
10. STUDY 8 - STATISTICAL AND LOW DOSE RESPONSE 

M. R. Thorson and G. W. R. Endres 

FOREWORD 

The low dose response and the lower limit of detection of the Hanford 

dosimeter depend upon many factors, including the energy of the radiation, 
whether the exposure is to be a single radiation or mixed fields, annealing 
cycles, environmental factors, and how well various batches of TLD materials 
are matched in the system, etc. A careful statistical study and sensitivity 

analysis was performed to determined how these factors influence the response 

of the dosimeter system. Estimates have been included in this study of the 
standard deviation of calculated dose for various mixed field exposures from 0 

to 1000 mrem. 
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SUMMARY 

Values for significant sources of randomness in the Hanford multipurpose 
dosimetry system were determined from analysis of numerous sets of thermolumi
nescent data. These values were combined mathematically using the currently 
used dose equations to obtain the expected standard deviations of calculated 
dose equivalents. This was done for many combinations of mixed field exposures 
in the range of 0 to 1000 mrem. From this generated data, it is possible to 
point out some of the weakenesses and strengths of the HMP,dosimetry system 
including the expected limits in precision. 

By carefully analyzing data in this study, the following conclusions can 
be made: 

1. It is possible to assign confidence intervals or standard deviations 
to calculated dose equivalents, though it should be remembered that 
confidence intervals shown here do not include some sources of error 
such as environmental factors and the effect of wearing position or 
angle of exposure on gamma and beta responses. 

2. The lowest level of significant detection(a) in nonmixed fields for 
90 Sr beta radiation is 11 mrem, for gamma radiation is 3.4 mrem, for 
thermal neutron radiation is 0.2 mrem, and for 252Cf fast neutron 
radiation is 10 mrem. 

3. The lowest dose equivalent level which has a 97% chance of being 
detected(b) for 90 Sr beta radiation is 22 mrem, for gamma radiation 

is 7 mrem and for thermal neutron radiation is 0.3 mrem. This level 
does not occur for fast neutron exposures. 

4. Calculated fast neutron dose has a minimum standard deviation equal 
to 64% of the total fast neutron dose and, as such, is never very 
precise. 

(a) This is arbitrarily defined as when the mean calculated dose is at least 
one standard deviation away from zero. 

(b) The level which is two standard deviations above zero. 
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5. Fast neutron dose equivalent calculations are significantly 
irnprecise(a) whenever the thermal neutron dose equivalent exceeds 

about 5% of the total dose equivalent. 

6. In a high energy beta field, such as the 90Sr field used for the beta 
exposure data, the 4-chip dosimeter consistently underestimates the 

fast neutron dose equivalent received. The 5-chip dosimeter does 
not have this problem. 

7. The energy difference or scatter difference between a calibrations 
gamma exposure (137Cs) and a field gamma exposure can lead to a 
determinate error(b) in the calculated fast neutron dose. This error 

may have an order of magnitude value of about 25% of the total gamma 
exposure. The 5-chip dosimeter in theory should have less of a prob
lem in this area. 

8. A significant cumulative positive bias in the HMP dosimetry system 
will arise from the rejection of negative calculated dose readings. 

When the standard deviation exceeds the calculated dose, this becomes 
a significant problem. For example, a dosimetered person receiving 

1000 mrem gamma exposure neglecting determinate error would be 

expected to show a calculated fast neutron dose equivalent of 

o ± 270 mrem. If all negative values are rejected, the average cal

culated dose equivalent would be 107 mrem and one in ten persons 
could be expected to show a f~st neutron exposure of more than 
345 mrem, though they received no neutron exposure. This type of 
problem has shown up historically in high fast neutron personnel 
exposure readings during N reactor outages. Problems of this nature 
may become considerably more serious for calculated fast neutron 
exposure if quality factors are greatly increased. 

(a) This is arbitrarily defined as when the mean calculated dose for the 
specific radiation given is within one standard deviation of zero. 

(b) Determinate error is a system bias as opposed to random error or inde
terminate error. 
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RECOMMENDATIONS 

A. Calculating the fast neutron dose(a) is by far the weakest link in the 

HMPD calculation of total dose received. Any overall system improvement 
should attempt to improve this value, especially when the fast neutron dose 

is calculated after a sig~ificant thermal exposure. Possible ways of 
improving the calculated fast neutron dose statistics are listed below: 

1. Reduce the magnitude of R3 in a thermal neutron field by placing 

a cadmium shield on the backside of chip #3, thereby reducing 
the magnitude of terms used to calculate the fast neutron dose. 
Using the arrangement snown in Figure 10.la, the expected standard 

deviation of calculated fast neutron dose would be reduced to 
about 2/3 of the current standard deviation values. (See 
Table 10.1 and Figure 10.la and b.) 

2. Reduce the strong positional dependence of the dosimeter for 

neutron exposures by placing a thin moderator behind the dosime
ter. (See Study 5.) Potentially chip #4 could be reduced from 

~9.3% to ~4% in a thermal neutron field and from =12.9% to =9.9% 

in a fast neutron field. This would improve statistics only from 
neutron exposures. 

3. Integrate the second thermoluminescent peak, at 255°C, separately 

for neutron calculations to calculate dose values. This might 
be helpful as preliminary data indicates the second glow peak is 
selective by a factor of ten for neutrons over gamma. That is 
about 20% of the total thermoluminescence for neutrons comes from 
the 255°C peak; whereas, only about 2% of the total thermolumi
nescence for gamma radiation comes from the 255°C peak. Because 

the total magnitude of gamma response relative to neutron 

response could be reduced by a factor of ten, the associated 

uncertainties also could be reduced (depending on dose) by up to 
a factor of ten. 

(a) The terms dose and dose equivalent are used interchangeably in this report 
to mean dose equivalent in units of rem or mrem. 
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TABLE 10.1. Statistical Comparison of Current Dosimeter with Modified Dosimeter 

Equations Used to Calculate Dose 
Current Dosimeter(a) Modified Dosimeter(b) 

NP = C2 (R1-K2·R2) 

PEN = C1 R2 

SLO-N C4· (R3-R4) 

(same) 

(same) 

SLO-N = C4' . (R3'-RS') 

where, where, 

C4 _ 50 mrem C4' = 50 mrem 
- ~50 mrem therma 1 neutrons (R3' RS') - 50 mrem thermal neutrons 

FN=C5' (R4-K6 . R2-K5 • (R3-R4)) FN=CA . (R4-R5'-K A . (R3~R5')) 

where, where, 

C5 = 1000 mrem 
(R4-K6 . R2-K5 . (R3-R4lJ 

1000 mrem 
PuF4 

CA = 1000 mrem 

(R4-RS '-KA (R3 '-RS')) 1000' 
PuF4 

mrem 

K6 R4 
= ~1000 mrem 137Cs 

K _ (R4-RS' ) 
A - R3'-RS' 50 mrem thermal neutrons 

K5 = (R4-K6 . R2) 
R3-R4 50 mrem thermal neutrons 

SFNmodified 

SFNcurrent 

Equation Used to Approximate Relative Standard Deviations 

'" ((SR4)2 + «(l-K A) . SR5,)2 + (K A SR3' )2 )1/2 . CA 
(1+K5) . SR4)2 + (K6 . SR2)2 + (KS .SR5)2 C5 

~ ( (SR4)2 + (.c . SR5,)2 + (.8, SR3,)2 )1/2. 1.37 
- (1.9, SR4)2 + (1.0 . SR2)2 + (.9 . SR3)2 

Relative Standard Deviation(c) 
SFNmodifed 

Type Exposure 

Pure Gamma 
Pure Thermal Neutron 
Pure Fast Neutron 

Pure Beta 
Ha If Gamma, Half Fast Neutron 

Ha If Beta, Half Fast Neutron 

Half Gamma, Ouarter FN, Quarter SLO-N 

Half Beta, Quarter FN, Quarter SLO-N 

Quarter Gamma, Quarter FN, Ouarter SLO-N, Quarter Beta 

(a) See Fiaure 10.1 b. 
(b) See Figure 10.1 a. 

