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ABSTRACT

The work described in this report was undertaken to design, construct,
calibrate and test a prototype mobile counting system to measure natural
uranium in the lungs of workers in the nuclear fuel industry. The principle
of the measurement method is based on the detection of gamma rays emitted
during the decay of the daughters of uranium.

The mobile facility consisted of a shadow shield and phoswich detector
system mounted in a medium sized trunk. The shadow shield form was used
to fulfill the need for minimum cost and weight and maximum mobility. Care
was taken at the design stage to ensure undistorted visual and verbal contact
between the subject and the operator. Tests were made to optimize the lo-
cation and thickness of the lsad shielding. A single axle truck was insu-
lated and a heater was installed for winter operation. There was sufficient
room In the box to Include a change room and waiting area as well as the
shadow shield and electronics rack.

An extensive series of test measurements was made at a number of geographical
locations. Control group studies of males were carried out and a model was
developed which correctly predicted the subject background in the uranium
region of the gamma spectrum when no uranium was present. The mobile counter
was taker to the Radiation Protection Bureau in Ottawa and was calibrated
using the Rando Phantom. A field trip to Bancroft was made in February 1981.
The shadow shield configuration was shown to provide adequate background
reduction for accurate uranium-in-lung measurements on the Canadian shield.
It was shown that with repeated measurements, changes in an individual's
lung burden as small as 2 mg uranium could be detected. The minimum detectable
amount of uranium on the basis of one measurement was identified at the
5.4 mg level.

RESUME'

Les travaux dScrits dans ce rapport avaient pour but de concevoir de
construire, d'gtalonner et de mettre a l'essai un prototype de compteur
mobile devant servir 3 mesurer la concentration d'uranium naturel dans les
poumons des travailleurs de I1Industrie des combustibles nudeaires. Le
principe de fonctionnement de cet appareil est base" sur la detection des
rayons gamma gmis pendant la desintegration des produits de filiation de
1 uranium.



L'appareil mobile est constitué d'un écran partiel et d'un détecteur
Phoswich montés dans une malle de taille moyenne. La forme de l'écran
partiel a été choisie de manière â allier un coût et un poids minimaux avec
un maximum de mobilité. Des précautions ont été prises au cours de
l'élaboration du plan de l'appareil, pour veiller à ce qu'il n'y ait aucune
déformation dans le contact visuel et verbal entre le sujet et
l'opérateur. Des essais ont été faits pour optimiser la position et
l'épaisseur du bouclier de plomb. On a isolé un camion à simple essieu et
on y a installé un appareil de chauffage pour pouvoir y travailler
l'hiver. Il y a suffisamment d'espace dans la boîte pour contenit, en plus
de l'écran partiel et du poste électronique, une cabine peur se changer et
une zone d'attente.

A plusieurs endroits*, on s'est livré à une longue série de? mesures
expérimentales. On a effectué des études de contrôle chez des groupes
d'hommes', puis on a élaboré un modèle capable de prévoir avec exactitude le
fond de rayonnement du sujet dans la région uranique du spectre gamma quand
il n'y avait pas d'uranium dans le corps. Le compteur mobile a ensuite été conduit au
bureau de la radioprotection d'Ottawa, puis étalonné au moyen du Rando
Phantom. En février 1981, on s'est rendu à Bancroft avec le compteur
mobile. On a constaté que la configuration de l'écran partiel assurait une
réduction satisfaisante du fond de rayonnement, favorisant ainsi une mesure
précise de la concentration d'uranium dans les poumons sur le Bouclier
canadien. Cette expérience a aussi démontré que des mesures répétées
permettaient de déceler des variations de seulement 2 mg dans la
concentration d'uranium. La plus petite concentration d'uranium pouvant
être détectée au moyen d'une seule mesure a été estimée à 3,4 mg.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the Board
nor the author(s) assume(s) liability with respect to any damage or loss
incurred as a result of the use made of the information contained in this
publication.
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1.0 INTRODUCTION AND SUMMARY

This report was submitted to the Atomic Energy Control Board

in partial fulfillment of the contract titled "The. Development

of a Specialized In-Vivo Body Counter for Radiation Monitoring

in the Nuclear Fuel Industry (UP-M-245)". It describes the

program to design, construct, calibrate and test a prototype

mobile counting system to measure uranium in the lungs of

workers in the nuclear fuel industry.

The chemical and radiological hazard from the inhalation of

airborne uranium dust has been long recognized. The protection

of workers and the public from this hazard is within the mandate

of the Atomic Energy Control Board. A necessary part of the

protection process includes extensive monitoring to determine

existing lung burdens and a surveillance program to follow

trends.

Lung burdens may be calculated from measurements of uranium

concentrations in inhaled air or excreted urine provided

physiological transfer rates and uranium solubilities are

known. However the most reliable method of determination is

by the direct measurement of the gamma rays emitted during

the decay of uranium and its daughters •

1.1 Scope of Work

As stated in the contract between Monserco Limited and the

Atomic Energy Control Board, the objective was "to design

and construct a prototype mobile in-vivo body counter to

monitor uranium in the body of nuclear fuel workers". The

statement of work included the following tasks:

1. Design a prototype mobile body counter specifically

for use in monitoring the radioactive body burdens

of nuclear fuel workers.
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2. Construct a prototype counter in the Monserco Laboratory,

3. Carry out the initial calibration of the counter by use

of phantoms for cross-calibration with the McMaster

fixed whole body counter.

4. Convert the prototype body counter to a mobile unit.

Carry out monitoring of representative workers in the

nuclear fuel industry.

1.2 Summary

On October 27, 1980 the design of the prototype mobile

uranium in lung counter was begun.

A shadow shield form was used to fulfill the need for

minimum cost and weight (2000 kg) and maximum mobility.

Care was taken to ensure undistorted visual and verbal

contact between the subject and the operator. The inner

steel lining served both a structural function and eliminated

the need for layers of expensive cadmium and copper.

A single axle truck was insulated and a heater installed

for winter operation. There was sufficient room in the

22' x 81 box to include a change room and waiting area as

well as the shadow shield and electronic racks.

Tests were made to optimize the location and thickness of

the lead shielding around the counter. In some areas as

little as i" was sufficient whereas under the subject's chest

it was necessary to install li" of lead.

