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Radiation Distribution Sensing With
Normal Optical Fiber

R. Naka, K. Watanabe, J. Kawarabayashi, A. Uritani, T. Iguchi, N. Hayashi, N. Kojima, T. Yoshida, J. Kaneko,
H. Takeuchi, and T. Kakuta

Abstract—The purpose of this study is to develop a radiation Position of radiation interaction
distribution monitor using a normal plastic optical fiber. The mon-
itor has a long operating length and can obtain continuous radi-
ation distributions. A principle of the position sensing is based on
a time-of-flight technique. The monitor is sensitive to beta rays or i
charged particles, gamma rays, and fast neutrons. The spatial res- i
olutions for beta-rays (°° Sr —°°Y), gamma-rays(*37Cs), and D-T i

neutrons are 30, 37, and 13 cm, respectively. The detection efficien- »>< >
cies for the beta-rays, gamma-rays, and D-T neutrons are 0.11%, X L-X

1.6 x 107°% and 1.2 x 10~*%, respectively. The effective atten- S P>
uation length of the detection efficiency is 18 m. In this paper, we L

describe the basic characteristics of this monitor.

Fig. 1. Conceptual diagram of the position sensing method.

|. INTRODUCTION

HERE is a demand for a new radiation distribution mon- = Start

itor that can be used around nuclear reactors, nuclear f Are —CFD——
sion experimental devices, accelerators, and so on. The monit mp; TACHMCA
should have three characteristics, i.e., a long operation length,
continuous sensitivity, and real-time operation. Stop

.Recently, some methods [1] of radiation distribution sensing Pre CFD[—{Delay Amp.

with optical fibers have been proposed. These methods emplc Amp,

a scintillating fiber [2], or scintillators with wavelength-shifting
fibers [3]. In the former method, the attenuation length for thiég. 2.  The block diagram of the system.
scintillation photons in the scintillating fiber is relatively short,
so that the operating length of the sensor is limited to a few me-
ters. In the latter method, the sensor cannot obtain a continuous
radiation distribution but a discrete one. Fig. 1 shows the conceptual diagram of this position sensing
To improve these shortcomings, we propose a new methegthod. The time-of-flight (TOF) technique was used to de-
using a normal plastic optical fiber (POF) made of polytect positions of radiation interactions. When a radiation enters
methylmethacrylate (PMMA). The new radiation monitor haand interacts with the POF, fluorescent and/or Cherenkov lights
major advantages, such as a long operation length, continuaus emitted. When enough amounts of the photons are emitted
sensitivity, real-time operation, insensitivity to electromagnetigithin the critical angle of the POF and the photons reach both
fields, and simple measuring system. We describe the charegads of the POF, the position of radiation interaction can be de-
teristics of the radiation distribution monitor using the POF. tected. When the photons reach both ends of the POF, we can
obtain the following simple expression:

Il. PRINCIPLE AND SETUP

Manuscript received November 3, 2000; revised March 1, 2001. This work
was supported in part by The INC Cooperative Research Scheme on the Nuclear
Fuel Cycle. X - (L - X) =
R. Naka, K. Watanabe, J. Kawarabayashi, A. Uritani, and T. Iguchi are
with the Department of Nuclear Engineering, Nagoya University, 464-8603 . . L. T
Aichi, Japgn (e-mail: naka@avgocet-nugl-nag%y);-u-aC-J'p; {enichi@a\o/_hereX is the distance between the position of radiation inter-
ocet.nucl.nagoya-u.ac.jp; okawa@cuckoo.nucl.nagoya-u.ac.jp; uritani@agtion and the left end of the PO#,is the velocity of light in
ocet.nucl.nagoya-u.ac.jp; iguchi@genius.nucl.nagoya-u.ac.jp). PMMA, and7; and 5 are time durations with which the pho-

N. Hayashi, N. Kojima, and T. Yoshida are with the Japan Nuclear . . .
Cycle Development Institute, 319-1194 Ibaraki-ken, Japan (e-mail: naoiqns reach the left and the ”ght ends, rESpeCt'Vely- Fig. 2 shows

