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Studies on 14 MeV Neutron Irradiation Effects
on Window Materials for Fusion Reactors

Abstract

Various fusion plasma diagnostic systems are being now designed to measure
the plasma parameters for a D-T burning experimental fusion reactor. For reliable
plasma diagnostics systems, it is necessary to investigate not only permanent neutron
damages but also neutron-induced transient effects in diagnostics components. In the
optical spectroscopic diagnostics, the windows with hard vacuum seals are required to
maintain vacuum integrity and to transmit the light spectrum from the core plasma to
the spectrometers without distortion. The serious problems of the use of the windows in
the optical spectroscopic diagnostics are increase in optical transmission loss and the
growth of the luminescence induced by neutrons and y-rays. The present studies on
14MeV neutron effects on the window materials for fusion reactors are summarized as
follows.

A special in-situ photon measurement system has been developed to analyze
the visible wavelength spectra of photons emitted from the window material during
14MeV neutron irradiation. The photon measurement system, consisted of the radiation-
resistance optics, photonic spectral analyzers and related electronic devices, was
installed on accelerator-type 14MeV neutron sources, OKTAVIAN and FNS. The data
on 14MeV neutron induced photons for the widow materials such as silica glass, quartz
and sapphire were obtained for the first time from the present experiments, and the data
should be useful for the optimum design of the optical fusion diagnostic systems with
the windows.

The number of photons emitted from silica glass exposed to 14MeV neutrons
was calculated with a computer simulation based on the data on the energy loss of
neutron induced particles in the silica glass. The results from the calculations
approximately agreed within twice with the experimental results, which means that the
computer simulation is also useful for the estimation of the neutron-induced photon
emission effect on the window materials. In addition, a single ion irradiation system was
developed for the assistance of the explanation of the complicated neutron effects on the
window materials. Data on the ion-induced photon spectrum for the window materials
were obtained and compared with those from the neutron experiments.

Neutron irradiation effects were compared between optical and electrical
properties of the ceramics such as sapphire and silica. Neutron reactions are common to
the origins of the changes of both properties. The systematic experiments and analyses
from both optical and electrical points of view are necessary and important in the next
stage for the studies on neutron irradiation effects in the ceramics such as the window
materials. |
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Neutron Neutron Neutron
Position Flux Fluence Heating
' (cmZsec™) (cm?) W+ cm?)

First wall 2.5x10" 5x10% 10
(inboard)
Vacuum vessel wall 10" 2x10% 0.1
(inboard, inside)
Vacuum vessel wall 6x10° 1.2x10" -
(outboard, inside)
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F2—1 MERADTHMEFFEOKTAVIANDMEEE

Beam energy (keV) <300
D* beam current at rotating target (mA) <20
Minimum beam spot size at the target (mm) 15
Rotating target diameter (cm) 20
Rotating speed of target (rpm) , ~800
D-D neutron yield, continuous (n/s) ~3x10"
D-T neutron yield, continuous (n/s) ~3x10"
Tritium amount <800
for one rotating target (Ci/piece)

Target life (half value of neutron yield) (A. h) ~1
Pulse width (ns) 1.5
Ratio of neutron pulse/peak 10*
and background

D-T neutron yield of ~10*

nanosecond pulsed mode (n/pulse)

M2 — AN F T AEERSY — 7 v OEEERL TN, NIF U LEES—7 v M,
REFROEKRFBAALE — DAFICIARRERETOOEEN OBHELEEIC
720 TRY, BERRFETHODF— 7y NEER, HKE L EERE LT [ R,
ZLTE—TIMTARIREPLEBRINTND, NBEIILTWARNFULZ—F v
FARZIX, ®2—50&51Z, BEfZ21. bem, EX2mmOHMBREZ 2 EREHPET
1B | ERLNHRONIMITITO A DB T v KA BBITON TS, ERT
E—ABATTHRT A ATEIL, ARRICTZU PRy mOESTHRESN, T
DFFZ800CIDN F U ABEKBEIN TS, ZL T, ZOMNFULZ—F v,
BT AR DRE EFIZEDNFULOBRBEMA D720 KIMIEDHIZ, F—F Vb
FTAATEDLDHEERSE DI EILL > TERFE— 2D AR BIEBEISE 55 1E
TRBREDTHEEDHIT TS, - T, BEBRENLHIZE — DO AFAE, OFY
FHEETFREFZHIIEIC—ET, F—F T 4RI DB D855 5= 800 EDH E
TEETS, 14dMeVFHFORABIIL - ABREZFHEL TThh, &Klem
BEFCTHAETLIILIZE - T3X 10 n/cmYsec REDHFMFREBDHILITED,

NFTLE—FyMOFEGEERTIELFEEEL UL F—7 Yy MBEED LRI
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FMTOEKREN FULAOER, DT AAVERBIZILZRERESLHITFOoNTH
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BT, F2¥—FyrEX, BROLDEZ2. 5mDar 7Y —METHEN TV,
BR2EmADERFE—LEF—F yMIBH L TDTHEFLREESED,

K2—7i%, FNSEE&ES 7y T2 TVOHIER THY , NI F U LE—7 v MIK
BHBIUOEERESELET TR F—F T2 702 ETICE8NTIENH
BECHERI1AMe VA TFRIFZBIRITLN TESD, FNSHIESZOBMEEZR2 —
] hab s
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Bird’'s Eye View of FNS Facility

arget-Handling
Room([&]Storage
Second Targ

G
A

ota

ting
V—e_iTarget Ass'y.| 717
Step-Back %B .
Shisld_Door. xperime

The First Target Room ‘

om

A

AR

A=

l\‘ L Condgrne |
V4 = \'\R
4\ A\ % ° —

Sl <N =\

Control"RoonT
' N
N B

X2—6 FNSHizk D BilX

Amzirc

Tritiated-titanum
S,
layer

Fonswhem

Water Supply

K2—7 FNSOEENFILZ—F TS TY
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#£2—2 FNSOMEEE

A 400keVERSFINE
By EER 450kV, 80mA
A7 PR KERA 74087 2475 X<bay
INEHRE 820BIT oA T A =hry
T3V R
E—ALBRAT OF v—L15A4Y: 25mA 4X10%n/s
PEFRAER 80F v —A4FA2: 3mA 3X10"n/s
7V AVERE VAR /N 2ns (FWHM)
v —J& 80mA
H—F ok OFEL — ATy
EERZ—7 v (230mm ¢ )
[F#Ex% 880rpm '

BHEE—VEFR RGATF 4T —Ib
ROEL —ATA(L

KR OEIREES—7 b

Z— 7y R F T LEE | OFE —LF4(2: ~37TBq (1000Ci)

&= 80FEY —LF A ~0.37TBq (10Ci)

st R EE (1) NVF7 AR E AL R (i (TAP)
(2) NF T 58— o DR BRI (e —T Ry s
A, 7—F)

(8)F—r I RERERMEEE

2—2—2 HEFEREEHEIZEIA14Me Vi EFBRES YT/ ZVE—Tar

F—H R CD—TREENCED 14MeVHEF RB A THLRBFIY —7 v MEE
M T14MeV HHEF DM, #E%'fét%c%u:i@%f% y #RE14MeVEL T D 2R FiEF
BELD, fE-T, RE OB REL ERICTHME T 2720103, F— 7 yMEFEOF
HF RNy BOBRELSHERODUNENRDD, ZORKGHEFTOT-DIZFHETF, v
#1355 E 2 —FMCNP(Monte Carlo Code for Neutron and Photon Transport)[3] &,
BT ROBSISETERICJENDL —3[4]1Z AT, F—F v MEFEOFET Ly
BOBER VT FNE— AT MVERELTE,

K2 —8IxF TR UHE y BBAEIZODVWTMCNPa—RNTHE TLLEITAW
EENSOZ—F b7 Ry TVDBEET NV ThHD, K2—8IIRENAIHIZ, #—F
R TR T VIESS304, TAI=T L7 DRTFE TERIN TWA, 5% DH,0O%
— 7y MG HFKEEEL 2D THD, ERDOF—T v T2 T INIHI D LEHET
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255mm
H,0(5%)

N

$S304 T-Target
15mmé
Cu H,0

Vacuum

Cu(58%)+H,0(42%)

Al

X2—8 HtEFEEFEICHVZFNSEERR
NIF I LE—F T TVOEBEET NV

bR, BEBRELHETIBRICRTHETFRELIENEELEZ LN DK
BEIEhR PRI,

[2—9, 2—10IZF—4 v hDOFHEFRAE R IVFIH 15mmii B TORETL v #
TRNAF—ARIIMOHBERHEREZRL TS, MCNPaZ—RDRA L FTRT 4 A—
BRIV THMETF1258, v BRAOHED T RLF —E LV TOANIMVEHEEIToT,
22— 3FF—F v InbEMNS. OX10A D-THFHEFRBAELLROLET
FNXF—EH THESLFETL y BOBR TS, FHE y ROZELZOT, F—
FyNEBEIZBITS v BORLFHRITFHEFITE A R I/ DSNIER DD,

ENT, BN FHEFTRAE =AML EREELR (KERMA) 5475
—[5]%AVWT, BEERBHIHTITIAF —RINRELFHE Lz, FHEFIIY
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NEUTRON FLUENCE
(cm-2lethargy-1 source-1)