An extensive series of water phantom measurements were

made to determine the influence of electronic drift, detector/

subject positioning errors, energy calibrations errors and

background variations. The observed standard deviation of
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18 measurements at Moncerco was only 3.5% and 1.9% of that

was due to counting statistics.

A field trip to Bancroft was made with the prototype shadow

shield in February 1981. Background radiation levels were

slightly higher than had been found at Monserco. However,

the subject backgrounds in the counter were higher by only

8% or less. The shadow shield configuration was shown to

provide adequate background reduction for accurate uranium

in lung measurements on the Canadian Shield.

The mobile counter was then taken to the Radiation Protection

Bureau to be calibrated using the Rando phantom. Background

radiation levels were found to be variable and higher than

found at Monserco. Subject backgrounds in the counter were

elevated to about the same level as they had been at Bancroft.

It was found that the uranium calibration factor varied only

slightly with detector location with the result that the

detector/subject positioning is not critical. The highest

calibration factor was 2.14 cpm/mgU when the detector was in

contact with the chest centerline. The calibration factor

was 19% below the comparable value obtained at McMaster in

the summer of 1980. A great deal of effort was put into

tracing the cause of the change;however, the reason for this

difference has not yet been established.

Two control group studies of males were made at McMaster

using the modified whole body counter and at Monserco using

the prototype mobile shadow shield. A model was developed

to predict the subject background in the uranium region

when no uranium was present. For both control groups the

model worked well and predicted the background with an

average deviation of 2.4 cpm (1.1 mg of U equivalent).

However, it was apparent that the model parameters had to

be evaluated at each new mobile counter location and also
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there are possibly problems applying the model to slight,

low potassium subjects.

The prototype mobile shadow shield has been developed to

the point where it is possible to make useful measurements

of natural uranium in lungs. However, there are several

areas which could be studied to extend the capabilities,

improve the accuracy and reduce the minimum detectable amount

(MDA):

- It may be possible to evaluate model parameters at each

new counter location by measuring water phantoms with and

without potassium

- A control study consisting of light, low potassium males

should be conducted to assess the scope of the model

fitting problem.

- A control study consisting of females should be conducted

to extend measurement capabilities to include this group.

- A secondary standard uranium phantom should be constructed

and calibrated so that ^he mobile counter can be frequently

calibrated.

- An experimental uranium phantom with variable thickness

and width of chest should be constructed and used to

investigate the variation of calibration with physique.

- The capabilities of the prototype mobile shadow shield with

respect to the measurement of 185 kev gamma rays from U235 ,

should be investigated.

- The interference in subject measurements caused by fluctu-

ations of radon and its daughters in air around the mobile

shadow shield should be inves igated.
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- Thf T2r~>:-].•* ties of the mobile shadow shield to measure

11^5 """'-la burdens should be investigated.

The prototype mobile shadow shield was tested "on location"

using the single 5" diameter Phoswich detector. It was shown

that with repeated measurements, changes in an individual's

lung burden as small as 2 mg uranium could be detected. The

proposal to design, build and test a prototype mobile uranium

in lung counter included a target MDA of 10 mg of natural

uranium. It was shown that the shadow shield counting system

is presently capable of absolute measurements of about half

of the target value.

As conditions in the workplace are improved and lung burdens

decrease, it will be necessary to have the capability of

measuring even smaller amounts of uranium. The present system

could be improved by increasing the size and number of detectors

to significatnly reduce the MDA.
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2.0 METHOD OF DETECTION

Throughout the work reported here th° presence of natural

uranium was determined by gamma spectrometry using a

Phoswich detector.

The gamma rays of interest include two at 63 and 93 kev

which are emitted during the decay of Th234, the first

daughter of U238 and =i 185 kev gamma from U235. In practice

the count rates in the two energy regions 38 - 123 kev and

123 - 160 kev were recorded for each measurement.

The Phoswich detector used in this work had a 0.25 mm (0.010")

thick beryllium window, 3 mm thick Nal(Tl) front crystal and

5 cm thick CsI(Tl) back crystal. Both crystals were 12.7 cm

in diameter.

The electronic circuity used with the Phoswich detector is

blocked out in Figure 1. The crossover/crossover technique

was used and has been described in more detail in a previous

report(1).

3.0 DESIGN AND CONSTRUCTION OF PROTOTYPE MOBILE SYSTEM

At the outset a number of design criteria were established

either on their own merits or through necessity. As a result

of the acceleration of the overall program which reduced

development time, it was necessary to build a prototype

which had great flexibility of location and thickness of

lead shielding. It was decided that both the shield and

the truck must be acceptable psychologically to all but a

very small part of the general population. Cost was minimized

and mobility and self-sufficiency were maximized.

3.1 The Shadow Shield

The shield against background radiation was designed on the

shadow shield principle as that would fulfill several require-

ments. The design resulted in reduced weight which minimized
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cost and allowed maximum mobility.

The main shield component was a steel bathtub (see Figure 2)

which formed the structural support for the lead shielding

added to the outside. The steel also eliminated the need

for cadmium and copper lining to reduce lead x-rays. In

Figure 3 the shadow shield (minus the hood)is shown under

test in Monserco's laboratory before installation in the

truck. The steel hood supported external lead and was lined

inside with a plastic mirror. The trolley was supported by

eight wheels which followed tracks welded to the inside of

the bathtub. The steel turret housed the Phoswich detector

which could be raised and lowered on a screw shaft. A

hinged skirt provided additional shadow shielding at the

end of the trolley.

The lead shield configuration which had been established

through trial and error and used throughout most of the

program is given in Table 1.

The subjects to be measured were supine in the shadow shield

and were positioned so that when the trolley was rolled up

against the hood the center of the Phoswich was directly

above the subject's Angle of Louie. There were minimal

psychological problems since the subjects had a direct

line of sight between the hood and the trolley and the

mirror permitted observation of the operator at the foot

of the shield.

3.2 The Truck

The single axle truck leased for this project had a box

22 feet long by 8 feet wide (Figure 4). A false wall and

ceiling were installed at the back to allow operation of

the roll-up rear door of the truck. The floor, ceiling

and walls were insulated with styrofoam and a 20,000 BTU/hour

heater was installed for winter operation.