@tokai.jnc.go.jp; nkojima@tokai.jnc.go.jp; yoshichu@tokai.jnc.go.jp). the block diagram of the measuring system. The length of the
J. Kaneko, H. Takeuchi, and T. Kakuta are with the Japan Atomic Energy ReQF (Mitsubishi Rayon SH8001, Step index mode:multimode)

search Institute, 319-1195 Ibaraki, Japan (e-mail: kin@fnshp.tokai.jaeri.go.i'ijlé 10to 100 d the di 2 Aph ttipli

takeuchi@fnshp.tokai.jaeri.go.jp; kakuta@stsp2a0.tokai.jaeri.go.jp). s10to m and the diameter was 2 mm. A photomultiplier
Publisher Item Identifier S 0018-9499(01)10764-1. tube (PMT; Hamamatsu-Photonics R1635) followed by a fast

T, —T»
; 1)

C

0018-9499/01$10.00 © 2001 IEEE



NAKA et al. RADIATION DISTRIBUTION SENSING WITH NORMAL OPTICAL FIBER 2349

' T y T ' | ' T
© with neutron shield | 200 . ) )
¢ without neutron shield Detection e )
200+ . - efficiency * o
< | 1.66x105 % T e . |
£ Detection efficiency o« o . 0
S f 20x107% e | |FWHM 42cm. . . .
© |FWHM 13cm £ 100 e e .
100+ . 1S W e .
. ° ° LN L 4 .
. | ® * e .
e @ s °*°,
. S e o

Position (m)

Position (m)
Fig. 3. The response to the D-T neutrons.
Fig. 4. The response to fast neutron at Yayoi (20-m fiber).

preamplifier (Ortec EG&G VT120) and a constant fraction dis - |
criminatpr (CFD) was connected to each end of the.POF. Tl 601 Detection efficiency )
output signals of the POF were fed to a time-to-amplitude col 25% 107 %

verter (TAC). The output pulse heights of the TAC were ang ] .
lyzed with a multichannel analyzer (MCA). A delay amplifier FWHM 90 cm

gave an appropriate delay time.
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40- .

[ ]
Il. EXPERIMENTAL RESULTS

A. Response to Beta Rays 20 ¢ _

[ ]
A 9951 90V peta source with an activity of 14 kBq was used

A cylindrical collimator with an inner diameter of 4.5 mm col-

®
L ° '. [ J ° i
. . ® @ [ J
limated the beta particles. The length of the POF was 10 m. T OOI,&.M llom;.\’,ﬁ'v'fh%o

spatial resolution [full-width at half-maximum (FWHM)] was
30 cm. The intrinsic detection efficiency was 0.11%. ..
Position (m)

B. Response to Gamma Rays Fig. 5. The response to the D-T neutrons (50-m fiber).

A 137Cs gamma-ray source with an activity of 54.2 MBq was

used. A divergent collimator with inlet and outlet aperture dian?)—f the POFE. The flux was 1.2 10° n/cmz/s. The fluence was

eters of 8 and 55 mm, respectively, and with a length of 40 ma, . 1 8 /e The spatial resolution was 13 cm. The intrinsic
was used. The POF was placed at the outlet aperture of the fection efficiency was 5.4 10~%%

limator. The length of the POF was 10 m. The spatial resolution

was 37 cm. The intrinsic detection efficiency was %.60~°%. E. Measurements With Longer POFs

