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Abstract

The prime purpcse of this study is to realize an index quantity, absorbed dose index,
defined by the ICRU for the characterization of ambient radiation level at any lccation for
the purpose of radiation protection.

The experiment has been designed to be carried out in two phases, namely, preliminary and
main experiment. In the primary study a 30cm diameter sphere of polyethylene was used,
while in the main experiment that of tissue equivalent material was fabricated and used.
Both experiments were performed in the gamma-ray fields of 1¥’Cs and %Co, and in a neutrom
beam of thermal column of the TRIGA MARK.II research reactor.

In the measurement of gamma-ray absorbed dose TLD-700 (LiF) chips were used, and for
the neutron dose both Au activation foils and TLD chips (TLD-600 (°LiF) and TLD-700 for
the discrimination of gamma-ray contribution) were used.

Theoretical assessment of the absorbed dose in the sphere phantom has been carried out im
accordance with the Ehrlich’s idea that deduced on the basis of Burlin's cavity theory in the
case of gamma-ray irradiation. For the analysis of neutron dose fluence-KERMA rate conver-
sion method was used. The explanation on the dose assessment is given in detail.

Results obtained were numerically and statistically analyzed and the depth dose distributions
are presented in the graphic forms with normalized values. In the concluding remarks, the
possibility and difficulty of realizing the index quantity, including questions and problems to

be solved are mentioned.

dose index” and “dose equivalent index”,

1. Introduction

For the characterization of ambient radiation

levels at any location for the purpose of radiation-

protection, ICRU has recently defined “absorbed

are the maximum absorbed dose and the corres-
ponding dose equivalent within a 30cm diameter
sphere consisting of material equivalent to soft
tissue with a density of Ig/cm® and centered at a.
point of interest in a radiation field.?
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These quantities in consideration of radiation
protection may be an adequate approximation to
the numerical values of the maximum dose and
maximum dose equivalent in the human body, and
will meet the necessity of specifying ambient
radiation levels that furnishes at least an approxi-
mate indication of the maximum absorbed dose
that might be received if an individual were at
some particular location. This maximum is of
particular interest because critical organs can be
found at almost any depth in the bedy.

The purpose of this study is to experimentally
-determine the absorbed dose index, which is under-
lying basis of the dose equivalent, in monoenergetic
gamma-rays and reactor beam neutron fields, and
to evaluate the practical applicability of the quan-
‘tities in interpreting the survey data obtained by
-conventional health physics instruments in a certain
radiation field.

The experimental study has been carried out in
two different phases namely, the preliminary and
the main experiments. In the former experiments,

polyethylene sphere was used while in the latter,

Polyethylene Sphere.

photons.

Photo 1. Piece-wise Polyethylee Elements for the Use in Measuring the Depth Dosz Distribution in
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a sphere of tissue equivalent material is used.
The depth dose distributions in the spheres irra-
diated in *’Cs and ®Co gamma-ray fields were
measured by thermoluminescent dosimeters. For
reactor beam neutrons, the measurements of the
dose distribution as a function of depth were made
by activation detector together with TLD. Theore-
tical assessment has been carried out for the dose
embedded in the

measured by those detectors

spheres.

2. Experiments

a) Preliminary Study

1) In Gamma-ray Fields.

The experimental arrangement for the  preli-
minary measurement of the depth dose distribution
in the gamma-ray fields is shown in Fig. 1.

The gamma-ray sources were suspended by a
string in air at a distance of at least 150cm from
the floor, ceiling and walls of the irradiation room
in order to minimize possible effect of scattered
The distance from the center of the
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Fig. 1. Experimental Arrangement for Measuring

the Gamma-ray Absorbed dose Distribution
in 30cm Diameter Polyethylene Sphere.

source to that of the polyethylene sphere was kept
to be 100cm.

The sources used were a *°Co source of 130 mCi
and a ¥Cs of 4 Ci, respectively. The dimension
of the active part of the sources are in the order
of a few millimeter that are small enough to be
taken into account as a point source in this experi-
ment. In this study, a polyethylene sphere of 30cm
in diameter which is -one of the Bonner spheres
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Fig. 2. Exploded view of Detector Holder and
Absorber Assemblies.

neutron spectrometer assembly has been employed..
The sphere has an opening directing to the center
of itself. Piecewise polyethylene tablets and rods
to be used for the measurement of the depth dose
distribution were fabricated in our laboratory, and
Fig. 2
shows the exploded view of the detector holder and

some of them are as shown in photo 1.

absorber assembly.