The truck layout (see Figure 5) included a change room

and extra seats to accommodate waiting subjects. The

shadow shield was positioned in the center of the truck

for ready access to all the lead shielding. The electronics

bench was in fact the top of specially padded compartments

in which the electronic components and multichannel analyser

were stored during transit.

4.0 OPTIMIZATION Of LEAD SHIELD

Tests were made tc determine the decrease in background

count rate with a subject under the detector when the lead

thickness of various sections of the shadow shield was

increased.

The lead plates in the bottom of the shadow shield consisted

of three equal sections designated head, mid and foot. The

increase from i" to 1}" lead thickness of the head and mid

sections resulted in a reduction of subject background by

10.8 (±4) cpm in the 38 - 123 kev region. However, an increase

from i" to H" lead thickness of the foot section in the

bottom resulted in <3 cpm change of subject background.

The lead plates on the sides of the shadow shield consisted

of two equal sections designated head and foot. The lead

plates at the end of the shadow shield consisted of single

plates. The increase from 3/4" to 1|" lead thickness at

the head end and side sections resulted in a reduction of

subject background by 16 (±2.9) cpm in the 38-123 kev region.

An increase from I" to i" lead thickness of the foot end and

sides resulted in a background reduction of 4.8(±2.1) cpm.

The increase from i" to 1" lead thickness on the trolley

resulted in a reduction of subject background by 11.2 (±2.8) cpm

in the 38 - 123 kev region. Also, the increase from |" to 1"

lead thickness on the hood resulted in a reduction of subject
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background by 7.3 (±2.2) cpm.

The addition of the skirt with }" of lead resulted in a

reduction of subject background by 11.3(±4.2) cpm in the

38 - 12 3 kev region. Layers of cadmium and copper were put

underneath the subject, over an area about 26" by 28" and

the background was measured. The presence of cadmium and

copper reduced the subject background by <3 cpm (2a) and

verified that the steel was adequately shielding the lead

x-rays.

The hood opening was closed up with 1" thick lead shielding

with layers of cadmium and copper on the inside. The

reduction in subject background was <3 cpm. The background

count rate was increased only very slightly by the addition

of such a psychologically important feature as the hood

which allows undistorted visual and verbal contact with

the subject.

At the time of writing, the shadow shield had not been

completely optimized to the above conditions. It had been

necessary to standardize the shield early in the program in

order to carry out the series of tests.

5.0 PHANTOM MEASUREMENTS

As a means of determining the overall effect of a number of

parameters, an extensive series of measurements using specific

phantom, geometry and shielding arrangements was made. Between

February 15 and March 12 measurements were made with the

Phoswich detector 7.5 cm above the surface of the JOE2 + HEAD

phantom (see Figure 6). The results are presented in Table 2\

Only tap water was used in these phantoms so that the total

observed count rate was a result of scattered background

radiation.
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The combined effects of energy calibrations, detector/phantom

positioning, background fluctuations (radon and cosmic

radiation) and electronic malfunctions or drift were

exemplified by the variance of the 18 measurements made

at Monserco. The standard deviation of the 18 measured

count rates in the 38 - 123 kev region was 2.7 cpm compared

to 1.5 cpm on the basis of counting statistics alone. Not

unexpectedly other errors have contributed to variation in

results; however, all measured values at Monserco are within

4 standard deviations of the average.

6.0 MEASUREMENTS AT BANCROFT

6.1 Natural Background Radiation

Natural background radiation levels were measured at three

locations in the Bancroft area using an AEP900 counter. At

a restaurant on Highway 28 just south of Bancroft dose rates

from 10.5 to 11.9 yR/h were recorded. At a motel on

Highway 62 just north of Bancroft where other measurements

using the lung counter were made, a background of 8.6 yR/h

was recorded. In the parking lot of the Madawaska Mine the

dose rate was measured at 33 yR/h. The wind was blowing

from the parking lot towards the adjacent tailings pile.

The background radiation dose rate measured in the Monserco

parking lot using the same instrument was 7.0 yR/h.

6.2 Mobile Lung Counter Measurements

The mobile lung counter was parked in the lot beside the

motel mentioned above. Several measurements were made

over a period of about ten hours and the results are summar-

ized in Table 3.
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lt was noted that the background from all subjects was higher

at Bancroft than at Monserco. This was to be expected since

the natural background was found to be 23% higher according

to the AEP900 readings and. subject background is due in

whole or in part to the natural background. It was also

noted that the backgrounds on human subjects increased

only slightly and therefore the increase in statistical

uncertainty is even less since it varies as the square root

of the counts.

7.0 MEASUREMENTS AT THE RADIATION PROTECTION BUREAU (RPB)

7.1 Natural Background Radiation

Natural background radiation levels were measured in the

middle of the rear parking lot at RPB using the AEP900

meter. On February 18, 1981, the dose rate was determined

to be 7.8 yR/h. However, on Thursday a.m. February 19, it

had dropped to 6.3 yR/h and then rose to 9.1 yR/h by Friday

noon February 20, 1981.

7.2 Mobile Lung Counter Measurements

The mobile lung counter was parked in the middle of the

rear parking lot at RPB (Figure 7). Measurements were

made of the JOE2 + HEAD water phantom and three human subjects

and the results are summarized in Table 3.

It was noted that the background from each subject was

higher when measured at RPB than when the same subject was

measured at Monserco. This was qualitatively consistant

with the difference in natural background measurements.

-7 . 3 Rando Phantom Calibrations

The Rando phantom in the possession of the Radiation

Protection Bureau was used to calibrate the system for

natural uranium in the lung.
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Three different loadings of the phantom were used for the

calibration. The highest loading consisted of a total of

174 mg of natural U in 106 point sources distributed through

slices 11 to 17 of the phantom. The second highest loading

was achieved by removing all the sources from the right

lung and leaving 83.7 mg distributed as in the first case

in the left lung. The final loading consisted of the empty

phantom.

For each uranium loading measurements were made using several

different detector positions. Two detector positions on the

centerline of the phantom were located:

1. With the center of the detector face 7.5 cm above the

14th slice.

