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CHAPTER |

INTRODUCTION

1.1 Background on problems of interest

Nuclear tracks or ion tracks was first observed by D.A.Young in 1958 [1]. He
found microscopic track formations in the surface of a lithium fluoride crystal that had
been irradiated with fission fragments and etched in a mixture of hydrofluoric and acetic
acids. One year later, Silk and Barnes obsered.with the electron microscope damaged
regions in mica which marked the paths of heaw/€harged particles such as those from
fission fragments or cosmic _rays: SinceJ1962 particle tracks in solids have been the
subject of intensive research«In 19757 Fleischer, Price and Walker published an
extensive and definitive text on™"Nuclear Tilracks in Solids" [2].

The passage of heavily ionizihg, njt:JJe".lear particles through most insulating solids
creates narrow paths of intense damage ob an atomic scale. These damage tracks may
be revealed and made visible in, an ordidary joptical microscope by treatment with a
properly chosen chemical reagent. that rapiqﬂy and preferentially attacks the damaged
material. It less rapidly removes the surroundmg undamaged matrix in such a manner as
to enlarge the etched holes that ‘mark aﬂd ’Characterlze the sites of the original,

~

individual, damaged! I’egIUHb 3

The appllcatlons of nuclear tracks have been developed and applied in a wide
variety of technical flelds such as nuclear fusjon, cosmic rays, molecular identification
with nanoporesgimaging X-ray astronomy, magnetic studies with nanowires, polymeric
nanowires, radon‘and neutron dosimetry, and thermochronology [4]. D. Nikezic and K.N.
Yu mentioned ‘inl thair, ‘paper-“Analyses (of light scatiered from ‘efched alpha-particle
tracks infPADC” that there were only a few references in the literature on scattering of
light from etched tracks in SSNTDs [5]. In most of the cases, scattered light was used to
measure track densities from experiments related to neutron dosimetry by Harvey and
Weeks, 1987; Popov and Pressyanov, 1997; Meyer et al., 1997 and Groetz et al., 1999.
Groetz et al. (1998) developed a model for laser light scattering by nuclear tracks in CR-
39 detectors. Nikezic et al., 2005; Yu et al., 2007 studied the optical characteristics of

etched tracks in PADC films using the ray tracing method were performed (Nikezic et



al., 2005; Yu et al., 2007). Based on geometrical optics, a computer program called
TRACK_VISION 1.0 (Nikezic and Yu, 2008) was used.

In this research, the light filter from neutron induced track-etched polymer was
developed. The aim of this study was to create proton tracks in thin sheet of polymer to
be used as light filter or light diffuser. This is based on light scattering by nuclear tracks
which are dependent mainly upon track density and track size. The track density is
directly proportional to number of neutrons falling on the plastic sheet while the track
size is dependent upon type and energy of charged particles as well as the etching

condition.
1.2 Thesis objectives

The objectives of the dissertation are:
1.2.1 To prepage track-eteh pelymer films by neutron irradiation.
1.2.2 To investigatg properties of tfa_plg_—etch polymer films on transmission and

scattering of visible light, dltraviolet (UV) and infrared (IR).

1.2.3 To investigate experimentally and theoretically the effects of track density

and sizes on transmission and scattering of visible light,/ultraviolet (UV) and infrared

(IR).

1.24 To develdp a track-etch polymer film preparation method for industrial

production.
1.3 Scope of work

163.1  Track formation process on films uses neutrons from radioisotope source

via 1H(n,n)1H and 1H(n,n’)1H reactions.

1.3.2 Investigate properties of track-etch polymer films on transmission of

visible light, ultraviolet (UV) and infrared (IR).

1.3.3 Investigate experimentally and theoretically the effects of track density

and sizes on transmission of visible light, ultraviolet (UV) and infrared (IR).



1.3.4 Design and develop a track-etch polymer film preparation method for

industrial production.
1.4 Expected benefit

The developed track-etch polymer film from neutron irradiation can be used as

UV, visible light and Infrared filter or diffuser.

1.5 Research Methodology

1.5.1  Select the polymer film materials'such as Polystyrene, Polycarbonate, or

Polyethylene etc. 2

1.5.2 Design andseonduct experiment to preduce proton tracks on polymer of
different track densities.at different etchin? conditions
1.5.3  Investigateé properiies of tfrack-etch polymer films on transmission and

scattering of visible light, uliraviolet (U\) ;md infrared (IR)

i
\ #

154 Test physieal properiies of t%ac'k-etch polymer film

1.5.5 Research cgnclusionand di_'s:éusision
o P ]
ald vl
1.6 Organization and chapter contents = ls

This dissertation consists."of five_f".*éhgplers. The chapters are organized

principally to focus ort‘:the development of light filter-or ditfuser using proton track etch

polymer by neutron iﬁﬂhction from radioisotope source.

Chapter 1 deals with background and problem™of interest, objective, scope,
expected benefits and researchsmethodology-ofi thesstudy.

Chapters2 mentions ‘the principles and applications’ of track etched detector,
neutron.interaction,theory.of light,.the review literature including.previous work.

Chapter 3 aescribes the design and construction of‘the’'equipment. Parameters
that might affect density, size distribution and shape of track and the measurement of
light transmission have been evaluated.

Chapter 4 describes the experimental result of the relationship of the track
density and track size distribution to temperature of etchant, transmission of light in

three ranges: Ultraviolet, Visible light and Infrared.



4

Finally in Chapter 5, the overall findings of the studies are concluded and

discussed.
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CHAPTER Il

THEORY AND LITERATURE REVIEW

This chapter describes the theoretical and application aspects of track etched

detector, neutron interaction, theory of light as well as literature review.

2.1 Principles of Track etched detector

2.1.1 Mechanism of Track formation

A complete satisfactory model of track registration and formation mechanisms does
not yet exist. There are many.models ta explain.the process of track formation. The “lon
Explosion spike model” [3]is se*forthe most reasonable theory (Figure 2.1). According to
this model a positively charged energetid'l particle passing through a medium knocks out
the orbital electrons of atoras lying in-and ér@und the vicinity of its passage. The dominant
process is the ionizatien offK or L shell équtrons. Due to this knock out of electrons a
cylindrical region full offpositive ibn,s (hdie_‘s) is produced. Due to Coulomb repulsion
between positive charged ions é-brﬁe of tf;é::rr{;are ejected into the interstitial positions

ald ol

leaving behind a vacancy rich and.a few micl:c_i_rj_s}long (40-80 Ao) cylindrical core. In view

of this model track formation mechanism de_ﬁ?é_ngs_upon a variety of parameters, such as

mass, ionization state!and velocity of the incident ion and ionization potential of the

absorbing material. 'Ih"ﬁthe case of electrical conductors and good semi-conductors the
electrons around this region neutralize the cylindrical region of positive holes so that such
media are not able, to register the passage-ofsincoming, ions.AWhile in crystalline solids
these positive ions "thereupon repel~one another violently, thus“disturbing and distorting
the regular lattice in.crystal-produce a more.or less.cylindrical region (30 AO) under a high

strain[6].



Figure 2.1 The ion explosion: : ck formation in inorganic solids. The
original ionizati ged particle (a) is unstable and
ejects ions into t | 'es and interstitials (b). [3]
The ion explosion , ing conditions for track formation.
a) Th § ¥ than the bonding strength of
Jive ow mechanical strength or low

re etchable tracks.

ion event per atomic place for the

matically continuous.

tract format|on in good msulators aloné and thus metals do not store

@l ﬁﬂlﬂ Y] ;J njamsgl ’lﬂlgjbeoause this results into
ti the ﬁw ent the formation
q w’] ﬁiﬁ‘iéﬂ ﬂjﬁﬂ ﬂcgjﬁjéﬂ |um having high

hole mobility will not form tracks.
In organic polymers the traversing ion breaks the long molecular chains and
produces relatively stable free radicals, small gas inclusion and other products of
chemical radiation damage, by ionization and excitation of primary particles and &-ray,

shown as Figure 2.2. Broken chains ends & free radicals are produced in this region. The

density of the absorbing material is reduced in this region, which has been directly



observed by low energy neutron scattering. These new region are latent damaged trails
and can be seen at very high magnification (30,000x) under a transmission electron

microscope [7].

@@

Coaq
T W &
SO MED

Figure 2.2 Schematic illustratio of a ohalg scission in polymers caused by the passage of

heavily chargedp ioles: 081,

&
)

its energy through the many mteﬁctlon ag;eesses Theoretically, it interacts through

'd-

Coulomb force with Charged par’ucles elecfrons and nuc}e in the material. Of course,

distal interactions may”be neglected and we focus on the ‘pglr’ucle interactions with atoms
and molecules that are_| close to its path. The maJorlty_F_of the interactions occur with
electrons and only a small number of interactions are with nuclei. Since the initial heavy
charged particlé (only such particles can produce tracks) is much heavier than electrons,
the direction of the particle effectively.does not change and the path is almost completely
a straight line. Thisymay /not be "true “if [the  particle ‘interacts withi a-nucleus, where a
significant deviation from the initial direction may occur. However, such interactions are
relatively rare. Some deviations from the straight line can happen close to the end of the
particle range, when the energy of a particle becomes very low.

The particle loses its energy in many small interaction processes, so the energy
loss each time is usually very small when compared to its energy. For example, ionization

of one molecule in air on average needs about 32 eV, which is 107 t0 10° of the particle

energy (assuming that the particle energy is in the MeV region). As a result of these many



small interaction processes, the particle will continuously slow down in the detector
material. The physical quantity that describes the slowing down of charged particles in
mater is the stopping power -dE/dx (or the stopping force used by some authors), where
dE is the energy lost in the distance dx. Stopping power is given in J/m or in keV/mm. The
energy lost by a particle in the distance dx is the energy transferred to the material so this
quantity is also called the linear energy transfer (LET).

Stopping power is proportional to the square of the charge of the incoming

r{’ to its velocity; thus the stopping power
ea /

S —
s@c energy loss is known as the

i

particle, Z , and it is inversely

increases as the particle ve&
The classical fow

Bethe-Bloch Formula, whi
that are large compared
The Bethe-Bloch f ditte ‘ avy and light particles:

- For heavy charg

-\’77"'_
l‘,l.,‘ L
_.i_,. e f‘:'

where U is ylé]pmty of the charged p

N is nurﬁer density 0
is rest ass of the electror’

ﬂu&q nﬂﬂjw&lmﬁd lonization potential

B is stopping number ¢

ARIANNTUUNIINYIA

—T:or light charged particles (electrons and positrons)

dE 27e’
S =" 8
dx m,v
B - {m %—(m 2)(«/1—ﬂ2 —1+ﬂ2)+1—,32 +%(1— 1—/32)2} (2.2)



For the charged particles with U<< ¢ (non-relativistic particles) only the first term
in the stopping number (B) equation is necessary. Equations 2.1 and 2.2 show that B
varies slowly with particle energy and is proportional to the atomic number (Z) of the
absorber material. Thus the stopping power varies as 1/1)2, or inversely with particle
energy.

The Bethe-Bloch formula also shows that higher-Z materials have greater stopping

powers. Table 2.1 demonstrated | values of various compounds.

Table 2.1 Mean ionization/ ex%ﬁotenn&r us compounds [10]

Compound I(eV)
Air (dry) 94
Water (liquid) 331
Water (vapor) 452
Muscle (skeletal) 68.7
Bone (compact) Y 65.1

2.1.3 Range-Energ lip

The general expres om{qg.hneap power (linear energy loss) for a

particle is expected toj iven medium.
] .

Semi=empirica ormulas express the range of charge particles as a function of

- anoerrzZ/ F@[Itllésﬂe range in ¢ alr at aEmper;Jre offl‘gand 760 mm pressure is
g've”bq”w"’m\‘j rpm AN Y

056 J (MeV ) E (4 MeV

Ry (om) = (2.3)
|1.24( ll ]E(Mev )—2.62(cm) 4MeV (E(8MeV
| MeV

The range (expressed as density thickness) of an Ol particles in any other
medium, R, is given by
0.00056 A"’

R, (em)= ———R,, (2.4)
Pm
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where A is the atomic mass number of the medium, R, is the range of the QL

particles in air, and P, is the density of the medium.

The proton range in air is defined as

R, (m)= [%} | for E, (few MeV —200 MeV ) (2.5)

The range of protons in aluminum is given by the semi-empirical formula

I[ 10.5E

R, (um)=10.68 +0.434
| _
(

14. . < 2.7MeV

[ E
Rair (m) = L
Nowadays, some sOftwa for the calculation of stopping
power and range of charged g ;;‘-' . The most well-known one is the
Al*ﬁ.:l’:” /

energies is used '.‘ i 5 substance (Fleischer et al.,

1964a; 1967a). For exa .7“! rves of the relative damage

caused by different iom as a functio eir velocitiemThe figure indicates the wide

variation respOéje, which extends from cellulose nitrate, which will register low energy

oI 19 0 hoberot Priis b it that thy wil ot

a
register argon even at its maximum iohization rate (Eleischer et al., 1966; 1967b) [3].

RN IUNAINGTRE

proton (Jones
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ENERGY / NUCLEON (MeV)
002525 10_20 100

200 300 500 1000 2000
e T — METEOQRITIC MINERALS

_____ Mich_ 1
U cm 4

DAICELL
CELL NIT. ==

1 1 1 1 1

“ 07 08 09 10

3 ;L_ U ‘ N § ‘é :
- 4 .‘Li " ": 2
Figure 2.3 , different.charged particles. [3]

——— ------------------ 'i:' to form an etchable track,

together with the ener@ of

often specific to a partigulg& formulation aag particles which form tracks in, say, one

cellulose nitraﬂpunﬁl @Wﬂnﬂ@cwg n’c}rfn]aﬁsimnar oolymer from a

different manufauturer In addition, r$g|strat|on behawor can be markedly influenced by

QAR TS AT B s o

to specific environments such as ultraviolet light and oxygen. Accordingly some overlap

0 n@ that the data for polymers is

between closely ranked detector materials may occur when these experimental

parameters are varied.
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Table 2.2 Sensitivity order of track detector materials ranked in qualitative classes [2]

Organic SSNTDs {polymeric)
‘Material Composition Smallest ionizing ion detected
principal repeating unit(s) (together with its eser gy where known)
Polyethylene [CH, |
Polvstyrene [CH, CH. C, H;[, Fragments from fission processes
Polyvinyichloride— CH‘_ﬁ' H EH, 47 MeV "5
vinylacetate co-palymer
m
Palyvinylchboride - CH,—C H,-C (1 42 MeY 75
vinylidenschloride [c
co-palymer
Polyethylens

Folyimide 36 MV 50
Polvoxymethylene 2B MeV 'R
Polypropylens - 1 MeV "He
Polyvinylchloride

Folymethylmethacrylate CE (5. 31 < ) R\ » 3 MeV *He
Cellulose esters ) H ==k s B fu IMeV *He
Cellulose acetate butyrate -

Cellulosa triacetate - where R, BT, d

Cellulose nitrate whan R = nitrate 0,35 MeV 'H

ﬂ‘UEJ\’JVIEJ‘Vl‘ﬁWEJ’]ﬂ‘i
QW?ﬂ\ﬂﬂ‘iﬂJ UA1AINYAY
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Table 2.3 Inorganic SSNTDs (minerals, crystals, glasses) [2]

2.1.4 Categories of grack-gtched detector

Etchable trackstaregformed in” a variety of materials. All are electrical insulators,
although some wide band gap semicondﬁ_ctors are also known to record tracks. The
materials falls into two main c¢ategories: inoﬁgénic solids such as crystals and glasses,
and organic solids, such as polymers. In the"fmil-'-st,._category, the most popular materials are
mica and flint glass, whereas polyoarbonat‘e‘» @QO_' polyester films are the most common

organic track-etch detectors. A list of the most useful materials is given in Table 2.4.

