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ABSTRACT

"

A value for "average background radiation" of 0.75 mR/week
has been
determined from a total of 1680 thermoluminescent
dosimeters (TLD's)
exposed in 70 houses for periods up to one year. The distribution of results
indicates a rather large variation among houses, with a few locations
exhibiting backgrounds double the general average. Some discrepancies
in
the short-term background accumulation of TLD's have been explained as
being due to light leakage through the dosimeter cases. In addition the lower
limit of detection (LD) for deep and shallow dose equivilents has been
determined for these dosimeters. The LD for occupational
exposure depends
strongly on the time a dosimeter is exposed to background radiation in the
field. The LD can vary from a low of 2.4 mrem for high energy gamma rays
when the background accumulation
period is less than a few weeks to values
as high as 66 mrem for uranium beta particles when background
has been
allowed to accumulate for more than 21 weeks.

ix

1. INTRODUCTION

It is common practice in personnel dosimetry to subtract background
radiation from dosimeter readings and tc, record the difference, i.e., the
"occupational exposure". In many situations the value to be subtracted can be
measured by placing a number of "control dosimeters" at the location where
ali personnel dosimeters are stored at the end of a working day. These control
dosimeters are processed together with other personnel dosimeters at the end
of the wearing period. Subtraction of their average dose accumulation
from
the total personnel doses yields va_iaes for occupational
exposures;
the
uncertainties of these depend mainly on the accuracy and precision of the
personnel and control dosimeters. The above method cannot be applied at
Martin Marietta Energy Systems facilities due to the fact that dosimeters are
attached to the employees' security badges and are taken home at the end of a
working day. Also, although the typical dosimeter assignment period is three
months, dosimeters
are frequently processed after wearing periods from a few
weeks to six months. Since the background dose accumulation of
thermoluminescent
dosimeters(TLD's)
depends on location and time, it is
necessary to measure this accumulation for different times at a large number
of locations. For the present study 24 dosimeters 1, exposed for times between
5 weeks and one year, in each of 70 locations (a total of 1680 dosimeters) were
analyzed.
The background radiation has been measured previously 2. In that study three
sets of 22 dosimeters were measured after background exposure of 5, 10, and
14 weeks in homes in the vicinity of Oak Ridge. An average value of 1.05
mR/week
was obtained.
However the experiments were not designed to
determine non-linearities
in dosimeter response to long-time (>3 months)
background irradiation; nor were they designed to assess variations due to
season or location. The data obtained in the present study are analyzed to
determine the dosimeter response to both short and long time background
irradiation
and to determine whether there exist any seasonal or locational
variations. In addition some discrepancies
in very low dose responses are
resolved and the lower limit of detection 3 (LD) is calculated
for gamma ray or
beta particle irradiated dosimeters.