The detector used for gamma-ray dose measure-
ment was TLD 700, “LiF chip of 1/8” x1/8”X0. 035"
produced by Harshow Chemical Co. The detectors-
have been interposed ‘along the center line of the
polyethylene tablet. The TLD reader used is that
of Harshaw Model 2000.

The TLDs embedded in the various depths of

the sphere were irradiated for 1 hour each, regar-
S 100em |

{

/——15cm¢ COLLIMATOR

L 7
: /
VA
{ _POLYETHYLENE
/ / OR TEM SPHERE

PARA#FIN SHIELD

»LBCmyS‘ ]
| COLLIMATOR |

R

NNANNN N

Fig. 3. Experimental Arrangement for Measuring Neutron Depth Dose Distribution in a Spherical Phantom

of Polyethylene or TEM of 30cm in Diameter
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dless of difference in dose due to the different
depth in the sphere.

Five successive experimental runs at each mea-
suring point in the sphere were carried out for
the evaluation of the reproducibility and statistical
fluctuations in the data obtained. In every experi-
mental run, careful annealing of the TLD element
at 400°C was performed prior to the dose measure-
ment in order to avoid possible contribution of
spurious or residual thermoluminescence.

ii) In Neutron Field

Neutrons from the thermal column of TRIGA
Mark-II research reactor were used for the prelimi-
nary experiment of determining neutron ahbserbed
dose index. Fig. 3 shows the experimental arrange-
ment for the measurement of neutron depth dose
distribution in the polyethylene sphere of 30cm in
diameter. The thermal column consists of 122Xx122
X 167cm?® graphite and 107cm thick concrete shield-
ing door which has a hole of 15¢m in diameter and
107cm in length at about its center. The outer face
of the column is again provided with 50cm thick
paraffin shield with a hole of 3cm in diameter
whose center coincide with that c¢f the hcle on the

SIDE VIEW
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concrete door. The center of the polyethylene sphere
was placed at a distance of 50cm from the opening
of the hole on the center line of the collimated
beam.

For the detection of mneutrons, activation foils
made by the Reactor Experiment Inc. and TLD-
600, °LiF chip of 1/8%x1/87x0.035” produced by
Harshaw Chemical Co. were used together with
TLD-700 for the discrimination of gamma-ray
contribution from the read out of TLD by means of
gamma originated TL subtracting method.%®

Bare and cadmium-covered gold foils were emp-
loyed for the measurement of thermal and inter-
mediate energy neutrons. The physical and nuclear
properties of the gold {foils are summarized in
Table 1. Threshold detectors such as indium and
aluminum foils were also subjected to irradiation in
the thermal column neutron beam. Since, however,
the flux density of fast neutrons was too small to
obtain reliable experimental results, the dose due
to thermal and intermediate energy neutrons will
henceforth be considered in this work. The activity
induced in the foil is measured by means of pho-

topeak counting using 37x3” Nal(Tl) cylindrical

Fig. 4. Stepped sphere of tissue equivalent material
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Table 1. Physical and Nuclear Properties of Gold
Foil for *’Au(n, r) Reaction

Dimension : 1. 27cm dia. X0. 00127cm thick
Weight : 0. 0234g

Purity : 69.992%

Isotopic abundance : 100%

Half-life : 2. 7days

Gamira energy : 0.412MeV

Photon yield par decay : 69.575%

scintillation detector associated with 400 channel
pulse height analyzer, Hitachi Model RAH-403.
‘The TLD contributed to the major portion of the
information by providing data covering the range
of 5cm in depth to the center of the sphere phan-
tom, while the activation {foils covered the range
from the surface to 5cm in depth. This is done
because activity of gold foils irradiated at a depth
of beyond 5cm in the sphere was too low to give
us useful data even if the irradiation was per-
formed for five hours which is the longest duration
available at a time. Bare and 0.5mm Cd-covered
gold foils embedded in the sphere were irradiated
for three to five hours to the neutron beams from
the reactor TRIGA Mark-1I operated at steady
power of 250 KW. TLD, on the other hand, were
subjected to irradiation for five to ten minutes in
the identical beams of neutrons.

b) Main Experiment

i) Design and Fabrication of the TEM Sphere

As described before, a “perfect” polyethylene

sphere of 30cm in diameter, which is one of the
Bonner neutron spectrometer, has been used in the
preliminary experiment for the determination of
absorbed dose index in a radiation field. This sphere
may be reasonably acceptable for the determination
of the index in a photon field in consideration of
the effective atomic number and its density, and
thus polyethylene has commonly been used in place
of tissue equivalent material (TEM) for X-and
gamma-ray dosimetry.

for more realistic determination of

absorbed dose in TEM defined by ICRU®, in

However,

-circular plate " of 2.5cm
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particular for the determination of absorbed dose in
a neutron field, polyethylene is no longer satisfac-
tory to be considered as tissue equivalent, because
tissue equivalence in composition of ICRU definition
takes 76.2% 0O, 11.1% C, 10.1% H, and 2.6% N,
whereas polyethylene is simply composed of C and
H in the form of (CH,),.

