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ABSTRACT

In a small nuclear laboratory of a developing country a low voltage D-T neutron generator
can be a very useful scientific apparatus. Such machines have been used successfully for more
than 40 years in teaching and scientific research. This thesis is a description of contributions by
the author to make a few more additions to their existing variety of applications.

The original continuous mode 150-kV D-T neutron generator has been modified to have
also a capability of producing 2-ns pulsed neutrons. Together with a carefully designed 10 m long
flight path collimator and shielding of a 25 c m 0 x 10 cm thick BC-501 neutron detector, the puls-
ing system was successfully used for measuring the double differential cross-section (DDX) of
natural iron for 14.1-MeV neutron from the angle of 30 deg to 150 deg in 10 deg steps.

In order to extend the utility of the generator, two methods for converting the almost
monoenergetic 14-MeV neutrons to moncvnergetic neutrons of lower energy were proposed and
tested. Both designs used the neutron-proton interaction at a circular surface-of-revolution made
of hydrocarbon materials. The first design is for a pulsed neutron generator and the second design
is for an ordinary continuous mode generator. The latter method was successfully used to measure
the scintillation light output of a 1.4 crr.0 spherical NE-213 scintillation detector.

The neutron generator has also been used in the continuous search for improved neutron
detection techniques. There is a proposal, based on Monte Carlo calculations, of using a sci.itilla-
tion fiber for a fast neutron spectrometer. DUP to the slender shape of the fiber, the pattern of pro-
duced light gives a peak in the pulse height spectrum instead of the well-known rectangular-like
distribution, when the fiber is bombarded end-on by a beam of 14-MeV neutrons. Experimental
investigations were undertaken. Detailed investigations on the light transportation property of a
short fiber were performed. The predicted peak has not yet been found but the fiber detector may
be developed as a directional discrimination fast neutron detector.

Keywords: D-T neutron generator, time-of-fli^ht method, double-differential cross-sec
tion(DDX). natural iron. n-'H scattering, neutron energy converter, scintillaticn fibers, direc-
tional neutron detector.
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1. INTRODUCTION

The phenomenological basis for this work is the interaction of 14-MeV neutrons with mat-
ter. This radiation can be generated via a small D-T neutron generator There are three major rea-
sons for the stable interest in the use of 14-MeV neutrons, namely:

(a) The cost of the D-T neutron generator is low compared to other kinds of accelerators;
actually it is the cheapest source of high-energy and high-intensity neutrons. The machine is also
compact and simple which means that it is not too costly regarding maintenance. This makes it
possible for small laboratories in developing countries to manage the machine

(b) Research using 14-MeV neutrons has been well established for more than 40 years
already. It has extended to a wide range of interdisciplinary subjects from nuclear physics to
biology, medical physics, agriculture, geology and mining, criminology, etc. [1,2]. For education
purposes, it is a fascinating practice subject for both undergraduate and graduate classes, espe-
cially for physics students.

(c) There is a close relation with the developing fusion technology, because one of the most
important radiations produced from D-T fusion is 14-MeV neutrons, through the reaction

D + T > 2He + ,/i . Q = + 17.586 MeV (1)

where the energies of the emitted neutron and the associated alpha particle are ~ 14 MeV and ~3.5
MeV, respectively. Since mankind is hoping for this sustainable energy resource, many research
topics related to 14-MeV neutrons, such as 14-MeV neutron scattering cross-section measure-
ments of various elements or fast neutron spectrometer dev •lopment, are required permanently.

To date, there are many neutron generators distributed around the world, both in de'reloped
and developing countries. With the aim of getting developing countries acquainted with peaceful
nuclear uses and also to stimulate advanced scientific research, the International Atomic Energy
Agency (IAEA, Vienna) has, for many years, sponsored the supply of small D-T neutron genera-
tors in various parts of the world. In Southeast Asia, Thailand is one of these countries. For 11
years our machine has been continuously developed and used. We found that, through this
machine, our laboratory has been immensely improved. This work is part of the persistent efforts
in trying to utilize such a machine, especially at the author's laboratory, to its fullest extent. Use-
ful experiences have also been gained from the well-performing 400-kV pulsed neutron generator
at the Department of Reactor Physics, Chalmers University of Technology, Göteborg, Sweden.





2. D-T NEITRON GENERATORS IN CHIANG MAI

At this moment, there are only two major neutron sources in Thailand. The first one is the 32
year old 2 MW TRIGA Mark ID research reactor situated in Bangkok under the responsibility of
the Office of Atomic Energy for Peace. The second one is the 150-kV neutron generator at the
Department of Physics. Chiang Mai University. All experiments included in this work except one.
were performed with this machine Fast neutron studies in Chiang Mai have actually developed
step by step.

2.1 THE SEALED-TUBE NEUTRON GENERATOR

The studies started with an A-702 sealed-tube neutron generator, as shown in Fig. 1. manu-
factured by Kaman Sciences Corp.. USA. This one. the first 14-MeV neutron source in the coun-
try, arrived in Chiang Mai in 1971. The machine, costing US$8,000. provided a neutron intensity
of 10* panicles/sec and had 200 hours of tube life

The machine was planned mainly for education purposes in radiation physics and small
research projects in fast neutron activation analysis (FNAA). Besides its compact size and simple
maintenance, this machine had also many limitations, particularly the iow neutron intensity with
only continuous mode and the costly expense of installing new tubes. The tube was changed once
in 1977 and this cost about US$2,000. This was time and money consuming because the machine
had to be sent back to the original factory in the USA. Thus, we did not prolong its use after 1983.

2.2 THE 150-kV NEUTRON GENERATOR

Under IAEA support, the second 14-MeV neutron source came to Chiang Mai in November
1983. The machine, made by Assistance Industrielie Dauphinoise (or AID. formerly SAMES) of
France, was originally a model J-25 electrostatic device capable of producing only a continuous
D* beam current up to 2.5 mA at 150 kV. Besides of using the machine for fast neutron activation,
it was planned to use it for studies of fast neutron induced reactions by the time-of-fhght (TOF)
technique.

The original J-25 machine was then first modified for TOF measurements using the associ-
ated alpha particle time-of-flight (APTOF) technique. The modified machine, as shown in Fig. 2,
was used for measuring the neutron differential cross-section of natural carbon in a 3.4 m neutron
flight path with a 5"0 x 2" thick BC-501 neutron detector. More details of this experiment have
been described elsewhere [3]

We leamt that, despite its structureless background, the APTOF technique had one severe
drawback. We had to spend more than 10 hours per scattering angle for data accumulation. This
problem limited further improvement of the timing resolution of the system which might other-
wise have been obtained by increasing the neutron flight path beyond 10 m We then looked for a
more efficient time-of-flight technique, i.e. the nanosecond-pulse neutron time-of-flight (PNTOF)
technique. A limited budget forced us to build the pulsing system ourselves



2.3 THE NANOSECOND-PULSED NEUTRON TOF SPECTROMETER

We have spent about 5 yean modifying the J-25 machine of Fig. 2 to become the pulsed
necTon generator shown in Fig. 3. which was completed in February 1991. Details of the pulsing
system are described elsewhere [4|. In brief, the bunching technique uses a 2-gap klystron
buncher at 4 MHz and 6.5 k V ^ The pulse repetition rate can be varied between 1 kHz and 2
MHz in 10 steps. At 1 or 2 MHz rate and an average beam current of 30 to 40 \lA. it is found that
the produced 14-MeV neutron burst width is 1.5 to 2 0ns. For experiments with 10 and 12 m neu-
tron flight paths and a dynamic range from 1 to 14 MeV. a 1 MHz repetition rate is selected.

We had much trouble with the original Felici type high voltage power supply during the 5
years which it lasted. Upon asking for a repair, the manufacturer suggested that we buy a new one
instead. We then preferred and purchased a type without moving parts, i.e. a Cockcroft-Walton
type. 100 - 200 kV. 0.01 % and 5 mA cur.ent, made by Pulse Electronic Engineering Co.. Ltd.
Tokyo. Japan.

Despite the structural background, as shown in Fig. 4. due to the 2 MHz D* beam sweeping
at the 2*1 slit (see Fig. 3), the pulsing system is so efficient that we can increase the neutron flight
path to 10 m (and later tc 12 m) and still the data accumulation time take* only about 3-4 hours.
Fig. 5 shows the schematic diagram of the collimator and shielding arrangement for the 25 cm 0
x 10 cm thick BC-501 neutron detector. The colbmating and shielding systems were carefully
constructed from various absorbing materials to minimize unwanted time-currelated neutron
backgrounds The 15 m thick concrete wall at 8 m is for blocking the gamma radiation emitted
from the water door which is clearly seen in Fig 6

Because both the detector and the accelerator are fixed, the variation of the neutron scatter-
ing angle is achieved by routing the sample in the vertical plane 18 cm under the TiT target. This
type of arrangement suits our situation because less money and space are needed especially for a
long flight path setup. Also it allows convenience in protecting both the neutron detector and the
pulsing system from dust, temperature variations, hot weather and high humidity which is part of
everyday life in Chiang Mai.

