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ABSTRACT

A whole-body counting program using a trailer-
mounted counter has been in service in Ontario Hydro
since 1972 to monitor routinely internal uptakes of
radionuclides by nuclear station employees. The phil-
osophy and objectives of the program are discussed;
equipment and calibration procedures are described, and
experience over the past two and a half years is reviewed.
The procedures to minimize the effects of external con-
tamination, a problem commonly encountered in whole-body
counting, are described.



1. Introduction

The sources of internal contamination at a
heavy water based CANDU nuclear power station are
primarily tritium, and on occasions the radioiodines.
A routine tritium bioassy program and satisfactory
screening procedures for radioiodine uptakes are
provided at Ontario Hydro's nuclear stations (Table 1).
Internal uptakes of radionuclides other than tritium
and radioiodines have been infrequent. However, many
of these radionuclides have relatively long effective
half-lives in the body and are potential health hazards
if present in significant amounts.

Since 1972, a mobile trailer-mounted whole-
body counter has been providing routine screening
service to all Ontario Hydro nuclear generating sites
for the internal uptakes of beta-gamma emitters. The
objectives of the service, apart from medico-legal
reasons, are to ensure and demonstrate total worker
safety with respect to internal contamination and to
ascertain the adequacy of station contamination control
procedures.

Whole-body counting offers significant
advantages over urine analysis as a bioassay technique
for beta-gamma emitters. It provides direct estimates
of body radioactivity contents, thereby permitting
simple and reliable data interpretation. The sensitivity
is high for most radionuclides of interest. "Non-
transportable" radionuclides in the lung do not present
any difficulties as they do in urinalysis. In favourable
cases, localization of radioactivity in specific organs
is possible. The main disadvantages of whole-body counting
are its relatively high cost and problems associated with
external contamination: the counter cannot distinguish
radioactivity on the surface of the body from genuine
internal contamination.

The routine screening frequency is once a year.
Monitoring need not be too frequent because most of the
important beta-gamma emitters have relatively long effect-
ive half-lives in the body, and the sensitivity of whole-
body counting permits detection and measurement generally
at levels less than 1% NPBB.



TABLE 1: Overall Bioassay Program at Ontario Hyrdo

Internal Hazard

Tritium

Radioiodines

Beta-Gamma Emitters

Pure Beta Emitters
(90Sr, 89Sr)

Bioassay

Urine analysis by liquid
scintillation counting

(a) High energy channel screening
using a spare channel of the
liquid scintillation
spectrometer

(b) Self-serve Thyroid Counter

(c) Laboratory Thyroid Counter

Whole-body counting

Urine Analysis

Frequency

Weakly

Weekly

As Required

As required

Annually

As required



2. System Description

The whole-body counter is of the shadow shield
design similar to that described by Palmer and Roesch(1).
It is mounted on a 26 foot single axle trailer (Figure 1)
equipped with a 4 kW generator. The interior is shown in
Figure 2 and schematics of the shadow shield in Figure 3.
The detector is an 8" x 4" Nal crystal. The summed signal
from three photomultiplier tubes is fed to a Northern
Scientific model NS-506 multi-channel analyzer. Peripheral
equipment includes a Hewlett Packard model 7045B X-Y
recorder, a Tally 420 paper punch and a model 33 teletype.
Every spectrum punched out on paper tape is uniquely
identified by a 4 digit identification number, selected
by a set of front panel mounted thumb wheel switches, in
the last channel of the spectrum. This identification
number facilitates the handling and computer processing
of large batches of spectra.

The subject lies on a motorized couch which
moves at a uniform speed under the shielded detector.
Normal counting time for a complete scan is approximately
7 minutes. Four subjects are usually scheduled per hour
and up to 40 subjects may be counted in a day.

3. Calibration

The counter was calibrated using a Grey and
Marten water filled phantom for the following radionuclides:

40K 65Zn
137Cs 11(0Ba
!3*Cs 95Zr
6 °co 14 "*Ce
58Co 106Ru
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To allow for the effects of body weight (or weight/height
ratio), additional calibrations were made using rectangular
1-lb sugar boxes, 2 inches x 3 1/2 inches x 4 1/4 inches,
each containing a known source of radioactivity. Phantoms
having a range of weight/height ratios were constructed
from these boxes. In practice, the effects of body size
are small and the water phantom data are used in routine
screening work.

Sensitivities of the system for the more frequently
encountered radionuclides are given in Table 2, and may be
compared with the MPBB values. The minimum sensitivity is
defined as 5 times the standard deviation of background,
and is based on 7 minute counting time and 140 gm potassium
present in the body. The MPBB tabulated is calculated from
the following equation(2), using data given in ICRP
Publication 2:-

MPBB = 5.36 x 10-5 ^
f2 E



Figure 2 Ontario Hydro Trailer Mounted
Whole Body Counter - Interior
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FIGURE 3 THE SHADOW SHIELD WHOLE BODY COUNTER
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TABLE 2; Minimum Sensitivities

Radionuclide

137CS

13*CS

60CO

131t

106Ru

95Zr*

l<»0 B a**

65Zn

14-Ce

Minimum Sensitivity
(nCi)

6

5

4

7

25

2

3

8

60

MPBB
(nCi)

30000

20000

10000
1100

700

3000
600

20000
1600

4000
600

60000
5600

5000
600

Organ

Whole-body

Whole-body

Whole-body
Lung

Thyroid

Kidney
Lung

Whole-body
Lung

Bone
Lung

Whole-body
Lung

Bone
Lung

* Transient equilibrium is assumed to be established between
95Zr and 95Mb.

