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Summary

Optical fiber have been investigated for their potential use as sensor material in
various nuclear applications. Several new methods of radiation measurement are
being developed using recent optical techniques. Comprehensive overviews of their
potential use in nuclear environments can be found in measuring temperature,
pressure, void fraction and corrosion in nuclear systems. Optical fibers doped with
scintillating components in the core have drawn special interests as potential use
for radiation detection. As a radiation detector, a scintillating optical fiber can
function for dual purpose: scintillator and light transmitter. When a radiation
interacts with the core material, scintillator occurs and the resultant light is
transmitted through the fiber to an optoelectronic devices such as a photomultiplier
tube. Optical fiber sensors have proven to present several advantages as compared
to other conventional sensors. They can be processed very small size and light
enough to be easily put into very narrow channels such as between nuclear fuel
rods. No electrical power is needed to the sensor part so they are less susceptible
to trouble in harsh environments such as underground and underwater. Optical fiber
sensor cost relatively cheap to make them more suitable for a multi—point
distribution radiation monitoring which can be applied in such as nuclear reactors,
accelerators, fusion study facilities. Much effort has been exerted on applying
scintillating optical fibers to develope radiation detectors.

This study has been conducted to investigate feasibility of using scintillating
optical fibers and inorganic scintillator[CsI(T1)] for detection of gamma rays emitted
YCs and ®Co and beta rays form OSr. The sensors are constructed of single-stand
or multi-stand fibers of Imm and 0.5mm diameter. The glass scintillating fibers
used contains cerium-activated lithium-silicate material in Levy Hill Lab model

(GS20, GS30 and the plastic scintillating fiber used are commercially available Bicron

- viii -



model BCF-12. We used a mirror and lens to improve the efficiency of the sensor
with collecting multi-stand plastic scintillating fibers and light transmitting fibers
were tested its bending loss of their types.

In this paper, we report the pulse-hight spectra obtained by using these sensors,
and analyze them in the aspect of their usability for radiation detectors. Our
investigation suggests that the glass scintillating fibers can be used to develope
gamma ray detectors which will function in high and low gamma ray flux
environments. Use of the sensor for the beta ray detection was not satisfactory.
Multi-strand plastic scintillating fiber sensors work satisfactorily for the weak
gamma sources, but did produce somewhat promising results for beta ray sources.
The inorganic scintillator[CsI(T1)] works satisfactorily both gamma ray sources and

beta ray sources.
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YR, oA U Axelx] Az AulsuA WPAHow A GH BBl

Ak wge urE @4Ael A
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2) 4 3A)(Scintillator)9] 7 E EA
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(Inorganic scintillator)®} 714134 #| (Organic scintillator) =LA 27}A & FEHt}k. 7]
233 A= Nal(TD, CsI(TD, Lil(Ew), ZnS(Ag)sol al, F2 XA, #Avpd, FA4x 2
Aupd S o] fH Y. HArtdS S8E A ABA Ak Fubde] g FHE
o] g5 s e 556 HEsty] witel] ¥AHEIE F o] aF¥n. Table
1S AgAoz f&atm, dntd o ALg s = F7]3Ae] 545 vERdT

B ARgE CsITDS NalThEth o %2 Wx(451x10°kg/m)st 9AHEE
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ol Fr=sE vk 25mg/an o] el FA= AFEE 4 flvh 2 9wl
FAZE eF2 bk o 2 A #kw o HIH(Range)o] &2 dapd AlSo] ol & 3l
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Table 1 Properties of common inorganic scintillators.

Specific| Wavelength of [Refractive ) Abs. Light Yield
Gravity| Max. emission| Index Decay Time(us) in Photons/MeV
Alkali Halides
Nal(T1) 3.67 415 1.85 0.23 38000
CsI(TD 4.51 540 1.80 0.68(64%), 3.34(36%) 65000
CsI(Na) 451 420 1.84 0.46, 4.18 39000
Lil(Ew 4.08 470 1.96 14 11000
Other Slow Inorganic
BGO 7.13 480 2.15 0.30 8200
ZnS(Ag) 4.09 450 2.36 0.2 -

Glass Scintillator

Ce activated
2.64 400 1.59 0.05 to 0.1 3500

Li glass

For comparison, a typical organic(plastic)scintillator
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Fig. 2 Scintillation spectrum for single photon energy.
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Fig. 4 Types of optical fibers.
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Fig. 10 Emission spectrum of gamma ray measured with
Cr-doped AlOs scintillators around the reactor

core.
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Fig. 11 Scintillator-painted optical fiber system and fiber

driving unit.
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Table 2 Specifications for spectrometer.