Moreover, this setup was designed in a way that the sample would move only in a vertical
plane perpendicular to the D* beam Thus only the 14 1-MeV incident neutrons emitted from the
TiT thick target at around 90 deg to the D* beam were used. Due to scattering and energy degrada-
tion Of the incident deu:erons in the thick target, the energy spread of the emitted neutrons
depends strongly on the emission angle It has been shown that the energy spread is minimum at
approximately 90 deg [ 1 ]



3. UTILIZATION OF THE 14-MeV NEUTRON GENERATOR IN
NEUTRON PHYSICS STUDIES

In addition to fast neutron activation analysis, the neutron generator has been used in both
its continuous and pulsed-beam modes in various other applications as indicated below.

3.1 DOUBLE DIFFERENTIAL CROSS-SECTION MEASUREMENT AT 14-MeV NEUTRON

The nanosecond pulsing system with a 10 m neutron flight oath was successfully used for
measuring the double differential neutron emission cross-section (DDX) of natural iron as
described in Paper I. The DDX (aa/dildE), which characterizes neutron transfer from an inci-
dent energy Eo (14.1 MeV) and direction S o to a final energy £ in dE and £2 in </Ö, is calcu-
lated from

d1a(E<),QJL)

where
YS(Q£) = neutron yield from the iron sample in the energy bin dE - 200 keV

around £ at the scattering angle 6 in the laboratory system,

YH (4>) = neutron yield from the n-'H elastic peak of the polyethylene [(C2H^}
sample at <(> = 25 deg in the laboratory system (see Fig. 7) wäere the
energy of the scattered neutron is £ . ,

MH, A/- = neutron monitoring counts for the polyethylene and the iron runs,
respectively,

NH, Ns = number of hydrogen nuclei in the polyethylene sample and iron nuclei
in the iron sample, respectively,

e.H(E.),£s(E) = detecting efficiencies of the neutron detector for the mean neutron
kinetic energies E^ and E, respectively,

AH{Enjty), AS(EO, Q,E) - attenuation and multiple scattering correction factors for polyeth-
y'ene in<* aon s a m P' e s > respectively, and

= 191.4 mb/sr = neutron differential elastic scattering cross-section of
hydrogen at the scattering angle <)> = 25 deg for incident neutron energy

We see that the differential cross-section of hydrogen was used as a reference by which the
polyethylene run was normalized to the iron run via the ratio of neutron monitoring counts in both
measurements. Practically, for reasons of economy, the polyethylene run was not taken for every
scattering angle of the iron run. To complete the 13 angle measurements, from 30 deg to 150 deg
in 10 deg steps, took more than one month; this meant that the reliability of the neutron monitor
system was very important. We have also learnt that even a smd! variation in the bunching can
easily produce peculiar peaks in the TOF spectrum. Accordingly, instant indicating systems for
detection of any variations were incorporated in our experiment. The D* pulse width was rou-
tinely monitored during the run and was controlled, by fine tuning the bunching voltage, to be



within 2 ns. Three separate detectors and electronic systems we;e used in the neutron monitoring
system for cross-checking purposes. They were all organic scintillation detectors of 2"0 x 2"
thick with the discriminating threshold of each detector set to 8 MeV neutron eneray or above.
The ratio of counts between each pair among the three detectors was recorded and compared from
run to run throughout the entire measurement. By this means we can now notice malfunctions in
any detector at any time.

The neutron energy resolution (AE/£) is inversely proportional to the neutron flight path

A£ _ (E + M) (E + 2M) |rAr( 1 - P " ) ] 2 [An2

T - 7P VL x J + L T J (3)

where

A£ = energy uncertainty measured as the full width at half maximum of £ ,

p = (neutron velocity at energy £ ) / (velocity of light),

M = neutron rest mass in MeV,

n = refractive index of the scintillator,

t = neutron flight time,

A/ = total time uncertainty of the system, and

At = uncertainty in neutron flight path.
To improve the resolution, v/e are presently extending the neutron flight path to 12 m and using it
to measure the DDX of bismuth. Reliable DDX data are indispensable for development work in
nuclear technology, nuclear safety and radiation protection [6,7].

3.2 PRODUCTION OF SECONDARY FAST NEUTRONS

A low voltage neutron generator can generate fast neutrons of two different energies only,
i.e. ~ 14-MeV neutrons from the D-T reaction in a thick target of tritium absorbed in titanium
and ~ 2 5-MeV neutrons from the D-D reaction in a thick target of deuterium absorbed in tita-
nium. In contrast to that, for example, Van de Graaff accelerators can vary the energy of the pro-
duced neutrons. But in some applications, neutrons of energies between 1 and 14 MeV are also
needed, for example, in calibrating neutron detectors. In Papers II and /// of this work two meth-
ods are described to convert 14-MeV neutrons to lower energy neutrons.

The conversion mechanism is the n-'H elastic scattering interaction in some hydrocarbon
materials such as polyethylene or paraffin wax [CyH52L which will simply be called the "scat-
terer". Fig. 8 illustrates the principles of the interaction. From the well-known value of the elastic
scattering cross-section, it can easily be proved that the expected proton recoil energy distribution
is almost a simple rectangle [8],

The method proposed in Paper II uses a polyethylene ring as a scatterer. More than one scat-
tering ring is possible, as is clearly shown in Fig. 9. Then more than one converted neutron energy
can be produced at the same time; but it has to be used with a pulsed neutron generator together
with a two - parameter data accumulation system. The TOF parameter is required for selecting



each group of scattered neutrons from the others. To avoid overlapping peaks in the TOF spec-
trum, it is not possible for the neutron detector to be placed near the scatterers and also the scatter-
ers have to be made in the form of narrow rings. All 4 rings in Fig. 9 have the same height of 10
cm which each one would cover an area of only about 5 % of the whole of its circular surface-of-
revolution (i.e. a surface formed by revolving of an arc of a circle around its cord). The method
then requires a long accumulation time of not less than 4 hours in order to have a reasonably low
statistical error.

The work presented in this paper was accomplished by using the T-400 SAMES pulsed neu-
tron generator at the Department of Reactor Physics, Chalmers University of Technology, Göte-
borg, Sweden.

In Paper III, the n-'H scattering area has been enlarged many times by making the paraffin
scatterer into a barrel shape, as shown in Fig. 10, thus using almost all the area of the circular sur-
face-of-revolution. This second method can simply be used with an ordinary continuous beam
neutron generator and needs a short accumulation time of about 1 hour but also needs a different
barrel for each converted neutron energy. The method has been successfully applied to the meas-
urement of the light output from a small-size NE-213 scintillator. Organic liquid scintillators, e.g.
NE-213 or BC-501-type detectors, are often employed for the detection of fast neutrons
(En i 0.5 MeV) due to their excellent neutron / gamma discrimination properties. Neutron spec-
trometry by means of time-of-flight measurements or by unfolding of the separately measured
pulse-height spectra requires well-known response functions in the neutron energy range of inter-
est. From long standing experience [9], it is believed that the light output functions for the second-
ary charged particles produced by neutron interaction with the detector material must be
determined for each detector.

3.3 DEVELOPMENT OF A SCINTILLATING FIBER NEUTRON DETECTOR

In the continual search for improved neutron detection techniques, the 14-MeV neutron gen-
erator can play an important role. A recent good example is .>.e development of a spectrometer for
14-MeV neutrons from D-T fusion [10]. Since the real 14-MeV neutrons from the D-T plasma
were not available at that moment, the spectrometer was successfully tested with the 14-MeV
neutrons generated from the T-400 SAMES neutron generator at the Department of Reactor Phys-
ics, Chalmers University of Technology.

The above development was aimed at the optimization of the efficiency and the energy reso-
lution of the spectrometer, i.e. 1.0 x 10'J cm2 and 0.196 MeV respectively, but without an effort to
construct a simple spectrometer. Other directions of development for a compact and robust fast
neutron detector are also challenging [11], In this context the scintillating fiber has a unique char-
acter.

