporary storage rack provided on 5m deep pool liner
and all stored Si Ingots are transfered to 5F poot collectively during

the pool cover open period.

4. Study on precise determination of neutron flux in NTD holes

a) As a continued work of the thermal neutron flux measurement in
the first year, effort is extended to study on epithermal neutron
component, namely, measurements of epithermal neutron flux,
epithermal index and spectrum deviation from 1/E-distribution by
using various foil detectors, such as 115In, 1974y, 186W, 59Co, 5%Mn,
vith different rescnance energies.

b) 3-3 coincidence system using 75mmed X 75am Nal(Ti) scintillator
and 75mm¢ x 12mm plastic scintillator has been fabricated and
counting characteristics are tested.

¢) For the precise determination of absolute foil antivities,
study of analytical methods of  3-7 ~oincidence measurement, such as

efficiency extrapolaton method, e in progress.
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Table 2.

Thermal

Neutron

for the 398i Isotope from the NTD Literature.

Absorption Cross Sections (2200m/sec)

Cross
{ha

.12

11

L1

1
1

.110
.13

.110
12
.102

o0 O o o o o o o o

saction
rmn

Source + Date

+ 0,01
= 0.01

Reference

Schweiner (1559)

Tanebaum + Mills (1961)
Messier et al (1964)
Kharchenko + Solov’ev (1971)
Herman + Herzer (1975)

Hass + Schnoller (1976)
Janus + Malmors (1976
Herzer(1977)

Beniere + Agrawai (1978)

Beniere +  Agrawai (1979)

mean @ avg., deviation 0.115 + 0.009(7.8%)
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Table 3. Reactivity Changes Due to Irradiation Material

Position of Irradiation Material Ketr p(mk)
Without Irradiation Material 1.05030 -
Irradiatiéﬁ slee;e and 1.05005 -0.224
Titanium screen only

NTD - 1 1.04988 -0.154
MDi 2 LO;QS - -0.081
NTD ~ 1 an& NTD - 2 1.04978 -0.241

Table 4. The Flux at the Center of NTD-1 Calculated by ANISN

- _ e .
Group Upper Energy (MeV) Flux(#/cm? sec )
1 17. 33 1.0883 x 101©
N 2 ©6.703 1.6893 % 101
E 3 2,019 1.2192 x 1ot
U 4 1,063 1.1008 x 101!
T 5 0.4505 1.2377 x 101!
R 6 0.15 9.1814 x 10890
0 7 4. 087 » 1072 2.6795 x 1011
N 8 2,035 x 103 7.2101 x 1011
9 3.727 x 1075 1.4142 x 102
10 4,14 x 1077 4,7876 x 1013
11 14,0 4,7462 x 1011
} i2 7.5 8.8924 x 1012
13 3.0 1.0362 x 1013
R 14 1.33 1.1261 x 1013
A 15 0.6 3.5970 x 1012
Y 16 0.51 6,0022 x 1013
17 0.1 1.6661 x 10313
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gAsty AL b2 2.

Ho(r) = ¢(r,B) ¥ X Nj(r)oij(E) Eij(E) dE [ eV/cm3sec] (14)
o 7] A
o(r,E) @ $& r oA ofviz] E & F423F

Nj(r) ¢ 91x) r oAl whe) sk j fRae) & (atom/cmd)

.

gij(E) : Az} ofviz] E offA i shur2of wiyr § 2] njAH
thodd (cm2/atom)

Eij(B) ¢ Rz i@ Srgola FHElE oy x](eV)

(14) oA F2zt4 3 el isiw M o FIY Ued
kij, ki % Helstad

kij(E) = o (E) Eij(E) (15)

ki(E) =3 kij(E) (16)

olct, kiy = WA j ool i siur2off uiyt vjAj™ kerma{Kinetic Energy
Released In Material) zje} sted, 2z} QU2 Eof sl ky & Y &
glt} (193.¢20)

Al (14) oA Eij(E) £ ofvlz] E o FAdzbof s HUdEle i
Bureof] o)z § Yaola dAstE ovxlelnd, o] ofuix]e Mg

ixlofA FAY & glv Azlodd dojrps FFHYL oJyz] FHHolrt

..zg_



bl B & Uee QA 9 oixl B5el A4 ¥nE B

AARElE st dats HA RE oluixie] jfeg FolRnh

7z} wryo w » Mo cf¥t kerma <z} ki T photoelectric, pair

¥t

.

