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Section 1. INTRODUCTION

A . Purpose
The research project of this thesis was undertaken to develop 
and put into operation a radiation dosimetry system based on 
the phenomenon of thermoluminescence (TL) of specially pre
pared substances when exposed to nuclear - type radiation.
The author is employed at the Omaha Public Power District 
(OPPD), which organized the program and at which the dosimetry 
system is located. The major research accomplishments of 
this work involve the calibration of the system to gamma, 
beta, and thermal neutron radiations; the generation of 
software techniques and dose equations to calculate personnel 
exposures; and the unique calibration for fast neutron radia
tions .
This thesis comprehensively describes the entire development 
and operation of the system as indicated in Part B. The author 
is responsible for the experimental and developmental work des
cribed herein and was guided and assisted throughout by his ad
visor, especially in the neutron calibration work.

B. Scope
This thesis is divided into five sections and four appendices. 
The details of the TLD procedures and calibrations are con
tained in the appendices, while the preceding sections give 
a comprehensive digest of the work, highlighting its more 
important aspects. Part C of this introduction attempts 
first to lay the theoretical and experimental groundwork for 
the technology of thermoluminescence. Following this over
view, Section II describes the functions of the individual 
components of the system; Section III describes the cali
bration and test procedures used to assure proper operation 
of the system; Section IV describes the system applications 
and test results; and Section V presents the conclusions. 
Appendix A describes the operation of the system and lists 
the software developed for the system; Appendix B specifies 
the detailed procedures used to calibrate the system for 
gamma, beta, and neutron dose determinations and gives the 
results of the calibration; Appendix C outlines the procedures 
used in the operation of the system; and Appendix D explains 
the overall uncertainty analysis that was used in determining 
the accuracy of the system, along with sample calculations.

C. Overview
This overview attempts to set a historical and theoretical 
perspective of thermoluminescence. It is hoped that this 
introduction will present the necessary background information 
to support the major emphasis of this thesis, which is the 
development of a TL dosimetry system.
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Section I. (Continued)

1. History of Thermoluminescence
Thermo luminescence (TL) , which is the release of light 
from a crystalline material when heat is applied, has 
been recognized as a physical phenomenon for several 
centuries.
As early as medieval times , alchemists were aware of 
a temporary glow when certain minerals, such as fluorite 
and limestone, were heated. Robert Boyle, in 1663, 
reported observations to the Royal Society in London 
of a strange "glimmering light" when he applied heat 
to a diamond.^ in 1895, TL was first used for the 
detection of ionizing radiation. 2

The general category of physics to which TL belongs is 
called luminescence, which by definition is the emission 
of light by a crystal (commonly called a phosphor). 
Luminescence is produced by many methods, of which 
fluorescence, phosphorescence, and thermo luminescence 
will be considered here. Fluorescence occurs when 
light is emitted from the crystal simultaneously with 
the introduction of excitation energy and ceases as 
soon as this energy is removed. Phosphorescence is 
the emission of light from a crystal that persists for 
some short time after this excitation is removed. TL 
is similar to phosphorescence and fluorescence but the 
crystal can emit light, years after the excitation energy 
source is removed. TL has also been defined as thermally 
stimulated phosphorescence since the mechanisms of 
phosphorescence and TL are so similar. These three 
processes of luminescence can be further categorized 
in terms of the half-life of the excited crystal. 
Fluorescence is characterized by a negligibly short 
half-life, phosphorescence is characterized by a non- 
negligible, although short, half-life, while TL is 
characterized by a very long (typically many years) 
half-life. Application of heat to a TL crystal will 
accelerate the de-excitation process and liberate the 
stored energy.
Because of this ability to store energy, TL was 
already being considered, around the turn of this 
century, for its dosimetric applications.2 Although 
any phosphor, whether it be inorganic or organic 
or a combination thereof, could be used for radiation 
detection, only a certain few of the many thousands 
of phosphors have received much attention. CaS0 4 :
Mn (Mn is a substitutional impurity that acts as an 
activator of TL) was probably the first phosphor to 
be studied for its dosimetric applications. Wiedeman 
and Schmidt studied its TL properties in 1895,2
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In 1935 and 1949, this material was used for ultra
violet dosimetry by Lyman, Tousey, and Watanabe.^
It was also used in the first medical dosimetry 
program by Kossel in 1954.4
CaF2 was studied by Wick and Slattery in 1928 
using X-radiation.5 This phosphor was then acti
vated with manganese in the mid-1950's and produced 
a material which possessed only one stable glow 
peak.  ̂ (Refer to Figure iii for sample glow peaks.)
LiF, which is used in the Omaha Public Power 
District system, has probably been the most widely 
studied phosphor to date. In the late 1940's and 
early 1950' s, Daniels and his students at the 
University of Wisconsin studied the TL of LiF using 
pressed pellets of this salt manufactured by the 
Harshaw Chemical Company.7 They abandoned this 
crystal because of an unstable low-temperature peak. 
Cameron revived LiF research in 1960 at the Univer
sity of Wisconsin when Harshaw produced new samples 
of LiF with activating impurities (magnesium and 
titanium) to increase sensitivity,° The Wisconsin 
group determined that LiF possessed a relatively 
good energy response and no dose rate dependence, 
which has contributed to the popularity of LiF as 
a TL phosphor.9
As phosphors were being studied, various models 
were constructed to better understand thermolumines
cent effects. In 1945 , Randall and Wilkins40 pre
sented a Maxwellian probabilistic theory which 
attempted to explain TL response. As TL was further 
studied, it was discovered that the Randall-Wilkins 
model failed to explain this luminescence process 
completely. Therefore, other models were developed;
e.g. , Schon's4 4 "bimolecular model" in 1958, and 
Cameron and Zimmerman42 in 1965.
Although many models have been constructed, the 
fact remains that many aspects of TL are not 
completely understood.

2. General Theory - Qualitative Approach
As mentioned in the history of TL, phosphors 
(inorganic and organic crystals) are the 
media for thermoluminescence. So, basic
ally, what is a TL phosphor? TL phosphors

Section I. (Continued)
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Section I. (Continued)

are semi-conductors or insulators displaying a 
characteristic thermally-stimulated optical spectrum.
In insulators and semi-conductors, there exists an 
energy gap between the valence band (bound states 
for electrons) and the conduction band (electron 
is free to wander) where an electron cannot 
exist. The energy gap is largest in_ insulators, 
with a somewhat narrower gap for semi-conductors.
For metals, there is no energy gap. In ideal crystals, 
these bands are well-defined; however, in reality, 
the band structure is not this simple.
In a typical crystal, the lattice presents many 
structural imperfections where positive and nega
tive ions are missing from their normal lattice 
positions and/or are occupying interstitial positions 
as illustrated in Figure i where the squares repre
sent missing ions and the circles represent inter-
stitial positi^ons The result of these defects
to create energy levels within the forbidden gap
where now an electron can exist

+ — + — + + ____ + +
— El — + — — +
+ + +y + +
— + — + — — + E1 + —

+ — 4- — + + — + — +
13Lattice Structure 

Figure i
For example, a simple electron trap is illustrated 
in this Figure where a negative ion is missing 
(negative square). An electron will electrostatically 
become trapped and will approximate, roughly, a 
hydrogen atom configuration as it orbits the positive 
ions in the area of the vacancy. Just as in a hydro
gen atom, there exist discrete energy levels in 
which this electron can exist. We can think of these 
levels as traps of different energy depths below 
the (free electron) conduction band, where the 
greater the energy to free the electron, the greater 
is the trap depth.
Considering an alkali halide (an insulator whose 
crystal structure consists of two interpenetrating 
cubic lattices of alkali and halide ions) with 
the defects as mentioned above, the physical 
processes responsible for the characteristic 
optical spectrum can now be discussed.

4



Section I. (Continued)

An electron from a halide ion can receive enough 
energy by the absorption of radiation to escape 
from its bound state (valence band) and become 
free to exist in the conduction band.
The electron wanders in the conduction band 
until it is trapped at a defect site as indicated 
in Figure ii (a).
Thus, energy is stored within the lattice since 
the electron is now in a higher energy level. 
Similarly, a hole can wander in the valence band and 
become trapped at a defect site.

CONDUCTION BAND

( a ) E X P O S U R E  TO

I O N I Z I N G  R A D I A T I O N .
( b )  H E A T I N G  : 

E L E C T R O N  TRAP 

IS L E S S  S T A B L E ,  
H OL E  T R A P  IS THE 
E M I T T I N G  C E N T E R

( c )  H E A T I N G  I 

H O L E  T R A P  IS L E S S  

S T A B L E ,

E L E C T R O N  T R A P  IS THE 
E M I T T I N G  C E N T E R .

TL Processes1  ̂
Figure ii

When the electron receives energy (thermal stimula
tion) sufficient to escape this trap, it could 
wander in the conduction band and become retrapped 
as before; or it could lose the excess energy by 
emission of a TL photon as it recombines at the 
trapped hole site, which is then called a luminescent 
center. (See Figure ii(b)). Thus, we have a 
characteristic thermally stimulated optical spectrum 
when we consider all other possible luminescent 
centers. Figure ii (c) shows another possible 
mechanism for producing TL.
As indicated, the main reason that the electron 
jumps into the conduction band in dosimetry 
applications is the absorption of ionizing 
radiation by the crystal. This radiation can be: 
(1) Photons, which eject photoelectrons or Compton 
electrons from the crystal; (2) Electrons directly 
producing ionization through their negative charge 
interacting with the ions and electrons of the 
lattice; (3) Neutrons reacting with a Li nucleus 
with the subsequent emission of an alpha particle 
(helium nucleus) which in turn produces ionization 
by virtue of its +2 e charge.



Section I. (Continued)

In our typical crystal with its imperfections only a 
small number of electron traps and hole traps can be 
created or can exist. For dosimetry purposes, a 
larger number of each is desired; therefore, impurities 
are added to the crystal. In the case of LiF, magnesium 
and titanium were introduced by Harshaw, as mentioned 
earlier, to increase the concentration and nature 
(trap depth) of electron and hole traps by vacancy 
and/or substitutional complexes due to electrostatic 
forces. These new impurities replace the Li+  ̂ ions 
in the normal lattice structure and create new energy 
levels within the forbidden energy gap.

For example, if a Mg+  ̂ ion replaces a Li+ 1 ion, it 
can trap electrons and release them for recombination 
when heat is applied. Thus, it can be seen that the 
process of TL remains basically the same as was 
illustrated in Figure ii, with the number of mechanisms 
increased.

Since there exist many different types of traps, there 
exist also many different wavelengths for the photons 
emitted at recombination centers. What results is the 
so-called glow curve of TL intensity versus temperature. 
(See Figure iii.) Within this glow curve, different 
glow peaks occur, each of which is related to a trap 
of a certain depth. For LiF, there exist five readily 
observable traps with the approximate half-lives at 
room temperature of 5 minutes, 10 hours, 5 years, 7 
years, and 80 years, respectively. These traps are 
of dosimetric value because they are sufficiently 
above room temperature and can be stimulated at reason
able temperatures.

6



Section I. (Continued)

Due to the short half-lives (fading), the peaks at 59°C 
and 102°C are usually not used in the calibration 
of a dosimetry system.
Since a crystal populates traps in propor
tion to the intensity of the ionizing radiation 
a measurement of the TL will be a way of deter
mining the amount of radiation absorbed by the 
crystal. 1 4 This is the essential basis of thermo
luminescent dosimetry (TLD).

3. Basic Models - Quantitative Approach
The theoretical basis of TL is not completely 
understood even though there is a relatively 
general acceptance of the qualitative 
descriptions presented above. The reason 
for this lies in the number of different traps 
with different trap depths, retrapping, various 
heating rates, trap migrations, trap creation, 
lattice expansion, etc. A few models of TL will 
be presented and their advantages and disadvan
tages will be compared.
a) Randall-Wilkins Model *0

Randall and Wilkins are essentially the 
pioneers in the field of phosphorescence 
and TL modeling. They postulated that 
electrons in traps have Maxwellian dis
tributions of thermal energies and there
fore the probability of an electron es
caping from a trap of depth E at temperature 
T is

p = Se"E/kT
where k is Boltzmann's constant (1,38 x 1 0 ~ 16 
erg/°K) and S is the vibrational frequency of 
the charge within a trap. The number of electrons 
n in the traps at a time t can be obtained from 
the following differential equation,

=_nSe-E/kT

Solving dn/dt for n and recognizing that TL 
intensity (I) is proportional to dn/dt, that is

I = Cdn/dt
then the general expression for a glow curve peak 
with n0 initial trapped electrons is,

7



Section I. (Continued)

I = nGC exp£ -J~(l/e)Se-E/kTdT Q Se-E/kT

where g = dT/dt is the heating rate of the 
crystal, and C is a proportionality constant.
Note that these first order kinetic equations 
address a trap of single energy E. Therefore, 
Randall and Wilkins formulated further equations 
to integrate over all energies.

From this intensity equation, they were the first 
to succeed in reproducing the actual glow curves 
for various phosphors. For LiF, they reproduced 
the shape, peaking temperature dependence on 
heating rate, and lack of peaking temperature 
dependence upon total light output; however, their 
model did not accurately reproduce the width of 
the main glow peak at roughly 186°C. Even though 
their failures seemed to outweigh their successes 
their model still represents a basic premise for 
most later models. They failed also to consider 
supralinearity, which is an overresponse for 
irradiation doses over 1 0 $ rem; or retrapping; or 
even trap creation as the dose is increased.

b) Cameron and Zimmerman Model 2
This model more specifically relates to LiF .
It proposes the creation of traps by radi
ation and hypothesizes a maximum trap den
sity (traps/cm^). This construction, however 
also accepts the simple first order kinetic 
model of Randall-Wilkins and in fact uses 
their intensity equation oh similar plots 
of I versus E to find the trap depths 
(E) and frequency factors S as shown:

Peaks E ( eV)
4 1.19+0.5
5 1.2 5"+0. 6
6 2.1

This model postulates a peak # 6 which is 
caused by the retrapping of electrons re
leased from other traps.

Cameron and Zimmerman therefore build upon the 
Randall-Wilkins model and propose the following 
parameters to explain a dose versus response 
curve and supralinearity:

S (101 1 sec-1)
1.0-15
0.5-14

z - ^  1 0 11

8



Section I. (Continued)

R = amount of exposure (roentgens , R) .
N = number of traps (filled or empty) 

at any exposure.
L = number of filled traps at any exposure.
No = initial number of traps at zero ex

posure .
Nf = maximum number of traps possible.
a = probability for the creation of a 

trap (a constant).
3 = probability for the filling of a 

trap (a constant).
With TL being assumed proportional to L and 
the creation and filling of traps being as - 
sumed exponential, the following equations 
were postulated:

dN = a(Nf -N) 
dR
dL = 6 (N-L) 
dR

where the solutions are :
N = N0e ~a R + NF (1- e-“
L = NoB. (e"B R-e"aR) + 

a - 3
S(l-e'aR)3

The model agrees with the experimental 
dose versus response curve when N0 = 1 . 2  x 
10Ï5 traps/cm3 $ Np = 6 . 0  x 1 0 15 traps/cnF, 
a = 1.0 x 10"4 R-l and 3 = 1.1 x 10"5 R"1.
However, since it has some serious defects, 
the authors nicknamed it "the half-cocked 
model". This model cannot explain the 
phenomenon of new traps being created 
with the same distribution as the initial 
traps as well as the fact that the stability 
of the new traps "experimentally" appears 
to be identical with that of the electrons 
in the initial traps.
To better understand the above equations for N and 
L, it is helpful to make some basic assumptions.
If ctR, BR <<1, as in the case of low exposures, the 
N equation reduces to N^Nq and the L equation becomes

R)
Nf F a d -  e-BR) - 
a~ B

9



Section I. (Continued)

L^N0 (e~ eR-e'aR). Expanding e‘^R and e'aR in Taylor 
series and ignoring' second-order terms and higher, 
we get LANq &R, i.e. , a linear dose-response 
equation, as seen experimentally.
Likewise it can be seen, that as R increases, 
the exponential behavior predominates, thereby 
explaining supralinearity,

c) Schon Mode 1 ̂
T1Schon also recognized the deficiencies of 

the earlier model of Randall-Wilkins and 
attempted to postulate balance equations 
for the kinetic electron processes of TL 
and the related process of thermally stimu
lated conductivity. Assuming a single 
recombination center and one kind of trap 
in a phosphor, Schon set up the following 
equations:

^  = ah-en(H-h)-Ynf

I f - 6f -  B * P  (A- f ) -y*ph

dh ; 
dt -ah + B n (H-h)-y*ph

df
dt - 6f + B  *p(A-f)-ynf

p + f = n + h
where n = concentration of conduction electrons

h = concentration of trapped electrons

H = concentration of traps
f = concentration of "empty" activator 

or recombination centers.

P = concentration of holes in valence 
band

A = concentration of recombination centers.

a probability per unit time of thermal 
excitation of a trapped electron into 
the conduction band

e = capture probability per unit time for a 
conduction electron to fall into a 
trap level.

10



Section I. (Continued)

6 * = capture probability 
a hole to fall into

Y = capture probability 
duction electron to 
leve 1

per unit time for 
an activator level
per unit time for a con- 
fall into an activator

Y *  = capture probability per unit time for a 
hole from the valence band to fall into 
a trap

6 = probability per time for thermal excitation 
of a hole from an activator into the valence 
band.

Note that all the equations are balance equations.
For example, the change in the concentration of con
duction electrons per unit time (dn/dt) is equal to 
the number of electrons per unit time coming from 
filled traps (ah) minus the number of electrons per 
unit time falling out of the conduction band into a 
trap (gn(H-h)) minus the number of electrons per unit 
time falling from the conduction band down to the re
combination centers (Ynf).
Although Schon goes on to discuss the electric con
ductivity of the phosphor in conjunction with TL, 
his equations naturally contain the Randall-Wilkins 
model as a special case. However, even with all 
the fine distinctions and definitions, the solutions 
to Schon1s simple equations become very complicated, 
even without considering density distribution of 
trap levels and recombination centers, Other 
simplifying assumptions had to be made in order to 
calculate the TL and conductivity glow curves.

4. Conclusions
Although the phenomenon of TL has been observed for 
several centuries, only its general qualitative 
nature "seems" to have been understood, This general 
understanding from experimental results has led to 
an extremely accurate and precise dosimeter using 
TL.
All the quantitative models demonstrate that the 
calculated and measured glow curves have roughly 
the same shape; but, as we have discussed in a 
few of the models, there are more TL processes 
which also have to be explained. Progressing 
from the simpler models of Randall-Wilkins and 
Cameron-Zimmerman to the very complicated statis
tical model of Schon we have seen the effort and 
detail necessary to describe TL and its associated

11



Section I. (Continued)

conductivity.
A TLD phosphor must possess many desirable pro
perties such as the following:14

a) A sufficient trap depth to provide storage 
stability of trapped electrons (i . e . , 
long half-life).

b) A high concentration of traps or holes.
c) A trap distribution that produces glow 

curves that do not complicate dosimetry 
evaluation procedures.

d) A spectrum of TL which can easily be de
tected and amplified by a photomultiplier 
tube.

e) Resistance to the many disturbing environ
mental factors such as light, humidity, 
etc .

f) A linear dose versus TL response over a 
wide dose range.

g) Inexpensive and reusable.

Even though there are more characteristics that 
could be mentioned, it is obviously difficult 
for a single phosphor to satisfy all of these 
requirements.
LiF:Mg,Ti, as used in the OPPD system, possesses 
sufficient trap depths in the main dosi
meter peaks as evidenced by the half-lives of 
5 years, 7 years, and 80 years .14 it also possesses 
sufficient concentration of traps since a 50 mg 
sample exposed to 1R produces intense enough TL that can 
be seen by the human eye.*4 The trap distribution 
in Figure iii does not require a complicated dosi
metry evaluation procedure and the main dosimetry 
peak (#5) provides a spectrum around 4000 angstroms 
which is well suited to photomultiplier tubes.
LiF:Mg,Ti is affected by fluorescent light but not 
by humidity. A TLD card costs approximately 8-10 
dollars and is usable for roughly 2 0 0 heating cycles.

12



Section II. THE OPPD TLD SYSTEM

The OPPD TLD System is composed of both hardware (The 
Harshaw Model 2271 Reader System and the associated cali
bration equipment) and software (programs used with the 
computer time-sharing terminal). Each of these components 
is described in the following two sub-sections.
A. The TLD Hardware System

The TLD Hardware System is comprised of the equipment 
used to obtain the readout and the equipment used to 
calibrate the system.
1. Calibration Equipment

The equipment used to calibrate the system con
sists of the following components: a) gamma 
irradiator, b) Victoreen R-meter, c) depeleted 
uranium beta source, and d) plutonium-beryllium 
neutron source.
a) The gamma irradiator is a J. L. Shepherd 

Model 142-10 Panoramic Irradiator, fitted
\ with an 0.8 Ci cesium-137 source. The

source may be moved from the shielded (off) 
position to the unshielded (on) position 
pneumatically from a remote control panel 
which can control the exposure time to 
within 0 . 0 0 1  minute.
The irradiator has a circular plexiglass 
table on which objects to be exposed are 
placed. The source is put in the "on" 
position by moving it up out of the shield 
through a hole in the center of the plexi
glass table to a position approximately 
3 cm above the surface of the table. The 
main calibration distance is a circle on 
the plexiglass table with a radius of 
12.020 inches (30.53 cm). At this distance, 
an exposure time of 3 min. yields 145 mR, 
as determined by the Victoreen R-meter 
(see below). No phantom (human body simulator) is 
used during any gamma irradiation. The only 
scattering material present is the plexiglass 
table itself.

b) The Victoreen R-meter is a Victoreen Instru
ment Company Model 570 Condenser R-meter 
charger-reader and two chambers, Models
552 and 553. The chambers have been cali
brated at the National Bureau of Standards 
(DS1823/75) with cesium-137 gamma radiation 
to an accuracy of _+32.