** Estimated from the daughter llt0La.



Where m = organ mass (gin)

R = maximum permissible dose rate
(rem/year)

E = Effective energy per disintegration
(MeV)

f2 = fraction of body burden in organ
of reference

MPBB = maximum permissible body burden



4. Data Processing

Gamma spectral data are analyzed by a computer
program using either the "simultaneous equation method"
or the "least squares method".

In the "simultaneous equation method" each
radionuclide is assigned a certain spectral region of
interest. For example, for 1-131 the region of interest
may be channel 31 to channel 42 (0.31 MeV to 0.42 MeV);
for Cs-137 the region being channels 60-74, etc. This
region usually contains the most prominent photopeak of
the radionuclide. In a spectrum containing a mixture
of n radionuclides, there will be n such regions of interest.

Let y. = total integrated count rate (cpm)
in region i in WBC spectrum

Then yx = axl Xj + a12 x2 +....+ a: x + Bj

j * = a 2 ^ x j + a 2 2 x 2 + • • • • + a 2 x + B 2

n n

y = a 1 x 1 + a 2
x 2 + « + a x + B l'D

n n n nn n n
Where B. = background cpm in region i

x. = quantity of radionuclide j in the
3 WBC spectrum in nCi

a.. = cpm per nCi of nuclide j in region i

The efficiency or calibration factors a±j are
obtained from phantoms containing radionuclide standards.

The above system of n linear equations may be
solved for the n unknowns xlf x2, xn.

Whereas the simultaneous equation method uses
only selected spectral regions or channel groupings to
estimate the amount of activity in the subject, the least
squares technique uses all the counts in the entire spec-
trum. The counting statistics are thereby improved. Also,
one may compute the residual spectrum, which is the dif-
ference between the observed and fitted spectra. The
residuals should deviate over a small range around zero
in a well fitted spectrum. If there is a radionuclide
present which is not accounted for, the residual spectrum
would show what appears to be peaks in regions corresponding
to the photopeaks of the missing nuclide. Thus, some idea
of the quality of fit is available.



Let X. = nCi of radionuclide j in WBC spectrum

Aij = cpm per nCi of nuclide j in channel i
(this is the standard spectrum of
nuclide j)

Bi = Background cpm in channel i

Then the expected cpm in channel i is:

(Y.) expected= A ^ Xj + A. 2 X2 + + A. X + B.

Let the measured cpm in channel i be (Y.) measured.
In the least squares method the following is minimized:-

E Wi [(Yi) measured - (Y^ expected]
2

Where the summation extends over all channels in the
spectrum. Since the method assumes that data in all
channels have a common variance, a weighting factor
Wi is used to allow for differences in variance from
channel to channel. More detailed descriptions of the
method are available in references 3 and 4.

In routine screening work, the simultaneous
equation method is used because it is simpler and requires
less computation time. The least squares method is used
for more careful investigations.

Gain variations with time may result from line
voltage and temperature changes. For reproducible results
it is important to ensure that all spectra, including
standard spectra, are obtained under the same gain
(channels/MeV) a.nd zero (zero intercept of the energy
versus channel number line). The computer program employs
a gain shift subroutine developed by Stein and Andrews' '.
A Na-22 gain calibration spectrum is taken periodically.
From the exact measured peak channels of the 0.511 and
1.274 MeV photopeaks, the gain and zero of the system are
computed. All spectral data are then shifted from actual
gain and zero to a common gain of 100 channels/MeV and a
true zero of 0.0.

5. Action Levels and Dose Calculations

The series of graded actions described in
Table 3 are based on whole-body counting results ex-
pressed as % MPBB. Dose calculations will be made for
any internal contaminant present at a confirmed level
> 5% MPBB.



TABLE 3: WBC Action Levels

Body Burden

<5% MFBB

Between 5% and 20% MFBB

>20% MPBB

Action

No Action

1. Over-night urine sample submitted
and sent to Central Health Physics
Services for analysis.

2. If the urine sample shows positive
internal contamination, the employee
is removed from radiation work for
4 weeJG and then sent for whole-body
counting.

3. The employee must be counted at the
next routine whole-body counting.

1. The employee is removed from
radiation work.

2. Over-night urine sample submitted
immediately and sent to Central
Health Physics Services for analysis.

3. After a period of 4 weeks, the
employee is sent for whole-body
counting. Repeat whole-body counts
may be necessary in some cases.