1x10’ 1x102 E
1x10° w o)
o9 a3 L
4 LZu 8 1x10
1xi10 Lo i
.|
2 LY .
1x10 > 3 1x10*
& g -
1x1078 L5 I
3”@ 1x10° F
N -
1x107# Rt :
5
1)(10.5 o I BN ETTIT I KRR ~ 41)(10_6 N ERTYT pond oy b
1102 x10™"  1x10° 1x10'  1x102 001 0.1 1 10 100
NEUTRON ENERGY (MeV) GAMMA-RAY ENERGY (MeV)

K2—9,2—10 EEHNFTLIY—F o MEEORET (E)RTy BB D
TZRAF—ZARIML (F—F Y RLEDETH 15mmOiLE)

B ORFZEEREL, ZRFETONT (W) | BRI T2 R L > OEE)
TRNAF—2ED, REICREFZOFIZERVIAEND, ZNDDBET, FHEFR
TFHELERL, ZRFETFOMERT. X TEHRHTLE AL EBR FEX
B2 - R FIES =R AX— B E X DD, FNLRFORREITEL, €D
BB RNF—L, TRVF—EBRIBEELETHE PIZRINSND,
FHEFKERMAY 774 —3, BRISHEEICE SV T, ETORERBITONT
DZFAX—DOHAVEZEEL, WEICRNSNDTINVF —ZFEFHLIbDTHS,
M2—111ZKERMATA 7 F)—053R®D7=Si0,D REF 7T R T=) DR ITHR

#®2—3 X—TyMNIEIZBITHORHEF I
yRTTIVIADEER R
(D-T neutron: 3x10'?n/sec)

Distance Neutron Gamma-ray
from (n/cm?/sec) (y/cm?®/sec)
Target (mm)
15 7.5%X10" 9.0x10°
30 2.3xX10" 2.8X10°
45 1.1X10" 1.3X10°
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1x1071°

T T

SiO

1x10™M

T T TT|
N

1x1071?

llWIT[

1x107"3

e

1x107"4

1x10°"°

DOSE/NEUTRON FLUENCE
(Gyl(n/cm 2)

1x10°'6

-17 L |IHIH| 1 IIIHHI 1] lJJlIu] [} IlIIlIIl (ISR EEEIT 1] II’|II| 1 Il)llll Lt
1x10
© v Y 9 8 T o %Y
° °o o o 9 b 2 2 ¢
% P X < % = x = x
«~ ~ ~ - A ~ A

NEUTRON ENERGY (MeV)

BEThD, THETFITHT2RIGREIT, RFME TOFHEFZRLX—ATPLL
FiEF I — 2 B Lo TRESND, BEFENI T ORINRE D (Gy=Y/kg)id.
RAIVRDEND,

DTotal =ENmen,m(E)(§n(EﬁE+Dy, (2_2)

m FRBOBERLITTE,

E :FHEFDOTRNLF—(MeV),

N B TR DR FEEBE (atom/kg),

@ _(B):FHEFTHILE—ZIMY (n/em?/MeV),

K, (E):FHEFH—<EE (I ban/atom=]*10*cm’/atom),
D,: v BRI E(Gy).
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O, (BE)iERE P OFEHOFHF T RAF— AT LT, PEFREI-FEZHNT
HEINLLOTHD,

én = (2_‘3)

@, [7): (& (V) CORETFT T A (n/em?)
Vg BEHERE (cm).

K (2—2) 1BV T, FHEFOZRLF —RIIFHERLFORBESEN D ERIY
YEZLND, Ll RBORESIT y BIZKoTRBNTRAETOIEHEET DO
BICHARTREDDT, v RRIEE D% v BRI —<ERIVROIHETHER
EREBIOIIRFETHS, EBIEL, v BBREDIRICI-TEAELLSHEETF B
ETOZRVF - 52 TRRABOA BT 256 L, BICERF RS —F v ME
EMPORALLBEETIRBHIAFH L, RBHI = RN X —2 5257 —RAER
EzBND, ZZ T, v BRI T ARIREIZ OV TE, BB O v BREBHZIRIC
EREFTRNF—AIMNLEMCNPa—R THEL T, RALYRD T2,

p, Jla )

Yy p 2 (2_4)

(@): EFOMLE (MeViem),

dx

D (E): REHHOEEET T Tv7 A(e/cm’/MeV),
p: REHEE (kg/cm’).

K2—12i%, ¥F—7 v R LOLOEREESIOABHI X T 5 14Me VT R 52
BRTOFEFLy BORIREOBZR THD, F—F yMNEBECIIRHNREDOE
EEFENBEEFICRLN TS,
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#£2—4 1AMeVHEFREER TOZERBOTHEFROFE v R
DORIRER (D—THEFFAME 3. 0X10n/sec, FE
LB A —4F vRED15mm)

Sample Dreutron Damma-ray Drota
(Gy/s) (Gy/s) (Gy/s)
SiO, 1.0 0.07 1.1
ALO, 0.92 0.11 1.0
CaF, 1.3 0.06 1.4

F2—41T, B 14AMeVHF T RF ERICBITHHEORIFEERIC OV TOFHE
FRREZZLOTND, BB CTOFEFRIREEITHL Ty RIT—HRE/DSL,
BHRINIZREORIREIZ14AMeVHHEFORZKRIG. BIG . BEBELIZLD KBk
T ERMEBELIC IO RBUR T OB T o MLT R E MR BT IC LS F S A E
Thb, RFFEEZRAV-FHTRAEERLEER TN, BEEOPHEFRIFRETH
=3

1x10° )
8102

Neutron Intensity: 3x1012 n/s

-y

X

a

o
o
|

Neutron

Gamma-ray

ABSORBED DOSE (Gy/s)
:
o o
N -
| M

! l ) | L L L | L] L | ) l ] L L

20 40 60 80
DISTANCE FROM TARGET (mm)

K2—12 Z—5yrLAbOERELSIONIH 2
FEF &y BROBUREDBILR

1x107°
0 100
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Target Assembly

350keV D*

-
-”
P

Silicon detector

Pre. Amp.

Irradi dion room

Opticd
fiber

Multi-Channel Personal
Analyzer ' Computer Polychroma’tor

Bi2—13 ZEMEDO14MeVHFHEFFREIELPERBROBER

2—3 FHFRAFERNLRERT L

H2—131%, BAEREI DO 14MeVHEFFEFE LR E L AT LOBERK TH D,
mEFRAES—FyMEE TIIRFRESEL BREHIZ IR ERRLRE TS
ZEFEEL, EDTEHI, F—F o MBI BB SNSRI ARSI AR
EBL T, 14MeVHETFRFFORENPOORENFE, KOBROWKRHBRELT
TANTIRET D, LT, BRSNS ETC BN ST EE L AV TRANRT
A BIELIZ,

2—3—1 BREIER

R2—14i%, BHEAZREEBROBREAERICHTIRINRESFERLIEDD
THb, REFBIIERN3cm, BESH10ecmOT A=y 2O M FEEK THS,
HEIAESBONEIZITER25mmEL T, EX2~10mmD BB EE DD DF
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P U . Optical Fiber
. (1.2mm¢)

Tritium T{arget

Assembly,‘__z | e Lo Ak 4 N Working

Room

RS a— 103mm
Ir Focusing Lenses

D-T Neutron Intensity:
- 3.0x102 n/s
|\ Newtron gample: Si0,

0 20 40 60 80 100
DISTANCE FROM TARGET SPOT(mm)

M2—14 F—FyNEFICE NZRB AR EARREORIRER S

MEREL L ABRBOMITSI., HHICERESNTOVD, L X3RRIt E R
LTEMERENTAEZANTNS[6], L ARNET 7 A D RETREITHEHI L
NRT, LA TIHFRE, 7743050 TIER 2T /ASI22TWD, e, L
ZXDORFABE DL BECLNIINC, LR T OB FHEF TNV ARIXT
OMn/em?® AT CEBREITo T3, BEHRRIEIZIE, BRI FERZRET D7D
D3mm ¢ DT 7 —F =B, BENODONE2HDF L RIZE>TEKL,
7 7 A NABET By BEHAIDOL R0 £ 45 BEEE T SR BRI I L OISR A
K&, —FIXEREHRET 7 AN —Z A TVE/NESRDISITEREFHEIN TN D,
¥ RE AR T FRINCIABAEE B EL TRY, BB ORI 2T
B B TERENB S > TW0D, BE2— 1T, B ED14MeV FHk
FREEBROKFTHD,
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BEE2—1 ZEMEIO14MeVEBHEBROET

2—3—2 MHERHBRERT 7

HABRERDOKT 7 A XS REOLO T, a7 EREZL. 2mm, #ME1. 5SmmT
RBE30mTH D, K7 7ANTATERDRENSDZRIRLI-72DIT, REEZ/)
SKTDIELDHEETHLH, THEENKREL, KFERRBERE S L72>T5,

R2—SIINRENLRM AR EN T 7 A NOEBET, BMEREITEIT7VRERIC
OHZE., 7yHRENF—T7 I, MBS HEZ R ESWT2b D THD, FFIZ, MHHET
AT 7ANDRHZIRIZONTIIRLANLTEY, M2—151314MeVH TR
XX T 7AROFBE DK TIZONWTHRESNZ—HITHB[7], ZThbHD14 -

F2—5 BREOMBMHABRMEXT 743D

Types of fibers Core Cladding
Step-index pure-silica Sio, SiO,-F
Step-index F-doped SiO,-F SiO,-F

21



800

:.\ 1.0x1 015nlcm2

3 X

= 600

|

w |

8 .