Average: 

SFNcurrent 

0.8 

0.7 

0.7 
0.1 
0.7 

0.6 

0.8 

0.6 
0.7 

0.65 

(e) These values are based upon the assumption that all TLD chips have the same 
standard deviation values by position when expressed as ~ercent of total 
thermolumlnescence. They have not been verified experimentally. 
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If all these recommendations were feasible and were implemented, the 

standard deviation of calculated fast neutron dose after a neutron 
exposure might be reduced by a factor of two or three, and the standard 

deviation of calculated fast neutron dose after a gamma or beta exposure 
might be reduced by a factor of 10. (These values are based upon rough 
estimates from preliminary data and should be considered as such until 

further investigated). 

B. All personnel dose calculations could include a confidence bracketing on 

the basis of each calculated standard deviation value. Using the equations 

in this study, a computer program could be written which would give one 

standard deviation of the total calculated dose a person received in say, 
one year. This value would not include all sources of variance but would 
give a rough estimate of the limitations in precision of a specific calcu

lated dose. 

C. Personnel dose calculations which have a high level of uncertainty would 
be more accurate in the long run if negative calculated dose values were 

not "zeroed", but were summed over· a period of one or more years with other 

highly uncertain calculated dose values. Then every year or every few 
years, the sum could be "zeroedll if it were negative or accepted if posi

tive. Any such accepted values would then be added to the previously cal
culated dose. Such a procedure would greatly reduce the statistical bias 
towards positive dose values. 
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INTRODUCTION 

Statistical fluxuations in the dosimeter (HMPD) and reader system are the 
main limitations to meaningful measurement of low doses. This task, therefore, 
was designed to better describe the precision of the HMPD over the range of 
o to 1000 mrem and to better define the lowest level of significant dose detec
tion. Both mixed and nonmixed exposures were covered. 

IMPORTANCE OF STANDARD DEVIATION 

It was shown experimentally that the dose calculated from a set of identi
cally exposed dosimeters followed a normal distribution. As such the precision 
could be described by the standard deviation value. The standard deviation 
value, therefore, was the key quantity derived in this task. 

SOURCES FOR CALCULATING STANDARD DEVIATIONS 

To calculate the standard deviation values for all combinations of gamma, 
thermal neutron, fast neutron and beta radiation, it was necessary to analyse 
each separate source of variance and combine each mathematically to determine 
the calculated dose standard deviation. Each separate source of variance is 
listed below with a brief explanation of how it was determined: 

1. General HMPD response 
and variability 

2. Calibration dosimeter 

The general HMPD response and variability 
is a function of the type of radiation 
involved. Values for reader response and 
standard deviation were determined for 
each position of the dosimeter for each 
type of radiation. Specific values were 
determined by comparing LiF chip thermolu
minescense readings from sets of identi
cally exposed dosimeters. 

Calibration dosimeter response and 
response and variability variability was similarly determined for 

each of the four standard calibration 
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exposures. For each position of the dosime
ter, values were determined for reader 
response and standard deviation. Specific 

values were determined by comparing sets of 

identically exposed calibration dosimeters. 
The final standard deviation values used 
were standard deviation values for the mean 
calculated reader response, rather than 

values for individual reader response. 

3. Lithium floride--reader Lithium floride--reader background varia-
background variability bility was calculated from reread "lr' dosi

meters. The actual values were the standard 
deviations of LiF chips with no exposure 

when read on the Hanford reader. 

4. Reader response 
variability 

5. Calibration exposure 

variability 

6. Positional response 
variability 

Reader response variability is a measure of 

how much the reader heat contact and light 
sensitivity change during a monthly run. 

The value was determined by comparing con
secut i ve ly read IlT" dos imeters with i nter
mittent ly read IlT" dos imeters. 

Calibration exposure variability is a 
measure of how much the calibrations' expo
sures fluxuated between separate calibra

tions. It was determined by comparing IT . 
with PT dosimeters. 

Positional response variability was deter

mined in Study 5. It is a measure of how 

much the placement of the dosimeter on a 

person affects its neutron response. 
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COMBINING SOURCES OF VARIANCE 

The preceeding six sources of standard deviations were combined to give a 
calculated dose and standard deviation as diagrammed in Figure 10.2. The values 
were combined mathematically using standard equations for combining standard 

deviations. These equations are covered in the theory section. Basic assump
tions also involved are covered in the assumptions section. 
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DOSE RECEIVED BY PERSON WEARING DOSIMETER 

~ 

POSITIONAL RESPONSE LITHIUM FLUORIDE-READER 
VARIABILITY BACKGROUND VAR lABILITY 
(STUDY 5) 

I 
l 

GENERAL HMPD RESPONSE 
AND VAR lABILITY 
(ASSUMPTIONS 1tl,2,3 AND 4) 

EQUATIONS CALCULATING CALCULA TED DOSE 
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(TABLE X.2. X.3, EQN. #lAo IB,lCANDID) 

4 f 

1 
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RESPONSE AND VARIABILITY VARIABILITY 
VAR lABILITY 

FIGURE 10.2. Schematic for Calculating Dose Standard Deviations 
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DISCUSSION 

LIMITATIONS 

The calculated standard deviations and dose equivalents in this study were 

designed to be reasonable approximations of values which could be expected from 
personnel receiving radiation exposure while wearing the HMPD. Fluxuations of 

the LiF chip population response, reader system response and calibrations fac
tors were the primary factors considered in calculating standard deviations. 

It was assumed that the background subtraction on the average was correct and 
therefore contributed no determinate error. The effect of positioning of the 
HMPD on the exposed person and the angle of exposure were not considered except 
for neutron exposures. Also the effect of environmental factors such as humi
dity, physical shock, etc. were not considered. 

Since only one source was used for each type of radiation, the calculated 

standard deviations are best approximations only for spectrums resembling a 
combination of these four sources (60Co , PuBe-D20, 252Cf , 90Sr ). However, 

since LiF response to gamma and thermal neutron sources does not vary greatly 
from source to source,(a) these approximations should be good for most gamma 

and thermal neutron exposures. The HMPD-LiF response to fast neutron and beta 
exposures does vary significantly from source to source, but the calculated 
standard deviations should still give a good first approximation value. A sig
nificant difference in HMPD-LiF response per unit dose results from beta expo

sures where only radiation of sufficient energy to pass through the security 
credential can be detected. The relative response of the HMPD to beta radia
tion can be corrected for by using the ratio of Rl-K2·R2 of the actual field 
to that of 90Sr • For example if the HMPD is one half as sensitive to field 
beta as 90Sr beta, 

(;:~ ~ :~ : ::; Field = ~\, 
90Sr ) 

(a) For gamma radiation this is true if most of the radiation is above 100 KeV. 
For thermal neutrons this is true if the neutron spectrum is at equilibrium 
with room temperature (70°). 
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then a 100 mrem 90Sr exposure with a standard deviation of 12.7 would be 

approximately equal to a 200 ± 25.4 mrem field exposure. 

USE OF DATA IN TABLES AND FIGURES 

The body of data describing the performance of the general HMPD is given 
in Table A.lO.l and Figures 10.3 through 10.6. 

