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1.0 INTRCDUCTION

1.1 Objective

The overall objective of this research was to investigate the
use of encapsulated thérmnluminescent dosimeters (TLDs) to measure
gamma ray energy deposition in lead, tantalum, tin, copper, stain-
less steel, iron, and aluﬁinum. In particular, it was desired to
verify theo;etical calculations of energy deposition in these
materials with experimental results for low values of gamma energies
(0.3-0.7 MeV).

An important sub-objective of this research was to develop a
suitable dosimetry system (consisting of an irradiation device, en-
capsulated and preferably wonoenergetic gamma-ray sources, and
properly calibrated readout equipment) so as to minimize experimental

error whenever possible.

1.2 Background

From a theoretical viewpoint, encapsulated TLDs are treated as
a special case of the more general situation of a medium containing
a cavity. The cavity consists of a radiation-semsitive device that
may be either solid, liquid, or gaseous, and is usually of a different
atomic number and density than the surrounding medium (though this
need not necessarily be the case). The radiation-sensitive device
is usually termed a "dosimeter', if it is used to measure the ab-

sorbed dose due to radiation in the surrounding medium. In order to



meaningfully evaluate the dosimeter response, one must know the
ratio of the energy absorbed in the dosimeter to that of the sur-
rounding material (known as the f ratio). For the same type dosi-
meter used, this ratio is a function of the atomic number of the
surrounding material, the size of the dosimeter, and the energy of
the incident radiation.

The first rigorous statement of cavity ionization theory is
due to Gray (1,2) in which he stated his "principle ot equivalence'.
This principle was based on the assumption that the introduction of
a gas-filled cavity into a medium did not perturb the flow of the
electron spectrum in the medium surrounding the cavity. He proved
this to be true for small cavities, (i.e., small compared to the
ranges of the primary electrons in the surrounding medium). The
Bragg-Gray relation, derived in 1936, assumed that the energy lost
by electrons traversing both solid and gaseous volume elements was
equal to the energy absorbed within that volume, i.e., continuous
energy loss. He proved that the ratio of the energy absorbed per
unit volume of solid to that of the gas was equal to the ratio of
the electron stopping powers of the solid and gas. He also stated
that this ratio (termed ms) was "almost independent' of the energy
of the electrons.

In 1937, Laurence (3) took into account the energy dependence

of the stopping power by averaging the ot values over the total



spectrum of electrons traversing the cavity to obtain a mean value
of ms Both Gray and Laurence, however, neglected to take into
account the production of fast secondary electrons (S-rays) pro-
duced by electron-electron collisions that leave the cavity thus
making the continuous energy loss assumption invalid.

Spencer and Attix (4) and Burch (5) took secondary elactron
effects into account in developing the theory. This provided a
better approximation to n® (6) than did the theories of Gray and
Laurence. However, all theories developed thus far did not con-
sider the perturbation effects of the cavity on the primary electron
spectrum generated in the wall material and therefore could notlbe
used to describe the situation for intermediate and large sized
cavities.

In 1953, Daniels, et al., (7) suggested the use of TLDs in
radiation dosimetry. Since TLDs fall into the "intermediate sized
cavity" category, the theory had not been adequately developed to
predict absorbed dose for various encapsulation materials. In 1966
Burlin (8) developed a "general theory of cavity ionization" which
took the size effect of the cavity into account, and could be
applied to small, intermediate and large sized cavities.

Experimental verifications of the theories of Bragg-~Gray and
Spencer-Attix were carried out by Burlin (9-14)., Verifications
of the 'general theory of cavity ionization" for Fricke dosimeters

were carried out by Burlin and Chan (13).



Lithium fluoride powder TLD material containing enriched 7Li
(99.997%) was used by Adamson, et al. (17) to measure the fine
structure within a single cell at the center of ZEBRA-6. Simons (18)
reported gamma-ray dose measurements using lxlx6 mm solid.entruded
TLD rods encased in stainless steel for ZPR-3 Assembly 60 at Argonne
National Laboratory. Results from all these investigations showed
that it was feasible to use TLDs inside critical assemblies.

Simons and Yule (19) reported calculations using the '"general
cavity ionization theory" of Burlin and experimental data to support
the theory. Experiments were performed at the ZPPR-2 in support of
the design of the LMFBR Demonstration Reactor at Argonne National
" Laboratory. 7LiF TLDs encapsulated with a variety of electron-
equilibrium sleeves were used and the results were compared with

the theoretical calculations {(20).



2,0  IONIZATION THEORY

2.1 General Considerations

In Chapter 1 it was stated that the size of the cavity played an
important role in determining the f ratio for solid-state
cavities. A small cavity is defined as one in which the linear dimen-
sions are small compared to the ranges of the primary electrons generatead
in the surrounding wall material. The cavity thus defined does not
ﬁerturb the primary electron flux generated in the wall material. The
theories of Bragg-Gray (2), Laurence (3), and Spencer-Attix (4) are
admirably suited for this situation. Inthe case of TLDs, however, the
size of the cavity is now large enough to perturb the flux, and Burlin's
theory (8) must be used to determine the f ratio. Before discussing
the details of the various tﬁeories, it is necessary to qualitatively
discuss the influence of the cavity size on the relative absorbed
doses in the cavity and wall material.

2.1.1 The Influence of Cavity Size

Consider a cavity embedded in a homogeneous medium. The cavity
may be sither solid, liquid, or gaseous in nature. The surrounding
medium may confain a uniformly distributed radiocactive source, or be
subjected to a uniform beam of radiation. In the case of a uniform
homogeneous medium only, the absorbed doge per unit mass, E for a

m M’

gamma ray source, would be the energy lost per unit mass of all gamma



rays present. For a monoenergetic gamma ray source of energy TY’

the absorbed dose will be

U
- en
oy = N T, (5OM (2.1)
where

N = fluence of gamma rays of energy TY (gammas/cmz)

U
en . . «
(—), = mass energy absorption coefficient of medium for gamma

3 rays of energy TY (cm?/g).

Consider the introduction of a radiation-sensitive cavity of
different material into the homogeneous medium. Figure 1 illustrates
the variation of the absorbed dose distribution in the presence of
the cavity. Using the subscripts M and C to denote material and

cavity, respectively, it is here assumed that mEM ¥ mE At a large

a*
distance from the cavity boundary, the absorbed dose reaches a con-
stant value in each material. The magnitude of this value equals the
absorbed dose in an infinite medium composed of that material. At
regions near the cavity boundary, the absorbed dose distribution is
dependent on the properties of the two materials. At the cavity
boundary itself, there is a discontinuity in the absorbed dose distri-
bution due to the difference in the stopping powers of the electrons
traversing the two media (21).

Now consider the variation in size of the cavity. Referring to
Fig. 2(a), for a large cavity, the dimensions are much larger than

the ranges of the electrons and the absorbed doses in the cavity and

in the surrounding material are the constant-value infinite-medium
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absorbed doses. The contribution to the absorbed dose in the interface
region is negligible. Referring to Fig. 2(c), for a small cavity,
the cavity size is not sufficient to perturb the primary electron
flux generated in the surrounding material. Consequently, the ab-
sorbed dose in the cavity is simply that in the surrounding medium
divided by the ratio of the mass stopping powers of the electrons in
the cavity and the surrounding material, 55 In this case, o® is
assumed less than 1; this need not be the case in general. Referring
to Fig. 2(b), for an intermediate sized cavity,.the cavity size is
large enough to perturb the primary electron f£lux. The degree of
perturbation is a function of

(1) The ratio of the cavity diameter to the primary electron
range.

(2) The ratio mEM/mEC.

2.2. Small Cavity Theory

All small cavity theories discussed here are based on the following
assumptions:

(1) The electron spectrum established in the medium surrounding
the cavity is not modified by the presence of the cavity.

(2) Photon interactions generating electrons in the cavity are
negligible.

(3) The small cavity is surrounded by a material under uniform
irradiation.

(4) Electronic equilibrium exists uniformly within the material.
Requirements (1) through (3) above are self-explanatory. Require-
ment (4) is valid for any sized cavity, and needs to be explained in

more detail.
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2.2.1 Electronic Equilibrium Requirement

There are two types of electromic equilibrium, complete and
transient (6). The former is said to exist at a point when, for every
electron leaving a volume element surrounding the point, another of the
same energy enters to take its place. This condition exists only in
the case of a uniformly distributed radioactive emitter in a large
medium, and only at points far removed from the boundary. When a beam
of gamma rays enter the medium, however, at a certain depth into the
medium, the ratio of the energy absorbed to that released within a
volume element reaches a constant value, independent of position.

This is known as transient equilibrium. A certain minimum sleeve
thickness is required in order to satisfy this requirement. If

possible, the sleeve thickness should be equal to the range of the
most.eﬁergetic electron produced in the wall (22). However, it has

been pointed out by Boag (23) that a sleeve thickness smaller than the
maximum electron range may be sufficient to ensure electronic equilibrium.

Evaluation of the maximum electron energy in the sleeve depends
on the sleeve material and the maximum incident gamma ray energy. If
the photoelectric effect is dominant, then the maximum electron energy
is set equal to the gamma ray energy. If Compton scattering is
dominant, then the maximum electron energy, Tmax’ for gamma rays of
energy TY is given by

T

g (2.2.)

max 1 + (a/2)



5|

where

and
2 :
mc = 0.511 MeV, the electron rest energy.
For the pair production reaction, the gamma ray is entirely ab-
sorbed and produces a positron-negatron pair of energies E+ and E_,

respectively, where
2
T =E +E 2mc (2:3)
Y + sl

In the energy range under investigation (0.3 - 0.7 MeV) the

following sources were used for TLD irradiationm: L3l

98 51

C = (0.662
s (TY 0

MeV), .
137

Au (TY = 0.41180 MeV) and ~Cr (TT = (0.32010 MeV). For the

Cs source, the Compton effect is dominant in all sleeve materials.

198 51 ; . ;
For the Au and the Cr source, the Compton effect is dominant in
all sleeve materials except for lead and tantalum, where the photo-
electric effect is dominant. This can be verified with reference to
Fig. 3.