G 400 |

a N

O Ci 6.3x10"*n/cm?

g 200

= [ & 2,4x10'“n/cm
o L—=2 .
400 500 600 700 800 900 1000

WAVELENGTH(nm)

K2—15 14MeVaHtF Bz LA sHERIE
W7 7AN—DHAEER K (BEH 7)

MeV et F B EBROKER[7—81h0 . AERIZBITINRT 7 A DIaEB LD
B8 I+ 5/ NN EREFELLN TV,

2—3—3 NoITEE

AL AT W TR~ B RIRIE R CORIEANT MV RIEFTREL 720
TW5, 14MeVHHETFRFERTIX, AA—SAL T T7ATHEDYNANT F ¥
> RIVEISY Y88 2T A (Polychromator System) &7+ b IV T AT VAT HD2
DDONHITEBEZ AV,

TNFF X RN BV AT MIAA—T AL T T 7 AT &5 s LHlH
HEECHERSILTWA, FERAA—VA Ty 7747, BB, v 7aF ¥
FITL—F(MCP) , BB FLERENTVD, B2— 16ITRSNTNDAA—
AT T AT, RBEEIC AR LI OBEIC AL B e ~A7nT

22



Grating

Sample Wavelength
‘}ég b
riy =T 7 MOS type
: \ = liner sensor
s
Optical fiber -5
5

£ ADC .;_,,J ‘ Constructlon of image-intensifier

: S Phosphor  ~mrgs
Persontal ) v screen i 1.— Output
computer _ Input ™ window
) window

§
Photocathode

Program MCP

K2—16 AA—IALT LT A TRESNTFF o INVE G IR AT I

¥R TL—NCEBERZICHEEL ABFEICLVBUORIERTIT AR THD,

FLT, EAIMONEEEZZ AR TFILI-TEREFCERLEER A HLE
T9. FBIEIL AR (350~750nm) T, TR/ FEREIL, 0. SnmTHD, +73720t
BDELNAEEITIE. B/D10IVB TAIMABIEEZT T THZEN KD, &
EBRO I ERE CHEMA TR H > UM B EEZHIT 572912100~1
O00FP DRIFERFMZELTZ,

TA N AT T AT VAT A, T T7ANPODIFENEFHEEE CTEER
HLUTWABD T, HARTMVGHTIZIZRAWAZERTERW, L L, RHEERS
WO THEFHRIEIZRAN, A FFr o RS RIS AT LEFRALTWD, B
FHEE IS EEBS 72D, H2CTORAKESNVF=RTFEHANT—2
O CREIZAFIN TS,

N

B
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2—3—4 FHETFREERE

14MeVH M EF ORI R AT, REMEEER S HE A 23 (Si—SSD) 2F| A
LT3t o K FIE[9NIC I DRIEL, *Th AHHEEOHAICLIRD T35, 2t
& o RIFIEIL, NIFULE—5 N /N SIS R A CRIATDIIEE NICERBES NS
i—~SSDICEY . D—THRIGTRAETS o MIF AR, BUNIIES ., EEHHE
KT BEFETFAESHOMEILLIV1AMeVFETFORMEARBEZEH T3,
K2—17Tik MESEAICRESNFEEBHEL, F—F yMIAFT T8 —
AZHLTO , DAEEZL->TEBY, Si—SSDAZ—F v RIATSIEAIZA QT
BB, F—T Y TEMRIND o RIFDOINERY LT HEE, Si—SSDOFHEC, 0H
R,

Y,=C_ ‘K. (2—5)
T, TOB|EREKIZ,

4
LY

ThHDo R 1%, FEEFHAEK T, F— Ty MIAT THTRNAF—LAE § , TRED,
ETEFREERITY T,

K2—17 Ti—TH#—7ybLEEEBRHIFOEE
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4
Y =—C_-R_|\E O —
n AQ o a( d (x); (2 7)

LB, (2—T7)REY. D-TRIGTREAL FHEF OERHEEARDOND, LA,
14AMeVHH T B 7L TV AR /25 L E Ak M TIREN A LD, B
B EER T Th BAZEHRE R AL TS, Tz, REREMEIZ Nb {52
DT B HRIHEIEIC Lo Th R EF 7L TU 2% RD TS,

2—4 BEFERLNEL AT LOEIE[10]
2—4—1 FHEFHFERELTFHORIE

14MeV HEF B S P ICRBID DR AE LT R F AR E T2, BIES AT
LDOHFRHIROID OB IEEITHORTIERLRV, 22T, ETHRT D
ROREFNEZR AT, RIE & DBIEFEIZDONWTIRRD, 14MeV T RS
(2L DREL DI F A S FE N, (M) (photons/nm) 1, IRAUZHES TRELTZ,

N O‘) - Ny (}\)
Ng (}\')nL ANy My ()‘)']Q ()") (photons/nm), (2—8)
A: K&,
N\ BB ZE O YFEHE,
Ng(A): REE By RLRWEONFFHE (NI 7 I FEED,
N\ ST FADIEFERE,
M HZL R IAHREHEED T2 DEIETE,
Ahy:  DHZEDOIRR S FEE,
Nu(M): I IEEROSIEEIFTEIER,
No(A): XARFDETFZR.

Nabs ()\’) =
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200

I b. Sample: Quartz

B 4 DT neutron: 5x10" n/s
E =150 - @ Time: 1000sec
n = i
22 i With sample
i 3 . ’
Z O 100 - %
L) i ®
o5 i %
o= Without sample §
T8 s0 fomy oo

; % XRERS AR _

0 L1 g L1 [N [ TR LTV 0000

350 400 450 500 550 600 650 700
WAVELENGTH (nm)

X2—18 RUHMHEFREFEHTHRE AR Z
L7zB oy LA WBED 3 Y ART ML D LB

14MeVHMFRE FTiE, K2— 18R TINTRHEDRNIZEITB N THL
RROYET 7 ANPED NI T TR FEIRRAET DD, F(2—8) TIHFEUHK
EXRBHICBWT, R 2y LB E ORI NP OREDRNEE O
NWEZELZINWTWS, TN RAXF—bODFEAEDE YW)ITRIRE D(Gy)
ERWTHRARIVEHRL T,

N, (A
Y(}") = oV (D) (photons/nm/MeV). 2—9)
eff

o IXRBI OB E THD,

Fo, THRAT T AT VAT A TRIE LB A DR AL T N, MWEE
B No N DERIZIR AL 2D,
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N.-N; =7}, f m(l)vb(l)f\@bs(l)@ (2—10)

H(2— 10) TIRBE AT MBI 7 A SO R FBRLABEFEEEOABROE
FHRICELSTENTEIENDDT, 7AN AT T AT VAT DAV
& T, BRI OBERITHEDLNRR, 72720, BIAXT IR Dh-> T D%
AT BAEXRTHERETOIILEAETDHD,

2—4—2 NFEREROHERE

FT T AR HBRDB TR TRVWARENRIR S AT DOV TR
B, BERR AT JMIR2 — 1N R TSR EHEAER LS TRENT
WB, BEOEREED FTERENIZH DT T 71, BB —EIZRDEIITH
HENTEY, FOXB LEREORNEICELIND, B EPDDHART IV
OREEE L)1, 3% LRI E TIRIESN TS, XD EIL, ETFEROMICRITON
TVWABDIZIVFRE A EL 2> TR, EERRO7 4 M A4 — Nz Xo TE LR E

Exit port plane

Photodiode

M2—19 BWEERTHEALEELRS AT A

27



2.4mm¢ spot

‘ 230mm 20mm 95mm :
g Dlaphragm Lens
1~30mm¢ A 20mmo i| Optical fiber
e | S B m;e'=';':‘:‘.‘.'.'.'.'.'.'.'.:::::::::::::..'...:....'...l.ﬁA.... e - —
Halogen _
lamp Photodiode
_

X2—20 EENJEE VMR M RO IE EBROBS X

N5z Hhb,

EBRIEE DN BB RBRIEEITO D
D VRV RT LBV, BENIRO K EE LRI 230mmD &2 A

2, W2 201§ RO RRENIR, FIARK

g

FEX. 250mmOFHIL Y RE BB LI, Ly XD bEBIZ95mmATH DL BN,

DER LIRS TND,

0.4

0.2

TRANSMISSION EFFICIENCY

06 [ ./

O R

RTINS TN W SRS NN W N B

---_ - - = om -

i ! | i ] i | 1

300 400 500 600

700 800

WAVELENGTH (nm)

A

X2—21 XT77A DI FEER
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BAERIEO K KEICERVT722. 4dmm ¢ DT 7 8—F ¥ —nbO R I,
— B L B o TWD, T—F 1+ —TRONT-AEO~0, ZBIET DI,
X BB L ARy MOBUNETESS. FOERFEPLAEL, TIRDLIIITRIND,

0, = Z-(1-cos20, )05 (2-11)