13



Section II. (Continued)

c) The depleted uranium beta source is a slab 
of metal 15.04 cm by 7,24 cm by .16 cm. The 
metal is an alloy of 51 molybdenum and 95% 
uranium-238. The beta dose rate at the 
surface of this source is estimated to be 
210 mrad per hour. An absolute measurement 
of the dose rate from the surface of this 
source will be made at The University of 
Michigan during 1976.15

d) The plutonium-beryllium neutron source con- 
sists oT 77.09 g of plutonium-239 (4.73 Ci) 
intimately mixed with 37.85 g of beryllium.
It is contained in a welded tantalum and 
stainless steel cylinder 3.94 cm in diameter 
and 5.18 cm long. The source emits 8.46 x 
106 ;+5% neutrons per second -t-̂ with
an average energy of about 4.2 MeV17.
The source is housed in the center of a 
15-gallon cylinder, 30 inches in diameter 
and 31 inches tall. The cylinder is filled 
with paraffin and is provided with six ports , 
three horizontal and three vertical , which 
are fitted with plexiglass rods. This source 
is located at Creighton University.

2. Readout Equipment
The equipment used for readout and reporting con
sists of the following components: a) TLD Reader, 
b) TLD cards and card holders, c) nitrogen supply, 
and d) instrument terminal.
a) The TLD Reader is a Harshaw Chemical Com

pany Model 2271 Reader. Figure 1 shows the 
operation of this device; further information 
is given in the Harshaw publications.! 8 , 19 
The Model 2271 Reader reads out automatically 
the exposure from aluminum substrate TLD 
cards; as many as 250 can be loaded into a 
card cartridge. The Reader identifies each 
card, extracts and evalutes the exposure data, 
and transmits this information to the Texas 
Instrument Company Model 733 magnetic tape 
unit.
The Harshaw Model 2271 Reader contains the 
following major components (please refer 
to Figure 1):
1) TL Detector/Dosimeter Identifier,

which contains the gravity-feed TLD 
card channel, photomultiplier tube, 
heater, card position sensor logic 
circuit, identification sensor and

14



Figure 1.' Harshaw Model 2271 TLD Reader Block Diagram 
(Courtesy of the Harshaw 
Chemical Company)



Figure 1.' Harshaw Model 2271 TLD Reader Block Diagram 
(Courtesy of the Harshaw 
Chemical Company)



Section II. (Continued)

error recovery logic circuit, and cooling 
circuitry.

2) Harshaw Model 2000B Picoammeter, which 
contains the picoammeter, the circuit 
which integrates the output of the 
photomultiplier tube, the digital data 
output logic circuit, ranging logic 
circuit, timer and the high voltage 
supply for the photomultiplier tube.

3) Harshaw Model NL-30T Digital Comparator, 
which checks the digital data against 
the preset limits.

4) Harshaw Model NE-20T Teletype Inter
face, which converts the output of the 
picoammeter to an acceptable computer 
code, the United States of America 
Standard Code for Information Inter
change (USASCII).

5) MFE M-22CAHA Dual Channel Strip Chart 
Recorder which records TL glow curves 
and temperature profiles.

b) The TED cards and card holders are in the
standard geometries furnished by the Harshaw 
Chemical Company. Two types of personnel 
TLD cards are used in the OPPD System:
Model G-7 and Model N-6 . (LiF:Mg,Ti) The 
Model G-7 cards contain two TLD-700 chips 
(99.991 lithium-7); the Model N - 6  cards 
contain TLD-600 chips (95.6% lithium-6 ).
Both types of cards utilize a teflon 
window to hold the TLD chips and both have 
an ASCII identification matrix.
Figure 2 shows the normal badge, whi 
tains a single G-7 card. Chip No. 1 
gamma and beta radiation with energi 
than that which will just penetrate 
window of 10 mg/cm^. Chip No. 2 is 
front and back by aluminum shields 0 
inches thick (0.064 cm, 170 mg/cm2, 
a consequence is shielded from all b 
radiation up to about 0.6 MeV. Thus 
No. 2 measures only gamma radiation 
particles with energies greater than
0.6 MeV. The reading of Chip No. 2 
to be a measure of the gamma radiati 
and the reading of Chip No. 1 minus

ch con- 
measures 
es greater 
the teflon 
covered 
.02 5 
and as 
eta 
, Chip 
and beta 
about 
is taken 
on dose, 
the
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WINDOW

TLD-700

The open window, allows Chip No. 1 to detect gamma and beta radiation. 
The .025" A.L filter absorbs the beta particles thereby allowing Chip 
No. 2 to see only the gamma radiation. A difference technique is 
then employed to distinguish both types of radiation.

17



Section II. (Continued)

reading of Chip No. 2 is taken to be a measure 
of the beta radiation dose. (Note: a distinction 
more precise than that given above is : the 
reading of Chip No. 2 is a measure of penetrating 
radiation dose, and Chip No. 1 minus Chip No. 2 
is a measure of the skin dose.)
Figure 3 shows the neutron badge, which contains 
one G-7 card and one N - 6 card. Note that the 
N - 6  card position in the badge is 180° different 
from that of the G-7 card. The roles of Chips 
No. 1 and No. 2 of the G-7 card are exactly 
the same in the neutron badge as they are in 
the normal badge. Chip No. 1 of the N - 6  card 
receives neutrons , both slow and fast, and also 
gamma radiation. Chip No. 2 of the N - 6  card 
receives no slow neutrons because all slow 
neutrons are stopped by the 0.015-inch (0.038 
cm) cadmium shields which cover Chip No. 2 
front and back. Thus, Chip No. 2 of the N - 6  
card receives only fast neutrons and gamma 
radiation.

c) The nitrogen supply consists of a cylinder of 
nitrogen gas fitted with a reducing valve and 
a flow regulator to supply a metered flow of 
gas to the TLD cards during the heating cycle.
The purpose of the nitrogen supply is to 
suppress spurious luminescence which would
be produced if the TLD chips were heated in 
an oxygen-containing atmosphere.

d) The instrument terminal is a Texas Instrument 
Company Silent 700 Terminal Model 733. It
is designed for telecommunication systems re
quiring the USASCII code. This model is a 
keyboard send-receive unit with selectable 
transmission speeds of 10, 15 and 30 characters 
per second. It utilizes two cassette magnetic 
tape units which can either send data auto
matically to the computer, or receive data 
from the Model NE20T Teletype Interface.

B. The TLD Software System
The software system is shown schematically in Figure 4 
and comprises on-line (real-time) programs and off-line 
COBOL programs within the General Electric Company Mark 
III timesharing system. The on-line operating system 
is called "Foreground" and allows the operator to 
communicate directly with the computer for file maintenance, 
data processing and system definition. The Foreground

18



WINDOW

The open window allows Chip No. 1 {G-7) to detect gamma and beta radiation. 
The .025" AL filter absorbs the beta particles thereby allowing Chip No. 2 
(G-7) to see only the gamma radiation. A difference technique is then . 
employed to distinguish both types of radiation.

Chip No. 1 (N-6) will detect both fast and slow neutrons as well as gamma 
radiation. The Cd filter will allow Chip No. 2 (N-6) to see only fast 
neutrons along with the gamma radiation. Using a difference technique 
the thermal neutron dose is calculated. The fast neutron dose is deter
mined using the response from Chip No. 2 (N-6) in both neutron calculations. 
Chip No. 2 (G-7) provides the actual gamma dose radiation.
Note that both TLD cards must fit within the rectangular enclosure. This 
will be guaranteed if the cards are loaded in a horizontal position.

19



Section II. (Continued)

routines are Fortran programs designed to initiate one 
of three types of data processing: 1 ) sensitivity,
2) special, or 3) monthly. The various codes and com
puter interrogations enable the operator to set up 
the desired data processing in real time. Appendix,C 
presents the methods of processing sample data in some 
detail. Thus, the Fortran programs in Foreground were 
designed primarily to allow the operator to intervene 
and build the files of information pertinent to the 
type of processing desired,
As the data come from the Barshaw Model 2271 System, 
they are recorded on magnetic tape in their basic form 
(please refer to Appendix A and Appendix C for a des
cription of the software files and codes). The operator 
then feeds the data on the magnetic tape into Foreground 
and creates an exposure file. He also enters any other 
file that was manually recorded on the tape, for example, 
"TLDXRF", "TLDCRTL". When these basic files have been 
entered, the operator executes the Foreground programs 
("TLDROOT" in Figure 4) and instructs the computer to 
process the data in the desired way.
When the conversation between the operator and Fore
ground has been completed, the files are in the proper 
format for the specific type of data processing desired 
by the operator. At this point, control passes auto
matically from the Foreground system to the more efficient 
and less costly Background system ("FDCOB" in Figure 4). 
The operator is now off-line and is aware only of the 
job identification that the Background system is executing 
After a few minutes, the operator asks the operating 
system if the job has been completed. If it has been, 
the operator commands the Foreground system to dump 
the job into the high-speed printing device,
In the processing network, described above, a sufficient 
number of software checks are provided to insure correct 
system performance. Two examples of such checks are:
1) the standard sandwiches of the Foreground system are 
checked for calibration, and error messages are generated 
if they are outside the prescribed limit of 6 %, and 2 ) 
error messages are generated in the Background system by 
file problems and individual data errors.
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Section III. CALIBRATION

This section describes the overall techniques and results 
of the calibration. The theory, test procedures, and more 
specific results behind this calibration arc given in Appendix 
B. The section is divided into the following parts:

A. Gamma radiation
B. Beta radiation
C. Slow neutrons
D. Fast neutrons

A. Gamma Radiation
The specific procedures used to calibrate the G-7 TLD 
cards and N - 6 TLD cards for gamma-ray exposure and the 
results of the calibration are given in Appendix B-1.
The starting point for these procedures is the cali
bration of the Victoreen R-meters by the National 
Bureau of Standards. The R-meters are then used to 
measure the exposure rate at a standard distance on 
the table of the J . L. Shepherd Panoramic Irradiator.
Thes exposure during the rise and fall of the Irradiator 
gamma source is determined and the exposure produced 
by a given setting of the automatic timer of the Irradiator 
is measured. A number of G-7 TLD cards are exposed at 
the standard distance on the Irradiator table for a 
3-minute timer setting. Those cards which give readings 
within 2% of the average reading for the group are 
selected and designated as TLD Standards.
The high voltage for the photomultiplier tube of the 
TLD reader is adjusted with reference to the readings 
of a set of TLD Standards so that the reader indicates 
directly in units of mR. Next, the individual sensi
tivity is determined for each chip in the entire group 
of TLD cards to be issued. A check of reading vs 
exposure over a range from a few mR to a thousand R 
is made to determine the linearity of the TLDs over 
the range to which they may be exposed. Finally, the 
change of reading as a function of time after exposure, 
the so-called "fading", is investigated.
The results of the linearity check up to 1200 mR are 
shown in Figure 5. The results of a 40-day fading 
investigation are shown in Figure 6 .
The overall error associated with the gamma calibration 
of the personnel badge is estimated to be about 9% 
for one standard deviation (see Appendix D for the 
calculation) .
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Section III. (Continued)

B. Beta Radiation
The specific procedures and results used to calibrate 
the G-7 TLD cards for beta radiation are given in 
Appendix B- 3. The reference source used for deter
mining the response of the G-7 TLD cards to beta 
radiation is a slab of 5% molybdenum, 95% uranium- 
238 alloy. This source was compared to a slab of 
natural uranium metal using the OPPD TLD System. The 
beta dose rate through a 7 mg/cm2 absorber from 
natural uranium metal was taken to be 220 mrad per 
hour ;+10% . 20 , 21, 22
The ratio of the TLD readings of the molybdenum- 
uranium- 238 source to the readings of the natural 
uranium slab was 0.95, so it is provisionally con
cluded that the beta dose rate from the molybdenum- 
uranium- 2 38 source is 210 mrad per hour +_15%. As 
was mentioned earlier, an absolute calibration of 
this source will be made. At this time, the overall 
uncertainty associated with the beta calibration of 
the personnel badge is 20% for one standard deviation 
(see Appendix D).
Uranium emits both gamma and beta radiation and , 
since some of the beta particles have energies greater 
than 0.6 MeV, they penetrate the 0.025-inch aluminum 
shield in the TLD badge (please refer to Figure 2) 
and reach TLD Chip No. 2, which is supposed to respond 
only to gamma radiation. As a consequence, a part 
of the reading given by Chip No. 2 is produced by beta 
radiation, so when the reading of Chip No. 2 is sub
tracted from the reading of Chip No. 1, the difference 
is less than that attributable to beta radiation alone. 
As described in Appendix B- 3, this penetration of the 
aluminum shield leads to an approximately 20% under
estimate of the beta dose from uranium.

C. Slow Neutron Calibration
The specific procedures and calculations pertaining 
to the calibration of the N-6 TLD cards for slow 
neutrons are given in Appendix B-4. The source used 
for determining the response of N-6 TLD cards to slow 
neutrons is a plutonium-beryllium neutron source in 
a paraffin-filled cylinder, the "howitzer". This 
source is located and used at the Creighton University 
Department of Physics. Slow neutron flux densities 
are determined from the activities of indium and gold 
foils produced by exposing these foils at the several 
points in the howitzer. The activities of the foils 
are measured with a sodium iodide gamma spectrometer 
which is calibrated by reference to zinc-65 and 
chromium-51 gamma standards.
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Section III. (Continued)

A pair of TLD-600 and TLD-700 chips are then placed 
at a point in the howitzer at which the neutron flux 
has been determined and exposed for known periods of 
time, with and without cadmium covering. The over
all error associated with the slow neutron calibration 
of the personnel neutron badge is estimated to be 
about 11% for one standard deviation. (See Appendix 
D for the calculations.)

D. Fast Neutron Calibration
The procedures used to calibrate the N-6 TLD cards 
for fast neutrons are given in Appendix B-5 . The 
neutron fields in the Fort Calhoun Station No. 1 
reactor containment vessel were used to determine 
the response of the N-6 TLD cards to fast neutrons,
Fast neutron dose rates, in mrem per hour, at several 
locations in the containment vessel were measured with 
the Eberline Instrument Company Model PNC-4 Slow 
Neutron Survey Meter and Model PNR-4 Fast/Slow Neutron 
Survey Meter. Gamma radiation dose rates were measured 
at these same locations with a Victoreen Instrument 
Company Radgun. All measurements and TLD exposures 
were made while the reactor operated at a steady power 
level.
Personnel neutron badges, which contain one G-7 TLD 
card and one N-6 TLD card (please refer to Figure 3) 
were then placed at one or several of the points in 
the containment vessel at which radiation doses had 
been measured and exposed for known periods of time.
The overall error (one standard deviation) associated 
with the fast neutron calibration of the personnel 
neutron badge is estimated to be about 23% (see 
Appendix D for the calculation).
The N-6 TLD cards were also calibrated for the entire 
range of fast neutron energies by using the following 
empirical equation,

Sn = aE^’o'pQ-j' (Li^)

The form of the above equation was suggested by the neutron 
sensitivity Sn versus neutron energy E data presented in 
Appendix B- 5. This says that Sn follows the total neutron 
cross section of Li-6, °TOT> as a function of neutron 
energy E, and is proportional to it according to the weak 
energy dependence of aEa, where a and b are constants which 
were determined empirically. As indicated further in 
Appendix B- 5, this technique depends on determining an 
effective neutron energy for a multi-energy neutron spectrum. 
The sensitivity response function above is fitted using 
both absorbed doses (mrad) and equivalent doses (mrem) in 
determining Sn.
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Section IV. APPLICATIONS AND TESTS

A . Applications
The OPPD TLD personnel system has had many varied 
applications. On a monthly basis, the TLD badges of 
approximately 300-500 reactor personnel are pro
cessed for gamma, beta, and neutron exposures. This 
system is also calibrated for special TLD readout 
where a fading equation determines the fading factor 
if the readout occurs before or after the 3-day 
wait period. The normal procedure for handling 
exposures for reactor personnel consists of first 
issuing zeroed TLD cards (0.5 nanocoulomb residue) 
in the normal or neutron configurations and control 
badges to monitor the background radiation. After 
a month's time, these cards are received and are 
allowed to fade 3 days simultaneously with standards 
exposed to 145 mR. While they are fading, the cards 
are cleaned thoroughly with Trichloroethylene to re
move any foreign substances that could affect the TL 
process as well as any of the non-hardening glue used 
to hold the acetate on the aluminum card. Also during 
this time personnel- to-badge cross reference files 
are created and checked for reliability in reporting.
At the end of 3 days, these TLD cards can be read on 
a 10 sec/chip readout in about 5 hours. There has 
been a problem with the neutron badge in that not 
enough room is available for both the N-6 and G-7 
cards in the holder. Some of the glue has leaked 
onto the acetate surface and has caused numerous 
card jams during monthly processing. This problem 
was solved by placing a plastic shim near the hinge of 
the card holder to allow more room for the N-6 card.
If a person's pencil dosimeter (pocket ionization 
chamber) goes off scale, his TLD is immediately read 
to verify his exposure. His TLDs are handled the 
same as monthly TLDs except that background and 
fading factors must be calculated for the special 
processing required (refer to Appendix C for detailed 
operator procedures).
Each month a calibration test is performed with an 
independent laboratory. These tests are performed 
in conjunction with quality control procedures 
(see Appendix C-5).
During the first year of testing, approximately 100 
personnel at Fort Calhoun were double-badged: using 
OPPD TLD badges plus TLD badges provided and read by 
the Teledyne Company. During this year, agreement 
between the two systems was within 10-151 on 95% of the 
TLDs for gamma, beta, and neutron exposures.
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Section IV. (Continued)

Many different types of tests with many different types 
of radiations have been applied to LiF:Mg,Ti in both normal 
and neutron configurations. Some of the test results will 
be discussed in the following subsection.

B. Tests
The purpose of the calibration tests is to independently 
check the reliability and accuracy of the entire system 
in an on-going fashion to see if any systematic flaws or 
calibration errors occur.
At first, the tests were naturally structured to follow 
the chronological development of the TLD system. These 
first tests considered only gamma ''beta radiation since 
these were the first radiations to be calibrated on 
the Harshaw 2271 System. Once thermal and fast neutrons 
were calibrated, they were also included in the cali
bration tests in various combinations with the gamma 
and beta radiations.
1. Harshaw Test

The first test was with the Harshaw Chemical Com
pany. Ten G-7 badges were exposed to two different 

\ gamma exposures from cobalt-60 in groups of 5 
badges. The first group was exposed by Harshaw 
to 15 mR and our result was 14.3 mR. The second 
group was exposed to 75 mR and our result was 
74.7 mR. These results on gamma radiation veri
fied that our system was properly calibrated, that 
the fading was being handled correctly, and that 
our gamma dose equations were appropriate.

2. Independent Lab Test
This test performed by an independent laboratory 
consisted of exposures from many different gamma 
and X-ray sources, from natural uranium beta- 
radiation, and neutrons from PuFq. At this stage 
in the TLD system's development, only thermal 
neutrons were calibrated. The results and inter
pretations are listed in Table 4.1.
As noted in Table 4.1, the reported neutron inter
pretations were not even close to the actual values 
since the calibration for fast neutrons had not 
been achieved. It should also be noted that 
there is an overresponse in LiF to low energy 
X-ray radiation as evidenced by a 136 mR inter
pretation to a 100 mR exposure from 58 keV X-rays.
Low energy electromagnetic (EM) radiation is more 
completely absorbed in the TLD chip than higher 
energy EM radiation, which interacts with the TLD mainly 
through Compton scattering. Thus, for the same ex
posure of very low energy EM radiation (such as 
X-rays) and higher energy EM radiation, more energy
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TABLE 4.1 
Independent Test

Section IV. (Continued)

Badge No. Source
1 Radium
2 ouoXO

3 170 keV Filtered X Rays 
(HFI Tech)

4 140 keV Filtered X Rays 
(MFO Tech)

5 111 keV Filtered X Rays 
(MFM Tech)

6 84 keV Filtered X Rays 
(MFK Tech)

7 58 keV Ta Fluorescence
8 Uranium-Beta
9 PuF4
10 Radium

84 keV Filtered X Rays 
(MFK Tech)

Uranium-Beta
11 Radium

84 keV Filtered X Rays 
(MFK Tech)

Uranium-Beta
12 Radium

84 keV Filtered X Rays 
(MFK Tech)

Uranium-Beta
13 Radium

58 keV Ta Fluorescence 
X Ray

Pu F4
14 Radium

Interpretation
Exposure Level G B N

100 mR 105 39 0
100 mR 99 46 0

100 mR 106 0 0

100 mR 124 0 0

100 mR 120 0 0

100 mR 128 0 0
100 mR 137 0 0
100 mrad 16 50 0
150 mrem 18 0 1
100 mR

100 mR
100 mrad 245 78 0
50 mR
50 mR

50 mrad 123 38 0
75 mR
75 mR

75 mrad 181 67 0
100 mR
100 mR

150 mrem 258 35 1
75 mR
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TABLE 4.1 
(Continued)

Interpretation
Badge No. Source Exposure Level G B N

58 keV Ta Fluorescence 
X Ray

1 0 0 mR

PUF4 150 mrem 258 35 1

15 Radium 75 mR
Uranium-Beta 1 0 0 mrad
Pu F4 150 mrem 142 83 1

16 Radium 75 mR
Uranium-Beta 75 mrad
PUF4 1 0 0 mrem 1 0 2 67 1

17 140 keV Filtered X 
(MFO Tech)

Rays 1 0 0 mR

Uranium-Beta 1 0 0 mrad
PuF 4 150 mrem 159 43 1

18 140 keV Filtered X 
(MFO Tech)

Rays 75 mR

Uranium-Beta 75 mrad
Pu F4 1 0 0 mrem 123 38 1

*G = Gamma (mrem), B = Beta (mrad) , N = Neutron (mrem)
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Section IV. (Continued)

(more traps populated) is absorbed in the TLD for 
X-rays. Upon readout, the X-ray-exposed TLD will 
yield more TL and the reading will be higher than 
in the high-energy-exposed TLD. Notice too, that 
the beta interpretations are biased low. This is 
a result of high energy beta penetrations through 
the aluminum filter, as well as Bremsstrahlung (see 
equation B-7a). This bias is experienced by other 
companies at a similar or greater level and can be 
controlled, if necessary, by using a thicker filter.