2. With the detector lowered from position (1) to contact

the phantom.

Two detector positions over the left lung of the phantom

were located.

3. With the center of the detector face 6.35 cm to the

(phantom's) left of the centerline and at the same

height as (1) and,

4. With the detector lowered from position (3) to contact

the phantom.

The detector positions over the right lung were mirror

images of the positions over the left lung.

The calibration factors are summarized in Table 4. It was

noted that when the uranium was equally distributed between

the two lungs the calibration factor was not very sensitive

to detector distance from the chest nor to positioning

across the center line. The small spatial dependence of
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the calibration factor above the chest was due to the large

volume distribution of the uranium in the phantom's lungs.

It was noted that the calibration factor of 1.45 cpm/mgU was

19% below the comparable value obtained at McMaster in the

summer of 1980 (reference 1). The extensive series of phantom

measurements described in Section 5 was one attempt to identify

the source of the change. The observed standard deviation of

the measurements was small and shed no light on the reason for .

calibration change. Numerous checks of the timing window

setting and other electronic parameters indicated everything

was properly set and stable. The reason for the calibration

change had not been established at the time of writing.

8.0 CONTROL STUDY AT MCMASTER

During the design and construction of the mobile counter, control

studies were carried out using the modified shadow shield at

McMaster University. The data was analysed using the method

outlined in Appendix A and verified that the method was an

acceptable solution to the problem of predicting the background

radiation measurements from uncontaminated subjects.

For the control group study subjects with no known exposure

to uranium were measured in the McMaster shadow shield lung

counter. The Phoswich detector was positioned 7.5 cm above

the chest centerline and 30 minute measurements were made.

Table 5 presents a summary of the data collected.

Using a non-linear least squares method the data was fitted

to a function of the form:

where B^ = counts per 30 minutes in 38 - 123 kev region

B 2 = counts per 30 minutes in 123 - 160 kev region

K = subjects potassium content in grams

a1 and a2 constants evaluated by fitting

The values for the coefficients a1 and a2 using the results

in Table 5 were 3.915 and 3.527 respectively. The average
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deviation of the predicted counts in the 38 - 123 kev region

was found to be 72.6 counts in 30 minuts or 2.4 cpm.

9.0 CONTROL STUDY AT MONSERCO

Using the shadow shield configuration described in Table 1

a control study was carried out with the mobile lung counter

inside the truck in the Monserco parking lot. Fifteen male

subjects most of whom have had no known exposure to uranium

were measured.

The Phoswich deteccor was positioned 7.5 cm above the chest

centerline of the subjects and 2000 second measurements were

made. The results are presented in Table 6 which includes

the analysis using the method described in Appendix A.

The coefficients of the equation as determined by the non-

linear least squares fit were 3.692 and 2.137 for a, and a_

respectively. It was noted that when the a_ coefficient was

corrected for the counting time difference, the coefficients

were still significantly different than those determined

in the McMaster control study. Also the time corrected

potassium coefficient from the Monserco study was only 64%

of the first coefficient whereas it had been found to be

90% at McMaster.

The measurements of one of the subjects in the Monserco control

study could not be fitted by the model in use. Therefore,

the coefficients were determined using the measurements of

the remaining 14 subjects. For the 15th subject, the

differences between the observed counts in the 38 - 123 kev

region and the predicted values were 383 and 459. The

subject was 64 years of age and weighed 56 kg. At 118 g

(by Boddy reference 3), he had much less potassium than

any other subject in the group.

It was noted that the average deviation of predicted from

measured values in this control group (not including subject

15) was 2.46 cpm which is almost identical to the McMaster

study.
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During the field trips with the prototype mobile lung

counter a few human subjects were measured under the same

conditions used in the control study. The Monserco equation

was applied to the data and the measured and predicted

values are shown in Table 7. It is obvious from the data

that the equation generated from a control group is applicable

only at that location or at a location with similar magni-

tude and quality of background radiation.

10.0 CONCLUSIONS AND RECOMMENDATIONS

The design and construction of a prototype mobile shadow

shield for the measurement of natural uranium in the lungs

was completed. The system was tested under relatively

hospitable conditions in the Monserco parking lot and also

in a more hostile environment on the Canadian Shield. The

system was then calibrated for natural uranium using a

Randc phantom in the possession of the Radiation Protection

Bureau of Health and Welfare Canada.

The results of control group studies at Monserco indicated

that the sensitivity of the mobile system for measuring

temporal changes in lung burden for a given subject is

quite good. The minimum detectable change in an individuals

lung burden would vary from 2.2 to 2.7 mg natural uranium

depending on physique. The capability of the system for

making absolute value lung burden determinations on the

basis of a single measurement is also good. With the single

5" Phoswich detector in contact with the chest of an average

male the MDA was calculated to be 5.4 mg and shown experi-

mentally to be even less. Although it has been shown there

will be a small increase in background when the mobile system

is taken onto the Canadian Shield, the MDA will increase only'

slightly because errors propogate as the square root of the

background.

The measurement of such small amounts of natural uranium as

is now required for the protection of workers is a compli-

cated procedure requiring the sophisticated manipulation of

data. Thus comparisons between one method of analysis and
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another are difficult and must be made carefully. For

example, Helgeson Nuclear Services Incorporated carried out

an extensive series of uranium in lung measurements between

October 1976 and August 1979. An MDA between 1.7 and 3.4 mg

of natural U was reported (reference 4) on the basis of

three times the standard deviation of the background.

However, their data analysis was made on the assumption

that all subjects had a chest thickness of 14 inches and

would have generated an 813 count per minute background

with no lung burden.

Based on Monserco's measurements at Bancroft and RPB it

was apparent that the method adopted to correct for the

non-uranium count rate from subjects could not accommodate

the changes in the magnitude and/or quality of background

radiation from one location to another. At present a control

group would have to be measured at each location in order to

establish the values of the coefficients In the uranium

burden equation. It is anticipated that further development

and testing would make it possible to determine the -oeffic-

ients from only a few strategic water and potassium phantom

measurements.

It was also apparent that the current model could not be

successfully applied to slender subjects who contained low

potassium levels when the Phoswich detector/chest separation

was 7.5 cm. Measurements of various sized water and potassium

phantoms would provide an insight into the solution to this

problem and perhaps suggest a means of modifying the equation

so it would be applicable to this group.

