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APPENDIX G

Occupational Exposure to Radiation in the United Kingdom and its Contribution
to the Genetically Effective Dose

It is now the common practice in the United Kingdom for persons who are
exposed occupationally to ionizing radiations to be subjected to continuous
individual monitoring in order to ensure that the doses that tey receive from
sources external to the body do not exceed the levels which are regarded as
acceptable. In the operation of large-scale monitoring services such as are
provided by the Radiological Protection Service (R.P.S.) and by the establish-
ments of the United Kingdom Atomic Energy Authority (U.K.A.E.A.) there
is no satisfactory alternative to the use of photographic film, bearing in mind
such aspects as simplicity, reliability, accuracy, cheapness, ease of postal
transmission of the films in the special holders, and availability of a durable
record of the dose received.

The Radiological Protection Service provides a film badge service which is
widely used by industry. This organization also provides film badges for about
one-third of the occupationally exposed persons in National Health Service
hospitals; for the remaining hospital workers the majority of establishments
undertake their own monitoring arrangements. The United Kingdom Atomic
Energy Authority provides its own film badge services for all exposed workers.
It is the purpose of this report to summarize the information obtained by te
R.P.S. and the U.K.A.E.A. regarding the doses received by occupationally
exposed persons. The total genetically effective dose received by the population
from occupational exposure is also compared with that received from natural
background radiation.

This report also summarizes the measurements made by the R.P.S. and the
U.K.A.E.A. to check the internal contamination of the body in cases where
radioactivity has been ingested or inhaled.

RADIOLOGICAL PROTECTION SERVICE

Film badge measurements made by the R.P.S.
Up to the time of the last assessment, in 1956, of the possible contribution of

occupational exposure to the genetically significant dose of radiation (Smith,
1956), personnel monitoring services for radiation workers in establishments
other educational establishments, industrial research organizations and factories
vided by the National Physical Laboratory. Since the transfer of these activities
to the R.P.S. in 1956, the number of film tests carried out annually has increased
by a factor of about 5. At the present time, over 3000 workers in N.H.S.
hospitals and 8,000 workers in Government Departments, Universities and
other educational establishments, industrial research organizations and factories
make use of the facilities offered by the R.P.S.

Improvements in the film technique have resulted not only in increasing the
accuracy of assessing doses but also in extending considerably the range of
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doses which can be recorded on a single film. In consequence of the latter,
the upper value measurable by this technique is at least ten times greater than
the highest exposure so far encountered.

An analysis of the records of film tests carried out by the Service shows that
about I per cent of films have, over the normal test period of 2 weeks, recorded
doses which, if allowed to continue at those rates, would result in the maximum
permissible limit of 3 rads in a calendar quarter being exceeded. When reports
are sent to an employer, attention is drawn to any cases of over-exposure and
advice is given regarding the probable causes and the measures to be taken to
remedy the situation. If an employer is unsuccessful in this, or if it is considered
desirable for any other reasons, representatives of the Service visit the establish-
ment concerned and carry out a radiation survey. Faults in technique or defects
in equipment or protective shielding are thus revealed and can then be rectified.
As a result of these procedures, it is believed that it is possible to prevent the
cumulative dose received by any worker from exceeding the nationally and
internationally recommended permissible limit of 50 rads in a decade.

TABLE IG

Mean annual doses of external radiation recorded in 1959 by the R.P.S. for
various groups of occupationally exposed persons

Males Females

Mean Mean
Type of work Number annual Number annual

dose dose
(rads) (rads)

Medical
Diagnostic ... ... 967 0-44 1764 0-50
Therapeutic ... ... 1 191 1-92 178 1-58

Non-Wedical
Development and research 3959 0-40 394 0-27
Industrial radiography ... 2734 1 ' 11 437 0-38
Crystallography ... ... 507 0.17 138 0.20
Luminizing ... ... 26 0-98 63 2-17

Total annual doserecorded ... 5522 man-rads 1600 man-rads

In Table IG are given the mean values of the annual doses of external
radiation received by various groups of workers, listed according to the type
of occupation. The mean value of the annual dose for all workers tested by the
Service is 062 rad. This is only about one-quarter of the estimated figure
given in the 1956 report. Several factors have contributed to this reduction,
including the ollowing:-

(a) In about 1956, the maximum permissible dose for whole-body irradiation
accumulated over long periods of time was reduced by a factor of 3.
In consequence, improved protection measures had to be adopted.
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(b) The rapid expansion of personnel monitoring in the last few years has
provided radiation workers with a more complete knowledge of te
doses of radiation they are receiving and this, in turn, has resulted in
the workers themselves exercising greater care.