TEM produced by Alderson Laboratories Interna-
tional, Inc. in the United States was purchasad
through the Agency. This material was produced
not in the form of a sphere, but in the form of
in thickness, and rod of
3cm in diameter. Two different diameters of the
plates are 33 and 25cm, respectively, and the rod
is 20cm in length.

Because of great difficulty in fabricating perfect
sphere with those plates, due to the absence of
copy attachment to the lathe of our machine shop,
it was decided to design and make an approximate
“stepped” sphere. The details are as shown in Fig.
4, Detectors for the depth dose measurement are to
be arranged, in the detector column, vertically to
the direction of incident radiation. The stepped
approximation of the sphere was justified through
a series of @ priori experiment carried out for
clarifying whether there is any difference in depth
dose distribution between the “perfect” and the
“stepped” spheres in an identical radiation field. For
this experiment a stepped sphere of polyethylene
in the same dimensions as shown in Fig. 4 was
first made. The depth dose distributions in both
perfect and stepped spheres were measured in ¢°Co
and ¥"Cs gamma-ray fields using TLD-700 chips.

According to the comparative study of the parfect
and stepped spheres, depth dose distributions in
the two are found to be in good agreement within
tolerable statistical error. Standard deviations were
calculated for data obtained in every specified
depth. Observed range of the standard deviations
is summarized in Table 2. This range of deviation
in the observed data is quite acceptable for our
further experiment.

On the other hand,

sphere is figured out 14,130cm?® as easily can be

the volume of the stepped

estimated from Fig. 4, while that of the perfect
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"Table 2. Range of the Standard Deviatio in Depth
Dose Measured using TLD-700 Embedded
in Two Different Polyethylene Sphere.

“Gamma-ray Sphere Perfect Stepped

field Range sphere?? sphere?
Co-60 Minimum 0.4% 0.5%
Maximum 7.5% 7.1%

Average 2.56% 2.98%
Cs-137 Minimum 0.3% 0.8%
Maximum 5.3% 4.9%

Average 2.17% 2.78%

1) Whole number of S.D. observed are 22 in each
gamma-ray field.

2) Whole number of S.D. obsarved are 23 in each
gamma-ray field.

-sphere of 30cm in diameter is 14,137cm3. This
-shows also that the stepped sphere is quite satis-
factory for our study so far as the volumetry is
~concerned.

1) Experiment in Gamma-ray Field

In order to measure the gamma-ray depth dose
-distribution in the sphere phantom of tissue equi-
‘valent material, gamma-ray fields of different
monoenergies were provided using 4 Ci *’Cs and
0.56 Ci °Co sources separately embedded in a
newly constructed collimating lead castle. The
:arrangement for the experiment is shown in Fig.

5. This type of arrangement is used because of a
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great advantage of minimizing unnecessary expo-
sure to experimental workers, as well as eliminat-
ing the contribution of scattered photons from the
walls, ceiling and floor of the exposure room. Thic-
kness of the lead castle was designed so as to be
more than 15cm from the source position to all
directions except for the collimating hole. Such a
collimated output gamma-ray beam, however, nor-
mally includes a certain amount of secondary
photons scattered from the surrounding inside walls
of lead castle. Contribution of the scattered photons
to the collimated beam under a similar condition
has been evaluated to amount a few percent®,
while another study on the similar lead castle
showed that the
scattered photons to total exposure rate is about

relative contribution of the
2.259% regardless of distance from the source to
the detecting position.®

In measuring the gamma-ray depth dose in the
3.18x3.18x0.89mm TLD-700

ribbons made by Harshaw Chemical Co. were used

sphere phantom,

with an arrangement shown in Fig. 6. Depth doses
were measured at an interval of Imm in first
10mm from the surface of the sphers, 5Smm in
depth of 10 to 40mm, 10mm in that of 40 to 70mm,
and 20mm in between the depth of 70 and 150mm.
In each measurement, namely at each depth, four

TLD chips were uvsed for the reasonable evaluation

of statistical significance of the result.