First Table A.10.l(a) lists the mean calculated dose equivalent and 

standard deviation for numerous combinations of mixed field exposure. This 
table has five columns. The first four are for each labeled radiation measured 
by the standard 4-chip HMPD. The fifth is for fast neutron radiation measured 
by the 5-chip HMPD. Each column contains sets of three lines. The first lists 

the amount of radiation given to a dosimeter placed on a phantom. The second 
gives the average dose calculated from dosimeter response. (b) The third 

gives the standard deviation of calculated dose. 

The table lists standard deviations only for irradiations having a total 

dose equivalent of 100 mrem. That is, the sum of the given dose equivalents 

for nonpentrating, penetrating, slow neutron, and fast neutron radiation equals 
100 mrem for all values listed. 

As an illustration of the use of Table A.lO.A, if a person receives 
33 mrem gamma radition and 67 mrem fast neutron radiation, his expected 

average calculated dose equivalent and standard deviation is shown at the 
bottom of the first page of the table. This expected standard deviation would 
be 11.7 mrem nonpenetrating, 4.2 mrem penetrating, 0.7 mrem slow neutrons, and 
44.9 mrem fast neutrons. His mean calculated dose is shown just above this 
line as 0.1 mrem nonpenentrating, 34.4 mrem penetrating, 2.2 mrem thermal 
neutrons, and 58.3 mrem fast neutrons. 

(a) All standard deviation values in Table A.lO.l were calculated using the 
scheme shown in Figure 10.2 of the Introduction. The specific equations 
used are listed in the Theory and Equations section. Assumptions needed 
for mixed field calculations are in the Assumptions section. 

(b) Asterisks are placed around the average calculated dose if the standard 
deviation exceeded this value. 
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If the total dose equivalent received is not equal to 100 mrem, 
Table A.10.1 can still be used to predict the standard deviations. To do 
this, locate the listed exposure in Table A.10.1 which has the most similar 

percentage contribution from each radiation. Then for the standard deviation 

of interest, say the standard deviation of penetrating dose equivalent, solve 
the following equations: 

s = [S2. + (DE • (_S )~2] 1/2 
mln \ mrem ~ 

where, 

S100 mrem 

S . ml n 

= standard deviation from Table A.X.1 
(a) 

= minimum standard deviation from Figure X.3, X.4, X.5 

or X.6 

(S ~- calculated constant \mremJ-

DE = total dose equivalent of interest in mrem 

S = standard deviation of interest. 

Figures 10.3 Through 10.6 

Figures 10.3 through 10.6 give expected standard deviation values for non
mixed exposures ranging from 1 mrem to 1000 mrem. They also help illustrate 
the effect of each radiation type and exposure level on the standard deviations 
of calculated exposures. To use these figures, move vertically from the dose 
equivalent value on the abscissa to the line corresponding to the type of 

radiation involved. The value for the expected standard deviation is shown 

directly across on the ordinate. 

(a) If the standard deviation of interest was for penetrating radiation, 
Figure 10.3 would be used. Smin would, therefore, be 3.4 mrem. 
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The minimum standard deviation values for each type of radiation are the 

values which are asymptotically approachedas the dose equivalent changes from 

1000 to 0 mrem. The mioimum standard deviation for penetrating raidation is 

shown in Figure 10.3 to be 3.4 mrem. For thermal neutron radiation in Fig

ure 10.4 it is 0.14 mrem. For fast neutron radiation in Figure 10.5 it is 

10 mrem. For nonpenetratging radiation in Figure 10.6 it is 11 mrem. 
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Neutron Standard Deviation 

The lowest level of significant detection in nonmixed fields is deter
mined by determining what dose of a specific type of radiation would have a 
standard deviation equal to the amount of radiation received. For example, in 
Figure 10.3 the standard deviation of a 3.4 mrem gamma dose is 3.4 mrem; there
fore, the lowest level of significant detection for gamma radiation is 

3.4 mrem. 

The level of dose which has a 97%chance of being detected (two standard 

deviations above zero) is determined similarly. In this case, the dose equi

valent on the abcissa must be twice the standard deviation on the ordinate. 
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Neutron Standard Deviation 

The most accurate description of standard deviations for mixed field expo

sures comes from Table A.10.1; however, Figures 10.3 through 10.6 give quick 

and easy approximations of standard deviations. For example, using Figure 10.3 

exposures which give statistically significant penetrating dose values can be 

determined. There is no easy way of describing the information in Figure 10.3, 

but an approximation would be to say that the gamma dose will be statistically 

significant if it is more than 5 mrem and more than 3% of the total exposure 

given. In a similar manner statistically significant dose values for the 

other radiation types are determined from Figures 10.4 through 10.6. 
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DESCRIPTION OF PRECISION, PROBLEMS, AND DETERMINATE ERROR 

Data in Table A.10.1 and Figures 10.3, 10.4, 10.5, and 10.6 can be used 
to delineate the weaknesses and strengths of the HMPD. 

Gamma (Penetrating) 

Starting with calculated gamma exposure, the calculated dose equivalent 

values are shown in Figure 10.3 to be quite precise under almost all conditions 

of mixed field exposure. As mentioned previously, ga~ma calculated dose values 
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are statistically significant(a) if the gamma dose is both more than 5 mrem 
and more than 3% of the total exposure given. In general if the total 
exposure received is more than 100 mrem, the standard deviation of calculated 

gamma dose equivalent will be less than 8.6% of the total exposure received. 
If the exposure is pure gamma, the lowest level of significant detection is 
3.4 mrem and the two standard deviation level of detection(b) is 7 mrem. 

Thermal Neutron 

For the thermal neutron calculated exposure, the calculated dose equiva
lent values are also showr. in Figure 10.4 to be fairly precise under almost 
all conditions. Thermal neutron calculated dose values are statistically 
significant if the thermal neutron dose is both more than 0.2 mrem and more 

than 2% of the total exposure. In general if the total exposure is more than 

2 mrem, the standard deviation of calculated thermal neutron dose equivalent 
will be less than 16% of the total exposure received. If the exposure is pure 
thermal neutrons, the lowest level of significant detection is 0.14 mrem and 
the two standard deviation level is 0.3 mrem. 

Fast Neutron 

The fast neutron calculated exposure is by far the least precise (see Fig

ure 10.5). The standard deviation of calculated fast neutron dose will be at 
least eight times the magnitude of the thermal neutron dose given. 

(a) This is defined as when the mean calculated dose is at least one standard 
deviation away from zero. At this level, one in six dosimeters would indi
cate no exposure assuming the background subtraction was correct. 

(b) This is the level where there is a 97% chance of the dose being detected, 
that is, when the calculated dose is two standard deviations above zero. 
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(SFN ~ 8 • THN.) The lowest level of significant detection for a pure fast 
neutron exposure is 10 mrem. There is no two standard deviation level. 

Figure 10.7 illustrates the effect of thermal neutron exposure on calcu

lated fast neutron exposure when the remainder of the exposure comes from gamma 

radiation. Note that increasing the percentage thermal neutron dose equivalent 

from 0% to 16% completely destroys the fast neutron precision. 

If there is very little thermal neutron exposure, the calculated fast 

neutron dose is much more precise but still has significant statistical prob

lems. For example if a group of workers are each exposed to 500 mrem gamma 

(including background) and 100 mrem beta, their expected calculated fast 

neutron dose equivalent would, assuming no determinate error, be 0 % 130 mrem. 
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If all negative calculated dose values are assumed zero, half of these workers 
would show no fast neutron dose. Assuming a normal distribution, 25% would 
show a fast neutron dose between 0 and 90 mrem; 15% would show between 90 and 

170 mrem; 9% would show between 170 and 305 mrem; and 1% would show a fast 
neutron dose above 305 mrem. 