3. Eberline Test
This series performed by the Eberline Instrument 
Company, attempted to test the complete calibrated 
system using gamma, beta, thermal, and fast neutrons 
and combinations thereof. Some of these exposures 
and interpretations are given in Table 4.2.
As discussed before, the over-reporting on gamma 
exposures and under-reporting on beta exposures 
is still evident. For example, on badge #1, the 
2,429 mrad of beta is reported as 1,728 mrad (beta 
exposures are considered as a skin dose since they 
do not penetrate significantly past the layer of 
skin) plus 259 mrem (gamma radiation and fast 
neutron radiation are considered penetrating 
radiations since they do not react as readily 
with hydrogenous material). Note for badge #7 
and #8, there is over-reporting of neutron exposure, 
while badges #5 and #6 show an under-reporting.
With a TLD neutron sensitivity of .077 nC/mrem for 
PuBe neutrons, if the gamma dose is in error by approxi
mately 10% at the 100 mrem level, then the uncertainty 
in the neutron exposure can range around ^130 mrem.
So, it is easy to see the difficulty in detecting 
radiation with such a low sensitivity. Note also 
the difference a phantom makes in the neutron 
sensitivity factor. The neutron sensitivity 
calibration was done on TLDs exposed on phantoms.
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TABLE 4.2 
Eberline Test

Interpretation
Badge No • Source Exposure G B N

1 CS-137 3,000 3259 1728 0

2 U-nat 2,429 3326 1595 0
3 1 CS-137 300 351 197 0
4 — 1 U-nat 308 351 256 0
5 CS-137 + PuBe(y) 30 + 1

U-nat 30 39 11 0
6 — 1 Neutron-PuBe 30 38 10 21
7 - CS-137 + PuBe(y) 300 + 11 307 0 417
8 — Neutron-PuBe 304 313 0 340
9 ' S CS-137 + PuBe(y) 

1 * 100 + 11 110 0 108
10 - i Neutron-PuBe 311 109 0 136
11 -1 CS-137 + PuBe(y) 30 + 11 41 0 296
12 -> Neutron-PuBe 304 43 0 395
13 CS -137 + PuBe(y)

s

' Neutron-PuBe
1000 + 19 987 0 873

14 501 1008 0 613
15 —s, CS- 137 + PuBe(y) 250 + 4

> U-nat 118 275 56 1
16

»
Neutron-PuBe 100 281 48 0

17 ~ 'I CS- 137 + PuBe(y) 100 + 38 130 0 620
18 - J Neutron-PuBe 1,003 132 0 942

*No neutron phantom
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4. Oak Ridge Criticality Test
The Twelfth Criticality Intercomparison Study was 
entered to test the initial calibration to the 
Health Physics Research Reactor (HPRR) spectrum, 
as well as to detect large exposures from a 
criticality or accident case in reactor environ
ments. Eight personnel badges were exposed to 
two different spectra (bare HPRR, and lucite- 
moderated HPRR). The exposures and interpretations 
are listed in Table 4.3.

Badge No. 
1-4

5-8

TABLE 4.3
Spectrum Exposure Interpret
Lucite
Gamma 9 5 rad 108 rad
Beta Unknown 9 rad
Neutron 82 rad 79 rad
Bare
Gamma 143 rad 178 rad
Beta Unknown 12
Neutron 501 rad 300 rad

The exposures reported in this table were taken 
from the preliminary averages of all participants. 
The actual values and beta exposures are not 
known at the present. All gamma exposures appeared 
to be high as expected from past tests. The 
neutron exposures gave such a high TL response 
that the PM tube saturated. This saturation is 
evidenced by a 200 rad error in the bare spectrum 
interpretation.
From this test, it was also revealed that the sen
sitivities and residues of both N-6 and G-7 cards 
were altered significantly. The N-6 cards, in 
fact, could not be zeroed and consequently had 
to be discarded. Evidently, extensive radiation 
damage occurred in the LiF crystals.

5. Independent Laboratory Monthly Tests
As discussed earlier, each month a test with an 
independent laboratory is necessary to ensure 
reliable operation of the system. These tests 
are made with a radium source for the gamma ex
posures to simulate the various photon energies 
in a reactor. Natural uranium simulates the 
beta radiation. Califori urn-252 is the neutron 
source, which yields a sensitivity factor in 
our system of .398 nanocoulombs/mrem. A sample 
set of exposures are provided in Table 4.4
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TABLE
Interpretation (mrem or mrad)
Badge Gamma Beta Neutron

1 225 0 1547
2 2349 1096 3434
3 542 2754 0
4 2104 3338 0
5 1549 743 0
6 43 182 0
7 889 371 547
8 49 0 684
9 136 6 2011
10 94 0 1222
11 291 1330 0
12 2448 2350 0

Exposure (mrem or mrad)
i 5 2c f

Ra U Beta Neutron Gamma
2000 4000 4000 360
2000

4000
4000 360

1500 4000
1500

300
800 800 72

800 72
2400 216
1600 144

2000
2000 2000
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The radium exposures indicate that a good deal 
more secondary electrons accompany the gamma 
irradiations than occur with our cesium source.
The intensity of these secondary electrons appears 
to be a function of distance between source and 
TLD and has been noticed to change with different 
gamma exposures each month.
The neutron exposures present the greatest puzzle
ment since there is a good deal of scatter in 
percent deviation from known exposures. In this 
test, the deviation ranges from 14.2% on badge 
#2 to 61.3% on badge #1.
In looking at badge #1 and #2, it is almost im
possible to interpret a neutron exposure in 
a mixed field better than in a pure neutron 
radiation field. In the months that we have used 
these quality control exposures our gamma and 
beta accuracies have been very consistent. How
ever, for the neutron exposures our accuracies 
have scattered from less than 5% deviation to 
almost 75% deviation. This fluctuation cannot 
be due to incorrect sensitivity factors nor to 
mixed field interference since these factors 
would bias the interpretation the same way 
(consistent error). The error in our results 
is random and at present has not been determined.
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Section V. CONCLUSIONS

LiF:Mg,Ti provides a relatively good energy response 
(linearity), sufficient trap distribution, and the capacity 
for strong storage stability of trapped electrons and holes. 
Consequently, this phosphor has enjoyed much success as a 
dosimetric material since its early beginning, especially 
Cameron's revival. This success has been further demon
strated by the OPPD TLD system especially in the gamma, 
beta, and thermal neutron areas. In the fast neutron field,
TLDs are really in their infancy. Fast neutron dosimetry 
with LiF:Mg,Ti presents many problems such as energy 
dependence, multi-energy spectra, and cadmium-lithium re
sonance peaks. These variables were statistically used 
to calculate the sensitivity curves of Figure B.5 and 
B.6. This technique provides a significant improvement 
in fast neutron dosimetry. As evidenced by the scatter of 
the percent deviations of the monthly tests, there is still 
room for improvement especially where the sensitivity factors 
are below 0.1 nC/mrem; that is, where the average neutron energy 
of the spectrum is large.

From the research and testing to date, it has been 
concluded that the equipment and dosimeters are very satis
factory at the present state-of-the-art for gamma, beta, 
and neutron detection. In order to circumvent some of 
the problems that have been mentioned, a better dosimeter 
needs to be designed to remove the beta bias from high 
energy beta and Bremsstrahlung penetrations, and to remove 
the neutron energy dependence. This dosimeter design could 
follow from more research on statistical TL models and/or 
could follow as a result of a new phosphor design.
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Appendix A. TLD SYSTEM DESCRIPTION

Since the TLD system is composed of both hardware and 
software, this delineation will be used for the system 
description. A brief discussion will be given for each 
major hardware item with references to a more complete 
description. The software will be flow-charted with a 
basic operational description.
1. TLD Hardware System

The TLD hardware system is comprised of equipment used 
only for calibration purposes and equipment used for 
readout purposes.
The equipment used mainly for calibration are the 
following:
a) Cesium-137 gamma source
b) Depleted natural uranium beta source
c) Plutonium-bery1lium neutron source with moderator
d) Victoreen R-meter
The gamma source is a J . L. Shepherd Model 142-10 
panoramic irradiator with .8 Ci strength and Cesium- 
137 material. It is pneumatically driven by a remote 
control panel with exposure control to within .001 
of a minute. The main calibration point is 12.020" 
on the plexiglass table with an exposure time of 3 
minutes yielding 145 mR, traceable to NBS through 
the use of the R-meter discussed below. No phantom 
is used during any gamma irradiation. Cs-137 is an 
optimum choice because of energy, half-life, shielding 
required, etc.
The natural uranium beta source is depleted with 5%
Mo in a slab configuration, Its calibration is 

. derived from air extrapolation ionization chamber 
at the University of Michigan. The source dose rate 
is 208 mrad/hour at its surface.
The neutron source is a 5 Ci Plutonium-Beryllium source 
with a mean spectral energy in air of 4.2 MeV. It 
is shielded in paraffin with plexiglass rods for ex
posure purposes. This source is located at Creighton 
University (refer to Appendix B- 4 for further details).
The Victoreen R-meter is a Model 570 condenser R-meter 
with chambers 552 and 553. These chambers were cali
brated with NBS to within +3% accuracy. The R-meter

37



Appendix A. (Continued)

readings are corrected for temperature, altitude, 
and the NBS correction factor.
The equipment used mainly for readout/reporting pur
poses is the automated 2271 TLD system. This system 
is calibrated to the Cesium-137 gamma source and is 
comprised of the following hardware:
a) Harshaw 2271 hardware assembly
b) TLD dosimeter cards and card-holders
c) N2 supply and flow regulator
d) Silent 700 Texas Instrument terminal
The Harshaw 2271 hardware assembly is functionally 
shown in Figure 1. This 2271 system provides exposure 
readout on an automatic basis using aluminum (substrate) 
TLD cards. In this mode, as many as 250 cards can be 
processed with minimum operator assistance. These 
cards are evaluated and identified with this information 
going to magnetic tape on the TI-700. From this tape, 
it is placed into the G. E. timesharing system for 
the data processing.
The Harshaw 2271 assembly is further defined into the 
following components:
a) TL Detector/Dosimeter Identifier - contains 

gravity-feed TLD card channel, photomultiplier 
tube, heater circuitry and controls, sequencing 
logic, identification logic, and cooling cir
cuitry .

b) Model 2000B Picoammeter - contains picoammeter, 
photomultiplier integrator, digital data out
put logic, ranging logic, high voltage supply 
for the photomultiplier tube, regulator, timer, 
low-voltage power supplies, recorder (linear 
and logarithmic outputs).

c) NL-30T Digital Comparator - checks digital data 
for anomalous data.

d) NE-20T Teletype Interface - converts picoammeter 
output into an acceptable computer code (USASCII).

Further information can be extracted from the Harshaw 
instruction/description manuals,
The Silent 700 terminal is a Model 733 which is de
signed for telecommunications requiring the USASCII 
code. This model is a keyboard send-receive unit
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Appendix A, (Continued)

with selectable transmission speeds of 10, 15, and 
30 characters per second. It utilizes two cassette 
magnetic tape units for automatic sending to the 
computer and receiving from the NE-20T.
The TLD cards and card-holders are in the standard 
geometries furnished by Harshaw. The specific per
sonnel cards that are used are the G-7 and N-6 models.
The G-7 cards contain two TLD-700 chips with 99.99%
Li-7 while the N-6 cards contain two TLD-600 chips 
with 95.6% of Li-6. Both types of cards utilize the 
teflon window with an ASCII identification matrix.
The personnel badge configurations employed at OPPD 
arc shown in Figure 2 and Figure 3. For the normal 
personnel badge, chip No. 1 will measure both gamma 
and beta radiation whereas chip No. 2 will detect 
any gamma radiation. Between these two chips, we 
can then use a difference technique to calculate 
beta radiation, while using chip No. 2 for gamma 
radiation. The neutron badge setup must contain 
the normal configuration as well as a N-6 badge 
geometry in order to detect neutrons. The N-6 dosi
meter card is positioned as illustrated in Figure 
3 with chip No. 1 receiving both fast and thermal 
neutrons and chip No. 2 measuring only fast neutrons 
due to the Cadmium sandwich capturing thermal neutrons. Again, 
using a difference technique, both fast and thermal neutron 
doses can be calculated.
The final piece of hardware is a metered and regulated 
n2 supply to eliminate any spurious luminescence during 
the heating cycle.

2. TLD Software System
The software system is comprised of real-time (on-line)
Fortran programs and off-line Cobol programs within 
the General Electric Mark III timesharing system,
The on-line operating system is called foreground 
and allows the TLD operator direct communication with 

■ the computer for file maintenance, data processing, 
and system definition. The foreground routines are 
Fortran programs designed to initialize one of three 
types of processing: sensitivity, special, or monthly.
Through the various codes and computer interrogations, 
the TLD operator is able to setup the processing de
sired real-time (refer to Appendix C for sample pro
cessing). Therefore, the Fortran programs in fore
ground were designed mainly for TLD operator inter
vention to build the files of information pertinent 
to the type of processing.
As the data comes off the 2271 system, it is recorded 
on magnetic tape in its basic form (refer to Appendix
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Appendix A. (Continued)

B for data structure). The TLD operator then plays 
the tape into foreground and creates an exposure file.
He also enters any other file that was manually re
corded on the tape. Once these basic files have been 
entered, he executes the foreground programs ("TLDROOT") 
and converses with the computer to define the type of 
processing.
Once the conversation ceases between operator and 
foreground, thè files have been prepared in the proper 
format for the specific type of processing. Control 
then is automatically passed from the foreground system 
into the more efficient and economical background 
system. The operator is now off-line and is only 
aware of the job identification that the background 
system is executing. In a few minutes, the operator 
questions the operating system for job completion.
If it is complete, the TLD operator via foreground 
commands the job to be dumped to a high speed printing 
device.
In the above processing network, there exists a suffi
cient number of software checks to insure valid system 
performance. For example, in the foreground system 
the"standard sandwiches?' are checked for calibration 
with error messages if they are outside predefined 
limits (6%). In the background system, error messages 
indicate file problems or individual data errors.

3. Software Troubleshooting Procedures
During TLD processing, a number of errors can originate 
in the areas of commands/responses, files, or data.
If an error is detected or a report is erroneous, the 
following general procedure should be employed:
a) Recheck the computer commands (e.g., "EDI LIS", 

etc.) or the TLD responses (e.g., FDSEN, TLDXRF, 
or any of the commands while running TLDROOT). 
Particularly note spelling of file names, TLD 
responses, command/response formats, etc, Refer 
to later sections of this appendix for additional 
information if the error is in this area.

b) List a part of each main file and note if the 
correct structure is present. Refer to Appendix 
C for these file structures. If the structure 
is different, refer to later sections of this 
appendix for a more complete analysis of error/ 
solution.

c) Check those main files that were constructed for 
this particular execution to see if a correlation 
exists. Usually the main correlation is between
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"TLDXRF", "FDPER", and "TLDEXPOS".
d) If all of the above steps check out, then most

probably a small data problem exists at this point. 
Again, check on an individual's correlation between 
main files. That is, he might be assigned a 
badge in the "TLDXRF" file that is different 
from the badge he actually received in the "TLDEXPOS" 
file. It is also possible that his badge/dosimeter 
card had no sensitivity recorded.

A. Computer Commands and TLD Responses
Usually if a computer command has a format error, the 
computer will respond with an appropriate indication.
If, however, the command is correct in its format 
(syntax), then a check with the particular procedure 
in Appendix C (TLD Operator Procedures) is necessary 
to determine if the command is proper or the command 
reference (filename) is correct. Retype command to 
correct problem.
If an incorrect TLD response was made (i.e., entered 
a date when it requested a file) , the program "TLDROOT" 
will normally terminate with an appropriate message 
if the response is completely wrong. If the response 
is syntactically correct but logically incorrect, the 
program should be terminated and rerun.

B. File Structures

If an incorrect file structure is noted Appendix C 
should be referenced. Usually a common error is with 
sequence numbers; for example, "FDPER" does not require 
sequence numbers while "TLDEXPOS" does. Other errors 
would be an "EDI DES" on a file without sequence 
numbers, a noise character entering a file through a 
G. E. error, or a file read from tape incorrectly.
In any case, file restructuring is necessary by using 
"LOG" commands or "EDI LIS" commands to identify 
problems with "CHA" or CHAVC" commands to actually 
solve the problems.

C. File Correlation
When any TLD processing is required, it is necessary 
to build certain basic files. These files are "TLDEXPOS", 
"TLDXRF", and sometimes "FDPER". They must contain a
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listed in "FDPER". If the correlation breaks down, 
then pertinent error messages are listed. The 
solution to a correlation problem is to check 
each of these basic files per badge number dis
played for a complete cross reference of information 
and replace that data which is incorrect. It is 
possible a "Person Not Found" message will appear 
if the "TLDXRF" file does not correlate with the 
"FDPER" file.

D. Data
The individual or small group data problem will pro
bably be the most difficult to find due to a large 
number of variables. If a data problem is indicated 
in foreground (real-time system) then most probably 
the error is due to a correlation mismatch. However, 
if the monthly report or special report is in error 
then a quick scan of the "FDCOB" messages is in order.

The possible messages that the background system can 
create are :
a)

b)

c)
d)

"FILE-PROB: PERSONNEL" - check "FDPER" file
structure.
"FILE-PROB: 
"FDBAD" file
"FILE-PROB:
"FILE-PROB: 
structure.

BADGE-XREF" - check "TLDXRF" and 
structures.
SENSE" - check "FDSEN" file structure. 
HISTORY" - check "FDHIS" file

e) "PERSON NOT FOUND" - message similar to fore
ground message with dosimeter card number also 
displayed. Correlation problem.

f) "SENS-ERROR" - check "FDSEN" with a "LOG" state
ment on the badge prior to error.

g) "CBADGE-NO ERROR" - indicates a neutron badge 
number did not match with a G-7 badge number. 
Check "TLDXRF" for correlation.
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h) "NEUTRON-SENSE ERROR" - similar to error No. 6. 
However, a N-6 card does not have a sensitivity.

Report messages will appear within the report on an 
individual if a badge sensitivity problem is detected 
in either the G-7 or N-6 cards. These messages are 
equivalent to the proceeding sensitivity messages.
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Appendix B. CALIBRATION AND TEST PROCEDURES

1. Gamma-Ray Calibration
a. Gamma-Irradiator Calibration 

1) Procedure :
a) Calibration of R-meter by the National 

Bureau of Standards.

2)

b)

c)

d)

At each TLD irradiation position to be 
used, determine exposure and time for 
which y-source is being raised from 
shield to irradiation poisition, and 
for which source is being lowered to 
shield from irradiation position.
Determine timer setting to obtain a 
standard exposure at a standard position 
on irradiation table (Note: this time 
includes rise and fall times for source).
Calculate timer settings that will give 
other exposures at same table position 
(Note: to do this, rise and fall times
found in Step b) must be subtracted from 
total time in Step c) to get just the 
irradiation time, before a time multiplier 
is used. Then the rise and fall exposure 
is added to this multiplied exposure).

e) In this manner, the irradiator timer is 
calibrated to achieve the desired multiples 
of the standard exposure at the standard 
irradiation position on the irradiation 
table. The R-meter is only used to 
calibrate the timer for this standard 
exposure.

f) The same procedure should be followed to 
calibrate the irradiator at other table 
positions, if necessary.

Results:
The standard position used was 12.020" on the 
irradiator table with a standard time of 3 
min. The exposure for this position and time 
has been found to be 145 mR +_ 2%. The exposure 
due to the rise and fall was-determined, using 
TLDs, to be 1 mR. Therefore, the common ex
posure used to calculate other exposures was
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1 = 48 mR/min. For example, if the desired
exposure time is 6 min. , then the actual exposure is 
(48 x 6) + 1 = 289 mR.

b. Selection of TLD Standards
1) Procedure :

a) Simultaneously expose potential standards 
to 145 mR.

b) Wait 3 days.
c) Calculate TLD sensitivities as:

Si = Ri/R 
where :

Si = sensitivity of i-th TLD;

Ri = reading of i-th TLD;
R = ERi/n, average reading o

TLDs ;
n = number of TLDs read.

All the Si values should be close
unity. If any deviates more than 21, 
it should be rejected as a standard.

2) Results:

(B.l)

In Step a), about 130 potential standards 
were used with about 30 standards being 
accepted within the 21 band. This selection 
technique should be used on each new batch 
of G-7 badges.

c. Calibrate Harshaw Model 2271 TLD Reader - Gamma 
Calibration
1) Procedure :

a) Simultaneously expose a set of standard
TLDs to same standard exposure of E = 145 mR.

b) Wait 3 days and read out standards in 
usual succession.
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c) Compute average reading of standards 
R and standard deviation o.

2)

d) If E is significantly different from
R, recalibration is needed, as follows:
i) Take average light - reference 

reading, L^ , using the light- 
reference source built into the 
reader.

ii) Reset PMT high voltage until new 
light meter ■ reading L2 = Lp E.

R
e) TLD reader should now be direct - reading 

for TLDs that are read after a 3-day 
period. (Note: the 3-day wait is 
done instead of annealing so that the 
unstable glow peaks of the TL-response 
are completely eliminated from the re
sponse. Accuracy is within +a of Step 
c, above,

Results :
The calibration of the TLD reader used E = 
145 mR and an R equal to the average of 25 
standards. The light-reference reading was 
taken without heat (Step d) and averaged 
over 12 successive readings. It should be 
noted that the light-reference reading, L-̂ , 
is only a short-term reference and is not to 
be used for long-term calibration purposes.
The equation that was determined based on 
1 mR = 1 nanocoulomb calibration for gamma 
dose is :

Dy = (R2/S2Y/F/SC - BKGRD) (B.3)
where:

R2 = 
Dy =

S2y = 

F =

reading of chip-2, in nC
the calculated gamma dose,
the sensitivity of chip #2
fading factor if beyond or 
to 3 day calibration point

mR
(eq. B.1) 
prior
(see Figure 6)

Sc = system correction from standard 
sandwich (a standard TLD card 
irradiated to 145 mR three days 
earlier at the beginning of the
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batch of cards, and another card 
at the end of the batch).