(c) With the techniques used in 1956, it was not possible to detect doses
below 25 millirads (mrads), and, in order not to underestimate the total
genetic dose from all radiation workers, it was assumed that all whose
films showed no increased blackening (and there has always been an
appreciable fraction in this category) had in fact received 25 mrads. It is,
however, now possible, from improved techniques and from other
corroborative evidence, to show that many of such I unblackened films
have, in fact, received only mrads or less. This dose has accordingly
been registered for all such films.

TABLE2G

Percentage of over-exposures and the highest doses recorded on films
by the R.P.S. in 1959

Males Females

Type of work Per cent Per cent
of over- Highest dose of over- Highest dcse

Medical exposures exposures

Diagnostic ... ... 0.11 1-8 rads/2 weeks 0.09 1-5 rads/2 weeks
Therapeutic ... ... 0.09 2-8 rads/4 weeks 0-12 5-4 rads/2 weeks

Non-Medical
Development and research 0.09 2-2 rads/3 week, 0-003 0-64 rad/2 weeks
Industrial radiography ... 0-59 20 rads/2 weeks j 0.01 2-0 rads/2 weeks
Crystallography ... ... 0 0-002 0-26 rad/2 weeks
Luminizing ... ... 0 0

Table 2G shows the percentage of over-exposures and the maximum doses
recorded on individual films monitored by the R.P.S. It will be seen that the
highest recorded dose was 20 rads in 2 weeks incurred by a worker in industrial
radiography. The next highest dose was 54 rads in 2 weeks, incurred in thera-
peutic work. These doses were recorded on films worn on the body.

Genetically effective dose to the population from workers monitored by the R. P. S.

It would appear that the Radiological Protection Service carries out filly,

tests on about one-third of the radiation workers in hospitals. (The rest are

being, or will be, provided for under regional arrangements.) The total doses

received annually by the males and fernaks in hospitals can thus be assessed

by increasing by a factor of 3 the figures obtained from the Service's records.

The total annual doses (to the surface of the body) are accordingly about

2,400 man-rads for the males and 3500 man-rads for the females.
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As regards non-medical workers, excluding dentists and their assistants,
the Service probably deals with most (about 80 per cent) of the 'radiation per-
sonnel' in establishments outside the U.K.A.E.A. The assessed total doses for
-all non-medical workers, excluding those in dentistry, are 5900 man-rads for
the males and 550 man-rads for the females.

Comparatively little monitoring is carried out on dentists who use X-ray
equipment or on their assistants. However, from such tests as have been doue
and from a knowledge of the number of persons involved, there is no reason
to change the former estimate of 1,000 man-rads (Smith, 1956) as the total
annual dose both to the dentists and to their assistants. (The latter are generally
female.)

Adding the contributions from the various groups mentioned above leads
to a total surface dose of about 9300 man-rads annually for male workers
-and about 5,000 man-rads annually for female workers. As there is little
absorption of the radiation between the surface of the body and the male
gonads, the total male gonadal dose will be about 9300 man-rads annually.
Broadly, it can be said that the age distribution of male workers is reasonably
uniform for the group aged between 18 and 60 years and that, accordingly,
the genetically effective fraction, up to 32 years of age, is one-third of the whole.
This leads to an estimation of a genetically effective dose of 3000 man-rads
annually from male workers. Although female workers are mostly young and
the genetically effective fraction can, therefore, be assumed to be unity,
allowance for the absorption of the radiation in the tissues overlying the
ovaries has to be made in estimating the effective gonadal dose. The value
so derived is about 2500 man-rads annually. The estimated total dose incurred
by males and females is thus 5,500 man-rads. Since the genetically effective
dose of natural radiation is 22 x 106 man-rads annually, the occupational
dose adds only 025 per cent to the genetically effective dose from natural
radiation.