C. Response to Fission Neutrons 1) Measurement With the 20-m PORhe 20-m POF was

o . used for the first step to develop a longer detector. The fis-
Afission neutron beam at the Yayoi [4] that was a fast neutriy, neutron beam at the Yayoi was used. The POF was irra-

reactor was used. The neutron beam was collimated t0 50 Mfted by the neutrons at four different points to evaluate the
in diameter. The average energy was 1.3 MeV. The flux and thgsition dependency of the detection efficiency and the spatial
fluence were 4.5¢ 10° n/ent /s and 8.1x 109”"3"”2_’ eSPEC- resolution. Fig. 4 shows the experimental results. The flux was
tively. The length of the POF was 10 m. The spatial resolutiafig ;. 1f n/c? /s. The fluence was 54 10° n/cn?. The spa-
was 33 cm. The intrinsic detection efficiency was Q0% {jq| resolution was 42 cm. The intrinsic detection efficiency was
1.7 x 10~°%. The intrinsic detection efficiency and the spatial
resolution were worse than those obtained with the 10-m POF.
A D-T neutron beam at the Fusion Neutronics Source [BJo position dependency of these characteristics was observed.
(FNS), Japan Atomic Energy Research Institute (JAERI), waheSr 29Y beta source was also used. The spatial resolution
used. The neutron beam was collimated to 20 mm in diawas 46 cm. The intrinsic detection efficiency was 2.20™%.
eter. The length of the POF was 10 m. Fig. 3 shows the re-2) Measurements With the 50-m POFhe D-T neutron
sults of the neutron measurements with and without a polyetteam at the FNS was used. Fig. 5 shows the result obtained
ylene shield with a thickness of 40 cm that was placed in fromith the 50-m POF. The flux was 24 10° n/cmz/s. The

D. Response to D-T Neutrons
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Fig. 6. The spectrum of the light emitted in jointed fiber.

Fig. 7. The spectrum of the light emitted in the POF.

fluence was 1.6x 10” n/cn?. The spatial resolution was 90 cm. 600 ' ‘ ‘ ‘ R

The intrinsic detection efficiency was 2:5610°%. - 905190V peta source ]
3) Measurements With the 100 m POFhe D-T neutron |

beam at the FNS was used. The length of the POF w Activity 14 kBq

100 m. The flux was 2.2 10° n/cn?/s. The fluence was - L) i

3.1x 10” n/cn?. The spatial resolution was 1.3 m. The intrinsic *é Foregrounds

detection efficiency was 4.8 107 °%. 2 . 4477 counts |

o LA

F. Optical Property of POF 200 Backgrounds _
We investigated the emission light spectrum atft@o irra- 1195 counts *e

diation facility in JAERI to know the optical characteristics o i : : 1

the POF. ‘
1) Emission SpectrumA jointed fiber composed the POF OOW

2 4 6 8
Position (m)

10

with a length of 30 cm as an irradiation part and a quartz fib
as a transmission part was used. Fig. 6 shows the emission s|
trum of the POF irradiated b$’Co gamma-rays. The yield of
Cherenkov photons per unit wavelength is proportionaj/tg?1  Fig- 8- The ratio of the foreground signals.
The emission is more intense in the short-wavelength region of
the spectrum. The Cherenkov glow component was therefgfigmber of total events was obtained as the number of photons
dominant in the spectrum. However, the scintillating light exhat reach the photocathode of the PMT wherPfig - 0Y beta
isted in the wavelength region of 600 to 800 nm, and even gpurce is placed 5 cm from the PMT. The number of detected
400 to 600 nm region. events as position signals, namely, foreground events, was ob-
2) Radiation Damage:The emission spectra were measuregined when the beta source was placed 7 m from the end of the
to investigate radiation damages of the POF. Here both the irf@F with a length of 10 m. Fig. 8 shows the result. The frac-
diation and the transmission part are the POF. Fig. 7 shows i of the foreground to the total events was 0.4%. Most of the
result. Some optical absorption by the POF existed before a@ghl events were the Cherenkov glows. Since Cherenkov pho-
after the irradiation. The absorptions at 530, 620, and 730 RBhs had directional property, they seldom satisfy the detectable
were due to the inherent optical absorption property of the PQfpndition. Some of the backgrounds were chance coincidence
The light yield between 300 and 600 nm decreased by absogents of the Cherenkov photons.
tion due to radiation damage. The light components above 600
nm were not influenced by the irradiation. IV DISCUSSION