It is useful to compare the electron range in the various sleeve
materials with the actual thickness of the sleeves used. This com~

parison is made in Table 1. 1In most cases, the sleeve thickness was

as great as the range of the most energetic electron.
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2.2.2 Bragg-Gray Theory

Consider two volume elements, one consisting of a gas—filled
cavity and the other a solid volume element of the surrounding material
under uniform radiation. Assume that the respective linear dimensions
of the two volume elements are in the ratio s:l, where s is the ratio
of the electron stopping powers of the solid to that of the gas. Then
Gray's "principle of equivalence'" (21) states that, "The energy lost
per unit volume by electrons in the cavity is 1/s times the energy
lost by gamma rays per unit volume of the solid."

Going from the "principle of equivalence“ to the Bragg-Gray
theory, Gray made the crucial assumption that the energy lost by

electrons in traversing the two volume elements is equal to the energy

absorbed.within that partieular. element. Thus, if vE is the emergy
absorbed per unit volume of solid, and vJ is the ionization per unit volume
of gas, VE = 3 WVJ (2.4)
where
W = average energy required for the formation of one ion pair
in the gas (assumed constant and independent of electron
engrgy).
In developing the Brﬁgngray theory, Gray also made the important
assumption that the ratio of stopping powers of the solid to that of
the gas, s, was independent of the electron energy. In a later develop-

ment, Laurence (25) took the energy dependence of the electron stopping

power ratio into account.
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2.2.3 Laurence Theory

The Bragg-Gray equation can be rewritten in terms of unit mass

rg

as
sz_m_

m W

m

[

(2.5)
Laurence took the energy dependence of n® into account by spectrum-
averaging o over the equilibrium spectrum of electrons slowing down

with initial energy To' Thus he derived that

TO
:1=J 2. (2.6)
] Q ms
m

Further spectrum=-averaging can be carried out in cases where
there is a spectrum of initial starting energies A(TY,TO) for mono-
energetic gamma rays of energy TY’ in which case,

ax ' L
Jm A(T. ,T ) T (4T /-8)
& Y'o o o m

=7 (2.7)

ax
r‘ A(CT ,T ) T 4T
" Y o o o

where Tmax is the max electron energy in the initial electron spectrum.

%ol |-

Here again the continuous-loss assumption of Gray is valid and it has
been assumed that energy lost by electrons equals the energy absorbed
(no delta-ray production). The NCRP (6) has expressed equations (2.7)
and (2.8) in more convenient algebraic forms.

2.2.4 Spencer-Attix Theory

Both the Bragg-Gray and Laurence theories assumed continuous energy
loss of the primary electrons in both cavity and wall material. They

neglected to take into account fast secondaries produced by primary
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knock-on collisions (delta rays) that leave the region of interaction
and consequently do not deposit their energy at the point of inter-
action. Spencer and Attix attempted to take secondaries into consid-
eration by defining an energy threshold A, below which the secondaries
were agsumed to deposit their emergy at the point of interaction.

An important conclusion from Spencer-Attix theory is that the
stopping power ratio ;; is cavity size dependent. The reasoning
is as follows. For primary gamma-ray interactions within the cavity,
energy transfers of less than A arising from primary electron knock-
on collisions are deposited in the cavity. Energy transfers greater
than A are carried out of the cavity. Consequently, A is a measure of
the size of the cavity, and is in fact the energy of the secondary

electron that will just cross the cavity.

2.3 Large-Cavity Theory

In cases where the cavity size is very much larger than the
range of the primary electrons, it has been shown in Sectiom 2.1 that
the energy absorbed in the cavity is a function of the properties of
the cavity. Similarly, the energy absorbed in the surrounding material
is a function of the properties of the material. TFor a gamma-ray
source, the energy absorbed is a function of the mass—-energy absorption
coefficient in either case. Hence, the energy absorbed in the medium
per unit mass, E_, can be related to the energy absorbed per unit mass

m M’

in the cavity, m;C’ by the relation



(uen/p)M
mEM = W mEC (2.8)

en C

2.4 Burlin Theory

The theories of Bragg-Gray, Laurence and Spencer-Attix are all
based on the assumption that the introduction of a small gas-filled
cavity into a medium under uniform irradiation does not perturb the
primary electron spectrum established in the wall material. As the
cavity size is increased, however, flux perturbation effects become
significant. This fact was verified by the NCRP (6) using results
obtained by Attix et al. (26) for a parallel plate ionization chamber,
where the spacing between the plates was varied from 0.5-10 mm. For
a cavity filled with air at 1 atm pressure, in a medium irradiated
with gamma rays of energy exceeding 1 MeV, small cavity theory would
apply if the linear dimensions of the cavity were 1 cm or less (21).
Solid cavities are about 1000 times as dense as air, and for small
cavity theory to apply, the linear dimensions must be of the order of
10-3cm or less, which is élearly unrealistic. In order to develop a
theory suitable for solid and liquid cavities also, Burlin (8) sought
to remove the size restriction inherent in small cavity theory by
taking into account the flux perturbation effect as the cavity size
is increased to intermediate size. This flux perturbation effect is

twofold:

17
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(i) It accounts for an exponential attenuation, in the cavity,
of the primary electrons generated by photon interactions
in the medium. The shape of the spectrum remains unchanged
(21).

(ii) It accounts for a buildup of the primary electrons generated

in the cavity due to photon interactions in the cavity.
For a monoenergetic gamma ray source of energy TY’ Burlin's de-

velopment can be written as

f(TY) = FM(TY) fs(Ty) + FD(Ty) EE(TY) (2.9)
wheré
fs(TY) = f ratio assuming small cavity theory
fE(TY) = f ratio assuming large cavity theory
?M(TY) = primary electron attenuation factor in the cavity (as
per (i) above)
FD(TY) = buildup factor for primary electrons generated in cavity

(as per (ii) above).
Here FM(TY) approaches unity for small cavities or high gamma
ray energies, and zero for large cavities or low gamma-ray energies.
The exactly reverse logic applies to FD(TY)' FM(TY) is thus a function

of the mean chord length, g, of the dosimeter, defined by
g = 22 (g/ca’) (2.10)

where V is the volume, p the density and S the surface area of the
dosimeter. If E(TY) is the attenuation coefficient for gamma rays

of energy TY’



(2.11)
T )
B( RE
and
E (TY) =1 - FM(TY) (2.12)
The Katz and Penfold expression (27) was used for B(Ty), given
by
- _ 1ln 0.01

where R(TY) is the range of primary electrons of maximum energy TT

given by
0.412 T for 0.01 < T_ < 3 MeV
R(T_ ) = i v (2.14)
0.530 TY - 0.106 for 3.0 < TY < 20 MeV
and
n=1.265 - 0.0954 1n TY s (2.15)

The Laurence theory is used in calculating fS(TY) in Eq. (2.9)
for solid filled cavities (28) for the following reason. The
difference between the discrete energy loss stopping power ratio
(Spencer—-Attix theory) and the spectrum averaged continuous energy
+ loss stopping power ratio for electrons (Laurence) is less than a
few percent for A > 100 keV (29). The parameter A used here is a
discrete energy loss parameter that represents the maximum kinetic

energy of the secondary electron that just crosses the cavity. For

19



1x1x6 mm TLDs, with an average chord length of 0.27 g/cmz, A
corresponds to 436 keV. Since this is significantly larger than
100 keV, secondary electron effects can be ignored and the con-
tinuous energy-loss assumption is adequate.

In Section 2.2.2, the reciprocal of the stopping power ratio,

8
m
electron energy TO as

< which is equal to the £ ratio, fs(Ty)’ was derived for an initial

i
(o}
—_!-=fa(T)=ElJ' = at
s Y 0“0 m

8

To ScollD (T)
J — e @T (2.16)
Q

o

]
collM (T)

where Scoll(T) is the mass stopping power of electrons of energy T.
In the case where there is a spectrum of starting energies Nm(Ty’To)
defined by:

NM(TY,TO)dT‘= fraction of photon energy transferred to initial

electron with energy in the interval (To,dTo)
the stopping power ratio must be further averaged over this spectrum

of starting energies. Thus we have

TY 1 To scoilD(T)
f (T ) =J NM(T ,T )dT [E,—f I dT] (2.17)
s o Y o oyl collM(T)

From the section on large cavity theory, we can write

20
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[uen(T )]D
= P
fl(TY) ST (2.18)

[l vy,

and the general ratio E(TY) can be written as

g To ScollD(T)

1
NM(TY,TO) dT_ [TJ

dT] +
o

f(T)=F(T).J PRSI
Y N P P o ScollM(T)

[uen(TY)]
P
L (2.19)

+ F (T )
D T
Y [“en( )]
o] M

A computer code TERC/III written by Simons (private communi-
cation) calculates f(TY) for a variety of encasement materials.

Figures 4 and 5 illustrate f(TY} as a function of gamma-ray energy

for 1xlx6 mm 7LiF and CaFZ:Mn TLDs encased in electronic equilibrium

sleeves.
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3.0 EXPERIMENTAL PROCEDURES

3.1 1Introduction

Experimental procedures used in obtaining the thermoluminescent

output (response) of encapsulated 1 x 1 x 6 mm LiF and Canimn TLDs

will be discussed in this chapter. Encapsulation materials (sleeves)
selected for this research project were: iron, tantalum, lead, stain~

less steel, copper, tin, and aluminum. Gamma-ray sources used for

TLD irradiation were: 13703 (TY = 0.662 MeV), 198

and 51Cr (TY = 0.3201 MeV). Briefly, the following procedure was

Au (TY = 0.4118 MeV)

established for each type of TLD and gamma-ray source. A precision
subset was selected from a batch of approximately 220 TLDs through
sensitivity selection. The precision subset was further subdivided
into groups of 15~20 TLDs, and following annealing, individual TLDs
from each group were encapsulated with one type of sleeve material.
After irradiation of the encapsulated TLDs, the thermoluminescence
(TL) was measured using the readout procedure described in Sectiom 3.11.
" Normalized experimental and calculated responses were then compared
as a function of gamma-ray energy, sleeve material and TLD type, as
discussed in Chapter 4.

