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Plastic scintillators, due to their favorable characteristics compared with other dosimetry
techniques, were used as detectors to estimate dose distributions in high gradient dose fields.
In this study, a thin plastic scintillator (type BC-408) was coupled to a photomultiplier tube
and multichannel analyzer as a technique for real-time dose measurements. The well-defined
beta, gamma, and beta-gamma emitters (137Cs, 133Ba, 22Na, 19°Cd, 55Fe, and 241 Am) have en-
abled parallel depth dose measurements with Monte-Carlo calculations to be critically com-
pared. The measurements of doses were made for depths range of 0.1 mm to 5 mm. The
MCNP dose results were comparable with the plastic scintillator detector and can be used to
approximately estimate the dose rate values from mixed electron-photon fields. The mini-
mum dose rate that can be measured by the plastic scintillator system was ~2 uGy/h and was

for 19°Cd source of activity 222 Bq.
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INTRODUCTION

Determining the depth dose distributions of ab-
sorbed dose from beta or beta-gamma emitting parti-
cles for a variety of boundary conditions and complex
geometries has been approached using both experi-
mental measurements and theoretical calculations.
Measurements of dose have been carried out using
several techniques, namely extrapolation chambers,
thermoluminescent dosemeters, and radiochromic dye
films [1-3]. During the last decade, there has been in-
creased interest in using plastic scintillators as a means
of dose measurements due to their favorable charac-
teristics compared with other dosimetry techniques.
Plastic scintillator (PS) due to its very thin thickness is
favorable for measuring the high spatial non-unifor-
mity of dose distributions produced by beta and low
energy photon emitters. A thin scintillation detector
has been coupled to an ICCD camera for potential use
in measuring the spatially non-uniform dose distribu-
tion around a “hot particle”. This imaging system is ca-
pable of producing real time measurements consider-
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ably quicker than any other available radiation tech-
niques [4, 5]. Plastic scintillators have been
successfully applied in radiotherapy as dosimeters for
high-energy radiation, at MeV energies [6-8].
Although the introduction of a specific dose
limit for localised exposures provided an operational
solution to the radiological control of beta-rays and
low energy photons, the practical dosimetric difficul-
ties in its applications remain [9]. These primarily
arise from the strong attenuation of the beta-rays and
low energy photon radiations, which leads to large
variations of dose over short distances. An equally im-
portant difficulty is the need to measure doses over
very thin layers, such as that of basal cells in the skin.
To simulate such volumes, a detector must be very
thin, with consequent reduction in sensitivity [10].
Similar difficulties arise in assessing the risks associ-
ated with low dose exposures to other low energy beta
particles encountered in the nuclear industry such as
tritium and the long-lived fission products Tc-99 and
[-129 where, due to the short range of the beta parti-
cles, an inhomogeneous distribution of dose and radia-
tion quality is to be expected. Current methodology in
dosimetry does not take into account the non-homoge-
neous nature of low dose exposure to low energy radi-
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ations and there is a need to develop theoretical and ex-
perimental methods of quantifying absorbed dose over
small volumes of tissue ranging from micrometers to
millimetres.

This study is concerned with dose measurements
as a function of plastic scintillator depth when it is ex-
posed to a mixed field of electrons and photons. Monte
Carlo simulation is used to determine the electron and
photon contributions to the overall dose, and to esti-
mate the dose absorbed by plastic scintillators for a
range of energies and for beta, electrons, and photon
radiation types. The results of the Monte Carlo dose
calculations are then compared with those determined
by the PS system. A relationship between the absorbed
radiation dose in the scintillator and the final digitized
light signal has been established.