860 1

Fig. 5. Experimental arrangement for the measurement of Gamma--ay Depth dose in a spherical

phantom of tissue equivalent material
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Fig. 6. Exploded view of detector holder and absorber ,ssembly for the measurement of depth dose in a
spherical phantom of tissue equivalent material using TLD chips

Center of the sphere phantom was located at
86cm from the source on the central axis of the
conically collimated radiation beam, where the cross
section of the radiation beam coincides with the
largest cross section of the sphere.

One hour was kept for irradiation at each depth
and this would result total exposure of 0.74R at
the location of the center point of the sphere when
%Co source was embedded in the lead castle, while
an exposure of 1.32R would be resulted at the
same point in the case of *¥'Cs.

iii) Experiment in Neufron Field

Measurement of depth dose in a phantom lacated
in neutron field, in practice, necessitates first to

measure the neutron fluence at a depth of interest

in the phantom. For carrying out this work, neu.
trons from thermal column of TRIGA Mark-II
research reactor were used. Experimental setup is

as shown in Fig. 3.

The sphere phantom of tissue equivalent material
- was placed at 50cm from the opening of the colli-
mated beam and the reactor has been operated at
steady power of 250KW during the course of the
experiment. In this work two different type of
detectors were used. One is neutron sensitive TLD
and the other is Au activation foil.
TLD-600 ribbons(3. 18x 3. 18x0. 89mm) made by

Earshaw Cherical Co. were used and contributiom
of the reactor gamma-rays to this TLD is discri-
minated by means of substracting the readout of
TLD-700 from that of TL.D-600 irradiated undey
the same condition.»® Thus, in the measurement.
of nentron depth dose distribution in the sphere,.
two series of identical measurement had to be
carried out using TLD-600 and TLD-700, respecti~
vely. The depth intervals at which the fluences
were measured using TLD were same as done in
gamma-ray depth dose measurement. At each depth,
four ribbons were embedded and the detectors were
irradiated for ten minutes in the neutron beam.

Bare and Cd-covered gold foils were embedded at.
depths of 1, 3, 5, 7, 10, 15, 30 and 50mm from
the surface of the sphere phantom along with the
center line of the neutron beam, which passes
through the center point of the sphere. Irradiation
time was established from 5 to 8 hours according
to the depth at which the neutron fluences were:
measured.

For a numerical evaluation of the neutron albedo
for the sphere phantom, the foils were also sub--
jected to irradiation at the surface of the sphere
with and without the existence of the phantom.

The activity induced in the gold foils was mea-
sured 30 minutes after the end of the irradiation
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by a 3" x3” Nal(Ti) scintillation detector asso-
ciated with a 400 channel pulse height analyzer
(Hitachi Mcdel RAH-403). From the spectrum
obtained, the photopeaks due to 0.412 MeV gamma-
ray were evaluated using numerical values of
peak-to-total ratio and absolute detection efficiency

deduced, for our detector, from published data.®?

3. Theoretical Assessment of Absorbed Dose.

a) For Gamma-ray Dose.

Theoretical deduction of gamma-ray absorbed
dose in a polyethylene sphere (This might also be
valid for the sphere of TEM in the light of effective
atomic number) from the data obtained by TLD-
700 ("LiF) embedded in it has been attempted by
This
based on Burlin’s generalized cavity theory® which

applying Ehrlich’s methed.® is essentially
assumes the range of electrons proeduced by the
incident gamma-rays in the dosimeter comparable
to the cavity dimensicns.

As Burlin did, Ehrlich assumed that the range
of the Compton electrons produced by incident
gamma-ray in the dosimeter is comparable to the
TLD cavity dimension (our TLD is 3.18x3.18%X
0.89mm?), which means that the absorbed dose in
the TLD cavity stems not only from the cavity
wall (polyethylene or TEM), but also from the
electrons produced in the TLD cavity proper.

Under this conditions she thought the absorbed
dose in the TLD should lie

D'(rll?Dszoly' S;F‘hl; ...... ')

for cavity dimensions small compared to the range
of the Compton electrons,

@y TLD
DTLD—Dpoly'en#poly """ 2)

for cavity dimensions large compared to the electron
range.