The prototype mobile shadow shield has been developed to

the point where it is possible to make meaningful measurements

of natural uranium in the lungs of potentially exposed subjects.

However, there are several areas of study which could be

fruitfully explored to extend the capabilities,
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improve accuracy and reduce the MDA.

1. As mentioned above, with the proper selection of water

phantoms with and without potassium it should be possible

to calibrate the system to a new location without the

necessity of measuring a control group. This would

have to be verified by comparisons to control groups

at a number of locations.

2. As mentioned above, a control study consisting mainly

of light, low potassium males should be conducted in

order to assess the scope and nature of the problem of

calculating background using the current Monserco equation

could be modified accordingly to accommodate it.

3. A control study consisting of females must be undertaken

in order to extend the measurement capabilities to this

group. It remains to be confirmed that the same model

and form of the equation can be applied to females as

has been successfully applied to males.

4. A secondary standard uranium phantom should be constructed

and accompany the mobile counter. It would be calibrated

against the Rando phantom at RPB which is considered to

be a primary standard.

The secondary standard would be available to make

daily uranium calibration checks of the system to

ensure there had been no change since the last cali-

bration against the Rando phantom.

5. A uranium-in-lung phantom which can be altered with

respect to thickness and perimeter of the chest should

be constructed so that variation of calibration with
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physique can be determined. This phantom would also

have to be calibrated against the primary standard

Rando at RPB.

6. The capabilities cf the prototype mobile shadow shield

with respect to the measurement of the 18 5 kev gamma

ray from U235 should be investigated. In a mill environ-

ment where uranium has been freshly separated, Th234 will

not be in equilibrium with the U233 j.sotope and determin-

ation of total U in lungs would be difficult.

7. The interference in measurements caused by the fluctuation

of radon and its daughters in air around the shadow shield

should be investigated based on the experience with the

mobile shadow shield at RPB. A series of parallel water

phantom and radon measurements would delineate the

scope of the problem -

8. The capabilities of the mobile shadow shield with respect

to the measurement of 1125 thyroid burdens should be

investigated. The mobility of the system makes it ideal

for visiting the many laboratories where this radioisotope

is used.

The proposal to design, build and test a prototype mobile

uranium in lung counter included a target MDA of 10 mg of

natural uranium. It has been shown that the shadow shield

counting system is presently capable of measuring down to

about half of the target value. As conditions in the

workplace are improved and lung burdens decrease, it will

be necessary to have the capability of measuring even

smaller amounts of uranium. The present system could be

modified by increasing the detector size and number to

significantly reduce the MDA.
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FIGURE 1
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FIGURE 2
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FIGURE 3

THE PROTOTYPE MOBILE SHADOW SHIELD UNDER TEST IN

MONSERCO'S LABORATORY



FIGURE

TRUCK USED FOR THE PROTOTYPE MOBILE LUNG COUNTER



FIGURE 5
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FIGURE 6

MONSERCO PHANTOMS

JOEl

JOE2
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FIGURE 7

THE MOBILE LUNG COUNTER AT THE RADIATION PROTECTION

BUREAU IN OTTAWA



FIGURE 8

RANDO PHANTOM USED TO CALIBRATE THE LUNG COUNTER



TABLE 1

STANDARD LEAD SHIELD CONFIGURATION

LOCATION THICKNESS OF LEAD

Bottom Head and Mid - 1J" Foot

Head Sides and End- li"

Foot Sides and End- i"

Trolley - 1"

Turret and Skirt - i"

Hood - i"



TABLE 2

MEASUREMENTS OF JOE2 + HEAD

Shielding: Standard

Detector : fc?7.5 cm. unless noted otherwise

counts/minute t lo Ratio Bkgd.
no subject

Location Measurement 3B-123 key 123-160 kev 38-123/123-160 1B-1?1 ksv

Monserco

Bancroft

RPB

Mouserco

Monserco

Monserco

Monserco

15

16

17

17

17

18

19

19

20

25

25

- 12

- 1

- 1

- 16

- 6

- 3

- 5

(overnight)

26

26

1

1

9

9

10

10

10

11

11

11

12

25

- 1

- 2

- 1

- 4

- 1

- 2

- 1

- 3

- 4

- 1

- 2

- 5

- 1

- 4 *

* at contact

71.4

92.3

100.9

100.3

104.3

100.5

94.9

99.4

81.5

81.4

76.6

77.5

77.8

79.6

81.7

76.2

75.6

77.3

76.0

78.9

79.7

79.5

77.7

60.4

86. 3

±

J

+

+

+

+

±

±

1

±

±

±

+

+

t

t

t

t

±

1

t

t

t

1.5

1.7

1.7

1.7

1.8

1.7

1.2

1.8

1.6

l.£

0.23

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.6

19.9

19.3

24.7

24.3

22.6

26.8

25.7

26.8

27.8

22.2

21.2

21.7

20.2

21.1

21.3

21.7

20.3

20.2

20.2

20.8

20.0

21.5

22.3

21.6

21.5

21.6

t

1

i

±

J

1

t

1

1

1

±

i

±
±

1

1

t

i

t

t

1

t

t

1

±

1

0.8

0.9

0.9

0.8

0.9

0.9

0.6

1.0

0.8

0.6

0.12

0.8

0.8

0.8

0.8

0.B

0.8

0.8

0.8

0.8

0.8

0.8

0.8

0.8

0.8

3.73

3.70

3.74

4.16

4.39

3.89

3.91

3.54

3.58

3.68

3.83

3.51

3.84

3.68

3.75

3.77

3.76

3.76

3.86

3.75

3.94

3.71

3.57

3.60

3.72

3.99

1

1

i

+

+

+

±

1

±

±

±

i

+

+

+

+

±

±

±

±

±

±

±

0.16

0.15

0.16

0.18

0.15

0.15

0.09

0.14

0.15

0.16

0.02

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

0.16

(16-4)

(17-3)

(over
night!