This kind of problem has occurred historically at N reactor during summer 

outages. Common dose values for maintenance personnel are 500 mrem gamma and 

100 mrem beta. They receive no significant fast neutron exposure, yet a signi
ficant fraction of their dosimeters indicate a fast neutron dose. For example, 
one population of 44 dosimeters for June 180 indicated a mean population fast 
neutron dose and standard deviation of -59 ± 107 mrem and another population 
of 21 indicated -101 ±144 mrem. Of the 44 dosimeters, 27% indicated a fast 

neutron dose between -59 and 13 mrem (equivalent to 25% for 0 to 90 mrem in 
example above), 11% indicated between 13 and 78 mrem (equivalent to 15% for 

90 to 170 mrem above), and 9% indicated a dose between 78 and 190 mrem 
(equivalent to 9% for 170 to 305 mrem above). As can be seen here, the calcu

lated dose values closely follow a normal distribution. Also, the predicted 
standard deviation of 130 mrem was quite close to the observed values of 

107 and 144 mrem. 

A determinate error was observed illustrating the expected effect of a 

beta field exposure on the calculated fast neutron dose. For the group of 
44 dosimeters in the example above, their average calculated fast neutron dose 
was -59 mrem instead of zero. This negative value was probably due to the pre
sense of a 100 mrem beta dose. In high energy beta fields, the four-chip HMPD 

consistently underestimates the fast neutron dose because the gamma subtraction 
(R2) includes too much beta response. As shown in Table A.lO.l the five-chip 
dosimeter does not have this problem. 

Careful analysis of Figure 10.5 also shows that the standard deviation of 

a calculated fast neutron dose will be at least equal to 64% of the given fast 

neutron dose. From this it can be shown that there is at least a 6% chance of 

any fast neutron dose being calculated as a negative value. In other words, 

1 in 17 people who receive an exposure of 1000 mrem fast neutrons can expect 
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to have a calculated fast neutron dose of zero or less. (Those people would 
most likely show a thermal neutron dose of about 40 mrem.) 

Beta (Nonpenetrating) 

The beta dose values are much more precise than the fast neutron dose val
ues but not as precise as gamma values. Figure X.6 shows the effect of each 
type of radiation on the calculated beta dose equivalent values. The minimum 
standard deviation is shown to be 11 mrem (90Sr equivalent). A beta calculated 

dose value will be statistically significant if it is greater than 11 mrem and 
greater than 13% of the total exposure. If the dose is from a pure beta expo
sure, the lowest level of significant detection will be 11 mrem and the two 
standard deviation level will be 22 mrem. 

EFFECT OF "ZEROING" ALL NEGATIVE VALUES 

Since each calculated dose has an associated standard deviation, often 

significant relative to the dose, the rejection of all negative calculated dose 
values will lead to a cumulative inaccurracy. For dose calculations whose 

standard deviation exceeds the given dose, zeroing all negative dose values 
will result in a significant average overcalculation of the dose given. Fig
ure 10.8 illustrates this. Figure 10.8b shows that if the mean is one standard 

deviation above zero, considering all negative values equal to zero will result 

in an average overestimation of the dose by 24%. If the mean is two standard 
deviations above zero the dose will be overestimated by only 2.6%, but if the 
mean is only one half of a standard deviation above zero the dose will be over
estimated by 70%. 
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THEORY AND EQUATIONS 

The eauations used in calculatinq dose(a) with the 4-chip and 5-chip 

dosimeter are shown in Table 10.2. The expected standard deviations of calcu

lated dose were calculated by reducing each equation to only independent vari

ables; then the linear terms of a Taylor series expansion about the mean were 

used to obtain an approximate average exposure and standard deviation. This 

is further explained in Bennett and Franklin, Statistical Analysis in Chemistry 
and the Chemical Industry, pages 51 to 53. The mathematical methodology used 

is shown below: 

Case I: Z = A+B 

S (2 2f/2 
E!! SA + SB z 

Case II: Z = A • B 

2 2 ) 1/2 5z ~ z· (GA) + (~B) 

Case III: z = f(A,B,C, etc.) 

where, 

SA = standard deviation of variable A 

fA = partial deviation of f(A,B,C, etc.) with respect to A evaluated at 

llA' llB' llC' etc. 

(a) The terms dose and dose equivalent are used interchangeably in this report 
to mean dose equivalent in units of rem or mrem. 
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TABLE 10.2. Equations Used in Calculating Dose Equivalent 

Calibration Equations 
Constant 
K2 

4-Chip Badge 5-Chip Badge 
R1CS/R2CS 
R4CS/R2CS 
1000 mR/R2CS 

(Same) 
R4CS/R5CS 
(Same) 

K6 
C1 

C2 

C3 

C4 

K5 

K7 

C5 
C6 
C7 

2000 mRad 
R1B-K2 • R2B 
C2· K2 

50 mrem 
R3THN-R4THN 

(Same) 

(Same) 

(Same) 

R4THN-K6 • R2THN R4THN-K6 • R5THN 
R3THN-R4THN R3THN-R4THN 

R4FN-K6 • R2FN-K5 .. (R3FN-R4FN) R4FN-K6' R5FN-K5' (R3FN-R4FN) 
1000 mrem 1000 mrem 

1/K7 1/K7 
K6'C5 K6'C5 
K5'C5 K5·C5 

Dose Equivalent Equations 
Type of Radiation 

Nonpenetrating (NP) 
4-Chip Badge 5-Chip Badge 

C2 • (R1-B1)-C3 • (R2-B2) (Same) 

Penetrating (PEN) 

Slow neutrons (SLO) 

Fast neutrons (FN) 

C1 • (R2-B2)-E • (# of days 
between annealings) 

C4 • (R3-B3-R4+B4) 

C5 • (R4-B4)-C6 • (R2-B2) 
-C7 • (R3-B3-R4+B4) 

(Same) 

(Same) 

C5 • (R4-B4)-C6 • (R5-BS) 
-C7 • (R3-B3-R4+B4) 

(a) RX ____ refers to the thermoluminescent reading in total counts for a TLD 
chip located in position IX. For a calibration exposure gives the 
type of radiation involved, i.e., CS means 137Cs gamma. S-means beta 
from natural uranium, THN means thermal neutrons from the Sigma Pile, and 
FN means fast neutrons from PuF4. 

(b) BX refers to the thermoluminescent reading in total counts for a control 
TLD chip in position IX. 

(c) E refers to the rate of background radiation accumulation of 1 cm deep 
exposure. This is approximately equal to 0.18 mR per day. 

10.26 



~A = mean value of A, 
etc. 

Applying these methods to the current dose equations shown in Table 10.2, equa

tions approximating standard deviations of calculated exposure were generated 

and are listed in Table 10.3. Due to the complexity of these equations they 

have been separated into several separate equations. 

Use of the equations in Table 10.3 allows a calculation of expected stand

ard deviations due just to TLD-reader variability. The assumption was made 
that each HMPD-LiF chip response by position was independent of the other 

responses by position (in other words, that the covariance between positions 

was zero). Therefore care must be taken to assure that only pqsition independ

ent TLD-reader variability is included in the input standard deviation values. 