In particle physics, scintillating fibers have been used for a long time to produce the tiny
scintillations when high energy particles hit fluorescent materials and conduct them to photosensi-
tive detectors some distance away, on the order of meters. The advantages of this type of detector
include its precision in detection position and real-time detection, to mention only a few. But for
14-MeV neutron detection, it has been proposed, as described in Paper IV, to take advantage of
another feature of the fiber which is its slender shape. Monte Carlo calculations show that when a



fiber is bombarded end-on by 14-MeV neutrons, the pattern of produced light shows a peak, as
shown in Fig. 11, instead of a rectangular-like distribution. If the fiber is thin enough the width of
this peak may also be sensitive enough to reflect the energy spread of the incident neutron beam
which can be related to the ion temperature of the D-T plasma [12]. By assuming a 1/e optical
attenuation length of 350 cm according to the manufacturer [13] and parallel incident 14-MeV
neutrons, the 0.25 x 0.25 mm2 fiber shows an interesting performance with efficiency = 4.2 x 10"5

cm: and energy resolution not more than 1.5 MeV.

An optical attenuation length between 160 cm and 300 cm has been quoted from time to
time in high energy physics experiments [14, 15, 16] in which the fiber lengths used were on the
order of meters. It is possible also to assume that the 14-MeV neutrons which emerge from the
outlet of a 20-m long collimator-duct connected to an intense neutron source of large volume,
such as the D-T plasma in a tokamak, are parallel. But these special conditions are different from
using a short fiber at an ordinary neutron generator.

Paper V describes exploratory investigations for short fibers (i.e. ä 10 cm) by using fast
neutron radiation produced from a 150-kV neutron generator. Only one type of plastic scintillat-
ing fiber, i.e. BCF-20 made by Bicron Corp., USA, has been tested. The effect of the surface qual-
ity of the fiber to the light transport was also investigated in different ways by using 5.5 MeV
alpha particles from an Am-241 source. It was found that, for a short fiber, we can not consider
the guided wave to be travelling solely in the core medium and that therefore the property of the
cladding is equally important. This makes the actual optical attenuation length of the fiber to be
much shorter than expected. The scintillating light is then strongly dependent on the distance
between the scintillating point and the fiber exit end. To eliminate the role of the cladding, an
extramural absorber (EMA) has to be used but the trapping efficiency will be decreased by about
34 %. For this weak lignt output, precautions should be taken for proper matching between the
wavelength of the scintillation light of the fiber and the spectral response of the photocathode of
thePMT.

Accordingly, the pulse height distribution of the fiber bombarded by 14-MeV neutrons
exhibits predominantly an ordinary exponential decay curve without any clear singular feature.
However, it has shown the possibility to develop a directional discriminating fast neutron detec-
tor.

For a future attempt to verify the mentioned peak, a scintillating fiber longer than 50 cm
should be used instead of a short one. From our investigatii ns we learnt that the uniformity of the
light output from the fiber, especially that initiated by n-p head-on collisions along the axis, is the
crucial factor. To use a long fiber means that the faster decaying 'clad' light has been gone and
only the 'core' light of much longer attenuation length has now taken the main role. In this kind of
work a longer attenuation length is more favourable. There is a promising result from the work of
Amos et at. [17]. They found that the attenuation length of the 'core' light of a 1 mm0 Kyowa 3-
hydroxyflavon (3-HF) fiber is 300 cm for the fiber length 0-1 m and 600 cm for 1-5 m. A thinner
fiber will surely have shorter attenuation length but that also depends on the quality of the manu-
facturer. The novel way of using the long fiber as described in this work should be left for future
work.



4. FINAL REMARKS

Since the research fields related to low voltage neutron generators have been well developed
for many years, among the many advantages that have been mentioned there is one drawback. It
has to be accepted that nowadays there is not much room left for new, interesting or creative neu-
tron physics using such a machine. But in another respect the machine still has a value. In the
beginning, various circumstances may not favour the machine, for example, frequent power fail-
ures, hot weather, temperature variations, high humidity, lots of dust, lack of skilled technicians,
lack of team-work spirit, lack of demand for quality work and reliability, etc. To be able to con-
tinue to operate such a machine effectively, considerable efforts have to be devoted to solve these
problems. In return they help changing the laboratory in a positive way that, to some extent,
encourages and promotes scientific progress.

Apart from nuclear applications, there are also many other interesting technologies related
to the machine, e.g. high-voltage, ion-source, beam-optics and vacuum technologies. Following
the success in handling and developing the machine, spin-off applications in the non-radioactive
area are possible. As an example, another group in our laboratory is modifying another SAMES
150 kV neutron generator of the J-15 type to be a nitrogen ion implanter. The purpose of the
project is to use heavy ion implantation for improving the tribological pioperties of the materials
which are used to study wear, friction and lubrication. Details of this implanter are described else-
where [18]. This modification can be another potential application benefiting from nuclear tech-
nology.
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Figure 10.The setup used in l\ipcr III Here the curvature ot the parattin scattering barrel is made
tor a neutron scattering angle of 39 deg.
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Experimental study on some properties of

short plastic scintillating fibers

by
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Abstract

The purpose of the experiments presented in this report is to study the light propagation

characteristics and response functions of a short plastic scintillating fiber when exposed to fast

neutrons. The tested fiber is a BCF-20 plastic scintillating fiber of 0.5 mm square with length

under 10 cm. The effect of surface quality on light propagation was investigated under various

conditions. The light attenuation curve of the fiber was measured by using an Am-241 alj ha

source. It shows two slopes which are equivalent to effective attenuation lengths of 1 cm aid

9 cm, respectively. Both a single fiber and a 12 x 12 array multi-scintillator detector were tested

with fast neutrons generated from a 150-kV neutron generator. The detector shows a directional

discrimination property to 14-MeV neutrons but not to 2.6-MeV neutrons.
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1. INTRODUCTION

Optical fibers are today finding ready applications in communications technology, replacing

conventional and unwieldy current-carrying wire conductors. This development has followed

the intensive research done in the 1950s into optical fibers, soon after which the scintillating

fiber was invented. Around the end of that decade, between 1957 and 1960, R. J. Potter and R.E.

Hopkins, G.T. Reynolds and P.E. Condon, and L. Reiffel and N.S. Kapany [1] investigated the

use of scintillating fibers for tracking high energy particles. Nowadays scintillating fibers are

well established in particle physics experiments. The various applications include track image

detectors [2,3], vertex detectors [4,5] and calorimeters [6,7]. These instruments utilise the

outstanding characteristics of the scintillating fiber in its potential for fast response, high

density of hit per unit path length, fine spatial resolution, on-line detection with digital read-out

and insensitivity to magnetic fields [8].

Development of using plastic scintillating fibers for detecting fast neutrons followed not long

after. Stetson and Berko in 1960 [9] and also Chupp and Forrest in 1966 [10] have introduced

directional counters made from 1 mm diameter plastic scintillator filaments, i.e. a bare core

fiber each, of 2.5 cm and 7.6 cm length, respectively. Recently, Imai et al. [11] used a bundle

of 1 mm diameter plastic scintillating fibers on the order of a meter long as a spatially flexible

and continuous position sensitive detector, and Yariv et al. [ 12] have proposed the idea of using

a 2 x 2 x 2 cm' stack of 6,400 square plastic scintillating fibers of thickness 0.25 mm for making

a fast neutron detector which can work in the presence of a strong background of low energy

neutrons and gammas.

A newer application of the scintillating fiber, in fast neutron spectroscopy, was proposed by

Grosshög in 1993 [13], exploiting a slender shape of the fiber. Monte Carlo simulations have

shown interesting results. By assuming a parallel incident 14-MeV neutron beam and a light

attenuation length of 350 cm, the predicted response function of a single fiber of dimensions

0.5 x 0.5 x 50 mm3 displays a peak, instead of the rectangular-like distribution of a typical

detector, due to the forward-scattered recoil proton. This is illustrated in Fig. 1 which was taken

from the Monte Carlo simulation [14].

As shown in this report, the experimental studies have been continued. Long optical attenuation

length and parallel incident neutrons were found to be necessary conditions for the formation

of a peak. From the practical standpoint, these conditions are not readily provided. By using

alpha particles from an Am-241 source, the attenuation curve of a BCF-20 fiber was measured

and an effective attenuation length of only 9 cm was obtained. The contribution from non-

parallel neutrons was also observed in an irradiation by 14-MeV neutrons produced from

a 150-kV neutron generator. The predicted peak has not yet been demonstrated. The

experimental results will be presented and discussed in the following.
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2. VISUALIZATION OF LIGHT PROPAGATION IN A SCINTILLATING
FIBER

Generally speaking, a scintillating optical fiber consists of a high refractive index scintillating

core and a low refractive index non-scintillating clear coating which is called optical cladding.

