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Problems of radiation protection

near the large CERN accelerators

Introduction

The European Organization for Nuclear Research was
founded about 10 years ago. The Laboratory was created by
a common effort of the European countries to provide facili-
ties and carry out research on the constituents of nuclear mat-
ter. Two large particle accelerators were designed and built
for this purpose by the Organization; a synchro-cyclotron, ac-
celerating protons to an energy of a maximum of 600 MeV,
and a larger proton-synchrotron providing a proton beam
with a maximum energy of 28 GeV. The synchro-cyclotron,
which usually is called the SC machine, has now been opera-
ting for 7 years and the proton-synchrotron, or PS machine,
has operated for nearly five years.

The staff of the Laboratory has gradually been built up
of scientists, engineers, technicians and other people from the
13 European member states of CERN and now totals approxi-
mately 1600 people. About 800 additional staff are working in
the Laboratory at present as fellows, visiting scientists, visiting
teams and auxiliary staff. Roughly 25% of all the people at
CERN are scientists and engineers, 40% are technicians and
10% are administrative staff. About 25% of the staff are
auxiliaries.

The Laboratory covers an area of about 40 hectares and
is located in Switzerland at Meyrin near the French Border,
8 km from Geneva. Figure 1 shows an aerial view of CERN
with the shielding structure of the PS and SC machines as
well as the laboratories and the Administration Building.
The work of CERN is centered around the two large acce-
lerators, their use for highenergy nuclear physics studies,
their operation, maintenance and improvement. A large effort
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is also made to provide and operate facilities for data evalua-
tion for the experiments with the machines. To plan the fu-
ture, research is also made into still greater accelerators which
will presumably be the next stage in experimental facilities
enabling us to increase our knowledge about the ultimate
structure of matter,

On several points, CERN differs from national European
laboratories. It is international, experimental and operated
by 13 European nations working in collaboration. The acce-
lerators produce radiation energies above those normally avai-
lable at other places in Europe. These factors have a consi-
derable influence on the problems of radiation protection.

Radiation protection problems comprise, generally spea-
king, a scientific and an administrative element. The scientific
side is concerned with the evaluation of radiation risks to
personnel and is covered by such fields as physics, chemistry
biology and medicine. Having established existing radiation
risks in meaningful terms, it is then a matter of administra-
tion to regulate and influence the working and operating
procedures needed to minimize or keep the risk below a certain
standard. In the following we shall limit our discussion to
some problems of basic knowledge required for radiation
protection near the CERN large accelerators.

I) Basis for radiation protection near the CERN accelerators

A. Radiation at CERN

The very high-energy proton radiation which results from
the operation of the CERN accelerators creates particles such
as those listed in Table I. Fortunately, in beams or behind
the machine shields, many of these particles do not consti-
tute a protection problem because of their low production
cross-sections and short life-times, Of particular concern are
high-energy protons, neutrons, pions and gamma rays, as
well as electrons and muons. While the machines are opera-
ting, such radiation will be found not only in and near the
beams in the experimental halls, but also elsewhere outside
the main machine shielding. The intensity as well as the
mixture of radiation, however, varies greatly from the beam
to places outside the shielding. Machine intensity and opera-
tion also influence the radiation levels all over the labora-
tory; naturally the level decreases with increasing distance
from the machines.
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The CERN PS machine now accelerates more than 102
protons per burst with a frequency varying with the operating
energy of the machine. Generally, it is operated with a burst
every 2 or 3 seconds. The SC machine has a current of
roughly 1,5 pA in the form of a circulating beam of protons.
The shielding which surrounds these machines amounts to
5 meters of earth or an equivalent amount of concrete. Extract-
ed secondary beams and also experimental halls are often
surrounded by moveable shielding blocks to minimize scat-
tered or secondary radiation.

The very high energy of the proton radiation of the ac-
celerators causes nuclear reactions which leave a wide variety
of radioactive isotopes in places where the radiation has
penetrated. Generally speaking, almost any known isotope
below the irradiated element of the material might then be
produced. This means that the induced radioactivity of the
accelerator components poses another important problem to
radiation protection at CERN (1).