BKGRD = background radiation
Equation B.3 shows that a sensitivity correction, 
fading correction, and standard correction must 
be applied to the nanocoulomb response. The 
sensitivity is as calculated in sub-section d, 
below, and is usually about 1.00. The fading 
factor is taken from the curve in Figure 6.
The standard correction is applied to compensate 
for short term drifts in the reader calibration. 
The background buildup rate is on the order of 
0.3 mR/day.

d. TLD Sensitivity Determination

1) Harshaw Procedure:
a) Expose entire group of badges to be issued 

for standard exposure of 145 mR.
b) Wait 3 days.
c) Check calibrations as in part c.
d) Find the average R of all the corrected 

TLD readings (excluding the standards).
e) Calculate sensitivities as:

S (B. 4)

where:
R is the individual chip reading.

2) Omaha Public Power District Procedure:
Same as the Harshaw procedure, except R is 
not the average corrected reading, but is 
the actual exposure E obtained from R-meter 
calibration of irradiator. (Note: if initial 
calibration before sensitivity runs are 
accurate, then there should be little, if any, 
difference in the two determinations.)

3) Results:
The Harshaw procedure is statistical and 
is used initially to select standards and 
to calibrate the TLD system. Once the
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calibration has been assured, the OPPD pro
cedure is used for individual chip sensiti
vities. The reasoning for using two pro
cedures is that Harshaw's is a statistical 
method and provides a good way to calibrate 
initially. A different method of sensitivity 
determination was felt necessary to alleviate 
this group dependence (if the group is small) 
and to enable a better calculation of the 
Y-sensitivity for the Chip No. 1 (uncovered 
TLD.) This uncovered TLD experiences a slight 
over-response to Cesium-137 gamma radiation 
due to the presence of photo and/or compton 
electrons.

e. Linearity Check on System (Dose Versus Response)
1) Procedure:

a) Expose each TLD of a set of TLDs to a 
different exposure ranging from a few 
mR up to 1,000 R.

b) Wait 3 days.
c) Check calibration of reader as in sub

section c, above.
d) Place TLD standards (irradiated 3 - days 

previously to 145 mR) in the appropriate 
standard sandwich configuration.

e) Read out in succession as usual and 
correct readings by using the standard 
sandwich to determine by how much the 
readings depart from the calibration 
point.

f) Apply sensitivity correction to TLDs 
as R/S, etc.

g) Plot reading vs. exposure.
h) Make least-squares fit of data to straight 

line.
i) Slope' should be unity (within error limits) 

if system (TLD plus reader) is linear
in this range.
NOTE: This line (if linear) can be used

to determine the exposure of any 
TLD that is processed in the 
standard fashion (3-day wait, and
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corrected for sensitivity and 
background). However, this pro
cedure is subject to instrumental 
calibration shifts, which could 
require a repetition of this plot 
each time a calibration shift is 
encountered.

j) If result is non-linear, then a correction 
based on a more general fit to the data 
should be applied to TLD readings. This 
would only be significant in the pre
cise regions of response where non
linearity occurs (such as very large,
1,000 R, exposure). In the majority 
of cases, the exposure can be obtained 
directly from the reading.

2) Results:
The dose versus response curve is illustrated
in Figure 5. This curve will be used as in
dicated in the Quality Control Procedures
Section (Appendix C.5).

2. Special Studies
a. Long-Term Fading

1) Procedure:
a) Expose a group of badges to known ex

posure. Also, have a similar group of 
badges to monitor background.

b) Store all the badges above in same 
location.

c) Read one badge every 24 hours after 
end of exposure. At the same time, 
read one of the background monitors. 
Suitably correct badge readings to 
get true exposures (eq. B.3).

d) Plot results on graph of reading vs, 
time since exposure,

e) Adjust vertical scale of graph so that 
extrapolated curve intercepts at the 
known exposure (Step a) at zero time,

2) Results:
For the G-7 and N-6 dosimeter cards, the 
fading results for an exposure of 145 mR 
is illstrated in Figure 6. Note that the
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fading is without background and indicates 
a fading of about 9% in the first 3 days, 
and about 20% in the first 16 days.

b. Short-Term Fading
Procedure :
a) Same

read
hours

as above, except successively 
badge pairs every hour for 24

b) Plot results as above and adjust 
ordinate as in Step 2e) above.
NOTE: In normal situations, fading

is unimportant since the un
stable glow peaks (1 and 2) 
are eliminated in the standard 
3-day waiting period before 
reading TLDs and the reader is 
calibrated in the same manner.

s 2) Results:
For G-7 dosimeter cards, the short-term 
fading results are shown in Figure 6. The 
maximum fade in a single day was noted to 
be approximately 6% relative to a 3-day cali
brated system. Due to overall system un
certainty and instability of peaks 1 and 2, a 
determination of the fading rate within the 
first 2 hours was somewhat difficult and inconclusive.

3. Beta-Particle Calibration
The B-source used to determine the response of the G-7 
dosimeter cards to g-radiation is a slab of an alloy 
of 5% molybdenum and 951 depleted uranium. This source 
was compared to a natural uranium slab. The dose rate 
of the natural uranium is estimated to be 220 mrad/hr 
+ 10% through 7 mg/cm^ and the dose rate from the 95% 
depleted uranium alloy is estimated to be 210 mrad/hr.
+ 15%.
a. B-Sensitivity Determination

1) Procedure :
a) Expose TLD badges to known ß-ray exposure, 

Dß. Chip No. 1 is uncovered in the badge. 
Chip No. 2 is sandwiched between aluminum 
covers that are sufficiently thick to 
stop ß-radiation up to 0.6 MeV. Chip
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No. 2 measures only y-radiation, Dy, 
that is present with the 3-irradiation.

b) Check y-calibration of reader as 
usual.

2)

c)

d)

After a 3-day wait, read out the 3- 
exposed badges in the usual manner.
Correct Chip No. 1 for y-radiation in 
the following manner:

R1 = s|D6 + SjDy

r 2 = s!d b + S^Dy;
thus ,

Dy = r2/s)»
and,

R1 = S®D6 + s|r 2/s

Ri " R1 - S1R2 = S

where : 
R-

R2 = 

CB _

-Y _

Dy
D3

represents the corrected 
reading of Chip-1 (nC);
background corrected read
ing of Chip - 2 (nC);
sensitivity of Chip -1 to 
3-radiation (nC/mrad);
sensitivity of Chip -1 to 
y-radiation (nC/mrem);
calculated y- dose (mrem);
calculated 3-dose (mradi) .

e)

Results :

Calculate 3-sensitivity of badges as 
Sj = R^/D3.

The average 3-sensitivity was found to be 
0.432 + 12% nanocoulomb/mrad. The average

(B.5)
(B.6)

(B.7)
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sensitivity is used rather than individual 
sensitivities due to procedural difficulties 
and uncertainties involved. It should be 
noted that 6-particles with energies greater 
than 0.6 MeV penetrate the aluminum shield.
In the laboratory a suitable correction 
can be made; however, in the field, any 
3-particle which reaches Chip No. 2 is con
sidered to be gamma radiation (penetrating radiation).

b. 3-Exposure Determination
1) Procedure:

a) If a badge is exposed to an unknown 
amount of 6 + y radiation, the individual
3- and y-exposures, D3 and Dy, respectively, 
can be determined from the following 
procedure.

b) Check y-calibration of reader as usual.
c) Read out the badges and correct for any 

calibration shifts, in the usual manner.
d) From the known 3 - and y-sens itivities of 

the TLDs, the 3- and the y-exposures
are obtained from the readings R as,
(using same notation as above).

Dy = R2/S^ 2

2) Results :
Due to the penetrations of the high energy 
beta through the aluminum shield, the 3 + 
y tests indicated an over-response of appro
ximately 8% to y and an under-response of about 
203 to 3.

4. Slow Neutron Calibration
a. Description of Creighton University Neutron Ir

radiation Facility :
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1) Type of Source
Plutonium (77.09 gm) intimately mixed with 
beryllium (37.85 gm).

2) Container Material
Welded tantulum and stainless steel cylinder, 
1.55" O.D. x 2.04" high.

3) Neutron Emission
8.46 x 1 0 6 ■+ 5 neutrons/sec . (5-Ci) .

4) Howitzer Dimensions
15 gallon, stainless-steel lined, paraffin- 
filled cylinder of 30" diameter, 31" height, 
provided with 3 horizontal ports and 3 
vertical ports. Neutron source is situated 
in the center of cylinder.

5) Plutonium (Pu-239) is a radioactive alpha-
' particle emitter (T% = 24,360 yr.) and

beryllium (Be-9) reacts with alpha-particles 
to produce carbon (C-12) and a neutron. The 
neutron energy spectrum has been measured 
from such a source^ and the range is from 
less than 1 MeV up to 10 MeV, The most pro
minent neutron energy is about 4.2 MeV,

b. Thermal Neutron Flux Calibration
1) Foil-activation techniques have been used 

to determine the total neutron flux and the 
thermal neutron flux at the TLD-irradiation 
position in the howitzer. Indium foil was 
used initially because of its high activation 
cross section (150 barns for thermal neutrons).

2) An indium foil is placed in the special ir
radiation jig (cylindrical lucite plug, 15" 
long x 2" diameter with V-thick lucite cap 
containing a cavity for placement of TLD 
badge or foils). A foil-loaded plug is in
serted into a side port of the, howitzer so that 
there is about %" of lucite between the neutron 
source and the foil, (scattered neutrons will 
reach the foil from the rear as well) and ex
posed to saturation activity. 3

3) The activated foil is removed from the howitzer 
and the lucite jig, and is put in place on the 
Nal (Tl) y'Counting stand. The transfer time
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between the cessation of neutron irradiation 
and the beginning of the y-activity measure
ment is carefully measured and set at 100 
sec., which is sufficient for the shorter- 
lived 2.16 and 14 sec. isomers of InH6 to 
decay .24

4) The 418-KeV y-transition from the excited 
daughter Sn^ *6 ys chosen for the y-activity 
measurement because of its high intensity 
(see Figure B.1). A multi-channel analyzer 
is used to select the counts from the Nal 
(Tl) y - detector that correspond to this 
energy. The measurement lasts for 1,000 
sec., or 16-2/3 min., after which time
the portion of the y-energy spectrum around 
418-KeV is recorded. The underlying back
ground is subtracted from the 418-KeV y -peak, 
and the total number counts in the peak is 
calculated and designated N.

5) The total activity Ao of the activated indium 
foil at the time it was just removed from the 
neutron howitzer is determined from this measure
ment as follows :

Ao = XN__________  1 1 (B. 8)
exp (-Xti)-exp ( - X12 ) X(e) (ft) X (U

where :
X = 0.693/TJs = 0.693/ ((54 min) (60 sec/min) )

= 0.000213/sec.
N = Total number of 418-KeV y-rays recorded 

by detector (from step 4).
ty = 100 sec, time between end of neutron

(when the indium foil begins to decay) 
exposure and beginning of y-measure - 
ment.

12 = 1,100 sec, time between end of neutron 
exposure and end of y-measurement.

e = 0.42 intrinsic peak efficiency at
418-KeV of 3" x 3" Nal detector £/xr 
foil-detector separation of 3 cm.

fi = 0.2159, fractional solid angle of 3/4" 
diameter foil subtended at 3" diameter 
face of detector at 3 cm separation.26
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t = 0.25, fraction of 418-KeV y-transitions 
per decay of In^16m (see references 24,
27, 28 and footnote to Table 1).

The result Ao gives the total disintegrations 
per second of the In-foil immediately at the 
end of neutron irradiation period. (This 
method has been precisely checked and corro
borated by using calibrated radioactive standards 
of Zn65 and Cr51; and by using longer transfer 
times for the foil activity measurement.)

6) The total activity of the indium foil, Ao, is 
due to the irradiation of full energy spectrum 
of neutrons from the source, which are not 
entirely moderated to thermal energies by the 
lucite surrounding the foil in the howitzer.
As we are interested primarily in the slow 
neutron flux (as 6fiF in the TLDs is sensitive 
primarily to slow neutrons; while ?LiF is 
practically insensitive to all neutrons), it 
is necessary to determine how much of the 
total activity is due only to slow neutrons.
This can be achieved by a separate irradiation 
of the indium foil sandwiched in cadmium 
covers. Cadmium has a very high cross section 
(2600b.) for slow neutrons (<,0.2 eV) , while 
it only slightly perturbs the epithermal
and fast neutron fluxes. So, another measure
ment is carried out for the cadmium-covered 
indium-foil in the same manner as described 
above for the bare foil. The resulting activity 
determination will correspond to the activation 
of indium by the epithermal and fast neutrons 
(there are several resonances for indium in 
the epithermal region). (See Figure B - 2) .29

7) The slow neutron activity, As , can be deter
mined from the total activity, At, and the 
"fast"-neutron activity, Af, from step 6, as,

As = At - Af (B.9)
Note: As is not exactly the thermal neutron

activity, as the cadmium-cut-off energy 
is somewhat above 0.025 eV at 0.5 eV.

8) The slow-neutron flux, Fs , is related to the
» slow neutron-induced activity, As, in the

indium-foil as,

As = NathFs5 (B.10)
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Where :

2)

3)

4)

N = m^- is the number of In^-^ atoms in
the natural indium-foil; m is the mass 
of the foil, N is Avagodro's number 
(# atmos/gm atom) , A is the atomic

Solving for Fs gives the desired slow-neutron 
flux to be used for neutron calibration of 
LiF TLDs.
al Neutron Sensitivity Determination
For the purpose of the neutron sensitivity 
determination, a TLD badge with TLD-600 
(enriched in Li6) on one side and TLD-700 
(enriched in LiO on the other side is placed 
in the lucite jig and irradiated for a pre
determined time. T L D 1 1 ' 1 "tivity
TLD-700 is insensitive to neutrons (a = 0.033b)23 
and is used here as a y-ray monitor.
The irradiation of a similar neutron badge is 
«done in the same manner and for the same time, 
except that both sides are sandwiched with 
cadmium.
The badges are read out with a y-calibrated 
reader in the usual manner.
The neutron response R (in units of nano
coulombs) of a badge is obtained as

Where:
Rg is the TLD-600 response,
Ry is the TLD-700 response.

The slow neutron response Rs is given by 
the difference between the bare response 
Rb and the cadmium-covered response, Rc , 
as

weight (# gm/gm atom) of In^^.
= thermal neutron cross section of 

Fs = thermal neutron flux, n/s-cm^.
S = saturation factor = l-e"Xt, with t =

irradiation time.

for thermal neutrons

R = Rô - Ry (B.1 1 )
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6)

Rs = Rb - Rc
The sensitivity Sn of TLD-600 is then deter
mined by,

S = Rs 
Dn

Where:
Dn is the slow neutron dose in mrem.
Dn is found from the TLD irradiation 
time T and the slow neutron flux Fs 
determined as in Part b , according to
D = M  
" ll? n/cm2 

rem
9 210 n/cm per- rem is the quality factor 

for neutrons of thermal energy up to 
about 10 KeV.29 > 30

(B.12)

(B.13)

(B • 14)

7) The sensitivity Sn is applied to a TLD-600 
response Rs (corrected for y- dose and other 
than slow-neutron dose, as above), to obtain 
the slow neutron dose Dn as

£Dn = in units of mrem. (B.15)
Sn

8) This procedure only yields slow-neutron doses 
from a TLD badge, as the calibration is based 
on slow neutrons.

d. Sample Calculations and Results for Neutron Cali - 
bration Using Indium-Foil Flux Monitor
1) Neutron Irradiation Data

a) Indium foils, 0.05 cm. thick, irradiated 
in jig for 24 hr. (saturation).

b) Cadmium-covers, 0.05 cm. thick (essentially 
same thickness as covers used over TLD 
badges).

2) 418-KeV y-Decay Measurement and Foil Data
BARE COVERED

(2-26-75) (3-1-75)

tl 25 sec. 65 sec.
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t 2 1025 sec. 1065 sec.

N 67162 10612

m 0.367 gm. 0.367 gm.

Act ivity Calculations (cf. Section 4-5-h of
this appendix)

E (Ey = 418 KeV) = 0.42

(3" x 3" Nal, 3 cm source-detector 
17 separation, 3/4" source diameter) =
0.2159

4 = 418-KeV relative intensity = 0.25 /decay
6 = 0.693/1% = 0.693/54 min = 0.00213 sec.
Ao(Bare)= (67162) (0.000213)

£e - (0.000213) (25) ,e - (0.00213) (1025flx

Ao(Cov.) 
Ao(Slow)

(0.42)(0.2159)(0.25)
= 330 7.44/sec.
= 526.98/sec.
= Ao(Bare) - Ao(Cov.) = 2780.5/sec.

CR = Ao(Bare)/Ao(Cov.) = 6.28
4) Slow Neutron Flux Determination (cf. Section 4-6-.f)

Ao
Fs oth N S (B.16)
where :

No (6.03 x 1023) ™A = (0-367) 114, 82N =

= 1.93 x 1021 atoms of indium (B.17)
N = (0.9572) (1.93) (1021)

- 1.84 x 10^1 atoms of In:*-̂ 5i (B.18)

ilO 150 b. = 150 x 10-24 cm2. (B.19)
Thus ,

Fs - 2780.5
(1.84) (1021) (150 x 10-24)(1)
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= 10.07 x 103 n/sec - cm2
5) Neutron Sensitivity of TLD-600 Using Indium- 

Foil Monitor
a) Bare TLD-badge (consisting of TLD-600 

and TLD-700) irradiation.
Start irradiation : 11:00 a.m., 3-7-75.
Stop irradiation : 3:00 p.m., 3-7-75.

b) TL-Response of bare TLD-badge.
Rgb = 24,550 nC.
Ryt) = 623.1 nC.

c) Cadmium-sandwiched TLD-badge irradiation.
Start : 3:45 p.m., 3-7-75,
Stop: 3:45 p.m., 3-10-75.

. d) TL-Response of Covered TLD-badge.
Rôc = 69630 nC.
Ryc = 15800 nC.

e) Neutron response , R.
Bare Covered

R = R6 - Ry 23927 nC 53830 nC.
Irrad. time,

T 4 hr. 72 hr.
R/T 1.661 0.208

nC/sec nC/sec

f) Slow neutron response.

(R/T)s = (R/T)Bare - (R/T)Covered 
= 1.661 - 0.208 
= 1.453 nC/sec.

g) Slow neutron sensitivity.

(B.20)

(B.21)
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Sn

Sn

Sn
Sn

_____ w  1 j J____  = 3 4 5 3

Fs * a o 9en/cm2T ( 10.0 7) (10-i) (10 -»)
1.661 0.208 

( i o . o 7 ) c i o 5)( i o-ÿ)  " (10.07)( i o i ) ( i o - y )
165.0 — —  - 20.7 nC/mrem mrem
144.3 nC/mrem (B.22)

h) Efficiency of slow neutron removal by 
cadmium-covers.
% slow removal 1.661 - 0.208 _ 1.453

1.661 1.661
= 87.51 (B.23)

i) Cadmium ratio
(R/T)B/(R/T)c = 1.661/0.208 = 8 (B.24)

j) Comparison of TLD response for irradiation 
of chips in badge and for irradiation of 
chips removed from badge.
i) TLD #600038, uncovered.

RESPONSE : Rbb = 25,200 nC ; Rbb/T = 1■75 nC/sec.
Ryb = 529.7 nC; Ryb/T = 0.027 nC/sec. 

(R/T)b =1.71 nC/sec.
TLD #600105, covered.
RESPONSE: R6c = 3800 nC; Ryc = 1070 nC;

R = 2730 nC.
(R/T)c = 0.154 nC/sec.