The cladding is meant to provide a highly efficient reflective surface for transporting the

trapped light along the fiber and also a mechanical protection for the core region. Since the

electromagnetic wave extends (with an exponentially decreasing amplitude) into the cladding,

the cladding layer must be several wavelengths deep. In commercial plastic scintillating fibers,

the core is made of doped polystyrene [(CgH8)n] with a refractive index around 1.6 and the

cladding is made from polymethyl methacrylate or acrylic [(CsHgC^n] with refractive index

around 1.5. While ordinary fiber optics is categorized to a group called passive fibers, the

scintillating fibers are in a group called active fibers because they both generate and convey

light. This reminds us that the light source is external in the first case but is internally generated

near the track of an ionizing particle in the latter case. As is normally do, based on the

geometrical or ray optics, the light collection in a scintillating fiber is described as a zig-zag

propagation of the fluorescent light along the fiber length and gradually flowing into the

photomultiplier tube (PMT), giving rise to ray trajectories in the form of segments of straight

lines, as is outlined in Fig. 2.

Actually, the picture is more complicated for a multi-mode step-index scintillation fiber. By

this we mean a fiber with only two different values of the refractive index of the core and

cladding and which has a large core in which light can take numerous paths as it bounces back

and forth down the fiber. Thus, there are two interfaces, core/cladding and air/cladding,

involved in the transportation of light. Refracted light from the core/cladding interface can be

reflected by the air/cladding interface. The understanding of the relation between these two

interfaces depends on the knowledge of how the reflection and refraction at a boundary varies

with the refractive indices of the media and with the angle. The electromagnetic theory of

dielectric media, as is briefly described below, can provide such a knowledge

2.1 Reflection and transmission at an interface of two dielectric media

At the boundary between media with different refractive indices, part of the incident radiation

is reflected and part transmitted (or refracted). Electromagnetic theory enables us to calculate

the ratios of the reflected / incident and transmitted / incident or are shortly called reflectance

(R) and transmittance (T), respectively.
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Let /, , 7r and 7, be, respectively, the average energy per unit time crossing a unit area normal

to the Poynting vector of the incident (t), reflected (r) and transmitted (f) light as is shown in

Fig. 3. We will assume that the surface is optically smooth and clean, which means that any

irregularities are small compared with the wavelength.

From the electromagnetic theory of light, they are equal to

I,= (17,6/2) E^ (1)

/ , = (v,z/2)E2
or (2)

and

/, = (vte/2)E2
0t (3)

where v and e are the velocity of light and the electric permittivity for the particular medium,

respectively. Eoi, Eor and Eo/ mean the maximum amplitudes of the electric vectors in the

incident, reflected and refracted light, respectively.

According to Fig. 3, the amount of energy incident normally on a unit area of the boundary per

second is 7(cos4>, • Similarly, /rcos<J>r and /(cos<|>( are the energies per second leaving a unit

area of the boundary normally on either side.

It is more convenient to consider the intensities of the reflection and transmission by comparing

with the incident beam. If we define the reflectance K as the ratio of the reflected to the incident

intensity, i.e.

then the fraction of the incident intensity that is transmitted is called transmittance T, i.e.

/,cos* (

where, from Snell's law.

= s i n

Since the incident and reflected waves are in the same medium, we have the law of reflection,

which is

and then eq. (4) equals

-3 -



For a dielectric or nonconducting material, the refractive property can be completely described

by one constant, the refractive index n. It is the ratio of the speed of an electromagnetic wave

in vacuum (c) to that in a homogeneous, isotropic dielectric medium (z>).

where \lg and (i are permeability of the vacuum (4n x 10 m • kg/C ) and the particular

medium, respectively; e0 is the permittivity of the vacuum (8.8542 x 10 C s /m kg).

If this dielectric is also a nonmagnetic material, then nr ~ ^( ~ |io; consequently it leads to

Hoe, = \/v) and \ioet=l/v2
t (9)

i ~ n/c a n d V0
£tvt = n/c

Using eq. (8) we obtain

Returning to eq. (5), it follows that

The electric vector can be separated into two planes of vibration - perpendicular and parallel to

the plane of incidence. The parallel orientation will be called p (for parallel) and the

perpendicular orientation v (for the Swedish "vinkelrat," meaning perpendicular). Eqs. (6) and

(10) are thus separated as

Rp = \r\ • M r (12)

and

where [15]

J (14)
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y _ 2ntcos*t

£~J, " n.cos*, + n,cos*, ( l 6 )

-*

and

U J p "»;«»•, + «,«»•, (17)

or in another form [16],

(••-•,)
(• + • ) ( }sin (•, + •

2cos»,sin»,

, " sin (*, + •,) cos (•,-*,)

and

Eol) 2sin»tcos»,
£OIJP sin (•; + •,)

( 2 0 )

(21)

These equations can be used with both rare-to-dense, or external, reflection and dense-to-rare,

or internal, reflection.

Prom the fact that, if there was no absorption, the total energy flowing into area A per unit time

must equal the energy flowing outward from it per unit time; it is evident that

(22)

Multiplying both sides by c these expressions finally becomes

or

1 = R + T (23)

This relation also holds for both the perpendicular and the parallel components, that is

K p + T p = l and R p + T r = l (24)

These are the tools necessary for determining the essential features of reflection and

transmission from the core/cladding and the air/cladding interfaces.
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Figs. 4, 5, and 6 show the fractions of the incident v -light reflected, or the reflectance, and

refracted, or the transmittance at the core/cladding and the air/cladding boundaries where nc.

ns .and ne are defined as refractive indices of the core, the cladding and the air, respectively.

In Fig. 4 the light strikes the boundary from the side of the optically less dense medium (i.e..

cladding) so that we are dealing with the so-called external reflection. At normal incidence,

where <t>, = 0, the light is almost 100 % transmitted because the difference in refractive index

of the two media is small. When increasing <)>,, T slowly drops and R slowly rises until at the

grazing incidence, where 4», = 90 deg, the interface becomes totally reflecting. We see that, in

the external reflection of the core/cladding interface and for angles of incidence up to about

75 deg, less than 10 % of the energy is reflected.

Figs. 5 and 6 show the case of dense-to-rare, or internal, reflection of core/cladding and

air/cladding interfaces, respectively. The curves resemble the case of external reflection but

reach the point of total reflection much sooner. This is because at the critical angle (4»c) the

angle <J>, reaches n/2. Beyond the critical angle, the angle $, becomes imaginary. This will

not allow energy flow across the boundary (or is totally reflected). The reflectance at normal

incidence of Fig. 6 is about 4 % which jorrectly is equal to the well-known value of the air/glass

interface.

From this information a simplified model of light propagation in a multi-mode step-index

scintillatirg fiber can be formed as is shown in Fig. 7. As is clearly seen in the figure, any other

reflected light from the total internal reflection is neglected due to its minority. The screw rays

are also ignci ed mainly because the detailed analysis is very cumbersome but the essential ideas

remain valid. We can see that both core and cladding play important roles in the propagation of

light along the fiber.

According to Fig. 7, certain characteristics of this fiber, e.g. light trapping efficiency and light

attenuation, can be understood in terms of a ray picture. The ray optics treatment is rigorously

valid for calculations of optical characteristics of large-core fibers as is used in this work. This

treatment breaks down for fiber diameters of a few wavelengths or smaller, in which case the

wave phenomena can no longer be ignored.

2.2 Light trapping efficiency

A s s u m i n g o n - a x i s sc int i l la t ion , the l ight wi th polar ang le ( 6 ) o f O £ 6 £ 0 . , w h e r e 9 , =
-1

cos (n/nc). will be trapped by total internal reflection at the core/cladding interface. Light

of emission angle within 8, < 8 <. Q2, where G2 - cos (na/nc), which is refracted into the

cladding, will also be trapped by the air/cladding interface. Following Hawkes et al. [17], the

former and the htter are designated as "core" light and "clad" light, respectively. Light with

8 > 9j will be lost by refraction into the surrounding air.



For "core" light, where $cl = sin (« s /w. . ) . the trapping cone both forward and backward has
a solid angle equal to

Q, ~ntan20, = [(n/ns)
2 - l]n (25)

From here, the light trapping efficiency (^,lra.) in each direction can be calculated.

= 25 [ (» /» , ) 2 " 1 ] (26)

Using this equation for the BCF-20 fiber we found that ( ( = 3.8 %. But this formula does
not account for non-meridional rays: the effect is to underestimate the trapping efficiency by a
factor of 10-30 %, depending on fiber geometry [8]. Practically this value should belong to a
fiber with black extramural absorber (EMA) coating in optical contact with the cladding.

From similar considerations when taking into account the "clad" light, or the equivalent to a
fiber without EMA, the total trapping efficiency is equal to 38.9 %.

From a more detailed consideration by the Monte Carlo simulation [18] which takes into
account both the meridional and the skew rays, it was found that for a perfect square fiber, the
fraction of light output from a 5 cm long fiber is 4.5 % (with EMA) and 38.4 % (without EMA).
This is in good agreement with the above values.