Table 2.4 The categories of track-etch detector [6]

Commonly Used:track etch materials
Atomic Compasition Least lonizing lon

Seen
Inorganic Materials
Quartz Sio, 100 MeW WAr
Phlogopite mica KMd, A1,8i;05,(0H),
Muscovite mica KAL;Siz054(0H), 2 MeV 20Ne
Silica glass Sio, 16 MeV PAF
Flint glass 18S5i0,:4Pb0:1.5Na0,:K0, 24 MeV 20Ne
Organic Materials
Polyethylene terephthalate
(Cranar, Melinex) C;H,0, 36 MeV 160
Bisphenol A-polycarbonate
(Lexan, Makrofol) CigH140; 0.3 MeV 9He
Polvmethyimethacrvlate
(Plexigalass, Lucite, C;H;0, 3 MeV 4He
Perspex)
Cellulose triacetate
(Cellit, Triafol-TKodacel ~ C3H,0,
TA-401 unplasticized)
Cellulose nitrate CeHy Oy N, 0.55 MeV 1H
(Daicell)
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Figure 2.4 demonstrated fission tracks from the same source **Cfina variety of

materials which can be viewed in a light microscope after chemical etching.

- - B

My the same source (252 Cf) in
feldspar; soda-lime glass; c¢) Lexan

entered are etched about 10 tlmes"@er;

et e et

surface that are Iargg}nough to be easﬂ{w&@mp

tic microscope.

e ratio V,/V, where V, is the

1 ot
rate of dissolution annE]he track an ulk etch ra@ of the detector surface remote
from any trackﬁ = geﬁe@ In the simplefifstance of aﬁrtlole penetrating a detector

RN 2‘§MJ’1

track and Vg is constant and isotrépic, then VA will be constant for short etching

ssance) WARTTTEUIEA LD Vo) S8 Ghots cvsonoti

quantmes from the competitive effects of V, and V; and become smaller as V;

normal to its ofi hj\/ is constant along the

approaches Vg and vice versa, i.e. both | and d decrease as V,/V, decreases. Hence, for
the situation envisaged in Figure 2.5:
I =(V; =Vt (2.2)

where t = etching time, and
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1y Vv T
v, v,

It can be seen that when V; =V, both | and d vanish, which is a required property

(2.3)

of these equations. Also the cone angle, as defined in Figure 2.5 is given by Eq. 2.4:

6 = sin (V% ] (2.4)

Qriginal surface

Etiched surface

L-?Tf
r
=
Figure 2.5 Track etching geos "m Voar \ '.‘ t for a vertically incident
particle. [3]

The geometry of the eto es more complicated if V. varies along
the track length, andjhls more realls reated by Fleischer et al. In
general terms, an incrgasing V; with ¢ a'Cone of increasing sharpness
the surfaces being COE withc vhile a decrﬁsing V. will give the opposite

effect, although the conegpgint remains shagp until V; has decreased virtually to the bulk

ammmﬂungﬂﬂﬁwaﬁﬂi

For the ore general case gf oblique par&ele incidence, &ky geometry is more

compi @R ST ELSEIRDRNE G Y )8 e tre orca

angle Gqc to a surface can be erased by the etching process. (Figure 2.6) Then the
incidence angle must exceed a critical angle in order to avoid its disappearance due to

the progressive etching of the normal surface.
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(c)

I’ L/ AL S AWl A
Figure 2.6 (a) Model offfracigeiching ir ;!l‘ n ace is removed at a velo-

city Vg an g'ddama " :'. 1 velocity V;, leading to a cone-shape pit.
(b) Tracks formed : an_;ﬁ ) less than the critical angle 0 . are not

revealed bgea e"tﬁé%“ 7 4

Irface advances faster than the etch rate
AI-I':' 3

(c) The case in wh;gbrji;g pa ters at the critical angle GC. Tracks

!-J' - =
—-‘Jz.f ‘r‘{-. -

than the critical angle will be

2.2.2. Factors iafluencing etch rate
In prlnéjle aé‘l;chmwal reeﬁjntlllll function as an etchant if it attacks a

b Qemﬂ |‘itwﬂo’n]ﬂmw§re optimized empirically

for each detector material. For mirerals and glasses, many etehants are based on

hydrof@r.ﬁc’}ﬁﬁ fh Gl cdkedlol bieJreb@hey outions of aikan

hyd rOX|des

detector at an

The etch rate of nuclear track etch in certain SSNTD depends on the following;
a) The nature, concentration, and temperature of the etchant used.
b) The time of etching
c) The environmental conditions existing before, during and after

irradiation.
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There have been many investigations to study the etching parameters for the more
common polymeric detectors. These have elucidated the influence of composition of the
etchants, its strength, its temperature and also degree of liquid agitation and various pre-

etching treatments on the development of track pits. Figure 2.7 and 2.8 are examples of

this extensive data. [2]

CsOH

RbOH

KOH
NaOH
LiOH

SN solution, of €

)

8

o,

-8,
=
oo
d?h“i

2
=%
-
=2
Lo
3‘
ngn etching rate |
_)
aJ)
==
=
_)
e
e

LicH

i I} L i 1 ']
o 2 4 6 B 1© 12
Normality

Figure 2.8 The effect of etchant concentration on the bulk etching rate of a cellulose

nitrate detector (Daicell) at 50°C. 2]
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Temperature and concentration of chemicals are variables that allow control of the
attack rate so that etching occurs, but not too rapidly, as illustrated by Figure 2.9 [3].

90°C  B0°C  70°C  60°C 50°C 40°C 30°C
1 | I | | |

10

POLYCARBONATE SILICONE

GENERAL ECTHING RATE [lo“ cn/m]
>
|

sl [ "
0. N 9 | _
& r 7- L

33

Figure 2.9 Etching .7- are of inverse temperature and

-

increase with con i ‘
The shape of t@traok changes drastically with @Ionged etching, going through
three phases: conical, of fransition, and sphérical (see Figure 2.10). The final geometry of

the etch pit pﬂ..ueﬁ o WLV ]od b ﬂ‘jhe chemical etohing s

stopped. The conlcal phase lasts until the etching reaches the endofithe damage trail. In
this phaewrslvaq \qu t‘ricmcgglc%’nq @\ %”Ej%& Hptical. When this
phase fiaishes, the transition phase starts in which the bottom of the track is being
rounded whereas the open surface is still elliptical. The etching rate is, then equal to the
bulk etch rate in all directions. The spherical phase is reached when the shape of the

track is spherical and its open surface circular [8].
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Original Surface

l Conical phase

\
\\/ Transition phase

[ —
—\:\/— Spherical phase

Fig. 2.10 The evolution of an etch pit profilewith.prolonged chemical etching. [8]

-

Polymer surfaces on expostre to| photo-radiation undergo various changes, either
alone or in combination, wsuallyof oxiéijative, ozonolysis, or thermal character which
causes chain scission and/or Crossl_inking. ‘Such effects lead to either localized or bulk
surface hardening, or#softening, d_eﬁendﬁ?’ht‘_on the dominant reaction in any specific
instance. Surface "hardgning’, ofteh causéld_ by heating or ageing, is usually associated
with a decrease in etching rate: \Z\/hile soﬁenmg' can cause a substantial increase.

add v ol

"Softening” agents observed; in addition to ultté_y_‘iolet light have been O,, H,O, , NO. The

moisture content of some detectors, as indicgafe_d,t_)y their storage humidity conditions, can

also affect the etchi_hg rates of a water-sensitive polymef'," 6.9. cellulose nitrate can be

made to double ité' etching rate. It has also been x_re'borted that the storage of
polycarbonate in liquid=itrogen prior to etching increases-its sensitivity to a particles.

A neutral environment ,of, vacuum or nitrogen .atmosphere decreases the track
etching rate, possibly by“oxygen ‘exelusion. it is usefdl to note that the detector cellulose
triacetate irradiated_in a vacuum will 'not display alpha particle tracks on etching but can
be sensitized after e@xposure toloxygen @thigh pressure (~ 100 atmi).

Cellulose nitrates, polycarbonates, polyethylene terephthalate all show increased
track etching rates on exposure to O,, NO, H,O, + ultraviolet light. Exceptionally, N,O+
ultraviolet decreases track etching rates.

The experimental consequences of these facts are that polycarbonates, after
irradiation, need protection from ultraviolet light sources such as sunlight and fluorescent

lights if it is important that their track etching properties be standardized. Cellulosics after
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irradiation need oxygen aeration, atmospheric pressure being satisfactory followed by
either prompt processing, or refrigeration, to suspend any chemical changes as in this
instance the etch rate slowly decreases with time and gradual polymer decomposition
occurs.

The various additives, anti-degradients, plasticizers, etc., used in formulating
polymer materials often considerably change their etching characteristics, rate variations
of 1 to 35 have been reported. In particular, the presence of an ultraviolet stabilizer is
recognized as suppressing the track-etching . properties of polymeric detectors by
conferring opacity to ultraviolet light.

In the case of crystalline materiaf‘s’, high doses of lightly ionizing radiation have so
far failed to alter measurables etching parameters. However, weathering, specific
annealing, and other thepmal effecis, do‘lplay influential roles in the etching of tracks in
inorganic detectors [2]. ek

Examples of some commanly used—":;soljd state nuclear track detectors are given in
Table 2.5 [8]. A list of chemi€al etchants géﬁgrglly used along with the etching conditions

for different detectors, particle sensitivity ah;'djﬁ_tt]e critical angle of etching are also given in

Table.

Table 2.5 Examples of etching-condition of SSNTDs. [11]

Category Detgcmri_ﬁane:alﬂnhing_ﬁnndiﬂnns__iiihtﬁt Critical

Material Detectable Angle Q;
. Particle
Minerals/ | Olivine KOH Saln., 160°C, 6 min, Fe
Crystals 10 % HF, 23°C, 30 sec. .
Zircon 85 % H3POs, 5005C; 1 min. Ca
Quartz KOH, Soln,, 2105C, 10,min. Ar (100 MeV) ,
Miga 48 %HF,239C, 315ec 40 min.|  ||NE120 Me) 4230
Glasses Sodalime glass 48 %HF,23°C, 3'Sec. Ne(20 MeV) ~50°
Phosphate glass | 48 % HF, 23°C, 3 Sec. F (20 MeV) 1-5°
Plastics Polycarbonate 6 N NaOH, 60°C, 60 min. He (0.3 MeV) ~2-3°
Plastics
(Lexan, Makrafol;
Milar)
Cellulose
Nitrate 3-6N NaOH, 50°C, 40 min. H (0.5 MeV) ~4-8°
(Daicell, LR-115,
CA-80-15)
Allyldiglycol
Polycarbonate 6 N NaOH, 70°C, 1-4 hrs. H (1.0 MeV) ~ 100
(CR-39)
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For a clear concept and practical use of the track formation phenomena one must
predict that at how much energy particles will produce etchable tracks under certain fixed
experimental conditions. Various scientists have suggested that track formation should be
related to number of different parameters. For an exact and precise analysis of track

formation phenomena, some of the important parameter taken into account is the

following
i) Charge, mass and velocity of the traversing ion.
i) The typical critical angle 0 with respect to surface of the detector.
iii) Types of the detectormaterial.
iv) Nature, concentra’&on, anhd temperature of the etchant

V) Etching time
Vi) Environmental coilnditions existing before, during and after

irrafiatibnd’ ' —="

_—

2.3. Applications of Track-gtched deteé:tors';

The areas of peotential appli_cationéj‘-»gfl_Solid State Nuclear Track Detectors are
growing rapidly. In 2006, P. Bufor@_ Prioé-_fif}ihad brief reviews of applications of the
nuclear track technique to" nuclear fusioni;ez’émic rays, molecular identification with
nanopores, imaging X-ray asttonomy, mé&ﬁét%e studies with nanowires, polymeric
nanowires, radon and jlaulmn_dgsjmeiu,_andihermochronélogy with *°U and “**Pu fission
tracks. These are some-applications of filtering from his revié:\)\/s.

2.3.1 Research and technology with nanopores in track-etch films

DeBlois#and Bean (1970)vand; coawerkers j(PeBloisand=Wesley, 1977; DeBlois et
al.,, 1977), who wuused a“single track-etched pore’in“a polycarbonate fiim to detect and
measure,sizes of, viruses dewn.to =40 nm;

In 1991 David Deamer<(U. C! Santa Cruz) and Daniel Branton=(Harvard) initiated

research on nanopore sequencing of single-stranded nucleic acids. They and their

colleagues hit upon the idea of using a cage-like molecule, OL-hemolysin, containing a
pore with an internal diameter of ~2.2 nm and a limiting aperture of 1.5 nm diameter. This
pore can be embedded in a lipid bilayer and an electrical field used to drive a single
strand of a charged DNA fragment through the pore. Although such membranes have

been successful in measuring long stretches of the same nucleotides, such as 30
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adenines followed by 70 cytosines (Kasianowicz et al., 1996; Akeson et al., 1999), current

research is aimed at identifying each nucleotide as it passes through the pore. One of

Deamer’s ideas is to use mica with a 6 nm single pore to support an Ol-hemolysin pore
and to slow the rate of passage of nucleic acid fragments to ~10" sec per base in order to
avoid blurring of signals. There is now considerable effort, especially among those who

use the Unilac heavy ion facility at Darmstadt, Germany, to develop synthetic nanopores

small enough to compete with Ol- hemolysin. Mara et al. (2004) have made a good start,
using asymmetric pores 2 to 4 nm in diameter in a polyimide film to distinguish double-
strand DNA fragments in the size range from.=~290 to ~4000 base pairs. Heins et al.
(2005) have recently shown that-a conigally shaped polyimide film with a single 4.5 nm
nanopore is able to detectsingle porphyri‘n molecules of diameter ~2 nm.

2.3.2 lon track filters for imaging )I{-ray astronomy

Mitrofanov and Apél (2006) have de(/eloped a blocking cut-off filter that rejects UV
and visible light from thefsun whi-leallo—{'/‘;virrg soft X-rays to penetrate the film. Three
identical filters capableof rejecting the 10?_;-y'm‘_es larger flux of solar UV and visible light
have been installed in the 'SPIRIT, teleségp_g assembly, which includes a Herschel
telescope-coronagraph and a R-itbh'ey— Chr@ﬁi‘telescope that have been operating on
board the Coronas-F satellite sinee 2001, Th:é’iﬁsltér—used is an 8.5-um-thick PET foil with a
density of 1.4 x 10 crﬁ"Q—etehed—tca@k\;gf—diarneter—'lT&pmiIan‘d with two-layer thin Al films
on each surface. It \;\fas optimized for detection of 13.5 tb’-30.4 nm X-rays. The UV and

visible light is cut off by"diffraction and absorption on the pore walls.

2.4 Neutron Interactions [12, 13]

Singesneutrons are-eleetrigally neutraly they-aresnotqaffected-pysthe electrons in an
atom or by the positive charge of nuclels. As'a consSequence, neutron passes through the
atomic electron cloud and interacts directly with the nucleus. In short, neutrons collide
with nuclei, not with atoms. A neutron can have many types of interactions with a nucleus.

Figure 2.11 shows the types of interactions.
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TOTAL
SCATTERING ABSORPTION
ELECTRO- i
| CLASTIC | [NELASTIC | [maaaienic | | SHARGED | [ NEUTRAL | | FISGION |
o ||
’ n,o n,3n)
(n.n) (nin’) {n.y) () (n.an) (n.f)
etc. etc.