CORRECTED RESPONSE : 1.71 - 0.15 = 1.56 nC/sec.
ii) TLD #600073, uncovered, removed from 

badge.
RESPONSE: Rôb = 11,700 nC; Rôb/T =

1.84 nC/sec.
Ryb = 244.4 nC; Ryb/T =

0.038 nC/sec.
(R/T)b = 1.80 nC/sec.
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6)

7)

TLD 7/600129 , covered, removed from 
badge.
RESPONSE: Rec = 5120 nC; Ryc =

1350 nC; R = 3770 nC

CORRECTED RESPONSE: 

1.63

(R/T)c = 
1.80

0.168 nC/sec 

- 0.17 =
1.63 nC/sec.

iii) Ratio = ^ ^  = 1.044 (4.4% difference) 
Efficiency of Slow Neutron Shielding by Cadmium 

F = FGe-Nax

Where F0 is the flux of incident (beam) 
neutrons, F is the flux after beam passes 
through thickness x of material having N 
atoms/cm3 exhibiting capture cross sections a. 
For cadmium thickness of 0,05 cm, a = 2500b, 
and

(B.25)

(B.26)

N = Nn£A
(8.65 g/cm3) (6.03 x 1023)

112.4
= 4.64 x 1022 atoms/cm3. (B. 27)

we get,
F_
Fo exp [ - (4.64) (1022) (2.5) (10-21)

(5) (10-2)3
0.003 , or 0.3% (B.28)
0.3% transmission of thermal neutrons

occurs through the cadmium cover, which is satis
factory for our purposes. However, this cal
culation assumes a collimated beam of neutrons, 
which is probably not true in these measurement.
Coincidence Losses in Measuring 418-KeV y- 
Intensity
Coincidence losses are due to two y-rays 
entering the detector at the same time and 
thus superposing to yield a signal corres
ponding to sum of the two y-energies, which 
means a loss of information regarding the
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Y-intensity under investigation. There are 
two ways such losses can occur--real coinci
dence losses and accidental coincidence losses. 
The first kind obtains when the y-ray super
poses with a succeeding or preceding y-ray 
cascading from the decay of a single nucleus. 
The other kind arises from random super
positions with any y - ray in the decay, either 
from the same nucleus or from another.
The true y-count rate is given by

— ■ e  £, q N q

Where:
e = peak efficiency of y,
S = branching ratio of y , 
n = fractional solid angle (i.e. ,

f t / 4  it)  ,

(B.29)

actually

N0 = source strength,
The real coincidence loss rate

> -i ii N0 eçfteTi ̂ ftj
i = 1

= Nq£ 2 M j-

E  E u i

27

i = 1
(B.30)

Where:
eT i = total efficiency of y^- ray in real 

coincidence with y,
y = branching ratio of yi-ray.
M = the number of y^-rays in real co

incidence with the measured y- ray.
The accidental coincidence loss rate is given by27

Aa =
N
ri = l (2

2tN02e çfteTi 

= 2tN02e çft2 T
eiÇi (B.31)

i = l
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Where :
t = Signal resolving time of the detector 

(= 5 ys for typical system).
N = # of Yi ~rays in accidental coincidenc 

with the measured y-ray.
Thus, accounting for these losses, the measure 
y-ray count rate will be:

stands for the coincidence loss correction 
factor. .

that the 2.111, 0.819, and 0.385 MeV y - rays 
are in real coincidence with 0.418 MeV. Table 
B.l lists the necessary information on the 
prominent y-rays from I 116m decay to cal
culate C. Proceeding thus, we find that

where N0 = 1.27 x 104 sec-1 was roughly esti
mated from the total counts in the entire 
spectrum.
Hence, the slow-neutron flux and TLD-sensitivi 
become,

J
(B.32)

(B.33)

(B.34)

A - At Ar - Aa 
= NQefiç (1 - n

From the In116m decay scheme it can be seen

C = 1 (0.884) + (10‘5) x 
0.954(1.27 x 104) (B,35)
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TABLE B.l*

Data for Correcting y ~Ray Measurements on Inll6 Decay

Ey
(MeV) Y

4
/decay

3" x 3" e(pk) 
at 3 cm

3" x 3" 
at 3 cm.-

3" x 3"e (T) = 
e Cpk) T/P 
at 3 cm. e(TH

1.50 8 21 0. 125 0.32 0.391 0.0821
0.417 25 0.42 0.715 0.589 0.147
0.138 3 0.92 0.97 0.95 0.0285
1.097 54 0.17 0.385 0.442 0.239
2. Ill 25 0.09 0.255 0.353 0.0884
1.293 75 0.145 0.35 0.415 0.312

*Taken from ref. 27 . There is much uncertainty in the literature
as to £ values; e.g. , for 0.417 MeV, K ranges from 0.25 to 0,36, 
and for 1.293 MeV, it ranges from 0.75 to 0.83. The smaller values 
have been chosen here as they were measured with systems similar 
to the one used in this work, and also because their adoption yields 
the same total activity for In whether 0.417 MeV or 1.293 MeV 
Y- rays are observed.
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Fs = (10.07 x 10^)/(0.954) = (B.36)
10.56 x 103 n/sec cm2

Sn = (144.3) (0.954) = 137.7 nC/mrem (B.37)
8) Foil Self-Absorption For y-Rays

The correction factor for absorption of the 
418 KeV y-ray in the indium-foil (thus dimin
ishing the actual intensity) is given by

a = (1 - exp (-tut) )/yt (B. 38)
Where:

y = linear absorption coefficient, in cm"*
t = thickness of the foil (= 0.05 cm)

For 418-KeV,
a = 0.98 (B.39)

The corrected values of Fs and Sn then are
Fg = (10.56 x 10 3) / (0.98) = 10.76 x 10 -*n /sec- cm2 (b . 40)
Sn = (137.7) (0.98) = 134.9 nC__ (B.41)

mrem
9) Remeasurement of Fs and Sn using the 1.293-MeV 

y-transition as well as the 418-KeV transition.
Proceeding in exactly the same manner as des
cribed in the foregoing report, another measure
ment was undertaken on the indium foils. The 
optimum irradiation distance had been found to 
be 1" lucite moderating distance between neutron 
source and foil or TLD position (instead of 
the 1/2" distance that was used before). This 
necessitated a change in the experimental pro
cedure as the special lucite jig could not be 
used and was replaced by the regular port plug 
of the howitzer. To fit the TLDs into the 
plug, they had to be removed from the badge 
and the two halves cut apart. The results earlier 
in this appendix showed there is essentially no 
difference between TLD response either in the 
badge or removed from it. The following Table 
B.2 presents the results of this further work.
The 1.293-MeV y-transition was analyzed also 
as a check on the neutron flux determination.
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TABLE B. 2

Bare 5/27 
Covered 3/27

O'
CO

*
418-KeV Analysis

Total
T

Bkg
B

Peak'
P h t2 Ae'Xt CR P -P*B *C

Ad = (PB-PC) 
-xtA Pi

■ Me Meh Mefiç A6ehçC
134184 . 68148 66036 100s . 1100s 0.1878 11.74 60412 68.52 163.14 755.62 3022.5 3169.9
14295 8672 5624

A0 = A'/a (a = l-e~yt = 0.9803; E = 418 KeV,
t = 0.05 cm)v ».

= 3234.6 sec - 1

Fs = A0 = 3234.6
Nath (1.84)(103J-)(150)(10*24)

= 11.72 x 103 

Compared with Fs = 10.76 x 103

n
Sec-cm3

n from analysis on 418-KeV y-ray •
Sec-cm3

(Continued next page)



TABLE B ,2 
(Continued)

1293-KeV Analysis

T__ B P tl t2 A e ~ Xt CR PB-PC
Bare 3/27 83149 17829 65320 100 1100 0.1878 9.83 58673
Covered 3/27 9554 2907 6647

A 6 Aq/£ A 6/£fl eOC 
66.55 458.94 2125.7 2834.3

a %1
C = 1 - (.2159)(0.316 + .127) = 1 - 0.0956 = 0.9044

.. Fs = 3133.9 x 103 = 11.35 x 104 n/sec-cm2
^ (1.84)"(150)

A 6,

3133.9
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10)

From Table B.2, the following calculations 
of Sn for a TLD irradiation at 1" were 
obtained:
a) Badge #600185, uncovered TLDs removed 

from badge, cut apart, and irradiated 
side by side.
T = 5 hr = 18,000 sec.

R6p, = 25930 nC 
Ryt) = 381.6 nC
R6 = 25,550 nC 

(R/T)b = 1.419 nC/sec.
b) Badge #600047, covered, TLDs removed 

from badge, cut apart and irradiated 
individually (the cadmium-covers pre
vented side-by-side exposure).

c)

T = 5 hr.
R6c = 2543 nC 
Ryc = 801 nC 
Rc = 1742 nC 

(R/T)c ' 0.097 nC/sec.
(R/T)s = 1.419 - 0.097 = 1.323 nC/sec. (B.42)
CR = 1.419/0.097 = 13.6

(compared with 8 at V )  (B.43)
d) Sn = 1.323/11.54 x 10+3) = 114.7 nC/mrem

(compared with 134.9 nC/mrem at V)  (B.44)
NOTE: 11.54 x 103 n/sec cm2 ps the average

of the 418- and 1293-KeV flux 
determinations at 1" (See Table B.2) .

General Comments:
A major problem existed with inaccuracies of 
the y-branching ratios, t , for Ini16m ? as 
discussed earlier. Another problem not 
specifically mentioned before was the self- 
shielding of the indium foil on the neutron 
flux and the flux perturbation caused by the 
foil. The correction for this effect

70



Appendix B. (Continued)

e.

was not measured for this system, as more 
indium foils of different masses could not 
be obtained. In light of these problems, 
the flux was redetermined using a gold- 
foil (T% = 2.7d), which requires a longer 
irradiation time, but which yields a mono- 
energetic y-spectrum (t = 1). Also, self
shielding should be less due to the smaller 
foil mass and cross section (98b). For 
better statistical accuracy, more TLDs were 
exposed and Sn calculated from the average 
values obtained. It bears noting that the 
(n, y) contribution to TLD-600 covered with 
cadmium is only about 2% in these measure
ments, and should pose no great problem 
when the composite TLD-badge is used.

Neutron Calibration Using Gold-Foils
1) This section reports on the recalibration 

of the neutron-source (in howitzer) using 
gold foils as "detectors". See remarks 
at end of Section d.

2) Disk-shaped gold foils were employed, One 
was neutron-irradiated without cadmium covers 
and the other was irradiated with front and 
rear covers. Table B.3 presents physical 
data on the foils and information on the 
irradiation, and Table B.4 gives the results 
of the subsequent gamma-ray intensity measure
ments on the activated foils. The measure
ment followed the same procedure as was 
previously done using indium foil. Figure
B.3 shows the neutron cross-section of gold 
superimposed on the cadmium cross-section 
plot. 3

3) Using the results of Table B.4, the slow- 
neutron flux at the irradiation position 
in the howitzer can be re - determined :

n _ Aq _ 389.38
~ Noth ™ (3.47)(1020TT96"x 10-24) ~

(11.36 +_ 0.27) x 103 n/sec-cm^
Where :

°th = 98.8 +_ 0,3 barns.
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TABLE B.3
Physical Data and Irradiation Information on the Gold Foils

d m N Irradiation Irradiation Saturation Wait Time
Diameter Mass # of 197Au Distance Time, t Factor Before Gamma

Foil (inches) (gm • ) Atoms (x 1Q20) (inches) (hr.) S=l-e"xt Measurement (min.)
CJ (bare) 0.5 0.11335 3.47 .1.0 71.0 0.5235 2.0
CI (Cd-covered) 0.5 0.11335 3.47 1.0 71.0 0.5235 2.0
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This result should be compared with those 
obtained previously with the indium foils.

Fs (418-KeV, indium) = (10.76 +_ 1.08) x
103 n/sec-cm^

Fs (418 + 1293 - KeV, indium) = (11.54 +
0,82) x 105 
n/sec-cm^

All of these flux values do not contain a 
correction for seIf-shielding and flux pertub- 
ation caused by the foils themselves, The 
next section deals with this matter in detail.

4) No attempt was made in the foregoing calculations 
to correct for the effect that the foils have

der to measure such 
foils of different 
foil is irradiated 
gamma-activity 
eriously altering 
ttering and ab- 
hould show up in

(B.45)

foil would have 
if there were no effect (hypothetical 
"massless" foil) ,
N is the number of foil atoms (=mNo/a),
atot i-s the total cross-section of the 
foil element, in barns,
k is an empirical constant dependent on 
the geometry and nature of the neutron 
source.

It is the constant k that needs to be deter
mined if such an effect is present. The 
significant presence of the effect will be 
evidenced by the exponential character (as 
in eq. B.45)of the measured foil activity 
versus foil mass.

on the neutron flux. In or 
an effect, a set of similar 
masses is necessary. Each 
for the same time, and the 
measured. If the foil is s 
the neutron flux due to sea 
sorbing neutrons, then it s 
the activities of the foil

Ao = A6 exp (-Nototk) 
Where:

Ao is the activity the
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Such a measurement was made on gold at the 
1-inch irradiation position in the howitzer. 
Three gold foils of different mass were used. 
Table B.5 gives a summary of the measurments, 
and Figure B.4 presents the results. The 
conclusion is that there is a negligible flux 
perturbation caused by the gold foil employed 
in these measurements--so the correction of 
eq. B.45 is not necessary here, As a variety 
of indium foils was not available, this measure
ment was not done for indium. However, the 
closeness of the Fs values between gold and 
indium (see Section 4.d.4 above) points to 
a negligible flux perturbation for indium 
also.

5) The following data in Table B.6 pertains to 
the neutron irradiation of random samples of 
TLD badges. These particular badges con
tained a TLD-600 and TLD-700 pair. The ir
radiations were carried out by inserting 
a single TLD chip into the neutron howitzer 
at the calibrated 1-inch position from the 
neutron source. Six badges were used for 
irradiating bare TLD chips, and six others 
were used for irradiating cadmium-covered 
TLD chips. One badge of each group remained 
in the light-tight lead cave (where the 
badges were stored together before and after 
the irradiations) to serve as a background 
monitor. In order to fit the TLD chips into 
the sample holder, they were removed from 
the badge and cut apart. The bare irradiations 
had the TLD-600 and TLD-700 placed side-by- 
side; but due to the size of the cadmium- 
covers, the covered TLD-600 and covered TLD- 
700 irradiations were done sequentially.
After an irradiation was completed, the badge 
was reconstructed so that the TLDs could be 
read out as usual. It was shown in Section
4.d.5.j. that there is no significant difference 
m  irradiating the TLDs in the badge holder 
or out of it; so the procedure above was 
followed.
The slow-neutron dose is calculated as before 
except with the following modifications. It 
was implicitly assumed in the foregoing that 
the y-sensitivity, Syy, of TLD- 700 was, on 
the average, the same as for TLD-600, Sy^. 
However, due to the different abundance of 
Li-6 and Li-7 in these two TLDs, they will
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TABLE B.5
Results of the Flux Perturbation Test for the Gold Foils

Foil
(All Bare)

Mass
m

( g m .  )

N=
mNo/A
(xlO20)

Irradiation
Time
(hr.)

Gama
Measurement 
Time ( sec.) , t

Saturation 
Factor, S

P=
T-B 140

P
.lcn110< Nötot

# 1
0.06315 1.93 24.0 2x10^ 0.2264 129272

±359.54 28.55±0.08
0.0189

C J 0.11335 2 . 4 7 24.5 2x10^ 0.2305 213158
±461.69

-d- 
O

 
CXJ 

H

VO
 

O
 

+1
0.0340

# 2 0.03365 1.03 45.7 2x10^ 0 .3866 135925 ±368 .68
17.58
±0.05

0 . 0 1 0 1

Gtot = 98'barns (^Llu)
Standard wait time of 2.0 min. used in all measurements.



TAB Lj. E, 6
Slow Neutron Response Determination for TLD-600

Badge
Uncovered In Out

' AT 
(Sec.) Date

Bâ
n tot
(nC)

R7
r(nC)

R

IfiL

R

Iz

R-B
T 6

R-B
T 7

R

1

600126 10:52 11:52 3600 4-30-75 5667 8 6 . 1 1.5742 0.02392 1.5734 0.02320 1.5479

600187 11:54 12:54 3600 4-30-75 6235 82.5 1.7319 0.02292 1.7311 0 . 0 2 2 2 0 1.7058

600181 12:55 2 : 0 2 4020 4-30-75 6731 82.0 1.6744 0.02040 1.6737 0.01975 1.6471

600131 2:07 3:07 3600 4-30-75 5474 80.1 1.5206 0.02225 1.5299 0.02153 1.4943

600153 3:09 3:54 2700 4-30-75 4065 60.5 1.5056 0.02241 1.5046 0.02145 1.4802

600121 (Control) 2 . 8 2 . 6 1.6013 0.02238 1.6005 0.02162 1.5752
+0.0878

Covered

600036#! 9:59 10:59 3600 5-1-75 581,9 0,1606 0.0477 0.1058

# 2 1 1 : 0 0 1 2 : 0 0 3600 5-1-75 177.6

600109#! 1 2 : 0 2 1 : 0 2 3600 5-1-75 180.2 0.1553 0.0487 0.1064

# 2 1:03 2:13 4200 5-1-75 656.5

600069S1 2:17 3:29 4320 5-1-75 750.8 0.1730 0.0465 0.1135

# 2 3:30 4:30 3600 5-1-75 173.3

600016# 1 9:42 10:42 3600 5-2-75 598.1 0.1651 0.0503 0.1046

# 2 12:09 1 : 2 2 4380 5-2-75 226.6

600015#! 1:23 2:03 2400 ' 5-2-75 389.7 0.1609 0.0512 0.1036

# 2 2:04 3:14 4200 2 2 0 , 8 0,1630 0,0488 0.1068
+0.0335

600122 * (Control) 3.6 5,9



Appendix B. (Continued)

have (slightly) different sensitivity for 
y-rays. Thus , taking this into account, 
we had:

(R/T) = (R/T) 6 - (R/T) 7
= (R/T) 6 - - (R/T) 7

Where:
a = Sy6 /Sy7 the relative y~sensitivity.

Table B.7 presents the measured relative 
y-sensitivities for the TLDs used here and 
which are used in calculating (R/T) in the 
last column of Table B.6 . Finally, the 
average slow-neutron dose is obtained from 
the Cd-difference as:

(fs) =(fb) ' ( 0

= (1.576 + 0.087) - (0.107 + 0.004)
= 1.469 + 0.077 nC/sec.

which is expressed in a time-normalized 
fashion to account for the different ir
radiation time of the TLDs and to enable 
a calculation of the slow-neutron sensiti
vity, Sns. Using the gold-calibrated neutron 
flux, we get :

Sns 1.469 + 0.088
(11. 39 + 0.29) x 10“3/109 nC/mrem

CR
129.0 + 8.3 nC/mrem
1.576 + 0.087 
0. 107 + 0.004 14.8 + 1.0

the integrated fast-neutron response is:

= 0.107 +_ 0.004 nC/sec.

at a most probable neutron energy of 4.2 MeV. 
However, as has been mentioned, the neutron 
sensitivity at this energy cannot be obtained 
in this manner as the flux is not known.
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TABLE B.7
Relative y-Sensitivities, 8 7 5 / 5 7 7

Badge
Chip

1
Chip

2 TLD-6/TLD-7
From Previous 
"quick" readout *

600109 0.976 0.980 1.004 (1.035)
600013 1.063 0.950 1.119 (1.133)
600126 1.057 0.985 1.073 (1.099)
600121 1.109 0.920 1.205 (1.227)
600036 1.079 0.939 1.149 (1.173)
600069 1.147 0.897 1.279 (1.288)
600122 1.077 0.983 1.096 (1.108)
600016 1.136 0.945 1 . 2 0 2 (1.218)
600187 0.984 1.134 1.152 (1.139)
600181 1 . 1 2 1 0.859 1.305 (1.348)
600158 1.003 0.905 1.108 (1.137)
600131 1.046 0.925 1.131 (1.189)

*A "quick" readout is one which occurs within a minimum 
time span after 7 -irradiation of TLDs, without waiting 
the standard 3 days, as in the third column above. However, 
as these results show, there is no difference in the 
relative sensitivities, as the fading cancels out.
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Appendix B . (Continued)

6 ) Table B . 8  presents data and calculations 
concerned with the (n, y) contribution to 
the cadmium-covered TLD-600 response,

7) It remains to put Sns to the test and to 
try to obtain Sn* at least at the most 
probable fast-neutron energies expected
at the Fort Calhoun reactor. Both of these 
projects have been completed and are re
ported elsewhere in this document.

f. Results:
The slow-neutron calibration on OPPD personnel 
badges yields a value for the sensitivity factor 
of 129+8 nC/mrem. Therefore, the overall equation 
to be used in calculating thermal neutron doses 
is :

Dt = .0078 ̂ (Rp " R2)/F + S2 Dy - S1 YDy)
Where:

R^ and R2 = background-corrected responses 
of N - 6  chips, respectively

F = fading factor if needed
S2 Y and S2Y = gamma sensitivities of chips 

1 and 2 , respectively
Dy = actual gamma dose from equation
.0078 = reciprocal of the thermal sensitivity 

factor.
This equation demonstrates that the difference 
between Ri and R2 is the thermal neutron response 
which is then corrected for fading. The sensiti
vity corrections are used to calculate the actual 
gamma response (not gamma dose) for chips 1 and 
2. This actual gamma response will correct the 
thermal neutron response for any difference in 
gamma responses. The .0078 is nothing more than 
the reciprocal of 129 nC/mrem, the calibrated 
thermal neutron sensitivity factor.

Fast Neutron Calibration
a. Sensitivity Determination

In order to determine the TLD sensitivity for 
other than thermal neutron energies, TLDs must 
be given known neutron doses at several discrete,

(B.46)
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Results of the (n,y) 
n+y

TLD-600 
(R/T)c
0.1606
0.1553
0.1730
0.1651
0.1609
0.1630

+0.0059

NOTE: This calculation is done to simulate what
can be done with TLD responses from an 
actual badge to try to get some estimate 
of Ff. Note that the (n, y) from Cd-cover 
in (R/T)c cannot be accounted for in this 
procedure. However, from the calibration 
work, a correction factor can be obtained
to do this :

700
(R/T)c

700
Sc/Sb

Y _(R\b (S C/Sb)
F Y + (n, y ) \T/ ^Rjc

. 0477 0.953 = 0.0216 q  o 
0.0489 X 1

. 0487 0.992 = 0.447 + 0.032

.0465 1.044

. 0503 1 . 0 2 2

.0502 1.050
0.0489 1 . 0 1 2

+0.0017 +0.036 rY + r(n, y ) = Y■ 1 v *  > r j '(n, y) = y (1 - r)
r

TABLE B . 8
Contribution to the Cadmium-Covered TLD-600 Response

YTLD-700 
(R/T)b S

( ? ;  - <9 "
Y  - cor.

0.0232 1.095
0 . 0 2 2 2 0.996
0.0198 1.335
0.0215 1.228
0.0215 1.175
0.0216 1.166 0.1378

+0 . 0 0 1 1 + 0.115 + 0.0161
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TABLE B. 8 
(Continued)

Then , have

- s ( f  ^ ( f  -
0.132 +

m  (1.24 + 0.05)
0.016

When compared with the uncorrected value of 0.183 +_
0.016, the (n, y) correction results in a 4.4% difference.
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Appendix B . (Continued)

or average , neutron energies. To accurately find 
the fast neutron sensitivity response, neutron 
sources should be chosen to cover a wide range of 
neutron energies in order to well define the 
sensitivity response as a function of neutron 
energy. Such a response curve can then be used 
to obtain TLD neutron sensitivity at any desired 
neutron energy within the jurisdiction of the 
curve. As in any empirical fit, caution needs 
to be followed in using values from the curve in 
energy regions that are extrapolated beyond the 
data points used to generate the curve.
OPPD badges (N-6/G-7) configured as in Figure 
3 were inadiated to known neutron doses at 
various facilities using the following neutron 
sources: PuF4 and PuBe isotopic sources; 252 Cf 
spontaneous - fission source; and the Health 
Physics Research Reactor (HPRR) at Oak Ridge 
National Laboratory using, in turn, a steel 
shield, a lucite shield and exposure with no 
shield. All exposures were done with the badges 
attached to a phantom behind the badges to 
simulate situations in which a person would be 
wearing the badge.
The neutron energy spectrum from each of these 
sources was known or could be found in the 
literature. 32 , 33, 34 Since the neutrons in all 
cases were not monoenergetic, there is a problem 
as to what is the mean, or effective, neutron 
energy that the cadmium-covered TLD-600 (% of the 
N - 6  card) is responding to. Furthermore, the TLD 
response, even for monoenergetic neutrons, is 
different for different neutron energies. Of 
course, it is just this response that we are 
trying to measure. Preliminary measurements 
had confirmed the reasonable assumption that the 
neutron sensitivity response, SE was proportional 
to the total °Li cross-section for neutrons 
aTOT> which is well documented. ^ > 5̂ Therefore, 
the effective neutron energy Eeff from a non- 
monoenergetic neutron source of known energy 
spectrum should be given by,

(EMax
Eeff =̂ EcqoTOT N (E) E dE

f^MaxaTOT N (E) d E 
/ Eco

Whe re:
N(E) is the number of neutrons from the 

source in the energy range dE at some 
neutron energy E;

(B. 4 7)
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TABLE B.9
Average and Effective Energies for Various Neutron Sources

Neutron Eeff Eav
Source (ev) (ev)

Thermal 0.025 0.025
2 5 2Cf 0.172 x 106 2.35 x 10
HPRR (Lucite) 0.199 x 106 2 . 8  x 1 0 6

HPRR (Steel) 0.333 x 106 1 . 2  x 1 0 6

HPRR (Bare) 0.641 x 1 0 6 2 . 2  x 1 0 6

PUF4 1.38 x 106 1.3 x 106

Pu-Be 3.76 x 1 0 6 4.2 x 106
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Appendix B. (Continued)

Eco is the cadmium cut-off energy (%0,5ev), 
below which it is assumed that no neutrons 
are penetrating through the Cd covers;
^Max t*ie maximum neutron energy from the 
source.