2. OUTLINE OF EXPERIMENTS

The background
that is subtracted from measured TL signals to determine
occupational
exposures consists of two parts. We will define these as the
"threshold" response, which includes instrument noise and light emission
due to effects other than radiation, and "natural background" that is due to
radiation and increases with time.
The "threshold" signal was measured directly for various times less than --20
days after annealing of the dosimeters.
As many as 150 TLD cards were used
and averaged for some of these measurements.
Because the Teflon used to
hold the LiF chips has been shown 4 to emit light after room or sun light
illumination,
many of these cards were kept from room light exposure
between repeated readouts; others were encased in holders and stored in
normal room light. Values for the threshold were also determined
by
extrapolation
of cumulative background dose measurements
to zero time. As
will be discussed below, different values were obtained from the cards kept in
the dark as from those placed in holders and stored in light.
The "natural background" dose rate and its variation were determined by
placing TLD's in 70 different homes, 50 in the Oak Ridge-Knoxville
area and
20 in the vicinity of Paducah, KY. The dosimeters were accompanied
by a set
of instructions,
to prevent storage of the dosimeters near radiation sources,
heat or intense light.
"Cumulative"
and "monthly" measurements
were
made over a period of one year. For the cumulative measurements,
12
annealed dosimeters were put in piace at the beginning of the experiment (1
May 1990); one of these was measured after each month. For the monthly
measurements,
dosimeters were annealed and exchanged every month at
each location. The total time between anneal and measurement
for each
month was between 5 and 6 weeks.
Values of the lower limit of detection (LD) were determined according to
procedures prescribed in the Department of Energy Standard for the
Performance
Testing of Personnel Dosimetry Systems 3. A total of 10 values of
the LD were determined. There were five exposure categories, deep dose for
137Cs gamma rays, and shallow dose due, respectively, to 137C.s, 90Sr/Y, 204T1,
and depleted uranium beta-particles.
For each of these exposure categories the
dosimeters received additional 6.5 or 23 weeks of background gamma
irradiation by being stored in homes in which the background dosimeters
were also located. The 23 week time corresponds approximately
to the time
between anneal and readout of quarterly personnel dosimeters.
Each value
of LD was obtained from measurements
of ten irradiated dosimeters stored in
different homes and from approximately
50 unirradiated dosimeters stored
for comparable
time.

3. RESULTS
3.1: Direct Measurement

"

of the Threshold

The total response of approximately
380 unirradiated dosimeters, kept in
darkness is summarized
in Table I. The signal shown is in generic reader
units, gU. A gU is approximately
equal to a mR for 137Cs gamma rays; to
simplify mR will be used in this report to indicate gU. Element correction
factors have been included. Also shown in this table are standard deviations
(SD) of the measurements

TABLE I: Threshold

Time after
anneal

making up the given averages.

Signal of Annealed

Dosimeters

Number of
dosimeters

(h)

Kept in Darkness.

Average Signal and
Standard Deviation
chip I

chip 2

chip 3

chip 4

1.7

48

.89
+ .18

.76
+ .19

8.77
+_3.21

1.61
+ .58

2.8

48

.86
+ .24

.80
+ .28

9.52
+ 4.09

1.18
+ .45

5.8

48

.97
+ .20

.87
+ .24

9.56
+ 3.38

1.50
+ .42

16.0

143

.98
+ .22

1.08
+ .23

9.55
+ 2.83

1.47
+ .46

17.8

48

1.21
+ .23

1.14
+ .32

9.88
+ 3.28

1.62
+ .38

48

1.07
+ .21

1.01
+ .32

9.24
+ 3.20

1.54
+ .43

•
-

Signal.

23.0
,D

The data in Table I have large SDs; however
a slight increase in signal
intensity with storage time can be discerned. Such an increase is exactly
one would expect since the dosimeters are irradiated with background
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radiation during storage. If a value of 0.75 mR/week
for background
radiation
is assumed, (see later sections of this report) 5 the data of Table I can be fitted
with linear functions,
yielding intercepts for zero time (Do(dark)) of 0.95,
0.89, 9.4, and 1.4, respectively,
for Chips 1-4.

3.2:

Background

Radiation

Accumulation

During

Extended

Periods.

In Fig. 1 are shown the responses
of the "cumulative"
background
dosimeters,
averaged over the 70 home locations, as a function of exposure
time. Data for the four chips in a dosimeter
card 1 are depicted separately in
Figs. la to ld. The lines drawn through the pointa are (linear) fits to the data;
slopes and intercepts are given on the graphs.
We have also calculated quadratic
(see Table II) and exponential
fits to
data; these fits were not significantly
better than the linear ones shown
1. Thus the average background
radiation
accumulation
rates given in
II for linear fits may be considered
constant for times up to at least one

TABLE

II: Best Fit Parameters

CHIP #

LINEAR
FIT

QUADRATIC
FIT

from Cumulative

INTERCEPT
(mR)

Dosimeter

the
in Fig.
Table
year.