(25-1)

30

28

33

33
1

31

.1

.7

.4

.3

.3

cpm

cpm

cpm

cpm

(12-4) 32.5 cpm
lab coat



TABLE 3

COMPARATIVE MEASUREMENTS AT MONSERCO/BANCROFT/RPB

Counts per minute (±lo) 38 - 123 kev

MONSERCO RPBSUBJECT

JOE2 + HEAD

JOE2 + HEAD

None

A (

(

B (

(

C

DETECTOR
LOCATION

'4 7.5 cm

4 contact

£; 7. 5 cm
4 7.5 cm

C contact

i 1.5 cm

t contact

i7.5 cm

BANCROFT

92.3 +

101 ±
100 ±

33.4 ±

119 ±
118 ±

120 ±

134 ±

136 +

1.7

1.7
1.7

1.0

1.9
2.7

2.7

2.8

2.9

78.3 ± 1.5

86.3 ± 1.6

94.9 ± 1.2
99.4 ± 1.8

31.3 ± 1.0 33.3 ± 0.22

116 ± 1.9 120 + 1.9

124 ± 1.9

110 ± 1.8 119 ± 1.9



TABLE 4

NATURAL URANIUM CALIBRATION FACTORS

URANIUM LOADING

DETECTOR 174 mgU in both Lungs 83.7 mgU in left lung
cpm/mgU cpm/mgU

t/7.5 cm 1.45{±0.03) 1.50(±0.03)

i/contact 2.14(10.04) 2.10(±0.04)

left/7.5 cm 1.32(10.04) 2.02(10.06)

left/contact 2.10(10.05) 3.63(10.09)

right/7.5 cm 0.94(10.02)

right/contact 0.93(10.02)



TABLE 5

DATA FROM CONTROL STUDY AT MCMASTER

Subject

1

2

3

4

5

(

7

8

9

10

11

12

13

14

15

16

17

18

Weight

(kg)

65

69

82

78

77

78

114

70

75

70

81

103

65

75

79

65

B4

70

Height
(cm)

163

173

177

179

173

16B

168

183

175

173

183

191

174

1B0

178

170

173

193

Age

(v)

59

56

58

53

35

56

31

Z5

37

37

49

32

40

38

31

32

37

24

Potaa alum

(e) j

110

129

146

147

146

130

203

158

146

141

157

197

134

153

157

132

152

172

Counto Obeerved' 1

38-123 keV

2918

3018

3528

3375

3788

3516

3992

3368

3921

4306

3516

3R20

3195

34 18

3745

3445

3596

3246

123- 160 kjV

679

682

776

720

817

TAB

B.I 7

744

B55

967

751

786

726

721

828

760

757

712

Calculated

Count!

3046

3125

3553

3337

3713

3387

3915

3470

3862

4283

3494

3772

3315

3362

3795

3441

3500

3394

<

4128

+ 107

+ 25

- 38

- 75

-129

- 77

+ IC2I

- 59,

- 23:

- 22;
1

- 48

+ 120

- 56

• 50

. 4

- 96

+ 14B

• 30 minute counting interval



TABLE 6

Data from the Control Study at Monserco

Subject Potassium Counts Observed * Calculated
(g) 123 - 160 kev 38 - 123 key

1

2

3

4

5

6

7

8

9

10

11

12

13

14

(15)

166

170

157

169

182

138

169

150

146

139

124

163

183

155

886

902

1010

951

963

1034

1213

987

861

938

883

949

891

881

118 792

829

3462

3755

4083

3718

4094

4129

4847

3873

3456

3788

3675

3721

3811

3601

2793

2854

3626

3693

4064

3872

3944

4112

4840

3965

3491

3760

3525

3852

3681

3584

m
3176

3312

6
164

62

19

154

150

17

7

87

35

28

150

131

130

17

= 82

383

459

* 2000 second counting invertal



SUBJECT

A. RPB

1.

2.

3.

4.

TABLE 7

MONSERCO EQUATION APPLIED

POTASSIUM

173

120

166

124

hi OTHER

Counts Observed*

123-160 kev

1152

1111

1134

1141

38-123

4774

4017

3988

3975

LOCATIONS

Calculated

kev 38-123

4622

4358

4541

4474

kev

1 «
151

341

?53

499

B. Bancroft

1. 166

2. 138

970

1042

1046

3973

3938

4470

3935

1198

4157

37

260

313

*2000 second counting interval



APPENDIX A

MATHEMATICAL MODEL FOR URANIUM DETERMINATION



A.I DATA ANALYSIS

In order to determine the lung uranium content, it is

necessary to estimate the net number of counts due to the

uranium. This in turn requires that the background presented

by the subject be known. This background is the number of

counts that would be observed if the subject did not contain

uranium. A total of 15 volunteers have been counted in the

mobile lung counter and the results are given in Table 6.

As can be observed, the number of counts in the uranium

position of the spectrum, 38-123 kev, varied more than

would be expected from simple statistical consideration

and thus it is necessary to take into account the charac-

teristics of the individual when estimating background.

The individual can influence background in a variety of

ways: by acting as a shield for room background; by acting

as a scatterer; and by acting as a radioactive source due
40

to contained K.

A. 2 MODEL FOR BACKGROUND ESTIMATION

A simple model can be developed which allows the background

to be estimated in the region of interest (38 - 123 kev)

from the number of observed counts in the 123 - 160 kev

region of the spectrum.

The results of measurements of background observed without

a phantom are given in Table A-l.

A-l



A reasonable assumption is that for the mobile system,

with no subject,

Bl - C1B2 U )

B. = room background, no subject (i=l, 38-123 kev
1 i=2,123-160 kev)
C1 = constant

40Similarly, if a K source were placed under the detector,

then,

B^ — r R - A Io \

where B^ = number of counts observed per gram of

potassium

This relationship should be constant for a particular detector

and electronic system.