The integrations were carried out numerically.
Table B.9 shows the results of these calculations. 
The spectrum-averaged value of the neutron energy 
is also presented for comparison. This average 
is computed directly from the neutron energy 
spectrum without regard to the sensitivity variation 
of the neutron detector (oyOT = constant). In 
the following analysis, the representative neutron 
energy from the various sources was taken to be 
E = Eeff. In effect then, this procedure renders 
a continuous-energy neutron source into a mono- 
energetic one of energy Ee££.
Table B.10 gives the neutron exposure data from 
the various sources along with the calculated 
average sensitivity. The sensitivity from each 
exposure was calculated according to the method 
previously discussed, i.e.,

Rc = response of cadmium-covered TLD-600;
Sc = y -sensitivity of cadmium-covered TLD-600;
DcB = average y-background exposure on cadmium- 

covered TLD-600, as measured by control 
badges;

Rq = response of aluminum-covered TLD-700 
to gamma radiation;

= y-sensitivity of aluminum-covered TLD-700;
DYg = average y~background exposure, as measured 

by control badges;
Dn = neutron dose from the exposure, as measured 

by calibrated neutron dosimeters;
p£ = fading factor, if delay between end of 

exposure and read-out was greater than 
3-day calibration period;

Sc = system correction factor from standards.

(B.48)

Where:
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TABLE B. 10
Neutron Exposure Data for Various Neutron Spectrums

Source
Dose, Dn 
(mrem)

No. of Badges 
Exposed

Average 
Sensitivity, ¡ 

(nC/mrem)

PUF4 150 2 0.145^0.070
2 5 2 c £ 1 0 0 2

400 2

600 2 ^,0.398+0.018

1 0 0 0 2
HPRRSteel 1 0 0 0 3 0.553+0.041

Lucite 1 0 0 0 3 1.049+0.069

Bare 1 0 0 0 2 0.318+0.057

Pu-Be 304 4
311 2 0.0 7 7 + 0.0 56
501 2 /
1003 2
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Appendix B. (Continued)

The entire neutron sensitivity response Sn (E) was 
modeled after the following equation,

Sn = aE^ o-poT(Li^) (B.49)

which assumes that Sn follows o-j-q j (Li^) as a 
function of neutron energy E , ana is proportional 
to it according to weak energy-dependence of 
aE^, where a and b are constants to be determined 
empirically. The contribution of neutron scattering 
from F in 6 piF can be ignored in our energy range, 
as was shown by Furuta, et al.18 The constants 
a and b were determined in the following manner:
Eq. (B.49) can be linearized as

log (Sn/cttOT) = log a + b (log E) (B.50)
which is of the form

y = b + M X
where, as usual, b is the y - intercept of the line 
and M is its slope, Using the measured sensiti
vities Sn and the corresponding effective neutron 
energies, and tabulated values of otOT v L !)> a 
weighted least - squares fit of eq. (B.50) to the
data was made, with the weights being the inverse 
variances of Sn . The results yielded:

a = 0.141 + 0.013
b = 0.0146 + 0.0083 (B.51)

So, the entire neutron sensitivity response of 
the OPPD-TLDs on the N - 6  card can be expressed 
analytically as

^ —  = (0.141 + 0.013) E° ’ 0 1 4 6  - ° ' 0 0 8 3  (B.52)

with E expressed in eV and c t o t(LI^) expressed 
in barns, giving Sn in units of nC/mrem. Table 
B.ll summarizes the data used in the fit.
Figure B. 5 (continuous
Piot of' sn vs . E from
points also indicated.
of Sn values from the
Figure B. 5 . The fit i

curve) is a logarithmic 
eq. B.52 with the data 
Table B.12 gives a range 

fit that were used in plotting 
s reasonably good considering
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TABLE B.11
Weighted Least-Squares Data for Sensitivity-Energy Curves

■ ■

Source
E

(eV) Sn(nC/mrem) an, a
(bj

otOT
(b)

Sn
otOT

y =
log (Sn/cr) Ay

X = 
log(E)

Thermal 0.025 129 + 8 960 960 0.134 -0.873 0.051 -1 . 6

252cf 0.172 X 1 0 6 0.398 + 0.018 1.35 3.0 0.133 -0.876 0.048 5.24

HPRR 0.199 X 1 0 6 1.049 + 0.069 2 . 0 4.5 0.233 -0.633 0.052 5.30
(Lucite)

HPRR 0.333 X 1 0 6 0.553 + 0.041 1.95 3.5 0.158 -0.801 0.054 5.52
(Steel)

HPRR 0.641 X 1 0 6 0.318 + 0.057 0.43 1.75 0.182 -0.740 0.089 5.81
(Bare)

Pu? 4 1.382 0.145 + 0.070 0.28 1.33 0.109 -0.962 0 . 2 2 1 6.14

Pu-Be 3. 76 0.077 + 0,056 0 . 1 2 2 , 1 0.367 -0.435 0.319 6.58

— —



TABLE B. 12
Range of Sensitivity Values for Sensitivity-Energy Curves (a(n ,a))

E
(ev) log E ctTOT(barns) log OTDT log Sn Sn(nc/mrem)

0.025 -1 . 6 960 2.98 2.106 127.6
0 . 1 -1 . 0 470 2.67 1.804 63.7
1 . 0 0 150 2.18 1.329 21.3
1 0 . 0 1 . 0 45.5 1 . 6 6 0.824 6.67
1 0 2 2 . 0 16 1 . 2 0 0.378 2.39
1 0 3 3.0 5.9 0.771 -0.0362 0.920
1 0 4 4.0 2.5 0.398 -0.395 0.403
1 0 5 5.0 1.7 0.231 -0.547 0.284
0.172 x 106 5. 24 3.0 0.477 -0.297 0.505
0.199 x 106 5.30 4.5 0.653 -0 . 1 2 0 0.759
0.254 x 106 5.4 1 1 . 0 1.041 0.269 1 . 86

0.333 x 106 5.52 3.5 0.544 -0.226 0,594
0.641 x 106 5. 81 1.75 0.243 -0.523 0.300
1 0 6 6 . 0 1.43 0.155 -0.608 0.247
1.13 x 106 6.05 1.38 0.140 -0.623 0.238
1.3 x 1 0 6 6.114 1.35 0.130 -0,632 0,233
1.382 x 106 6.14 1.33 0.124 -0.637 0,231
1.5 x 106 6.18 1.32 0 . 1 2 1 -0.640 0.229
2.35 x 106 6.37 1.55 0.190 -0.568 0.270
3.76 x 106 6.58 2 . 1 0.322 -0,433 0.369
4.7 x 106 6.67 2.05 0.312 -0.442 0.361
1 0 7 7.0 1.55 0.190 -0.568 0,270
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Appendix B . (Continued)

the accuracy of the data. Note how the data points 
near the 0.254 MeV resonance peak of opop (^Li) tend 
to lie on the peak, which confirms the assumption 
of the Sn vs. E model in eq. B.49 and the method 
of finding the effective neutron energy for TLDs 
in eq. B.4 7.
For comparison, and for the purpose of finding 
whether TLD-600 is responsive to apoT (°Li) or to 
an a (^Li) used in eq. B.49, a separate fit was 
done to the data with an a (^Li) used in eq. B.49, 
Table B.13 gives the periinent data for this fit, 
and both sensitivity response curves are super
posed in the Sn vs. E plot of Figure B.5 (Sn a 
an a curve is dotted Snaapop curve is continuous).
The equation of the fit in this case was,

sn = °n,a (6Li) (0-169 + 0.015) E0 , 0 6 5 7  - 0 , 0 0 8 3

which was performed in the same manner as before.
The basis for this fit, which computes E from 
°T0T as bef°re> and Sn is assumed to be proportional 
to an a is that the effective neutron energies will 
be affected by all neutron interactions, while the 
TL sensitivity is associately mainly with the LET 
of the alpha-particles generated from an,a-
Figure B.5 (dashed curve) also shows the result of 
fitting the sensitivity as in eq. B.53 but here 
E is calculated from using an ,a in eq. B.47. The 
E values do shift considerably while the Sn vs.
E fit is little different from that of eq, B.53, 
with E based on apoT- As can be seen by the curve 
in relation to the data points, the quality of this 
fit is not as good as the others and is not to be 
preferred for that reason. The equation of this 
fit is

Sn =~ o n , a (0.183 + 0 .0 0 2 ) En ,a 0.0569 + 0.0081

Although the (n,a)-curve agrees much better with 
the data at the high energies, it does a compari- 
tively poorer fit to the data near the 0.254 MeV 
resonance peak. It is important to ascertain the 
proper cross-section to use as there is up to a 
50% discrepancy in the two curves in the lower 
energy regions (lOeV - 103 eV) which are applicable 
to nuclear reactor environments. On the basis of 
the overall quality of the fits, plus the fact 
that the two highest-energy data points are quite 
uncertain, the Sn a apop curve is preferred over

(B.53)

(B.54)
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TABLE B.13
Range of Sensitivity Values for Sensitivity-Energy Curves (o^q t )

E an ,a Sn
(eV) (barns) log °n,a log Sn (nc/mrem)

0.025 -1 . 6 960 2.98 2 . 1 0 2 125.9
0 . 1 -1 . 0 470 2.67 1.831 67.76
1 . 0 0 150 2.18 1.407 25.46
1 0 . 0 1 . 0 46 1 . 6 6 0.953 8.97
1 0 2 2 . 0 14 1.15 0.508 3.22
1 0 3 3.0 4.5 0.653 0.0771 1.19
1 0 4 4.0 1 . 8 0.255 -0.255 0.556
1 0 5 5.0 0.72 -0.143 -0.588 0.258
0.172 x 106 5.24 1.35 0.130 -0.299 0.502
0.199 x 106 5.30 2 . 0 0.301 -0.124 0.752
0.254 x 106 5.40 3.5 0.544 0.126 1.34
0.333 x 106 5.52 1.95 0.290 -0 . 1 2 0 0.759
0.641 x 106 5. 81 0.43 -0.367 -0.758 0.175
1 0 6 6 . 0 0.29 -0.538 -0.917 0 . 1 2 1

1.13 x 106 6.05 0.255 -0.594 0.970 0.107
1.3 x 106 6.114 0.26 -0.585 -0,956 0 . 1 1 1

1.382 x 106 6.14 0.28 -0.553 -0.923 0.119
1.5 x 106 6.18 0.273 -0.564 -0.931 0.117
2.35 x 106 6.37 0 . 2 1 0 -0.678 -1.032 0.093
3.76 x 106 6.58 0 . 1 2 -0.921 -1.262 0.0547
4.7 x 106 6.67 0.08 -1.097 -1,432 0.037
1 0 7 7.0 0.038 -1.42 -1.733 0.0185
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the other one, It would be helpful in this analysis 
to have a few more data points in the 1 0  ̂ - 10$ eV 
energy range to better test this hypothesis.
The sensitivity responses of Figure B.5 are actually 
hybrid curves comprising both halves of the N - 6  
card in the TLD badge. The thermal energy point 
at 0.025 eV, which was one of the data points in 
the sensitivity fit, was measured separately in 
the bare TLD-600, as discussed in Appendix B-4.
Due to the cadmium covers, the covered TLD-600 of 
the N - 6  card is relatively insensitive to neutrons 
below about 0.5 eV, which is near to cadmium cut
off energy. However, above this energy, the cad
mium is practically transparent to neutrons. Thus, 
both the bare and the covered TLD-600s in the N - 6  
card can be considered as a unified neutron monitor, 
as given by the sensitivity response of eq. B.52 
or Figure B.5, except right at the cadmium cut
off energy region.
It should be noted that Figure B.5 represents the 
sensitivities in nanocoulombs/mrem independent 
of quality factor. The quality factor is roughly 
considered in the weak power function of equation 
B.49. Although this curve represents a good, 
approach to neutron sensitivities, a more accurate 
procedure is to plot the sensitivities in nano- 
coulombs/mrad and then attach the respective 
quality factor in order to calculate the mrem dose.
The quality factors QF used to get the equivalent 
doses Dn in calculating Sn were: 8 . 6  (Pu-Be), 10.0 
(PUF4 ) , 8.5 (252cf), 8.9 (HPRR-lucite) , 9.4 (HPRR- 
bare), and 9.5 (HPRR-steel); and for thermal neutrons 
it was taken to 2. To convert the equivalent dose 
back into an absorbed dose, the Dn values of Table 
B.10 should be multiplied by the respective QF 
values; then the derived Sn values would be ex
pressed in nC/mrad. Doing this and repeating the 
weighted least-squares fit yielded the following 
response function,

Sn(E) = (0.477 + 0.042)on>a £0.105 + 0.008 (B.55)
which is plotted in Figure B.6 . For dosimetry 
purposes it would probably be safer, although less 
convenient, to use this curve in determining 
absorbed doses in mrad and then convert to equi
valent doses in mrem by application of the appro
priate QF factor.
Table B.14 presents the results of calculations to 
approximately determine the cadmium covered response 
of TLD-600. It was done to show that the cadmium 
covers on the TLD-600 do not affect the effective 
6 Li cross section in the energy regions of interest 
for "fast" neutrons. Figure B .1 plots the results





l l l J l i l l 1 1____ I____ L____I____ l l I l i____ I____ I_____I--- J---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1---- 1____ I____ L

Oi 0 . 1 1 1 0 100 1 0 3 1 0 4 1 0 5 1 0 6 io7.
Neutron Energy (eV)

Cross Section of ^Li(n, a)T in TLD BadgeFIGURE B.7



TABLE B. 14
Calculation of TLD-600 Cadmium-Covered Response

a (Cd)
'|n.y(Cd) = aeff

(ev) barns Sn/Snc (barns)
0.025 2550 8.26(- 4) 0.793
0 . 1 3550 5.10(- 5) 0.023
0.175 7700 4.9(-1 0 ) 1.7 (-8 )
0 . 2 6500 1.38 C-8 ) 5.5 (-6 )
0.3 1 1 0 0 4 . 6  8 (-6 ) 1 1 . 6 8

0.4 325 0.405 8.91
0.5 145 0 . 6 6 8 133.6
0 . 6 80 0.800 14.8
1 .0 23 0.938 121.4
3.0 6 . 0 0.983 80.6
4.0 5.3 0.985 69.9
5.0 5.1 0.986 63.1
1 0 . 0 4.7 0.987 44.9
15.0 4.2 0.988 36.6
18.0 6.7 0.982 32.7
2 0 4.5 0.988 32.1
27 33.0 0.912 25.5
50 4.5 0.988 2 1 . 2

75 3.9 0.989 18.1
8 8 36.0 0.905 15.4
1 1 0 6 . 0 0.983 14.9
300 5.1 0.986 9,86
400 9.0 0.975 8.14
4 x 103 6.3 0.983 3.12

essentially no 
different from 
bare response
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(eV)
a (Cd) 
barns

T A t i L h  D . 14 
(Continued)

S n / S j i c

( s - ) °x nc/
fbarns)

1 0 6 7 . 2 0 . 9 8 0 2 . 4

1 0 5 7 . 2 0 . 9 8 0 0 . 9 8

2 5  X  1 0 5 3 . 4 3

1 0 6 6 . 8 0 . 9 8 1 0 . 2 6

1 . 3  X  1 0 6 6 . 5 0 . 9 8 2 0 . 2 6

1 0 7 4 . 4 0 . 9 8 8 0 . 0 3 4

(Cd) = °e££
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Appendix B . (Continued)

b.

of Table B.14, and as expected, it shows no effect 
from the cadmium covers at "fast" neutron energies.
To get the cadmium-difference cross-section curve, 
which describes the response of the bare TLD-600, 
0 -oeff should be plotted vs. E. The cross-section 
attenuation factor from the cadmium covers, gn/go> 
in Table B.14 is calculated as

p- = exp (-Nax)
Where:

N = 4.64 x 102 2 atoms/cm^ of cadmium
a = total neutron cross section 

for cadmium (barns)
x = 0.06 cm (23 mils), cadmium cover 

thickness used on TLDs.
Then, aeff = (gn/go) a(^Li) would be the effective 
cadmium-covered cross section of ^Li in the TLDs, 
to which the neutron sensitivity responds, as in 
eq. B.49.
Calibration Relative to Fort Calhoun
Calibration for fast neutrons presents more of a 
problem than thermal due to the large variation 
in the Li- 6  cross section for fast energies.
As illustrated in Figure B.3 of Section II, chip 
No. 2 on the N - 6  (TLD-600) card is centered in 
a cadmium sandwich which absorbs thermal neutrons. 
This chip was calibrated for the fast neutron 
spectrum around the Fort Calhoun reactor by 
neutron survey in the reactor containment. This 
response was then compared to the response difference 
of the PNC-4 and PNR-4 survey meters to obtain 
an empirical fast neutron sensitivity factor.
This sensitivity factor, then, is relative to 
the energies found in the Calhoun containment.
The procedure for the survey is as follows:
1) Using the PNR-4, find an area in containment 

where the dose rate is between.250 mrem/hr 
to 500 mrem/hr. Note: the PNR-4 approximately 
follows the theoretical neutron dose over 
the energy range from .025 eV (thermal) to 
about 10 MeV.

2) Position PNC-4 (thermal configuration), PNR-4, 
Radgun, and TLDs in this area. The TLDs
are mounted on a 2 0 cm water (in plastic 
pail) phantom by means of a rubber garter.

3) Record time and readings on all instruments.

QO



Appendix B. (Continued)

4) Each hour for a total of four hours, record 
readings and time.

5) At the end of four hours, record time and 
readings and remove all monitors.

Following the above survey, the desired inform
ation will be extracted as follows:
1) Calculate gamma and beta doses using TLDs

(Li-7) and compare with average from Radgun.

2) Using the neutron energy response curve for 
the PNC-4, calculate the neutrons/cm^-sec 
for thermal neutrons. Multiply by time to 
get the total n/cm^. The thermal dose can 
then be determined using 1 Rem = 1 0  ̂ n/cm^ 
as in the thermal calibration.

3) From the PNR-4, average the mrem/hr readings 
over the four hour interval. Multiply by 
time to determine total dose from .025 ev
to 10 MeV neutrons.

4) Subtract thermal dose (2) from total dose 
(3) to determine fast neutron dose.

5) Using the TLD calculations from the cadmium 
ratio, compare thermal dose from PNC-4 to 
thermal dose from TLDs based on PuBe cali
bration. Both should compare around a 10 
to 151 uncertainty in la.

6 ) Calculate the fast neutron sensitivity factor 
for Fort Calhoun neutrons by dividing the 
fast neutron response by the fast neutron 
dose .

Results
The Fort Calhoun containment area was entered 
twice according to the above procedures, The 
entries were at two different locations. For 
the first entry, the PNC-4 indicated 180 mrem 
of thermal neutrons to 1820 mrem of fast neutrons. 
Since the PNC-4 measures in CPM, a thermal factor 
of 36 CPM/n/cm^-sec. was used to correct to 
mrem.
The worst case (lowest response) of the TLDs on 
the phantom was 2.7 nanocoulombs/mrem. Due to 
a good deal of streaming within the containment 
area, the worst case was chosen to insure a con
servative sensitivity factor.
For the second entry, the PNC-4 indicated 69 mrem 
of thermals to 671 mrem of fast from the PNR-4. 
Again, the lowest response from acceptable data 
was determined to be 2.3 nanocoulombs/mrem.
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These two worst case factors were averaged to 
arrive at the final fast neutron sensitivity 
factor of 2.5 nC/mrem. All calculations per
formed for gamma, beta, and thermal neutrons 
used the equations as defined from their cali
brations .
In conclusion, this neutron calibration is felt 
to be accurate within the uncertainties defined 
in Appendix D. Even though these uncertainties 
are acceptable, further foil techniques are being 
developed to more completely define the neutron 
spectrum within Fort Calhoun containment. Using 
Figure B.5, you will note that the effective 
energy at Fort Calhoun is roughly 100 e.v.

6 . Composition of Beta-Gamma-Neutron TLD Badges
a. A typical radiation badge consists of four TLDs 

(two TLD cards with a pair of TLDs on each card).
One TLD-700 (#1) will be covered (front and rear) 
with an aluminum beta shield and it will serve as 
the y-ray monitor. Another TLD-700 (#2 on the 
same badge as #1 ) with no aluminum or plastic 
(from the badge holder) in front of it will serve 
as the y-ray monitor. TLD-700 is used in each 
case as it is practically insensitive to neutrons. 
The other TLD card will contain a pair of TLD-600 
chips, one covered front and rear with cadmium 
(#3), and the other bare (#4). The covered TLD 
will monitor epithermal and fast neutrons, while 
the bare TLD will monitor all neutrons.
1) The y-ray dose received by the badge (and 

therefore also by the person wearing the 
badge) will be given by the sensitivity- 
corrected response of TLD #2, as described 
in Section

2) The g-ray dose is given by the (3 ) sensitivity- 
corrected response of TLD #2, after it is 
corrected for its y-response as determined 
from chip #2 (Step 1 above), as described
in Section

3) The thermal neutron dose is obtained from 
the neutron-sensitivity-corrected response 
of TLD #4 after the responses of TLD #2 
(y-dose) and the Y-dose corrected TLD #3 
response are subtracted, as described in 
Section

4) The epithermal and fast neutron dose is ob
tained from the y-corrected response of 
TLD #3, as described in Section

b. A possible difficulty with this procedure is the 
extra y-dose received by TLD #3 (cadmium-sandwiched)
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from the (n, y ) reaction occurring in the cadmium 
covers to absorb thermal neutrons. In the sensi
tivity calibration of Subsection B.5 this effect 
is accounted for by irradiating a TLD-600 + TLD- 
700 pair, first bare, and then cadmium-sandwiched, 
since the TLD-700 of the covered pair will also 
see the y's from cadmium which are then subtracted 
from the covered TLD-600. Also see Table B.8 . 
for an estimate of the magnitude of tnis correction.