W T 7 ANDZEREICAFTBHER, KT 7ASORHRALVL/NEARDISNC, A
e, ZFE LT, T A N\DOHFBRRIL, BEARFENPODAFTHELNT 74 %
BB EOKN M) THD, H2— 21K T 7 A DR FBRERL TS, K7
TARDFBBRITENBREE B THS L THDH, 500~800nm S TIHITIE
—ELRoTND, AR CIINTERICEAERIT/NSL, FIXERERE TDE
KIZEBHLDOTHS,

SRBOBIEIZIT, HREMEEL S HREFNEORIENLETHD, HREEIE
WIHMEEKET TR, Fiz, BELTRIETIX, LV —T10 7 RYyhel
% DEIEZBIRIDTIIRL, AUy e L DBEEED T B 2RO IR
THHBRIBREOB ELZENIEE AV TRIRoT,

2—4—3 FBRBITBITAIAHN K FEOME

TANHT T A T RIROE RS ADRERO—FER2— 22101, ZEES
ST e CRIES N B FHEEEDOHAEELMITL0F v 7V (CH) LUT D3
F K L23CHAMTIC EF AL EBRNOEF LESRHSNZBEITHEY
THEBBRALNS, B—OXTFERELIZBEE T, 2RETHEMELOOLEHEH
BIMERY 2 THAEBEIZE 0T, T8 A4/ —ROBFTICLDEERORE —
MRASE DG BRERERVEF ORI B S I5, i, BHS
ERDSHLDITHEEL TWDN, ZOBME L TRICET LT TE 2V (f
F1ZR),
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100

High pure silica glass

o i Neutron Flux: 1.0x10°n/cm?/sec
2 80 .
= ‘ n=1 |
% - ° With sample
O 60 °
o [ Fitting Curve
m -
% a0 |
-
:Z> I
(&)

0 .................

0 20 40 60 80 100

CHANNEL
K2—22 THb BT T AT VAT LIZE>TELNT
HAOEESHRET 40T 4 THEORR

K2—221238\\TiE, 946, 69. . . Fro b TAFIEFHA2, 3. . . @
WY TARESHBROLND, BEDIA MOV E—FE2BRTH7 4
BT TF AT BT, AR TFEE LU EOSAHAABBIESNDDIL, 107cpsEh
L CEHEROBEKIZEDTF LR H SNV ANERDEE THD, LHL, FHEER
oL T 2E LD A FAREHOR S TV5, Thid, RECEEIED
HRFEELTOBENSETHD, - T REEHREEFREZEEITRET DD,
KETFHREEODEFHERBERDIZLDEZEZER LN HOMERDISBIER &Y
HETATAV YT 5, LEFEEST R CREINERSMA HR)PRAUTTF T L
RSN AE B DR B A AOFI TR TESHDELT,

H(x)= Ecnf(Pnaﬁn) (n=1,2.....), (2—12)

n

Fr OV AR B 43R ( f fx,0, P =1IZHEBLENTND)

30



xZEEmIITERDOTF ¥ R/V(CH),

C7 AT AV THRER,

P ANFRIF O —2F % R )L(CH)

(ZZ T, P,=23CH, P,=46CH...),

O AF BTV DORIER B I3 552 BUE(CH).

TAYTAV TR C, RO, HEHHETFE N, TR TREL,
Np = EC,,” (n=12.). (2—13)

K (2—13) THLNZ N, EAEFHEEEOBF IR TEHOTESAFEFE LR
50

2—4—4 HFELVVAZRDOENTHE

T REIAERIIRBOT, RENOOREXTFERLL VAPRT 7 AN ET
DENFEN, B E XD, BREOBRE Ve i3 RBOELRET R—F v —TRESN/ZMHE
FELL TVD, ZOETRIZTHT DL RENR DR ETHE TRD DD, Bt
M r OFEOZERERE 20, & THEILI, #E->T, (LB V(r, 6,t) CORIMER
OV LIREHARE Vs DEMRITRA TR END,

v, =de =fffrd6drdt -t (2—14)

WIT, BUNMETESY J0RAELTE A FBL A TEDLN TR T 74 TEESNDHHE
FERDD, HFNEFMTRETILLT, BN EAQ T H A~ R P
i
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0Q
P=— (2—15)

4’
LEDEND, QDFHA~EAERTFIILV L R CRIFSN T, ZOREFOREILIE
ST TIRED, T T VI ADOE RERERE B3> TWADT, £DNEHE
ROBZENTED, [>T, BAELIEIF BT 7ANICZ BN TARTTEHNED
I HDORELNMBVEZOREFHQ TREY, ZOXTF BT 7A/NCAKT
BNENOBE Q ZRADISITEERT D,

o7, 0h0dV = o G TEREATASLY
PV (T BT 7 ANCZHANTART T D).
(2—16)

o TC. REHATR F CRAELI DL N TR TERSND,

foj.é V}ing : (2—17)

T(V): BB TORTF R AL

SRR — ISR T AR AT BEA T, T(V)E—ER0 T, R(2—17) i3
(2720 T, BN, 1 TR LD,

fQI?” QdV
V,

(2—18)

 KI2—231R(2—18) TRENARENODENRSROHERRLERBEROL
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x10™

2 -
CALCULATION
> 1.5 /
®)
i
o 1}
TH A
m | EXPERIMENT:
0.5 [*Co y-ray source
| TEST SAMPLE;
| PLASTIC SCINTILLATOR (NE102A)
0 PR S N SN NSO SN N U P AN TR T Y O SN N SO A SR HU OV W

O 2 4 6 8 10
SAMPLE THICKNESS (mm)

2—23 REESIZIOEADROFER[RLIBER

B THD, EBRITFEILZIENCCo vy MBIRICH L TR THD T TAF IV F L
—2[1112AVT, BREOES 1 B2 TENXSE ZROIBDOTHD, 7/5—F
P HEE3MmM THD, REES BT I ONERH Y DFIRITH « ISP LT
WBZEB DB, T, BEDPDRENNIEI A TR OERHEMETLT
WBZ LR ERL TS, ERELEEIEENT—RERLTEY, BRTI%T
- Holz,

EERO14Me VT BE ZR TIIREN TRABRED AR NAEL THHOT,
HFFASATV )L, MBI T DRIRES T HBIL TV DbDELT,

2—4—5 BEFERENAEIRT 2OMERE[12]
R2—61X14MeVHEFFRBNBE VAT LO KB HPREBEITHOVTEE

DTebDTHD, FAEHLAERIFEE S FEIZ DOV TOREEITHRIZ0% Lo TS,
K2—241%, ZNE T2 14MeVHMEFFHREE I BIE S AT LAOMEREIZOWT
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FLHHLOT, MENICR R EIR. MBI R RS ICRB P RE TR TR
TRDOL TS, BIEERBERIT, BERT 774 TREOFZREIZHL AT, 85198
BCIXAT 7 ANOFOERENBKEL, JRBNOLFRNARE RFEIRER>TND, 20D
FHBIEL AT LTI, RO L ST T DIDITAA—T AT T 7ATHRED
YNANTFF U RNBL G IRV AT A (Polychromator System) &, XEFHEBEELH
W TN AT T A T VAT MEER L, R2—24F O HRIT, 20X
BHESE AW LEDFHEDS /NERUZRDEZAZFRDLTEY, BRI AT A
SR OV TONREBIROFHITKIEL TND, vV TFFx o RARSG ezt A
FTAZEBEBIL, TV —T 4 T DG HEFZE, KR FOEFHRICE>TRE
ENTRY, 350~700nmfHE TREEZ LS TND, 74N AV T TIZEDRE
T BRUEAEFHEEEONXERMOEFHRICI - THRED, T2 Tk, "R
RAORBFHEEEELZAVEZHEIZOWVWTRRL TN, FFIZ, 450nmfHI THEVVEE
RO TRY, TOHEDHBIEIZOWTIIED THS,

| Ultra Violet |

Vacuum Near
[ UV Far-Uv UV ] 1
150 200 300 400 600 800 1000 1500 2000 (nm)
1010 .................
SRS A D —
@ I
0 D | 108 b e
= A
Z (Z) PRUAREE DONMIN BORPRER U . ST ITRRPRRE RETTTOPPRPPRE SRIRRRRS
% 5 408 e ""'"'}\'\""PHP‘TON"""" ..................................... i
- I \ CounTnG/ |
E | 10
104 .......................... :~—’ rgnsmlttance .........................
( Optical Fiber ]
WINDOW ( Quartz, High pure silica (10mm thickness)
MATERIALS( Sapphire (10mm thickness)

K2—24 14MeVAMEFHEENAEEZRIFER LR EHIZI AT LOMEE
(ftdhid, — RIS IC B AT 5D
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#2-6 14AMeVHHEFFHEELBES AT LOMERE (JERK 1 =450nm)

RAASORI ] Ver | 10mm¢X20mmt | |
BROME . Aby | . 0d5om ]
Ko7 EESE ] Me | 0.75 ... £004 |
VIRBRIE . LT D 13x107 | +0.3x107 |
VT F U RNVBGHIBOKR | ng* M 8.9X10° +1.2%10°
Hi%h& (counts/photons)
R BEHI T DR IR 4.3%X107 +1.3%x107
(counts nm/photon)

2—5 Fro

EREFEZWT AT LDy I 7T U NHER LD EM B O 14Me VT FH R
SN ZHRERD BT, RSB ODTH TR E BB RIE RS RE
BT 7200 B D In-siu BAERE S AT LEBRE L, TO14MeVHMEFHER
FBIES AT b, BERENLOROENIC T REIZEILRBARLFRED
HAIWT B THERESN TV, 14MeVHMEETREEOX ¥ F 75— a 2B
ATV, BE RRE A RIIRBERRRE BTN By NS, 14MeV P EFRE PO
BHRBINSDR L, MHREHRIEN T 74/ S THEREL , BAEHREERLZBITICE
ISR E RV CEIE T2, RBIEVAT 2% OKTAVIANS SV IFNS
D14MeVHHEFIRIZIBZAMTIT B LIZL > Tl4dMeVHEF T T I A T~10M
n/cm%sec. WINBRBER T~1Gy/ sBREETTOHBIZBW T, BMED DO RIS
DREFARTNVERIETHIER AR THS,

35



E2EDSELER

[1]

[2]

[3]

(4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

K.Sumita, A.Takahashi, T.Iida and J.Yamamoto; “Status of OKTAVIAN I and
Proposal for OKTAVIAN II”, Nuclear Science and Engineering, 106, 249
(1990).