4. Decision to return to work will be
made on an individual basis.

5. The employee must be counted at the
next routine whole-body counting.



6. Experience

A summary of routine whole-body counting
screening experience from December 1972 to March 1975
is given in Table 4. It is significant to note that
of the 1573 subjects counted during this period, only
40 showed radioactivity contents exceeding 20 nCi, a
level considered to be trivial. 137Cs and 1 3 1I are
the only radionuclides observed at levels exceeding
100 nCi. It is clear that internal uptakes of radio-
nuclides other than tritium and the radioiodines have
not been a significant problem at Ontario Hydro's
nuclear stations under present conditions, and that
contamination control procedures for these radionuclides
have been satisfactory.



Table 4: Summary of Routine W3C Screening Experience

Dec. 1972 - March 1975

Total number of subjects counted = 1573
f

Pickering 915
Douglas Point 352
Bruce Services 79
NPD 227

1573

Number of subjects showing radioactivity content

< 20 nCi 1533

20-100 nCi 34 (137Cs, 13**Cs, 60Co, 1 3 1I, 35Zr,
106RUf 10 3Ru# 652,,)

100-200 nCi 5 (137Cs)

>200 nCi 1 (245 nCi 131I)



Experience indicates that the subject's hands,
hair and head regions are the most frequent locations of
external contamination. It is possible to check for external
contamination while the subject is being counted by recording
the scan profile; i.e. gross gamma count rate versus body
location. If abnormally high count rates at the head and
hand positions are observed, external contamination is
suspected. Although the counter is equipped with this
capability, in practice it is not sufficiently reliable
at the low radioactivity levels normally encountered.
Also, it is more important to eliminate or minimize the
effects of external contamination than to merely detect
its presence. The following procedures are followed in
routine counting:-

1. Counting is not performed within about 2 weeks
following a major shutdown, when external
contamination is most prevalent, especially
among the mechanical maintenance group.

2. The subject to be counted showers, then puts
on disposable paper scrub pants provided.

3. His watch and glasses are removed.

4. A surface contamination check is made using
an Eberline model HP-210 pancake G-M probe.
The sensitivity permits detection of < 5 nCi
of 60Co spread over approximately 300 cm2,
the surface area of the hand. If significant
contamination is found, the subject is requested
to rs-shower and clean his hands before being
counted, or rescheduled to a later time.

5. The subject is counted with his hands placed
under the body. This simple procedure further
reduces the effects of residual contamination
on the hands, if any is present, by a factor
of 2 or more.

A typical case of external contamination is
shown in Figure 4, in which spectral data obtained before
and after re-showering are compared. The relative com-
plexity of the spectrum also illustrates a problem due
to the rather poor resolution of Nal detectors. High
resolution Ge (Li) detectors do not have the required
sensitivity within a reasonable counting time, if due
consideration is given to the cost of the system.
However, they are of immense value if the activity
levels are high. To facilitate the interpretation of
complex Nal spectra, it is important to take air samples
at the suspected areas of contamination and analyze
these samples by high resolution Ge (Li) Spectrometry.
In the case illustrated, this was done and it was
possible to establish the lkkCe/l'tlCe and 106Ru/103Ru
ratios.



Figure 4



Noble g*s fission products 133xe and 135Xe
have on occasions been found in subjects coming directly
from the boiler room for counting (Figure 5). Internal
doses from these radionuclides are trivial, but they
mask part of the spectrum and interfere with data analysis.

An unexpected but rather useful application of
the whole-body counter was found when a family living in
the Bay Ridges subdivision bordering on the Pickering G.S.
site expressed their concern about living next to a nuclear
power station. The family was counted together with a
control subject, an Ontario Hydro Head Office employee
whc has never been near a nuclear station. The counting
results brought obvious and immediate relief to the family.

In March 1975, the mobile whole-body counter
was sent to the premises of the Ontario Ministry of
Health and carried out screenings on about 60 individuals
suspected to have internal uptakes of 226Ra while working
in a number of downtown Toronto buildings. All results
were below the detection limit.

7. Discussion

The mobile whole-body counter has been in service
at Ontario Hydro for about 2-1/2 years and has proved sat-
isfactory as a screening technique for the internal uptakes
of beta-gamma emitters. Experience from the routine screen-
ing program indicates that internal hazards due to radio-
nuclides other than tritium and radioiodines are negligible
under normal conditions. However, negative or low results
have been reassuring to the employees counted. The capability
of the system to provide fast and reliable screening in
emergency situations is an important feature of the over-
all bioassay program.

Bremstrahlung radiation from pure beta emitters,
notably 90Sr and 89Sr, are not easily measured by whole-
body counting in practice. Since the 137Cs/90Sr ratio in
station systems are typically quite large (about 50/1 to
100/1), the measured body content of 13'Cs is used as an
indication of the likelihood of internal contamination with
90Sr or 89Sr, and the need for urine bioassay for these
radionuclides.

External contamination has always been a problem
in the whole-body counting of occupational workers. Strict
procedures have been followed to minimize, but not completely
eliminate, its effects.
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