production, compton scattering mre Dedstn o E 2 E 7}

olr

AHES FAT A5l ohFH Fel £54 ot
kitE) =03 E +o0i (E-1.02) +0d E (17)
7 pe  y PP 5 ca
7] A
E : photon oy x] (MeV)
od ¢+ QW4 je] FPEIL ojAHTGT Y (em2/atom)
o : 4 j °] pair production2] miAjMTEHI M (cmZ/atom)
oi ¢+ €2 j 2] compton Arghel oAl M etrixd (om?/atom)
o} c}.
pair production oA = 1.02MeV o] Tz} ofjuz]lE FHHY oy =z

2o 7lodslx] gheon, pair production of 2lsf A4

n
rr
<
<
X
N

0.51MeV 1 Fxapargel p A oFT PRHAUAYEA sETVHoR
Fojzjng ojulz] F¥e} o] FeiRc},

ape}A Fdzte}l p Ao] 2% gdelel 9l r oM i AdEE A
oh& 2k et



Halr) = f & (r,E) ¥ Nj kj(E) dE
= f ¢ (r,BE) kan(E) dE (18)
H},tr'\ = f ¢ (r,E) X M-}l k}i‘,(E) dE

1

f o (rB) K (E) dE (19)

714 kalB) & 22 EAY 1A r oM oiviz) E L FAAx%

Aol BRE M2 g edst kerma ¢z} o} 1, ?—‘c“: ofuiz) E ) » Az
EFAe) 25 AEAEE 2% kerma 9 ztolrt. 2| r 3 EiolA 7}

of ) zlof gt kerma X xbel 2 $JAlefaie] 2 oy x]of g3t FAabE
Wy AEE EY 2 EHAMY duAEE U & 2, 2 ey

dAshs AR Y (18, 9 & YA AFTo] ot Myl gox

Tk, zelv p el 7AS= EaldolAMel p Ao A E Tedsjol
gt}

= Sof Watz o] TEZo] Tzt t o], Tarar @ ofe}

7hAdslod 1 KL o7 vkt A Qe A (18), (19) & cbg3 el

= % ¢(E) kn(E) ' T {(20)
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W = T ¢(E) k,(E) (21)

e i A oj2 p Aol AHETRE FAL AFel 44 Ay Lo

v 72Ee) $uAde e Ak

Heo = A-t 3 kn(E) ¢(E) (22)
H = ATk (E) ff,be—”t dt’
= At T k (E) o(E) (23)

23] 5 8} 7o} NTD-1 ZArPof ZAhATg A xjshod Si Ingot &
2AA R0 ZAUB, Ti ¥4 % Si Ingot oMo dUdEE 1 *L
Zatm mg chesistel  1ID-ANISN 2=t 17 & ouiy dojelg
Apgsho] AAtehol X 6 of Rgich2d, ® 4 o 7 oduz Zof = k4
NTD-1 ZAlZojae] A&g, E 5 o 9 Adted A3 A 24
kerma VzhE 23ch. E 6 o A (20), (21),(22),(2)F o] &-3}od
Asret  NTD-1 o] 7z FAedA dAstE Nuclear Heating Rate 9 3
oAurAlg vebgien), NTD-1 ZAtEofAMe] @ Nuclear Heating = 2|l

82.31 Kw = g 57.23Kw ojc}. olF <} 28.4% 7} Si Ingot ol A
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Table 5. Kerma Factor [(W/cc)/(#/cr? sec)]
Group| Zircaloy -;;6 Al Ti Si
1 3.8037-15 | 6.7050-14 3.4834-14 1.0256-14 | 2.4820-14
2 1.0699-15 | 4.2586-14 3.5913-14 | 2.6906-15 { 3.9620-15
3 6.1711-16 | 2.9136-14 2.0024-15 1.2453-15 1.6416-15
4 2.9534-1¢6 2,0287-14 1.3633-15 6.4540-16 1.1070-15
5 2.9534-16 1.2814-14 7.3998-16 | 2.2538-16 | 7.0068-16
6 1.1027-16 6.0626~15 3.3117~16 1.6505-16 5.5497-17
7 1,7723-17 1.2694-15 1.0875-16 2.0341-16 1.1753-17
8 9.4441-19 5.4952-17 3.7540-17 3.1178-17 8.8416-19
9 6.2001-20 9.0694-19 2.8007-16 2.6821-16 2.7237-18
10 4,4925-19 6.7191-21 2.4327-15 2.3304~-15 2.3511-17
11 3.3298-13 2.7203-14 8.1606-14 1.6793-13 7.55;2;14
12 1.3001-13 1.5843~14 4.1597-14 | 7.5445-14 | 3.8030-14
13 4.9563-14 | 8.6995~15 2.0844~14 | 3,.3869~-14 1.8805-14
14 2.6533-14 | 4,7447-15 1.1229-14 1.8006-14 1.0113-14
15 1.8586-14 | 2.9040-15 6.8893-15 1.1240-14 6.2092-15
16 2.4222-14 1.5413-15 3.7756-15 7.4218-15 | 3.4317-15
17 3.8711-13 7.8057-16 1.0657-14 8.6118-14 1.2035-14