B. The Dosimetry of High-Energy Radiation

The dosimetry of very high-energy radiation has not been
studied in any great detail until recently when the radiation
hazard near high-energy accelerators has become a problem.
The interest in this field has been greatly stimulated by space
research projects, for which an evaluation of hazards from
cosmic rays is needed. It is essential for radiation protection
in general to bridge the gap between radiation physics and
biology by the dose measurments. In fact, only physical
measurements having a meaning to the bio-medical field are
of any use in evaluating radiation risks to personnel. To car-
ry out such measurements, the concept of radiation dose has
been formulated by the I.C.R.U. (International Commission
on Radiological Units) and defined for protection purposes as
the dose equivalent (DE) (2). It is given by the following
formula:

(DE) = D (QF) (DF)... (1)

The dose equivalent (DE) is given in rem is equal to
the dose in rads (D) times a quality factor (QF) which is
defined as the L.E.T. (Linear Energy Transfer) dependent
factor of the R.B.E. (Radiobiological Effectiveness) of the
particular radiation in question. Other modifying factors such
as distribution factors (DF), etc. might be added to this for-
mula. Although this formula is supposed to give a basis for
evaluation of radiation risks from measurements, it is known
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that several other biological as well as physical factors are
involved. Therefore, complete information needed to estimate
the hazard from radiation might not necessarily be found
from the formula mentioned above.

The difficulty in applying conventional methods of dosi-
metry to very high-energy radiation arises from the differen-
ces in the interaction with matter. Also high local energy de-
position and high linear energy transfer (LET) values are
associated with product from nuclear interactions. The mea-
surement problem is further complicated by the presence of
a wide variety and great energy range of secondary radiation,
accompanying the high-energy particle radiation.

The energy loss suffered by high-energy charged particles
passing through matter occurs from ionization and from nu-
clear and electro-magnetic interactions. The primary ioniza-
tion varies with energy, decreases when energy rises, reaches
a minimum and rises again at very high energy on account
of relativistic field distortion. For protons passing through tis-
sue, the rate of energy loss can have values between 100
KeV/j (in the Bragg region) down to 0.2 KeV/j. at minimum
ionization. Other charged particles behave similarly.

In addition to the ionization from charged particles, nu-
clear interactions from charged and uncharged particles have
also to be considered. These reactions can vary from more
direct nuclear processes in which only a few particles from
the target nucleus take part, to reactions in which the whole
nucleus disintegrates, emitting a large variety of particles and
nuclear fragments (spallation). These reactions involve local
energy dissipation of the order of 10 MeV per emitted nucleon
for the more direct processes and are as such a source of low-
energy secondary particles. The amount of energy dissipated
locally in the case of spallation is very high. Apart from esca-
ping neutrons, almost all the available energy contributes to
the local dose. The total cross-section for the nuclear interac-
tion is of the same order of magnitude as the geometrical seize
of the nucleus. The energy loss per unit path length by very
high-energy charged particles when passing through matter,
is approximately equally divided between primary ionization
and nuclear interaction,

To estimate the radiation dose equivalent (DE) for pro-
tection purposes in such a mixed field, the absorbed dose
(D), the quality factor (QF) and the build-up factor (BF)
will need to be measured. Another approach would be to pro-
vide complete knowledge of the radiation types and spectra
and to use the knowledge about radiation interaction with
matter to calculate the dose. A lack of fany formal method
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of measuring dose within its definition has made it necessary
at present for CERN to adapt the tissue-equivalent ionization
chamber reading as a measurement of absorbed dose, inde-
pendent of radiation type and energy (3). It has not been
possible to check this arbitrarily chosen definition of dose
for all radiation. The response of this chamber, however, is
satisfactory to fast neutrons, gamma rays and primary ioni-
zation of charged particles. Having defined the dose in
instrument reading, dose distribution factors (DF) are readily
measured using water absorbers to simulate tissue. The third
quantity necessary is the QF and its variation with depth.
This quantity should not be confused with the RBE which
is defined entirely by biological effects. The QF depends — as
mentioned — only on the average LET and is supposed to
cover the most critical effects of radiation, and is therefore
considered to express the maximum RBE of the radiation
question, The relationship between LET and QF is shown
in figure 2. '

Attempts have been made to estimate QF by measuring
a recombination index, using a parallel plate ionization cham-
ber filled at high pressure with tissue-equivalent gas (4). The

1 i
100 1000

QD
3

LET (KeV/u) water

Fig. 2 - QF as a function of LET
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function of this chamber is explained by columnar recombi-
nation which is a function of the specific ionization and
hence of OF. It has been found that the measured index of
recombination is proportional to the QF and that this respon-
se is independent of dose rate and angular distribution of the
radiation. Furthermore, it averages the QF for a mixture of
radiation.