Averages

SLOPE
(mR/week)

1
2
3
4

3.12
3.05
12.23
3.84

.74
.74
.81
.90

1
2
3
4

2.51
2.63
12.41
3.88

.80*
.78*
.78*
.89*

°

* Coefficient of Linear Term
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Fig. 1 (a,b)
Average Dosimeter Response for Different Exposure
Times. Only reader correction factors and element correction
coefficients have been applied; no residual signal has been subtracted.
The numbers given on the figures are calculated intercepts (yo) and
slopes (m) for linear fits to the data. (a) data and fit for Chip 1;
(b) Chip 2.
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Fig. 1 (c,d)
Average Dosimeter Response for Different Exposure
Times. Only
reader correction factors and element correction
coefficients have been applied; no residual signal has been subtracted.
The numbers given on the figures are calculated intercepts (yo) and
slopes (m) for linear fits to the data. (c) data and fit for Chip 3;
(d) Chip 4.
6

3.3:

Determination

of Do for Routine

Dosimeter

Use.

We expected the intercepts of Fig. 1 to be comparable
to the measured
threshold responses given in Table I. This was not the case as comparison
of
the Do(dark) values of Section 3.1 and the Intercepts of Table II show. In order
to ascertain whether this discrepancy
was due to a non-linear
response of the
dosimeters
to low-dose irradiation
during
storage in the dark we performed
additional
measurements
such as those described
in section 3.1 for times up
to 400 h. These measurements
clearly showed that the dosimeters
yielded
Do(dark) values as given in Section 3.1 plus a linear increase in dose
consistent with the slopes given .in Table II.
We know from previous work 4 that incandescent
light affects the dosimeter
response
and that there is some light leakage through
the dosimeter
holders.
Therefore we performed
measurements
of Do with the dosimeter
cards
encased in holders, and exposed thus to room light for different times. In Fig.
2 we have plotted the residual signal, Do (after subtracting
a radiation
background
contribution
of 0.75 mR/week 5 multiplied
by storage time). Fig.
2 indicates that Do definitely increases with storage time in holders and tends
to saturate. The speed at which Do approaches
saturation
and the saturation
level depend on light intensity. This fact explains, for example, why Do of
chip 2, the latter being located under a copper absorber increases more slowly
than does Do of the otherwise identical chip 1. High light intensity incident
on the doismeters used for Fig. 2 probably also accounts for the relatively large
light produced signal for chip 3 (--20 mR after 20 days, whereas the intercept of
Fig. lc suggests that on average dosimeters in homes exhibit Do's saturating
near 12 mR). The results depicted in Fig 2. confirm that under normal
conditions (such as would prevail for field dosimeters)
the values for Do
obtained from extrapolation of the cumulative dosimeter cards (3,3,12,4 mR
for Chips 1-4 respectively)
are the proper ones to use. Linearity of plots such
as those in Fig. 1 indicate that the values, 3, 3, 12, 4, for chips 1-4 respectively,
remaip constant for storage times greater than ~ 6 weeks. For dosimeters that
have been exposed in holders much less than 6 weeks, especially if they have
been stored in subdued light, lower values of Do might be more realistic.

"

3.4:

Variation

of Background

Radiation

.

Values of the background
accumulation
rate, (D-Do)/t
(where D is the
measured dose, Do is the value given in section 3.3, appropriate for each chip,
and t is the time between annealing and reading) have been evaluated for ali
dosimeters used in this study. As in the case for routine personnel
dosimeters,
a small percentage of the results was rejected when glow curve
shapes indicated damaged chips or when dosimeters were not returned.

TIME

(days)

Fig. 2: Average Residual Response of Encased Dosimeters stored in
Room Light. The contribution of actual background gamma radiation
(.75 mR/week) has been subtracted from ali points. The curves shown
are drawn simply to indicate data sets for the different chips. Data for
chips 1 and 4 are similar s') that they are indicated by the same curve.
For chip #3 the ordinate scale on the right should be used.
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Fig. 3: Distributionof BackgroundDoseRatesas Measuredat Many Location
For Periodsof ApproximatelyFive Months.Data from Chips 1 and 2 are
recorded. Thresholdvaluesof 3 mR have been subtractedfrom the measured
reader response. The parametersshown have been obtainedfrom a Least
Squaresfit of the data to the equationas shown in the inset.