Obtaining TLD responses with good precision was complicated
by the fact that the TL emitted was highly sensitive to the handling,
irradiation, annealing and readout procedures used. Well established

and reliable procedures have been developed at Argonne National



Laboratory for the use and handling of TLDs. These procedures
were carefully adhered to at all times.

' This chapter is organized in the following manmer. Section 3.2
describes the 7LiF and Can:Mn TLDs used in the investigation.
Section 3.3 presents the procedures used in the ecare and handling
of TLDs. The methods used for the identification of bare and en-
capsulated TLDs during the experimental procedure are clarified in
detail in Section 3.4. Bare and encapsulated TLDs were supported
on an irradiation device during irradiation by a gamma-ray source.
The considerations involved in the design of such a device and the
actual device used for the experiments are discussed in Section 3.5.
Section 3.6 presents the considerations involved in the selection
of source materials used to produce the isotopes, required for this
investigation. The selection of the radial location of the TLDs
from the source location, from dose-rate considerations, is dis-
cussed in Section 3,7. The annealing procedures used for the TLDs,
before and after irradiation by a gamma-ray source, are described
in Section 3.8. The readout equipment used for analyzing TLDs is
described in Section 3.9. Prior to analyzing TLDs, a systematic
procedure was used for initial setup éf equipment. This initial
setup procedure is described in Sectiom 3.10. The procedure used
to obtain the TLD response, subsequent to initial setup of equip-

ment, is described in Section 3.11., Precision subsets were selected
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from the original batch of 7LiF and CanzMn TLDs used for this in-
vestigation. This selection procedure, known as sensitivity selectionm,
is described in Section 3.12. Lastly, the types of sleeve materials

used and the procedures for encapsulated TLDs are described in detail

in Section 3.13.

3.2 Description of TLDs Used

7LiF and CaF,:Mn TLDs were used in this study. The 7LiF TLDs

2
were of high semsitivity type, in the form of 1 x 1 x 6 mm rods, manu-
factured from ILD—?Odl(which consists of 99.931% 7Li and 0.07% 6Li).

The Can:Mn TLDs were in the form of 1 X 1 X 6 mm rods and manufactured
from TLD-400. Both types of TLDs were supplied by the Harshaw

Chemical Company.

3.3 Handling

Improper handling of TLDs can have a significant detrimental
effect on the reproducibility of their responses. The term "handling"
here refers to the manner in which individual TLDs are supported and
the measures used to protect the TLDs from ambient light.

The thermoluminescent output of a TLD is altered if touched
by bare hands (surface contamination), or dropped on a hard surface.
In addition, scratching of the crystal surface also alters the TLD
response. Consequently, bare TLDs were always carried by plastic-

tipped tweezers, and supported on several layers of tissue between

readouts.

Contains Mg and Ti activators, commonly designated as 7LiF:M’g,Ti
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Fading effects (i.e., a decrease in the TLD response due to
exposure to ambient light) in 7LiF and Can:Mn TLDs have been
‘noted by various investigators (22,30,31). Consequently, bare and
encapsulated TLDs were placed in individual, opaque envelopes and
stored in an enclosed cabinet after irradiation. Additional pre-
cautions were taken for CaF, :Mn TLDs during and after irradiation.

During irradiation, CaF,:Mn TLDs were covered with black paper to

2
minimize fading effects due to ambient light. Fluorescent lights

were turned off prior to readout, and a minimal amount of incandescent
lighting was used during readout. After each TLD was removed from

its sleeve, prior to readout, it was covered with black paper to

minimize fading due to the incandescent lighting.

3.4 TLD ldentification

Bare TLDs cannot be marked for identification on the crystal
surface. Therefore, other methods had to be used for identifi-
cation purposes. - During annealing, bare TLDs were placed in in-
dividual holes in the aluminum annealing plate. Since each hole
location was numbered in sequence, it was possible to retain the
identity of each TLD. During irradiation for sensitivity selection,
the identity of each TLD was also retained as it was placed on the
irradiation device. After irradiation, each TLD was placed in a
numbered envelope. The sleeves used for TLD encapsulation were also

numbered, and the same TLD-gleeve combinaticn was maintained for all
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irradiations. After irradiation, each encapsulated TLD was placed
in an opaque envelope that identified the TLD, the sleeve type and

number.

3.5 Irradiation Device

An irradiation device was constructed to support the bare or
encapsulated TLDs and the source during irradiation. For this re-
search it was important to irradiate the TLDs with the primary un-
scattered flux from the source. Hence, it was desirable to use a
lightweight material that was as transparent as possible to gamma
rays. Likewise, the device should be situated at a sufficient distance
from walls, ceilings, floors, and other objects that may add a
scattered component to the total TLD dose.

Based on these considerations, two materials were tested for
use at Kansas State University: plexiglass and styrofoam. A
120 x 120 x 1.27 cm plexiglass sheet was supported horizontally on
top of a vertical plastic pipe, measuring 30.5 cm in diameter and
305 cm long. To evaluate the scattering properties of this device,

a 13705 source was placed at the center of the sheet, and the trans-
mitted pulse height distribution was measured by means of a 3" x 3"
NaI(T1l) scintillation detector, mounted vertically under the sheet.

The primary pulse height distribution was measured, for the same source-
detéctor configuration, with the plexiglass sheet removed. Comparison
of the primary and transmitted pulse height distributions revealed

a significant reduction in the peak height of the primary gamma ray



line. This indicated that plexiglass was not an acceptable material.
A styrofoam sheet, measuring 120 x 120 x 2.5 cm was then suspended
from the crane hook in the reactor bay at the same location at which
the plexiglass sheet was tested. The primary and transmitted pulse
height distributions were measured in the same manner. Within the
statistical limits of the data, they were identical. Styrofoam was
therefore chosen as the construction material for the irradiation
device.

The final irradiation assembly (see Fig. 6) consisted of a
styrofoam sheet suspended by nylon rope from the crane hook in the
reactor bay. Lead bricks held the rope taut and stabilized the
assembly. As shown in Fig. 7, the device was situated at a height
of more than 300 cm (10 feet) from the floor and reactor walls.

Precautions were taken to ensure that TLD irradiation periods
did not coincide with reactor operations. Spurious radiations pre-
sent in the reactor bay during reactor operations would have intro-

duced unwanted components to the total TLD dose.

3.6 Source Material

With the exception of 13705 (a 3.0 mCi source was available),

gamma-ray sources used for TLD irradiation were produced through

neutron activation in the Kansas State University Triga reactor.

Consequently, a primary requirement for the source materials selected

was that they have a reasonably high neutron-activation cross-section
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for the production of the particular isotopes, and that the isotopes
emitted gamma rays with the desired energies and known yields in the
range 0.1-0.7 MeV. The source materials selected and isotopes pro-
duced are listed in Table 2. Decay schemes for the three isotopes

selected are shown in Figs. 8, 9, and 10. Approximately 4.8 g of

99.997% pure (spectroscopic grade material)_chromium and a gold foil
(weighing approximately 0.1 g), were used to produce nominal 3.0 mCi

198Au, respectively. The location of the source

amounts of 510r and
materials in the reactor during isotope production and the irradiation
times used are shown in Table 3.

Pulse height distributions were measured for the 198Au'and

1Cr isotopes. For measurement purposes, a small quantity (.063 g)

of Chromium was used to produce 0.1 uCi of 51Cr during production
of the 3.0 mCi SlCr isotope. The measured pulse height distribution
of the 1 pCi ler isotope using the Ge(Li) system in the Neutron
Activation Analysis (NAA) Laboratory is illustrated in Fig. 11. The
198Au pulse height distribution (Fig. 12) was measured after TLD
irradiation when the source activity had decreased to an acceptable
level.

Special attention was paid to the encapsulation of the source
material. Prior to irradiation, the chromium pellets used for TLD
irradiation and for the pulse height distribution measurement were placed

in separate polyethylene vials that were heat sealed to prevent

accidental dispersal of radiocactive material to the environment.



Table 2. Gamma-ray Sources Used in the Experimental Investigation
Primary

Source Gamma-ray

Nuclide Half-life Material Energy, MeV
Cr-51 27.8 d'ays Chromium Pellets 0.32010
Au-198 2.7 days Gold Foil 0.41180
Cs=-137 30.0 yxr Cesium Metal 0.66164
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The gold foil and the 3.0 mCi 13?05 source were also encapsulated

similarly. Prior to TLD irradiation for each source, each vial
was placed in a larger vial and shut before placement on the

irradiation device.

3.7 Determination of Dose Rate

Since all the encapsulated TLDs were subjected to the same
total number of source decays for a particular gamma-ray source,
an accurate determination of the source strength was not necessary.
It was important, however, that bare and encapsulated TLDs received
a large enough dose so that the TLD responses were well above the
background current of the instrument. Table 4 lists typical responses
that were obtained from 7LiF and CaF,:Mn TLDs irradiated by a nominal
3.0 mCi 13703 source, for an absorbed dose of approximately 0.5 rad
in 7LiF. The photomultiplier tube voltages used to obtain these
responses were selected from considerations developed in Section 3.9.
In both cases the responses obtained were well above background.
Given the approximate activity of each source used (3.0 mCi),
an ideal location for the TLDs would be one in which the dose rate
variation with distance was small. The dose rate at this locatiom
must also be sufficiently high so that the total irradiation time

required to cbtain 0.5 rad in ?LiF (or CaF,:Mn) was not excessive.

2

A major portion of this study involved the irradiation of encapsulated
TLDs, and irradiation to 0.5 rad in any one sleeve material would

ensure at least 0.5 rad in 7LiF or CaF,:Mn (recall Figs. 4 and 5,

2



Table 4. Typical 7LiF and CaF,:Mn TLD responses for an
absorbed dose of 0.5 rad in 7LiF (3.0 mci 137¢s
source).

Photomultiplier First Second Background

TLD Tube Readout Readout Readout

Type Voltage (V) (nC) (nC) Without TLD
(nC)
7PLi.}.“ 600 2.201 0.135 0.093
CaF,:Mn 500 30.8 0.460 0.134
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Chapter 2, where the f ratios are consistently less than 1 for all
sleeve materials in the energy range 0.1-0.7 MeV). Consequently,
dose rates in iron were determined as a function of the radial dis-
tance from the source location. An analysis was made of the error in
the dose rate due to an error in the TLD location. Since the source
was located securely on the irradiation device, errors in source
location were assumed negligible.