MATERIALS AND METHODS

Description of the scintillation
dosimetry system

The characteristics of the selected plastic
scintillator should pose as high efficiency as possible
and its emission spectrum should be close to that of the
counting system. This becomes more crucial when
dealing with low photon energies and low activity
sources (~222-3.7-10° Bq). The plastic scintillator
should also be water equivalent, easy to handle and easy
to cut into different sizes, thus enabling easy prepara-
tion of small detector volumes. Figure 1 shows the
components of the plastic scintillation dosimetry sys-
tem. The scintillator material used was the BC-408
plastic scintillator manufactured by Saint-Gobain Ltd.
This type is claimed to be more suitable for low energy
photons (<100 keV). Because we are dealing with

~40
 —
T — Radioactive source
o Reflector
ki L. Plastic scientillator
Photocathode
Light-tight housing
o
=3

R7205-1 PMT

sources of mixed radiation field (beta and gamma), the
BC-408 was found to be the only scintillator that is
more suitable for beta detection. The physical charac-
teristics of BC-408 are listed in tab. 1. The area where
the source and scintillator is located was designed to ob-
tain a better alignment with the PMT photocathode. The
PS was coupled to a Hamamatsu R7205-1
photomultiplier tube (PMT), an eleven-stage, head-on
PMT with 10 mm cathode diameter and overall length
of 92 mm. This PMT was specifically designed for low
photon counting applications. It exhibits a very high
gain (107) with low anode dark current. In addition, the
maximum emission spectrum of the BC-408 scintillator
closely matches the peak efficiency wavelength of the
R7205-1 PMT (420 nm). The PMT and plastics
scintillator with a radioactive source and a reflector
were tightly packed together using a light tight housing,
which must provide total optical isolation. The PMT
was connected to a high voltage of 800 V. The output
signal was connected to a CANBERRA preamplifier
(2005), which is then processed using ORTEC 855
spectroscopy amplifier and the pulse-height spectra are
accumulated using an integrated computer spectros-
copy system (ISC-PCI 2k — Spectrum Techniques).

Table 1. Physical characteristics of the BC-408 plastic
scintillator (Saint-Gobain crystals)

Characteristics Value
Light output (% anthracene) 64
Decay constant [ns] 2.1
Wavelength of maximum emission [mm] 425
Refractive index 1.58
Density [gem ] 1.032
Ratio H:C atoms 1.104
Number of electrons per cubic centimeters 3.37-10%
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Figure 1. Schematic diagram of
the plastic scintillation dosimetry
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Radiation sources

The following sources were used for the investi-
gation: Fe, 1°Cd, °Am, '**Ba, *’Na, and "*’Cs.
These sources cover a wide range of gamma energies,
starting from 5.9 keV (**Fe) up to 662 keV (}*’Cs) and
1275 keV (**Na). Although beta-rays and electrons
from these sources are negligible when they are used
with gamma detectors such as Nal scintillation detec-
tor, they have to be taken into account with a plastic
scintillation system. Since this study deals with
small-scale dosimetry, the electron dose was also con-
sidered in the simulation. The electron energies range
from few keV up to 655 keV. The conversion elec-
trons and X- and y-energies and abundances are given
in the National Nuclear Data Centre NUDAT database
[11]. Details of the source geometry, dimensions, ma-
terials, and densities, which are crucial in the simula-
tion, were obtained directly from the manufacturer
(Spectrum Techniques). The RSS8 source set includes
137Cs, 22Na, '3Ba, and '°°Cd. Dimensional details of
these sources are shown in fig. 2. The radioactive ma-

3.175+0.13 mm

25.4 mm

Radioactive Source window
source | 0.037 +0.013

Figure 2. Dimensional details of the RSS8 source set
19¢d, **Ba, »Na, and *'Cs (spectrum techniques)

terial is evaporated in the bottom of a centered cylin-
drical hole 0f 3.175 + 0.13 mm radius. The source disc
is made of plexiglas and the source window’s thick-
ness is 0.037 £ 0.013 mm. A schematic view of the
>3Fe source is shown in fig. 3. The radioactive material
in the 3°Fe source is located under the aluminum mate-
rial opposite the label. The radioactive material is
pippetted within the small circle. The window (80 ug
per cm aluminized Mylar) is pressed between the two
pieces of laminate material. The source is 4 mm diam-
eter and 0.127 mm thick. The radioactive material in
the ! Am source is a spherical shape of about 1 mm di-
ameter and located in the centre of the disc. The cur-
rent radioactivity of these sources also varies from
3.7-10° Bq down to 222 Bq.