Figure 2.11 Various categories of neutron interactions. The letters separated by commas
in the parentheses show the Fﬁcoming and outgoing particles. [13]

An interaction may be one.of tvvo major types scattering or absorption. When a
neutron is scattered by 3 ﬂuoleus its Spéed and direction change but the nucleus is left
with the same number of#p'rotons and neutrons it had before the interaction. The nucleus
will have some recoill veflocity and-it r:waya"berleft in an excited state that will lead to the

eventual release of radiation. When a neutron |s absorbed by a nucleus, a wide range of

radiations can be emitted.or flSSlon can be rnpuced

L N

2.4.1 Elastic scattering /" 7,

In this process the neutren: strikes: *the_,nucleus Wh|ch is almost always in its

ground state, the neu&ron reappears, and the nucleus lS left in its ground state. The

neutron in this case |s-sa|d to have been elastically scaTtered by the nucleus. In the
notation of nuclear reactions, this interaction is abbreviated by the symbol (n,n).
2.4.2 Inelastic seattering

This process‘is‘identical to 'elastic scattering“except that the nucleus is left in an
excited_state. Because energy.is retained by the ‘ntcleus,. this.is clearly an endothermic
interaction. Inelastic' scattering fis denoted by the syfbol (nn’).

2.4 .3 Electromagnetic or Radiative Capture

Here the neutron is captured by the nucleus, and one or more Y rays — called
capture 7Y rays- are emitted. This is an exothermic interaction and is denoted by (n,Y).
Since the original neutron is absorbed, this process is an example of a class of

interactions known as absorption reactions.
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2.4.4Charged Particle Reaction

Neutrons may also disappear as the result of absorption reactions of the type

(n,A) and (n,p). Such reactions may be either exothermic or endothermic.

2.4.5 Neutron producing reactions

Reactions of the type (n,2n) and (n,3n) occur with energetic neutrons. These
reactions are clearly endothermic since in the (n,2n) reaction one neutron and in the

(n,3n) reaction 2 neutrons are extracted from the struck nucleus.

2.4.6 Fission \'
Neutrons colliding WIth\Q% cause the nucleus to split apart- to

undergo fission.

2.5 Theory of Light [14/ v

Light is just onep

tic waves (Figure 2.12). The

electromagnetic spectrum €0 af € d range, from radio waves with

a meter. Optical radiati

Ultra® urln.:)let 380-770
100-400 nm-___ nm 1)-1,000;000 nm

5 67889

Wufﬂmﬂﬁ"wmm
L 1 i it TN (2N L

light to be filtered by wavelength or amplified coherently as in a laser.

5 6 789

In radiometry, light's propagating wavefront is modeled as a ray traveling in a
straight line. Lenses and mirrors redirect these rays along predictable paths. Wave effects
are insignificant in an incoherent, large scale optical system because the light waves are

randomly distributed and there are plenty of photons.
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2.5.1 Ultraviolet Light

Short wavelength UV light exhibits more quantum properties than its visible and
infrared counterparts.  Ultraviolet light is arbitrarily broken down into three bands,
according to its anecdotal effects (Figure 2.13). UV-A is the least harmful and most
commonly found type of UV light, because it has the least energy. UV-A light is often
called black light, and is used for its relative harmlessness and its ability to cause

fluorescent materials to emit visible light - thus appearing to glow in the dark. Most

phototherapy and tanning booths use “
CIE: / VB

-

»-'
-\\ L,
\*\\\

': -; \\‘Q *f&\

I\ 4 .ﬁ\ \‘\\‘w\

10 m“:‘:‘ 250 ‘w [I'Im} 400

, eAn | \
Figure 2.13 g—Ljn:r iole t be d- esignations. [14]
. r

UV-B is typically the mosi ctive of UV light, because it has enough
-'".5‘1:—:?':"-? BET o

energy to damage b‘ﬂ)gjc,aj tissues, yet nq \to be completely absorbed by

the atmosphere. UV=Bfis known to ¢ “!1"‘ most of the extraterrestrial
UV-B light is blockedmy the atmosphere, a small Chmge in the ozone layer could
dramatically mcriase the Qanier of skin “eancer. Short wavelength UV-C is almost

el ko o foinod ks Wi 8- protons colic wi

oxygen atoms, the energy exchangeéauses the formation of ozoneWV-C is almost never

ovsen®] AT QN WA BB s ae ot

used to purlfy air and water, because of their ability to kill bacteria.

2.5.2 Visible Light

completely ab

Visible light ranges in wavelength from approximately 400 nm to 700 nm. It is also
known as the optical spectrum of light. The wavelength (which is related to frequency and
energy) of the light determines the perceived color. The ranges of these different colors

are listed in the Table 2.6 below. Some sources vary these ranges pretty drastically, and
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the boundaries of them are somewhat approximate as they blend into each other. The
edges of the visible light spectrum blend into the ultraviolet and infrared levels of
radiation.

Table 2.6 The Visible light spectrum

The Visible light Spectrum

Color Wavelength (nm)

Red 625 - 740

590 - 625

Yellow A 565 - 590

0 - 565

Cyag / 1 ‘\\ 00,520
P BTG
vl 41 =" N

435

- ey

Most light that we integac vith & i f¢ of /te light, which contains many of

these entire wavelength ragge \&'@ -,‘ h|e light through a prism causes

3

r‘ &£
the wavelengths to bend at slightly«differe gles due to optical refraction. The resulting

i a—— )

Infrared light cmtains the least amount of energ@per photon of any other band
(Figure 2.14). ﬁﬁ f nergy required to pass
the detection @ﬂ ﬂrﬁwﬂ ?‘ g;)lﬂ ially measured using a
thermal_de ch iﬁ pe e change due to
absoerﬁjjéqaﬂﬁ “%ﬁﬁeﬁyﬁﬁ

=
3 . EE !
i 5 (FA1368 )
5 iﬁ
100 nm 1.0 pm 10.0 pm 100 pm 1.0 mm

Figure 2.14 The infrared spectrum. [14]
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While these thermal detectors have a very flat spectral responsivity, they suffer
from temperature sensitivity, and usually must be artificially cooled. Another strategy
employed by thermal detectors is to modulate incident light with a chopper. This allows
the detector to measure differentially between the dark (zero) and light states.

Quantum type detectors are often used in the near infrared, especially below 1100
nm. Specialized detectors such as InGaAs offer excellent responsivity from 850 to 1700
nm. Typical silicon photodiodes are not sensitive above 1100 nm. These types of
detectors are typically employed to measure a. known artificial near-IR source without
including long wavelength baekground ambient:

Since heat is a form of infrared light, far infrared detectors are sensitive to
environmental changes - su€h.as a person moving in the field of view. Night vision
equipment takes advantage of this effec;t, amplifying infrared to distinguish people and
machinery that are concealed.in the darkness.

Infrared is unique in that it--exhibii';s primarily wave properties. This can make it
much more difficult to maniptlate than ultréi?iplgt and visible light, infrared is more difficult
to focus with lenses, refracts |es_§_, diffrééﬁg-more, and is difficult to diffuse. Most
radiometric IR measurements aré-made Withé_'lﬁz{bnses, filters, or diffusers, relying on just
the bare detector to measure. incident irradiaﬁ”—ct:'e},‘:—:

2.5.4 Behavior-of Light

The behavior oflight pass through the matter can 56 divided to

2.5.4.1 Reflection

Reflectionis the-change-in,direction of @.wavefront at an interface between
two different media‘so that the wavefront returns intothe medium from which it originated.
Light reflecting off of a polished, or. mirrored surface obeys. the law, 0Of reflection: the angle
between'the incidentiray and the'normalito'the surface is equal'to'the-angle between the
reflected ray and the normal (Figure 2.15). When light obeys the law of reflection, it is
termed a specular reflection. Most hard polished (shiny) surfaces are primarily specular in
nature. Even transparent glass specularly reflects a portion of incoming light.

Many reflections are a combination of both diffuse and specular
components. One manifestation of this is a spread reflection, which has a dominant

directional component that is partially diffused by surface irregularities (Figure 2.16).


http://en.wikipedia.org/wiki/Wavefront
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2.5.4.2 Refraction -
s v

When light passe dissimilar materials, the rays bend and

change velocity slightly, fect called ref e 2:17). Refraction is dependent

on two factors: the incid J,, anc ndex, n of the material, as given

i
RN LR 17 £ Tk

01is the incident angle betwéen the light ray.and the normal.to the medium to

AT L AN IVIE TR E

n is the refractive index of the medium the light is entering,

by Snell’s law of refrao}@w:
(2.6)

02 is the refractive angle between the light ray and the normal to the medium to

medium interface
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enomeno is dependent on wavelength.

Light waves bend as th ; edge \\\Qﬁ“ or slit (Figure 2.18). This

(2.7)
where O is the diffraction an & '_ y ‘ rédiant energy, and D the aperture
diameter. This effect is negl' = i optical systems, but is exploited in
monochromators. A i grence of waves caused by

diffraction to separa :Vj; OV " lits then select the portion of
the spectrum to be measured. The narrower the slit, the 1[ rrower the bandwidth that can

be measured. Fiwever diffraction in the slifiifself limits the resolution that can ultimately

be achieved. qu’JVIEJ‘VISWEj’]ﬂi

QW']@Nﬂ‘mJ VI'TJV]EJWQ d
70

D

Figure 2.18 Diffraction of light. [14]
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2.5.4.4 Transmission

When a beam monochromatic light passes through a transparent
medium, part of the light is absorbed and the transmitted beam has a lower intensity
than the intensity of the incident beam. The light that does not get through is said to be

absorbed by the medium through which it passes.

Absorption by a filter glass varies with wavelength and filter thickness.

Bouger's law states the logarithmic reI

s ip between internal transmission at a given
wavelength and thickness.

)& /é (2.8)

as the‘;m through a filter glass after the

initial reflection losses dividi 'ternal transmission, T, by the

Internal transmittance,

reflection factor Pd.

When light passes itis often necessary to diffuse light,

either through transmissio (Figure | .15). Diffuse transmission can be
%___ - L
accomplished by transmlttmg. J/Tg—{}f “roughened quartz, flashed opal, or

!

“E oy

:i‘ " &
polytetraﬂuoroethyle.rﬁ\ PTFE, Teflon). lefjﬁ_l_‘(\/ﬁ avelength. Teflon is a poor

IR diffuser, but mak n excellent visi

is required for UV diffusion.

Integrating spheres arﬂoated with BasSO, or PTFE, Whiﬂ offer >97% reflectance over a

broad spectraﬁrﬁ ﬁﬁem Eje t | n. T ﬁﬁa ngs are, however, quite
expensive and!f i]y light through transmission or
reflection.

Qﬁﬁﬂﬂﬂ‘i%ﬁwﬂ NYIAE

Diffuse Transmission

Figure 2.19 Diffuse transmission and reflectance. [14]
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In 2007, Ali Mostofizadeh, Xiudong Sun and Mohammad Reza Kardan [15]
reviewed paper to summarize some advanced theoretical and experimental methods
applied in modern optics to develop some technical skills used in nuclear track studies.
One of his reviews mentioned that some researcher using optical model about light
transmission and light scattering phenomenon to describe the optical properties on
nuclear track. Grietz et al., 1998 explained about light scattering phenomenon by conical

and oblique etched track has been schematically shown in figure 2.16 and 2.17

07 L asnTéiuningnds

Figure 2.21 Geometry of an oblique tracks. [15]

His reviews mentioned about neutron and alpha particles etched tracks evaluation
using He-Ne laser. Al-Saad et al. (2001) attempted to apply He-Ne laser light to
investigate nuclear tracks of *Am alpha particles and Am-Be neutrons, registered by 250

pm CR-39 and 100 ym CN-85 foils. They used a photodiode as a light detector at the
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distance 10 cm from the SSNTDs for measuring light scattered by track apertures. Figure
2.18 and showed the behavior of light transmission through the CR-39 and CN-85 foils
irradiated by alpha particles and neutron in the normal incidence case (Oo) VErsus

chemical etching time, respectively.

10
i~ W\
Figure 2.22 Transmission of ser;@ﬁh ough the SSNTD's irradiated by O particle. [15]
e w2k

i

Figure 2.23 Transmission of laser light through the SSNTD's irradiated by neutron. [15]

The pattern of transmission of laser light through the SSNTD’ irradiated by neutron
is different from SSNTD’ irradiated by alpha particle. They stated that the different
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mechanism to generate fast-neutron-induced tracks in polymers can cause a different
feature for mention curves. Since nuclear tracks are in fact the particular damages in
polymeric structure of SSNTDs that are created by charge particles, neutrons (as
electrical neutral particles) cannot directly be able to create primary latent tracks.
Nonetheless, tracks are indirectly induced by neutrons based on creating of charged
induced recoil-particles in the polymeric structure. On the other hand, the productive
reactions of recoil-particles can occur anywhere inside the polymer volume along the
neutrons trajectory, so there is no necessaiily. that the related polymeric destruction
begins from the surface of polymer. Thereforeghew tracks are likely to be created due to
increase of etching time. 4

In this study, randaom*and asymmetric track-etch pores in polymer used as light
filter or diffuser films are" generated b‘y neutron. induced track-etch. Neutrons from
radioisotope source interact with hydrogén"'or nitrogen atoms of polymer via 'H (n,n)1H
and 'H (n,n’)wH. Proton tragks will be creat":‘;daon polymer. Their pore size and shape can

be varied in controllable"manner which in\i:cf}l_.\./erthe temperature, the concentration of the

etchant, and the etching duration. * B

2.6 Literature review i oA 4 -

In 1975, Nares.Chankow [16] used Cellulose nitrate”(CN) to register radon alpha
particles which diffused from uranium ore. In this study, he also varied the etching
condition. He found that the optimum etching conditions used were 10% solution of
NaOH, 60°C and 40 minutesetehing timey Andthe alphastrack.densities on the films were
proportional to the amount of uranium and radium in the ore.

ln 1981 ,~Stephens,~Richard, B. [[17]-patented abeut.low-reflectivity surfaces which
are formed by particle track'etching of*adielectric material~such that the horizontal scale
of surface texture is less than the wavelength of incident radiation and the depth of texture
is equal to or greater than said wavelength. As a consequence, the reflection coefficient is
thereby reduced by a factor of at least two, and light is more efficiently transmitted into the
material. For solar cells encapsulated in transparent material, efficiency of absorption of

solar radiation may be improved by at least about two times per etched surface, or to less



34

than about 2% for the air/transparent material interface and to less than about 15% for the
transparent material/solar cell interface.

In 1989, Hameed Ahmed Khan and Naeem Ahmed Khan [18] had a review article
Solid State Nuclear Track detection (SSNTD): A useful scientific tool for basic and applied
research. In this paper, very briefly, summarizes the useful contribution this technique has
made in the past and is making at present. The state of the art of applications of Solid
State Nuclear Track Detectors in fields like nuclear physics, geochronology, cosmology,
biology, bird altimetry, seismology, elemental analysis, material science, lithography, etc.
has been given.