T.Nakamura et al.; ”"Fusion Neutronics Source (FNS)”, Proc. 3rd Symp. on
Accelerator Sci. & Technol., Osaka Univ., Aug.27-29, 55 (1980).

J.E.Briesmeister (editor);”"MCNP-A General Monte Carlo Code for Neutron
and Photon Transport, Version 3A”, LA-7396-M Rev.2 Los Alamos National
Laboratory, (1986).

T.Nakagawa, T.Awano, T.Ohsawa, H.Matsunobu, M.Kawai, T.Watanabe,
S.Igarashi and T.Asami; “Japanese Evaluated Nuclear Data Library Version 3
Revision-2: JENDL-3.2.”, J. Nucl. Sci. Technol., Vol. 32, No. 12, 1259 (1995).

K.Maki, H.Kawasaki, K.Kosako and Y.Seki; “Nuclear Heating Constant
KERMA Library”, JAERI-M 91-073, (1991).

D.V.Orinski, I.V. Altovski, I.L.Yudin, T.A. Bazilevskaya, V.T. Gritsynna, V.I.
Inkov, L.A.Ivanin, V.D.Kovalchuk, V.S.Vojtsenya; “Preliminary Results of
Window Radiation Resistance Investigations”, J. Nucl. Mater., 212-215, 1059
(1994).

T.Kakuta,T.Shikama, et al.; “Behavior of Optical Fibers under Heavy
Irradiation”, 4th International Symp. on Fusion Nuclear Technol., MR-P36,
Tokyo, 6-11 April (1997).

T.lida, S.Ire and K.Sumita; “Fuison Neutron Damage on Optical Fibers and
Optoelectronic Devices”, IEEE Trans. Nuclear Science, Vol. 35, No. 1, 898
(1988).

S.Yamaguchi, Y.Oyama and H.Maekawa; “Calculation of Anisotropy
Correction Factor for Determination of D-T Neutron Yield by Associated o-
particle Method”, JAERI-M 84-109, (1984).

YERESTIE . RILEESR, SREEUT, “MRE ERFHAEMEO 14MeV H1i4
TFHRHT5E8R” | JAERI-Research 97-042, (1997).

D.Clark; “The Intrinsic Scintillation Efficiency of Plastic Scintillators for “Co
gamma Excitation”, Nucl. Instr. and Meth., 117, 295 (1974). :

F.Sato, T.Iida, Y.Oyama, F.Maekawa, Y.Ikeda and T.Nishitani; “A Photon
Detection System for Measurement of Neutron-Induced Luminescence”, (to be
submitted to Rev. Sci. Instrum.).

36



35 14MeV kT RHT E5R

3—1 LIz

BE. BFF2AVEEHEORBRE DR TIZOWTOFHEFRFHERIE
HOENTRY, B, V77 AT ERBOEMELL THIT DN TS, HIETII,
IZUDICERA B R EM B O P FRIIC LD EREDFEEIT OV TE
~RTNB, FLT, 14MeV FHEFHBERELRIE S AT 22 RV AP BB O
14MeV FHFHRELEEERITOWVWTIRRS, E72, 14MeVH TR ER
22 TCo v BB H ERICL > TELN - BRI R A —H TV DFEN T
BOFERIZDOWVWTHEEL TS,

3—2 RFBBEICOVWTOTHEFRHANE

BAE. SBIMEODRINER BRI BT RS B EFBMEILL T, BHERETS
A, BEEREGR (SI0,) EH 7747 (ALO,) BE X LN TWA[1—5], 2D &%
I, MDA B T, FHEF R B RE DR TES 2L, 2, H#

100

- Qu
80 |

Sapphire

60 |

[ Silica glass
40 -

TRANSMISSION (%)

20 |

Oﬁ"‘ [N W RS WO S S S SRS T TUUE SHOR JPIOY SN N A ST P 1 I E T WY MU S S W
100 200 300 400 500 600 700 800

WAVELENGTH (nm)

K3—1 FEEMEOREN~FRKOZERE
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100
.'-
~ P QQWWM i
o~ % X
~ a x X
2 80 | g XX _X_ X X
9 xx — Un-irradiated
wn 6 ® Co-60 GAMMA 0.01MGy
[72) A O Co-60 GAMMA  0.7MGy
= x OJ ELECTRON 1.0MGy
7} o A ELECTRON 1.0MGy
> i B ELECTRON 1.35MGy
< 60 o X A ELECTRON 8.0MGy
E é X 14MeV NEUTRON  10**n/cm?
, B Ox + FAST NEUTRON  10'®n/cm®
A % FAST NEUTRON 10 'n/em’
D | | | | [ |
40 e
200 400 600 800

WAVELENGTH (nm)
M3—2 BABKESREBHNEN CIT- FREROLBBEDE
(BEXH 3)

MABREL D IRFINDEZEZ BN TS, K3 —112iE, — BBV AET T,
FEREREY T 7 AT BOFRIEDOFRELRLTND, BREITIESICE->TER
B8, KB BORERFIIE T RS, BEFORFOERIRENICL > THRES I,
ERERIT. AL VAR FICBTAEFRMELRMHE L LEFEOTRNLF—F
ey I Y B, Fin, BRI TEEN I RIRFORFIBELNL TN
DIZ AL TOVARTICB T AETAMED R H LEEFE DT RLF —Fry 703,
RO RTEDEEBL TS, FDTHIZ, BEFOBBBBINGEZoTNDE
ZANRHY, EINRO LRI EERICES RERAICE DT EERS W
TebElg>TND,

M3—2iT, FEIZOWVT, “Coy . EFE— L4, 14MeVHMETF, mETHETR
BT, BREZOREBEDOEIII OV THESNTZLDTHS[3], REt DK
IIEZR20mm T, EASmmTHS, FHEFRBLIO y B, EFHRBHICIY. HFE
BOETA300nmIVENFEREER TRLNTWS, Zhbid, BHIFICL-oTEAZ
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NERBIZEDLDOTHAHMN, BBEOKTIL, v R, BEEFE—LTHE, IMG
VERE DL EDBBRILTND, E-. mE P EFICL T 10 n/em® BED 7 LT X
OB ETIL, XBBED+DITRFTELHIEETRL TN,

3—3 BEFEIENIAIIVORIE

14MeV HHEFRBAER CTRVWZEZHMRENT, ECEMERRI TR, HIfEME.
P T7AT ThB, M2—14TRENTVBEHC, REIAZRICERE25. 4mm, EEX2
~5mmDEFHE YL T, 14MeV FHEFREFORENC DR ZHELTZ,
F7-, 14MeV FHEFREEEIL, FHEF 7Ty 7 RA~10"0/cm?/sec, BREFTFRE~1
Gy/s T, FHTFRIEEL, EBTFE—20EMREBZREL TiTo7,

K3—3i%, 14MeV FHETF BRI FOBEMERETFANPLDFENANTMLTHD
[5], 14MeVH TR R OBME R RN TRNODFELAT ML, 450nmft
FICKERE Y —IBBAISN, OV — 73 BR I COREFOBEHREIIC
BRL TV BALDLE 2 HNB[6],

D-T neutron
Silica glass

o
adh
4]

1 | ) L L LA

0.05

PHOTON INTENSITY
(PHOTONS/nm/MeV)
o

350 450 550 650
WAVELENGTH (nm)

K3—3 14MeVHMHFREICIDIEHERELTITADLDFE AT
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3x108 600

DT neutron
Silica glass

2x108 [ 1 400

DT NEUTRON FLUX (n/cm?/sec)
PHOTON EMISSION (COUNTS/SEC!

1x108 I 1 200
Ox100 TS —— 0
0 1000 2000 3000 4000

TIME (SEC)

X3—4 DTHMEFREZESEROEMERRRABORE N TFHER

PHOTON INTENSITY

1x10'2 -
- ".

ixio" F D-T neutron K

. - Silica glass ‘..

Q B -’

8 1x10" F o

[op] - ..'

§ o .

v 1x10° F -

= = .