Monte Carlo simulation

Calculation of doses can provide an independent
dose assessment in the case of well-known con-
structed sources. Calculations can be used to predict
the depth-dose distributions from beta or beta-gamma
emitting particles and, if successful, can be extended
to other conditions of interest. The Monte Carlo
neutron particle code (MCNP4C) was used to calcu-
late the dose absorbed by plastic scintillators at depths
ranging from 10 gm to 5 mm and for photons and elec-
trons emitters, with the default mode being used in all
the simulations [12]. The experimental set-ups for
both scintillation dosimetry system (fig. 1) and the ra-
dioactive sources (figs. 2 and 3) were modeled as real-
istically as possible. For comparison purposes, all the
calculated doses were corrected to the current activity
when the measurements were conducted. The geome-
try, dimensions, and materials’ compositions were all
taken into account. The energy deposited is scored us-
ing the MCNP energy deposition tally *F8 with unit of
MeV/particle. The number of photons and electrons
tracked was generally sufficient to determine the en-
ergy deposition in all cells to within a few percent. The
calculated energy deposited (MeV/particle disintegra-
tion) in each detector (cell) was converted into mGy
per hour using the calculated mass of each detector, the
source activity and a decay correction factor, if neces-
sary. All the associated errors R were less than 10%.
The dose calculation for all six sources was performed
in two separate parts. The first part considered the
source as a pure gamma emitter. In the second part of
the simulation, beta and conversion electrons or Auger
electrons were considered. The radionuclides and
emissions taken into consideration are listed in tab. 2.
Details about the source geometry and source materi-
als were obtained directly from the manufacturer
(Spectrum Techniques).

Top piece of laminating material
with a hole in center is placed of
top of bottom material.

Hole is center over radioactive
material and window

Radioactive material is
pipetted into center of the
inside of bottom piece of
laminating material
Window material is
placed over the
radioactive material

Label list material,
activety and other data is
placed on the back side of
the laminating material

Figure 3. Dimensional details of the *Fe source

(3.7.10° Bq). The source is deposited in the center of the
disc in an area of about 4 mm and thickness of 0.127 mm
(spectrum techniques)
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Table 2. Radionuclides and emissions included in the MCNP evaluation

Radionuclide Emission Activity [Bq] Energy [keV] Intensity [%]
5.90 16.3
>Fe X-ray 3.59-10° 5.89 8.24
6.49 3.31
24.9 11.37
%cd Gamma 2.257-10° 21.99 18.62
22.16 35.26
" 59.94 35.9
Am Gamma 13.9 2.7
30.63 34.25
X-ray 30.97 63.4
35 22.8
81 32.97
Gamma 302.84 17.8
356.01 60.5
Ba 2.63-10 17.17 10.45
25.5 14.13
43.64 3.87
Conversion electrons 75.28 7.4
45.01 48.14
79.78 1.51
320.02 1.3
1274.5 99.9
Na Gamma 511 179.8
Positron spectrum Emax = 0.546 89.84
Gamma 661.65 89.98
4.47 10.38
X-ray 31.82 2.1
32.19 3.82
Bics 36.4 1.39
Beta spectrum L = 514 0.944
Enax = 1175 0.056
Conversion electrons 655.66 1.46
624.21 7.66
RESULTS AND DISCUSSION the measured source window. According to the manu-

Determination of electrons and
gamma contributions

It is expected that beta-rays and electrons, de-
pending on their energies and the source window, may
dominate doses in the first layer. The depth dose rate
distributions from the mixed field sources including
137Cs, 22Na, and !'33Ba calculated using MCNP are
shown in fig. 4. The dose is averaged over an area of
9 mm diameter. For '37Cs and ?>Na sources, it is clearly
seen that at the depth of 0.3 mm, beta-rays are predom-
inant by a factor of about 15 comparing with the
gamma contribution. This ratio starts to decrease rap-
idly to about 2 at depth of 5 mm. For '**Ba for which
the electron energy is less than that for '3’Cs and **Na,
electron contributions to the dose is predominant up to
0.5 mm. After which the gamma contribution becomes
grater by a factor of about 2.5. The uncertainty in this
calculated ratio is largely affected by the accuracy of

facture, the tolerance in the measured source window
for the RSS8 source set is £0.013 mm. This creates al-
most 50% difference between the minimum and maxi-
mum thicknesses. According to the manufacture, dif-
ferent colors of RSS8 sources also indicate some small
differences in dimensions.