* Read as 3,8037 x 10715
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Table 6. The Heat Generate

d in

NTD-1

Specific Heat(W/cm3) Total Heat(watt)
Materials Yolume
Max. Avg. (cm3) Max. AVEg.
Si 1.23 7068.6 8.694 x 103
(y-ray) (1.111) (7.853 x 103)
(Neutron) (0,119) (0.840 x 103)
Al 2.186 1.48 3990 8.168 x 1047 5.905 103
Hz0 0.78 0.51 20180 1.572 x 1045 1,208 104
Al sleeve 2.463 1.562 6480 1.596 x 1043 1,012 104
Ti screen 5.15 3.27 1940 9,991 x 103| 6.344 103
Hz20 0.836 0.518 5976.8 4.997 x 103) 3,096 103
Zircaloy 10.95 6.565 1073.8 1.833 x 104! 1.099 104
Total 8.231 x 104} 5.7283 104




A=W, Ti FSoteld 9.4%, Al ZAUBolM 43.5%, Umzl: 7
ZAbgolA WAV, =% % 6 of wET Si Ingot ofA e
8.694 Kw ofm o] 90% &= p Aol 2lsf vl 10 ¥ = F4dzto) 2y
EirAigc B

ubzbA, Z A 9 Si Ingot 2] Nuclear Heating & #|gs}~7] gj#%

o]l des P TEojokyt 2Ajo)r),

dolld 7lgY AFAdake] Exof dizted 88ROl thg 47z
THZAYH L FRsigivh.
D 482 F4eg ojfste] 24P dFAxge 2 gx=
WY F oA gixeld zAste Aelx
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743“‘0]-15@
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b
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ol-g Zatdyel oyt 2AEdE Moy s FAEAS & ¥xo
Maptez 2edsl o) F492 F457ol 28t Werrs g Welxge
%% %ol 30cm Ingoto] thsir 8¢ = 8 ~ 9xUdl wslA maHE
o 1 ~ 2%, ${xje] oM of 2 ~ 3%olri. 40cm Ingotofl ThsjAi
BAXY LS 6¢ = 14 ~ 15%, $xlo] T2 oF 6%, 2e|2 mxi¥e] HWo-
o 4 ~ 8% o]},

AU o FaAPuol] Si-Ingot7t P, FEEE H071 Apgl:
Rt o Wery s ie® 27 ¥le] slvk, uwlebA] Ingot A,
spstof Al Fillerg WolA of Sxlalg o st glxjol 5y wl
=AY E #FHY Y 24Ader ALY 5 Yy Foz o,
2t 4 oM w2 AT Fabe) 73 $E DAl IngotE % x)s}od
24772 sbe 2o g2 ol Fo] glomE o] Wy sjafsigic).

A2} wHEY 2ol ojEAosys AGolEdel A
o] dHoejrt. e}t o] e Al =3o YWztz o) Scramzt
TS EXrL S A5 vFel HEY A 2AE $YEE I
F €8T & el sich upela 5ol FA  HxjelgH
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ol Ti, Ni, SUS ¥4 EE ZA4B-2A4UP sojol 3t H 2o
7 W3hE ol sht wHE PEshgth 2Aues Po] Fa2HQ
Helol glolA FaxE FES) ApMY WHE 34Y wdAves
Fsbzle oSl webd 2% 5 8 Aol NTD zApREg e
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Thermal Flux (Relatiwve)

Thermal Flux (Relatijiuve)

128+ 126¢
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40 i 491
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A 1 I : | I B 11 [l.ll Lo 1o L
;) .05 A0 158 2 25 .5 1 1.5 pA
Ti thickness(cm) HZ0 thickness(cm)
(a) Ti screen (b) Outer HZD screen
1281 128 .
168 \ 188
88| T 8|
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[N 68 |
48 L 48
28 ¢ 281
8 ) | { 1 N e NN Y|
[/ .05 d 15 2 .25 1 2 .3 4
Ni thickness(ca) SUS thickness(cn)
(c) Ni screen (d) SUS-384 screen
Fig. 6 Variation of thermal neutron flux vs. several screen

materials thickness in One-Dimensional Hodel .
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Fig. 7 Axial variation of thermal neutron flux with and without