Bicron company reported that the trapping efficiency of their round fibers ranges from 3.4 %
for events occurring at the fiber axis to - 7 % for events near the core/cladding interface. For
square fibers the trapping efficiency is 4.4 % and is independent of the scintillation event's
location in the fiber. The cladding is also a particular effective optical conduit over distances
reaching 30 cm, utilizing the 25 % trapping efficiency created by its interface with air.

2.3 Light attenuation

For a large-core fiber, light can take numerous paths as it bounces back and forth down the
fiber. The number of reflections (T)) of the zig-zag paths traversed by a meridional ray within
a longitudinal distance x in a straight cylinder is given by

rtan0
11,(0) = - g - ; O S e s 8, (27)

and

r -'(\cosAn ; 0 , < 0 s e , (28)
d + 2ftanötan sin ——



for "core" light and "clad" light, respectively. We can see that the smaller the diameter of the

fiber for a given ray, the larger the number of reflections. The "clad" light experiences more

reflections than the "core" light due to a higher possible value of 6.

It should be noted also that even for a large number of reflections the total length of the zig-zag

paths L, and L2, for "core" and "clad" light, respectively, are not substantially greater than the

effective length x, where

(29)

and

where y = cos [« ccos9/« s] , except for the "clad" light which is emitted near 92 .

Each ray cannot avoid attenuation, i.e. loss or reduction in amplitude of transmitted energy. The

attenuation of light in a transparent solid is the result of two independent processes in the

material: light absorption and light scattering. These two processes are caused by both the

intrinsic and extrinsic factors.

In the case of a fiber which has no distortions in shape and diameter and is homogeneous with

the surface smooth and clean, the only significant loss of light will be due to absorption by the

bulk material which the fiber is made of. With this intrinsic absorption, light energy absorbed

in the material is converted to heat motion of molecules. The fraction of the primary light of a

given ray which reaches the exit end is given by

Fb(Q) = exp[ -L(8) /p o ] (31)

where L is either L, or L2 and (30 is called bulk attenuation length. In the present technology

of organic scintillation detectors, the scintillating optical fibers are generally manufactured

from high-quality material which have high values of f30 in the range of 120 - 350 cm or more

[19].

In reality, the scintillator light is also lost by:

- Rayleigh scattering which arises from micro-fluctuations in the refractive index of the

material, caused by changes in density and composition. The intensity of the Rayleigh

scattering decreases rapidly inversely proportional to X .

- Extrinsic defect scattering which is caused by such imperfections as variations in the size of

the fiber core, microbubbles in the core, core/cladding boundary fluctuation (also called



microbends, i.e. distortions of the core axis with small radius of curvature), and scratches or dirt
at the surface These defects can cause light to radiate out of the fiber or cause energy conversion
from one guided mode to another. Mode conversion can cause a loss of energy if the coupling
is to a higher-loss mode. These imperfections arise mainly from fiber fabrication.

As is widely known, among these extrinsic imperfections, the latter two are believed to take the
major part. This causes imperfect total internal reflection at both interfaces - core/cladding and
air/cladding, which is proportional to the number of reflections. By considering only a bare core
fiber, for the sake of simplicity, the fraction of the initial energy that remains, after \\l total
internal reflections, is given by

F r(6) = r" l (6) (32)

where r is the reflection loss coefficient of the core/air interface which is defined as the ratio
of the intensity of the reflected flux to the intensity of the incident flux.

By omitting also the following effects, i.e. non-monochromatic scintillation light, the presence
of skew rays produced by off-axis scintillations, losses due to reflections at the exit end, etc.,
the fraction F of the photons excited by the charged particle which reach the exit end of the
fiber is [20]

•J FbF.sinQdQ (33)

Fig. 8 shows the calculated results of eq. (33) for different conditions. Curve (1) was only for
direct transmission where T| 1 = 0 and maximum angle for each fiber length is defined by

8, = t&nl[d/(2x)] (34)

It is seen that this portion of light transmission really plays a minor role because the light cone
for direct transmission of, for example, a 0.5 mm diameter fiber is very small, Curve 2 is for
the case of a perfect total internal reflection at air/core interface which means that r = 1 and
®max~ ̂ 3 deg. No exponential decrease appears in this curve because the value of bulk
attenuation length (p0) of 350 cm, according to the manufacturer's data, is very long. We can
say that this curve is independent of the position of the scintillation points.

Curve (3) is the result of calculation when using r= 0.98. The number 0.98, equivalent to 2%
loss at each reflection, was taken from the work of Reiffel and Kapany [20] who used this value
to fit the experimental points for a 1 mm diameter bare core plastic scintillation fiber in air. This
curve can be fitted by an exponential law of absorption,

- 9 -



r/0) (35)

where P is called effective attenuation length and is equal to 4 5 cm in this case. We can see

that the surface imperfections play a very significant role in the light propagation in the fiber.

3. EXPERIMENTAL DETAILS

3.1 Scintillator material

All scintillating fibers used in this work were plastic of the type BCF - 20 whose spectral

emission extends from 475 to 550 nm with a peak wavelength at 492 nm. This is about the same

as the green emission line (X- 501.6 nm) from the helium discharge tube. The investigations

were mostly done with 0.5 mm square fibers. Since they are so thin, it is practically impossible

to polish them at any end. Consistent light output from the exit end to the PMT was thus

achieved by a neat cut with a Gillette super thin blade. Fig. 9 shows actual cross-sectional

details and the quality of the cut of this fiber through the transmission microscope when using

31.25 magnification. In this sample, the inner and outer width, at the center, is equal to

0.475 mm and 0.495 mm, respectively. The distortion in shape should be noticed because it

may affect the light transport simulation.

3.2 Pulse height measurement with alpha source

The alpha source used in the experiment was a thin window Am-241 isotopic source made by

Nuclear Amersham of England. The source emits alpha particles of energy 5486 keV with

narrow spreading, as can be seen in Fig. 10, from an effective area of 0.7 cm diameter at the

center of a 2.5 cm diameter circular backing.

The source was used to perform light attenuation curve measurements of the fiber by using a

setup and electronics system as shown in Fig. 11. The position of the source has to be at the free

end of the fiber as shown in the figure. Since the range of 5.5-MeV alpha particles in

polystyrene is about 0.03 - 0.04 mm, but the thickness of the nonscintillating cladding is about

0.02 mm, to bombard the fiber on its side is thus useless, as is demonstrated in Fig. 12.

3.3 Pulse height measurement with fast neutrons

The fast neutrons used in this work were 2.6-MeV and 14-MeV neutrons. They were produced

from a small neutron generator by a 150-keV D+ beam hitting thick TiD and TiT targets,

respectively. The typical diameter of the D+ beam at the target was around 2 - 2.5 cm and the

D+ beam current was in the range of 300 - 460 \xA . In order to reduce the number of neutrons
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that entered the fiber along the side, especially in a single fiber measurement, the D* beam was

collimated by a 1 cm diameter aluminium slit.

Fig. 13 shows details of the setup used in the case of single fiber investigations.

4. EXPERIMENTAL RESULTS

4.1 Sensitivity of surface condition

Fig. 14 compares pulse height spectra from 2 different fibers of the same length but with

3 different surface conditions when all were excited by alpha particles from the Am-241 source

as was mentioned in Section 3.2. Black painting on each fiber was done on site by using a small

brush. It is interesting to see that for the fiber of originally visually clean surface as is supplied

by the manufacturer when carefully cleaned with 95 % ethanol the light yield has improved to

almost the double. In addition, black paint anywhere on a cleaned fiber, either as a small black

dot on one side or on the 4 sides as a ring or as a band, as shown in Figs. 15 and 16, can decrease

the light transport efficiency of the fiber by more than a factor of 2. It is important to note that

the light yield from several fibers of similar treated surface and length are quite consistent. Also

we can see that, for this kind of alpha source, the contribution of the "core" light is hardly

noticed.

This investigation may tell why the bare core fiber is scarcely used these days. Due to the high

sensitivity of the surface conditions as mentioned above, the surface quality of the core is

preserved by covering it with the cladding - a clear material of lower refractive index which still

allows total internal reflection. Optical cross-talk is prevented by 9 second layer of coating of

black absorber or EMA. But the trapping efficiency has been sacrificed from 39 % to 4 %.

4.2 Light attenuation curve

In this investigation the pulse height as a function of fiber length was measured by shortening

the fiber about 1 cm each time from the starting length of 10 cm for the ethanol cleaned surface

fiber and 5 cm for the original visually cleaned surface fiber and also the 0.25 x 0.25 mm : fiber.