Here, the u represents relative mass energy
absorption coefficient and the S, reative stopping
power, all taken for estimated photon and electron
energies at the position of the dosimeter cavity.
Dya1y, the absorbed dose in the polyethylene layer

surrounding to TLD cavity is given by
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Doty =0. 869 ¢02°17 « X+ 0. €65++-++(3)

where 0.€69 is the akscrbed dcse in  air (in radp
per unit exposure (in R), and the factor 0.€65 is a.
correction for the attenuaticn of the primary photons.
in the polyethylene, which expe.imentally found
to be equal to exp(— pory*Eoo1y)s ooty and foory being,
the attenuation ccefficient for the incident photons:
and the wall thickness, respectively.

In line with Burlin's apprcach, Dryp for incident.
gamma radiation best representing the actual expo--
sure geometry was estimated as ‘

Dro=dL®p+( —d)D‘T?D....... @

where d is a weighting factor given by the equa-

tion

da=|evdz /| *dz=(1—e)/8g ;
and

1—d=[ A—edz /[ dz=(gg-re s 1) /6g)

where § is effective mass absorption coefficient of
the electron spectrum, and g is average rath length
of electrons crossing the cavity.

Published numerical values of d for the LiF
TLD*, 0.311 and 0.156 in the case of °Co and
137Cs gamma-rays, respectively, were used in our
work.

The ahsorbed dese in the polyethylene,
then estimated by

D,, is

D,,,:Sm DT (6)
TL

D
where S:LD is in fact identical with the reciprccall
of the ST&°.
In calculating S§5%, which is a weighted average
over the electron energy spectrum at the pcsitiom

of the dosimeter, the formula'®

= 1 1 (%o (S/p)eort. TLD -

TLD(F Y= = 2/ el TLD J B
SPoH( 0) 3%‘7}3]‘)(}20) -E-l) J‘o (S/p)call- paly
...... P

was used. Here, (S/p)con indicates mrass stopping:
power due to energy loss by collisions. Using the
numerical values of (S/p)con. pory and (S/pleott. LiF
appeared in an ICRU Report'®, as a function of
electron energy, numerical integration was carried

out according to Simpsen’s rule. Resultant S values:
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are

STLD~1.142 for ®Co gamma-rays
and ~1.005 for *Cs gamma-rays,
respectively.

In order to estimate the relative energy absorption
coefficient, o,ufh3, it was necessary to calculate
of LiF

‘TLD, since the numerical data are not available,

mass energy absorption coefficient c.z/p,

-while those for the polyethylene were appeared in
the literature®. For calculating (eng/p)rLp, the
following equation' was used.

_(_Z{:_)(F_;f*_)+(%)f,+(—g)fk

ent _ T

4 o

Here, r—r"(j}’;v&) is an approximation of photoe-

lectric component of mass energy transfer coeffi-
cient, (¢/p)f;, based on the assumption of predomi-
nant ejection of electrons above K-edge, with Fy
and E, being fluorescence yield and average energy
of fluorescence in the K-series, respectively. (¢/p)f.
and (k/p)f: are Compton and pair-production com-
-ponents of the mass energy transfer coefficients,
wheres f, and f, are average fractions of photon

energy going into electronic collision loss by Com-

pton scattering and into pair-production, respectively.

The terms of z*/p and k/p are in practice minor
enough to neglect in our calculation.

Compton cross section, ¢., was calculated for
“Co and ¥'Cs gamma-rays using Klein-Nishina
formula,*®

2(1+a)

g

o-‘=27[r0 {L‘_z_g“
[44

+%ln(1+2a)—7%%%7}------(9)
‘where r, is classical electron radius, e°/mc? and
«a=hv/mc®. ‘The numerical values obtained are
0.=1.387x10°25 cm?/¢clectrons for ¢°Co gamma-rays,
and ¢,=2.559X10°2% cm?/electrons for ¥'Cs gamma
rays. Resultant total mass attenuation coefficients,
o/p(o=0,-p-NZ/A, where Nis Avogadro’s number)
of LiF TLD for 1.25 MeV and 0.661 MeV gamma-
rays are 4.872x107% ¢cm?/gm and 6.605x10°2 cm?/
.gm, respectively. Density of the TLD was taken
an 2.64g/cm.*® Numerical values of f. for the
“TLD were estimated as 0.467 and 0.381 for *°Co

and *’Cs gamma-rays, respectively, by means of
interpolation of the data given by R.T. Berger.
Calculation of z was carried out using Gray’s
empirical equation®,
logr,=3. 6505+ 1. 0log2+0. 480 (logA)2-<e-es (10)
where 7, is given in cm™* and wavelength of the
incident gamma-rays, 4, is in X-units (10-*cm).
Obtained numerical values of z/p (z=7, pN/A) are
6.75x10"%cm/gm and 2.62X10 7cm/gr for *Co and
In light of the

these values are obviousely

137Cs gamma-rays, respectively.
order of magnitude,
negligible compared to those of a/p.
The mass energy absorption coefficient of tie
TLD for *°Co and **Cs thus obtained are
Contt/ 0)ca=2.275X10"%cm?/gm
and  (..p/p)es=2.514%10"%cm?/gm,
respectively. Resultant relative mass energy absor-
ption coefficients, for the two different gamma-rays

in energy are
Etn/“gg‘l‘ngozo- 746
and [,,,/lg}l?,]cszo. 752.