5 sheet Ri screen in NID-1 hole
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Table 7. &4z Footof At A 34244 o

et 3l B (5¢min(50cn))

iy Without Control Rod With 1/4 Contrcl Rod
NTD | A
49 Hole |3 Snin | F+T | FAHA] Suie | FFT [ FAYA
(ma) | (%) A of 7] o] [(cn) (%) g f7lol| (cm)
NTD=1| 1.5 4.9 47.6 cm| B4.0 4.8 46.4 cal 79.4
Ni
NTD-2] 1.5 4.9 47.8 ca| 84.0 4.8 47.2 cm| 79.4
NTD-1] 2.45 5.1 47.0 caj 84,1 5.0 45.2 ca| 79.4
SUS
NTD=2| 2.45 5.1 7.0 ca} B84.1 5.0 45,6 ca| 79.4
NTD=1] 1,25 5.1 47.0 cn! 84.0 4.8 46,0 cr| 79.4
Ti
NTD=2| 1.25 5,2 46.2 ca| 83.7 5.1 45,8 cm| 79.5
Hz0 NTD-1; 18.0 4.8 50.0 cm] 84.5% - - -
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Fig. B Axial variation of average thermal neutron flux with and
without 5 sheet screen in NID-1 hole
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Table 9.

5 3 F42H50cm A 9lx gl g Ingot (40cm)

Z Ak 2] of ahE oo

K Control Rod [With 174 Control Rod
FMz2 | B4t Si Ingot b )
T4 | 2493 Z4 9 &% | 80040 cm S 5040 cm Si)
Pnolmax) | ¢nolmax) 4.6 % -
- I 7]_
P148max) | é1,3{max) - 4.9 %
pavimax) | ¢avimax’ 0,1 2 9.2 % Lt
Nl e—————— e SN Ny W "
Pavimax) Gnalmax? 10.4 % -
$Pavimax) | ¢y,4{max) - 10.0 % v}
Pav(max) Core 10.2 % 9.2 %
Center
Pnolmax) ¢nolimax) 5.2 % -
7}
Prr4(max) | ¢( 4(max) - 4,9 %
¢av{max) | ¢av(max) 10.3 % 3.8 % b
Sus
dav{max) | ¢nolmax) 9.7 % -
¢avimax) | ¢1.,4(max) - 9.1 % t}
Pav (max) Core 10.3 % 9.8 %
Center
Pnol{max) | ¢nolmax) 4.8 % -
7}
®1,a(max)| @y 4(max) - 4.8 %
Gavimax) | Qav(max) 10.3 % 9.8 % v}
Ti
gavimax) | énolmax) 9.8 % -
¢avimax) | ¢t 4{max) - 9.2 % t}
Pav(max) Core 9.5 % 10.3 %
Center




Table 10. 10 %} ¥4=h(50cm) 4 219 ) % Si Ingot(40cm) Za}e]xjof uwp: 5¢

| R . .. | NO Control Rod |With 1/4 Control Rod
242 | F4+ 1St Ingot - ¥l 2
FrU 49 | 2493 5¢(40 cm Si) 5¢(40 ca Si)
T ¢no(.l8)() ¢no(lllax) | 2.6 % -
B ?'_
$1/4(max) | ¢1.,4(max) - 2.4 %
|- ‘$av(max) ¢.v(nax) 8.4 X 7.7 %X 1}
Ni
| Pav(max) $no(max) 8.3 % -
Gav(max) | ¢1.4(max) - 7.0 % c}
| $av(max) | Core 8.4 % 7.5 %
Center
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Fig. 9 The thermal neutron flux distributions nodified by
o-layer Ni screen fixed at the peak of fav(Z).
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Fig. 10 The thermal neutron flux distributions modified by

10-lager Ni screen fixed at the poak of fav(Z).
(a) 174 control Rod Insertion, (b) No control Rod
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Table. 11 SPND &4¢22>