Distributions
( frequency of occurrence plotted vs. dose rate readings) obtained
either from approximately
750 "monthly" dosimeters or from a smaller
number of dosimeters irradiated for longer times could be well fitted with
Gaussian functions except for the prese.r;ce ,.ofa small number of data points at
significantly
higher doses than the main distribution.
Fig 3 is such a
distribution for chips 1 and 2, exposed 4-6 months. The curve shown in the
inset is a least squares fit with the parameters indicated. The most probable
dose rate (maximum of the distribution) from Fig. 3 is 0.71 mR/week,
only
slightly less than the slopes for chips 1 and 2 of Fig. 1.
The tail at the high side of the distribution is quite evident in Fig. 3. We have
noted that ali of these high values are from the same 5 locations; at these the
readings were consistently high. If data from these locations were not
included in the averages used in Fig. 1, the dose rates obtained from the
slopes would be approximately
4% lower. A 4% difference in dose rate is not
significant in relation to other uncertainties;
however, not including the high
values greatly decreases the SD and has a significant effect on the LD. This
effect is discussed in Section 3.5.
It should also be stated that there was no significant difference in average dose
rate for dosimeters stored in the vicinity of Paducah versus those stored near
Oak ,Ridge.
To ascertain whether there is any significant seasonal variation in
background
accumulation,
the responses of ali "monthly" dosimeters were
normalized
for time differences and then averaged over ali locations for each
month of the year. The results are plotted in Fig 4. Data are presented for ali
four chips. Do's have not been subtracted. There appears to be no significant
variation with season. The only points that appear to be significantly
outside
the standard errors (indicated by the error bars on the right of the figures) are
those for Month 4 (August). During that month the thermoluminescence
dosimeter reader was moved to a new building, and although we could find
no specific calibration problem on the day the dosimeters for August were
read, it is possible that during that period the change in routine contributed to
systematic errors lowering the points.

3.5: Lower Limit of Detection.
The determination
of the lower limit of detection is specified
0027, 3 where the LD is calculated from the equation:

in DOE/EH-

2 [tp So + Ho' (tpS1/H1) 2]
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Average
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Month
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from data
from
approximately
60 to 70 locations.
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In Eq. 1, tp is the value of the Student t-distribution
for n-1 degrees of freedom
and a probability value of 95% (For example tp=1.68 for n=52) The values
with the subscript 0 are for unirradiated dosimeters while those with the
subscript 1 are for irradiated ones. The values H are dose equivalents in rem
while S refers to the standard deviation of the values of H. It should be
pointed out that determination
of H and LD not only requires measurement
of the response of irradiated and unirradiated dosimeters, but also of
invoking the algorithm6 that converts the generic units of the card reader to
dose equivalent (rem) for different types of radiation.
In Table lII are listed calculated values of the LD for 137Cs gamma rays and
three different beta-ray distributions. It must be pointed out that these
calculations
involve a number of choices and assumptions.
For example, So
in the first term of Eq. 1, the standard deviation of unirradiated dosimeters is
assumed to be for a well behaved distribution, due to such effects as
measuring error. As Fig. 3 indicates, the present background measurements
exhibit a nearly normal distribution
for most of the locations, but
consistently
show much higher values for 5 (of the 70) locations. In Table IV
we have tabulated LD values for two cases: (a) background measurements
at
53 locations 7, 5 of which exhibit dose rates in the tail of the distribution, and
(b) background
measurements
at 48 locations, ali of which fall within the
main distribution.The
differences obviously are large. They will be discussed
below in Section 4.4.