Since the equations in Table 10.3 do not include the factor of calibration 

exposure variability nor of reader response variability,(a) these values had 

to be added in separately. They were included as multiplicative errors in the 
final calculated exposure values. Mathematically they were combined as 

follows: 

(la) 

(lb) 

(lc) 

(ld) 

(a) See Figure 10.2. 
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TABLE 10.3. Equations Used in Calculating Standard Deviations of Calculated 
Exposure Due to Independent Chip Variability 

Nonpenetrating exposure: 

SK2-K2 • f(ISRICS)2 + (SR2CS)2 )1/2 
- ~ RICS R2CS 

G = R2-B2 
H = RIB - K2·R2B 
W = RI-BI-K2·G 

SNP = 2000 • (SRI
2 + SB12 + (SR2 • K2)2 + (SB2 ~ K2)2 + 

H2 

((W • R2B-H • G) • SK2)2 + (SRIB • W)2 + (SR2B • W • K2 )2)112 
H4 

Standard deviation of penetrating exposure: 
SCI = Cl • (SR2CS/R2CS) 

~ )
2 2 + SB22)112 SPEN = Cl • (R2-B2) • (SCI + .::.:SR:...:.:2=----=:._==_ 

Cl (R2-B2)2 

StandArd deviation of slow neutron exposure: , 

(SR3THN2 + SR4THN2)1/2 
SC4 = C4 • R3THN _ R4THN 

((
SC4)2 SR32 + SB3 2 + SR42 + SB42 )1/2 SSLO = SLO· - + 2 
C4 (R3-B3-R4+B4) 

Standard deviation of fast neutron exposure: 

((SR4CS)2 (SR2CS)2)1/2 
SK6 = K6· R4CS + R2CS 

V = R3THN-R4THN 
ZR = R3 FN -R4FN 
ZF = R3THN-K6 • R2THN 
T = R4THN-K6 • R2THN 

G2 = R2-B2 

G3 = R3-B3 
G4 = R4-B4 
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TABLE 10.3. (Contd) 

01 = R4FN-K6.· R2FN 
DEN = 01 0 V-T 0 ZR 
NUM = ZF 0 G4-V • K6 0 G2-T 0 G3 

AA = ([DEN 0 (G4-K6 0 G2) - NUM 0 D1J 0 SR3THN)2 
AB = [(DEN 0 (R2THN 0 G3-V • G2-R2THN 0 G4)-NUM 0 R2THN 0 ZR + 

NUM 0 R2FN 0 V) 0 SK6J2 
AC = ([DEN 0 (K6 0 G3-K6 0 G4)-NUM 0 K6 0 ZRJ 0 SR2THN)2 

2 
AD = [(DEN 0 (K6 0 G2-G3) + NUM 0 ZR+NUM 0 01) 0 SR4THN] + 

(NUM 0 T 0 SR3FN)2 
AE = [( NUM 0 T+NUM 0 V) • SR4FNJ2 

2 
AF = (ZF DiN SR4 ) 

2 
AG = (ZF D~N SB4 ) 

AH = (V • ~~N 0 SR2")2 

2 
AI = (V • K6 0 SB2) 

DEN 

AJ-(T .SR3)2+(T OSB3)2 
- DEN DEN 

AK = (NUM 0 K6 0 V • SR2FN)2 
DEN 2 

SF = 1000 0 (AA+AB+AC+AD+AE + AF+AG+AH+AI+AJ+AK)1/ 2 
DEN4 

NOTES: Variables and constants are the same in this table as those defined in 
Table 10.2. The only major addition is that an S is put in front of 
the variable or constant name to indicate this is a standard deviation 
value. 
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where, 
NP = nonpenetrating dose given 

SNP = standard deviation of calculated nonpenetrating dose due TLD-Reader 
to TLD-Reader variability, but not reader response varia-

bility or calibration exposure variability 

SNP tot = standard deviation of calculated nonpenetrating dose 

including TLO-Reader variability, reader response varia
bility (RER), and calibration exposure variability (CER) 

PEN = penetrating dose given 

THN = thermal neutron dose given 

FN = fast neutron dose given 

RER = standard deviation of reader response divided by total 

response 

CER = standard deviation of calibrations response divided by 

total response 

etc. 

Note that the value IISNP TL D-REAOER II is the value obtained from equations 

in Table 10.3. Since IIRER" and "CER" represent standard deviation divided by 
total response, they do not need to be divided by total response. 

Equations in Table 10.3 along with Equations (la) through (ld) allow the 
final calculation of standard deviation when all input values are known. 
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ASSUMPTIONS 

Several assumptions on TLD variability were made so that statistical data 
obtained from specific nonmixed fields could be used to predict statistical 

responses in mixed field exposures of various magnitudes. These assumptions 

are listed below: 

1. For a qualitatively constant radiation exposure, TLD thermoluminescence 

is directly proportional to the quantity of radiation received: 

R = 0 . CR + B 

where, 

R = thermoluminescent response 

o = quantity of radiation received 

CR = chip response in thermoluminescence per quantity of radiation 

B = thermoluminescent response of control chip due to inherent TLD 

"noise" 

2. For a qualitatively constant radiation exposure (i.e., SO=O), the stand
ard deviation of thermoluminescent response equals: 

where, 

SR standard deviation of thermoluminescence response 
S% standard deviation in percent due to this radiation 

SB standard deviation of control chips with no exposure 

3. When radiation fields are mixed, the total thermoluminescent response is 
equal to the sums of the individual thermoluminescent responses: 
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where, 

RT = total thermoluminescent response 

Ry1 = response due to gamma radiation #1 

ReI = response due to beta radiation #1 

RTHN1 = response due to thermal neutron radiation #1 

RFN1 = response due to fast neutron radiation #1 

Ry2 = response due to gamma radiation #2 
etc. 

4. When radiation fields are mixed, the standard deviation of TLD thermolumi

nescent response equals: 

ST = ((Sy1 + Sy2 + ••• + Se1 + Se2 + .•• )2 + (STHN1 + STHN2 + •.• 

+ S + S + )2)1/2 FN1 FN2 .•. 

where, 

ST = standard deviation of RT 

\1 = standard deviation of Ry1 

Sel = standard deviation of ReI 

STHN1 = standard deviation of RTHN1 
SFN1 = standard deviation of RFN1 
etc. 

SUPPORTING EVIDENCE 

Assumptions #1 and #3 are well established as valid at low exposure 
levels (below 1 rem) and are not dealt with here. 

Assumption #2 follows directly from assumption #1 when it is realized 

that the standard deviation of a quantitatively constant exposure equals zero 

(SQ = 0) and the chip response per quantity of radiation is assumed to be 
constant (SCR = 0). 

Assumption #2 is shown in Figure X.9 to be quite reasonable in the range 

of 5 mrem to 1000 mrem. Also data in Figure X.10 indicates this assumption is 
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reasonable for exposures up to 1000 rem. Though these two figures deal pri
marily with gamma radiation, it is reasonable to assume that a similar response 
occurs for beta and neutron fields. 

Assumption #4 has not been vigorously verified experimentally, but rather 

is a best guess based upon the physics of trap deposition in Lithium TLD mate
rials. Since the mechanisms of energy deposition are quite different for 
neturon absorption compared to gamma-beta absorption,(a) they can reasonably 

be considered independent variables (covariance equals zero). As such, their 

standard deviations should be added as rms (root mean square) values. 

Data which helps support assumption #4 is shown in Figure 10.11. The pre
dicted curve for standard deviations shown here is reasonably close to the data 
pattern. Though the data points are quite scattered, this graph does show that 

increasing the percent thermoluminescence coming from neutron exposure to 40% 
decreases the percent standard deviation, which is in agreement with 
predictions made using assumption #4. 

The predicted curve in Figure 10.11 comes from independent data on the 
standard deviations of this specific TLD material for a pure gamma dose of 
1000 mrem and a pure thermal neutron dose of 50 mrem. The actual data points 
in Figure 10.11 come from thermoluminescent data from doses ranging from 
2.5 mrem to 270 mrem. The approximate agreement between the predicted curve, 
using assumptions #2 and #4, and the actual data indicates that assumptions #2 
and #4 are fairly good approximations of actual TLD behavior. 