Now, if a subject containing no uranium is placed under the

detector, then,

B° = Bj (1 + fJ - fj) + B^.K A(3)

B° = BR (1 + fS fa) + BK.K A< 4'
2 2 2 2 2 *

where B. = observed background from subject (no uraniurr)

K = total potassium in grams

f. = fraction of background scattered

f* = fraction of background absorbed

Writing,

a± = (1 + ±1 - fJ)

B° = o ^ J + B^.K A(5)

B° = a2B^ + B2.K A(6)

A-2



From A(6)

R _ 1 . o K
B2 " a9

(B2 " V K )

BR
B

From A(l), B
R = c^B*, or B R = -^~

B R

Then 1 _ 1 . o RK . A (7)
C^ ~ a 2

( B2 " B 2 - K )

BR = §i (B° - B*.K) A(8)

From A(2) , B = C-B-. substituting this and equation

A(8) in A(5) ,
a C

B° = J^-i (B° - B2-K)+ C2B2.K A(9)

(C2 ~ ^ 7 ) B 2 - K A(10)

If, for all individuals a. and a_ are constant, then

A(10) can be written as,

B° = 3lB° + a2K
 A(11)

As a first approximation, an equation of this form can be

used to estimate the background in the region of interest

(B1) based on the number of observed counts in the higher

energy region (B?)• To improve the fit, the ratio a./a.

can be allovcc to bo a function of the subject based upon

SGX, aqe and physique.

A-3



A.3 EFFECT OF URANIUM

From Table A-2 it can be seen that where uranium is in the

lungs of a subject, the count rate in both the 38 - 123 kev

and 123 - 160 kev regions is elevated. Since the number of

counts in the region 123 - 160 kev is used to estimate the

background that would be observed if no uranium were present,

an overestimate of background would be made and consequently

the uranium content underestimated.

From Table A-2, the ratio of the uranium counts in the 123 - 160

kev region to the number of uranium counts in the 38 - 123 kev

region, f, can be estimated as 0.0814 for normal uranium dis-

tributions. If a subject with a uranium lung burden is measured

and the observed counts in energy intervals 1 and 2 are B° and

B° respectively, the predicted count in the low energy interval

using the model is,

B, — a.. B« ~r dnK

The net number of counts due to uranium in the 38 - 12 3 kev

region is given by,

U = ,-, j; c, (B° - B°) A (12)

A.4 ESTIMATION OF POTASSIUM CONTENT

The formula derived by Boddy(2) for potassium content in

grams will be used.

K = 0.0391(23.96W + 35.15H - 12.09A - 3762) A(13)

where W, H, A represent the weight in kg, the height

in cm, and the age in years.

This formula yields values somewhat inconsistent with data

presented in ICRP-23(3) for the concentration of potassium

A-4



as a function of age, particularly at older ages.

A. 5 ESTIMATION OF CONSTANTS a ,a

From the data presented in Table 6 the constants a..

and a_ in equation A(ll) were calculated from a least-squares

non-linear fit. The results are:

a1 = 3.692 A(13)

a2 = 2.137 A(14)

for a counting time of 2000 seconds.

A. 6 ESTIMATION OF URANIUM CONTENT

The calibration factor for the detection system is 48.2

counts per 2000 seconds per milligram of natural uranium

(1.45 cpm/mg). Thus, using equations A(ll), A(12), A(13,)

A(14), it can be shown that,

. 1 /Bo _ 3 6 9 3 B° _ 2 137 K
uimg) - (48.2)[l-(3.692)(0.0814)] 1 2 ' A

= 0.0297 (B° - 3.692 B° - 2.137.K A(16)

A. 7 ERROR ANALYSIS

The calibration factor is48.2± 0.94 counts per 2000 seconds

per mg natural uranium. The value for f is 0.0814 ± 0.0013.

Thus the first factor inequation A(16) is 0.0297 ± 0.0011.

If subject 8 is taken as a typical subject, then the error

in background will be as follows.

c o
Bl = alB2 + a 2 K

= (3.692) (987) + (2.137) (150)

= 3644 + 321

= 3965

A-5



The error in the first term is (3.692)/987 = 116

If, as Boddy suggests, the error in the K is 6%, then

the error in the second term is 19.

.'. B^ = 3965 ± 118

If the observed background B, is 3965 + 6, then the result

would be reported as follows, if 6 is small,

U(mg) = (0.0297 ± 0.0011) (6±{(3965) + (118)2}*)

= (0.0297 ± 0.0011) (6±134)

The result would be reported as less than the detection limit

if 6 were <2 x 134, or 268 counts. Thus, the minimum detectable

activity for a single 5" diameter Phoswich 7.5 cm above the

subjects chest is:

268 x 0.0297 = 7.9 mg natural uranium "

These numbers will be subject to change as better values

for a, and a2 are obtained as a result of counting a

greater number of normal subjects.

A. 8 EFFECT OF LARGER DETECTOR

The effective diameter of a 5" detector is 4.5", and the

effective diameter of a 6" detector is 5.5". The ratio of

effective areas is (5.5/4.5) = 1.49.

If it is assumed that both background and efficiency

increases proportionately with area, then if a calculation

similar to that of section A.7 is performed, the results are

as follows.

A-6



B^ = (3.692) (987) (1.49) + (2.137) (150) (1.49 )

= 3972 ± 478

a1 = (3.692)/(1.49)T987) = 141.5

a2 = (0.06)(478)= 29

B^ = 4450 ± 144

Thus the minimum detectable activity for a single 6"

diameter Phoswich 7.5 cm above the subjects chest is

2 x 144, or 288 counts. This corresponds to

x 288 mg
(48.2) (1.49) [l-(3.692) (0.0814)]

= (0.0199) (288) = 5.7 mg

A. 9 EFFECT OF TWO DETECTORS

From Table 4 the calibration factor for a detector above

one lung is 1.32 cpm/mg (44.0 counts per 2000 seconds per

mg). If two detectors were used, all observed counts would

double. Again, reporting the calculation of Section A.7,

B^ = (3.692) (987) (2) + (2.137) (150) (2)

= 7288 + 642

= 7930

o1 = (3.692)/(2) (987) = 164

a2 = (0.06) (642) = 39

B^ = 7930 ± 169

Thus, MDA = 2 x 169 counts, = 338 counts.

This corresponds to,

1 1 x 338 = 5.5 mg
(2x44.0) [l-(3.692) (0.0814)]

Thus, if the detector is located 7.5 cm above the subject,

the sensitivity is about the same for two 5" detectors or one

6" detector.