Examples of these pulse height spectra for the shortest and the longest length of the same fiber

are shown in Fig. 17. Fig. 18 shows the data, taken from the peak position of each spectrum for

each fiber length.

All curves show the interesting character of having two slopes which can be fitted by the

formula:

y = /^expf-x/p, ) +/\2exp(-.r/p2) (36)



where effective attenuation length (3j is shorter than P2 . For the same size fibers, the one with

poorer surface shows clearly lower value of p 2 , as is expected, on the other hand the first part

has about the same PL . A smaller fiber, even though having the same surface quality, shows a

larger slope or a shorter attenuation length because of a higher number of reflections [see eqs.

(27) and (28)]

4 3 Response of a single fiber to fast neutrons

When a 0.5 x 0.5 x 31 mm' fiber with ethanol cleaned surface was exposed to 14-MeV neutrons

as was described in Section 3.3, the response as shown in Fig. 19 is obtained. Figs. 20 and 21

display pulse height spectra of the same fiber but was blackened and cut on-site, respectively.

It should be noted that the black painting was not covering the whole length because the

painting was applied after the gluing. These pulse height spectra are similar - independent of

the surface quality and the length of the fiber as long as the surface at a distance greater than

7 mm to the PMT is considered, which in contrast to the case of an alpha particle. Roughly

speaking, the main features of these spectra are exponential decays but with an additional

structure between channel numbers 560 and 780.

It was tried to verify this region with another set of experiments as shown in Figs. 22, 23, and

24. The setup of Fig. 22 is almost the same as in Fig.20 except that the fiber is longer and the

amplifier gain is a bit larger. When the same gain was selected the pulse height spectrum agreed

with the one in Fig. 20. The group of signals between channel number 560 and 780, or between

channel number 700 and 1000 in Fig. 22, still exists. Tilting the fiber axis 90 deg made it

perpendicular to the direction of the D+ beam as is shown in Fig. 23. Then this group of signals

disappears completely. But when the detector was 3.5 cm vertically lower down as is shown in

the insert of Fig. 24, a part of this group of signals comes back again.

The second fiber of the same length but entirely covered with black paint, except at the exit end,

was measured by the same setup. The pulse height spectra of the parallel and the perpendicular

aligned geometries are shown in Figs. 25 and 26. respectively. The. two spectra end at about the

same channel number, i.e. 200. Comparing Figs 22 and 25, we can see the large difference

between the two due to the absorption of "clad" light by black coating in the case of Fig. 25.

Combining the results of Figs. 23, 24 and 26 together shows that around 35.5 deg recoil angles

the n-p interaction at the 1-cm long uncoating region close to the PMT is the origin of those

signals between channel number 700 and 940 in Fig. 24. This leads to the conclusion that the

part of the spectrum between channel number 700 and 1000 of Fig. 22 is mainly coming from

the n-p interactions in the region close to the PMT which the incident 14-MeV neutrons hit at

the side in a grazing incident angle (relative to fiber axis) of less than 3.4 deg.
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Figs. 22 and 23 also show the fact that the generated pulse height spectrum depends on the angle

between the fiber axis and the neutron incident direction. The travel length of the 14-MeV

recoil proton in the fiber becomes shorter when the tilt angle (i.e. the angle between the axis of

the fiber and the D* beam in the vertical plane) becomes larger while the 14-MeV proton range

in polystyrene is fixed at 2.1 mm [21]. It shows that a shorter fiber makes it clearer to see this

effect. This conclusion has been confirmed by another set of experiments shown in Fig. 27. The

fiber used was 1 cm long of original visually clean surface. It can be clearly seen that this fiber

detector is directional dependent on the neutron incident direction; starting from a parallel

aligned geometry, then tilted about 43 deg till finally perpendicular to the D+ beam. It should

be noted that the difference between Figs. 22 and 23 is about the same as the difference between

the spectra at 0 deg and 90 deg in Fig. 27.

In Fig. 27, the pulse height spectrum for 2.6-MeV neutrons from the D-D reaction for a parallel

aligned geometry is also shown for comparison. Due to a very short range, i.e. 0.108 mm, of

2.6-MeV proton in polystyrene [21 ] which is shorter than the cross-sectional width of the fiber,

the pulse height spectrum is independent of the neutron incident direction. This is verified by

Fig. 28 of an experiment which used the same setup as in Fig. 27, except that the thick TiT

target was replaced by a thick TiD target.

4.4 Response of a multi-scintillator detector

The detector as shown in Fig. 29 was composed of a 12 x 12 array of 0.5 x 0.5 x 50 mm' fibers

in an aluminium matrix. The 144 fibers are all coated with black paint. The aluminium matrix

is made from 40 x 50 x 1.5 mm' aluminium plates which were scraped to form several parallel

grooves 1 mm apart for filling in the fibers. It was intended not to have a cross-sectional

effective area of the detector larger than the dimension of the uncollimated D* beam; thus only

12 aluminium plates each filled with 12 fibers were used. In addition, to be able to observe the

quality of the gluing, the detector was first glued on a 4 mm thick clear perspex plate instead of

directly glued to the PMT. The pulse height spectrum when it was frontally irradiated with 14-

MeV neutrons is shown in Fig. 30. We can see that the shape of the spectrum is not much

different from Fig. 25; or probably we can say that it is a composition of pulse height spectra

similar to Fig. 25 from each of 144 fibers. Tilting by 20 deg also did not make much difference

from the 0 deg aligned geometry which is in agreement with Figs. 25 and 26.

It is necessary to mention that this measurement was done almost at the beginning of this work

when trying to proof one of the designs proposed in ref. [13].

5. CONCLUSIONS AND DISCUSSIONS

The investigations described above lead to the following two main conclusions:
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1) The attenuation curve found in this study shows two values of the effective attenuation

length as is also found elsewhere [17, 22], although the length of the fiber of the present work

was much shorter. For comparison, in this work: Pf = 0.9 cm and p2
 = 8.9 cm, for a fiber not

longer than 10 cm; from Hawkes et al. [17]: Pj = 18 cm, P2 = 330 cm, for a 1 mm diam x 200

cm SCSF-81 fiber; from Budagov et al. [22]: P, = 3.9 cm, P2 = 79.6cm, for a 1 mm diam x 60

cm in-house fiber.

Hawkes et al. have also measured the attenuation curves of "core" and "clad" light, separately.

They show that the "clad" light decays much faster than the "core" light, e.g. the "clad" light is

about 10 times stronger than the "core" light at x = 10 cm but becomes about 2 and 7 times

weaker when x = 50 and 200 cm, respectively. This indicates that the longer attenuation length

component of the "core + clad" light mainly comes from the contribution of the "core" light.

However, Hawkes et al. did not provide any measured value for a length shorter than 10 cm.

This may explain why previously an attenuation length of larger than 50 cm was reported. They

all used long fibers for which the influence of the "clad" light has already faded away and has

left only the "core" light. This effect can be clearly seen in the lead scintillating fiber

calorimeter of Budagov et al. [22], The number of fibers that was used is 5600, each one 50 cm

long and without EMA. For each fiber, a 30-cm long part was glued to the lead sheets by using

epoxy. It seems that there was no any care for the surface quality of the fibers which, from the

present work, is found to be very sensitive for the light output of a fiber that has no EMA.

In the nice piece of work from Hawkes et al., it was shown that the attenuation curve of the

"core" light also has two values of the attenuation length which are (Pj) . ~ 84 cm and

(PiKore = ^ c m ^ e e x P ' a n a t ' o n w a s a^ 0 provided that a steeper attenuation at short

distances may be due to the "spiralling" contribution from off-axis photon emission, partly due

to the shorter attenuation length of the short wavelength component and the self-absorption by

the final wavelength shifter, and partly due to "clad" light feeding into the "core" light. This

dual-slope characteristic of the "co* e" light is confirmed by the work of Amos et al. [23] which,

moreover, not only found that the attenuation curves depend on the type of fibers, even from

the same manufacturer, but also were influenced by the photo-detector response.

In addition, Budagov et al.: ound that the values of P[ and P2 were different for the same type

of fiber for different starting lengths. For example, if the measurement was done with a fiber

120 cm long, the values of [3, and P2 were 9 cm and 122 cm, respectively; but if the fiber was

60 cm long instead, Pj =3.9 cm and P2 =87 cm. Thus it seems that a shorter fiber has a smaller

attenuation length. The reflection from the other end was suggested by the authors as one

possible explanation. From the present work, I hasten to add that a thinner fiber has shorter

attenuation length, too, because a thinner fiber has more reflections than a larger fiber. There is
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one crucial conclusion here: one cannot simply quote and use the attenuation length values from

other works, especially not when the size and type of the fibers are not similar.