(a) Neutron absorption by Lithium-6 leads to creation of a 4.8 MeV triton and 
an alpha particle which dissipate their energy by physically bombarding the 
nearby crystal lattice. Whereas, gamma and beta trap deposition have a 
completely different primary mechanism envolving electron cloud interaction 
with ionizing radiation. 
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EXPERIMENTAL AND CALCULATION METHOD 

The values listed in Table 10.4 are parameters used to predict cal

culated dose standard deviations. They are approximations obtained from 
analysing data from specifically designed experiments as well as data from 
calibration exposures. The specific values determined are: 

1. the general HMPD response and variability 

2. the calibration dosimeter response and variability 
3. the LiF background variability 

4. the reader response variability 

5. the calibration exposure va ri abil ity. 
How each value was determined is briefly described here. 

GENERAL HMPD RESPONSE AND VARIABILITY 

First, experiments were specifically designed to give nearly identical 

exposures to groups of 12 badges simultaneously exposed to one source. For 

beta, gamma and fast neutron exposures 12 HMPDs were symmetrically attached to 
the base of a 50 liter tap water filled carboy. The base of the carboy 

directly faced the radiation source, 70 cm away. The arrangement is pictured 
in Figure 10.12a, b, and c. Radiation sources used were 90Sr , 60Co and 252Cf . 

For each source, 12 standard Hanford four-chip dosimeters with sample security 
credentials were exposed to the doses listed in Table 10.4. In a similar man

ner, 12 standard Hanford dosimeters (randomly selected form the Hanford dosime
ter pool) were exposed to thermal neutrons from a PuBe source surrounded by a 

cylindrical shell of O2°. Dosimeters were placed s~metrically arround the 

PuBe--D2 source as shown in Figure 10.13. A second shell of O2° surrounded 
the dosimeters. The thermal neutron dose equivalent was 280 mrem. 

After a holding time ranging from 2 days to one month, the dosimeter cards 
were read on Hanford reader #1. The reader count data were analysed to deter

mine the expected standard deviation of each chip position from a population 
of dosimeters given the same dose. For thermoluminescent data, it was assumed 

that certain TLD-700 chips had the same standard deviations expressed as 

percent of total thermoluminescence. These were: 
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TABLE 10.4. Values Used in Calculating Standard Deviations 

Reader Response Variability = 4.4% for one standard deviation (reader #1) 
Calibrations Exposure Variability = 2.2% for one standard deviation 

Reader Counts for Each Position (based on a 100 ~~,m exposure) and 
Standard Deviation in Percent 

Radi at i on HMPD Pos it i on Actua 1 Instrument 
(Source Used) #1 _#2_ #3 #4 #5 

Garrrna 140.3 146.3 168.4 140.8 141.1 
(60Co) +5.8% +5.8% +11. 7% +12.7% +5.8% 

Thermal Neutrons(b) 68.3 58.8 11923 5585 71.9 
(PuBe-D20) +2.6% +2.6% +4.0r +4.9 c) 

+4.0r ~9.3 c) 
+2.6% 

Fast Neutrons(d) 2.7 2.4 503.4 308.6 2.8 
(252Cf) ,:12.6% +12.6% +9.97 ,:10.3 c) 

+9.97 ,:12.9 c) 
+ 12.6% 

Beta 123.8 28.5 2.2 1.6 1.4 
(90S r ) ,:2.4 % +7.4% +14.8% ,:14.8% 9.3% 

One S ta nda rd Deviation in Reader Counts of Control TLD's With No 
Ex~osure Since Last Anneal 

2 nd Read i ng 
of 1 T Badges .:g .44 ,:4.85 +6.55 +6.08 +4.85 

Reader Counts for Calibration Exposures and Expected Standar~ geviation 
of Mean Due Only to TLD Consecutive Reading Variance e 

1-R Garrrna 1408.8 1462.8 1678.6 1520.9 1499.3 
(137Cs) +2.09% +1.86% ,:0.91% +1.05% +2.13% 

50 mRem Thermal 18.8 5945 2775 24.7 
Neu trons +6.4% 

(Sigma Pile) 
+1.2 g% .: 1.2 g% +6.2% 

1 Rem Fast 289.3 2562.3 2080.8 288.6 
Neu tron s +2.19% +0.93% ,:1.46% ,:2.22% 
(PuF4 ) 

2 Rad 90S r 2001 76.8 1.9 
Equivalent Beta (f) 
(u) 

+2.18% .:3.3 % ':53.4% 

Measu red Dose 

90.4 mR 

280 mRem 

109 mRem 

260 mRad 

Calibration 
F ac tor 

1.04 

0.91 

0.92 

(a) Actual reader counts were corrected to a 100 mrem exposure, then multiplied by the calibration factor 
given so that the HMPD dose equation calculated 100 mrem for the type of radiation involved. 

(b) Reader counts for HMPD Positions 1, 2, and 5 were calculated as shown on page B.12 of appendix B for a 
pure thermal neutron exposure with the dosimeter on a cylindrical phantom. 

(c) These standard deviation percentage values include a 2.8% multilicative standard deviation value for 
HMPD position 3 and an 8.3% multiplicative value for HMPD position 4. See Study 5 on positional 
dependence. 

(d) Reader counts for HMPD Positions 1, 2, and 5 were calculated as shown on page B.13 of appendix B for a 
pure fast neutron exposure on a cylindrical phantom. 

(e) This is mathematically equal to the standard deviation of individual values divided by the mean value 
divided by the square root of the number of measurements: 

IXn 
(f) 2 Rad 90S r equivalent radiation equals 4 Rad U radiation. 
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FIGURE 10.120. Skewed View of Exposure Setup 



; 

FIGURE lO.12b. Side View of Exposure Setup 



FIGURE 10.12c. Front-End View of Exposure Setup 
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A. Thermoluminesescence of TLD-600 chips in positions 3 and 4 resulting 
from either a gamma, thermal neutron or fast neutron exposure. 

B. Thermoluminescence of TLD-700 chips in positions 1, 2 and 5 resulting 

from either a gamma thermal neutron or fast neutron exposure. 

To determine the independent variability (no covariance) of reader count 

measurement by HMPD position, the standard deviations of the difference between 

two similar TLD position readings were calculated. From this the independent 

standard deviation of each TLD reading was calculated. As an illustration, for 
the gamma exposure the percent standard deviation for positions 1 and 2 was 

determined as follows: (100 mrem exposure) 

S (R1 - R2) = % 11.99 

(~:2 «( Rl-R2); _ (Rl-R2)~ 1/2 
S(R1-R2) = 12-1 ~ 11.99 

1/2 

((
S% )2 2 (S% :\2 2) 

11.99 =, 100 • R1 + (.84) +'"100 . R2) + (1.64) 

S% = 5.84 

where, 

S(R1 - R2) standard deviation of the value (R1 - R2) for 12 identically 
exposed dosimeters 

S% = standard deviation in percent of R1 and R2 without the control 

reading contribution 

R1 themoluminescent reading of TLD chip in position #1 from a 60Co 
exposure 
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R2 = thermoluminescent reading of TLD chip in position #2 from a 
60Co exposure 

0.84 = standard dev i at ion of control TLD chips in position #1 

1.64 = standard deviation of control TLD chips in pos it i on #2 

The actual calculations involved in determining the standard deviations 

by TLD position for each source are shown in more detail in the addendum to 

Table 10.4 in Appendix B. 

R5 

After each set of 12 standard HMPDs was exposed, a set of 12 handloaded 

multpurpose dosimeters was identically exposed to the same approximate dose. 
Data from these hand read 5 chip dosimeters were used to predict values of R5 

and SR5 in the HMPD for each type of radiation. Also these data were used to 
verify the accuracy of the equations calculating standard deviation values in 
Tab 1 e 10.3. 