E -

o 1x10% P

z T
1x107 F
1X106 i L CYVIH!I L IIIIII!‘ ) !?QHII' Il Vl(IIIII 1 IIIIH[I NN

1x10% 1x107 1x108 1x10® 1x10"1x10 " 1x10 12
DT NEUTRON FLUX (n/cm2/sec)

K3—5 BMERFEITIRZRLITA DT FHhFTI7Iv7 2
CENTREEH - AE LU FE O BE
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FHEREHZIOWTORERBIE X, FHETF 7T A0310/cm’/s ELEDHE TIE,
< VFF o RN T AICRIE R RE Th o728, FEF OREFRE SRV
REIECTIR, BB/ NEL BB BT T AN AT TA TV RT DE AN,
E7-. K3—4i%, 14MeVHFEF T Ty I AR B S H T2 L&D, HFHBRDOELE
RLTWB, SETIRIZL DERHDL DD, JEFEFEERNTL14Me VT T Ty
I RIZBRELTWBD D HB,

K3—5i%, FHET 7T/ AEREPICBEA RSO BELIAFROBRTSH
% BHEF 7T 7 A108~10n/cm?/sec DFEIETHETFRREFAEITISIZHAIL T
W5, iz, TR ER T, R ICRESEAIND D IR IAT L
DEEDOEALRHRLNBIENRE ZBbNT=5, 1070,/ cm®*LL FTOFHEFT7 LT R
LTI, BERE BRI,

AEFRERB T ORMMIBESLRI—1LIIRL TS, ZOREHT OH EDOFEE R
821ppm EBWIEMNHH T, BFROMBNBRENOHEILI>TH ET5LEbi

0.12

t < 0.1 D-T neutron
g § Quartz
E £ -

(73] -
=2 0.06 I
o ©O ¥
= 5 0.04
22 ozl
ol o002 |

O [ S N T | | |
350 450 550 650 750

WAVELENGTH (nm)

K3—6 14MeVHMEFRHEICEIAFRERRIDDOIEILARIML
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F3—1 AEFBERBFOTHBIRE
Impurity OH| Fe | K | Na | Ca | Al | Mg | Cu | Mn | Ti
Content (ppm) | 821 | 16 | 14 | 1.0 | 1.0 | 04 | 04 | 0.1 | 0.02 | 0.01

TWB3], B3—6ITRENTVDIINT, ARBEREPLDFEILAST NIRRT
REEHEIZA50nm AT Z TESIZ650nm AT ITICH I — 7 BEBIEN TS
[7], 650nmfHEICBBISN =R IEIE, RIS ENTODEER 5 F(0,) DEERE
LRI THHEEZLND, 2T, OH EEZLEALATERE TT7HMLIX
AV ABERLICIVBRSN T BRI LT 26D THSH[8], 7+ MLIRR
EURBIETIZ, 5. 1eVIZFE Y 375243nmDHRIPUI LV EER 55 F B35 SN T,
ELICBESTERISLTEY VEFHL.. B U4, 1eV(302nm) DFERIITL->T
SRETHLEIC, BINBET, 1. 9eV (650nm) D}EHRHTHIETHEN TV
[9], 2D %, 650nmDEHITRATROINDIBROBIIFENL THILE R T,

O('D)—> O(°P )+1.9¢V. (3—1)

H3—7IXFFEFEEE1. 2X10¥n/cm* T THD14MeVHEFBE 21T/ 0oTc b &l
BB ERROBOREARINVOHE THD, HBEDOETAREE LRV
FEREBEER TIE, RERFEHEARIMLDOEIZALNIRZNEI THD,

BT AT RB O THMBEERFI— 2R, F T 74T RO LT FHF
& 757 A108~10"n/cm?/sec FEIKTRIEL72[10], B3 —8ITREN TV DK
517, 14MeV FHEFRIICIZ V77 AT ORIEARII T, 410nmfHEIZ F &
v E—[11 LB %, 330nmiHFICFErZ—3H#[12], 690nmiZ Cr¥*d% Kk
DBRIENT, FEoZ—iX BEEILAAEF B 2EHHRE T, FTErF—id
R EFHIEORETHD, 14MeVFEETFBHIZBNTFEAZ—IZOWVTODHE
JEFREEIL, 10°~10"n/cm?/sec DFEI THHEFRITIZIZHLAIL TV,
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o
e

PHOTON INTENSITY
(PHOTONS/nm/MeV)

o
o
®

o
=3
o

o

o

=
T

o

[

N
T

o_‘

D-T neutron

Quartz

! !

N\

®,<1.0x10" n/cm?

A

@, =1.2x10" n/cmit

L ! ! ! i ) ! ) L

350

450

550

650

WAVELENGTH (nm)

750

M3—7 FEEFERZD14MeVEEFHEELOREF TN 2EFHE

F, Frer#—ic @38 0 Tid, BEFL—LBHERTIZ, KMEOEARL
FOo TRABENE TIEBHFEINTND, AREIZBNTUL, FHEFILTR
10Mn/cm’® ¥FTORFEIBIR072DS, BRAIMUWIE LIRS oTe, &
i, KBFEORECLFEV Y —RBEEFELTWDE T, BENLRT 77/ TR
BTCBRBLFFE 7 —DORMEEIX, 10°Y F-center/cm® BE ThHAHEHREXI
TWA[13], B3—9i%, 14MeVHFMETFRFIZI > TH T 7 AT HIZEASNWDF, F
T A =TT ARREBEOHE M OWTHREENTZLDOTL14], EBREIRF, F
T F—DRBIARE RN DO TH B, Ti-, BiafEiX, DPAKTEE (F

HEFRIIZIDFEFIILEHLE) HoROONTZHDTHD,

£3-2 $T7A7 (ALO,) BEHE D RGIEE

impurity

Si

S

Fe

Na

K

Ca

Ti

Y

Zr

Cr

Content (ppm)

10

4

2

1

1

1

<i

<1

<1

<1
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100 |

f  D-T neutron
Sapphire

10 E

PHOTON INTENSITY
(PHOTONS/nm/MeV)

RSO (VUK TR R S S B

0.1
300 400 500 600 700 800
WAVELENGTH(nm)

X3—8 14MeVHETFRREIZLD T T77ATRENEDF ATV

c'-"EN1x1o‘9 3
E‘-’, a-Al,O,
o s | Theory
X107 £ E >0.1MeV
ln_: - 14.8MeV
<
O 141017
1x10 " |
g : E,>0.1MeV
& 14.8MeV
m .
E 0™ L Experiment
Z -
L
o
i
¢1x1015 Ll Ll el Lol Lol L)

1x10™ 1x10"® 1x10"® 1x10"7 1x10"™® 1x10™
FAST-NEUTRON DOSE (cm'2)

H3—9 TA3IT(ALO,) DEEPHETFRIICIOMRELREDOLEAL
(BE 14)
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EBFERIL, BUEHURFHICHL T, RIR THIMREROIES DD D, T,
FUEH LRI I > TELOBEDO KGR AERINDZER IZLEHSNIZREFO
—HBRFOTORFRBIZNESDLTHD, £z, RERTIX, AHIORMEEEIC
AT, BASHEF, Frerd— BT 2RBEEIL. Z<TORUERETH-Z
ERSdD, DEY, ZOIENE, AERTIIFEF 7L AEKFEEFERISh 2
otk X bib,

3—4 *Covy MBI ERERLOHLE

OCoy BRIZEBME ERIZ, BARFHEEFRETO “Coy MBS IELRERZ
FIRL T o7z, ©Co TS5, 2714 T, 1. 1741, 33MeVD2ERD vy #HEHH
THRR THD, K3—10i%, “Co v BRBH EBR OB THD, 110k, 5. 9kCi D
Co y BIREZ VT vy MBHEITo%k, Tz, REBBRBIOREL X77/%314
MeVHHFREDOLOLIEBETHD, R ICRBSNL TS T=at’ab—FT%Co
BIEZEITIECLD, REARTTOERLZE X CTRABELELTHEL, BRI
SR OEREIZ15~70cm T, BEREE C5Gy,/sETO v BRBHERZEBZ

Shielding Block

©

;|
~..50Co’source

Personal

Polychromator Computer

M3—10 FMEDO Coy MFBEFENEEZBROBE

45



faote, LinL, BREDEBEN K EL HMEFOBED IO REREIC LD R B
TERWD T, T FANRENCD NI 7T REERB T BT, T 74
NiZgAT ey 7 ERRABER TERL TWD, BAME TORERR/h)iL, EFREICEK
ESNTEY, BENLOEBICR T 2MEEOBRITITE 2 ROFEEDOELRIZH
%, P T REOBRIRE D(Gy)DFHE TIIRIEEL SRR E LIz, RBRIRD
PR ald, BESE XR/hr)LEERE d0>HROOEND,

Xd2
a=_I“_’ (3—1)

14

d: ®Co BRIEAD D EERE(m),
I, Co DRFTHMEREH 1.32 R m’/Ci/hr).