In the present work, the specific measurement made only for the "core" light, i.e. equivalent to

a fiber with black coating, was not possible because the only available source of scintillation at

the moment was a 5.5-MeV alpha particle from an Am-241 source. As is well-known, in a

given scintillator, an alpha particle initiates a scintillation light weaker than any other common

charged particle like an electron or a proton. But to use another kind of charged particle for this

thin fiber is also not straightforward. For example, a 3.5-MeV electron from a Ruthenium-106

source, that was used by Hawkes et al., will dissipate its energy of only 0.098 MeV in a 0.5-

mm thick polystyrene medium which will create an even weaker scintillation light than the 5.5-

MeV alpha (Light output = 0.456 MeVw in the NE-102 scintillator, for example). On the other

hand, there is still some advantage of an alpha source, namely the precision and simplicity for

positioning it because of its short range (about 400 times less than the 3.5-MeV electron).

The mismatch between the emission spectrum of the fiber and the response curve of the PMTs

was found to be quite large as can be seen from Fig. 31. This figure also shows that actually

there is a rare chance to match the emission spectrum of the BCF-20 fiber as closely as possible

to the spectral response of any available PMT [24]. In this sense the blue fiber BCF-12 seems

to be more suitable although its I/e attenuation length is about 1.3 m shorter than that of the

BCF-20. This mismatch gives rise to a considerable decrement in the quantum efficiency of the

photocathode and can be one source of resolution loss, especially for the extremely weak "core"

light.

However, when comparing the attenuation curves of a visually clean fiber and an ethanol

cleaned fiber, shown in Fig. 18, it can be concluded that, for a short fiber, the light output from

the fiber is dominated by the "clad" light and because it is so sensitive to the surface conditions

of the fiber the attenuation length is then very short. This outer surface of the fiber is difficult

to keep free from scratches, dust, humidity, fingerprints, chemical substances, etc. This implies

that the light output strongly depends on the position of the scintillation points within the fiber.

Fig. 32, which gives the results of simulation by the Monte Carlo method [14], shows that,

when the attenuation length becomes shorter, the peak moves toward the huge background on

the left while the foot of the peak is still fixed.

As regards the attenuation length which was found to have two values, the explanation I would

like to add to the explanations by Hawkes et al. is that it can also be the reflection back from

the free end close to the alpha source. In the present work the variation of length was done by

cutting the fiber which is different from the method used by Hawkes et al., Budagov et al., and

Amos et al. for which the fiber length was fixed but the position of beta source or laser or UV

source, respectively, was changed instead.
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2) A dependence of pulse height on direction was observed. But since this source of fast

neutrons is a diffuse point source with the D+ beam spot (10 mm diameter) much larger than the

width of the fiber (0.5 mm), the group of signals within channels 700 - 1000 (see Figs. 22, 23

and 24) is believed to come mainly from 14-MeV neutrons hitting the fiber on the side with

grazing incident angles and at a position close to the PMT - instead of coming from the n-p

head-on collision in parallel to the fiber axis which happens more seldom.

These two reasons are reasonable enough to answer why the simulated peak as shown in Fig. 1

was never seen in this experimental work.
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LIST OF FIGURES

Fig. 1 The Monte Carlo simulated response function of a 0.5 x 0.5 x 50 mm*
scintillating fiber assuming 350 cm attenuation length, 4.4% trapping efficiency
and parallel incident 14-MeV neutrons. From ref. 14.

Fig. 2 Multi-mode step-index fiber: a) trajectories of a meridional ray (a ray
crossing the fiber axis); b) trajectories of a skew ray (a ray propagating helically
around the fiber axis).

Fig. 3 Reflection (r) and transmission (t) of incident (i) light. Both the transmitted
and reflected rays lie in the same plane as the incident ray, "the plane of
incidence".

Fig. 4 Reflectance and transmittance ofv-light versus incident angle for the case
of external reflection at the core (nt = 1.6) I cladding (n, = 1.49) interface. The
curves were calculated from eqs. (12) and (13) of the text.

Fig. 5 Reflectance and transmittance ofv-light versus incident angle for the case
of internal refc tion at the interface between core (nc = 1.6) and cladding (ns =
1.49).

Fig. 6 Reflectance and transmittance ofv-light versus incident angle for the case
of internal reflection at the interface between cladding (nt = 1.49) and air (n, = 1.0).

Fig. 7 Light propagation in a multi-mode step-index scintillating fiber and its
refractive index profile. 9 = light emission angle measured from the direction of the
fiber axis, x = axial length between the scintillating point and the exit end of the
fiber, d = diameter or width of the core, t = thickness of the cladding layer and D =
diameter or width of the scintillating fiber. The fiber represents a kind that was
mainly used in this work which was a BCF-20 plastic scintillating fiber.

Fig. 8 Calculated results, from eq. (33), on circular fiber light attenuation as a
function of fiber length (x) for various conditions. (1) T], = 0, Q = 6 ; (2) r = 1,
Qmax = 51.3 deg; (3) r = 0.98, dmax = 51.3 deg. In all cases, Po= sWcm and d = 0.5
mm.

Fig. 9 Cross-sectional view of a 0.5 x 0.5 mm2 BCF-20 fiber taken with
transmission microscope using a magnification of 31.25. The darker area
indicates a nonuniform thickness of the piece.

Fig. 10 Alpha energy spectrum from the calibrated Am-241 source used in this
work as detected by the Passivated Implanted Planar Silicon (PIPS) detector in a
Canberra model 7401 alpha spectrometer.

Fig. 11 Experimental setup for a pulse height measurement using an alpha source.
The glue used for holding the fiber vertically on the surface of the PMT was KE-
420 Shin Etsu silicone glue (refractive index - 1.45). The PMT is Hamamatsu
model R647-01 whose spectral response ~xtends from 300 to 600 nm (also see Fig.
31).
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Fig. 12 Comparison of two pulse height spectra when bombarding the same 0.5 x
0.5 mm1 fiber in different directions as shown in the insert. The surface of the fiber
was cleaned with 95% ethanol. HV: 1000 V; amp. gain: 100(c), 5.00(f).

Fig. 13 Experimental setup for irradiation of a fiber with fast neutrons. In this
drawing the fiber was parallel to the D* beam or O deg aligned geometry. The
amount of silicone glue used in this type of experiment was about 0.065 gm. It has
been tested that it is not a scintillating substance.

Fig. 14 Comparison of pulse height spectra of two 0.5 x 0.5 mm1 fibers with
different surface conditions. For the first fiber: (a) visually clean surface, (b)
blackened surface; the second fiber: (c) 95% ethanol cleaned surface, (d) blackened
surface. The black paint was applied on-site. HV: -1000 V; amp. gain: 200(c),
7.62(f).

Fig. 15 Comparison of pulse height spectra of a 0.5 x 0.5 mm2 fiber with different
outer surface conditions. HV: -900 V; amp. gain: 200(c), 5.00(f).

Fig. 16 Comparison of pulse height spectra of another two 0.5 x 0.5 mm1 fibers
with different surface conditions. HV: -900 V; amp. gain: 200(c), 5.00(f).

Fig. 17 Comparison of pulse height spectra of a 0.5 x 0.5 mm1 fiber with different
lengths. The surface of the fiber was cleaned with 95ft ethanol. HV: -1000 V; amp.
gain: 200(c), 5.00(f).

Fig. 18 Actual light attenuation curves of three different fibers (without EMA), i.e.,
9) 0.5 x 0.5 mm- fiber with 95% ethanol cleaned surface, k) 0.5 x 0.5 mm1 fiber
with visually clean surface and O) 0.25 x 0.25 mm1 fiber with 95% ethanol cleaned
surface.

Fig. 19 Pulse height spectrum of a 0.5 x 0.5 x 31 mm* fiber with ethanol cleaned
surface when exposed to 14-MeV neutrons in the O deg aligned geometry. HV: -900
V; amp. gain: 10(c), 5.00(P.

Fig. 20 Pulse height spectrum of the same fiber as in Fig. 19 but painted black (on-
site).

Fig. 21 Pulse height spectrum of the same fiber as in Fig. 20 but shortened by 16
mm.

Fig. 22 Pulse height spectrum of a 0.5 x 0.5 x 45 mm} fiber when painted black as
shown in the insert. HV: -900 V; amp. gain: 10(c), 6.90(f).

Fig. 23 Pulse height spectrum of the same fiber as in Fig. 22 when the fiber axis
was perpendicular to the D* beam (90 deg aligned geometry).

Fig. 24 Pulse height spectrum of the same fiber as in Fig. 23 but with the detector
about 3.5 cm lower.
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Fig. 25 Pulse height spectrum of another fiber with the same size as the fiber in
Fig. 22 but the surface was totally black. The electronics setting was the same as in
Fig. 22, too.