In 1991, Michael A Gruntman J[19] reviewed a novel of the filtering of EUV
radiation for laboratory and.space applications. The relevant theoretical considerations as
well as available experimentalidata are bresented. Foils perforated by a set of parallel
channels with submicron diaméters seive-as wavelength dependent filters. Each channel
passes photons when thegwayvelength is Tr;huc:h smaller than the channel diameter. The
transmission of the channel drops dramatizoj_‘fél_.lilyj_however, when the wavelength becomes
comparable to or larger than the chénnel diéin_reﬂter. Several different ways to manufacture
such kind of filters are outlined,.including nd"iiéé‘r track filters, anodized metal films, and
microchannel plate technology—._,Ad'\/antageé.d-"—311'?s§)L disadvantages of each technique are

discussed. e —

In 1996, P. C. Popov and D. S. Pressyanov [20] ekposed Kodak-Pathe’ LR 115
type I, at 25 mm distah‘ce, to alpha particles of a spectrometric * pu source. After that
the detectors were!etchedrin 40%Na®OH <&t 60°Cfor 120 min.’ The estimation of track
densities is withinj 103-105 cm range. A modified SSNTD is placed in optical contact with
a prismyysodthatysensitivessurface~of the detectorfaced the .microscope, to assess the
internal reflection of a laser beam. They concluded that it Can be obstructed total internal
reflection of a laser beam.

In 2001, Nares Chankow, et al. [21] developed a technique for viewing Track-Etch
neutron radiographs using a desktop scanner with a nickel coated metal backing which
was placed on the scanner. It was found to be practical in viewing track-etch neutron

radiographs without any additional development or investment.
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In 2006, A.V. Mitrofanov, P.Yu. Apel [22] applied ion track filters as blocking cut-
off filters for solar telescopes in imaging X-ray astronomy. lon track membranes (ITMs)
were produced of polyethylene terephthalate (PET) foils with the thickness L of 5-25 um.
Specimens of the PET foils were irradiated with the 250 MeV Kr ions up to the track
density N of 10°~ 10° cm” on the U-400 cyclotron of the Flerov Laboratory of Nuclear
Reactions JINR. ITms of high-porosity constitute a randomly inhomogeneous medium with
sub-micrometer or micrometer open pores which not only transmits X-ray or extreme ultra
violet (EUV) radiation and blocks long-wavelength UV radiation, but also transfers a
focused imaging pattern with. high-quality” iofuriher registration by means of CCD or
imaging detectors of other types. X—rayland EUV filters based on ITMs with cylindrical
parallel pores were successfully*used as detector filters in the solar X-ray telescopes
designed and manufactured at'the [ ébedev Physical Institute of the Russian Academy of
Sciences (LPI, Moscow). : N

In 2006, A. V. Mitrefanov, P. Yu. A_\:pe_}, [. V. Blonskaya and O. L. Orelovitch [23]
found experimentally that parous _pquimidé:l_la.ng poly (ethylene naphthalate) membranes
made by chemical etching offion tra‘pks us'ihig_ra; scanning beam of 253-MeV *Kr ions on
the U-400 cyclotron (Flerov labaratory, Jointi_hét{tute of Nuclear Research) are promising
for optical diffraction filters and-supports jc;?-'thm—film filters used in X-ray astronomy
instruments and alse forlaboratonyapplications.-A-series-of large-pore membranes was
fabricated from Pl amd PEN films, and their parametérs were measured. These
membranes may be used as components of neutral-density optical filters in the soft X-ray
and vacuum ultraviolet spectnaliranges!

In 20074 All Mostofizadeh, Xiudong Sun and Mohammad Reza Kardan [13]
reviewed, to, summarizessomeadvanced theeretical~andrexperimental methods applied in
modern gptics to develop some technical skills used in nuclear track studies. They also
described the process of tracks appearance in solid state detectors, the theoretical
principles of light transmission through the polymeric detectors, some features of Fourier
optics, practical and experimental aspects of the subject including the applications of
coherent light in nuclear track evaluations.

In 2007, D. Nikezic and K.N. Yu [5] used a computer program called
TRACK_VISION 1.0 which was developed in their laboratory to simulate light propagation
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through the tracks and to calculate the brightness of all grid elements in the track wall.
Four different cases for light ray propagation through the etched track were studied in
detail. The track profile, optical appearance and distribution of scattered light were given
for three typical types of etched tracks. These laid the foundation for future automatic
determination of properties of the alpha particles producing the tracks through the
scattered light.

In 2008, D. Nikezic and K.N. Yu [24] continued their works about a computer

track materials. Their progra: g gwoutlined. This paper described the

program were given, includ ] the commonly employed nuclear

alpha particles.

AU INENTNEINS
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CHAPTER Il
EXPERIMENTAL PROCEDURE AND DEVELOPMENT
This chapter describes the design of experiments on producing proton tracks in
polymer as well as related experiments and associated measurements to study the

properties of track-tech polymer on light transmission. Parameters that might affect the

density, shape and size of the tracks are also experimentally investigated.
3.1 Equipment design and construction

3.1.1 Polymer 4

It is important to note.ihalspolymer is often specific to a particular formulation
and particles which formgtracks /in Tablé 2.4 in Chapter Il shows examples of some
commonly used solid state nuclegar track a:g’t;ectors. A list of chemical etchants generally
used along with the etching Conditi(;ns for éﬂ_i_fférent detectors, particle sensitivity and the
critical angle of etching are also Jg)ii\‘/en. T%ble 2.4 shows that polycarbonate plastics

(Lexan, Makrofol, Mylar) are séhsiﬁve to aiﬂha particles of energy < 0.3 MeV while

oy b
wd

[, LR-115, CA-80-15) énd allyldiglycol polycarbonate (CR-39) are

cellulose nitrate (Diapel
sensitive to proton partiele of energy < 0.5and 1.0 MeV, reépectively.

Fleischer et al.ﬁ‘mentioned that cellulose nitraté, cellulose acetate and UV-
sensitized Lexan! aré' sensitive ito protons of energy-up'to ~100 keV. The fraction of
atoms thatsare Hydragen .isy32-%=in jcellulase snitrate @and 45 % ip<Lexan. In a neutron
energy interval from perhaps 20 to 100 keV, tracks of recoiled protons produced in
elastic collisions with hydrogen in the plastic would be detectable [3].

In this study, many types of polymer such as cellulose nitrate, CR-39, CR-39
optical lens and sunshade polycarbonate plastic were first tested by irradiating with

neutrons from a Cf-252 source submerged in water to produce recoil proton tracks.The



38

Cf-252 source emitted neutrons at the rate of 4.54 x 10" n/s on 28" of June 2002 as
showed in part | of appendix A. In June 2010, when the irradiation was conducted, the
neutron emission rate was about 5 x 10°n/s. The result showed that after etching proton
tracks could be seen in CR-39, CR-39 optical lens and sunshade polycarbonate plastic.
Then a locally available polycarbonate plastic for sunshade, 1.5 mm thick was used as a

commercial PC because it is inexpensi easily available.

Polycarbonate (PC) N }emarked names Lexan, Makrolon,
Makroclear and others,
polycarbonate materi
(COCl,). The chemic

properties are showe

Table 3.1 Physical and@e;m

Préperty

Density (

RTRIN TN PREaahR

Me ing temperature (Tm) 267°C

3.1.2 Neutron Irradiation

The scope of this study mentioned that track formation process on films used
neutrons from radioisotope source via 1H(n, n)1H and 1H(n, n')1H reactions. The study

was designed to use neutron radioisotope source because it was easy to operate when
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compare to reactor and the maintenance cost is almost zero. The possible choices for
radioisotope neutron source are much more limited and are based on either
spontaneous fission or on nuclear reactions. The most common spontaneous fission
source is “°Cf. lts half life is 2.65 years is long enough to be reasonably convenient,
and the isotope is one of the most widely produced of all the transuranics. The
dominant decay mechanism is alpha decay, and the alpha emission rate is about 32
times that for spontaneous fission. The neutron yield is 0.116 n/s per Bg, where the
activity is the combined alpha and spontangous fission decay rate. On a unit mass
basis, 2.30 x 10° n/s are produced per microgramgof **Cf. The average neutron energy
is about 2.1 MeV, and the predominant é"nergy is about 0.7 MeV. The energy spectrum

of the neutron is showed as.Figuie 3.2 [Appendix Al

o

Q-‘

<R S
LS e

.| Relative inceréing

1yl

Figure 3.2 Neutron energy spectrums from the sponté'ﬁéous fission of Cf-252.

Nuclear reaction sradioisotope sourees generates neutron via (o, n) reaction.
Because energetic lalphal patticles @re lavailable fram the direct decay of a number of
convenient radionuclides, it is possgible to fabricate a small self-contained neutron
sourcefby imixing fan “alpha-emitting isotope with a Suitable target material. Several
different target materials can lead to (o, n) reactions for the alpha particle energies that
are readily available in radioactive decay. The maximum neutron yield is obtained when

beryllium is chosen as the target, and neutrons are produced through the reaction:
4 9 12 1
0+ ,Be —>  C"+n

which has a Q-value of + 5.71 MeV.
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Some of radioisotope (o, n) sources are 29 Pu-Be, 29 Pu-Be, 241Am—Be, 244Cm—Be,
etc. The “*Pu-Be source was the most widely used several years ago. However,
because about 16 g of the material is required for 1 Ci (3.7 x 1O1OBq) of activity, sources
of this type of a few centimeters in dimension are limited to about 10" n/s [6].
Nowadays, *'Am-Be is most widely used. Half-life of *'Am is 433 years. The energetic
neutrons are generated following an interaction between the alpha particle and the

target material’s nucleus and possess energies up to 10 MeV, with an average value of

~4 MeV. '
S\
In this study, cahfor 0|sotope source was used to be

neutron source due to |tw |SS|CI@S average neutron energy was
sce. wl. mentioned that a neutron

less than “"'Am-Be radioi

energy interval from per

28" of June 2002. Tk g‘qj Siof, 54 x 10" n/s [26]. Each of

ted neutron emission on June

ﬂf“a‘és Wh@ the maximum neutron flux in water

about 5 x 10* nfcm”.s. The specﬁf—rt‘éir_' h;dm—ls showed in Appendix A. Figure 3.3
R

2010 was approximately 5

Figure 3.3 lllustration of Cf-252 neutron source.

In this study, the Cf-252 neutron source was placed at the end of L shape

aluminum tube and sealed the end with aluminum plate. The diameter of tube was 0.8
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cm, 0.2 cm thickness and 40 cm length. Inside of aluminum tube inserted with acrylic

tube in order to fix Cf-252 source. (Shown as Figure 3.4)

L-shapealuminumtube

Acrylic Cf-252

Aluminum plate

raress ol ym na N INBANT e s
Wﬁ AR ANga Y

e aluminum tube with Cf-252 source was placed under water in a polyethylene
tank which was filled 1,000 liter of water. The diameter of inner tank was 105 cm and
height was 105 cm (Figure 3.5). PC chip was put in an aluminum box and placed the
box close to Cf-252 source in order to fix the distance of PC from the source. The proton

track density in PC was varied by changing the irradiation time.
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3.1.3 Etching conditions

After neutron irradiation, PC was etched to enlarge the latent tracks. From the
literature review, Table 2.4 in Chapter Il showed that the general etching condition of PC
for alpha track is 6 N NaOH at 60°C, 60 min. Some researchers [25, 26, and 27] used
PEW solution as the etchant for alpha track on PC. The PEW solution composed of 15%
KOH, 40% ethanol and 45% H,O.

The result from previous Q\ Appendix B] showed that the proper
etchant for proton track on P&&_‘ ‘ solution. The etching time of PEW
‘4

f etchant. In this study, the

etching time and temp , varle rent track sizes and shapes.

O — ——

Figure 3.6 Water bath with thermometer.
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3.1.3.2 The etching time of PC was increased 15 minutes in each step

from 15 to 90 minutes at the temperature 65, 70 and 75 °C in order to investigate track

shape and size.
3.1.4 Observation and measurement of proton tracks

Proton track on PC can be observed under an optical microscope equipped with
Motic Image Plus version 2.0 digital microscopy software (User's Manual is showed in

Appendix C). Figure 3.7 demonstka\g\v/p |Cal microscope equipped with Motic

Image software. This softwareq@g used to the track image and saved in jpeg
T

format. The magmﬁcah@al mKros@pproxmatey x100. Then the

captured track image wa >haracterize p rties of the tracks by using the

Imaged software which essing and analysis program (User's Manual

showed in Appendix D). 37‘ %h&qp?r ter settlngs of the software in analysis

, A
range of part'i‘léle size (me) was 1 to infinity

of the tracks were showed 61,3 8‘ 1?

and circularity of track

AR

Figure 3.7 Microscope with Motic image capture software.
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Analyze Particles

Size (um*2);
I~ Pixel Units

Circularity: | 0.50-1.00
Show

[V DisplayResults ™ Exclude on Edges
[V Clear Results [V Include Holes
V¥ Summarize [~ Record Starts

Figure 3.8 Parameter settings in anal S|s.’f prm as seen on the screen

of the Imagw .

3.1.5 Light trans i

Investigation o ms on transmission of visible

light, ultraviolet (UV) d by using a SPECTRUM

DETECTIVE Transmission smission meter displays energy

transmission values in three g,q_,r_ ' used for the three regions have a

365 nm, visible light with full weighted

peak response at the following an K‘j‘-;

‘J _.J', A

spectrum and infrare EbSO nm (Figure 3.9
fumm. T | ) mm
N ITIE i 1B5m
amaﬁﬂm et TR

Jal is showed in Appendix E.
AR

Figure 3.9 SPECTRUM DETECTIVE Transmission Meter SD2400.



CHAPTER IV

EXPERIMENTS AND RESULTS

The experiments were conducted to form the proton tracks on PC under various
conditions to estimate the correlation between the track density, average track size and
the percentage of light transmission in three ranges i.e. ultraviolet, visible light and
infrared. Track density was varied by varying irradiation time and track size and shape

4
were controlled by etching temperature and etoﬁjr_r).g time.

-

4.1 Formation of proton tracks using thermal neutrons from the Thai Research Reactor
\

This first step was to ir]_vestigateI proton track formation on PC, the effects of

etching temperature ant time. !%pur pieces of 2.5 cm x 5 cm PC chips were

irradiated with neutrons fr a- beam‘tu’be;désigned for.neutron radiography at the Thai
Research Reactor TRR- FJgure 4.1 1) fo5r 1 hour. The neutron flux was approximately

1.26 x 10° nfcm’.s W|t dm|um ratIO‘ of greater than 200 [30]. PEW solution

AR A
-:, F

containing 15% potassiu ydroxmle (KOH 40% ethyl alcohol (C,H,OH) and 45 %

water (H,O) was selected as the -etchant. T,heheutron irradiated PC chips were then

etched separately at different »-'temp'eratureé;u’-ﬁ'e.'—'% 70, 75 and 80 °C each for 60

£
minutes. The etched: track images_at _different Cond1t|onsawere shown in Figures 4.2 -

,_,-‘ E_J
4.3. —

 Neytron beam

Niradiation
posltlon

il i

. Boron

Paraffin borate
Bismuth

Reactor core

. Reactorwall Shutter

Figure 4.1 Diagram showing the thermal neutron beam for neutron radiography

at the Thai Research Reactor TRR1/M1.
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a) 65°C b) 70°C c) 75°C d) 80°C

Figure 4.2 Proton track images on PC (x 100) at different etching temperatures.

(d) 80°C

(a) 65°C

Figure 4.3 Unexposed Pg in at different temperatures.

The track density,0f eac 5 shown in table 4.1. It showed

that track density decreased ﬁ;g;e ng \ etching temperature. This was
e

because the etching rate at higl mer<temper: as faster than at lower temperature.

The etching time of 1 hour was. '30 9 - temperatures, thus some of proton

tracks nearer to the slface-were-aiready-removed-as-c¢ :'e be clearly seen in Figure

y_
4.2 from (a) to (d). Distﬂutio 0

at d ere@etohing temperatures i.e. 65,

70, 75 and 80°C was als@ shewn in Table 4.2.and Figure 4.4 -4.7.