7. In-Service Operational Procedures
a. Personnel badges will normally be read out on a 

monthly basis.
b. Before issue, the TLDs will be zeroed (anneal- 

read) in reader and zero-level will be recorded.
c. Each badge will contain two pairs of TLDs; one 

pair to record y and 3 exposures; the other pair 
to record neutron exposures, as described earlier.

d. Several (about 5 to 10) background monitor con- 
x trol badges will be issued along with the per

sonnel badges. These will be zeroed as in Step 
b, above.

e. Read-out of all badges will occur after the cali
brated 3-day wait period after being turned in.

f. y-calibrations of reader is to be checked out 
before read-out.

g. Standard y-irradiated TLDs are to be inserted 
periodically through the entire batch of TLDs 
to be read, with one standard at the beginning 
and at the end of the batch.

h. Read-out of the entire batch will be done auto
matically in succession and recorded on cassette 
tape for computer analysis and filing.

i. Calibration shift corrections will be applied 
separately to each group of TLDs that is sand
wiched between a pair of standard TLDs, according 
to:

R' = R§ff (B'55)
Where:

R is TLD reading;
R' is the corrected TLD reading;
Rsl is average TLD reading of leading and
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trailing standards in the group (exposed 
to 50 mR) ;

Rs2 is the standard exposure of 50 mR (for 
which the reader is calibrated).

j. The corrected readings from Step i will be finally 
corrected for background and zero, according to:

R" = R' - R'bkg " Rz (B.56)
Where :

R" is the final corrected reading;
R' is the sensitivity-corrected reading from 

Step i;
!
Rbkg is the average background reading from 

the TLDs that had monitored the back
ground ;

Rz is the zero for the TLD recorded in Step 
b. above.

k. y, B and neutron exposures to be calculated from 
the R" readings as described in previous sections 
of this report.
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Appendix C. OPERATOR PROCEDURES FOR TUE TLD SYSTEM

1. Recalibration of Reader System
The 2271 system should be recalibrated to the Csl37 
gamma-source when the standards indicate a 6 % discrepancy 
from the calibration point (145 mR) with the system 
appearing to be stable. If any doubt is entertained 
on stability, then the monthly quality control nroce- 
dures should be performed as defined in Appendix C.5 
Otherwise, the recalibration procedure should be 
executed as follows:
a. Anneal (zero) 25 standards for 30 sec. 

chip.
on each

b. Expose these annealed standards to 145 
the gamma-irradiator.

mR on

NOTE : This is 12.020" from the source 
minutes and is designated by the 
line on the table.

for 3 
black

c. Allow standards to fade for 3 days, plus or 
minus 2 hours.

d: At the end of 3 days, readout standards 
sec. cycle and record the data usually 
scratch tape. Note heating profile.

on 1 0  
on a

e. Replay tape into the computer and create a 
data file called "TEST1".

f. Run a program called "SENSE" and input 
when called to "ENTER FILENAME".*

"TESTI"

g- Sign off and take an average of 8 - 10 
reference readings without heat (f),

light

h. Using the mean of chip No, 2 from the program
"SENSE" and the average of the light reference 
readings, apply the following formula:

L2 = Li x E/R (C.l)
Where:

Li = average of light reference readings 
E = actual exposure for 3 min. (145 mR)
R = calculated standard average from "SENSE"

*See Figure C.l for sample computer printout on recalibration.
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HHHHHHHHHHHH
U“ = "

READY 
HEW TEST 1 
SYSTEM- FIV

READY
DSMT

READY FDR INPUT
NEW STDS SENSE 3-DAY FADE DN 7-21-75

0 1476 1 £ 1426 1 0 700606
0 1523 1 £ 1430 1 0 700542
0 1523 1 £ 1434 1 0 7 00073
0 14 03 1 £ 1410 1 0 700511
0 1506 1 c 1 435 1 0 700349
0 1552 1 £ 1455 1 0 7 i.i u 9
0 1 560 1 £ 1478 1 0 7 00400
0 1622 1 £ 1457 1 0 700094
0 1 549 1 £ 1 454 1 0 700167
0 1 4 P.6 1 £ 146 0 1 0 700345
0 14 72 1 £ 1462 1 0 7 00218
0 1531 1 £ 1368 1 0 700084
0 1 555 1 £ 1455 1 fl 700499

1562 l 2 1431 . 1 0 700254
M 156 7 1 1436 i 0 700235
0 15 04 1 £ 14 16 1 0 700533
0 1502 1 £ 141 2 1 0 700327
0 1493 1 £ 1462 1 0 700340
f. 1524 1 £ 1 432 1 0 700246
0 1538 1 2 1 4 ¡6 9 1 0 700409
0 1 595 1 £ 1461 1 0 700504
0 1496 1 £ 1417 1 0 700249
0 1 563 1 £ 1 434 1 0 700369
Ci 1574 1 1469 1 Ci 700331
0 1510 l £ 1443 1 0 700478

READY
EDI SEQ 1000»2

READY 
1 0 0 0 
LIS

TEST 1 12:; 58CUT 07/ 21/75

1002 0 1476 1 1426 1 0 7 0 U i> i.i *S
1004 0 1523 1 £ 1430 1 0 700542

Fieure 0.1 Recalibration
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PER BY 
PEP

PE fiD V 
RUM SENSE

SENSE 12:59CDT 07/21/75

INTEGER ARRAY ITLDTAB NOT USED; LINE 320.

ENTER FI LEMAME'7'TEST 1

TLB 1-VALUE L MEAN TL. 02-VALUE MEAN BADGE-ID MEAN SENS1 SEN 3 2
14 7 .6  00 2 .6 142.600 0. 9 70 0606 143. 864 1. 026 0.99 1
152.3 00 5.9", 143.000 0. 6 7 0054 2 143. 8 6 4 1. 059 0.994
X 52. .8 0 O 6.2 143.400 0.3 7 nn073 1 u3. 8t.-.4 1.. 063 i.i. 99,'
140.300 2 .5 141.000 2. 0 70051 1 143. 864 0. 9 75 0.98 0
15 0.6 0 0 4 .7 143.500 0.3 700349 143. 864 1 . 047 0.997
155.200 7 .9 145.500 1. 1 7 00389 143. 864 1. 079 1. 01.1
156.000 8 .4 147.800 2.7 7 0 04 0 0 143. 864 1 . 084 1 . 027
162.200 12.7 145.700 1.3 700094 143. 864 1.127 1.013
154.300 7. 7 145.400 1. 1 700167 143. 864 1. 077 1.011
148.600 3.3 146.000 1.5 700345 143. 864 1 . 033 1.015
147.200 2 .3 146.200 1.6 70 0218 143. 864 1. 023 1.016
153.100 t* • 4 136.800 4.9 7 00084 143. 864 1.064 0.951
155.500 8. 1 145.500 1. 1 70 0499 143. 864 1. 081 1.011
156.2 00 8. 6 143.100 0.5 700254 143. 864 1. 086 0.995
156.700 3. 9 143.600 0.2 7 00235 143. 864 1. 089 0.998
150.400 4.5 141.60 0 1.6 70 0538 143. 864 1 . 045 0.384
158.200 10.0 141.200 1.9 700327 143. 864 1. 1 0 0 0.98 1
14 ’3. 3 0 0 146.20 0 1.6 7 00340 143. 864 1. 038 1.016
152.400 5 .9 143.200 0. 5 700246 143. 864 1.059 0.9 95
153.800 6.9 142.900 0.7 700409 143. 864 1. 069 0.993
159.500 10.9 146.100 1.6 700504 143. 864 .1.1 09 1.016
1 4 9 .6  0 0 4 .0 141.7 0 0 1.5 700249 143. 864 1 . 04 0 0.985
156.80 0 9. 0 143.400. 0. 3 700369 143. 864 1.090 i.i, 997
157.400 9.4 146.900 2. 1 700381 143. 864 1. 094 1.021
151.000 5. 0 144.300 0.3 700478 143. 864 1 . 050 1. 003

PROGRAM STOP AT 540 

USED 4.81 NEW UNITS

Figure 0.1 Recalibration (Cent.) 
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Appendix C. (Continued)

L-2 = new light reference reading for new 
calibration point

i. Record all calculations in the "TLD System Log" 
along with a Xerox copy of the computer print
out from "SENSE".

j . A check on the calibration should be done with 
several standards. If this check indicates a 
calibration error of 6 % , then a recalibration 
is again necessary with the same initial condi
tions .

2. Gamma Sensitivity
Individual gamma sensitivities of the chips should 
be calculated. This includes the G-2, N - 6  and G-7 
dosimeter cards. No other type of radiation will 
have individual sensitivities per chip due to proce
dural difficulties or uncertainties involved. These 
measurements should be done with each badge in re
spective badge configurations.
The procedure for gamma sensitivities is as follows:
a. All badges that need sensitivities calculated 

and two standards (per 80 badges) are zeroed.
b . Expose badges on the gamma-irradiator to 145 

mR (3 min. at 12.020" from source) in groups 
of 40.

c. Expose standards to same dose as in step (b).
d. Allow all badges to fade for 3 days, plus or 

minus 2 hours.
e. After a 3 day fade, read badges in groups of

80 with 2 standards in the sandwich configuration 
and record on permanent tape with labels indi
cating each group and a tape-space in between.

f. Dial the computer and playback each group into 
a file called "TLDSENSE" as follows:
1) Position tape at the beginning of each 

group.
2) Dial the computer and perform the operations 

as listed on the sample computer sheet 
Figure C.2.

g. If a "Sensitivity Prob" on a particular badge 
is indicated (difference of new sensitivity 
and old sensitivity exceeds 2 a or 1 0 % from
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MF U TLDSEMS
PF RD Y 
DS H T

READY FOR IMF'UT
0 1 hh IJ 1 2 1496 1 0 7 00 094
IJ 1528 1 2 1489 1 0 7 00258
0 1561 1 2 1477 1 0 700373
0 1683 1 2 1576 1 0 700033
fl 1557 1 2 1526 1 0 700430
0 1594 1 2 1563 1 0 700313
0 1631 1 2 1506 1 0 7 0 01 0 0
0 1629 1 2 1504 1 0 7 0 01 13
0 1635 1 8 15 0 0 1 0 700548
0 1574 1 2 1514 1 0 700325
0 1547 1 2 1 4 E 2 1 1) 700249

READY
EDI SEL.1 1 0 0 0 < 1 0

READY
REP

READY
LIS

TLDSEMS 14:11 CDT 07/23/75

1 0 0 0 o 16 6 u 1 2 1 4 y ó 1 ù 7 00 094
1 01 0 û 1523 1 1439 1 0 7 00253
1 020 0 1561 1 2 14 77 1 0 700373
1 03 0 0 1633 1 £ 1576 1 IJ 700033
1 04 0 0 1557 1 £ 1526 1 0 700430
1 05 0 0 1594 1 2 1568 1 0 7 00313
1 060 0 1631 1 c 1 5 06 i 0 7 0 01 0 0
1 0 7 0 0 1629 1 2 1504 1 0 7 0 01 13
1 08 0 fl 1635 1 2 1500 1 0 700543
1 090 0 1574 1 2 1514 1 0 700325
1730 I) 1547 1 2 1462 1 fl 700249

READY
REP

Figure C,2 Sensitivity 
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READY
RUN TLDRQC1T

TLDPDDT 14:E OCDI 07/23/75

INTEGER SCALAR 15 NOT USED« LINE 4440.

ENTER BADGE-SENSITIVITY FILE: FDSENSFDSEN 

IS THIS NORMAL MDNTHLY PA 0CE S SING r YES

1. i"i n714 ? dE +nfi
1 02493 8̂ 6-*- II ì
9 . 04 41E +00
•I; 372 93 E +00
9, 343 64 E +00

,j 0^339536+m 
A . c UG U554E + M ij 
3 .4G50823E+00

£ "639277E+01 
3.3937107E+01 
5.6130919E+01

DO YOU WANT TO CALCULATE SENS IT IV ITIES7YES

592
ENTER SENSITIVITY FILE: TLDSENSSTLDSI

1.4915254E+02
2.3549339E+02
1.0341832E+00 1.0077872E+00 7
1.0565133E+00 9.9966534E — Ci 1
1 . 1 4 24 747E + 0 Ci 1. Ci 6- 6- 6* 7 i.i 7 E + Ci Ci 7
1 . 053311 1E+0CÌ 1 . 032829GE + 0 0
1.0733535E+00 1.0612561E + 0 0
1.1038959E+QQ 1 .0192932E+00
1.1025422E+00 1.0179395E+ 0 0 7
1.1 066 031E + 00 1.0152323E+ 0 0
1.0653170E+00 1.0247 077E+ 0 0

ENTER DATA FOR BUILDING FDBAD: TLDXR 

USED 79.56 NEW UNITS

iji 
0 ( 
oc oc 
0 c ocOc Oc 
0 c 

F?

1253 0 
1 3 7 3 0  
;i 0 3 3  0 
)4 3  0 0 
:i 3 1 3  0 ) 1 0 0 0 
ri 11 3  0
fi 54 3 0 
33250

0E+05 
0E+ 05 
OE+05 
OF.+ 05 
OE+05 
OE+05 
.’E+05 
OE + 05 
0E+ 05

Figure C.2 Sensitivity (Cont.) 
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Appendix C . (Continued)

old sensitivity) refer to Appendix C.5(h).
h. If no problems occur with the group "TLDSENS", 

then "EDI MER HISSENS: TLDSENS" to save a copy 
of "TLDSENS" for history purposes. Finally, 
issue a "REP" for "HISSENS".

3. Monthly Processing of Personnel Badges
The monthly replacement badges for Fort Calhoun should 
be shipped in a security container 3 days before the 
first of the month. These replacement badges will 
be prepared according to the following procedures:
a. Zero all badges by a 30 second anneal.
b. Update personnel file "FDPER" (i.e,, add personnel 

as appropriate).
c. Run the program "LABEL", using the labels on the 

Terminet computer paper,
d. Using the "Monthly Personnel Sheet", assign G-7 

and N - 6  badges to the regular monthly personnel 
(175 or less in number). Attach name label as 
badges are assigned.

e. Prepare 25 neutron and 25 personnel badges for 
visitors during the month.

The exposed badges will arrive by company mail in a 
security container approximately 3 days afer the first 
of the month. The following day, 12 standards should 
be exposed to 145 mR at approximately 9:00 a.m. and 
another group of 1 0 exposed at approximately 1 : 0 0  p.m. 
These standards will be allowed to fade for 3 days and 
then will be used to determine the Reader calibration 
when they are read out in their respective sequences.
During the irradiation of the standards, the monthly 
.badges should be opened and each TLD card verified 
as to the personnel assigned to it on the previous 
"Monthly Personnel Sheet". All visitors should be 
added to the "Monthly Personnel Sheet" and checked 
against Fort Calhoun's master list of personnel and 
badge numbers which arrives with the monthly badges. 
Also, add the personnel to the regular list of 
personnel for future months, if the individual's 
assigned number is 175 or less. Proper TLD-card 
configuration in the badge-holder should also be 
checked. If there is a problem in either correlation
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endix C. (Continued)

or configuration, document in the log and note on final 
report. The dosimeter cards should then be cleaned 
with trichloroethylene using a sponge or cotton swab. 
Care should be exercised to prevent card saturation 
in order to insure that the card's acetate film will 
not bubble. Careful inspection for glue on the card 
is also in order and any necessary cleaning performed. 
Allow an entire day for cleaning approximately 350 
badges.
While the badges and standards are fading, the visitors 
and new regular personnel can be entered into the 
"FDPER" file.
Following the three day fade, these subsequent readout 
procedures should be performed:
a. Insure that the light-reference is stable and the 

system is calibrated within +_6% of 145 mR, Other
wise, see quality control section.

b. Place the 3 monthly control badges in a 3-day 
standard sandwich and readout for a 1 0 sec. 
cycle. Record the file ("TLDCRTL") with a 
dated label on a permanent tape.

c. One-half of the collected monthly dosimeter 
cards and visitor cards should now be placed 
in the same tray.

d. The ten standards, with a 3-day fade, should 
be interspersed about every 20-30 dosimeter 
cards.

e. Also intersperse "Background and Sensitivity" 
cards (B-S) in groups of 3 immediately following 
a placement of a standard. Only 2 groups of
3 are necessary per shift.

f. Readout badges on a 10 sec. read-cycle and tape 
results on the permanent tape ("TLDEXPOS"),

g. During readout, note temperature max., which 
should be around 300°C.

h. Go back to step (c) and process the afternoon 
shift of badges.

With the monthly data on magnetic tape, the next pro
cedure should be performed to construct a monthly 
report:
a. Play back the control badge data into the com

puter and call this file "TLDCRTL". Note sample 
printout Figure C.3.



Appendix C. (Continued)

b. Play back the monthly badge data into the 
computer and call this file "TLDEXPOS".

c. On a scratch tape, build a file called "TLDXRF" 
which relates Calhoun badge numbers to actual 
dosimeter card numbers. Then enter this file 
as in Step (a) and (b) .

d. The necessary files are now constructed and 
all that remains is to do an "OPTION BIG" with 
a "RUN TLDROOT" as illustrated in Figure C.3,
Note the responses to the computer queries which 
should remain identical except for dates and 
file codes. If any software problem arises, 
refer to Appendix A.3 for possible solutions.

e. Note "JOB ID" and interrogate job after 30 
minutes using a "BST" command as indicated,

f. When the job is finished and a report "126" is 
present, print the following files to the H.S.S, 
service for documentation purposes:
1) JOB NAMED
2) TLDEXPOS
3) FDEXP
4) TLDXRF
5) FDBAD
6 ) TLDCRTL
7) FDSEN
8 ) FDHIS
9) FDMON

g. Make 8h x 11 copies of the monthly report after 
a routine check of 5 personnel exposures. Add 
any special readouts during month and then send 
3 copies to Fort Calhoun.

h. Store a single copy in "TLD Report Log" and store 
all the other files in the "TLD Storage Cabinet".

i. IMPORTANT:
1) On the computer, rename "FDMON" to "FDHIS" 

and "REP". This takes the history output 
file for the past month and makes it the 
history input file for the next month.
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RUM TLDROOT

TLDROOT 14:23CDT '07/23/75

INTEGER SCALAR 15 NOT USED» LINE 4440.

EM TER BADGE-SENS ITIVITY 

IS THIS NORMAL MONTHLY

1.0249324E+01 
9.0477741E + 0 0 
S.7787293E+ 00 
9.3634864 E + 0 0 

DO YOU WANT TO CALCULATE

FILE: FDSEN7FDSEN 

PROCESS ING7YES

2‘. 0683277E+01 
3 .S937107E+01 

0919E + 01

1.0433953E+01 
9. £ 06 055 4 E + 0 0 
8.46508£8E+00 5.615

SENS ITIVITIES7N0

1 ENTER DATA FOR BUILDING FDBAD: TLDXRF7TLDXRF

ENTER DATE BADGES ISSUED: NMDDYY7060175

ENTER EXPOSURE DATA: TLDEXPOS7TLDEXP0S 

FILE-CODE<S> » DATE-READ <6>72» 063075

ALL FILES ARE READY FOR BACKGROUND 
ENTER <YES OR NO) IF COMPILE IS NEEDED?

USED 60.40 NEW UNITS

Figure G. 3 Monthly
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Appendix C. (Continued)

2) Update "FDHIS" on special readouts and 
update "FDPER" for any additional new 
personne1 .

4. Special Processing of Personnel Badges
During the month, certain special readouts might be 
necessary due to a pencil dosimeter going off-scale, 
etc. For these badges that must be readout due to 
this type of a request, perform the following real
time procedures:
a. Pick up or receive the badge in the mail.
b. Verify the badges assigned on the "Monthly 

Personnel Sheet" and clean. Note reception 
time and communications in "TLD Processing 
Log" along with fading time on badge(s).

c. Zero two standards and expose to 145 mR.
d. Readout emergency badges with the two standards 

in a sandwich configuration and record on a
s permanent tape.

e. Play back tape into computer along with a "TLDXRF" 
file and "REP".

f. "RUN TLDROOT" after an "OPTION BIG" as illustrated 
in Figure C.4. Note that the responses to the 
dates, fading times, and background should be
the only change. The fading times on standards 
should not exceed 3 days if at all possible.

g. Record exposures in the "TLD Report Log" and "TLD 
Processing Log" with an indication on the "TLD 
Monthly Personnel Sheet".

h. Mail or deliver the special report to Fort Calhoun,
. i. At the end of the month, write all exposures on

an individual into the monthly report if his monthly 
badge was used and update his QTD, YTD, and life
time on "FDMON".

5. Quality Control
The quality control procedures insure that the total 
system error does not exceed 10% at 145 mR in one 
standard deviation. To maintain this level of accuracy 
and system calibration certain procedures should be 
performed at various times involving the critical 
parts of the TLD system. These critical areas are:
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READY
DPT I DM BIG 

READY
PUH TLDROOT

TLDROOT 14 : 33CDT 07/17/75

INTEGER SCALAR 15 HOT USED» LINE 4440.