Detector 2048-element linear silicon CCD array
CCD elements 2048 element @(12.5umx>200pm per element)
Well depth(@600nm) 160,000 photons
Sensitivity (estimated) 86 photons/count
Effective range 185~1100nm
Integration time 3msec to 60sec
Grating 600 lines/mm
Slit standard: 25¥im(slit height is 1000¥im)
Resolution ~0.3nm - 10nm FWHM
Stray light <0.05% at 600nm
Fiber optic connector SMA 905
Size 119x100x42mm
2. BMRMBHE Ol BB WAMAS
B oATe ARgA FAL Fig. 169 23, 488 483 2 AMRE, NE
AE&S A AT 2 ASFAR 74519

ARRES F8 3345434 (Glass scintillating fiber), Z 228 34 f4 334 (Plastic

scintillating fiber) ¥ F7]4 320 CsI(TDHS o]&3ste] tpekst Fef=z A X3t Al
T AEES A% FdFe Fg2EHd dgskSilica) AAEE FAFE ol &ATh
AAFRE] T F7/o I/ 34 (Sintillating optical fiber)e] WFEAS H2 3}
Zhztel HAstE ASA2HE TS

Ztzhe] ddAs 2 A e s AvRy vEd) g
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TA3tATE GS200 oigh g

2 E 2 (Emission spectrum) #3¥* Fig. 179 YEY

At
Table 3 Physical properties of Lithium glass scintillating fibers.
GS1/2/3 GS10/20/30 KG/1/2/3 GSF1
Density(g/mf) 2.66 25 2.42 2.42
Reflective Index n4047 1.60 1.55 1.57 1.58
Wavelength of Maximum
o 395 450 395 395
Emission(nm)
Relative light pulse height
cative ABAE PUise ACRRE PO 100(1)(2) 85(2) 60(2) 80
unit
Light output relative to
22-34% 20-30% 20% -
Anthracene
Decay Time(ns) 50-70 50-70 50-70 50-70
Resolution on the thermal
neutron peak obtained with 13-22(GS2) |13-22%(GS20)| 20-30(KG2) -

moderated Po/Be neutrons

(1) Pulse height of GS1 is 15% that of sodium iodide

(2) Determined by thickness, increasing with decreasing thickness down to ~2mm

Ausueiu| 1d

Emission Wavelength

Fig. 17 Emission spectrum for glass

scintillating fiber. (GS20 1mm)
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Fig. 18 Two type of sensors by Fig. 19 Connect sensors with
using glass scintillating optical fibers by using
fibers.(Dia 1mm, 0.5mm) the FC-type optical

connector and adapter.

_28_



°]

=
=

2 A (Plastic scintillating fiber)

S
o

(e}
Fd

SENS

Z 7} ~¢ & A (Plastic  scintillator)

=
=

(2)

ekl

L
R

NExE

=1.58)¢] Core°l
Cladding & %# -2 Polymethylmethyacrylate(PMMA )(Refractive index n

Polystyrene(Refractive index n

149) &=+ &

1.42)& At

A7 0.1~%mm 7H7 o] o,

3l Polymethacryate(n

]

o)
NI~

fuy

T
NI

A ol

o Lpi=

Q]
=

= Aol A

*

A

7]

[e]
T

2] e

Al

Al
=2

(Matrix)°l A
A A = 7]

2 A (Blue) < < ol A

o=

2~4nsH Lol t},

A Azpell 7] &G 7}

KN
=

d 37 yely . 23 A 7H(Decay time)

s
ar
oo

o
g

0

k-

W
A
H

Gl

o]
Hel

ol
oy

o

A

w2y

ol
4o

o] Zolo uje A

|

=13
=

tol 2] Z(Ribbon) ®+ ot

s Agas] 98

R

g2 A2 =7 % ok [G. F. Knoll 2000]

1
R

e R A

2]

3

&

(Bundle)

BICRONA}e] BCF-12 model =

A A =

A
=

L
ﬂo

R

05mm, Imm ¥ F/FE ol &

B

T918 BCF-12¢l tj st

} 9t} Table 4&

S|

=3 o] o}

Y
g

1

BCF-12¢l tfj g

20

=
=

Fig. 213 #o] ~H¢l# ~(Stainless) &9 Case

AN

79l
b o,

S

Z)
|

ol g3ko] A

_29_



Table 4 Properties of the plastic scintillating fiber. (BCF-12)

. Decay
. Number of Photons| Wavelength of Maximum .
Material o Time(ns
per Mev(1) Emission(nm) )
Plastic Scintillating 435
BCF-12 | . ~8000 3.2
Fiber (390~570)
Scintillating core material polystyrene
Scintillating core reflective index 1.60
Density 1.05 g/cm
Cladding material acrylic
Cladding reflective index 0.49
Numerical aperture 0.58
Trapping efficiency round fibers 3.44%6 minimum
Operating Temperature -20C ~+50C

(1) For Minimum JIonization Particle(MIP), corrected for PMT sensitivity

ol /N
TR

o AN il
e I N

U4 T INL

't ELEAD TH )

Fig. 20 Emission spectrum for Plastic
scintillating fiber. (BCF-12)
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Fig. 21 Two types of senors with

single-strand
plastic scintillating fibers.