The dose rate, D(r), at a radial distance of r cm from a point
source of strength S curies, in a material with an energy absorption

. Hen 2 . :
coefficient (-E*) em /g is given by

N u
I 1,9, == (rad/nr) (3.1)
dre”  i=1 e

D(r) =

where
.th . gy ’

Ti = Energy of i~ gamma of yield y; per disintegration

C = Conversion factor = 1.602 x 10_8 rad -g/MeV.
According to this equation, the magnitude of the gradient of the dose

dD(r) ; ; : ;
rate,[—a;—ﬂ, decreases very rapidly with increasing r. Dose rates
in iron due to a nominal 3.0 mCi 13703 source were computed as a
function of r (see Fig. 13). It is seen that close to the scurce,
where the gradient is changing very rapidly, a small positioning

error would result in a large error in the dose rate. Far away from

dD(r)
dr

have little effect on the dose rate. However, the dose rate would

the source, where | |is almost zero, a positioming error would

be too small. Based on a compromise between these two extremes, a
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TLD location of 29 cm was chosen. A concentric groove was cut in
the styrofoam sheet at this locationm.
Even though the groove was accurately cut in the styrofoam
sheet, an error in the TLD location was possible. Figure 13 describes
_ : dD(r); .
the variation of the gradient of the dose rate,[~—3;—L with the
radial location, r. At the radial location of 29 c¢m, the magnitude
dD(r) .

i is 0.0008 rad /hr-cm. The dose rate at this location is

0.0113 rad /hr. Assuming a maximum positioning error of 1 mm, the

of

corresponding error in the dose rate at this location is less than 1%.
Bare and encapsulated TLD irradiation periods were scheduled

for times exceeding 45 hours to achieve a desired absorbed dose of

approximately 0.5 rad in the TLD and iron sleeve respectively. The

actual irradiation times used for the 13705, 198Au, and 51Cr gamma-

ray sources are listed in Table &4 for both types of TLDs (bare and

encapsulated).

3.8 Annealing Procedures

It has been found that the reproducibility of TLD responses is
significantly affected by their annealing history. The annealing
temperature and time must be consistent throughout their use, and
investigators in the field had reported different procedures for
various types of TLDs (22,23). The Harshaw Chemical Company recom-
mended one hour at 400°C, followed by two hours at 100°C prior to

irradiation of 7LiF and CanzMn TLDs. Subsequent to irradiation,
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Table 5. Irradiation times for bare and encapsu-
lated TLDs irradiated by nominal 3.0 mCi
13705, 198Au, and 3lcr gamma ray sources.

Irradiation Time (hrs)

N 137Cs 198Au Slcr
yP Source Source Source
7_.
Bare 'LiF (sort) 48 - -
Encapsulated ?LiF 45 107 143
(all sleeves)
Bare CaFZ:Mn (sort) 48 - -
Encapsulated CaF,:Mn 45 107 143

(all sleeves)
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a ten minute anneal at 100°C was recommended in order to remove
spurious peaks present in the glow curve at 80°é{ A wait period

of twenty-four hours after irradiation also accomplishes the latter
purpose.

Two ovens were used for the annealing procedure at Kansas State
University. One was operated at 400°C and the other at 100°C. The
1x1x6 mm bare TLD rods were supported in an aluminum plate (150 x 120 x
15 mm) during annealing. Holes were drilled in the plate to support
each individual TLD. The pre-irradiation annealing procedure was
carried out in the following stages: one hour at 400°C; a ten minute
wait period in an enclosed drawer; two hours at 100°C; followed by a
wait period of one hour in the drawer. No appreciable temperature
drop occurred when the TLDs and the aluminum plate were inserted

in either oven. Simons (20) had obtained reproducible results using

this annealing procedure.

3.9 Readout Equipment

Equipment supplied by the Harshaw Chemical Company was used for
measuring the thermoluminescence (TL) from each TLD. As shown in
Fig. 14, the equipment consisted of a Model 2000-A Thermoluminescence
Detector coupled to a Model 2000-B Integrating Picoammeter. During
readout, the bare TLD was supported on a heated planchet which was
. mounted inside a sliding drawer in the 2000-A unit. Light emitted
by the TLD was converted into a current signal by the photomultiplier
tube incorporated in the 2000-A unit. This current was then integrated
2

M.Raiseruddin ( Major Professor : H.J.Donnert),M.S. Thesis,
Kansas State University (1968).
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and the charge displayed by the 2000~B unit. Additional analog outputs
were also available from both units. A dc voltage output signal was
available from the 2000-A unit which was proportiomal to the tempera-
ture of the heated planchet. Linear and logarithmic dc voltage signal
outputs were provided by the 2000-B unit for recording the time-
‘dependent current output of the photomultiplier tube (i.e., the glow
curve). Inert gas (such as nitrogen or carbon dioxide) was circulated
over the planchet to reduce nonradiation induced thermoluminescence.

A sectional view of the 2000-A unit is shown in Fig. 15. The built-
in light source, which consisted of 14C activated NaI(Tl), moved into
position when the sample drawer was fully extended. It was used for
routine checks on photomultiplier tube gain and system stability.

The optical filters, lenses and mirror served to modify the light
path and prevent infra-red radiation from the sample heater from
entering the photomultiplier tube. The photomultiplier tube was
housed in a cooling jacket and provided with electrostatic and mag-
netic shielding. In order to keep the background current from the
photomultiplier tube low and uniform, a thermoelectric cooler main-
tained the tube at a constant 50°F.

Linear heating of the planchet was achieved by means of the PRE
and TEMP potentiometers located at the rear of the 2000~A unit.

The PRE control established the maximum preheat temperature, and
the TEMP control was used to set the subsequent linear heating rate.

The maximum heater temperature was selected by the HEATER TEMPERATURE
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MAX control located on the front panel. The Harshaw Chemical Company
recommended a 100°C preheat for 7LiF TLDs, followed by a linear
heating rate of looclsec to a maximum temperature of 2&000, as
shown in Fig. 16. For CaFZ:Mn TLDs, the maximum heater temperature
was 350°C, and the temperature profile was similar. A 30 sec heating
period was used for both type TLDs.

The current signal from the photomultiplier tube was integrated
and displayed as a total charge on the 2000-B unit. The current
meter on the front panel was calibrated to read over an eight-decade

k3 to 10-6 amperes). The PERIOD switch located on

range (from 10
the front panel regulated the charge integration period and the
planchet heating period. The HIGH VOLTAGE potentiometer on the
front panel established the photomultiplier tube voltage.” This con-
trol was provided with a locking device to prevent any accidental
changes in the voltage during operation.

The operating voltages of the photomultiplier tube, used for

measuring 7LiF and CaF,:Mn TLD readouts, were determined from signal-

2
noise curves supplied by the Harshaw Chemical Company. These signal-
noise curves described the variation of the signal and noise currents
with photomultiplier tube voltage (Fig. 17). The signal-to-noise
ratio (SNR) increased gradually with voltage up to 700 volts, after
which the increase was less gradual. Thus, it was seen that operating

the tube at voltages higher than 700 volts would be of little benefit.

On the contrary, photomultiplier tube fatigue would be a factor at
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these high voltages. A voltage of 600 V was chosen for use with
7LiF TLDs to obtain currents of adequate levels and to minimize
photomultiplier tube fatigue. Since Can:Mn TLDs emit more TL per
unit dose than 7LiF (see Table 4), a lower voltage setting of 500 V
was chosen to futher minimize photomultiplier tube fatigue.
Systematic procedures were established for the setup of the

equipment prior to measuring light emission from TLDs. These are

discussed in the following section.

3.10 Initial Setup

Prior to obtaining data from TLDs, a systematic checkout pro-
cedure was established for the instrumentation. This procedure was
followed throughout the experimental program in order to obtain con-
sistent results, and minimize experimental error due to improper use
of equipment. The following sequence of operations was performed
prior to measuring readouts:

(i) Turn the analyzer on, insert the planchet drawer, and
wait for a minimum of one day to obtain temperature

equilibrium.

(ii) Set the photomultiplier tube voltage, by turning the
meter control knob on the 2000-B unit to HV and adjust
the HV control to 600 V (for TLiF TLDs) or 500 V (for

Can:Mn TLDs).

(iii) Set the period switch to 30 sec on the 2000-B unit.

(iv) Set the range, ampere control to auto on the 2000-B unit.



(v)

(vi)

(vii)

(viii)

(ix)

Adjust the carbon dioxide flow to 10 cu £t/hr.

Zero the electrometer on the 2000-B unit by flipping
the multiplier switch to the 0.1 position and back
again to the x 1 position. Adjust the zero control
until the needle on the electrometer stays stationary
when the multiplier switch is flipped back and forth
between the two positions. Return the multiplier
switch to the x 1 position after zeroing the electro-

meter.

Set the meter switch to the current mode and adjust the
current suppression knob on the rear panel of the 2000-B

unit for a current of 3 picoamperes.

Slide the 1 mA-100 mV switch on the rear panel of the
2000-B unit to the 100 mV position. Attach the tempera-
ture output cable (from the rear of the 2000-A unit)

to the X~Y recorder. Set the horizontal time sweep on
the recorder to 5 sec/in and the vertical axis to

10 mV/in. When analyzing 7LiF TLDs, adjust the tempera-
ture rate, pre-~heat (rear panel of 2000-A unit) and
heater maximum (front panel of 2000-A unit) controls
until the temperature profile matches the profile shown
in Fig. 16. Use a similar profile for CaF2:Mn TLDs
except for the maximum temperature of 350°¢.

With the planchet drawer inserted, measure and record
the dark-current charge five times using a 30 second
period. Wait for the planchet temperature to drop to
50° (approximately 1 minute for 7LiF, and 1.5 minutes
for the Can:Mn temperature profiles) prior to each
measurement. The average dark current should be less

than 0.5 nC/sec in each case.
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(x) Pull the planchet drawer out, measure and record the

output from the built-in light source over a 10 second

period. These readings should average nominally 314 nC

at 600 V and 57 nC at 500 V.