G. Ratio of Foreground Events to Total Events A. Spatial Resolution

Only a small fraction of total scintillating events can be de- We calculated the expansion of a transmission time of pho-
tected as the foreground events in this measurement becausédhs by taking the mode dispersion of the POF into consider-
small number of photons produced upon a radiation interactiation. The fastest photons have no reflection during transmis-
cannot reach both ends of the POF due to the transmission prsipn before reaching the end of the POF, if the POF is straight.
erty and a directional property of Cherenkov emission. We evdlhe slowest photons have much reflection during transmission
uated the fraction of the foreground events to the total one. Taleng the path with the critical angle. The difference between
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the fastest and the slowest accession titriegliven by the fol-
lowing equations:
A
T = <n1 ) L
C

Ny —n2
A=

IO-E‘K.3>..§...

)
®3)

1

wheren; andns are the refractive indexes of the core (1.495)
and the clad (1.402) andis the velocity of light in vacuum.
For example, we set one of the difference times@aand the
otherr,. Since both sides of the POF are used, the maximum
difference time is; + 2. When the 50-m POF was irradiated
at 40-m point, the difference times andr; are 12 and 3 ns, re-
spectively. The maximum difference timg+ - is 15 ns, which
corresponds to 1.4 m. As described before, the experimentally : g | 5 ;
obtained FWHM and FWTM of the 50-m POF were 0.90and 10 L. i oo i v i,
1.80 m, respectively. Therefore, the dominant factor that deter- 0 20 40 60 80 100
mines the spatial resolution is this time difference. POF length (m)

This detector has better spatial resolution for the D-T neu-
trons than for other radiations. In comparison with electrons, thig- 9. The graph of the detection efficiencies to estimate the attenuation
energy deposited by a recoil proton is large. A 10-MeV recdi"9™
proton can deposit the full energy. On the other hand, a 1-MeV
electron can deposit 400 keV at most. Approximately, the e~ Emission Spectrum
ergy deposited is different about 30 times. Considering the yield
of a light emission property of organic scintillators, the yield o&

the emission light by the recoil proton is roughly estimated herefore, the foreground signals were only 0.4% of the

be about ten times larger than that by the electron. Since E %al event numbers. This detector can measure recoil protons

large yl_eld of the emission light for the D-T neutrons r(.':‘duceggroduced by fast neutrons. We need to measure the wavelength
fluctuations due to jitters and walks, the spatial resolution was S
relatively good Spectrum of the emission light produced by the protons that

are recoiled fast neutrons because D-T neutrons and the recoil
protons never generate the Cherenkov photons.

~J

107

Detection efficiency

120

Since Cherenkov photons have the directional property,
herenkov photons seldom satisfy the detectable condition.

B. Effective Attenuation Length for Detection Efficiency

When a radiation interacts with the POF and the photons are
emitted atX in Fig. 1, the probability”;, that the photons reach
the left end of the POF is expressedBs = Aexp(—uX),

V. CONCLUSION

We have developed a radiation distribution monitor using the

where-Ais an appropriate constant value determined by the 9§90 for |ong, complicated, and narrow spaces. The responses

metrical condition of the POF and is the effective attenuation
constant for the photons. Similarlfr = Aexp[—u(L — X)].

of this monitor to the several radiations have been studied. We
estimated the major factor of the spatial resolution. We obtained

Hence the probability” that the photons reach both ends of th,q efective attenuation length of the detection efficiencies.

POF is expressed as

P = PPy = A% exp(—ul). 4)

Therefore, the detection efficieneydepends on the length of [1]
the POF. We treated the as an effective attenuation constant |,
value although it depends on the wavelength or the reflection
angle. We measured the detection efficiency with the POF With[g]
four different lengths of 10, 20, 50, and 100 m to obtain the
effective attenuation constant. The four detection efficiencies[4]
were fitted by the exponential function. Fig. 9 shows the graph
of the detection efficiencies. The attenuation length df the
POF was 18 m.
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