Depth dose measurements and
calculations

The long-term stability and reproducibility
check and background measurements of the scintilla-
tion dosimetry system have been investigated in our
previous work. For depth dose measurements, a set of
plastic scintillator measurements performed for six
sources were compared graphically with the corre-
sponding relative MCNP dose rate and presented in
fig. 5(a, b, c,d, e, and f). The total counts for each plas-
tic scintillator thickness is proportional to the energy
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Figure 4. Calculated beta, electron, and gamma doses for
137Cs (a), **Na (b), and "**Ba (c) sources at various depths
of plastic scintillators

absorbed by the plastic scintillator. All dose rates were
normalized to the peak dose. The integrated count was
taken for depths starting from 0.3 mm to 5 mm and the
measurement time was five minutes, which was suffi-
cient to produce statistically acceptable counts. This is
a relatively short measurement time for such low ac-
tivity sources, which is a very desirable characteristic
of'the detection system. The percentage standard devi-
ation obtained for five consecutive readings was less
than 3%. The count rate for each depth was then di-
vided by the mass of the plastic scintillator. In general,
the relative dose rates show a systematic increasing
deviation with depth. The form of the curve resulting
from measurements with the PS resembles that of the
MCNP depth-dose curve and the relative depth dose
curves generally appear to follow a power function

(Y= AX®). It is worth noting that for electron and pho-
ton emitters (137Cs, 2>Na, and 33Ba), the dose rate falls
off rapidly to about 20% at depth of 5 mm. For photon
emitters (**' Am and '%°Cd), the reduction of the dose
rates with depth reaches about 50%.

To aid a more critical comparison, ratios of the
relative PS values to the relative MCNP dose rates are
shown as a function of depth in fig. 6. Generally, maxi-
mum deviations between the measured and calculated
dose rates were of approximately 20%. This variation
reaches its minimum of about 10% at shallow depths
(<1 mm). The overall variations may be explained by
the decrease of sensitivity of the PS as electron ener-
gies decrease with depth. The uncertainty of the source
window’s thickness may be the major contribution to
the variation between the predictions and the measure-
ments, which can produce a maximum disagreement
of ~50%. A minor source of this deviation may be at-
tributed to the inaccuracy in aligning the PS with the
PMT’s photocathode.

Establishing a relationship between the ab-
sorbed radiation dose in the scintillator and final digi-
tized light signal is always a challenge. For each
radionuclide, an attempt of calibrating the PS system
was made by comparing the depth-dose measurements
obtained from the PS system with the corresponding
calculated MCNP dose rate (fig. 7). Good linearity of
dose exists for all radionuclides. It is clearly seen that
there are two separate groups: the first group includes
the electron-photon emitters ('*’Cs, !33Ba, and ?>Na
sources). The measurable dose rates in this group
range from ~0.13 mGy/h to 12 mGy/h to. The ratios of
the measured light output to the calculated dose rate
are 8543, 8541, and 5665 for 137Cs, 13°Ba, and 2*Na
sources, respectively. This difference in ratios may be
due to difference in PS response to different beta and
electron energies. In the second group (photon emit-
ters only), the light output/dose rate ratios are 38627,
75585 and 14830 for >>Fe, *! Am, and '°Cd, respec-
tively. The difference in ratio for the second group is
attributed to the fact that the emission energies for
53Fe, 21 Am, and '9Cd are below 100 keV, while the
BC-408 is declared for energies above 100 keV. This
difference in dose response of the PS system for differ-
ent radiations reflects the differences in the gamma
and electron responses of the plastic scintillators. The
dosimetric characteristics of plastic scintillation de-
tectors and its response to different photon and elec-
tron energy have been investigated by a number of re-
searchers [14, 15]. However, investigation of the PS
sensitivity on the radiation type and radiation energy is
outside the scope of this work. The lowest measurable
dose rate was 0.002 mGy/h for '°°Cd. This means that
the PS system is capable of measuring very low dose
rates in real time measurements considerably quicker
than any other available radiation dosimetry tech-
niques.
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Figure 5. Measured and calculated depth dose distributions for *’Cs (a), **Na (b), "**Ba (c), > Am (d), ' Cd (e), and *Fe (f)
sources. distributions are normalized to the peak dose rates at the surface