(xi) Attach the linear output cable on the 2000-B unit to
the X~Y recorder. Set the horizontal time sweep to

5 sec/in and the vertial axis to 20 mV/in.
The system is now ready for recording glow curves on the X-Y re-
corder and displaying the total light output as an LED readout on
the 2000-B unit simultaneously.
In the event that the system is turned off for any reasom, the
initial setup procedure (steps (i) through (xi) above) must be re-

peated prior to analyzing the TLDs.

3.11 Analyzer Operation

After initial setup was completed, the system was ready for
measuring TLD readouts. It was necessary to establish and maintain
a systematic and reproducible sequencé of operations to minimize
systematic errors. The established sequence of operations is de-
scribed below:

(i) Zero the electrometer prior to analyzing the TLDs and

every hour thereafter.

(ii) Check the carbon dioxide flow rate for a flow of 10 cu
ft/hr.

(iii) Turn the X~Y recorder on, if measurement of the glow
curve is desired. If not, the X-Y recorder may be

turned off.
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(iv) Read out the TLD over a 30 second period. Wait until
the planchet temperature drops to 50°C (1 minute for
7L:i.F, and 1.5 minutes for Can:Mn TLDs) and read out
the TLD again. Wait until the temperature drops below
100°¢C before removing the TLD and inserting a new one.

' The readout cycles used for 7LiF and CaFZ:Mn TLDs are
illustrated in Table 6. '

3.12 Sensitivity Selection

Bare TLDs, subjected to the same average absorbed dose, do not
produce an identical response, even if they are fabricated from the
same batch of material. Significant improvements in precision were
reported in the literature (19,20) when these differences, which
were largely statistical in nature, had been corrected for in experi-
mental investigations. The correction procedure is referred to as
sensitivity selection. Briefly, sensitivity selection involves the
irradiation of TLDs from a single batch of material to the same
average absorbed dose, and discarding those TLDs that differ by
more than a given percentage in their response from the group mean
response. The purpose of the sensitivity selection procedure was to
select a subset of TLDs with individual sensitivites that be as
close as was practically possible to the final subset mean.

The sensitivity selection procedure had been incorporated in
a ccm@uter code, SAD, developed at the Argonne National Laboratory
by Dr. G. G. Simons. A flow chart depicting the logic incorporated

in the sensitivity selection section of the program is shown in



Table 6. Readout cycles used for the analysis of 7LiF’ and
CaFZ:Mn TLDs.

Elapsed Time

(min)
7LiF CaF,:Mn
TLDs TLES Operation Description
0 0 Load TLD, close drawer, initiate first read-
out
0.5 0.5 End of read cycle
1.5 2.0 Temperature below 50°C. 1Initiate second readout
2.0 2.5 End of second read cycle
2.5 3.25 Remove TLD, insert new TLD, close drawer
5.0 4.0 Initiate readout of new TLD
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Appendix A. Initially, the TLD responses were arranged in the order

of decreasing sensitivity. The mean and standard deviation of the

ordered set was then computed, together with a 5% band about the

mean of the set. The 5% selection criterion had been used largely

58

from the viewpoint of selecting as many TLDs as possible with relatively

good precision, and not from any rigorous statistical considerations.

The largest and smallest responses were compared to the mean response,

and if the deviations in both cases were within the band, the selection

process was bypassed and the entire batch was accepted as the precision

set. If, however, the deviations in either or both cases were out-

side the band, the TLD response with the greater deviation from the

mean was discarded. The mean, standard deviation, and selection

limits for the reduced set were recomputed, and comparisons were

made with the largest and smallest responses, as before. The final
precision set of TLDs, obtained after successive discards, was then
used for future investigations with correction factors computed for

all TLDs. The correction factor for each TLD was the ratio of the

response to the mean of the final precision set.

The same procedure was used at Kansas State University for
selecting a precision subset for both ?LiF and CaFZ:Mn TLDs. A
batch of approximately 220 TLDs was pre—annealed using the pro-
cedure discussed in Section 3.8. After annealing, the TLDs were
placed in the circular groove in the irradiation device, and suc-

cessive TLDs were located at least 3mm apart. A 3.0 mCi 137Cs
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source was placed in the center of the circle, and the irradiation
device was raised to a height of ten feet from the floor. For CaFZ:Mn
TLDs, black paper was used to protect the TLDs from ambient light
during irradiation. After irradiation to nominally 0.5 rads, the
TLDs were removed and placed in numbered, opaque, brown envelopes
and stored for 24 hours in an enclosed cabinet prior to readout.
During readout, individual TLDs were removed from their envelopes
one at a time and placed on several layers of soft tissue, as part
of the readout cycle. For Can:Mn TLDs, only incandescent lighting
was used during readout, and individual TLDs were covered with black
paper prior to readout to serve as protection against the incandes-
cent lighting.

The TLD identification together with its readout was used as
input for the SAD code to obtain a precision set. The spread of the
TLD readouts about the final precision subset mean is illustrated in
Figs. 18 and 19, respectively, for the 7LiF and CaFZ:Mn TLDs. The
TLDs whose responses lay within the 5% band about the final subset
mean were accepted as the final precision set. fhe rest of the TLDs
were discarded. Nominally 59% and 66%, respectively, of the original

batch of 7LiF and CaF,:Mn TLDs were accepted as the precision set,

2

3.13 Procedures for Encapsulated TLDs

The precision subsets obtained for both types of TLDs, as dis-
cussed in Section 3.12, were used for all subsequent irradiations.

Each subset was partitioned into groups of nominally 15 TLDs and a
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particular type of sleeve material was assigned to each group. This
ensured that all TLDs encapsulated by the same type of sleeve material
had similar sensitivity correction factors. Table 7 lists the sleeves
used in the investigation at Kansas State University. Each sleeve
was a 12.7 mm long hollow cylinder, and the hole diameter at either
end was sufficient to hold the lxlx6 mm TLD. Plugs made of the
same material were inserted at both ends.

During irradiation, encapsulated TLDs were placed on the circular
groove cut in the styrofoam sheet. TLDs that were encapsulated by
the same type sleeve were located together. The spacing befween
each sleeve was at least 5 mm. The gamma-ray source was located at
the center of the circle. Irradiation times were adjusted to obtain
a total absorbed dose of approximately 0.5 rad in ifon, as listed
in Table 5, Section 3.7. Following irradiation, encapsulated TLDs
were placed in individual, opaque envelopes and stored in an enclosed
cabinet for 24 hours.

Subsequent to initial setup of the equipment (see Section 3.10),
TLDs were read out sequentially, without interruption, using the
procedure outlined in Section 3.11. Just prior to being placed
inside the TLD analyzer, individual TLDs were removed from their
sleeves as part of the readout cyﬁle.

After all the data had been gathered, the mean and standard
deviation of the TLD responses (corrected for background) were com-

puted for each type sleeve material, and for both sorted and un-



Table 7. Encasement Materials Used During Measurement of the
Energy Response of Encased 7LiF and CaF,:TLDs.
Atomic .Density Hole Wall
Material Quantity  Number (g/cm3) Diameter Thickness
: (cm) (g/cm?)
Lead 9 82 11.34 .22 0.734
Tantalum 10 73 16.60 .22 0.696
Tin 15 50 7.30 . 22 0.608
Copper 14 29 8.96 .25 0.694
Iron 16 26 7.87 +22 0.656
Stainless 17 Std ANL 7.80 .22 0.693
Steel
Aluminum 8 13 270 22 0.514
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sorted TLDS. The mean and standard deviation were obtained from:

_ o §ox
Xy = .Z = (3.9)
i=1
- 2
N (X.-X))
2 1 XM
O‘M= z B — (3.3)

i=1

where

%y

mean response of N TLDs encapsulated by sleeve material

of type M.
Iy = standard deviation of the mean of the N TLD readouts.
X, = response of the i-th TLD (i=1, ... N).

The mean and standard error of the mean (UM//E) are reported
for each type sleeve, gamma-ray source and TLD in Sectiom 4.4. An
uniform notation was used to report the results. Since the TLD
response is directly proportional to the absorbed dose in the TLD,

- ex
the XM values were reported as E 3

me p(y)® ¥here

£oXP

o= (D(M) = experimentally obtained absorbed dose per unit mass

(m) in the TLD encapsulated by a sleeve of type M.

This type of notation was used to ensure consistency in terminology
when comparisons are made between theory and experiment. These com~

parisons are discussed in the next chapter.
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4.0 RESULTS AND DISCUSSION

4.1 General Considerations

Data cqllected in this investigation were in the form of re-
sponses measured, using two types of encapsulated TLDs, as a function
of sleeve material and gamma-ray energy. Nominally 500 TLD responses
were obtained using both types of TLDs. This does not include the
additional 450 TLD respon&es obtained during the sensitivity selection
procedure. To synthesize this information and present the results
in a convenient, readily accessible form, the mean TLD responses,
together with their standard errors, are reported for each sleeve
irradiated by a gamma-ray source. Theoretical results are also
synthesized and reported for the same gamma energies. The degree
of agreement between experiment and theory is also included in this
chapter, as well as an intercomparison between results reported at
Argoune National Laboratory (ANL) and those obtained in this study.

For convenience of presentation, the material in this chapter
is presented in several sections. Section 4.2 describes the method
used to compare the experimental results and theoretical prédictions
of absorbed dose in the encapsulated TLDs. The theoretical results
obtained from the TERC/III code are presented in Section 4.3. Experi-
mental results obtained in this investigation are presented in Section
4.4. Experimental and theoretical comparisons are made in Section 4.5
for each TLD material. Intercomparisons with the ANL results are

described in Section 4.6,
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4.2 Development of Experimental and Theoretical Comparisons

A relative method of comparison was used to compare the theoretically
predicted and experimentally observed doses in the encapsulated TLDs.
As was mentioned in Section 3.7, all encapsulated TLDs were exposed
to the same total number of source decays for a particular gamma-ray
source. It was therefore possible to normalize the mean TLD response
for each sleeve material to the mean TLD response for a reference
sleeve, and compare these normalized results with the corresponding
normalized theoretical results. The use of this relative method of
comparison eliminated the necessity of accurately determining the
strengths of the individual gamma-ray sources. This procedure removed
a source of systematic error that may have influenced the results.