LiF--READER BACKGROUND VARIABILITY 

Next, the reader values for control TLD's given no dose were approximated 

by computing the standard deviations by position of HMP control dosimeters 

given no exposure other than background for about four months. These standard 
deviations were compared to standard deviation values from TLD's reread imme
diately after reader anneal. Reread HMP TLDs had a slightly lower standard 
deviation than control dosimeters, and since they had no background accumula
tion the reread values were taken as the best values for control TLD chips with 
no exposure. These values are listed in Table 10.4 under the heading "2nd 

reading of 1T bades." 

CALIBRATION DOSIMETER RESPONSE AND VARIABILITY 

The standard deviation of calibrations' data was calculated by position for 
TLD chip populations using the standard deviation of the difference between two 

similar positions as done previously for the general HMPD response and varia
bility. The expected standard deviation of mean values used in dose 
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calculations were calculated by dividing the population standard deviation by 
the square root of the number of measurements involved in obtaining the mean. 
As an example, the calculations for gamma calibration~ data in position #1 

and #2 are shown below: 

A. Twelve groups of ten calibration~ dosimeters were each simultaneously 
exposed to lR (=1 rem) 137Cs and each group was consecutively read on Hanford 

reader #1. The consecutive thermoluminescent readings were analyzed to deter

mine the standard deviation of RI-R2, S(RI-R2), as follows. 

where, 

Xi = (Rl - R2) 

i=10 2: . 1 X. . 
1 = 1 , J 

10 

/i=10 
S(RI - R2)10 . = (2: ,J . 1 1= 

X •• - X 
( 

_ 2 1/2 

1"J 10,j) ) 

10-1 

(
i:..12 ( )2)1/2 S(R - R2)120 = ~S(RI - R2)10,j 
J=1 _ 
=-----~--'1~2----~-

S(RI - R2)120 = 126.96 

S(RI - R2)120 ~ S(RI - R2) 

S{RI - R2) ~ 126.96 

S{RI - R2)120 = The standard deviation of Rl - R2 determined from 
120 calibration HMPD exposures. 

Rl = thermoluminescent reading of TLD chip #1 
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R2 = thermoluminescent reading of TLD chip #2 

= dosimeter number (1 to 10) 

j = set number (1 to 12) 

B. From this standard deviation value, S(RI-R2), the expected standard 
deviations (with no covariance) of the mean values were calculated: 

i=10 

= L: 
i=1 

10 

Rl. . , ,J 

(Rl i ,j - RTlO,j)2)1/2 

10-1 

R110 ,j 

(In a similiar manner, SR2120% was calculated. These values include 

covariance. They were used just to determine the ratio of standard 

deviations.) 
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SRl120 % __ 7.92% __ 1.125 SR1% 
:: SR2%oo SR2 120% 7.04% 

fIT120 = 1408.8 ~ fIT 

R2 120 = 1462.8 =' R2 

2 2 )1/2 
S(R1 - R2) = 126 96 = ((SR1% • fIT) + (_1_ • SR1% • R2) 

. 100 1.125 100 

SR1% (population) = 6.62% 

SR2% (population) = 5.88% 

SR2 10% (mean of 10)=SR1% = 2.09% 
jfb 

SR2 10% (mean of 10) = SR1% = 1.86% 
JIG 

where, 

R1 .. = reading i in set j 
1 , J 

fIT10 ,j = mean of 10 readings in set j 

fIT120 = mean of all 120 readings in sets 1 through 12 

SR110,j% = standard deviation of R1 in set j in percent 

SRl120% = standard deviation of R1 in percent determined from 
120 calibration HMPD readings 

SR2 120% = standard deviation of R2 in percent determined from 120 
calibration HMPD readings 
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SRl% = population standard deviation of Rl with no covariance in 
percent 

SR2% = population standard deviation of R2 with no covariance in 
percent 

SRIlO% = standard deviation of mean of 10 readings of Rl with no 
covariance in percent 

SR2 1O% = standard deviation of mean of 10 readings of R2 with no 
covariance in percent 

The reason for these lengthy calculations is to eliminate all covariance 
between positions in the HMPD data which might result from differences in dis

tance from the source, differences in room scatter, etc. Note that SR1120% 
(7.92%) was slightly greater than SRl% (6.62%). This is because the SR1120% 
value included the covariance contribution and the SRl% value did not. 

R5 

Values for each calibration mean and standard deviation reading used in 

dose calculations are shown in Table 10.4. Deviation values were calculated in 
a similar manner as the example given above. The 5th chip response values 
were added by comparing chip response values using 5-chip, hand-loaded and hand
read dosimeters with standard 4-chip HMPD response values. 

CALIBRATION EXPOSURE VARIABILITY 

Calibration exposure variability as shown in Table X.4 is a measure of 
how much one calibration exposure varies from another calibration exposure due 
to the exposure rather than TLD-reader sources. This value is expressed as 
fraction of total exposure. To determine this value, lR 137Cs calibration 

exposure data were analyzed. For each calibration there are 10 IIlTlI dosimeters 
consecutively read followed by 10 IIPT" dosimeters. These dosimeters are 

exposed separately to lR 137 Cs in near identical geometries. The variance of 
the ratio of the mean IT reading to the mean PT reading was compared to the 

predicted variance using population standard deviations. The difference 
between the predicted variance and the actual variance was assumed to be due 
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to variability in calibration exposure. This was the only reasonably accurate 

measure of variance of calibration exposure; therefore, this value was used for 
gamma, beta, fast neutron and slow neutron exposures. 

The calibration exposure variability was calculated mathematically as 

follows: 

where, 

IT, 

PT, 
10) 

10 predicted 
CER, 

«(
SRi %)2 )1/2 120 0 x2 

= '\ (10)1 / 2 
wlo 

CER2i = s(:y, n, 10)2 

y, PT, 10 actual, 

- s (;-y.!....::,---=-.;lT~, _1~0 J 
y, PT, 10 predicted wlo CER, 

CER =('~4 
i=l 

, )

1/2 
~CER;)2 

= 0.02 or 2% 

R = mean of position y,lT,10 in 10 calibration HMPDs when given lR 137Cs. 

RyPT ,10 = mean of position i in 10 calibration HMPDs when given lR 137Cs. 

SRi 120% = standard deviation of Ri in percent of total response deter
mined from 120 calibration HMPD readings 

S( )i = standard deviation of quantity in parenthesis, predicted or 
actually calculated for position i 

10 = number of dosimeters used in calculating mean 
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CERi = one standard deviation of calibration response divided by total 
response determined for position i 

CER = average CER for all four dosimeter positions (Data came from 
6 calibrations exposures or 484 separate thermoluminescent 
values.) 

READER RESPONSE VARIABILITY 

The final value which was calculated in Table 10.4 is the reader response 

variability, which is one standard deviation of reader drift or cycling during 

an average run expressed as fraction of total readout. To determine this 
value, the standard deviation of consecutively read IT dosimeters (exposed to 

lR 137Cs) was compared to the standard deviation of IT dosimeters read intermit
tently throughout three complete runs. (The larger standard deviation of 

intermittent readings was assumed to be due to reader response variability.) 

The equations used in calculating reader response variability are: 

RER = 

where, 

(RERi)2 
...:........::=--.,--__ - CER2 = .044 = 4.4% 

4 

RERi = one standard deviation of reader response calcu
lated as fraction of total response for TLD chips 
in position i. 

SRi IT,Run #1 = one standard deviation of IT TLD response in 
fraction of total response in position i for Run #1. 