Fig. 26 Pulse height spectrum of the fiber in Fig. 25 when aligned in the same way
as in Fig. 24.

Fig. 27 Pulse height spectra from a 0.5 x 0.5 x 10 mm3 fiber of visually clean
surface when exposed to 14-MeV neutrons at various tilt angles. The fourth
spectrum on the left is a pulse height spectrum for the same fiber when exposed to
2.6-MeV neutrons. HV: -1000 V; amp. gain: 5(c), 5.00(f).

Fig. 28 Comparison ofmlse he:ght spectra of the same fiber as in Fig. 27 when
exposed to 2.6-MeV neutrons at two different tilt angles. The spectrum from 5.5-
MeV alpha particles of this fiber is alsn shown.

Fig. 29 A sketch of a 12 x 12 array multi-scintillator detector (not to scale). Each
0.5 x 0.5 x 50 mm* fiber was painted black. The PMT is RCA 8575 whose spectral
response "Mends from 280 to 550 nm (also see Fig. 31).

Fig. 30 Pulse height spectra of the detector in Fig. 29 when exposed to 14-MeV
neutrons in two different tilt angles. The detector-to-source distance was 2 cm. HV:
-1900 V; amp. gain: 100(c), 5.00(f).

Fig. 31 Comparison of the typical emission spectra oftwc different types of fiber
[181 with the spectral sensitivity of four different types of PMT [23]. The curve of
RCA S575 PMT was normalized to the peak of the curve ofR647-01 PMT.

Fig. 32 Response functions of a 0.5 x0.5 x 50 mm? fiber for parallel incident 14-
MeV neutrons with various attenuation lengths, for 38.9 % (a) and 4.4 % (b)
trapping efficiency, as calculated by the Monte Carlo method. From ref. 14.
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scintillating fiber assuming 350 cm attenuation length, 4.4 % trapping efficiency
and parallel incident 14-MeV neutrons. From ref. 14.



(b)

Fig. 2 Multi-mode step-index fiber: a) trajectories of a meridional ray (a ray
crossing the fiber axis); b) trajectories of a skew ray (a ray propagating helically
around the fiber axis).



Fig. 3 Reflection (r) and transmission (t) of incident (i) light. Both the transmitted
and reflected rays lie in the same plane as the incident ray, "the plane of
incidence".
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fiber, d = diameter or width of the core, t = thickness of the cladding layer and D =
diameter or width of the scintillating fiber. The fiber represents a kind that was
mainly used in this work which was a BCF-20plastic scintillating fiber.
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Fig. 8 Calculated results, from eq. (33), on circular fiber light attenuation as a
function of fiber length (x) for various conditions. (1) r\{ = 0, d = dx; (2) r = 1,
6 = 51.3 deg; (3) r = 0.98, 0 = 51.3 deg. In all cases, p = 350cm. and d = 0.5

max
mm.



Fig. 9 Cross-sectioned ricir of a 0.5 x 0.5 mm: BCF-20 fiber taken with
transmission microscope usintf a magnification of 31.25. The darker area
indicates a nonuniform thickness of the piece.
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Fig. 10 Alpha energy spectrum from the calibrated Am-241 source used in this
work as detected by the Passivated Implanted Planar Silicon (PIPS) detector in a
Canberra model 7401 alpha spectrometer.
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Fig. 11 Experimental setup for a pulse height measurement using an alpha source.
The glue used for holding the fiber vertically on the surface of the PMT was KE-
420 Shin Etsu silicone glue (refractive index = 1.45). The PMT is Hamamatsu
model R647-01 whose spectral response exterds from 300 to 600 nm (also see Fig.
31).
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Fig. 12 Comparison of two pulse height spectra when bombarding the same 0.5 x
0.5 mm2 fiber in different directions as shown in the insert. The surface of the fiber
was cleaned with 95% ethanol. HV: -1000 V; amp. gain: 100(c), 5.00(f).
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Ffc. 13 Experimental setup for irradiation of a fiber with fast neutrons. In this
drawing the fiber was parallel to the D* beam or 0 deg aligned geometry. The
amount of silicone glue used in this type of experiment was about 0.065 gm. It has
been tested that it is not a scintillating substance.
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Fig. 14 Comparison of pulse height spectra of two 0.5 x 0.5 mm1 fibers with
different surface conditions. For the first fiber: (a) visually clean surface, (b)
blackened surface; the second fiber: (c) 95% ethanol cleaned surface, (d) blackened
surface. The black paint was applied on-site. HV: -1000 V; amp. gain: 200k),
7.62(f,
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Fig. 15 Comparison of pulse height spectra of a 0.5 x 0.5 mm2 fiber with different
outer surface conditions. HV: -900 V; amp. gain: 200(c), 5.00(f).
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Fig. 16 Comparison of pulse height spectra of another two 0.5 x 0.5 mm1 fibers
with different surface conditions. Hv: -900 V; amp. gain: 200(c), 5.00(fj.
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Fig. 17 Comparison of pulse height spectra of a 0.5 x 0.5 mm2 fiber with different
lengths. The surface of the fiber was cleaned with 95% ethanol. HV: -1000 V; amp.
gain: 200{c), 5.00(f).
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Fig. 19 Pulse height spectrum of a 0.5 x 0.5 x 31 mm1 fiber with ethanol cleaned
surface when exposed to 14-MeV neutrons in the 0 deg aligned geometry. HV: -nOO
V; amp. gain: 10(c), 5.00(f).
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Fig. 20 Pulse height spectrum of the same fiber as in Fig. 19 but painted black (onsitt
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Fig. 21 PUISP. height spectrum of the same fiber as in Fig. 20 but shortened by 16 mm.
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Fig. 22 Pulse height spectrum of a 0.5 x 0.5 x 45 mm3 fiber when painted black as
shown in the insert. HV: -900 V; amp. gain: 10(c), 6.90(f).
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Fig. 23 Pulse height spectrum of the same fiber as in Fig. 22 when the fiber axis
was perpendicular to the D* beam (90 deg aligned geometry).
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Fig. 24 Pulse height spectrum of the same fiber as in Fig. 23 u.- •-, *h the detector
about 3.5 cm lower.
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Fig. 25 Pulse height spectrum of another fiber with the same size as the fiber in
Fig. 22 but the surface was totally black. The electronics setting was the same as in
Fig. 22, too.
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Fig. 27 Pulse height spectra from a 0.5 x 0.5 x 10 mm3 fiber of visually clean
surface when exposed to 14-MeV neutrons at various tilt angles. The fourth
spectrum on the left is a pulse height spectrum for the same fiber when exposed to
2.6-MeV neutrons. HV: -1000 V; amp. gain: 5(c), 5.00(f).
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Fig. 28 Comparison of pulse height spectra of the same fiber as in Fig. 27 when
exposed to 2.6-MeV neutrons at two different tilt angles. The spectrum from 5.5-
MeV alpha particles of this fiber is also shown.



Fig. 29 A sketch nfa 12 x 1. •, ray multi-scintillator detector (not to scale). Each
0.5 x 0.5 x 50 mm* fiber was • anted black. The PMT is RCA 8575 whose spectral
response extends from 280 to ,60 nm (also see Fig. 31).
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Fig. 30 Pulse height spectra of the detector in Fig. 29 when exposed to 14-AteV
neu*rons in two different tilt angles. The detector-to-source distance was 2 cm. HV:
•1900 V; amp. gain: 100(c), 5.00(f).
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Fig. 31 Comparison of the typical emission spectra of two different types of fiber
[18] with the spectral sensitivity of four different types of PMT [23]. The curve of
RCA 8575 PMT was normalized to the peak of the curve ofR647-01 PMT.



2.o« iir

1.5* 10"*-

•2 1.0* 10"* H

o

5.0» 10"' H

0.0*10 o "

Atltmetien kngtfc 25 cm
Atttwotion hngtlt 10 cm
Altovjoton kngtft 5 cm

0.0*10° 5.0*103 1.0*104 1.5*104

Corresponding Light [au]

2.0« 104

2.0*10"

1.5*10"' H

,8

| 1.0*10- -i

o

0.0*10"

(b)

— Atttrujtion fengtft 25
Atttrtjot'ort kngttv 10 em
Alt«fW)tion linQUt 5 cm

0.0*10° 50*10 ' 1.0«:04 1.5*10* 2.0«104

Corresponding Light [ou]

Fig. 32 Response functions of a 0.5 x 0.5x50 mm3 fiber for parallel incident 14-
MeVneutrons with various attenuation lengths, for 38.9 % &) and 4.4 % (b)
trapping efficiency, as calculated by the Mon:i Carlo method. From ref. 14.