AULINENITNEINT

Table 4.1 Track ‘densities at the dlfferent temperatures

a;%ﬂeﬂ“@tﬂ ) m@j%’]"] ﬂ Heﬁlté; E]ormation of

(tracks/ Cm proton tracks
65°C 1.68 x 10 3.70x 10°
70°C 1.56 x 10° 344 x10°
75°C 1.55x 10 3.41x10°

80°C 1.30x 10° 2.86x 10"
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For irradiation time of 1 hour, the neutron fluence or total neutrons at the
irradiation position was approximately 1.26 x 10°n/cm’.s x 3600 s = 4.54 x 10° n/cm”.
The sensitivity of PC to neutrons from the research reactor in formation of recoil proton

tracks could then be calculated. For example at 65°C, the sensitivity was (1.68 x 10°

tracks/cm’) =+ (4.54 x 10° n/cm’) = 3.70 x 10™°.

Table 4.2 Distribution of track diamete different temperatures

Track ‘%}? ber o ety ercentage (%)
diameter 7 | 7 v o o
. /5°C 80°C
(um)
2 3
3 11
4 10
5 8
6 15
7 19
8 6
9 8
10 3 4
LN 2
6 2
¢4 1 L 2
S I AIAAS S BA DL < W |
LR TANT IR HNTD | 3
q
15 0 1 5 1
16 0 0 2 1
17 0 0 1 0
18 0 0 1 0
>19 0 0 1 0




Figure 4.4

Mean = 6.47 ym
Median = 6.29 ym
SD=2.78

Min =2.07 ym
Max = 13.54 ym

Mean = 9.27 ym
Median = 8.56 ym
"SD =4.16
,,,,,,,,,,, -

of Min =2.31 ym
A ‘ M
— | Max=24.82pm

¥

ﬂ‘lJEJ’J‘VIEWI‘iWEJ’mi
QW’Wﬂﬂﬂ‘iﬂJNﬁ'}’mmaﬂ

“Figure 4.5

Distribution of track diameter at etching temperature 70°C.

9 emperature 65°C.
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Figure 4.6 Di

9

Mean = 7.58 um
Median = 6.74 pm
SD=3.75

Min =2.53 ym
Max = 23.76 ym

Mean = 8.65 pym

Median = 8.36 ym
SD =3.40
Min = 3.60 pm

“}*Max = 19.36 um
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Table 4.3 showed the mean, median, standard deviation (SD), minimum and

maximum values of track diameter in each etching temperature.



Table 4.3 Track diameter statistics for each etching temperatures

50

Track diameter (um)
Etching temperature
Mean Median SD Minimum | Maximum
65°C 6.47 6.29 2.78 2.07 13.54
70 °C 9.27 8.56 416 2.31 24.82
75 °C 7.58 6.74 3.75 2.53 23.76
80 °C 8.65 8.36 3.40 3.60 19.36

As illustrated in Figures 4.4 - 4.3 distribution of track diameter at the different
etching temperatures wassin“similar pattern but different in track diameter particularly
between 65°C and other etehing temperlatures. The track diameters at the 65°C were
mainly in the range off3 - # micrometers ,‘(pm) while the mean and median of track

diameter were 6.47 ym.and 6.29 um respectively. There was no track with the diamerter

greater than 15 pum. Distribution‘ of traék diameter at 70, 75 and 80 °C etching

temperatures was similar t@ at 65 onbut thé- évérage track diameters were larger.

T I

Light transmission through PC in three f_{p,gions, i.e. ultraviolet (UV), visible light

and infrared (IR), were Carrie_q out. Dy usir@"S_F’ECTRUM DETECTIVE Transmission

Meter SD2400 the I”e_S-L‘J'|’[S are shown in Table 4 .4.

Table 4.4 Percentage oflight transmission at the differenttemperatures

Percentage of transmission

Light

No PC o o o
region C. oeicn Coen . 65 26 70."C 75°C | 80°C

(Blank)
uv 100 0 0 0 0 0 0
Light 100 85 85 76 79 7 80
IR 100 91 92 83 84 83 87

Note : C  ..,= unexposed PC without etching
C .en = unexposed PC etched at the 80°C for 1 hr
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The results showed that PC itself could completely absorb UV while 85 % of
visible light and 92 % of IR could transmit through the etched-unexposed PC. This was
due to inherent property of PC. For etched PC having recoil proton tracks, percentage
of visible light and IR transmission decreased in comparison to the PC with no tracks. at

65, 70 and 75 °C were not different significantly. But the percentage of visible light

transmission were different. Light transmited track-etched PC at 65 °C less than the
other conditions. The probably reason was the bigger number of track density. The
percentage of visible light and IR transmission of PC at 80 °C was increased again due
to some of tracks on the surface were removed.

¥ |

4.2 Formation of proton tracks using neutrons from a Cf-252 source

252
(

Californium-251 Cifis' a Smél sealed neutron source normally used for
neutron activation analysis" (NAA), neUtroniﬁ'duced prompt gamma-ray analysis, neutron
radiography, moisture measurement, etc."‘;,lt ‘gives high neutron output, approximately
2.3 x 10° neutrons/second Rer mic_rogram, ffq_m,§pontaneous fission with a half-life of 2.6
years and the average neutron energy. of é;M_eV [Appendix Al. It is most practical for
use in producing track-etched PC as light filéjgi"'aj;ﬁd/or diffuser. This study is, therefore,
focused on using a Cf-252 sotirce: “The so:dr'(':"e"ét the time_ of this investigation (June,
2010) had the neutron-eutput-ef-appreximately-5-x 40-=nis WHich gave maximum thermal
neutron flux of about:5'x 10" n/cm”.s in water from the serce. Neutron flux at other
distances is shown in I;igure 3, Appendix A. Neutrons Virradiation was carried out by
placing 4 pieces|ofl PC.chips under water atya“desired” position:y The neutron irradiated

PC chips were“then etched under various conditions and tested as in the previous
experiment.

4:2.1 Effects of etching temperature and etching time

Theoretically, formation of recoil proton tracks is dependent on neutron energy
spectrum. As mentioned earlier, the cadmium ratio was about 200 for thermal neutrons
from the neutron radiography tube at the nuclear reactor. For the Cf-252 source, it has
been reported that the cadmium ratio was 10 — 20 [26] which was about 10 — 20 times
lower. This means the average thermal neutron energy in water from the Cf-252 was

higher. Formation of proton tracks and effects of etching temperature and etching time
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may be in different degrees. Therefore, the experiment had to be repeated to investigate
effects of etching temperature and etching time as well as to determine the sensitivity of
PC to neutrons.

Proton tracks on PC were created by irradiating with neutrons from the Cf-252 for
1 day. The maximum thermal neutron flux of about 5 x 10" n/cm’.s in water from the
source. Twenty four pieces of PC chips were put into an aluminum box and placed 1 cm
from the Cf-252 source in order to obtain the maximum neutron flux (as illustrated in

Figure 4.8). The selected etchant V\"/a&s Fsﬁijég solution using etching temperatures

varied from 65, 70 and 75°C and etching i d from 15, 30, 45, 60 and 90 minute
S —

(min). After etching, the wm.to Col lfn tra'is vvére-oBse’rved under an optical microscope

with magnification of XM j

K density and track diameter were then analyzed by
using the ImageJ softwage. Final Ifht transmission through the track-etched PC was

/ éEi:E'i",TIVE Transmission Meter SD2400. The
- -

é‘-reﬁul%inﬁlicated that at etching temperature 80°C,
ahid a2 il \ \
ﬁ_wge‘inc%sep due to too high temperature.

¥ A 9

measured by using the

results are shown in Tabl

track density decreased and tra

18t

Figure 4.8 Cf-252 neutron irradiation facility.

Figures 4.9 - 4.10 illustrate the images of proton tracks on PC chips at different

etching times at 65°C etching temperature. Figure 4.9 shows track images on the front
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side of the PC chips (closer to Cf-252 source) while Figure 4.10 shows track images on

the reverse side.

(d) 60 min. T f16:) | (f) 90 min.

Figure 4.9 Track images PC at different etching times

and etching

(d) 60 min. (e) 75 min. (f) 90 min.

Figure 4.10 Track images (x100) on the reverse side of PC at different etching times
and etching temperature 65°C.
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Figures 4.11 - 4.12 illustrate the images of proton tracks on PC chips at different

etching times at 70°C etching temperature. Figure 4.11 shows track images on the front
side of the PC chips (closer to Cf-252 source) while Figure 4.12 shows track images on

the reverse side.

(d) 60 min. &qg .75 min \ . () 90 min.
Figure 4.11 Track images OO)&_ fron! sid 0 C at different etching times
and etching temperature 70 ‘

]

(d) 60 min (e) 75 min. (f) 90 min.

Figure 4.12 Track images (x100) on the reverse side of PC at different etching times
and etching temperature 70°C.
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Figures 4.13 - 4.14 illustrate the images of proton tracks on PC chips at different

etching times at 75°C etching temperature. Figure 4.13 shows track images on the front
side of the PC chips (closer to Cf-252 source) while Figure 4.14 shows track images on

the reverse side.

(d) 60 min. | ,&;@G -, \ (f) 90 min.
W2 el
Figure 4.13 Track images (x100)0r e fre sid
and etching tempeérature 75°¢

4-_ =

Of PC  at different etching times

(&]15min

azy

]

(d) 60 min (e) 75 min (f) 90 min

Figure 4.14 Track images (x100) on the reverse side of PC at different etching times
and etching temperature 75°C.
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Track densities were observed and counted on both sides of each PC chip. The
track densities shown in Table 4.5 and Figure 4.15 are the total track density on both

sides of the chip.

Table 4.5 Track density at different etching times and etching temperatures

Track density (tracks/ sz)

Etching time 65° 70°C 75°C
15 o \gﬂM' .44 x 107 2.86x 107
30 ' ‘E‘ﬂ? %6 x 10° 3.60 x 10°
45 m 4.12x10°
60 6{;/7"3\\“ 3.01x10°
75 w/ﬁn 277X 2.37x10°
90

Iiﬁ’ \\Q\m 2.57 x 10°
llﬁ

d etching time

#F / _77
at'differe t‘-'etc peratures
= r ———65°C
4.50E+05 : _,',—4"
), 0 , —=—70°C
4.00E+05 = -q—o
— P — —=75C
£ 3.50E+05 W, .
(=]
£ 3.00E+05 ' . _—
S € if N
£ 2.50E+05 =g -
%’ 200E+0F1 - P U : .
5 a 8NN3
< 1.50E+0 - = L - - i
S Y
(=]
@ 1.00E+05 :
= L - — o

etching time (minute)
15 30 45 60 75 90

Figure 4.15 Relationship between track density and etching time at different

temperatures: 65, 70 and 75°C.
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The results showed that the optimum etching times for the maximum track
densities at etching temperatures 65, 70 and 75°C were 75, 60 and 45 minutes
respectively. At etching temperature of 70 and 75°C, the track densities increase with
increasing of the etching time up to the maximum values then level off. For prolong
etching time, the tracks on the surface were gradually removed resulting in decrease in
track density.

Tables 4.6 - 4.8 shows distribution of track diameter at etching temperatures 65,
70 and 75 °C respectively.

Table 4.6 Distribution of track diameter at etching temperature 65 °c
)

Track size Number of track in"percentage
(um) 15 min 80,min J"l45 min 60 min 75 min 90 min
1 302 577 4238 0:00 0.76 2.61
2 21,87 13357 11.90 12,93 10.98 8.96
3 31.37 17950 113.33 16.38 19.32 9.33
4 18.63 16.03 - #14.76 [\ " 418.53 17.42 18.66
5 12.75 _,-jpi.ﬂéb ‘-1_:6.,?_1,? 15.95 13.26 13.06
6 8.82| 10726 %%4 12.93 12.12 9.70
7 4196 8.33 6.67 olos 6.82 7.09
8 600 5.77 6.67 505 8.33 9.33
9 098 6.41 2.86 3.45 4.55 7.09
10 0.00 1.92 2:86 0.43 3.03 3.73
11 0.00 0.00 3.33 1072 0.38 3.36
12 0.00 0.64 0.95 0.43 0.76 2.24
13 0.00 6.0 1.43 0:86 0:38 1.87
14 0.00 0.00 0.48 0.43 0.00 0.37
15 0.00 0.00 0.48 0.00 0.38 0.75
16 0.00 0.00 0.00 0.43 0.00 0.00
17 0.00 0.00 0.00 0.00 0.76 0.75
18 0.00 0.64 0.48 0.43 0.76 112
>19 3.92 5.77 2.38 0.00 0.76 2.61




Table 4.7 Distribution of track diameter at etching temperature 70 °c

58

Track size Number of track in percentage
(um) 15 min 30 min 45 min 60 min 75 min 90 min
1 0.00 0.00 0.00 0.00 0.50 0.00
2 6.10 3.96 4.17 6.78 2.51 4.66
3 19.51 10.13 12.88 13.22 9.55 14.83
4 12.20 10.57 10.23 13.90 13.07 13.14
5 18.90 13.66 .42 10.85 7.54 13.56
6 10.37 969 | . 20 11.86 15.58 1017
7 10.98 10:57 10.23 7.46 9.55 7.20
8 10.98 925/ | 9.09 712 8.04 9.75
9 3.05 617 i 11.36 7.80 7.54 5.08
10 3.66 054 l 6.06 542 9.05 5.51
11 3.66 4."85- ) 4.9 3.39 2.51 2.54
12 0.61 896 580 4.07 5.03 2.97
13 000 | f 44t 83} 203 251 1.69
14 0.00 729 714 2.03 0.50 1.27
15 o] 12| ot 102 251 0.85
16 000 0.88 0.38 102 0.50 0.85
17 000 0.88 0.76 0.68 0.50 1.27
18 0.00 0.44 0.00 0.00 1.51 0.42
19 0.00 0.00 0.38 034 0.00 0.85
>20 0.00 0.00 0.00 1,02 1.51 3.39
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Table 4.8 Distribution of track diameter at etching temperature 75 °c

Track size Number of track in percentage
(um) 15 min 30 min 45 min 60 min 75 min 90 min
1 0.00 0.81 0.00 0.00 0.00 0.00
2 2.60 8.54 8.13 1.46 4.42 2.67
3 24.48 17.89 21.55 20.87 17.13 6.95
4 14.06 14.23 13.43 20.39 9.39 7.49
5 10.42 15.85 6.1 13.59 4.97 8.56
6 19.27 L7 || 12 6.80 4.42 13.37
7 10.94 813 10.25 10.19 2.76 8.02
8 7.81 6,91/ | \10.95 7.28 9.39 11.76
9 521 366 ]: . 3.89 4.37 6.63 8.02
10 3.66 2:85 _, 3%3 5.83 5.52 3.74
11 1.04 325 J 424 3.40 8.84 4.81
12 0.52 @5~ =8 1 41 1.94 6.08 4.81
13 0.00 | # 681 117] 0.49 6.63 5.35
14 0.00 04 ?59 1.46 1.66 6.95
15 0100 0.81 1.06 060 2.76 3.21
16 0100 0.00 0.35 049 1.10 0.53
17 0.00 0.41 0.00 0:49 1.66 1.60
18 0.00 0.00 0.35 0.49 0.55 1.07
19 0.00 0.00 0.35 0.00 2.21 0.53
>20 0.00 0.41 0.00 0.49 3.87 0.53

Figures 4.16 - 4.18 illustrate distribution track diameter in percentage at different

etching times and etching temperatures of 65, 70 and 75 °c, respectively.
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Figure %16 (a) demonstrated that trachdiameter in Wrter etching time
distribﬂdwr’n}laéaefe].ﬁw Zdn%q ’p]ellg W%:Ira @o&lFor the etching
time 15 rﬂin, track diameter distributed in 3-5 pm and no track diameter was larger than
10 um. When etching time increased, track diameter was larger due to prolonged

etching time led to transitional and spherical phase [8].