TABLE III: Lower Limit of Detection

Radiation
Type

Gamma

39 day storage
ali data
WO high

(mrem)

Source

*

Cs

d

4.3

2.4

20.6

10.0

s

10.5

6.9

33.0

23.1

Sr

s

10.9

7.1

34.7

24.3

T1

s

15.8

10.3

51.5

36.2

-

U

s

20.0

13.1

65.8

46.7

r,

Rays

Beta
Particles

Lower Limit of Detection

156 day storage
ali data
WO high

* d = deep dose equivalent and s =shallow dose equivalent corresponding, respectively, to
dose at 1 cm and .007cm depths in a 30 x 30 x 15 cm pol_nethylmethacrylate phantom
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4. DISCUSSION
4.1: High Do values for Chip 3.

"

The much greater value of Do of chip 3 as compared to the other chips (12
mR vs. 3 according to the intercepts of Fig. 1) has two sources. Since the chip
is thinner, the factor that converts luminescent light output to dose has to be
greater by the ratio of chip volumes. Thus instrument noise produces a
proportionately larger Do reading for chip 3. The effect of light leakage which
affects primarily the Teflon cover rather than the chip itself 4 is similarly
amplified by the greater conversion factor of chip 3.

4.2: Possible Difference in Background Response of the Four Chips.
The background dose rate as indicated by the slopes of Fig. 1 appears to be
somewhat lower when measured by chips 1 and 2 than when measured with
the other two chips. The difference between chips 1 and 2 and chip 3 is
probably within the experimental uncertainty. However we believe the
higher slope indicated for chip 4 is a real effect, although it obviously can not
be indicative of any difference in radiation background.This effect is discussed
in the following paragraphs. Using the data for chips 1, 2, and 3, and the fact
chip 3 is of lower volume and therefore exhibits a higher SD, we propose a
values of 0.75 mR/week for the background radiation accumulation rate.
The higher accumulation rate exhibited by chip 4 is probably due to the
initial acceptance testing of dosimeter cards 8, during which chip #4 sustains
considerable local damage as well as some He and 3H buildup due to the
6Li(n,003H reaction. Both the modification of the chip material and the fact
that 3H is radioactive can influence the apparent background dose rate.
It is well known9 that heavy irradiation of LiF TLD material produces damage
and trapped electrons not ali of which anneal out in a subsequent single
read/anneal cycle. As a matter of fact techniques have been developed 9 for
rereading heavily irradiated dosimeters by using ultraviolet light to transfer
electrons from these deep, unemptied traps to shallow ones, which then
produce luminescence during another read/anneal. In the case of our
dosimeters where there is no deliberate ultraviolet light excitation of deep
traps, there nevertheless is the likelihood of sunlight penetration of the
dosimeter holders and/or thermal excitation promoting a fraction of
electrons from the deep to shallow traps during storage and background
exposure following the initial neutron acceptance tests. The fact that chip 4
often exhibits a light emission tail at the high temperature end of the anneal

13

cycle supports the hypothesis that there are electrons in deep traps. This
mechanism may alse account for Do of chip 4 being larger than Do for chips 1
and 2.
Piesch and coworkers 10have studied tritium buildup in 6LiF and give a value
for the self-irradiation rate of dosimeter chips due to neutron produced 3H.
From their value and an estimate of the thermal neutron fluence 11 due to
our 50 mrem (moderated Cf spectrum) acceptance test dose we conclude that
Tritium self irradiation due to acceptance testing adds a few percent to the
normal background accumulation.

4.3: Reasons for High LLD in Dosimeters Stored for Extended Times.
As stated earlier (Section 1) the determination of occupational exposure
requires the subtraction of background radiation; thus its uncertainty and
consequently the LD depends on the uncertainties of both irradiated
dosimeter measurements and measurements of background. This fact is
reflected in Eq. 1 by the two terms in the numerator, one involving So, the
standard deviation (SD) of the background dosimeters, and the other
involving $1, the SD of the irradiated ones. In performing the calculations, it
became clear that So was by far the major contributor to the LD, usually by a
factor of 10 to 100. Since the total absorbed background dose increases with
time a dosimeter is in the field the uncertainty (i.e. the SD) of that background
dose also increases. This leads to increased LD's for extended storage times.