Measurements made by the R.P.S. of internal contamination of the body by
radioactivity

As part of a programme to assess the risks from radium deposited in the
skeleton, measurements have been made at the Radiological Protection Service,
Sutton, of the amount of radium in the bodies of 273 persons who, in the past,
have used radium compound to luminize the dials of watches and clocks.
About 85 per cent of these workers had been employed in the industry for at
least tree years. Ten persons were found to have body burdens in excess of
the limit of 1 tic which is at present accepted as the maximum permissible
level for continuous exposure throughout a working lifetime. The highest
level observed was about 06 p. Twenty-nine persons had burdens between
0-05 tic and 01 [Lc and 234 had burdens less than 005 �Lc. Questioning the
workers has revealed that all those with levels above 005 �tc were engaged in
luminizing work before the introduction, in 1942, of the first regulations under
the Factories (Luminising) (Health and Safety Provisions) Orders.

A further 55 persons have been subjected to measurements of the amounts
of various radioisotopes in their bodies, either because they had been involved
in accidents or because there were other reasons for apprehension about their
welfare. For 22 persons in ts group, the radioisotope involved was
radium. All but contained less than the statistical limit of measurement,
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namely, 001 pc, whilst 4 of the remainder contained between 002 and
0-03 c. The fifth case was of a boy who had trespassed on factory premises
and had played with a rubbish container in which radioactive waste material
from radium-luminizing processes was stored. The total activity was found to be
somewhat less than 005 �tc, of which the major fraction was deposited on
the skin of the hands, and would be removed in a short time by ordinary
washing and by the normal renewal of the skin.

Following an accident in an industrial organization in Scotland, where a
sealed source containing 300 m Cs-137 was damaged and most of the radio-
active material dispersed, the total body burdens of 21 workers involved were
measured some weeks after the management became aware of the accident.
The highest activity found at the time of the measurements was 16 gc. Subsequent
measurements of the body content of tis worker, together with determination
of the radioactivity of 24-hour urine samples, taken at approximately weekly
intervals over a period of some months, indicated that the radioactive material
was being eminated from the body with a half-life of 70 days. This not only
provided biological information of value in assessing the maximum permissible
concentrations of the isotope in air ad water for continuous exposure, but
enabled an estimate to be made of the total activity 28 �tc) in the worker's
body soon after the accident. This value was below the maximum permissible
level of 30 �Lc for exposure over a working lifetime.

Measurements of the body activity of persons contaminated by a fractured
200 me Co-60 source revealed that none contained more than 0002 [c Co-60,
which was the estimated error of measurement and which was less than I/ 1,000th
of the permissible body burden for continuous exposure.

Several university workers who have used cyclotrons or have had accidents
with Po-210 sources, or have been engaged in the machining of uranium metal,
have been subjected either to whole-body tests, when the isotopes emitted
measurable gamma rays or Brernsstrahlung or annihilation radiation, or to
urine examinations, when alpha- or beta-ray emitters were involved. The activities
found were at least 5-10 times less than the permissible levels for continuous
exposure.

The R.P.S. has dealt with several more cases where ingestion or inhalation
of radioactive material was suspected. The tests, however, revealed no activity.

To summarize, no persons, other than the few pre-1942 radium luminizers
referred to above, have been found to contain an excessive amount of radio-
active material.

UNITED KINGDOM ATOMIC ENERGY AUTHORITY

Film hadge measurements made by the U.K.A.E.A.
Table 3G gives the numbers and percentages of U.K.A.E.A. employees

receiving various annual doses of gamma radiation over the last three years.

it will be seen that although the man-rad figure has risen over the last three
years due to an increased working population, yet the average dose perfilm
wearer is low and tends to grow smaller. The number of occasions during
which the limit of 3 rads per tirteen weeks was exceeded has also diminished
markedly over the last tree years. Beta-ray doses are also assessed from the
monitoring films; they are correspondingly small and show similar trends.
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TABLE3G