With all the data obtained, - the absorbed dose in
the polyethylene sphere, D,(Eq. 6), can be deduced
as a linear function of exposure, X, observed by
TLD in the medium at the position of the cavity.
That is

D,=0.732X for**Co gamma-rays
=0.755X for'3’Cs gamma-rays.«se-+ (11)

This simple and basic relations will be effecti-
vely used in the assessment of absorbed dose in
the polyethylene and TEM sphere from embedded
TLD data.

b) For Neutron Dose (KERMA)

It is common to assume the neutron energy
spectrum being composed of three different compo-
nents, namely; 1) fast neutron component with the
form of a virgin fission spectrum (**U+thermal
fission neutron spectrum), 2) slowing down neutrons
proportional to 1/E, and 3) thermal neutron com-
ponent with a Maxwellian distribution of velocities
appropriate to the temperature of 20°C. For the
slowing down neutrons. the lower and upper limits
of the spectrum were taken as 0.12 eV and 1.0
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MeV, respectively. The lower limit was determined
according to Westcott'”, while the upper limit was
chosen arbitrarily but is nearly corresponding to
the maximum point of virgin fission neutron spect-
rum.

The fluence-dose (KERMA) conversion factor was
calculated on the basis of NBS Handbook 63'®,
ICRU Report 13'*®, and NCRP Report No. 382 and
the results are presented for three spectrum com-
ponent in Table 3. Neglecting the fast neutron
flux density in the beam of the thermal column,
thermal and intermediate energy neutron flux
densities were determined by means of cadmium

cut-off technique.??

4. Resuits and Discussion

a) Results obtained in the Preliminary Study

In the preliminary study for the measurement

of gamma-ray absorbed dcse index, a reasonable
range of statistical fluctvation and hence fairly
gocd repreducibility was shown. Figs. 7 and 8 show
the results obtained in the gamma-ray fields of
1#7Cs and *°Co, respectively.

The ordinates of the figures were normalized to-
the surface dose, whilz the data points and relevant
error bars were calculated from the values cbtained
by five successive experimental runs at each:
measuring point in the sphere.

Some experimental data in the depth dcse distri--
bution deviate from the expected valucs. This
might happen because of serveral factors such as
lack of charged particle equilibrium (near the
surface), difference in sensitivity of individual TLD-
element, etc. The dose distribution beyond the:
maxima, however, decrease with increasing depth
approximately following the exponential law sugge--
sted by Spencer.?®

Table 3. KERMA and KERMA Equivalent Conversion Factors per unit Fluence of Neutron from

Spectrum Componets

Spectrum component

Thermal
J- D(E)ﬁxe'E’Eo dE
0 E*,

Intermediate Fast

1 1Mev ,1_ o
St DB EAE [ DENE) dE

KERMA (rads/(n/cm?)] 2.30x 101 2.56%x 1071 2.23x10°®°
KERMA equivalent [rems/(n/cm?)) 2.40x 10~ 2.93x10°¢ 2.14x10"®
10
& g i
Z 7
5 L = 6y
2 2 os)
4r 44
. 3]
|
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Fig. 7. Depth dose distribution in 30cm dia. polye-
thylene sphere for broad beam of *3*7Cs.

DEPTH, (mm)

Fig. 8. Depth dose distribution in 30cm dia. polye-
thylene sphere for broad beam of *Co.
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As a result of the study it is primarily figured
out the absorbed dose index, which is in fact the
maximum depth dose in a polyethylene sphere of
B30cm in diameter appears at about 0.4 to 0.5cm in
depth, and the maximum dose is about 1.3 times
:as high as the surface doss.

Neutron absorbed dose was determined by wei-
ghting field parameters such as fluence and energy
spectrum in order to figure out the fluence-dose
(KERMA) conversion factor. The field parameters
‘were measured by activation foils. The data obtained
‘with TLD elements were converted into absorbed
dose through a crose-calibration with the values
-obtained by activation foils at the depth of 5cm in
the polyethylene sphere.