A-7



OBSERVED

LOCATION

Bl

Monserco

Bancroft

Monserco

Ottawa

Monserco

TABLE A-l

BACKGROUNDS WITHOUT PHANTOM

COUNTS

=38-123 kev B 2

1808

1112

1043

22669

1083

=123-160 kev

912

525

482

11692

488

1

2

2

1

2

RATIO

Bl

.98

.12

.16

.94

.22

/B2

+

+

+

+

+

0.08

0.11

0.12

0.02

0.12
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TABLE A-2

URANIUM EFFICIENCY CALIBRATION USING RANDO PHANTOM

URANIUM DETECTOR Counts per Minute(±la)
MEASUREMENT LOADING LOCATION 38-123 key 123-160 kev

19-2 0 mg <L/7.5 cm 99.5(±1.7) 32.7(±1.0)

19-4 174 mg t 11.b cm 351(±4.6) 53.5(±1.8)

A-9



APPENDIX B

CONTROL GROUP MEASUREMENTS: DETECTOR AT CONTACT



B.I INTRODUCTION

For a given shield configuration and background radiation

condition the minimum detectable amount (MDA) of uranium

in the lung is inversely proportional to the calibration

factor. It was noted vhat the largest calibration factor

in Table 4 was obtained with the Phoswich detector on the

centerline in contact with the subject's chest. Since

that detector position would result in the smallest MDA

it was necessary to prove that the mathematical model

described in Appendix A would be applicable.

A control group was measured with the detector positioned

in contact with the subject's chest and the results

illustrated that the mathematical model was suitable for

background subtractions. The minimum detectable change

in uranium lung burden of a given subject was calculated

to be between 2.2 mg and 2.7 mg depending on the physique.

The minimum detectable amount of uranium in the lung was

calculated to be about 5 mg for a single measurement.

B.2 CONTROL GROUP MEASUREMENTS

The prototype mobile shadow shield was set up in the

Monserco parking lot. Twelve male subjects who had no

known exposure to uranium were measured. Some additional

lead was placed on the shadow shield as described in Table

B-l.

The Phoswich detector was positioned in contact with the

chest centerline of the subjects and 2000 second measurements

were made. The results are presented in Table B-2 which

includes the analysis using the method described in Appendix A.

The coefficients of the equation as determined by the non-

linear least-squares fit were 3.267 and 4.284 for a1 and a2

respectively. Although the average deviation is about 50%
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higher than in the first Monserco control study, the model

can be used to predict all subject backgrounds successfully

including the 118 g potassium subject who couldn't be fitted

by the model when the detector/chest separation was 7.5 cm.

B.3 MINIMUM DETECTABLE CHANGE IN LUNG BURDEN

It is possible to measure a temporal change in the uranium

lung burden of a given individual with much better accuracy

than an absolute value. Analysis of repeated measurements

on the same subject eliminates the inaccuracies introduced

by the variation in body build. The minimum detectable

change in uranium lung burden was calculated to be between

2.2 and 2.7 mg of natural U depending on the physique of

the individual.

It was assumed that the observed count from a subject was

Cj counts per 2000 seconds in the uranium .energy interval

38 - 123 kev. At a later time the same subject was

remeasured with the corresponding results C2 counts per

2000 seconds. The change in uranium lung burden, AC,

would be,

AC = Cx - C 2

which would have a standard deviation of,

°AC= <°\ + "'a/

where a = (C. ) *
<_1 l

o = (C )*
L2 *

The minimum detectable change (MDC) in lung burden was

defined as two standard deviations of the difference and

reduced to,

MDC = 2 a A C

MDC = 2(C1+C2)
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It was apparent from the results in Table B-2 that for a

slight low potassium subject with a small, slowly changing

lung burden C, and C- would be approximately equal to

3100 counts in 2000 seconds. In that case the minimum

detectable change was calculated to be,

MDC = 2(3100+3100)*

MDC = 157'counts/2000 seconds

Also, from the results in Table B-2 it was apparent that

for a large high potassium subject with a small, slowly

changing lung burden C, and <:„ would approximately equal

4600 counts in 2000 seconds. In that case the MDC was

calculated to be,

MDC = 2(4600 + 4600)*

= 192 counts/2000 seconds.

From Table 4 the uranium calibration factor for a 5"

Phoswich detector at contact with the chest centerline

was 71.3 counts per 2000 seconds. Therefore, the minimum

detectable change in lung burden would vary from 2.2 mg

natural U for subjects with slight builds to 2.7 mg U for

subjects with heavy builds.

B.4 MINIMUM DETECTABLE AMOUNT OF URANIUM IN THE LUNG

The minimum detectable amount (MDA) of uranium in the

lung is greatly dependent upon the background variations

caused by differing subject physiques and by the calibration

factor. It was shown in section A.6 of Appendix A that

the MDA for a 5" Phoswich detector 7.5 cm above the chest

of a subject was 7.9 mg of natural U. Before starting the

control study with the detector in contact with the subject's

chest, additional shielding had been installed and the

background count rates were not significantly different

than when the detector was at 7.5 cm. As a result the MDA

with the detector in contact with the subject's chest is
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related to the MDA at 7.5 cm by the inverse ra t io of the

calibration factors:

MDAcontact = TTr! M D A 7.5

= 5.4 mg U
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TABLE B-l

MODIFIED LEAD SHIELD CONFIGURATION

LOCATION THICKNESS OF LEAD

Bottom Head and Mid - 1J" Foot J"

Head Sides and End- 1J"

Foot Sides and End- i"

Trolley and Hood - 1"

Turret - i"

Skirt - I"

B-5



TABLE

DATA FROM CONTROL STUDY:

POTASSIUM
SUBJECT (g)

1

2

3

4

5

6

7

8

9

10

11

12

150

182

169

169

138

170

146

169

163

124

. 145

118

B-2

: DETECTOR AT CONTACT

Counts Observed*
123-160 kev 38-123 kev

914

902

1007

999

926

1214

933

1054

918

1034

1013

822

3510

3696

3900

4090

3779

4556

3559

4322

3916

4107

3834

3079

CALCULATED

3628

3726

4014

3988

3734

4694

3673

4167

3697

3908

3930

3191

6

118

30

114

102

45

138

114

155

219

198

96

112

5|=120

*2000 second counting interval
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