Results fi-om body-monitoring films assessed for gamma radiation, 1957-59:
U.K.A.E.A. employees

1957 1958 1959

No. of Per No. of Per No. of Per
persons cent persons cent persons cent

Total wearina films ... ... 10160 12626 100 16374 100

Annual dose: > 1-5 rads. 1139 1127 8-93 1492 9-11
> 3 659 6-49 411 3-26 417 2-55
> 4 ... 413 4-06 202 1-6 133 -81
> 5 ... 237 2-33 99 -78 43 -26
> 6 ... 125 1-23 42 -33 22 -13
* 7 ... 74 -73 21 -17 6 .04
* 8 ... 35 -34 9 -07 3 -02
* 9 lo -lo 3 -02 3 '02
* 10 2* -02 3t -02

No. of occasions on which 3 rads/
13 weeks was exceeded ... 54 24 14

Total dose recordedl ... 5655 man-rads 5530 man-rads 6843 man-rads

Average dose recorded/film wearer 0-56 rad/yr 0-44 rad/yr 0-42 rad/yr

* Two individuals in 1957 received cumulative annual doses of 12-2 and 10.2 rads.

t Three individuals in 1959 received cumulative annual doses of 17-2, 11-3 and 10-7 rads.

T This figure includes the natural background for all films sowing a measurable dose but
excludes the background for a other films.

No radiation exposure of any kind during the history of the Authority has
resulted in clinical symptoms or in any detectable response in the blood count.

The highest doses incurred by individuals monitored by the U.K.A.E.A. were
12-2 and 10-2 rads in 1957 3 doses in the range 910 rads in 1958 and 17-2,

11 3 and 0-7 rads in 1959. Most of these accumulated doses resulted mainly

from a single accidental over-exposure. Experience shows that this is unlikely

to recur for the same individual.

Genetically effective dose to the population from workers employed by the

U.K.A.E.A.

In 1959 the Atomic Energy Authority employed 16,374 persons who were

potentially exposed to radiation and wore film badges. It will be seen from

Table 3G that the great majority of these film badge wearers received less than

I- 5 rads per year and the average per film wearer in 1959 was 042 rad. The

great majority of film badge wearers are of the male sex, and it has been possible

to calculate, on the basis of the age distribution, the genetically effective dose

received. The method of calculation used was similar to that adopted by

Osborn and Smith 1956) in teir calculation of the genetically effective dose

from diaognostic radiation. It was estimated that the genetically effective dose�

incurred by the population as a whole was about 01 per cent of that from

natural background radiation. This figure is the same as in 1955 in spite of the

increased number of employees exposed to radiation within the Authority.
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However, in the calculation of this figure no allowance has been made for
radiation'incurred below the threshold of measurement of the film badges.
It is difficult to make this allowance precisely since the threshold differs
according to the techniques used at the various establishments. Moreover,
the film monitoring service is operated in many instances with weekly, rather
than fortnightly or monthly, changes of film in order to give the earliest warning
of an over-exposure. In these circumstances the assessment of the aggregate dose
for the large number of workers whose films show no detectable radiation
exposure is not very precise. If allowance is made of mrads per film for doses
incurred below threshold, as has been done with the R.P.S. films referred to
above, the estimate of the genetically effective dose would need to be increased
from I per cent of that due to the natural background to about per cent.

Monitoring of persons in the U.K.A.E.A. for internal contamination of the body
by radioactivity

Dosage from inhalation of radioisotopes is checked by very numerous
measurements of activity in air; for instance, 318,433 measurements of this
type were recorded at work places within the Authority's establishments and
factories during 1959. In instances where it is suspected that an accumulation
of radioactivity in the body has occurred as the result of inhalation or ingestion,
it has often been found valuable to investigate the case by means of a total-body
gamma-spectrometer; typical uses of this instrument in these circumstances have
been described by Rundo 1958). Many analyses of urine for uranium, plutonium,
mixed fission products and other individual radioisotopes have been made as
a further check on absorption (totalling 44,912 in 959). Positive results are
very occasionally found, chiefly after high air-counts have been recorded or
scratches known to have become contaminated. In te great majority of cases
these have been aused by isotopes which are rapidly excreted; there have,
however, been a few instances of contamination with isotopes having a longer
half-life in the body. These instances are the subject of continuing studies.
No clinical symptoms have been attributed to such intakes. The only biological
response detected has been the presence, occasionally, of albumin in the urine
for a short period associated with uranium excretion, for example after a scald
with hot uranium nitrate (Butterworth, 1955). Albuminuria, under these condi-
tions is probably due to the chemical action of uranium considered as a heavy
metal, rather than from the radiation eitted.