The thermal and intermediate energy neutron flux
densities thus measured were 9.08x10°n/cm?-sec
and 2.66x10°n/cm®*-sec at the surface of the
-gphere which subsequently lead to 2.09X10-° rads
and 6.80X10~% rads,
estimation on the basis of fluence-dose conversion
factor given in Table 2. The effect of scattered
neutrons at the surface of the sphere has been
taken into account in determining the surface dose.
“"This is achieved by measuring the difference of
the activity induced in the activation foils when
they were irradiated with and without the presence
of the sphere. The apparent dose (the dose due to
the incident and scattered neutrons) seemed to be
about 50% higher than that due to the incident
neutrons only.

respectively, according to the

In this way, the depth dose variation in the
-sphere was obtained and the results are shown in
Fig. 9. All the experimentally obtained values were
normalized to that measured at the surface of the
-sphere. The bald circles indicate the data obtained
by activation foils, while the bald rectangulars
represent those measured by TLD. With maximum
«dose at the surface of the sphere, the dose decrea-
-8es with increasing depth. From the surface up to
about lcm in depth, a sharp decrease is observed.
This might be explained as a result of variation in
«component ratio between thermal and intermediate
<energy neutrons by the absorption precess.
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Fig. 9. Depth dose distribution in 30cm diameter
polyethylene sphere for beamport neufron
from thermal column of TRIGA Mark-i1
reactor

b) On the Theoretical Assessment of Absorbed
Dose.

idea that is
formulated essentially based on Burlin's cavity

In accordance with the Ehrlich’s

theory, and with calculation of mass energy absor-
ption coefficient of the LiF TLD through broad
survey and collection of relevant published data, it
was possible to derive a simple linear equation
which enables us to deduce gamm-ray absorbed dose
in a polyethylene sphere from the data obtained by
embedded TLD. That is expressed as equation 11,
This relationship is also valid for the sphere of
tissue equivalent material in the light of effective



BOSR BB T BRE WE--E ) M 4 5A

;atomic number of polyethylene and TEM. Practical
;assessment of gamma.ray absorbed dose from the
-data obtained by TLD has been carried out using
-this relationship.

The absorbed dose, KERMA in fact, in the sphere
phantom irradiated to reactor neutron beams has
been assessed on the basis of references 18 through
20,

¢) Results chtained in the Main Experiment.

Data obtained in gamma-ray depth dose distribu-
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Fig. 10. Calibration curve for TLD-700 ("LiF) for
gamma-ray exposure
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DESTH
¥ig. 11, Depth dose distribution in the TEM sphere

of 30cm in diameter irradiated to ™'Cs
gamma-ray beam.
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tion in TEM sphere phantom using TLD-700,
which had been read out in terms of nanccoulomb,
was converted into exposure with the unit of R. For
this conversion calibration of the TLD has been
a 22Ra standard

source of 13.7 mCi in activity. Resultant calibration

carried out in an open air using

curve is as shown in Fig. 10,

Since the energy dependence of the TLD sensiti-
vity in measuring exposure is well-known to bhe
consistant in the energy range of about 100 KeV up
to 10 MeV,?® the output charge-exposure calibration
curve shown in Fig. 10 is wvalid for the gamma-
rays from *¥'Cs and “Co sources. The data obtained
in terms of electronic charge was first to be con-
verted into exposure, and the conversion of exposure
into absorbed dose was then followed using the
equation 11 derived on the basis of cavity theory.

Thus determined absorbed dose rates at the
surface of the sphere phantom were 1.72 rad/hr
in the field of **"Cs gamma-rays and 0.51 rad/hr
in that of %Co,
geometry of the experimental arrangement shown

respectively, for the particular
in Fig. 5. The maximum absorbed dose rate in the
sphere phantom were cbserved at the depth of
in the
it was observed at 3mm in

Imm and the dcse rate was 1.93 rad/hr
case of ¥Cs, while

4

DEPTH DOSLE NORMALIZED TO THE SURFACE VALVE
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Fig. 12. Depth dose distribution in the TEM sphere
0f 30cm in diameter irradiated to ®Co
gamma-ray beam
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depth with the dcse rate of 0.64 rad/hr in the case
of ®Co. The maximum values observed are 1.12
and 1,27 times as high as that of surface dose
rates in the case of ¥Cs and ®Cs, respectively.
The results are shown in Figs. 11 and 12. All the
values in the ordinates were normalized to the
surface dose. As shown in the figures the variations
of the dose rate with depth in the sphere are not
consistent, and two peaks are shown in each figure.
The second peak in depth dose distributicn were
observed at the depth of S5cm in the case of ¥Cs
and 3. 5cm in the irradiation of *Co gamma-rays.
It is generally known®® that the magnitude of
the absorbed dose in an extended medium resulting
from an external scurce varies from point to point
in the medium. And this variation results from;
1) the divergence of the radiation from the source,
2) the absorption and the scattering of the incident
and 3) the build-up of
asscciated charged particles for a given type and

radiation in the medium,

energy of radiation. Despite considering all these
factors, it is quite ambiguous to explain the cccu-
rrence of twao peaks in the depth dose distribution.