Under uniform irradiation by a monoenergetic gamma-ray source
of energy TY MeV, the calculated absorbed dose in the encapsulated

TLD is related to the calculated sleeve dose by

calc _ calc
mED(M) f(TY) v (4.1)
where
cale _ . .
mED(M) = calculated absorbed dose per unit mass (m) in the
TLD encapsulated by a sleeve of material M.
fM(TY) = f ratio for sleeve of material M (from TERC/III code,
discussed in Section 2.2.6).
calc : ;
Eu = calculated absorbed dose per unit mass (m) in the

sleeve of material M.
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For a total irradiation time of t secs, the absorbed dose in the

sleeve (rads) is given by,

u (T ) u (T )
cale _ _KS en 'y _(_en_ ¥y
B Z;;E TY (———E—w~}M exp(-( 7 L tM) (4.2)
where
K = Conversion factor = 1.602 x 10-8(rad-g/MeV}
S = total number of source decays = activity (;ég) x t (secs).
r = radial location of encapsulated TLD (cm).
p (1)
(uEEB--—-Y-—)M = mass energy absorption coefficient for a sleeve of
material M (cmzlg).
ty = gleeve thickness (g/cmz).

Since S and r were held constant for all sleeves during irradiation
with each gamma~ray source, Eq. 4.2 simplifies to,

w_ (T) u_(T)

cale _ en Yy _(_en 'y
By { (——-—-——p )M exp( (_—p )M tM) (4.3)

where C is a constant. Combining.Eqs. (4.1) and (4.3) yields,

g%%C o ¢ £ (1) (M) (—(“—“‘&i) ) (4.4)
n-D(M) Thi 5y %P 5 Uap syph o :

Neglecting the exponential attenuation of the primary gamma-rays in

the sleeve material, Eq. (4.4) reduces to,

(1)

cale - uen Y
wEp) = © fM(Ty) (—-—p—)M : (4.5)

Normalized to a reference sleeve material of type R, Eqs. (4.4) and

(4.5) become,
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Ban Ty en(Ty)
cal f (TY) ( - )M exp( ("_pu_)l‘fl tM}
mED(M) (norm.) = ) RG] (4.6)
en en
B i1 ), w2y 2
uen(T )
- fM(TY) (-——-"—fJ )M
mED(M) (norm.) = - “én(Ty) (4.7)
fR(TY) ( )R

Equations (4.6) and (4.7) served as the basis for computing the
normalized theoretical results for each sleeve material as a function
of gamma-ray energy, for both TLD materials.
' The mean encapsulated TLD response for each sleeve, together
with its standard error (described in Section 3.13), was also normalized

to the reference sleeve material R to obtain,

geXP
m D) , o (4.8)
Eexp R

m D(R)

exp -
mED(M) (norm)

where

exp = exp ; _
m;D(M) (norm) mED(M) normalized to the mean encapsulated TLD

response for the reference sleeve of material R.

a error of the ratio.

R

The error of the ratio, ¢_,, is determined from (see Reference (34)),

R
= P (norm) |( M 2 4 ¢ °r )2 % (4.9)
% T @ D(M) " gE¥P gSXP
m D(M) m D(R)

The ratio of Eq. (4.6) to Eq. (4.8) (with attenuation correction

applied) served as a measure of agreement between calculations and



experiment, described by,

calc

< - wED (M) (norm)
E exp
by (POrm)
u, (T) it Ty
en 'y o ey
) fM(TY) ( Fz ))M exp(~( % ))M ) mED(R) (4.10)
Pen TY Yen TY A%
fR(TY) ( )R exp(-( ) )R tR) mED(M)

Neglecting the exponential attenuation of the primary gamma-rays in

all sleeve materials, Eq. (4.10) reduces to,

u_ (T)
en "y exp
& - M T ) | (4.11)
E uen(TY) o ’ :
fR(TT) (-~---——p )M mED(M)

C/E ratios close to unity represented good agreement between

experiment and theory.

4.3 Theoretical Results for ?LiF and Can:Mn TLDs

Absorbed doses in both types of TLD materials were calculated,
for all types of sleeve materials being investigated, as a function
of gamma-ray energy using the TERC/ILI computer code. The TERC/III

results used in this study were in the form of the expression repre-
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sented by Eq. (4.5) where the constant C was set to unity. Computation

of f(TY) was carried out in the code through the use of Eq. (2.19).
Collision mass stopping power ratios (CMSP's) for the dosimeter and

sleeve, used in Eq. (2.19), were calculated using the equation given
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by Berger and Seltzer (35). The input parameters to the code for the
TLD materials and each sleeve are illustrated in Tables 8 and 9. The
density effect parameters listed were used in the calculation of the
CMSP's. The CMSP's calculated by TERC/III were within 1% of the
values reported by Berger and Seltzer for 7LiF and Can:Mn TLDs, over
the energy range under investigation (36).

A consistent set of mass energy absorption coefficients, Esﬂéle,
were selected for each sleeve material by using the values published
in the Nuclear Data Tables (37). These coefficients were derived

from the total absorption coefficients, ca(tot), listed in Ref. (37)

as follows,

=g (i _ barns
Ua(tot) = ca(lncoh) + Ga(photo) (atom ) - (4.12)

where
Ua(incoh) = incoherent (absorption) Compton cross sectiom.

Ua(photo) = photoelectric absorption cross section.

Appropriate conversion factors were used to convert Ua(tot) from
(barns/atom) to (cmzfg) for each sleeve material. Uncertainties
reported for ca(incoh) and ca(photc) were nominally 10%Z (exact
figures were not given), leading to a corresponding uncertainty in
ca(tot) of nominally 15%. Since the errors involved in the calcu-
lation of f(Ty) and in ca(tot) were difficult to estimate, errors
were not assigned to the calculated absorbed doses obtained from the

TERC/III code.
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TERC/III results are illustrated in Tables 10-15 for both TLD
materials (column (2)), where the sleeve materials are arranged in
the order of decreasing atomic number. A significant trend is
observed in these results, namely, that the calculated TLD absorbed
dose increases with increasing sleeve atomic number. The reason
for this trend can be found with reference to Table 16 and Fig. 4
for 7LiF TLDs, where E(TT) increases as the sleeve (Z/A) decreases
to (2/A) for LiF ((Z/A) ratios for TLDs and sleeves are illustrated
in Tables 8 and 9). S8imilar trends are observed for CaFZ:Mn TLDs
as shown in Table 17 and Fig. 5. The mass energy absorption co-
efficients, however, increase with increasing sleeve atomic number
(Fig. 3) in this energy range, owing to the fact that o(photo) in-
creases rapidly with increasing sleeve atomic number at low gamma
energies. In this energy range, therefore, th; TLD absorbed dose
increases with increasing sleeve atomic number. This rapid rise
of the mass energy absorption coefficient with decreasing gamma-ray
energy in the high Z materials is also reflected in the increasing
magnitude of the exponential attenuation factors (column (5)).
Calculated TLD absorbed doses, corrected for exponential attenuation
of the primary gamma ray in the sleeve material, are listed in
column (6). The effect of these large attenuation corrections on
the C/E ratios for lead, tantalum and tin in this energy range will

be discussed in Section 4.5 for both types of TLDs.
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The experimental results obtained in this investigation are

presented in the next section.

4.4 Experimental Results for ?LiF and CaF,:Mn TLDs

2

The mean value of the measured TLD responses for all sleeve
materials, mEg?ﬁ)’ together with their standard errors, are reported
in Tables 18-23 for each gamma ray source. Procedures used to obtain
these TLD responses are described in Section 3.13. Individual TLD
responses were corrected for background, and the mean TLD response,
together with its standard error, was determined for each type of
sleeve encapsulation, in accordance with Eqs. (3.2) and (3.3). These
results are reported in column (4) for each gamma-ray source. In-
dividual TLD responses, corrected for background were divided by their
corresponding sensitivity correction factors (Tables B.l and B.2,
Appendix B), and the mean TLD response, together with its standard
error, was reported for each sleeve material. These sorted responses
are reported in column (3) for each gamma-ray source.

The same TLD-sleeve combination was used for all source irradiétions.
The sensitivity correction factors used, therefore, remained the same
for each encapsulated TLD irradiated by all gamma-ray sources. In
a few instances, TLDs whose surfaces had become contaminated during
use were replaced by other TLDs in the precision subset with similar

sensitivity correction factors.



In most cases, the experimental results (sorted and unsorted
values) closely resemble the trend observed in the calculated results,
hamely, that the encapsulated TLD response increased with increasing
sleeve atomic number for each gamma-ray energy, except for the stain-
less steel sleeve. Recall from Section 4.3 that the atomic number
of stainless steel is within 3% of the atomic number for iron. The

calc

mED(M)

other, and this relationship is also evident in the sorted TLD

results for stainless steel and iron were within 1% of each

responses in column (3).

Prior to calculating C/E ratios, presented in the next section,
the calculated and experimental results were normalized to the corres-
ponding results for the TLD encased by the reference material (see
Equations (4.6)-(4.8)). A suitable reference material would have the
least variation of f(TY) as a function of gamma-ray energy, over the
energy range under invéstigation. With reference to Tables 16 and 17,
it is seen that aluminum exhibits the least variation in f(TY) in
this energy range. The results for both 7LiF and CaF,:Mn TLDs were

2

therefore normalized to the results for aluminum encased TLDs.

4.5 Comparison of Theory and Experiment

Normalized C/E ratios, for each energy gamma-ray, are presented
in Tables 24-29 as a function of sleeve material. Some significant
trends were noted in these results for both TLD materials. C/E ratios
were nominally close to unity for all sleeve materials irradiated with

the highest energy gamma-ray (TY = 0.662 MeV). This was also the case
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for the lower Z materials (all materials excluding lead and tantalum)
irradiated at all gamma-ray energies. For the other combinations of
sleeve materials and gamma-ray energies, i.e., high Z materials of
lead and tantalum at low gamma-ray energies, significant deviatioms
from unity were observed in the results. Factors contributing to
these trends are discussed in this section.