SRi IT,consec. = one standard deviation of IT TLD response in 
fraction of total response in position i when read 
consecutively. 
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RER = one standard deviation of reader response in frac
tion of total reading averaged over all positions. 

CER = one standard deviation of calibration response in 
fraction of total reading. 
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VERIFICATION OF STANDARD DEVIATION EQUATIONS AND TABULATED VALUES 

To verify the standard deviation equations in Table 10.3, sets of twelve 

hand-loaded and hand-read dosimeters were exposed to either 60Co , PuBe-D20, 
252 Cf or 90 Sr as shown in Figures 10.12 and 10.13. Using the same methodology 

used deriving the standard deviation values for the Hanford reader-dosimeter 
system, the predicted values were computed and compared to the actual values 
for standard deviation. Only one set of calibration constants was used. 

Results are shown in Table 10.5. In general the equations are shown to 

be very accurate in predicting the standard deviation values. 

In a similar manner, the variability of hand read calibration constants 

were used to test the equations in Table X.3. Results are also shown in 
Table 10.5. The agreement between predicted and actual standard deviation 
values is again quite good (90% of the predicted values in Table 10.5 are 
within 25% of actual values). 

In general, Table 10.5 shows that when the correct values for standard 
deviation and total thermoluminescence are input, the equations in Table 10.3 
will calculate good first approximations of standard deviations. The question 
then is, "How accurate are the standard deviation and total thermoluminescence 

values in Table 10.4 and how accurate are the calibration exposure variability 
and reader response variability values?" To answer this, sets of Hanford cali

brations data over several months were analysed to determine their standard 
deviations. Then these values were compared to qeneral HMPD predicted values 
using Table 10.4 and Figures 10.3 through 10.6.(a) The results are tabulated 
in Table 10.6. 

In general, the predicted and actual standard deviations are fairly close 
(40% of the predicted values are within 25% of actual values). The largest 

differences occur when calculating the standard deviation of neutron doses fol

lowing a neutron exposure. This is because the calibration exposure is con

trolled to assure nearly identical phantom dosimeter placement, 

(a) The drawback of this procedure was that calibrations TLD chips do not have 
the same statistical repsonse as do general HMPD TLD chips, though they are 
similar. 
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TABLE 10.5. Verification of Standard Deviation Equations (All data here came 
from hand-loaded and read dosimeters.) 

Standard deviation due to TlD reader variabilitJ: 
Dose Calculated 98 mrem 440 mrem 39 mrem 420 mrem 

60CO PuBe-D20 252Cf 90Sr 

SNP predicted *17 .5 *72 *3.3 *37.6 
SNP actual *14 *85 *3.2 *37.5 

SPEN predicted *4.7 *29 *1.1 *3.2 
SPEN actual *4.7 *29 *1.1 *3.2 

SSlO-N predicted *.16 *19 *.45 *.03 
SSlO-N actual ±.17 *19 *.44 *.02 

SFN (4 ch ip eqn) predicted *13 *1430 *41 *4.7 
SFN (4 

SFN (5 
SFN (5 

where, 

chip eqn 

chip eqn) 
ch ip eqn) 

SNP 
SPEN 

SSlO-N 
SFN 

) actual * 13.8 *1130 *35 

predicted * 14.3 *1417 *41 
actual * 14.6 *1226 *34 

standard deviation of calculated nonpenetrating dose 
standard deviation of calculated penetratlng dose 
standard deviation of calculated slow neutron dose 
standard deviation of calculated fast neutron dose 

*4.9 

*2.1 
*1.6 

Standard deviation due just to variations 
of calibrations constants 

93 mrem 
60Co 

*8.9 
*6.7 

*3.8 
*3.8 

*.019 
*.020 

*1l.8 
*11. 7 

*1l.8 
*11. 7 



TABLE 10.6. Comparsion of Predicted General HMPD Standard Deviations 
with Actual Calibrations HMPD Standard Deviations 

SNP predicted 
SNP actual 

SPEN predicted 
SPEN actual 

SSLO-N predicted 
SSLO-N actual 

SFN predicted 
SFN actual 

where, 

SNP 
SPEN 

SSLO-N 
SFN 

1000 mrem 
137Cs 
:1:127.4 
:1:119.0 

:1:78.5 
:1:79.8 

:1:4.1 
:1:1.6 

:1:268.6 
:1:134.6 

= standard 
standard 
standard 

= standard 

Calibration Dose Given 
1000 mrem 

2000 mrem(90SR eq) 50 mrem PuF (a) 
thermal neutrons 4 U 

:1:11 :1:26 :1:132.8 
:1:6.3 :1:26.4 :1:158.1 

:1:3.4 :1:15.3 :l:5.9(b) 
:1:6.6 :1:15.6 :1:7.2 

:l:6.7(C) :l:10.4(C) :1:.3 
:1:2.6 :1:2.2 :1:.2 

:l:400(C) :l:640(c) :1:46 
:1:122 :1:127 :1:17.4 

deviation of calculated nonpenetrating dose 
deviation of calculated penetrating dose 
deviatin of calculated slow neutron dose 
deviation of calculated fast neutron dose 

(a) 
(b) 

These actual values include the contribution from 180 mrem gamma radiation. 
This value has been corrected for the relative response of chip #2 to 
U beta compared to 90Sr beta. 

(c) These predicted valves include the effect of positional dependence, whereas 
the calibrations exposure did not. Therefore they would be expected to 
overestimate calibration standard deviations by about a factor of two. 

and as such does not include the contribution from positional dependence. Also 

the calibrations TLD chips are more precise then then general HMPO TLO chips 
for neutron exposures. (The genera 1 H~lPO TLO popu 1 at i on was ,shown to be :1:4% 

and :l:10~ for thermal and fast neutrons respectively, whereas the calibrations 
TLO population was shown to be :1:3.2% and :1:3% for thermal and fast neutrons.) 

Within the expected limitations of accuracy of predicting standard devja

tions and the limitation resulting from comparing the predicted field HMPD 

standard deviations with calibrations standard deviations, Table 10.6 verifies 

the predicted values as being reasonably close to acutual values. 
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As a further test of the predicted standard deviations, Table 10.7 compares 

the predicted values with values for control TLDs. Since the control TLDs come 
from the general HMPD pool, they provided a better test. In general, the 

agreement between predicted and actual standard deviations is quite good over 

the dose range covered. (45% of the predicted ~alues are within 25% of the 

actual value, 100% are within a factor of 2.2.) 

TABLE 10.7. Comparison of Predicted General HMPD Standard Deviations 
with Actual Control HMPD Standard Deviations. 

Beta dose given 
SNP predicted 
SNP Actual 

Gamma dose given 
SPEN predicted 
SPEN actual 

Slow neutron dos~ given 
SSLO-N predicted{a) 
SSLO-N actual 

Fast neutron do~e given 
SFN predicted(a) 
SFN actual 

50 mrem 
:1:11. 2 
:1:5.6 

50 mrem 
:1:5.2 
:1:5.3 

100 mrem 
:1:33 
:1:33.9 

400 mrem 
:I: 28.7 
:I: 53.8 

400 mrem 
:I: 32 
:I: 39.3 

40 mrem 
:I: 5.6 
:I: 7.1 

400 mrem 
:1:250 
:1:155 

1000 mrem 
:I: 67.1 
:1:144.4 

1000 mrem 
:I: 78.5 
:I: 90.2 

1000 mrem 
:1:640 
:1:311 

(a) These predicted values include the effect of positional 
dependence, whereas the control exposures did not. 
Therefore they would be expected to overestimate control 
standard deviations by almost a factor of two at high 
dose levels. 
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