ZFL T BEa O v R AV y BBHIBEIZOWVWTMCNPa—RIZLS v HEHE
SHERPITO. BB EE RO, M3—111%, HEENZCo y BRB S EBRORES

—h
o

oo
L

ABSORBED DOSE (Gy/s)

0 20 40 60 80
DISTANCE (cm)

M3-11 Si0,icdd3%°Co r#HE (110kC) TFHEER
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#3—3 FEEEMO14AMe VLR O Co v BBHHIIXTT5
BT IRIN )L F— 57D DFRAE T
(A :350—750nm)

Peak wavelength DT-neutrons “Co y-rays

Sample {nm) + {secondary y-rays) {photons/MeV)
(photons/MeV)

High-pure 450 17+6 170£60
Silica glass .
Synthesized 450,650 14+5 -
quartz ‘
Synthesized 410 25001800 27000*=11000
sapphire

MBI T ORINBEEOHEERTHD,

Coy MBFIZRBWTH, v BRFERAICIIBEITRENRERITIZTHAIL, 1
AMeV T RS EBR CELNE R LA M EEE DA S EIES N,
K3—12i%. RLEMERENTRAREIT, 14MeV FHEF, “Coy BMBHIZIDE
HARIINE B LIz D THD, 14MeV FHEFRRFFDFHATMLVIT, “Coy ##

p—
-]
@

%co y-Tays -
(0.45Gy/s)

Ul
<o
o

-Neutrons (0.47Gy/s)

PHOTON EMISSION EFFICIENCY
(PHOTONS/nm/MeV)

(4.6x10'°n/cm/s)
(o2 Liseeopdary, vrays (Q.03Gy/S)”
400 - 500 600 700

WAVELENGTH (nm)

K3—12 FUEMERESTRCLD14MeVHFHTLOCo y BFEF AT ML
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BEOLDLIELITWAI LN 2D, ZOZ 8T, BEHEESEL LRV RETR
BEEFTIZOWVWTE, INETIRANON TELE FRIER I OV TOERR 2
BN TR — 5T ARFOBREICENITEERFL TOVRNWIEEZRL TS, L
2L, F3—3TRENTNBINTELDOERENT, 14MeV HFHEFITI DI
0Co y BRBHITH R THLMNEWEREZ2- TS,

3—5 14MeVH T, °Coy MERICBITOFEENER

K3—12TRLIZEIIZ, 14AMeVHHETF RS IZHTHEREB DI AT
13%°Co vy MIBHHZ LB DL DL LTS BRI = RLF —HTzDD14MeV
i F R LZIRITOCo vy BBH OZ TR THIH/NIWFER LR TS,
(R3—3R)E2EDOBFAHI YT I/FIE—Ta OFTTRRTND2S, 14MeVH
MFERERICIT, YR, FEy BROFEZIZREADEENTNDILHREZLN
%, FZT, 14MeVHEFHRICE DR NN E BB IFHE T D72 DICFHFE v RO
EESEELBIKIEERAT, F3—41F, 14MeVHMETFRE LCo v BRBEFHIX
BRENOERLFDOEAEHEL, TLHELDOTHD, £7°. MCNPEAWTHE
yBE D Coy Bz o TR 2—A)THWERE P TRELEEEREFTRLY
— 2T ILIE, BIEREE (A~ 1 ,) IZOWT, 14MeVHH#ETF, ©°Coy BRI E
BRTOF b rar ¥ FRAEHERALIKRDZ[15],

© 1 1.
NCherenkov = \{affj;:c ZWa(Z - 7) Slnz 8c(E)(I)e(E)dE ’ (3_2)

2
2 BE
Ve RBHOBHE
E: BETFRLVX— (B=1/nDeL¥),
o BREREIEESR (§9 1/137.04),
n: AEATAOEFE (0=1.5),

0(B):F =L a7 f(cos b, = 7311-1),

o (B): BEBFTRILF—A~IM(e/cm’/MeV).
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*£3—4 BHEAEYTRAZOWTD1I4AMeVFHEFRT
OCo vy HRHEBRBEROEIEIS

irradiation ~ Photon emission Efficiency (photons/MeV)
D-T neutron  Luminescence (neutron) 5+3
Luminescence(secondary y-ray) 913
Cherenkov 3t1
Total 17+6
®Coy-ray Luminescence 13550
Cherenkov 35+10

Total 170+60

RIZ, 1AMe VAT BHER COFHE v MORILFESIT. Coy BREIFTIHV
F— 2RI BRRBRFET I —HI-00 v BFEFELEIIFAC THHERE
ELT, ®Coy MEXDELFE vy BRBHBRENOHEE LI, ZEIC, F=lary
KR VHE y BIZEDFLS S E14AMeVHHEFRIFICIDERENPLELF WV,

RHEHRERLLT, AR COBEFHREBIICIDFEATIRIT, ®°Coy BUITHLT
{3135+ 50photons/MeV, FHE vy MOM T E R ER2V 14MeVHEFFHE RO AL
BFF5hHIL5 4 3photons/MeV EHEES L. v MIEIENRITH TR UHTH/ SN
ZENEABMIT T, AR SBER IOV TIITRAF — (T HRF2814MeVH
HFERIGICERTIET. o biF. KERFEORBHF LS, v RHURITE
EHT 58 EEFOHF BRI THIZEERLTND, TOLIT B RFEELRIL
RITHFROTEE, M FNAE — 5 (LET 23 1T RESERL THABZER DS
(5],

| 3—6 FL®

A AT EI D 14MeVHIET | °Co v BRI ARSI M EZRIE LT, milE
AEHZATIE, 14MeVHETF, ®°Co vy FEFIE T, HIT450nm T TIZERFEZE
FLICBER T AR LB BBIENT, 65T, 14AMeVHMFEHEREICOHBE
X, BEHEESEEL eV BRERETTIZOWTL, ZNETIZHENDILTE

49



ETRREFERITOVTOERKREELFZNIEEDRNEEZDND,

Lol BHEATADFRE CORNBRDOERIEIT, ©Co v BITHL TIL135+
50photons/MeV., B y ORI &S ER14MeVHETFFHR D HITLDFENZD
2135+ 3photons/MeV Tihole, ZDTLIE, FENTADKHFRFEFEHICOW
TH, 14MeVEMFRRGICRE T BT . o KiF . RBUE T EOREH T 10b,
FE Y BRICERTIREETOAIPRE THHILZTRLTND,
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FEIETERLEIO, 14MeVHEFFERIITHFERKISTELLG T,
a B F. RBEBEFICERTAL0DTHD, ZZTAE T, BRIGEKF B F 0
TRAF—BRICEILAMeVHEFHEELEEOETTNVERREL, ZOTT
MZE SRR OV TRRTND, Fiz, HEFRAZROEFRBE O
RICBAREAT oI I NAT L — DRI ERB L E DIEBE B R4 B
HERIZOVTRANTNS, |

4—2 14MeVHHEFFEFEALET NV
14MeV HHEF B R OF FERBNDDIEIEAT MU, 450nm(2. 8eV)ftiT
ICRERBERE—IBBBESN., 2O — 7 IBREL TOREFOERREILICHE

1x10’ |

x10%
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4 I A I Y VSR B
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14MeV Neutron B proton
E = 10MeV
~500 photons

K4—2 BRERPICBITDI4MeVIFETF S TRAE LI B F OREFO—F]

BLTWDLDEEZLND[1-3], ZORBKIZOVTL, ZNETEILEF /LR
EER THANLNTEY, BHARII OB II R MY DEELZIT0T 2 Eh»
B, BIEBHARZMUIV K OO B FHEOEFV THAIELHAMIT/2> TS, £
T2 ZOEXDOBROFEHIMER TImsBE THY, EADBETE,” H.L (11
DEFEHBLIBERZE) LE-RINEEE LI L AL > TS, ZOFN
TRBHEEIKTFL, BEHEE DO EF L RITRBADENMET TEILRNHEINT
W5, ZLT, 2. 8e VR EHSIO,DEMRUH TH B8, TeVIL EOXFTHL
F—ILL DR TRATHIENAEON TS [4], ZNLDOHMEID, 2. 8eVEL
BREFRIN S BB LB B ThELE LTV,
14AMeVHHFHFRE LI ONWTE R DL, FHETFIIEWELZR2VOT, EFH
FhEZE LT 14MeV R F RIS TA LR B+ X BUR F O BEER RS RIC
IBbDTHD, FIZIE, HA—11%, VORI SETEE 5] T, BT
HRELTO TR FIIFEFERISICE BT, e LT, REBEREFRERHITH
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B En=14MeV

80 | Si(n,xp)Al
> » (JENDL-FUSION FILE)
= 60 | |
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B4—3 14MeVHEFITXT§ 5 SIOBF R H =¥ —H o BiEE (EDX)

N, EA— 2 B T %S — FTRIML6]% LT, SI0,HC, 14MeViEHE T
LSIFFDSi(n, p) AIRFSIZEY, B AKX — B FERBRFAIN AL —F
L IZDNT, BT OB & A A— AL LImb DT B, B4 —3EHF DT R F—
BRI (T X AF— 227V [7] T, RS TAERSNE KR DB F O
TRAR— TR MeVTHD, ZHICH N TRIEF ORI — I EERKE NS
W2, N2+~ BkeVIZE Th D, M4 —413Si0, FOBRIGAERBFET A
BF O RAF—CHTHRET, BT R~ 2B FI1Si0, 4% E um
BEIL, ZORBICI > CEBRREDREELSES, —F , KEFIERES
BT RLE— B kS BRI, SFY, 1AMV FHER BT
RRBEF ORBII T (6 b ETo8ER) BAELTOBEEZLNG, /-, Bk
PDRITREDR (BHHEEE) CBERT20T, REEFIL, BRIk~ TR4e
HFEBIEE I IENTEREZBNE, |
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R4— 513, WET OB IE—HBRFORBORTEROLILOT, B
R EIZDOWTET MEL TURL TS, —RICHEBRNEE, B0 FHED
WEIIAHT5E, ZDORBPICE > TWismBIZ A4k (BBE) 232D, 14>, T
HNIREDART — 1 (Spur) B3, INEWHTFAEREARTORWELIRFETTED, &
EEFLERTRIIAF A ERREVEF, o B REUEFREOERF T,
WEF TRIZTAVFE —PRE AT =V OERPIEREIBE T, BEILORS
— NV RERDH> TERRIZAFEERD, KH4—5TiL, ZOREMR, =R —RF
DAF DTV TCTED, A NTOIDORAELT § BUIART — NV EAENZ2RER A T
TARNF—ZRKIP, LELEERT —NREDL0ED RN —R K57 2y 7 - Blob
Z{FD, M4— 5 T, =R F—RIN (BEE., BhE) fBI % — XX — R EhL TR
BFEEA A Mo Ton Track, TNLDEELE § BIZLo THIESNAERAS
—/beSpurk, A7 = IO BREEE D E T 1y - BlobO RE3DDOFIRIT K