(Dia. 0.5mm, 1mm)
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&3t7] 918k Fig. 22 b)ek o] Aol g% Tolli= 400nm 3o Al §hARE o] 90%
o]2}el A& (Mirror)& #ola, BjE Eo= W=(Lens)Z o] &3to] Azttt A=
® A E o] &ste] Ztubaa wERdel EiA ARE Tk

A& A5 9%0]%39 LSS gt AFS AP Al AA Y AeS 30% A= T
AZ 4 Aqth[D. Albers et al. 1996]

@l == THORLAB A}o] F230SMA-A typel 2 Alg¥ #l=o] £E42 Table 59
guon, 2HAYE)E 45mmE SMA type FHEGHA} AAste] AL&3517] &
o] st =& Al &tx]o] At
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Fig. 22 a) Four type of sensors

b) Coupling of multi fiber sensors
with multi-strand plastic using a mirror and lens.

scintillator fibers.

Table 5 Physical properties. of lens. (KODAK Lens)

Equivalent
Clear Center . .
f Outer . Microscope Housing
Item # NA aperture | thickness L .
(mm) diameter objective diameter
(mm) (mm) .
magnification
A438TM 4.50 0.55 5.12 6.33 271 35x 9.24
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P sensor Al - &F1|F Case, 1lmm 257}4.
P sensor A2 - &F1F Case, 0.5mm 1007} 5.
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WAVELERGTH (nmj

Fig. 23 Gamma ray excited emission spectra of grown
CsI(T1) crystals and BICRON CsI(TID) crystals.

Fig. 24 Coupling of CsI(T1) sensor

with transmitting fibers using

a mirror and lens.
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Table 6 Physical properties of the optical fibers.

Type Plastic Optical Fiber Glass Optical Fiber
Trademark EASK Edmund Optics Oxford Electronics
Product code CK 02549 HPSUV1000P
Reflective
1.492 1.492 1.48
Index-Core
Reflective
) 1.402 1.402 1.46
Index-Cladding
Numerical Aperture 0.51 0.51£0.03 0.22£0.02
Temperature
. -55~70 -55~70 -40~70
range(C)
Attenuation (typical) 200 dB/m 190 dB/m 20 dB/m
Fiber Dia.
3000 -———1— st | T4 Z=TH o
500um
:
: |
z :
g } ||
o1 -
: I\ W
| |
]
3 e JII'IIII\ ll'\. .-'ll
100 ! | . ! | ! #0060 TR B B0 190 1IN 130
400 500 600 100 e —
WAVELENGTH (nm]
Fig. 25 a) Attenuation spectrum of b) Attenuation spectrum of glass
plastic optical fibers. optical fiber. (Oxford Industrial
(Edmund Optics Inc.) Electronics ™)
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Fig. 26 PMT case used to fix transmitting
fiber on the window of PMT.

Fig. 27 Experimental setup for radiation detection.
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Fig. 28 Experimental setup using lead
bricks.
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Fig. 29 Emission spectrum of LED at 2.25V.
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Fig. 30 Bending loss of plastic scintillating fiber. (Dia. 1mm)
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Fig. 31 Bending loss of silica optical fiber. (Dia. 1mm)
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Fig. 32 Bending loss of plastic optical fiber. (Dia. 2mm)
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Fig. 33 Bending loss of plastic optical fiber. (Dia. 1mm)
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Fig. 34 Transmitting attenuation of optical fiber types at 2.25V.
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Fig. 35 Pulse height spectrum of measured with single-stand 1lmm

sensor for the gamma ray source.
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Fig. 36 Experimental results of glass scintillating fibers.
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Fig. 38 Linear fitting results of glass scintillating fiber.
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Fig. 39 a) Pulse-height spectrum measured with the single-strand

0.5mm sensor for the gamma ray and beta ray source.
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Fig. b) Pulse-height spectrum measured with the single-strand 1mm

sensor for the gamma ray and beta ray source.
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Fig. 40 Pulse-height spectrum measured with four type of the multi-strand

sensors for the gamma ray and beta ray source.
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Fig. 42 Pulse-height spectrum measured with four type of the multi-strand
sensors which used a mirror and lens for the gamma ray and beta

ray source.
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Fig. 41 Pulse-height spectrum measured with the multi-strand 1mm

sensor(Al) for coupling of a mirror and lens.
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Fig. 43 Experimental result to find focusing length.
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Fig. 44 Pulse height spectrum measured with the multi-stand 1mm

sensor for the sealed standard gamma sources.
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Fig. 45 Linear fitting results of multi-stand 1lmm plastic scintillating

fiber sensor. (sensor B1)
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Fig. 46 Pulse height spectrum measured with the multi-stand 0.5mm

sensor for the sealed standard gamma sources.
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Fig. 47 Linear fitting results of multi-stand 0.5mm plastic scintillating

fiber sensor. (sensor B3)
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Fig. 48 Pulse-height spectrum measured with CsI(T1) sensor for the

gamma ray and beta ray source.
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Fig. 49 Pulse-height spectrum measured with CsI(T1) sensor for

coupling of a mirror and lens.
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Fig. 50 Pulse-height spectrum measured with CsI(T1) sensor for 2mm
optical fiber.
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Fig. 51 Pulse height spectrum measured with the CsI(T1) sensor for

the sealed standard gamma sources.
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Fig. 52 Linear fitting results of CsI(T1) sensor.
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