SPND NO.} E(D-L) D-0OD Sensitivity Insulation Resistance
(mm) (mm) (A/n.cm™2, sec-1)}| E~C and D-C
at 20°C/400°C

at 20°C at 400°C
V=960 2-100 3.5 5.33x10~21 E-C, > 1x1012Q 1.5x10%Q
D-C, > 1x1012Q 1.6x1080
¥-970 2-100 3.5 5.80 " " 0.9x1080
1.0x108Q
Rh-57 0.7-100 2.5 1.76x10-29 7 " 1.0x108Q
1.2x108Q
Rh-89 0.7-80 2.5 1.02 " " 1.7x108Q
1.9x108Q
Rh-90 0.7-60 2.5 1.05 " ” 1.6x108Q
1.8x108Q
Rh-91 0.7-60 2.5 1.06 " " 1.8x108Q
2.2x108Q
E(D-L) : Emitter dia and sensitive length E~C : Emitter-conductor
D-0D : Outer detector diameter D-C : Compensator-conductor
Insulator ¢ Al203
Collector/Sheath Material : Inconel 600
Outer cable diameter P 2mm
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2) Junction Box
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3) DC Amplifier
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. Input/Cutput : 500nA/10V

- Nominal conversion factor, 5 x 10 V/A

. Responce time, 35as

. Linearity, < 2.5%

. Accuracy, < 0.1%

. Output, 0-10V 49, 0-5V 5,1K, 0-10mv 10Q, 0-1mA (Adjustable)
. Coarse gain, 5 x

. Fine gain, 2 x

4) A/D Converter

A/D YR DT 2801 Board® o] Es}dch. o] A/D Convertery 16
Chanrel U®§ Melgt 4 it Multiplex, UYL FRY + UYe
Gain Amplifier, Sample and Hold Y2 el $Tof 12bit (4096)
Digital A% wlR e WV 47 RAow 5o gir}. 222 Gain
Amplifier< Program of <2)sia 2} Channelof cfsis g2 o w x1, x2,
x4, x82) 4¢AXT P HEF WF 4 QYorny AF  0~e10v,
0~+5Y, 0~+2.5V, 0~11.25V 9J¥-g 4096 T4 Digital 4123 Mey
T 20| IB/PCE o)3¢ A/D MY AYUE DRI

5) nvt PC

%t SPND @®e] A&KYA/71% NTD Mejebe 7 si Ingote] cojg?
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(3) o) YA 7ot 47) SPNDoy oY &2 S g e 3¢
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Table. 13, Timing Diagram for 4-5PND Monitoring

01 2 3 46 ~ - =60 61— =~ =65 Time(sec)

e g

SPND

Moo - T

e L DN

. Search for Si In/Out
If Si In, accumulate ¢
Silicon In therefrom and calculate
&{av)
. Compare with #(T)

X . Burn-up correction

N~-¢~ ¥

L DY

. Search for Si In/Cut

. If Si In, continue
accummulation of ¢ and
calculate ${av)

. Compare with €(T)
If &(av) = ¥(D,
generate Si-Out signal




PC2} Silicon Inmgot In/out % Si = A} 5438 &3 oubA s}
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Aol Azl 2l &F Net work®  slod ajat 2l Software 723 w3 Zof
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Aol Wed 73 Chart Recoderz s 7] SstA g ol 5o, Riabx

b2l Control Unite} FAAAE A VFE aksio] Adztzt SPND
B OZElE Cvol HAY 4 9 Ariwts Aabsbgicr el

du ol Artstelr A 4712 MM sizle]  SPNDo) 5}t of
Emitter—Collector, Emitter—-Compensatar, Compensator—-Col lector 7F2)
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Table. 14 nvt PC CRT Display of Neutronic Parameters

1994, 05, 15. 21 : 15 (1993, 01, 22, 24 1 00 )
$(1) = (1} = 2.7523x10E 23 C(1) = 0,78524
$(2) = 2.2183 %(2) = 3.6245 C(2) = 0.68327
9(3) = 2.7222 Z{3) = 4.0132 C(3) = 0.,02161
¢(4) = 1.1531 %(4) = 2.4829 C(4) = 0.52673
Silicon Ingot No. 27
Irrad, Start Time : 18 ¢ 26 ¢ 43

Irrad. End Time P - - -
Control Rod Position : 4/10, 2/10
3(T) = 2.6284x10E 17
$(av) = 1,8429x10E 17




TE WSO AW A SR deld thed ge wasd sl

FF 5ol et

4 Picoampere Source, Tvpe 261 Keithley (Standard Current Source)

!