CONCLUSION

The suitability of the PS system for relative
depth-dose measurements was studied for photon and
electron emitters. The measurements were made for
depths ranging from 0.1 mm to 5 mm. The measure-
ments were compared with the MCNP calculated dose.
In general, the PS results prove its capability of mea-
suring doses on a small scale and with high dose gradi-
ent. The MCNP dose results are comparable with the
PS detector and can be used to estimate the dose rate
values from mixed electron-photon fields. Improve-
ment between the measurement and prediction may be

possible given more precise information on the source
window for each particular source.

Further studies should be directed to study the
PS response to electrons and photons as well as to
the energy response of PS to low photon energies.
An intercomparison study with other measurement
techniques may be necessary in order to confirm
the predicted dose rates. A preliminary
intercomparison study was made between the PS,
EBT GafChromic dye films and MCNP for 24! Am
source. The overall agreement between the relative
dose estimates provided by the three techniques
was within 10% [13].
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Adnynkamup AJJAPOY3, EaTtonn BOKEP

KOPUITREBE TAHKOT NITACTUYHOI' CHUHTUJIATOPCKOTI
JO3NMETPA 3A OJPELUBAILE NO3E IO IYBUHU O
MEIIOBUTOI 3PAYEIbA

300r cBOjUX NOBO/BLHUJUX KAapAaKTEPUCTUKA y OFHOCY Ha JApyre AO3UMETPUJCKE TEXHUKE,
MIACTHYHY CHUHTUIAUMOHY IETEKTOPU KOPUCTE Ce 3a ofipebuBame pacnojiena fo3a y mojbUMa ca BENUKIM
I'PajiujeHToM 103e. Y OBOM pajy, TaHKH IUTACTHYHE COUHTIIIAOHH leTekTop (Trn B1I-408) nosesaH je ca
(pOTOMYITUNINMKATOPCKOM LIEBY ¥ BUIIIEKAHATHUM aHAJIM3aTOPOM Paii MEPEH:A 103€ Y PEAIHOM BPEMEHY.
To6po nedunucanu 6eta, rama u 6era-rama emutepu (137Cs, 33Ba, 2?Na, 1°Cd, > Fe u **! Am) omoryhunu
Cy nmapajiellHa Mepema 103€e 1o 1youHu y3 kopuuthewse MonTe-Kapio npopauyHa 3a nopebeme. [Jose cy
MepeHe Ha fyouHama of 0.1 mm go 5 mm. Pesynratu MCNP kopa 6unu cy ynopefuBu ca MepembuMa
CHMHTHJIALMOHOT IETEKTOPA U MOT'Y C€ KOPUCTUTH 32 alIPOKCUMATUBHY IPOIIEHY BPEIHOCTH jaunHa 1032 Off
MEIIOBUTHUX €JIEKTPOHCKO (POTOHCKUX IOJba. MUHUMAaJHA jaulHa J03€ KOjy MOXE MEPUTHU INIAaCTHUYHU
cumBETHIAIMORY cucteM je oko 2 mGy/h 3a 1%°Cd n3sop akruBHOCTH 222 Bq.

Kmwyune peuu: inacitiuytu cyuniiiurayuonu oettiexitiop, MCNP K00, mMeuio8uilio 3paverse, 003a