L TRL TN,
10 ‘
- SiO B FRE
8| . _. =
g : l~'7‘17=lﬁﬁ > E’JE@E
~ 6 Eﬁbiﬁ%ﬁi
M [ pooms | e 9 @
3
D 4
N T
N
=,
0 e —
0 10 20 30

FHiEEE (keV.”nm)

K4—6 SIONIETIEAL L OBBICEFST-BEERMEDCAEL T
LDE OHEORERE (BR) R LEOHEME (AR) &D
KB, BHREIBAROISICREF O F5EDOELE
RSO FOBELELLBRDYERTHD, (BEXH 8)
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v BB \ZH T BB ke V2V LIZEMeVOEF NHE FIZEKL. WEICK
ETHEIL, COBTFOEXIMREBERRALRD, —RIZETANVF—EFIT. B
FR o HLFIZEE AN TEEN NSV D TRERAF —F EIThES0, | —8
TFIIHE IR A T — VERRL . A7 — NV 1{EHT-D50e VIRE D TR /LF
—%K), Tz, BT RALX —BEFRTIE, — KRR L 0T2AT— L ED | =¥
—DIEVEWN § BIZE S THELBRT — LIRS NZER D> TVB,

AF Ty B IR ICEBMBREEEN R £, TRl 0WEK IR
AN CWARNWS, RETIE, E AV E AT SR, REFPITEHRINDLI L3 0H
S>TW5, ZORBOFRIIBEEDORHEFHBEEL TVELEEZLNTVD, K4
—6i%, PRIEEEICR T AEAL V OBBIZE > TRAETDREFOE E N ERES
DEEDBEFRTHY., BouffardDFHEIZIIIZ[8, 9], ZD¥EMATHE FEE
LR FRELHTIE—BL WD, ZOFRTIIE ICERMEEES B, BHER
B BEIZL > TEBEDRMDAERLT ELT 7 AMEBEI>TVD, 5T, @
iR BB H DA A LV N T v 7 BB TiL, FEDRMEIZEIRF A RBEIN TVHEE
RIIFEREICEL BARNERTHILTEH LW B, o, A3 v 785
NTRAELZFIRBO I, HBRIUZE > TNy 7B DIMTH BT LA 3R
RNEBDbND, DFED, AT TV IDBDEIN L, AT — AR T uy T I THE
BEIZhSNEE ZBID,

INETHRARTELINIC, AROEBESFAHRBER I, REDRICHRIKTT
BHOT, ZOL e BEERERFER L OREZIRIT, TAHINTGANLERILE
WTIL, BECESI TS, ZLT, o0 ORENRICELFERNDROET
ABRESNTND, 22T, LauraBA 52 5 [10] 2 AV TERICOVWTOWE
B ICst T AFZRBAREWE TS, LauraDET A TlE, K4—5TRINS3
DOTRNLF—RIFER TOREEINTZSFEOBEEEZRD | TN ENOEENS
RAETINFEEHETD, BTRVF—HBRLF ORI OWT, B xL¥
—HI-CRAETHHFE(AS/AE) ITRKDISITREND,

a5 _ e{(l— fl)exp[— (i- fl)‘fEEB] +f, exp(— f, %B) +(f, - fz)}. (4—1)
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EX= 3% — (dE/d0) BT R NVE—HER TOMIERE, « ITEFRESRN
R, BIEXABERETHZ, T2, 1-fLIZAFT U oy T, f,id7ayT |
(f, = [, IZAT =L TORNRSN5FHOEE T, RRLVE X THE,

_log(4mE / ME )
I = oelamE jM1) (4-2)
- s

> = loglémE /MI )’ (4=3)

m, MiTETF  HERNTOEE, E1X§ ROBRKTFIAEX—T, I ZEH AL
BT eV ThB, £ AFM T I,

2 - ?x(T)dT

Tax
E,-E loglE, /E
=J’< 1 2(1- L )+ og 1 2) 4T (4—4)

2
T eT \FT
- ——1 2Tlog|.|——
3 Iog(\/;l) g( 21)

TiX 0 BFDOZRAX—T, T, JIEWEN FLER CTELLIETFORRKTRALF
—Thb, HERFOMRIEERIZOVW T, TRIMEZRAWTHELE, (R4—728)
Te7EL. BEHEAEBIL, HassanlZ L5/ E— AFBEFE LR EERER(11]
ELLITHE LT, EFREFEAIE ¢ 13, *°Coy BBEFEAZRIVRDT, £
L7enFA—Z—%, ¢ =1. 3X10%photons/MeV, E,=300eV, E,=50eV, B=1

X 10 *MeV lemTH5D
ZLTC, FHEFERIS TERESN 2R NVF—EOHER FmA R THLHFHK
S, ENIHK(A—1) =RV —THEIL.
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TCONYIAX Xy Y TRE I T, EREIIAFR F RIS NESRHEEE R
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500 |

- Si-SBD
400 | 35keV Ar’
- Pulse Height (<1keV): 51%
2 300 - 1
- i
30| |
o 200 :
100 |
O
0 10 20 30 40

PULSE HEIGHT (keV)

KA2—5 FrEBRFEXT—FMARLOWEZ AW TKRD-
Si—SBDDISE & 534 D F

&l B, P> T, BEAF L TESIi—SBDEL bW A A R FHE=F—T
i3, ESLETHD, flziE, MA2—51%, HER FEE=T—FNMARLOWEZ A
VWVzSi—SBDAA VIS EIE B Il — v al fERO—FITHD, 35keVAr T 23Si—
SBDIZAK LIZHE ., K51 %DISENR1ke VAL FIZRBIEDRENTVWA[4], %
Toe AFHAA U HIDDIEH A AL IEEIIHIBke VEIR DTN,

Si—SBDDAF VIGEDERFEROFID, K4 — 121 /SN TND, ZOERTIX
%7, Si—SBDORIEICE N7 75T —Hy 7 T, DCE—LDEREZREEL
7eo TL T E—LDREEZDEEIRE RAEEIIAT 7 IROBEZEHIML T,
DCE — A% Wrkta N3 EIL 72V RIE100F /8, #VIRL100HzD /S /LA — A
ICTREE LT, ZL T, Si—SBDOEHA AV IEBFEBIZOWTT 4V F VA nRa
—7ZAVWTEIEL, A vuAa—70ORNFE, REAEBBICEIMLZESE2HANT
WB, o T NV ARBTENTEENDA A EERIT. DCEFE VAR RITEN HHE
ETHENHFRD, Fl2iX, SpADERMEESNIZHE TIE

(5.0x10™24) - (1.0x 10" sec)

= 3(ion / pulse) . (A2—1)
1.6x107°C ( P )
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Lo RNVABHTZDFEHFKIEE REL DD,
MA1—14i3Si—SBDOETRAFXF—HT, He*, Ar G ERHEIC OV TR
ERT, ERIIFTER FREHBECE SR/ A VIRER R OB R THD, EBR
R I2L—a  HEORREPREGEDLRNIERROINTND, ZORE
iR Z BWAIET, Si— SBDIC AR LIzt A A B EHE ¢ DR AT REL /R

277,

A2—4 B—LEEHRR

CR— 39 HBE AW T, A4 — LD EBEEEIZ OV TORERRBR LI
72olm, CR—391%, BEMER FITL TRELZL D EHRBE HF CTHD, K4—
10TRENTNWDBE —F b F ol N—DREFREIRT —VICCR— 3R HEEE
K7z, 2o a—FThHlHSI-E —MREMEBZ AV T, TAMNAA A E—LTC
R—39BHEBOERELBRVRLEE L, A4 BEEIN/ZCR— 391 KT, HZE
B NF 2 =B ROE LT #%  BESICKOHT VA UKER (6N, 70C) T1

MA2—6 3bkeVH <vwA7ub—Ai%H =
B — AT TRER D —1F]
(CR—39%HZ LIz KRIRKEDud<w—7)
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045 fbFETyF Lo LT, LT, CR—39DEREE /<~ AF —RIFEMKE CHE
LE—AEEEEIZOVWTHN[5], KA2—61%, E—A2EEFERBROBERD
— BT, TAMAVE =AML T, KIRKFEOWL LI DI —I 2R\ b DT
hd, v —IDREZIFE0 umX 60y mT, E—LFII15 y mBETHE, &
— ADTEN (BFEPLE) DN TETNDILER DD D,
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