The absorbed dose (KERMA) in the TEM sphere
due to the irradiation of neutrons of the TRIGA
reactor thermal column has been measured using
both Au activation foils and TLD (TLD-600 and
TLD-700). Firstly,
produced by the activation of **’Au foils in the

ganma.ray spectra of %Ay

neutron field were analyzed for the determination
of neutron flux density at a point of interest in the
phartom. For the foils used in this study, the flux
density was calculated by

_ A
$=3318— S

(em™2es™H)ennens (12)
which was deduced from the well-known activation
formuiar®’ using numerical data of nuclear chara-
cteristics of the foil,*® and that of neutron capture
cress section.®”?*® Here, g is the weight of Ay
foil, 4 is decay constant of *®Au, and ¢ and ¢, are
irradiation time and elapsed time after the end of
irradiation, respectively. A is absolute disintegration
rate of 8Au which was determined by
A (dps)=11.63S (cps)++-+(13)
under our particular condition of source-detector
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arrangement. Here S denctes total ccunt rate of”
0.412 Mev phctopeak area in the spectrum. Num-
erical constart connecting S and A is calculated’
using published data of photepeak efficiency® and’
total counting efficiency™ for the detector employed
in this study. Contribution of intermediate energy-
neutrons was quantified by evaluating the diffe-
rence in activities of bare and Cd-covered gold foils.-
The measured flux densities were converted into-
KERMA rate using conversion factors given in
Table 3. Beyord the depth of 15 mm in the sphere,.
the dose was evaluated from the TLD data, which
cress-calibrated using the data obtained by Au foils:
at six different depth of 1 mm to 15 mm in the
sphere. For this calibration TLD was wused to
measure the neutron dcse at the same depth. The-
conversion factor obtaired thrcugh the calibration.
was
Cy=(1.4110.06) X 10~ *rad/nC-----(14)

The measured depth dcses (KERMA) in the sphere-
are plotted in Fig. 13 with values normalized to
the surface dose rate (KERMA rate). As shown in
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Fig. 13. depth dose distribution in the TEM sphere
of 30cm in diameter irradiated to neutron
beam from thermal column of the reactor
triga mark-1II
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the figure, the maximum absorbed dose was obser-
ved at the depth of lmm from the surface of the
sphere. At this point the measured thermal and
intermediate energy neutron flux densities were
6.47x10° n/cm? sec and 1.82X10° n/cm?-sec,
which corresponding to the KERMA rate of 1.36X
10-% rad/sec and 4.55Xx10°% rad/sec, respectively.
The total KERMA rate at the point is 5.91X10°°
rad/sec, and this is about 1.5 times as high as the
KERMA rate at the surface of the sphere.

5. Conéiﬁi@jng Remarks

The experimental realization of the ICRU defini-
tion of the index quantity, absorbed dose index,
was rather complicated than it was expected at the
beginning of this study. The work has been started
in 1973, while the detailed explanation of the ICRU
on the conceptual basis of the quantity®’ came
out a few years later.

This study has been restricted to determine the
index quantity in the unidirectional radiation field.

Through this study, however, an experimental
and analytical basis for the determination of abso-
rbed dose index in gamma-ray and neutron fields
of specified energy were established. The basis
includes the theoretical assessment of the absorbed
dose from the data obtained by the detector that
does not give us the dose itself, yet has strong
advantage in the measurement of depth dose in a
medium.

The second gain to be pointed out is that the
possibility and the difficulty of realizing the index
quantity have been revealed through the study.
And it was also found that there are many ques-
tions and problems to be solved prior to practical
application of the index quantity. Some of them
are; 1) development of appropriate TEM sphere
that fits to the ICRU definition, 2) development of
the index quantity measurement technique in the
low dose radiation field, including isotropy analysis,
3) assurance of the usefulness of the index quantity
for the practical radiation protection purpose, in
consideration of the complexity of the realization
of the quantity in an arbitrary radiation field.
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