61

L]
=1
L]
=1

015 min

=
“1

=

“1

O30 min

-
=1

-

=1

distribution percentage (%)
distribution percentage (%)

=1
=1

11 13 15 17 19

Track diameter (um}

11 13 15 17 19

Track diameter (um}

L]
=1

=
“1

O60 min

-
=1

distribution percentage (%)

=1

N

11 13 15 17 1%
Track diameter (um}

(d)

L]
=1

=
“1

090 min

-
=1

distribution percentage (%)

=1

i
I 11 13 15
Track diameter (pm)

FA-]

11 13 15 17 19

Track diameter (um}

F.WQJAH.Q mﬂm NEDDA
1K) RSO3 HMIAN

f)

nt etching times.

s
EJa::J (@m&r distributed to

larger size than etchant temperature 65°C, etchng time 15 min. Mean of track diameter

was also larger.

The distribution of track diameter in other etching times distributed

randomly. When etching time increased, track diameter increased.
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same as‘at 70°C. When etching time increased, track diameter distributed to larger size

too. But distribution of track diameter at etching time 45 and 60 min were shifted to the
smaller value again due to some of new proton tracks in the PC was observed.
Table 4.9 -4.11 showed the mean, median, standard deviation (SD), minimum

and maximum values of track diameter in each etching time at etchant temperature 65,

70 and 75 °C, respectively.
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Table 4.9 Statistic values of track diameter in each etching time at 65°C

Track diameter (um)

Etching time (min) Mean Median SD Minimum  Maximum
15 5.01 4.57 1.49 219 10.32
30 6.17 5.69 2.64 219 19.75
45 6.92 6.66 3.10 2.31 25.66
60 7.00 6.23 2.57 3.02 19.29
75 6.79 3.19 2.43 31.63
90 7.57 3.39 219 19.57

Table 4.10 Statistic values of track diameter in each etching time at 70°C

A
Etching time (min) ﬂ//h\\\§ ~ Minimum  Maximum

15 2.31 12.17
30 2.53 18.70
45 2.19 19.72
60 2.19 24.88
75 1.64 23.20
90 2.19 32.13

Table 4.11 Statistic va

Etching time (min) Mean I\/Iedlan | Minimum  Maximum

ﬂumzmmwzm‘i by
ammﬁ%m S IR =

The mean and median of track diameter at 65 and 70°C in each etching time
were not different significant. But Mean and median of track diameter at 75°C in each

etching time were different significant.
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Table 4.12 showed percentage of light transmission at the different temperature.
All of track-etched PCs were decreased visible and IR transmissions compare to control
PC with etching and control without etching and with neutron irradiation. UV was
absorbed by thickness of PC. The transmission of visible light and IR at shorter etching
time was less effect than longer etching time. Those mean the distribution of track
diameter affect the transmission of visible light and IR. The results showed that PC with

variation of distribution of track diameter affect the transmission of light and IR.

Table 4.12 Percentage of lighttransmission at.ine different temperature

Etching time PerceJntage of transmission (%)
condition 652G KOS 75°C
Uv | Visiple | # IR dv | Visible fyIR Uv | Visible | IR
light : ; light light
No PC 100 | 1004°| £190+ | ' 1004 100 |, 100 | 100 | 100 | 100
C o o | & M P2l omleds | 2 | o 85 | o2
C..9mn | 0 | 84 Lot 0l 84 | 92 | o | 8 | 92
15 min 0 83 S ——= ;;-%82 89 0 83 91
30 min 0 | .82 | 90 0 ' & 88 0 82 90
45 min 0 |18 89 0 82 89 | o 81 88
60 min 0 80 88 0 80 |87 0 81 89
75 min 0 80 88 0 80 | 67 0 80 88
90 min 0 80 83 0 80 87 0 80 87
Note: C° ... NO etch was control PC without etching
Cl.nwas control PC with etching for 90/min

The transmission of UV through all of PCs was totally absorbed by inherent
properties of PC. Shorter etching time led to less track density and distribution of smaller
track diameter, it will not affect the transmission of visible light and IR. The distribution
within larger diameter and larger track density will increase the effect of transmission of

visible light and IR. But they were not different significant.
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From the above data of track density, distribution percentage of track diameter
and percentage of light transmission in each temperature was found that proton track on
PC affected percentage of visible light and infrared transmission.

.4.2.2 Variation condition of tracked-etch PC

Track-etched PC was formed in different condition of track density, etching time
and etchant temperature in order to correlate with transmission of light. The condition of
PC was divided into six conditions following as Table 4.13 to form the different track
size, shape (Figure 4.19) and track density (Table 4.14). In this study, track density and
size were analyzed only reverse side of PC.

¥ |

Table 4.13 Condition of neutron isradiation, etchant temperature and etching time

ifadiation time PEW(°C) etching time
condition 1 3/days 2 75 15 min
condition 2 3.days _; 4 70 15 min
condition 3 3 days 4 65 30 min
condition 4 '7§ays f;; 70 45 min
condition 5 IS hays = 7 70 35 min
condition 6 -~ =T days « R 70 60 min

Table 4.14 Track densities in various conditions

Track density op ene side Sensitivity in formation of
Conditién £ )
(tracks/ cm”) proton tracks
1 3.04 x 10° 23x10°
2 3.74 x10° 29x10°
3 3.85x 10° 3.0x10°
4 5.39 x 10° 1.8x10°
5 5.83 x 10° 45x10°
6 1.11 x10° 3.7 x10°

* = obtained from track density (tracks/cm2) divided by neutron fluence (n/cmz)
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Track density on PC condition 4 and 5 was more than condition 1-3 about 1 time

and condition 6 was more than condition 1-3 about 2 times .

Figure 4.19 Capture [ e reverse side in various

conditions™(a) condition 1, (b) condition 2, condition 3, (d) condition 4,

Ffﬂ?if’mw“%’wmm
TS BT A T

deviation (SD), minimum and maximum values of track diameter in each condition.



Table 4.15 Distribution of track diameter at different conditions

Track size Number of track in percentage (%)
(um) Condition | Condition | Condition | Condition | Condition | Condition
1 2 3 4 5 6
1 0.00 0.00 0.00 0.00 0.00 0.00
2 1.48 4.38 0.78 0.83 3.05 0.00
3 1.48 8.37 5.04 1.94 14.97 0.27
4 6.40 10:76 8.63 4.43 16.50 2.68
5 10.84 14.34 J23.26 24.38 16.50 11.54
6 12.32 1474 ?21.71 29.92 12.94 27.92
7 14.78 , 2 IG5 "I"15.5O 18.01 12.18 25.64
8 18.234" Asdl {191.57 9.97 11.17 15.44
9 13.704f £ dor | ;3'.14 6.37 4.82 8.05
10 8.37 568 AT 2,77 2.79 4.56
11 6.90 1804 fé?’?SJ 0.83 3.30 2.55
12 148 | 4 0807 O]CTQ 0.55 0.51 0.81
13 1.48 d'.é_tf_ 600 0.00 0.51 0.27
14 226 0.00 0.00 0:007, 0.25 0.00
15 0100 0.00 0.00 o.o_EL- 0.25 0.27
16 0.00:__‘ 0.00 0.00 0.00 0.25 0.00

Table 4.16 Statistic values ofitrack diameter in each iconditions

Track diameter (um)

Condition Mean Median SD Minimum [_Maximum
1 8.13 8.04 2.44 2.74 14.84
2 6.76 6.78 2.21 2.31 12.77
3 6.71 6.58 1,82 1.03 12.52
4 7.81 7.51 1.64 1.03 13.31
5 6.35 5.94 2.46 2.19 16.61
6 7.53 6.50 1.65 3.10 15.97

67



68

30 30
S5 - O condition 1__ S5 - O condition2_
S S
820 ©20
c c
3 3
515 515
[oN o
510 10
E E
30 g °
=) =)
0 - T i 0 '
Track diameter (um) Track diameter (um)
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
(b)
30
S5 O condition 4
[0
820
g
gls
510
2
% 5
° 0
Track diameter (um)
9 11 13 15
(d)
30
=25 0 Condition 6
(0]
820
g
gls
510
2
% 5
D 0 777777777777777777777
R (hrﬁ)
9 11 13 15
()

Fing; 4.20 Distribution o}track diameter for different conditions.

QOWﬁﬁq ¥t ﬁ@ﬁ%gj ﬁﬂy énfp istributon o

track didmeter in each condition were different. The distribution percentage of track
diameter can be divided into two patterns. First pattern was condition 1, 2 and 5. Track
diameters were distributed randomly in wide range of diameter. Their standard
deviations were 2.44, 2.21 and 2.46, respectively. Second pattern was condition 3, 4
and 6. Distribution of diameter in each condition was different from first pattern. It varied
within narrow range of track diameter. Their standard deviations were 1.82, 1.64 and

1.65, respectively.
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Table 4.17 showed percentage of transmission of UV, visible light and IR

through the different track-etched PCs.

Table 4.17 Percentage of light transmission at different conditions

Percentage of transmission (%)
noPC | C .. Coy | #1 #2 | #3 | #4 | #5 #6
uv 100 0 0 . 0 0 0 0 0 0
Light 100 85 84" )%/ ifp7e | 80 | 81 | 77 72
IR 100 91 W0 gl 88 | 90 | 84 | 80

[
The simplified experlme'n‘t,m tran&ﬁgﬁn of laser pointer beam was set to

observe the effect of 1Iaser Ilght"TFansm}ssmfﬁ“'ﬁF@ure 4, 21) The wavelenght of laser

a
S o~ y

Figure 4.21 Setting of experiment on transmission of laser beam from laser pointer.
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(b) . (c)
. (f)
. (i)

Figure 4.22 Projected image of laser pointer beam transmitted through track-etched PC

in various=cenditions=—(a)-No—PC;—(b)=PE- with etching, (c) PC with
neutronirrédiation, without etching, (d) condition 1, (e) condition 2, (f)

condition 3; (g) condition 4, (h) condition 5 and (i) condition 6.

Projectedlimages of laser pointer beam transmitted through track-etched PC in
various”cofditions «Werel analyzed-by dsing plot profileofimaged “software in order to

change to intensity profile. It was shown as Figure 4.23.
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Figure 4.23 Intensity profile o,—.;..- age of laser pointer beam transmitted

through-t

The results shcmed that the projected image oaser beam transmission was
related to the pergent ‘ﬁ r i sﬁ(' table.4. jected image of laser
beam of No Pfjjgﬂiﬁto in?[ﬁi] \ rﬂ)ﬁgeﬁ 5with condition 5 and 6
diffused.la inter b m etﬂ conditiontof No P dﬁ’ ith etching about
3 times. qrﬁﬁﬁihﬁ ﬁl&ﬁﬁlﬁrﬂﬂi\j 2 igondition 4. The
result corresponded with the percentage of IR transmission.

4.2.3 Reproducibility test

The reproducibility test was performed by comparing analysis data of three
track-etched PCs irradiated and etched with the same condition in terms of track

density, track diameter distribution, mean, median, SD of track diameter and
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transmission of UV, visible light and IR. Three pieces of PC chips were irradiated with

neutron from Cf-252 source 1day and etched PEW solution at etchant temperature

70°C, 1 hr. The analyzed data were shown in Figure 4.24 and Table 4.18.

Table 4.18 Comparison data of Track density, mean, median, SD and transmission

percentage of UV, visible light and IR

PC no. 1 PC no. 2 PC no. 3

Track density ( tracks/cm w 10°  4.08x 10° 4.11x10°

Mean ( 7.21 6.97
,d

Median ( QG.BS 6.25

SD 3.1 . 3.33 2.87

Minimum 19 2.83

Maximum = - 20. 19.22

Transmission percéntage fﬁk [’"

mddl i

- Ultraviolet &‘tg{:
, ALl ’

r -t*‘fn | 84 84

- visible lig

- Infrared — , 87
=577
The results *"_-._:__: ---------- j:' edian of track diameter of
track-etched PC no. ﬂdi ere 20 meo. 1 and 2 less than 5%.

Transmission of UV, V|S|bI<‘= ght and IR of all cond|t|ons were not different significant.

e Epddbodd 1) NIWEANT oo

PCs were 5 i Distribution of track G‘|ameter of tra€k-etched PC nold and 2 were same

ptar bl ko ks . sl Dy
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4.3 Physical properties te

e = —

O —— ]

In this study, two C-with etching and original PC

| |
H and impact strength tests in
order to obs ﬂeﬁﬁj ﬂﬁfﬁﬂ aﬂ:ied by Scientific and
Technological@s r E yj ter, c:l) 0 niversity and impact
reports we h nﬁ
q

chips were tested physical properties in terms of tensio

Depa t% cienc i n k(ﬁ iland. The test
ﬁﬁmﬂﬁﬁﬁiﬁtﬁrﬁx ﬂtress of tensile
strength test. The results were not different significant. In part of impact strength test,
there was limitation of a hammer load of test at Department of Science service, the

maximum load was 22 J. the results showed the impact strength of all of PC conditions

were bigger than 22 J or 150 J/cm”.
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Table 4.19 Tensile strength test

PC conditions Tensile strength test: Maximum

Stress (kgf/me)

Original PC:
Piece no. 1 5.15
Piece no. 2 6.41

PC with etched 1 hr:

Piece no. 1 6.32
Piece no. 2 6.35
PC with neutron irradiated 3«day«and etched 1 hr:

Piece no. 1 ) 6.01

Piece no. 2 ‘ - 543

s
4.4 Design of a Cf-252 npeutron irradiation facility
From this investigation, it cauld be'_.:-(':'pn"cluded that track-etched polycarbonate

can be produced by irradiating. PC. wilh ;thé:,n:_mal neutrons from a Cf-252 source.
However, for the source usegl__j_n_ this rese:a‘,-_zh;,_the irradiation time about 3 days is
practically too long fer:manufacturing track-etched PC.The source used in this research
had originally neutron:e_mission rate of 4.54 x 10" neutrons ber second (n/s) on 28" of
June 2002 as shown in=Figure 3, Appendix A. The emission rate in June 2010 when the
experiment was-conducted-the, neutron, emissionrate was-approximately 5 x 10 ° ns.
The maximum heutron flux in"water'was' therefore‘only about™s X 10" n/cm”.s which was
about 100 times_lower than_that from the research feactor. Therefore; the Cf-252 source
strength 'needs to be increased for'production purpose. ' The sensitivities to neutrons in
formation of recoil proton tracks at 1 cm from Cf-252 source were found to be in the
range of 1.8 x 107 to 4.5 x 10" as shown in Table 4.14 which were close to the sensitivity
of CR39 track-etched detector in formation of recoil proton tracks of 1.2 x 10° as
claimed by G. Dajko [31].