CONCLUSIONS

Numbers of workers monitored and average doses incurred

The Radiological Protection Service monitors about 3000 of the 'radiation
workers in hospitals; it appears that this may be about one-third of the total
number and that the majority of the rest are monitored directly by their own
organizations. The R.P.S. film badge service is widely used in industry ad
covers some 4400 research workers, 3,200 industrial radiography workers and
700 workers in other occupation, including luminizing. The Atomic Energy
Authority monitors by film badge some 16,400 workers (in the Authority film
badges are perhaps issued more widely to workers incurring very small radiation
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doses than is the case in other occupations). In the various occupations
monitored by the R.P.S. (excluding X-ray crystallography which employs only
a smaU number of persons) the average annual doses for male film wearers
range from about 04 rad for development, research and diagnostic radiology
to 1.1 rads for industrial radiography and 19 rads for medical therapy. The
overall figure for the U.K.A.E.A. was 042 rad in 1959.

Maximum doses

The highest doses recorded on individual films by the R.P.S. have ranged
up to 20 rads in 2 weeks for an industrial radiography worker and 54 rads
in 2 weeks for a person engaged in medical therapy. In the U.K.A.E.A. in 1959
the permissible dose of 3 rads in 13 weeks was exceeded in only 14 instances.
The highest cumulative doses in 1959 in the U.K.A.E.A. were 17-2, 11-3 and
10-7 rads. These were sghtly higher than, but representative of, the highest
cumulative doses in the years 1958 and 1957. In most instances these high doses
were incurred in single accidental exposures and the values are thus critically
dependent on the nature of the work and the type of accident which occurred.
It is noteworthy that in the United Kingdom radiation accidents have been
limited to ones involving relatively small exposure, but it is of interest to note
that there have been a few accidents elsewhere involving very high exposures
to very small numbers of persons (Hurst and Ritchie, 1959; Thoma and Wald,
1959).

Genetically effective dosesftom occupational exposure

The genetically effective dose from occupational exposure in the radiation
work monitored by the R.P.S. appears to be about 025 per cent of that from
the natural background and from the work of the U.K.A.E.A. about 15 per
cent of that from the natural background. In comparing these figures with
those referred to in the 1956 report, 16 per cent and per cent respectively
of the dose from the natural background, it should be noted that in the
case of the R.P.S. measurements several factors have led to a considerable
reduction (see p. 121). In the case of the U.K.A.E.A. the basic figure is the same
as that found previously, but it has been increased by 50 per cent to allow for
the dose incurred below the threshold of radiation detection on the film an
allowance which was not made previously.

It therefore appears that the total genetically effective dose received by the
population from occupational exposure is of the order of 04 per cent of that
incurred from the natural background. Although allowance has been made in
this figure for doses incurred by workers whose films show no detectable
blackening, it will be necessary to add to the figure some allowance for doses
incurred by workers whose levels of exposure are necessarily so low that
monitoring films need not be worn. The best estimate that can be made at the
present time for the genetically effective dose is therefore of the order of 5 per
cent of that from the natural background. In commenting on the Recom-
mendations of the International Commission on Radiological Protection
(Appendix L), the M.R.C. Committee on Protection against Ionizing Radiations
have recommended that the aggregate dose from occupational exposure incurred
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in a generation of 30 years should not exceed I rem* averaged over the popula-
tion of the country. This corresponds to about 30 mrads per year averaged over
the population of the country, and the present exposure is thus seen to be about
60 times less than this maximum aowable level.

* For radiations of the type considered in this appendix, the relative biological effectiveness
is I and the rem and the rad can be regarded as equivalent.
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