Output @ 10=4 A to 1.1 « 1074 A
- Accuracy : +0,25% at 10-7 A, 20.7% at 10 x 10-12 4
~ Long—-terg Stability : 0,15%/month to 10=% Through 10-12

Ampere Setting

Setting Range : 10~7 to 10-5 » 1077 x 1.1 x 1074 (ip 5 Ranges)

L}) Digital Multimeter, Type 197 Keitkley)
— 5)2 Digits Microvolt Sensitivity
- Measuring Range : | Ohms - 2000 2K, 20, 200, 2M0, 20M, 200M
(Resolution @ 1nO~10K0)
. D.C Volts Po200mV, uv, 2oV, 200V, 1000V
(Resolution : LV=-10mY)
A.C Voitg §O200mV, 2V-200V, 750V

- Display : +220,000 Count LCD (0,45 in}

= S Mil]iohmmeter/High Resistance Meter, 43294 Hewlett Packard

- Resistance Range, 500K0 to 2 x j0te6Q

. Accuracy : :3% at tov Resistance
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+5% at Near Center Scale
. Current Range : 5 x 1074 to 2 x 105 A in 8 Ranges
. Acouracy @ 15% of Full Scale Deflection

. Recorder Output : 0-100mV dc, (1KQ Output Resistance)

g}) 8 Channel Chart Recorder, LR-8100 Yokogawa
LR-81002] &g A
. Measuring Range : . DCV - - — 10mV to 200V FS
ImV to 200V Fs
0.1mV to 200V Fs
. Accuracy ! DCV - - - 1(0.05% of rdg +0.03% of range +0.5uv)
. Bias Current : 4nA
Input Impedance : 1MQ (Approx)
. Number of Channels : 4.6 or 8
., Span Range : 250mm
. Chart Speeds : k1,200 to 300mm/min, 299 to 30mm/min, 29 to

10mm/min
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Fo] ol oln) w3 wh slch.
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T2 1A (n,p) ol 2J8F disie) whabe Ay O gop Y 0 F s
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Fig. 1§. Formation of 315i Isotope in Silicon

Table 15, Specific Activity of 31Si Produced During the 4hr Irradiation
For the Cooling Time.

(Ci/cm3)
Cooling Time (day)
Neutron Flux
(n/cm?/sec) 0 1 2 3 4 5
1.0+13% 2.87-02 5,01-05 8.76-08 1.53-10 2.68-13 4.68-16
3,0+13 8.61-02 1.50-04 2.64-07 4.59-10 8.03-13 1.40-15
5.0+13 1.43-01 2.51-04 4.38-07 7.66-10 1.34-12 2.34-15

* Read as 1.0 x 1013
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Table 17. Specific activity of major isotope in Al housing for the
irradiation time

o

]

Al-28

.00E+00
L82E+07
.87E+01
LB3TE+O1
.87E+01
.8TE+0O1
.87TE+01
L3TE+C1
L8TE+C1
.8T7E+01

.87E+01

tL8TE+O

LBTE+G

LSTE+G

.B7E+01

LB7E+01

.8TE+01

.87TE+01

.STE+01

.87E+01

,B7TE+0A1

(]

[dh)

(%]

Ly}

3]

6.

6.

)]

Mg-27

. 00E+00

LT3k~
.34E-
.99E-
.26L-
. 38E-

LA2E-

.45E-
.45E-
. 4RE-

A5k~

N
.ASE-
.45E-
.45E-
.45k~
.45k~
.45k~

.45k~

44E-

45F-

03

02

03

03

G2

03

03

03

G3

03

03

03

a3

03

-03

03

03

03

03

03

(]

[ ]

Na-24

.00E+00
L T2E-05
LAZ2E-05
.11E-05
.79E-05
.44E-05
.01E-04
L17E-04
.33E-04
.49E-04
.65E-0C4
LR1E-04
L96E-C4
L12E-04
L2TE-04
L42E-04
.5TE-04
.72E-04
.87E-04
.01E-04

.16E-04
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Zn—-69m

.00E+00

.12E-06

.22E-06

.32E-086

.40E-06

.48E-08

.54E-06

.59E-086

.B3E~-06

.B7E-06

.07E-05

LA7E-08

-1

L27E-05
.3TE-04
.47E-05
.56E-05
.B6E-0L
.76E-Q5
.85E-05
.94E-05

.04E-05%

Mn-58

0.00E+00

3.64E-03

7.09E-03

1.04E-02

1.35E-02

1.64E-02

1.92E-02

2.18E-02

2.43E-02

2.67E-02

2.89E-02

3.11E-Q2

3.31&E-02

3.50E-02

3.68E-02

3.85E-C2

4,01E-02

4.17€-02

4.31E-02

4.45E-02

4,58E-02

Cu-64
0.00E+00
3.08E-04
6.13E-04
9.15E-04
1.21E-03
1.51E-03
1.80E-03
2.09E-03
Z.338E-03
2.66E-03
2.94E-03
3.21E-03
3.49E-03
3.76E-03
4.03E-03
4,29E-03
4,55E-03
4.81E-03
5.07E~03
5.32E-03