The following calculation and design of a Cf-252 neutron irradiation facility is

based on 400 ng Cf-252 which gives off 9.2 x 10° neutrons per second. The maximum
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neutron flux in water can be obtained from the thermalization factor of Cf-252 which
equals 100 [32]. So, the maximum flux equals 9.2 x 10%/100 = 9.2 x 10°. It can be also
calculated by using a factor obtained from the graph for Cf-252, at a desired distance
from the source, in Figure 3 in Appendix B. For example at 1 cm, the factor is 1.1 x 107

n/cm’.s per neutron emitted from the source. Thus the maximum neutron flux is about

9.2 x 10° x 1.1 x 10° = 1 x 10" n/cm".s which is about the same as obtained from the
graph and about 8 times of the neutron flux from the neutron beam for neutron
radiography at the Thai Research Reactor in 4.1 (Formation of proton tracks using
thermal neutrons from the Thai Research Reactor« Practically, if the irradiation position
is moved further from the source, Iargeeriece of PC can be placed around the source
for neutron irradiation but the*neutron flux will be decreased. For example, at 10 cm from
the source neutron flux will berabout 4 x‘11 0° x 92 x 10° = 3.68 x 10° n/cm”.s which is
about 3 times of the neuifon flux from thé heutron radiography beam port at the Thai
Research Reactor. For neutron moderétor l‘;apa:rt from water (such as transformer oil, low
density polyethylene or‘high'density _polyetﬁ_‘y,_ller)__e), neutron flux can be further increased
by a factor of 1.1 to 1.8 [32] as shown in Fig'hje_{l, Appendix A.

The irradiation time' with'-400 ng Cf—T25’Z source will be greatly reduced. For
example, irradiation time of 3 days is needédi-'féi‘i“‘the source used in this research. The
irradiation time with aZ400-pg-Ci-262-50uiee-Wil-be-(o 0" x 3)/3.68 x 10 © = 586
minutes which is abou-t 1 hour.

Figures 4.26 aﬁd 4.27 illustrate the design of neutron irradiation. Design of
neutron irradiation“by using 1CiH252 source=in: water, ‘Cf-26R“source is placed in the
middle of waterfank. In this design, four pieces of PC sheets can be placed around the
sources with “they distances10=cm from [thel sOurCe. (lThetather 43S, design of neutron
irradiation by using Cf-252 source in a polyethylene cube in order to increase the
neutron flux. The picture shows four pieces of PC sheet are put on the windows, the

other two pieces of PC sheets was put on the anterior and posterior windows.
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CHAPTER V

CONCLUSION AND DISCUSSION

5.1 Conclusion and discussion

The applications of nuclear tracks have been developed and applied in a wide
variety of technical fields. Recently, one of the most attractive aspects of nuclear track-
etch is the investigation of optical properties of nuclear tracks. Many researchers are
interested in the investigation of optical properties of nuclear tracks in order to describe
the process of track appearance in solid siaterdetectors. The main objective of this
dissertation is to create proton.tracks in.thin sheet of polymer to be used as a light filter
or light diffuser. This is based on light scatterings Dy nuclear tracks which depend
mainly upon track density and track size. ‘lThe track density is directly proportional to the
number of neutrons iMpinging ¥pen the plastic sheet while'the track size depends upon

the type and energy ofi€harged particles a"s’vyell as the etehing condition.
’ ;i ')

These studies presented-simplified and econemical development of light filter
film from track-etch polymer. A Ioca-lvky availéé‘le. polycarbonate plastic for sunshade, 1.5

mm thick, was used as a commereial PC because it was inexpensive and available. It is

a versatile and tough,plastic uséd for a var'ié-t'y*c'ﬁ”applications. It is commonly used to

make sun shelter andawhing: The maif advantage of polycarbonate over other types of
plastic is the unbeatablé_ strength combined with light weight.

The study could:be concluded as follows: :

5.1.1 Fermation of proton tracks using thermal neutrons from the Thai Research
Reactor

Therstudy showed: that variation of: etehingytemperdture affected track density
and distribution of track diameter. Track density at lower temperature of etchant was
larger than that at higher temperature of etchant due to lower etching rate
corresponding to Figure 2.9, which mentioned that etching rates are typically
exponential functions of inverse temperature and increase with concentration [3].
Higher etching rate causes removal of some of tracks on the surface of PC. Track
diameters at lower temperature were distributed within small size.  When the

temperature increased, the distribution of track diameter was shifted to large size due to
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etching condition reaching to transitional phase and spherical phase. This was
demonstrated in Figures 2.7 and 2.10 in Chapter Il. Variation of track density and
distribution of track diameter led to variation of transmission of visible light and infrared.
The mean and standard deviation of distributions (SD) of track diameters at 65, 70, 75
and 80°C were within 6.47 + 2.78, 9.27 + 4.16, 7.58 + 3.75 and 8.65 + 3.40 um,

respectively. The most variation of the distribution of track diameter was track-etched

PC at 70°C. The minimum diameter was 2.31 pm and the maximum diameter was 24.82
pm.
In case of transmission of UV, PC can‘totally absorb by itself due to its inherent

3
property. In this study, the maximum effect on the transmission of visible light and

infrared were seen in tragk=etched PC atitemperature 65°C. The calculated percentage
differences of maximumeeffect of transn:lﬁission of visible light and IR through proton
track-etched PC chips decreased é'bout';éﬁ% and 17% compare to without PC and
about 11% and 9% compare to t'hroughl'}or‘lginal control PC, respectively. It can be
concluded that temperaturg of etchant affééte@l track density and distribution of track
diameter leading to variation in transknissioﬁ:éf-,\(isible light and IR.

; aesd

5.1.2 Formation of profdn'tréCks usir{é'ﬁeﬁt’rons from a Cf-252 source

5.1.2/1 Efiecis-of-eiching-temperature-and-eiching time

The stUdy on variation of etching temperaturg and etching time with fixed
irradiation condition Wasz-performed to observe the correlation of etching condition, track
density and distribution.of track diametér including percentage‘transmission of light. The
results showed that track density at 65°C continuously increased and became constant
at etching “time of (5 minute,~whereas track density“at 70%¢ and) 759C increased to
maximur values at etching time of 45 minute and 60 minute, respectively. Then, track
density decreased and increased again because some of the tracks were removed,
allowing new tracks to be observed. Neutrons from Cf-252 source induced random
formation of proton tracks. The productive reactions of recoil-proton can occur anywhere
inside the polymer volume along the neutrons trajectories depending upon neutron
energy, so new tracks are probably created due to the increasing in etching condition

[13].
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The study of distribution of track diameter showed that track diameter at

65°C for 15 minutes distributed within small diameter. Mean and SD of track diameter
were 5.01 £ 1.49 um. The minimum and maximum diameters were 2.19 and 10.32 um,
respectively. When etching time increased, some of track diameters distributed to larger
size, leading to increased mean and SD of track diameter. The maximum mean and SD
of track diameter was found at etching time 90 minute with the value 7.57 + 3.39 pum.
The mean and SD of track diameter at 45, 60 and 75 minutes were not different
significantly.

The mean and'SD of track diamcief'at 70°C, etching time of 15 minutes
were 6.02 £ 2.39 micrometer...\When tﬁe etehing time increased, the mean of track
diameter did not change significantly. Bu‘g the SD of track diameter was slightly different.

The maximum variation ofi'the mean and SD of track diameter was found
in PC with etchant tempegrature ,of 75?0 é_lpd at etching time of 75 minutes. The mean
and SD were 9.12 + 5.11qumy Figure 4.18"}shbvved that track diameter in each etching
time distributed randomly. =

Results of transmission of dV-;‘«visibIe light and IR showed that UV was
totally absorbed by PC. The célbu]ated pen_cer]ﬁage difference of maximum effect of
transmission of visible light an IR tHrough t;?;if:l{f'étbhed PC.decreased about 20% and
12% compared to withott-PC and about 6% and 4% Compéred to through original PC,
respectively. The stuc-iy'found that transmissions of visible: light and IR through track-
etched PC with etchiné time longer than 30 minutes ai every temperature were not
different significantly, leading to no difference in transmissian of visible light and IR.

Itican be concluded that transmission of visible and IR through track-
etched ,RC: with |ai<iew*track density ‘and small ‘track’ diameter -distribution were not
affected,"because there was more area with no proton track on PC with a few track
density and small track diameter distribution, leading to transmission of visible light and
IR can transmit through PC. When the etching time increased, track diameter was
distributed within larger size reducing area with no proton track. It also increased the

effect of transmission of visible light and IR.
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5.1.2.2 Variation condition of tracked-etch PC

Track-etched PCs with different track density and distribution of track
diameter were observed for the effect of transmission of light to evaluate the proper
condition to create a filter or diffuser film. Neutron irradiation time was varied to form
various track density and etching condition was also varied to create the different

distribution of track diameter. The results showed that PC with condition 6 (Track density

1.11 x 10° tracks/cm’, neutron irradiation tiles7 days, etched with PEW 70°C, 60 min.)
demonstrated the maximum effect of transmission«of visible light and IR, and PC with
condition 4 (Track density5.:39 % 10° traé'ks/cmz, neutron irradiation time 7 days, etched
with PEW 70°C, 45 min.e=showed the, minimum effect. The calculated percentage
difference of maximum efiect of transmiséion of visible light and IR through track-etched
PC decreased about 28% and 20%‘Wheﬁ 6ompare to without PC and about 15% and
12% compare to through original PCE respectively. The calculated percentage
difference of minimum effect of transmissidﬁ of _visible light and IR through track-etched
PC decreased about 19% and 10% when coghpare to without PC and about 5% and 1%
compare to through original PC, respechvety z

The results_showed ‘that for‘f'th&same tra(_:k density such as PC with
conditions 2 (Track depsiiry—s.—m—x—mitcaeks#cnf, neutronirfadiation time 3 days, etched
with PEW 70°C, 15 rﬁin'.) and condition 3 (Track density 3.55 x 10° tracks/cm’, neutron
irradiation time 3 days,:(-etched with PEW 65°C, 30 min.) :or PC with conditions 4 and 5

(Track density 5183 x 10’ fracks/em’,| neutron irradiation itime 3 days, etched with PEW

70°C, 35 min.),“transmission of visible light and IR  through PC with higher SD
decreased more |thansthat" with, lower SD. It"was ‘demonstrated that at the same track
density, RC with wide distribution of track diameter affected transmission of visible light
and IR more than narrow distribution of track diameter. For the same distribution of track
diameter or same the SD such as PC with conditions 2 and 5 or PC with conditions 4
and 6, transmission of visible light and IR through PC with higher track density
decreased more than that lower with track density. It can be concluded that variation of
track density and distribution of track diameter affected transmission of visible light and

IR.
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For the experiment of transmission of laser beam from a laser pointer, the
results showed that track-etched PC can diffuse laser pointer beam 1-3 times. PC with
conditions 5 and 6 showed the maximum diffusion of laser pointer beam. The minimum
diffusion effect was PC with condition 4. The result of transmission of IR was similar. It
can be explained by optical model that when light passes through proton track on PC,
light will be scattered. Different track sizes and shapes caused different scattering
patterns. Groetz et al. [13] performed the scatter pattern in geometries of conical track
and oblique track [Figure 2.20-2.21]. The result corresponded with the study of Al-Saad
et al., [13] which demonstrated the effect of iransmission of He-Ne laser light through
proton track-etched PC with varying etcﬁ‘ing time. The relation was illustrated in Figure
2.23 in Chapter II.

From the above data, it can be coneluded that PC with proton track
cannot properly be used as a filter because of less effect on transmission of visible light
and IR but it can be used as a/light diﬁ[u;ser. Recently, PC plastic is widely used as
sunshade, skylight and‘Coverway. Track—éf@;hqd PC can be used instead of normal PC
or combined with a lamp*in arder t,lol difquéJ{li_ght. IR diffusion decreases or distributes

heat. i £,

5.2 Limitation

Limitations of tﬁhiwéi study are as follows:

5.2.1 Manual e\zaluation of track properties such as track size, track shape and
track density is tedious andsmay cause human errors. An appropriate track evaluation
software is required {0 obtain-a better result and ta save time.

5.2.3 This study could not define relation. of track shape,, track length and

transmission of light' due to limitation of analysis method and facilities.

5.3 Suggestion

Suggestions are as follows:

5.3.1 More accurate equipment and method for analysis of the track properties
should be employed. It will perform appropriate analysis of track characteristics

including track length and shape which affect the properties of light transmission.
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5.3.2 Use stronger activity of neutron source for irradiation, as the irradiation time
will be reduced.

5.3.3 In case of using stirring technique for etching or adding the sensitizer, it
will decrease the etching time. The effect of sensitizers on the etching should be studied
in laboratory in the future. These factors might play an important role in the quality of
proton tracks.

5.3.4 In this study, physical properties in terms of tensile strength and impact

strength were evaluated but the ange between original and track-etched

PC. However, other physical g ' S éding strength, impact strength, etc.
- ——

should also be tested.

5.3.5 ltis interesting™a etching at low temperature due to high

track to bulk etching rate nuch lo “»-_,; time but it can be performed

without a heat source, wi on. doing so, track length will be

increased and may affect ligh Sic on in some extend.

Yr

b Loty
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Appendix A: Cf-252 Neutron source

Figure 1 Specification of Californium source
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Figure 2 Thermal neutron flux distributions (experimental) produced by various

accelerator neutron source in a water moderator [32].
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Figure 3 Thermal neutron flux distributions (experimental) produced by various

radioisotope neutron source in a water moderator [32].
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Figure 4 Peak thermal neutron flux produced and various density of hydrogen

atom
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Appendix B: Previous study

Proton track using thermal neutron from Thai research reactor on polycarbonate plastic

at different etchant condition
This previous experiment, polycarbonate was irradiated with thermal neutron

from Thai research reactor for 60 and 100 min. The etchant conditions were NaOH

6.25N at 70°C and 90°C and PEW at 70°C.

Conditi ;j;-;.?};\il// “liradiated 1 h | Irradiated 2

\Z

|

The results sh-med that proton track at PEW 5*‘ tion at 70°C can observed

better than botﬁfﬁoﬁéﬁiwy 7] ‘s:'w Ej ,] ﬂ i,
RINNIUUNIININY
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Appendix C: Motic MC1000

1. Before using Motic MC1000, select MC1000Camera.exe from the Settings options.
2. Upon starting MC1000, the Exposure and White Balance operations will be carried
out automatically to make the quality and color of images in the Preview window similar

to those of actual images. The interface will then

appear as it does on the left 3. Throug

N

" trol panel easily alter the quality and
effects of the image shown in the Preview: é

‘h.‘

3. Through the Control pa she nd effects of the image shown in

-

the Preview window.
Vv,

JE—)
e | to capture the real-time image

4. From the Toolbar, olil%q the Capture button
¢ o

shown in the P

| T Puvew Coptuse Format Adpat
[ |[oxae ) o Sm==——F
I” ot Diphay " N o e T

| [
1™ Basce Exsbled. Colbaation (Cunwpak Codee by Radrs

[Micwosoft Vo |
(Color) | [l video 310
mm el L) Vo B3 2

The image captured will be saved in the current user.s Temp folder.
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5. Click the Auto Capture button (next to the Capture button) to automatically capture a
number of images.
6. Motic MC1000 enables you to record video. From the Toolbar, click the Video button,

fill in the name and path and click .OK. to save the video.