Recall from the discussion of the calculated absorbed doses in
the TLD material (Section 4.3) that the exponential attenuation
factors increased rapidly with decreasing gamma-ray energy for the
high Z materials. The effect of this large correction, due to sleeve
attenuation, is clearly evident in the SlCr source results for both
types of TLDs (Tables 26 and 29). For the.lead and tantalum sleeves,
it was observed that the simple exponential corréction, based upon
the mass energy absorption coefficients, was not adequate to reduce
the C/E ratios to unity.

The effect of an error in the mass energy absorption coefficients
for the lead sleeves at TY = 0.320 MeV (5lCr source) can also be
deduced from Tables 26 and 29. A reduction of 10% in the energy
absorption coefficient of lead at this energy would reduce the C/E
ratio for the sorted and unsorted TLDs with exponential attenuation
b& as much as 7%4. Systematic errors in the energy absorption co-
efficients for the low Z materials, however, are unlikely to affect

the C/E ratios since normalization to the aluminum sleeve would have
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a cancelling effect on these errors. For the high Z materials, this
cancelling effect is likely to be less pronounced.

The effect of the sensitivity correction factors can be deduced
from the C/E fatios for sorted and unsorted TLDs at each gamma energy.
The random errors associated with the unsorted TLD C/E ratios were
nominally 3% for the 7LiF and Can:Mn TLDs. This random error was
reduced to nominally 2% for the sorted C/E ratios.

The thickness of the sleeves used also influenced the results.
Recall from the discussion in Section 2.2.1 that a sleeve thickness
comparable to the range of the most energetic electron produced in
the wall would be sufficient to satisfy the electronic equilibrium
requirement. At T = 0.4 MeV, however, the sleeve thickn;sses were
much larger than the range of the most energetic electron (refer to
Table 1). For example, in the case of the lead sleeve, the sleeve
thickness was nominally 3 times as great as the electron range at
this energy. This excessive thickness used may have resulted in a
smaller TLD response due to scattering of the primary gamma-ray flux

in the lead sleeve.

4.6 Intercomparisons of KSU Results with ANL Results

The C/E ratios for a 10 mCi 137Cs source, obtained at ANL, are
illustrated in Tables 31 and 32, respectively, for 7LiF and CaFZ:Mn
TLDs. The stainless steel sleeve was used for normalization purposes

to obtain the results for 7'Li.F TLDs in Table 31. Stainless steel was



selected because the aluminum sleeves used at ANL and KSU were of a
different thickness. For comparison purposes, KSU data were also

normalized to stainless steel. These results are illustrated in

Table 30. Similar experimental procedures were used at ANL and KSU.

However, a lucite sheet was used at ANL to support the source and
TLDs during irradiation. Also, new TLDs were used at ANL, whereas
the KSU TLDs had been used previously. As shown in Table 33 for

7

Normalized ANL C/E ratios for CaF,:Mn TLDs irradiated by a

2
13?08 gamma-ray source are shown in Table 32. These values can be
directly compared to the KSU C/E ratios in Table 27. ANL data were
not available for the tin, iron and stainless steel sleeves. For

all other sleeves, the ANL and KSU data were in agreement within 5%

(refer to Table 34).

LiF TLDs, the ANL and KSU C/E values were within 10% of each other.

16
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Table 9. Partial compilation of input parameters used to calculate
the dose ratio f(TY) using TERC/III for each encasement

material.

Atomic Atomic Ionization Density Effect Parameters
Material Number Weight Potential " 4 % X

Z A I (ev) m o "1

Lead 82 207.2 826, -6.21 0.355 2.64 0.4 3.0
Tantalum 73 180.9 701 -6.03 0.028 3.91 0.30 4.0
Tin 50 118.7 517 -6.28 0.404 2.52 0.20 3.0
Copper 29 63.57 323 -4.43 0.109 3.39 0.20 3.0
Iron 26 55.84 273 -4.62 0.127 3.29 0.10 3.0
Stainless 25.23*  54,98% 273# -4.62 0.127 3.29 0.10 3.0
Steel
Aluminum 13 27 164 -4,21 -0.091 3.51 0.05 3.
*

Z= z E.Z. where E, = fraction by weight of the jth element
] J

a1 = (z/a)7t ! E, (Z,/A,) InI,
j J J 3 J
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Table 16, Var1at10n of £(T,) with gamma-ray energy for encapsu-
lated 'LiF TLDs Efrom TERC/III code).

f(TY)
- 37, 198, 51,
T = 0.662 MeV T = 0.4l18 MV T = 0.320 MeV
Pb .69336 .36884 .24237
Ta .75162 .41070 .26693
sn .96238 64868 44549
Cu 1.02828 .92273 .80524
Fe 1.01140 .93905 .84676
5.5, 1.01640 94073 .85099

Al . 97909 96511 . 95912




Table 17. Variation of f(TY) with gamma-~ray energy for encapsu=-
lated CaF,:Mn TLDs.

2
f(Iy) N
—— 137Cs 198Au 51Cr
TY = 0.662 MeV TY = 0.4118 MeV TY = 0.32010 MeV
Pb .66946 «35159 .23155
Ta .73703 40146 .26061
Sn .97420 .66449 46171
Cu 1.05653 .97037 .86560
8.8. 1.04599 .98974 . 91725
Fe 1.04167 .98841 .91304
Al 1.01382 1.02235 1.04124




87

0" ¥ 99677 0" ¥ 006°¢C L unuiunyy
810" ¥ LZ6°CT 910" * 1€6°C 61 uoiy
T20° ¥ $98°¢ 0Z0" F 056°C L1 19235 889TuUlElg
0€0" ¥ 8%0°¢€ 620" ¥ 810°€ 1 2addop
ST0" F ¥0€°¢ GC0" F EVCTE St ury
920" F 10g°Y 920" ¥ 881" Y% 01 mnyelue],
670" F HO0L'Y SE0° F LIS’y 6 pE®]
) (€) () (1)
N
a _(W)a_w mx..nzum u seaeelg JO CL Y
W, * dxsd He dxol aaquny 2AD91S
sInopeay paliosup gjnopeay po3iog
A
*(ASH 299°0 = 1) °>anos Aex pumed
89 ® pue suoijleInsdeoua 2A99[S SNOIIRA 10J SINCPEII (IL ATT ‘81 °19%®L

LET

L



Table 19. ?ﬂiF readouts for various sleeve encapsulations and
198Au gamma ray source (TY = 0.4118 MeV).

Number Sorted Readguts Unsorted Regdouts
Sleeve of Sleeves - ge¥p M exp , M
Type (W) m D(M) N m D(M) W
(L) (2) £3) (4)
Lead 9 2.516 £ ,071 2.604 £ .072
Tantalum 8 2.154 + ,096 2.211 £ .095
Tin 10 1.736 + .074 1747 & 043
Copper 14 1.486 + .048 1.503 + .050
Stainless Steel 17 1.573 + .046 1.524 £ .047
Iron 16 1.488 + .032 1.486 + .033
Aluminum 5 1.469 + .041 1.499 £ .043
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Table 20. 7LiF readouts for various sleeve encapsulations
and a Jlcr gamma ray source (TY = 0.320 MeV).

Number of Sorted Readguts Unsorted Reagouts
Sleeve Sleeves geXp ¢ M exp , M
Type (N) m D(M) /N m D(M) /R
(L) (2) (3) (4)

Lead 9 1.603 £+ .0l7  1.660 £ .017
Tantalum 10 1.565 + .013 1.610 = .013
Tin 14 1.329 £ .010 1.301 + .008
Copper 12 1.015 =+ .008 1.014 + ,011
Stainless Steel 16 1.038 + .008 1.006 = .008
Iron 16 1.005 £ .006 1.003 + .006
Aluminum 8 0.950 = ,012 0.977 = .009
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Table 22. CaF,:Mn readouts for various sleeve encapsulations
and“198au gamma ray source (TY = 0.4118 MeV).

Sorted Unsorted

Sleeve Number of Readoutsc Readouts
Type Sleeves geXP_ . M exp i‘JE
(N) m D(M) /R m D(M) /R

(1) (2) (3) (4)

Lead 9 .923 £ 015 .964 £ ,018
Tantalum 10 .836 = .009 .866 % .010
Tin 14 711 + .003 .701 £ .003
Copper 14 .648 + ,003 .656 + .003
Stainless Steel 17 .690 £ .008 663 + ,007
Iron 16 644 £ 004 .643 £ .004

Aluminum 8 .642 .006 .659 .006

I+
H+




Table 23, CaF :Mn TLD reggouts for all sleeve encapsulation
matdrials and °iCr gamma ray source (T = 0,3201
MeV). Y

Number of Sorted Readguts Unsorted Reagouts

Sleeve Sleeves EeXP 4 M g8XP M
Type (W) m (M) T m D(M) /R
(L (2) (3) (4)

Lead 9 3.943 + .036 4,119 £ .037
Tantalum 10 3.847 £ .032 3.988 + .033
Tin 14 3.487 = ,019 3.426 + ,016
Copper 14 2,899 £ .015 2.913 + .026
Stainless Steel 17 2,923 = 013 2.805 = ,011
Iron 16 2.880 = .013 3.426 + 016
Aluminum 8 2.693 & .023 2.768 £ 023
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Table 31. Comparison of theory with experiment for encagsu-
lated 'LiF TLDs exposed to a nominal 10 mCi 137cs
source (data taken at Argonne National Laboratory,
normalized to stainless steel).

C/E Sorted TLDs

Sleeve Type With Attenuation Without Attenuation
Pb 1.080 £ .030 1.050 = .029
Ta 1.034 = .030 1.016 £ 0.30
Sn .947 £ .029 .946 £ .029
Cu .974 + .028 .974 £ ,028
S.s. 1.000 + .031 1.000 £ .031

Fe . 994 .031 .995 031

I+
I+
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Table 33. Intercomparison of C/E ratios of KSU data and
ANL data for 137¢s source and LiF TLDs. (Data
referenced to stainless steel.)