5.57E-03
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Table 18, Gamma—Ray Flux-to-Dose Rate Conversion Factors?°)

Photon Energy (rem/h)/ Photon Energy (rem/h}/
(MeV) (particles/cm2/sec) (MeV) (particles/ca?/sec)
0.01 3.96 - Op* 0,55 1.27 - 06
0.03 5.82 - 07 0.6 1.36 - 06
0,05 2.90 - 07 0.65 1.44 - 06
0,07 2.58 - 07 0.7 1.52 - 08
0.1 2.83 - Q1 0.8 1.68 - 06
.15 3.79 - o7 1.0 1.98 - 06
0.2 5.01 - 07 1.4 2.51 - 06
0.25 6.31 ~ 07 1.8 2.99 - 06
0.3 7.59 - 07 2.2 3.42 - 06
0,35 8.78 - 07 2.6 3.82 - 086
0.4 9.85 - 07 2.8 4,01 - 06
0.45 1.08 - 06 3,25 4.41 - 06
Q0.5 1.17 - 08 3.75 4.83 - 06

* Read as 3.96 x 10-06

107°E
o
W
"

-5

<10
1))
g
2 L
o
= 1078
£ =
— -
E -
ﬂ) -
- -

10“7 sed sl 4oy vanad Lvdigd 1 Ly

1072 3o oY 10 102

Fhuton energy, MevV

Fig. 18. Photon flux-to-dose rate factors for
energies from 1072 to 15 Mev2®
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Table 19. Linear Attenuation Coefficients for Gamma Rays?”’

{ om~? )
Photon Energy
(MeV) Pb H20

3.00-01* 4.34+00 1.18-01
4,00-01 2.49+00 1.06~-01
5.00-01 1,75+00 9.67-02
6.00-01 1,36+00 8.95-02
8.00-01 9.71-01 7.86-02
1.00+00 7.82-01 7.07-02
1.50+00 5.78-01 5.75-02
2.00+00 5.10-01 4,94-02
3.00+00 4,72-01 3.97-02

¥ Read as 3.00 x 10!

Table 20. Parameters for the Taylor Form of the Exposure Buildup Factor
for Point Isotropic Source?®

Energy
Substance (MeV) A -1y az
Hz0 0.5 100. 845 0.12687 -0.10925
1.0 19.601 0.09037 ~0.02522
2.0 12.612 0.05320 0.01932
3.0 11.110 0.03550 0.03206
Pb 0.5 1.677 0.03084 0, 30941
1.0 2.984 0.03503 0.13488
2.0 5.421 0.03482 0,04379
3.0 5,580 0.05422 0.00611
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Program& Cross Assembler® 2}4ds}od EPROMoi Writing-g sboich.
%% 84 pin DIN Connectorol Data, Address, Control BUS %! PowerZ 112
3tod 74 Z ControllerZ-g Moid; £ gIn 8 sigiy, xg el Up/Down
Load, 7 ( Debugging ), 47 ¥ %<2 ( NMP ), pizele) YR Eg o

e g ulo] A= 2% ( FILL . Address Moving ( MOVE ), mjoz} &

Byte 912 DA} 2& 7

olr

( WRITE ), 4371 ( GOTO ), Register

el QelE FESME 71% ( DREAK ), Registerztel FEE AE )y
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( TRACE ) 5& Evig] = 2 188of 2f4dslod Controller 7jof -Lo]3le B

stoich,

v}) Display Output of Absolute Pasition Encoder.
Absolute Position Encoders] HAI2 Hijio|l 212 = 4096 ol v 3

delzt ( 0 ~ 4095 )& Display #}<glc},

=% Encoder?] S vto] 2 2b§o]l M2 Gray Codeo] 2.2 Code W ¥o] I g
stch, ®Wi® 2 Gray — Binary — BCD 2}Ao] /P ®  Gray — Binary:
Hardware™ ©. 8, Binary — BCDY Software® 3§73 s}gich,

Board:- Display Output, Code Conversion 27}x] 3 F¥3}o] A ztstgl ond,
olole] )& -2 VLSI 8255 ( Programmable Peripheral Interface )& A}&
¥}91 7 Display Componenty 7-segment { SMD-437 )2 A}-23%} 72, Assembler