T =
Conpa Coc by s
Ll IYUY codec

Micsomaft Video 1
Incdeo? vides 510

3 Mot e

o

7. Motic MC1000 enables you to adjust Brightness, Contrast and Saturation. If you alter
the brightness or switch specimens during observation, use Auto Exposure and White

Balance to adjust the image.
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~hucljust
Brightness o — |n_
Contrast | ‘,L ||35
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Saturation L 23
Sharpmess L 1
Exposure Z
v LutoFxposure

Change Flicker | Default

8. The Gain (Color) function may also &

sted. Move the corresponding scroll bar of

the color you wish to adjust and age W ' ge accordingly.
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Appendix D: A Quick Guide to ImageJ
Introduction
Imaged is a public domain Java image processing software that was developed
by Wayne Rasband and others at the National Institutes of Health. Refer to the ImageJ
homepage http://rsb.info.nih.gov/ij/ for further information. ImagedJ runs with a Java 1.1
(or later) virtual machine and is available for Windows, Mac OS, Mac OS X and Linux.
Imaged is designed under aspects of open architecture. It can be extended by
user-written Java plugins for special acquis"i;if?, analysis and processing tools.
This feature has been used for specific extehs"leffgln the practical trainings of the Image

Processing master courserat the FH-Adchen/dillich=Therefore, in the context of our

g—

Image Processing courw"’ ngly ALecommend to use our (!) Imaged Installation

Version that includes all t cial plugins.

nalyze, process, save and print images of various

Imaged can displ

formats including TIFF, GIF -,EGT BylP,_- DICOM. It supports standard image

processing functions ssuc cohtras‘[‘.ﬂmanipulation, filtering (i.e. sharpening,

4 Ay 4

smoothing), edge detection a othe}rﬂs. It C§thalculate area and pixel value statistics of

a user-defined region of interest (ROI). Measurements of distances and angles are
ossible. It can create densitya';hi-_stggrams;‘-};_ﬂd';aline profile plots. It does geometric

transformations such‘.'@.’ls scaling, rotation, flips and zoomjnéf.‘.»Spatial calibration (in units

such as millimetersfjafs well as density or grey scale calibration is available. The
program supports any 'ﬁ'f;mber of images (display in sepé%éte windows) simultaneously.
Starting Imaged-anithe PC’s"of the, Medical Informatics lsab.

After starting the; computer and booting Windows (please cancel the network login-

dialog).youseansstart,/maged by.deuble-clicking-the-lmaged, Symbol.onsthe desktop. The

program will start with the ImageJ'main‘window (Fig:1):

=0 X)

File Edit Image Process  Anahze  Plugins Window  Help
[= fo) [~ igd N AR SNV N L B IR AL 1=

Fectangular selections

Fig.1: Imaged main-window

Basic features of ImagedJ
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Fig.2 shows a typical ImageJ desktop with the Imaged main-window (top left)

together with different image- and result-windows simultaneously opened.

'_ Image]
d Image Process

ETETE ol

1167158 pixels; 8-bit gfayscale} 3

contains (compare Fig.1):
* menu bar A0 Fitle” it”, “Image”, ...
* tool bar

» status and progress‘féarrﬁrwr at tl

Opened images, s etc. are displayed in
de resized on the screen as
usual. They ca ﬁ %é edited, printed and saved. In
the following o il aoﬂ ﬁs aﬂﬂﬁeﬁwﬁh are relevant for all
practical studies of the Image Proce&émg course. Fhe more specifi€.tools are explained

 re Aliet bbb b urbediobiaon 483 i n mages

documentatlon (http://rsb.info.nih.gov/ij/docs/index.html).

additional windows. T se Wlndows can be positioned

Menu Bar: File

File / New: (not used in the course)
Creates a new image window or stack. A dialog box allows you to specify the
image title, type, dimensions and initial content.

File / Open:
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Opens and displays an image in a separate window.
Remark: All image files for the practical training are stored on the Medical Imaging
master course CD.
File / Close:
Closes the currently active image window.
File / Save:

Saves the active image

Remark: Do NOT save an i

the practical training %

,f/ ata garbage on our hard disks unless
yo 1l
File / Print..:

Prints the active |M '
Remark: In our Imag G

blank image that ca

/l\

for each topic a special
ith copy and paste commands
(see below) you lts like histograms together with
text annotations o d documentation. Only these
print-forms should b
Menu Bar: Edit
Edit / Undo (Strg+Z2) :
Reverses the image edi iting or filtering o p&ration. Only one “undo” step

is possible.

Z‘;Z'f 1@% imjﬂ‘m ‘&J"’LTl“’ii.o:f e e
Ed.wé;j&ﬁmﬁqm UAANYINY

Inserts the contents of the clipboard into the active image. The pasted image is
automatically selected, allowing it to be dragged with the mouse.

Click outside the selection to terminate the paste. Select Edit’/Undo to abort the
paste operation.

Remark: With copy and paste you can arrange selected image areas and other

results like histograms on the print-form.
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Setting of a ROI (region of interest)

The selection of a well defined section of an image (region of interest, ROI) is a basic
operation for image analysis and is very important in our Image Processing course. It
can be done in the following ways:
Edit / Selection / Select All (or better: Strg+A):

Creates a rectangular ROI that has the same size as the image.
Edit / Selection / Select None (or better: Strg+Shift+A) :

Deactivates the selection in \ p
Edit / Selection / Specify ... 1 }

|oniriedm<:|sely The ROI is defined by

This command all
specifying (in terms ofpixe m RO| box (width and height) and the
position of the uppele \ coordinates). The values can

be selected in th “

tool button (left

button in tool bar, see Fig. below).
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colar picker
scrolling tool
rmadnifying glaas
text tDDI
wand (tracing tool) —\1{

IDIEI@IHI’?I”"&I”\IHI I%I@IJI R

Lfreehand line selections
seumented line selections
strsught line selections
freehand selections
polgon selections
oval selections
L rectangular selections

Creating the selection is.done by a mouse=drag. After a ROI selection use
the points in the corners to resize~With tﬁe shift-key held down during the drag the ROI
is fixed to a square. As a.sélection Is created or resized, its location, width and height
are displayed in the status bap "‘

Using the arrow keys you can mov.e;f.he ROI box. With the arrow keys and the alt
key held down you can change the width o"lr;, the height of the ROI.
Text Annotations (with the button “text tool‘;:f(ﬁ)dpn the tool bar):

Use the text tool to add text to imaggs_i.‘ Left mouse click on the text-tool-button
and double-click on the image ‘where trﬁ?féxt should be positioned creates a
rectangular selection containing-ene-or more:"li'n’el's of text. Use the keyboard to write the
text and the backspace-key-to-delete-characiers.—the-final-position of the text can be
selected by a mouse drag. Use Edit/Draw (better: Strg+D) to permanently draw the text
on the image. Use Edit/Options/Fonts, or double-click on the text tool, to specify the
typeface, size and ‘style:
Remark: All ima@es, histograms, LUT-boxes and other results should be labeled by text
annotationgi on«thesprint:ferm«Sosthe finalprintsform contains*a eleardescription of all
displayed components and a short specification of the applied analysis or evaluation.
Grey Value Histogram

Imaged calculates and displays a grey level histogram of the active image
respectively an image part defined by the ROI. To display the histogram select Analyze /
Histogram (or: Strg+H). In the histogram window the x-axis represents the gray values
and the y-axis shows the number of pixels found for each gray value. The total pixel

count is also calculated and displayed, as well as the mean, standard deviation
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(StdDev) and the minimum / maximum gray value. The Log-button displays an overlay

with a logarithmic scaled histogram. The List-button shows a table of the histogram

values.
¢ Histogram of IIHY_II.TIF = |[BX]
A00x240 pixels; 8-hit; 7Ok
|
e —
=] gre*alue“
2540
Remark: The histogre stical data are not automatically updated
when you alter the ROI. To up and the statistical calculations press

and Max fields of “Gre@/alu . After ;ﬁssing the Update button the

selected range is markeg in the histogram vt and the statistical data are calculated

s FIHAREATREANS
AMIANTUNNIINYAY
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< Histogram of IIHY_II.TIF [=|B]X]

300x240 pixels; 8-hit; TOK

h 4 .
0 255
Analyzed grey value range: [180, 220]
Count: 110110
Mean: 198,202 Min: 180
StdRavid 818 & & Max: 211

List I Log ! Value‘éﬁ'{ﬁnunt ]
=

Greyyalue range o analyze;

Aeettine a0 WMa}{ 220
- |

—

Grey Level Operation 7 'E
With the tool “LUT Opegations” (Image / LUT Operations,.or: Strg+L) the brightness and

i

contrast of the active imagesc be a_lter?e.d. Brightness and contrast are changed by

updating the image's look=up table '(LUT), éa pixel values remain unchanged. Linear and

id

non-linear LUT’s can be select

With'the LUT @peration window.
# |

Linear LUT’s can be modifie as__fofl_'o‘yvs: :’t;f

* a- and b-Paramerters can be selected accéﬁ}:ﬁﬁg to the point transformation
b)) 7 N

F(x,y) = (I(x,y) +a) “b. £

-

» The display rangezéﬁ_ be determined by a min- and max_?_vdlue.

« A window-width (W_iEdow) and the center of the W_iEdOW (Level) is chosen. The
individual parameters (a,d,.min, max, Windew, Level) are selected by six sliders. Each
parameter selection.may affect the values. of ather parameters which are modified
automatically. The parameter values of a, b, min, max, Window, Level and the resulting
LUT arexdisplayed pbelow the histagram. The/LUT shows how pixeljvalues are mapped to
8-bit (0- 255) display values. The two numbers at the LUT plot define the display range:
Pixels with a value less than the lower number are displayed as black and those with a

value greater than the upper number are displayed as white.
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= LUT Operations - lIH...

300x255 pikels; 8-hit, 74K

220

93

Parameter of linear LUT

Parameter a; - I- rameter b: 2.0
Minimum: 93 m: 220
Window: 128 w i

The LUT plot is sup the image's histogram (respectively the

histogram of the ROl if a R difying the ROl in the active image

pgp——

the displayed histogram in the,l,;gTTT@p
et Sk

Update Histogram. u,:l

é on window can be updated by the button

Buttons of the LUT ration window

the six sliders as described

zzz;qmﬁ* TERTSWER TS "

Inv LUT for grey level inversion. ¢

- IR ANy

sgrt  Square root LUT.

lin Allows the selgtion of a linear LUT by means

HE Histogram equalization: The histogram equalization is calculated on the basis of
the display histogram (if a ROl is selected the ROI's histogram is used for

histogram equalization)
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Apply Click on Apply to apply the current LUT mapping function to the pixel data. If
there is a ROI selection, only image data within the selection are changed. After
modifying the pixel values according to the given LUT a LUT reset takes place.

Thresholds

In the active image lower and upper threshold values can be selected interactively with
the threshold tool Image / Adjust / Threshold. The threshold values segments the image

into features of interest and background. Pixels with grey values greater than or equal to

* The Auto button automati ally,drs-s : resh evels based on an analysis of the
displayed h|stogram This is -usad;jdr‘y odal histogram segmentation. If a ROl is
al RO settings (press Reset to

update the displayed ogra

o 7
* Apply sets the thresholded plxels to black (or a given foreground color) and all other

ixels to whit
? Reeze?dlsakjlﬂﬁﬂgﬁ% ?jrﬁe?(tte red ovngay onjhresholded pixels) and
e W TN T Iyt

selecti
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Appendix E: SD2400 Energy Transmission Meter User Manual

General Description
Expanding on our s Wi 5 den tion tools, our new “Spectrum
Detective” product is UV, Visible and Infrared

transmission values. Bei med syste | tf are no additional light sources

whole new level!

Features

« Single, doubl&or
» Test any sample W|dth up to 2” th|Ck

S HHNHN TGN

+ No additional light sources needed
IRTRIMILUN TN 6L

(Battery operated: no power chord required

» Automatic power-off feature for extended battery life

* Replace Battery Indicator

» Continuous measurements

 Professional Image

» Simple operation

» Convenient push-on/push-off power switch
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* Small, portable convenient size
* Protective, custom carrying case

Basic Operation

Place the SD2400 on a flat, stationary surface. Turn the instrument on and wait
for the system to self-calibrate. After each of the displays show 100%, you can place

any sample into the opening to measure the performance characteristics. Here are a few

shown in the picture aw , mended that the samples being tested are

positioned in the cen gerprints on the glass can

slightly affect the transi

When you slide t the glass all the way into the

opening, resting again it io to the spacer/sash of your

window. Make sure the h into the opening so the spacer/sash is

not blocking one of the sensors. 4= ——
e,

L
J‘

The instrument\will continually n -E_!_-_-:,; ring measurements. If the
r e N
instrument detects any, p AU will reset itself in between

measurements. If you mistakenly turn the instrument on with a piece of glass already in

position, the di S I‘jr ? [ in place. Simply remove
the glass samﬂ:uvﬂt: eﬂﬂﬂ. hﬂsﬂrﬂﬁﬁ—calibrate itself shortly
after the glass is.removed. Aft tm I e t 0§d er the removal of
et BRI AR LTI AN

Spectrum Specifications

The SD2400 displays energy transmission values in three spectrums. The light

sources used for each spectrum have a peak response at the following wavelengths:
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uVv: 365nm

VISIBLE: Full Weighted Spectrum

INFRARED:  950nm

Battery Replacement

The SD2400 is powered by a 9 volt alkaline battery. When the battery voltage is

getting too low to operate the met ttery indicator will turn on. The detector

can still be used at this poi nded that the battery be replaced

soon. The lights in the m in torgrow-aimrand make it more difficult to conduct

easy measurements. Alkalin ' recomme nded for this product.
Auto-Power-Off AN 7
The SD2400 ipped i 1. an automatic power-off feature to

extend the life of - The- instrume il automatically shut off after

The manufacturer w. S-ait. Mode Sfsthe SD2400 to be free from defects in
material and workmanship unde TN al,; and service as specified within the
operator's manual. l_e: 7_{, 2 jthe unit within twelve (12)

W Y |

months from the origin@l ¢ s retlrned to the manufacturer’s

factory, prepaid by themser, and the unit is disclosed toﬂ manufacturer’s satisfaction,
to be thus defective. T s‘ o%ﬂ It ‘ unit that has been repaired or
altered other t%ﬂﬂﬁ]ﬁ:ﬁ%h aﬁfjﬁ]ﬁ ivisions do not extend
the original warranty period of the @init which hassbeen repairedior replaced by the

renu BN o EPE ho ooty Vb SBHEIncl BNufids no ety o

the consequential damages of any kind through the use or misuse of the SD2400
product by the purchaser or others. No other obligations or liabilities are expressed or
implied. All damage or liability claims will be limited to an amount equal to the sale price

of the SD2400, as established by EDTM, Inc.
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Appendix F: Physical property test report

Tensile test report

SCIENTIN K AND TECHNOUOCGN AL RESEARCH BQUIPAENT CONTRE CHULALONGEORN |NIVERSITY Chdalomghorn St 83 Py T RS Nonglob 10330 Thdend Tol 022183012 Fan 022546211

B pudinTolelivinmmmduszinalulad pmasmnislonineis ewmoni 3 pmasnicises 62 wgnln ngnmy 10330 Ins. 022185032 Inzmy 0.2254-0211

Test Report
Report no. 3232011 Date of Issuc : May 6, 2011 page 11
STREC sample code - MTLA1172-177 Objective : To test mechanical propertics
Sample type ! Polycarbonate Plastic Test method : ASTM D638 : 1998
Description of specimen : suitable for testing | | Specime: ¢ ASTM D638 - 1998
Sample owner ! pot Jmiy | testing machine. (Hounsfickd HIOKM)
address May 2 2011
Mr. Somchit. Chummuangyen
Sample name (Note)
1. Neo !
2. No2
3. No3
4. No4
S.No$
6. No6”

o

isutsel) (Assoc., Prof. Dr. Amom Petsom )
oo ooerd, T : cod partly, except in full, without writicn appeoval of the organization.

AU INENTNEINS
PRIANTUAMINYAE
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