Sleeve ANL/KSU
Type Sorted TLDs
Fb 1.087 £ .043
Ta 1.077 £ .049
Sn 964 £ 034
Cu .990 £ .027
5.8, . 1.000 £ .039

Fe .992 + .039

H




Intercomparison of C/E ratios of KSU data and

Table 3&.
ANL data for 137Cs source and CaFj:Mn TLDs.
(Data referenced to aluminum)
Sleeve ANL/XSU Sorted TLDs ANL/KSU Unsorted TLDs
Type :
Pb 954 £ ,013 .966 = ,013
Ta .988 £ .0l6 .998 £ ,014
Sn - -
Cu .967 £ .016 .959 £ 014
S.8. - -
Fe - -
Al 1.000 £ .016 1.000 £ .016
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5.0 CONCLUSIONS

Sufficient data were collected in this investigation to
characterize the energy response of encapsulated 7L:’.F and Can:Mn
TLDs for a variety of electron equilibrium sleeves, in the energy
range 0.3-0.7 MeV. Comparisons were made with the theoretical
TLD responses predicted by the TERC/III code, which used as a
basis the theoretical development of Burlin (8) for intermediate-
sized cavities. Several approximations were made in the theory
behind the TERC/III code. It was assumed, for example, that the
volume averaged electron spectrum could be represented as the
weighted sum of the electron distributions characteristic of the
sleeve and dosimeter materials, that bremsstrahlung and delta
ray production could be ignored, and electrons slow down con-
tinuously in these materials. Also, the theoretical model could
only be as accurate as the input data used. The C/E ratios
served as a useful tool in the validation of the theoretical
model in the energy range under investigation.

The results obtained showed that consistent, reproducible
TLD responses are obtainable with the experimental procedures
outlined in Chapter 3. The use of sensitivity selection, to
select and use a precision subset from a batch of TLDs, restricted
the random errors to within 3% for both types of TLDs. Using

sensitivity correction factors to correct individual TLD responses
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resulted in a further reduction of the random errors to within
2% in most cases.

The C/E ratios obtained were nominally unity for all sleeves
at the highest gamma-ray energy (TY = 0.662 MeV) and for low Z
materials at low gamma-ray energies. Significant deviations
from unity were obtained for the reverse condition of gamma-ray
energy and sleeve material, i.e., low gamma-ray energy and high
Z materials. Some factors that may have produced these trends are:

(1) Inaccuracies in the mass energy absorption coefficients. Any
systematic errors in these coefficients would cancel cut for
low Z materials at all gamma-ray energies, due to normalization
of the results to the aluminum sleeve. For high Z materials,
at low gamma*réy energies, this cancelling effect would not

be as pronounced.

(2) 1Inadequacy of the exponential attenuation model. The exponential
attenuation correction is inadequate (i.e., under corrects)

for the high Z materials at low gamma-ray energies.

(3) Excessive sleeve thickness at low gamma ray energies. For
all sleeve materials, the sleeve thicknesses used were
much greater than the maximum electron range at TY = 0.3 MeV,
resulting in errors due to scattering of the primary gamma-
ray flux in the sleeves, ThéSe errors resulted in an
absorbed dose in the dosimeter that was less than if electronic

equilibrium had existed in the sleeves.
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6.0 BSUGGESTIONS FOR FURTHER STUDY

Future investigations in the field should concentrate on the
following areas:

(1) The effect of sleeve thickness on the C/E ratios at low
gamma-ray energies. This would complement the requirement

for charged particle equilibrium.

(2) The accuracy of the continuous slowing down approximation of

the electron spectrum at gamma-ray energies below 0.3 MeV.

(3) The use of a different type of model, other than exponential,
to describe sleeve attenuation at low gamma-ray energies in

high Z materials.

(4) The effect of the use of total attenuation coefficients,
rather than mass energy absorption coefficients, on the C/E

ratios.
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APPENDIX A: Flow Chart for the SAD code (sensitivity selection).

N1 = N+l

i

Leave out]
B(N1)

A(I}f
@ @ Leave out "‘;i%”x "
B(1) ’&"
izi-glzoi

Drder Readouts
o g
B(1)...... B(N)
Mean : x Initialize
- j @@= Number Discarded
Std Dev : SIG ML = 0

AG = B(1) - x
AS = x = B(N)

) Print
I=1,...N Results

|

]

Ml = Mi+l

111



112

Appendix B

This appendix contains the sensitivity correction factors used
for the sorted encapsulated 7LiF and CaF,:Mn TLDs. Sensitivity
correction factors for each type TLD were obtained from the SAD

code (Section 3.12, Chapter 3), and the values presented here are

for the precision subset.



Table. B.l. Sensitivity correction factors (obtained from the
SAD code, Section 3.12) used for encapsulated TLiF
TLDs irradiated by all gamma-ray sources.
Sensitivity
Sleeve Sleeve TLD Correction
Encapsulation Number Number Factor
1 68 1.0374
2 84 1.0368
3 52 1.0368
Lead 4 67 1.0363
5 8 1.0357
6 108 1.0347
7 83 1.0347
8 74 1.0347
9 116 1.0314
2 36 1.0309
5 60 1.0293
6 8¢9 1.0287
9 45 1.0287
10 50 1.0282
Tantalum 11 146 1.0277
13 39 1.0266
14 43 1.0250
16 25 1.0234
18 121 1.0228
6 179 .9910
7 100 .9905
9 79 .9905
10 87 .9900
11 154 . 9894
12 135 .9894
Tin £3 140 . 9889
15 80 .9889
16 134 . 2884
17 171 .9873
19 92 .9867
20 115 .9862
22 152 .9857
24 109 .9857
23 222 .9851
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Table B.l - continued

Sensitivity

Sleeve Sleeve TLD Correction
Encapsulation Number Number Factor
6 49 1.0180
11 90 1.0174
12 70 1.0169
13 31 "1.0131
15 24 1.0131
16 200 1.0115
18 185 1.0104
Copper 19 34 1.0099
21 202 1.0094
22 123 1.0094
23 122 1.0094
24 2 1.0083
25 37 1.0067
26 73 1.0061
400 97 L9770
401 218 .97865
402 158 .9765
403 147 .9760
404 182 L9749
405 220 .9738
406 211 .9738
Stainless 407 78 .9722
Steel 408 131 L9711
. 409 102 L9711
410 124 .9706
411 210 .9695
412 86 .9695
413 184 .9679
414 120 .9625
415 142 .9620
418 128 . 9620
4 107 1.0034
5 69 1.0034
6 125 1.0029
7 88 1.0029
9 81 1.0018
10 212 1.0002
txon 12 144 .9997
13 99 .9997
14 151 .9991
15 72 .9959
18 57 .9959
19 15 .9959
20 114 L9943
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Table B.1 - continued

Sensitivity

Sleeve Sleeve TLD Correction
Encapsulation Number Number Factor
Iron 22 27 .9943
25 148 .9921
29 66 .9916
5 180 1.0217
6 111 1.0217
7 163 1.0207
Aluminum 8 129 1.0207
9 104 1.0185
11 209 1.0180
12 194 1.0180
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Table B.2. Sensitivity Correction factors for the pre-
cision subset of encapsulated CaFZ:Mn TLDs.

Sensitivity
Sleeve Sleeve TLD Correction

Material Number Number Factor
1 93 1.0460

2 86 1.0460

3 77 1.0460

Lead 4 76 1.0460
5 36 1.0460

6 34 1.0460

7 164 1.0424

8 39 1.0424

9 83 1.0424

2 85 1.0387

5 70 1.0387

6 49 1.0387

9 13 1.0387

Tantalum 10 167 1.0351
11 163 1.0351

13 101 1.0351

14 94 1.0351

16 92 1.0351

18 75 1.0351

6 185 L9881

7 160 .9881

9 158 .9881

10 153 .9881

11 142 .9881

12 137 .9881

Tin 13 136 .9881
15 115 .9881

16 183 .9884

17 131 .9884

19 212 ' .9808

20 209 .9808

22 143 .9808

24 139 .9808

23 118 .9808
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Table B.2 - continued

Sensitivity

Sleeve Sleeve TLD Correction
Material Number Number Factor
6 147 1.0170
11 126 1.0170
12 20 1.0170
13 174 1.0134
15 168 1.0134
. 16 135 1.0134
Copper 18 121 1.0134
19 106 1.0134
21 80 1.0134
22 188 1.0098
23 122 1.0098
24 114 1.0098
25 102 1.0098
26 170 1.0062
4 84 1.0062
5 182 1.0025
6 116 1.0025
7 113 1.0025
9 103 1.0025
10 4 192 .9989
12 130 .9989
Iron 13 8¢9 .9989
14 184 .9953
15 176 .9953
18 171 .9953
19 169 .9953
20 155 .9953
22 110 .9953
25 162 .9917
29 i52 .9917
400 151 L9663
401 129 .9663
402 72 .9663
Stainless 403 199 L9627
Steel 404 179 .9627
405 154 L9627
406 120 L9627
407 214 .9591
408 198 .9591

409 197 9591
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Table B.2 - continued

Sensitivity

Sleeve Sleeve TLD Correction
Material Number Number Factor
Stainless 410 194 .9591
Steel 411 191 .9591
412 189 L9591
413 178 .9591
414 157 .9591
415 149 .9591

418 145 .9591
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ABSTRACT

Sufficient data were collected in this investigation to
characterize the energy response of encapsulated 7LiF and Can:Mn
TLDs for a variety of electron equilibrium sleeves, in the energy
range 0.3-0.7 MeV. Well-established procedures developed at the
Argonne National Laboratory were used to obtain consistent, repro-
ducible results. Experimental results obtained were compared to
the theoretical predictions from the TERC/III code, which employed
Burlin's development for intermediate-sized cavities. The C/E
ratios computed for each gamma ray energy revealed the following
trends: C/E ratios were nominally close to unity for all sleeves
irradiated by the highest gamma-ray energy (TY = 0.662 MeV), and
for the low Z sleeve materials at lower gamma-ray energies. Signi-
ficant deviations from unity were reported for the reverse com-
bination of gamma-ray energy and sleeve material, i.e., for low

gamma-ray energies and high Z sleeve materials.