2 X329 222 skgict, (27 31)

t}) Pulser for Stepping Motor Driver.
Motore] 2.2 Step Angle Accuracyz} 0.72° , Torgue 23Kg-cm, &
FE A ((Zp = 50 ) 5% Ahstn B Driver§ Ab-EElgic).
Driveroff CW, CCW, P.D( Power Down ), AL( Alarm ), F.G ( Frame Ground )
5ol EulEle] gon® o] 7leg ol &Sl Pulserd A2t shgich,
Timer-& IC NE555-8 wW*lgl® = =3t H 2~ ( Frequency Y& Aozt 7}
%, 85, %2 Speed Controlg b2, v|4A] P.DE o] -ftled Az 71%

£ Ayslgicl. ( 28 32)
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{ RX Pool At&% >

—~ RS-232C o

Mechanical +—fPLC & Industrial
Driving % Interface P.C
Unit i

Control
Panel

Warning
HA Systen

RS-422/485 §

SPND — Junc. — BC A/D nvt HDD
4-CH Box 5 Amp. P.C

HA

€ Test Recoder

<{ Laboratory >

7.8 2. Block Diagram of Electronic Control Systenm.
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1) Rack Configuration,

T
q FAN x 2 [[ FAN x 2
I
LAMP &
14 INCH DISPLAY
MONOCHROME
MONITOR ACTION
SWITCH
INDUSTRIAL PLC
COMPUTER ( PROGRAMMABLE
(IBM 3. LOGIC
CONTROLLER )
l KEYBOARD
gy p s
CONTROL ( UNINTERRUPTIBLE |
INTERFACE POWER
SUPPLY )
l POWER (AC) POWER (DC)
RACK #1 ( Main Rack ) RACK #2 ( Action Rack )

< BLOCK DIAGRAM OF RACK FOR NTD CONTROL >
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%30, Z-80 CPU Board.

ST
BUFFER [ Z- 80 HEHUR&
CPuU (ROM, REM)
IBM
- LA-— e —— PCI {8251}
P.C — { PROGRAMMABLE
XA — 1 COMMUNICATION
LEYEL INTERFACE)
CONVERTER
2% 31. Display Output of Absolute Position Encoder.
I Z-80 ADDRESS +-{ PPI (8255) L— GRAY TO B
CPU DECODER { PROGRAMMABLE BINARY _1
PERIPHERAL CODE
1BM INTERFACE) CONVERTER
P.C
DC POWER ABSOLUTE ISOLATOR &
POSITICON pC VOLTAGE
Em— {12V ENCODER DROPPER
L. . . —_———a—— 4
.4 ADDRESS PPI 7-SEGMENT |- DISPLAY
DECODER 1 {8255) DRIVER

71®) 32, Pulser for Stepping

- 2-80 PIT (825
{PROGRAM
INTERYA
IBM TIMER)
P.C

Motor Driver.

3 STEPPING
MABLE MOTOR
L DRIVER
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BE-ELREE PR

A1dolA F2A whel ro]l F4(D20) A Mujol NTD ZAMZo] Qe
KMRR2] 735 2] atof 2|8 31pe] M2 dFMzlo] 28 »]edo] o)
T0.15% BE M A ElA gou, gty AUt A4 5 e
dE4a2] BUNotel WAL BAY on £, $F3492443 ool Si
of et B4zt A4 Artolx = 8 sjr),

et el Eolt  Cadniuntiol )% de)FA A&l Patol 7
23h2, dedFAdabge) AOiAE) wgR A YAEFHAMNYY Prz

z] &olm 9= d 2] %4 21 2] 5~ (Epithermal Index) HAro thslod Westcott

Table 21. Foil Detectors for Intermediate(Resonance) Neutron Region,

Neutron Elerent Nuclear
Energy of Interest Reaction
0.142eV Lu Lul?6(n, z)Lut?7"
1.457eV In In'tS(n,)Inttém
4.28 eV Ta Tal81(n, y)TalB2
4,906eY Au Aul®7(n, »)Au198
5.20 eV Ag Agl0%(n, »)Agt1Om
6.7 eV yz23s U%38 (n,y) V239
18,8 e¥Y v WiBé (p ) Wi8T
24 eV Th Th?52(n, ) Th2s3
132 eV Co Co5? (n, y)Co5?
230 ev Fe Fe®® (n,y)Fef?
337 eV Mn Mn35 (n, »)MnSs
480 eV Mo Mo®8 (n, ;) Mo®?
580 eV Cu Cu®3 (n,p)Cus4
1000 eV Pu PuZ39(n, y)pu240
1710 eV Na Na23 (n,7)Na24
5000 eV Sc Sc4% (n, »)Sc4¢
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Table, 22. The Chracteristics of Mejor Epithermal Probes.

% In the Ref. 47, the case of Cd thickness = C.76 am 15 considered,
#% [n the Ref. 30, only is the first major resonance integral comsidered.
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