ENTER BADGE-SENSITIVITY PILE: FDSEN'TFDSEN

IS THIS NORMAL MONTHLY PROCESSINGTNO

ENTER FADE TIME ON STANDARDS IN UNITS OF DAYS OR h FRnCTIvH OF A DAY (.01 IS MIN TINE)?. 01
SIMILARLY ENTER FADE TIME ON BADGES TO BE PROCESSED?.01"

ENTER EKGRD VALUE EASED ON . SMR/DAY?.1

DO YOU WANT TO CALCULATE SENSITIVITIES-'NO

•ENTER DATA FOP BUILDING PBEADS TLDXRF7TLDXRF

ENTER DATE BADGES ISSUED: MMDDYY?111111

ENTER EXPOSURE DATA: TLDEXF'OS?

USED 5G.05 NEW UNITS 
RUN TLDROOT

TLDROOT 14:35CDT 07/17/75

INTEGER SCALAR 15 NOT USED« LINE 4440.

Figure C.,h Special ( Cent. )
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TLDEXPOS 67/17/75'l 4 s 29CDT
0 700499 
0 700307 
0 760003 
0 700413 
0 700167

READY •
REP

1
READY •
NEW TLDXRF

READY
6 4 17 0 0 4 99 0 0 0 0 0 0 
b 4 £ ? 0 0 3 0 7 0 0 0 0 0 0 
b 4 37 0 0 0 08 0 0 0 0 0 0 
(£.447 0 04 13 000000
EDI SECS 1 000? 2

P P ADV

1 0 0 0 0 1536 1 2 1451 1
1 002 0 15 12 1 £ 1501 1
1 0 04 0 1535 1 2 1491 1
1 006 0 1624 1 2 1491 i
1 0 03 0 1556 1 ¿ 1460 1

TLDXRF 14:32CDT 07/17/75

10 0 0 64170499 000 000 
1002 642700307000000 
1 1£[ D 4 4,4 3 ? 0 0 0 03 0 0 0 0 0 0 
1o06 644700413000000

READY 
1 000

READY
LIS

TLDXRF 14:33CDT 07/17/75

1 0 02 6427 0030 7 0000 0 0 
1 0 04 6 4 3 7 0 0 0 03 0 0 0 0 0 0 
10 06 6447 00 41300 0 0 0 0

READY
REP

Fleure C.U Spécial (Cont.)



h h h h h h m h h h h h

U:;=
PACKGROUND USERS PLEASE RUN SCHED*** FUR UPDATED SCHEDULED CHANGES 
READY
NEVI TLDEXPDS
SYSTEM- FIV -,

READY
DSMT

READY FUR INPUT
0 1536 1 2 1451 1 0 ?" 00499
0 1512 1 2 1501 1 0 700307
0 1535 1 2 1491 1 0 700003
0 1624 1 2 1491 1 0 700413
0 1556 1 2 1460 1 0 700167
7-16-75

EDI SEQ 1000,2
READY
LIS

TLDEXPDS 1412sc DT 07/1

1536 1 2 1451 1 0 700490
0 1512 1 2 1 1
ready
EDI SEQ 1 0 0 0,2

READY
LIS

TLDEXPDS 14:£9CDT 07/17/75

1 0 0 0 o 1536 1 2 1451 1 0 7 0 0499
1 002 Ij 1512 1 £ 1 5 01 1 0 700307
1 004 0 1535 1 £ 1491 1 0 7 0 0 0 08
1 0 06. M 16-24 1 2 1491- 1 0 700413
1 0 08 0 1 556 1 £ 1460 1 0 7 0 01 6-7
1010 7-16-75
1012 EDI SEQ 1000,2

READY 
1 01 0 
1 0 1 2

READY
LIS

Figure C.l< Special 
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Appendix C. (Continued)

a. R-meter -- The R-meter with its calibration to 
NBS is the foundation for our gamma source cali
bration and, consequently, our entire TLD system, 
since everything is calibrated to Cs-137. There
fore, every six months the R-meter should be 
cross-checked with Fort Calhoun's R-meter and 
the results noted in the "Source Log". The R- 
meter should also check the standard exposure
of 145 mR using both chambers (2.5R and 25R) and, 
if results differ by more than 51 on this test 
or the cross-check, then a recalibration with 
NBS on the R-meter is necessary.
If there are no problems in periodic testing, a 
R-meter recalibration to NBS should be performed 
every 2 years. Following this calibration and 
subsequent cross-check with Fort Calhoun's R- 
meter, the TLD system will be recalibrated using 
the R-meter to account for source changes due 
to half-life (30 yr.).

b. Source Timer -- The Shepherd source timer should 
be verified as accurate using a stopwatch before 
any recalibrations. The results of this test 
should be recorded in the "TLD System Log" and 
dated. The source itself should be smear tested 
per Nebraska license every six months and the 
results documented. The E120G should be cali
brated every three months using the NBS calibrated 
R-meter.

c. C-14 Light Reference -- Careful observance of the 
light reference without heat will indicate certain 
stability problems if they arise. For example,
if the P.M. tube degrades, an oscillating light 
reference will be observed. It should be noted 
that the light reference scintillator is temper
ature dependent; however, this is only notice
able on a 10°F range.

d. 2000B Pi coammeter -- Every six months, a Kiethley 
Pico-source should be used to test the stability 
of the 2000B Picoammeter, This test will confirm 
stability in the electrometer (ranging amplifier), 
H-V supply, and integrator.
The procedure for this test is as follows:
1) Disconnect signal lead at the 2271 reader.
2) Connect Kiethley source to signal lead.
3) Set current input at 5 x 1 0 '12 amperes and 

push "STOP" then "REF LT" in the 2271 manual 
mode .
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Appendix C . (Continued)

4) Similarly, test all the ranges including 
the X.l ranges for 15 readings per range.
If the readings in any range deviate from 
the mean by more than 30 counts, this range 
is considered unstable.

5) If a problem is noted, confirm with Harshaw 
and either send the picoammeter back for 
recalibration or replace defective board(s). 
In any case, document the test and results 
in the "TLD System Log".

e. Hot Finger -- The hot finger (platinum) should
be inspected once a month for an observable carbon 
buildup. A hot finger that is working properly 
should have a very thin layer of carbon on its 
surface. If it appears to be crusty and thick 
with a change in the temperature curve (C.f.(f), 
MgO is used to clean it (Note: moisten a cotton 
swab with trichloroethylene to adhere the MgO). 
Once cleaned, approximately 100 badges should 
be read in order to dull the surface. Otherwise, 
a high degree of reflectivity will cause cali
bration problems.

f. Strip-Chart Curves -- The temperature curve as 
well as the glow curves provide relative bases 
for comparison. Before each monthly processing 
of Fort Calhoun badges, the temperature curve 
should be compared with a standard temperature 
curve generated when system operation is good.
Any significant deviations (spikes, etc.) should 
be corrected. The general structure of a real
time glow curve should also be verified. Figures 
C.5 through C.7 represent the heating profiles 
and glow curves per badge type. The glow curves 
have been extrapolated from the log-millivolt 
output of the strip-chart recorder.

g. Dose Versus Response -- The mrem exposure plotted 
against the nanocoulomb response provides an 
important indication of system accuracy and con
sequently system calibration. Therefore, every 
six months perform the following procedures:
1) Zero fifty regular G-7 badges for 30 sec,
2) In groups of five, expose to 49 mR, 97 mR,

145 mR, 289 mR, 433 mR, 577 mR, 721 mR,
865 mR, 1009 mR, and 1153 mR.

3) Readout badges after a 3-day fade along with 
standards that have faded.
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Appendix C. (Continued)

4) Plot average of each group (response) versus 
actual dose where the response is corrected 
for only system sensitivity. If the slope 
or intercept vary by more than 4% with the 
standard curve in Figure C.5, new standards 
should be made operational or a complete 
recalibration is necessary.

5) Also plot the average response per group 
corrected for individual chip sensitivities 
versus the actual dose and note if any re
sponse per group exceeds 5% or the standard 
exceeds 5%. If so, then a course of action 
similar to step (i) is necessary.

h. Sensitivities -- Every 4 months when sensitivities 
are recalculated, the software automatically com
pares the new sensitivity to the old and displays 
a "Sensitivity Prob" with the badge number if the 
difference deviates more than 15% (2a) from the 
old readings. This difference technique provides 
another check on system calibration if a lot of 
badges simultaneously develop problems. Other
wise, a badge with a "Sensitivity Prob" should

s be pulled from service since: it is probably 
old or was once over-exposed.
A further use of sensitivities to verify cali
bration is to note a statistical scatter about 
145 mR when sensitivities are being recalculated. 
That is, approximately 50% with sensitivities 
below 1 and 50% above 1. If the scatter is not 
present, refer to each previous quality control 
procedure to determine reason.

i. Standards -- Since the standards are used for 
recalibration, they can also be used to measure 
system accuracy or deviation of standards 
themselves. Every 4 months investigate the 
variation of a couple standards in their sensi
tivity which automatically appears each time a 
recalibration is performed. See Figure C.l.
If the sensitivity rises by more than 5% from 
the old value on more than one standard and the 
other 4 month tests are satisfactory, then the 
problem is with some of the standards being old. 
This should be verified by comparing all the 
standards for a percent variation, A further 
check on standard degradation would be to use 
25 of the future standards and compare the mean 
to within 5%.
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Appendix C. (Continued)

j. These badges, once exposed and sent back, will 
be read out as special processing badges. The 
exposure report should be returned to the testing 
laboratory where the overall and percent errors 
are documented and returned to OPPD.

k. Clearing Hardware Faults -- In order to maintain 
quality control on individual chip responses,
the following procedure should be used when clear
ing a 2271 fault/jam:
1) Turn off the "record" on TI. This prevents 

phantoms when the next step is performed.
2) Turn off TTY-interface.
3) Clear fault/jam by any of the following:

(i) Clear card by "Card Release" toggle.
(ii) Open inner door on 2271 reader being 

careful to minimize light into the 
P.M. window.

x 4) Note reading on nixie display and verify 
that it was recorded. If not, record it 
manually before proceeding.

5) Push "clear" button to resequence 2271 
reader.

6 ) Rerun badge that caused the fault/jam if 
the second chip was not processed. Set 
selector switch to read TLD 2 only.

7) Turn on TTY - interface.
8 ) Turn on "record".
9) Run-rerun badge. If a badge is rerun, 

remember to reset the 2271 selector switch 
for automatic processing.
If there exists a large number of faults 
per processing run, recheck the badges for 
glue or check the card channel for glue 
buildup. At all times while clearing a 
fault, extreme care should be exercised to 
prevent the loss of a response.
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Appendix D. UNCERTAINTY CALCULATIONS

1. Calibration Uncertainty
The uncertainty associated with the Reader calibration 
permeates all other uncertainties. The calibration 
equation B . 2  can be rewritten to explicitly show the 
uncertainties :

L2 ± ° (L2 ) = (Li + cf C L i ) ) (E + a (E) )/(R + a(R)) (D.l)
Error propagation yields the total fractional uncertainty 
o (L2 )/L2 as,

E(L2)/L2J 2 = LoCLi)/lJ  2 + [¡(E)/32 + £ cR)/32 CD.2)

The fractional uncertainty in the response of the system 
to the light reference, a(Li)/Li, is measured to be 0.01 
(IS) . The fractional uncertainty in the reading of the 
R-meter, o(E)/E is O'.02 (2%), and the measured uncertainty 
o(R)/R of the standards is 0.02. Therefore, the total 
uncertainty in the Reader calibration is,

or, o (L2 )/L2 = 0.03 (31)
2. Sensitivity Uncertainty

The equation used to calculate the gamma sensitivity 
S of a TLD is,

where R is the TLD response, or readout, 3 days after 
exposure to 145 mR from the Cs-137 gamma irradiator, 
and Sc is the standard sandwich correction. We know 
that our calibration point of 145 mR is accurate to 
+ 3%. The standard sandwich correction is derived

where R2 and R^ are the responses (nC) for chip - 2 on 
the standard TLDs, with uncertainties of +_ 1. 5§ ,
S2 and are the sensitivities of chip - 2 of the 
standard TLDs, according to Harshaw's methods, and 
with uncertainty of +_ 2%. Therefore, the error- 
propagated eq. (D.4) is,

S = R/(145 Sc) (D.3)

f rom,
Sc = (R2 /S2 + Rl/Si)/(2 x 145) (D.4)

(0,03) 2 (D.5)
or, a ( S)/S = 0.049 (4.91)
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Appendix D . (Continued)

So, the approximate uncertainty in the gamma-sensitivity 
calculation is 5% for one standard deviation, and 1 0 1  
for two standard deviations.

3. Uncertainty of Background Correction
Average values of the background exposure on each chip 
of several control badges (Figure 3) is obtained from 
the readout. The background dose is then obtained as,

BG = RB/(F Sc S)
where, Rb is the response (nC), F is the fading cor
rection, if needed (^5%), Sc is the sandwich correction 
(eq. D.V), S is the gamma sensitivity of the chip, 
and BG is the calculated background dose (mR). The 
error-propagated uncertainty from eq. (D.6 ) is,

2 + [o (Sc) /S J 2

+ G?(S)/sf
= (0.015)2 + (0.05)2 + (0.035)2 + (0.05) 

or; a (BG)/BG = 0.08 (8 %)
4. Uncertainty of Gamma Dose Calculation

Chip-2 of the G-7 card of a TLD badge (see Figure 3) 
is the gamma monitor. The uncertainty associated with 
the determination of the gamma radiation dose to the 
badge is obtained from the equation used to calculate 
the dose:

DG = R2/(F S Sc) - b g 2

where, DG is the calculated gamma dose (mR), R2 is 
the response of chip-2 (nC), F is the fading correction, 
if needed, S is the gamma sensitivity (nC/mR), Sc is 
the sandwich correction, and BG2 is the background 
correction for chip-2 (eq. D.6 ). In the following, 
let D = R2 /(FSSc) and let BG = BG2 . Then we have,

Dg = D - BG
The uncertainty in DG will propagate as, 

a(DG ) 2 = a(D) 2 + a(BG) 2

or, a (Dg) 2 = [¡(D)/D] 2 D2 + jjr (BG) /BGj2 (BG) 2 

For instance, if DG = 100 mR with BG = 10 mR, then,

>

H ( b g)/bgJ  = £(RB)/RB3 2 + Q ( f)/f~[

(D.6 )

(D. 7)

(D. 8 )

(D. 9)

(D.10)
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(DG) 2 = (0.0065) (110) 2 + (0.0065) (10) 2 

= 78.7
or, (Dg )/DG 2 = 78.7/(100)2 = 0.0079 
Hence,

(DG)/Dg = 8.9%
which means that, typically, the uncertainty in deter
mining the gamma dose is around 8.9% in one standard 
deviation, based on an exposure of 100 mR.

5. Uncertainty of Beta Particle Dose Calculation
The uncertainty in the beta-dose calculation derives 
from the beta-dose equation,

DB = 2.3 (Ri/(F Sc) - Dg Si - BG1 Sx)
where, Ri is the open-window response (chip-1 of G-7 
card in Figure 3), F, Sc, and Si are the fading cor
rection, sandwich correction, and gamma-sensitivity 
of the chip-1 background, as' in eq. (D.6 ). The factor 
2.3 is the inverse of the average beta-sensitivity 
factor (^10%). Let the following substitutions be 
made :

D = Ri/FSc, Dg = DGS!, Dg = BG1S 1 

Then, eq. (D.ll) becomes,
DB = 2.3 (D - DG - DgG) = 2.3 Dy 

where,
DT = D - DG - Dbg = Db/2.3

Error propation on eq. (D.12) gives,
a(DB)/DB 2 = (0.10) 2 + o (Dt/Dt ) 2

and from eq. (D.13), we also get,
o (Dt ) 2 = a (D) 2 + a(DG ) 2 + a(DB G ) 2

To give a quantitative example, suppose, Dg = 115 
mrad = (50 nC)(2.3 mrad/nC), so that Dy = 50 nC, 
according to eq. (D.13). This can be achieved by 
the following values of D, DG, and DBG: D = 110 nC,
DG = 50 nC, and DBG = 10 nC. Consider a(D)2;
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Appendix D. (Continued)

[ a ( D ) / n ] 2 = [f ( R ^ / R i J 2 + [ a ( F ) / F J 2 + 1}'(SC ) / S C] 2 

= C O .015)2 + (0.05)2 + (0 .035)2 
= 0.0040

Thus ,
o(D)2 = (0.004)(110)2 = 47.8 

Now, consider o(Dg)2 :
Q cdg)/dg]2 -¡̂ CDgJ/Dq]2 +Q(s1)/s13 2

= 0.0079 + 0.0025 = 0.0104
Hence,

ct(Dg ) 2 = (0.0104)(50)2 = 26.0
2Finally, consider a (Dq q) :

£ ( db g)/dbgT  = |£(b g)/(bgTJ2 + ]^(s i)/s i]
= 0.0065 + 0.0025 = 0.009

2

This yields,
o (Db g ) 2 = (0.009)(10)2 = 0.9 

Using eq's (D.16) - (D.18) in eq. (D.15), we have,
a (D,jO 2 = 47.8 + 26.0 + 0.9 = 74.7

with,
[¡(Dt )/DtJ 2 = 74.7/ (50) 2 = 0.030 

Hence, from eq. (D.14), we end up with,
^ ( db)/Db] 2 = 0.01 + 0.03 = 0.04

or,
a(Dfi)/DB = 0.2 (201)

Thus, a typical uncertainty in the beta-dose measure
ment is a 2 0 % error for one standard deviation, based 
on a beta-dose of 115 mrad,

6 . Uncertainties in Neutron Dose Determinations
The neutron uncertainty calculations will be divided 
up into (a) thermal doses, and (b) fast doses.

(D.16)

(D.17)

(D.18)

(D.19)
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a. Thermal Neutrons
The thermal neutron sensitivity factor was measured 
using the Pu-Be source, as described in Appendix 
B, and was found to be 129 + 8 nC/mrem. The equatio 
that is used to determine tKermal neutron dose from 
the TLD badge is,

Dt = 0.0078Q r 3/(F Sc) - S3 Dg - S3 BG3)
- (r 4/(F Sc) - s4 dg - s 4 bg4) J

where, R3 is the response of chip-3 (bare TLD-600 
of N - 6  card), R4 is the response of chip-4 (cadmium- 
covered chip) , S3 and S4 are the corresponding 
gamma-sensitivities, F and Sc are the fading and 
sandwich corrections, Dg is the gamma dose to the 
badge, BG3 and BG4 are the background doses re
ceived by the corresponding chips, and the factor 
0.0078 is the inverse of 128, As before, make 
the substitutions D = R/FSC, Dq = SDq , and Dqq =
S BG, with appropriate subscripts. Then we have,

Dt = 0.0078 [CD3 - DG 3  - DNG3)

tD4 " Dq 4 " db g 4- ) 3

= 0.0078 Dt
where, D̂, = (D3 - D4') " D̂G3 " DG4) *

(DBG3 DBG4)
and, a (D,j ) ̂ = a(D3 ) 2 + o (D4 ) 2 + a^GS -1 +

a(DG4) + °(DBG3^ + °(DBG4
Using the usual error propagation , we get
from eq . (D.2 1 ) 9

Q ( Dt)/\]2 .;= ( 0 .OS) 2 +£ ( dt )/dt] 2

As a quantitative example, suppose we have D. =
4 mrem = (0.0078)(500), so that Dp = 500 nC,
This can be achieved, for example, with D3 
= 600 nC, D4 = 100 nC, Dq 3 = Dq 4 = 50 nC, and 
dBG3 = dBG4 = 1° nC. (However, in practice, 
it is expected that Dq 3 be greater than Dq 4 
due to extra gamma exposure on chip- 4  from 
the cadmium covers; and Dq g 3 should be greater 
than Dn g 4 due to the absence of cadmium shielding 
around chip-3.) Consider now a(D)2;

(D.20)

(D.2 1 )

(D.22) 

(D,23)

(D.24)
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[a(D)/d]]2 = 0.004 (see section D.5)
Then,

a(D3 ) 2 = (0.004)(600)2 = 1422
a(D4) 2 = (0.004) (100) 2 = 40 (D.25)

2Also consider a(DG) :
jj? (Dq )/D^^j2 = 0.0104 (see section D.5)

Then,

a(DG 3 ) 2 = o (dG4) 2 = (0.104) (50)2 = 2.60 (D.26)
Finally, consider a(DG .)2: since everything 
is the same here as in section D.5, we can just 
write ,

°^BG3^ = °^BG4^ = (D.27)
Hence, eq. (D.23) becomes,

a(DT ) 2 = 1422 + 40 + 2(26) +2(0.9) = 1516 
and, from eq. (D.24),

[a(Dt)/Dt)j2 = (0.0 8) 2 + 1516/ (500) 2 = 0,0125
or,

a(Dt)/Dt = 0.112 (11.2%) (D.28)
The one-standard deviation uncertainty in measuring 
a 4-mrem thermal neutron dose is therefore estimated 
to be 1 1 .2 %.

b. Fast Neutrons
In considering the error incurred in estimating 
the fast neutron dose, the following 
is used:

ig equation

D, - C V C R  sc j - dgs 4 bg4sJ 50 (D.29)
where, D£ is the calculated fast-neutron dose 
(mrem), as in the above equation, F and Sc are 
the correction factors, Dq is the gamma dose (mR) 
to the badge, S4 is the gamma sensitivity of chip' 
4 (cadmium-covered), R4 is the response of chip- 
4 from readout (nC, and BG4 is the background 
in chip - 4 (mR).
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The factor 2,50 nC/mrem is the neutron sensiti
vity of the badge at 100 eV, as obtained from 
the calibration curve in Appendix B. The un
certainty of this factor is 15%.
As before, let D = R/(F Sc), Dp = D^S ,
Dbg = BG S. Then, eq. (D.29) becomes,

This equation is in exactly the same form as 
the beta-dose equation (D.12); so the formulism 
need not be rederived here. Suppose, for sake 
of calculation, that D = 110 nC, Dp = 50 nC, 
and DgQ = 10 nC. Then, from eq. (D.13), D^ =
50 nC. Hence we get,

a(Dp)2 = 47.8 + 26.0 + 0.9

Df = (D - Dg - Db g)/2.5 (D. 30

or,
£a(DT)/DT ] 2 =0.03

Hence,
(0.015)2 + 0.03 = 0.053

a(Df)/Df = 0.229 (22.9%) (D. 31
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