4.4: Lower Limit of Detection to be Used for Personnel Dosimeters.
In routine personnel dosimetry at Martin Marietta Energy Systems,
dosimeter responses that are lower than the LD are normally reported as zero
occupational dose. Thus it is important that the assumptions made in
determining LD values are applicable to routine use.
The distribution of home background depicted in Fig. 3 and the fact that ali
the high data come consistently from the same 5 locations would seem to
imply that in a population of houses most exhibit background dose rates
within a normal distribution, as indicated by the fitted curve, while ~7% have
anomalously high backgrounds. On the assumption that our sample of 70
houses reflects the homes of ali workers at the Energy Systems facilities, we
have calculated LD values for two cases, using ali the background values and
only background values that fall within the main part of the distribution.
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If the LDS obtained with all background data (the larger values) are used for
routine personnel dosimetry, dosimeters that are stored at the high dose
locations, which will produce somewhat elevated readings, will nevertheless
be reported as "zero occupational dose". However, dosimeters that are stored
in homes with normal background and which have been exposed to a small
occupational dose will also be reported as "zero dose".
If the LD s obtained
(the smaller values)
probability of being
locations with high
when in reality the

with only the normal distribution of home backgrounds
are used, then small occupational doses have a greater
noted and recorded, but some of the dosimeters from the
background will tend to indicate an "occupational dose"
dose comes from background.

The conservative choice is clearly to base the minimum reporting level on
the lower LD s. Since the percentage of anomalously high locations is small,
there will not occur a deluge of positive non-occupational
values. Moreover,
in contrast to the dosimeters used in the present study, which were at their
locations for 24 hours each day, personnel dosimeters will be worn or be in a
vehicle for at least a third of the day and will most probably be stored in
various locations at different times. Thus the chance of accumulating
anomalously high background doses is significantly reduced.

4.5: LD Values for Beta Spectra.
For shallow dose the LD values are significantly higher for two reasons: First,
whereas the conversion factor from generic units (mR) to dose equivalent is
approximately 1 for gamma rays it is significantly higher for low energy
electrons; thus the related SD values are also higher. Secondly the shallow
doses depend upon readings from chip 3, which, because of its thin
construction, gives rise to large errors for low doses such as those received
during background measurements.

5. SUMMARY
,b

i
_!
!

Measurements of background radiation have been performed for periods up
to 1 year at 70 locations. The average dose rate is 0.75 mR/week. A
distribution of results yields a Gaussian with a of 0.1 mR/week. However the
uncertainty in background is not strictly statistical; a few locations yield
background radiation rates of almost twice the average. These anomalous
locations do not significantly affect the value of the mean dose rate; however
they significantly increase the standard deviation of hhe background, a
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parameter

that has a large

influence

on the lower limit of detection.

Background radiation accumulation
as measured with TLDs does not exhibit
any non-linearity;
the rate is constant up to a year. However, at short times (t
<- 6 weeks) the residual dosimeter response, Do, is shown to depend on light
leakage through the dosimeter case. This effect adds an uncertainty of
approximately
2-3 mR to dose readings
which is significant at low doses.
The lower limit of detection depends to a large extent on the radiation
background and assumptions made about background exposure of personnel
dosimeters. Values for a number of cases have been calculated (Table IV). The
LD for high energy gamma rays obtained in a short exposure is 2.4 mrem.
However, for example, for a depleted uranium beta particle spectrum,
and
• longer elapsed time between dosimeter preparation and measurement
(--22
weeks), the LD value is 47 mrem. The effect of the non-normal distribution
of radiation background at different locations is discussed and its effect on the
LD is evaluated. We suggested that data from the high background locations
be ignored in determining
values of LD to use for routine personnel
dosimetry
monitoring.
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