This method of measuring dose and dose-equivalent is
only practical when the doserate exceeds the maximum per-
missible levels, since the present sensitivity of the instrumen-
tation involved limits the accuracy at low levels. For measu-
rements behind shields where the radiation levels are well
below tolerance, conventional health physics instruments have
to be used. A system of instruments is therefore employed
from which the contribution to the dose of the various types
and energy ranges of the radiation are determined seperately
(5). The system developed for routine measurements at CERN
is shown in Table II.

Up to 6 different instruments are simultaneously needed
to evaluate the dose-rate near the machines. Separate measu-
rements of the dose from thermal neutrons, fast neutrons
and the high-energy nuclear reacting components as well as
the primary ionizing component are made in this way. To
convert the readings to dose-equivalent, QFs recommended
by the ICRP (International Commission on Radiological
Protection), and QFs measured at CERN are applied (5).
Behind thick shields, depth dose determinations are not ne-
cessary since the radiation can be assumed to be in equili-
brium, which will not be significantly disturbed by the pre-
sence of the body. The system of instruments already men-
tioned is thought to give the best analysis of the radiation
within the limits of available instrumentation.

From the preceding discussion it is evident that routine
dose measurements in the sense of the ICRU definitions be-
come rather complicated near the large CERN accelerators.
A reformulation of the concept of the dose equivalent within
its definition might therefore be worth-while in order to
explore the possibilty of such measurements indepedent of
type and energy of the existing radiation (6). Such an ap-
proach would necessitate the introduction of a wider know-
ledge of radiobiology than that existing at present.

C. High-Energy Radiobiology

It is of little use to apply elaborate methods of dose
measurements if a proof of their relevance to the radiation
danger does not exist. Confidence in the safety of personnel
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with regard to radiation hazard is dependent on an adequate
knowledge of the biological effects of high-energy particles.
Owing to the pioneer character of high-energy physics at
CERN, the biological hazard is inevitably to a large extent an
unknown quantity. Direct information about biological ef-
fects at higher radiation energies would help to check the
physical measurements and make a substantial contribution
towards improving radiation protection. Protection problems
related to high-energy radiation are greatly influenced by
the considerable lack of experimental results of such stu-
dies (7).

To meet some of the need for knowledge of biological
effects from high-energy radiation, a few preliminary experi-
ments have been performed at CERN exposing rats, mice and
drosophila to a 600 MeV proton beam. These experiments
were carried out thanks to laboratories in the CERN member
states (Prof. Bonet-Maury, Institut du Radium, Paris, Dr.
Biithrer, University of Geneva; Dr. Legeay, Saclay; Prof. Pa-
sinetti, University of Milano; Prof. Pasinetti, University of
Palermo and Dr. Purdom, Medical Research Council, Harwell).

Although the results were not directly aimed at protec-
tion, they have so far shown no substantial deviation from
health physics dose measurements. LDs of mice and rats for
600 MeV protons show RBE values of 1 and 1.25 respectively
(8, 9). Lethal mutation of drosophila using the same beam
also gives RBE values close to 1 (10).

Much more work in this field needs to be carried out to
enable us to make a better evaluation of radiation hazards
to personnel near the CERN machines.

11) The radiation hazard at CERN

The radiation hazard at CERN is caused by the high-
energy radiation existing when the accelerators are in ope-
ration and by beta and gamma radiation and contamination
risks from induced radio-activity during the shut-down of
the accelerators. Isotopes and special radiation producing
equipment, such as the 1.7 MeV electron storage ring model
and electrostatic separators are also sources of radiation
which must be controlled.

Figure 3 shows the position of the laboratories on the
CERN Site. A major radiation protection problem is to possess
sufficient data to evaluate the risk at any time and any place
on the Site. The dose-rates during operation of the accelerators
vary greatly according to the way in which the machines are
used. Doserates in secondary beams have usually values of
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several rems per hour, and consequently local shielding arran-
gements make beam regions inaccessible. This also nearly
reduces the doserates to tolerance level (2.5 mrem/h).

The dose-rates decrease with the distance from the ma-
chines. It has been found that the CERN PS machine crea-
tes a yearly dose of about 60 mrem/year at a distance of 400
m from the machine when operating 120 hours per week. The
CERN SC machine with an operation of 140 hours per week
creates a yearly dose of 100 mrem at a distance of 100 m. In
both cases only internal targets have been used. When high-
energy protons are extracted, radiation doses increase by or-
ders of magnitude. In spite of this, it must be concluded that
the CERN machines are quite well shielded considering their
use.

Typical distribution of the radiation outside shielded
areas of the CERN PS and SC machines is shown in Table
ITI. It is interesting to see that the major component of the
dose is fast neutrons which contribute more than 50% of the
total dose. In some regions, for example along the beam path,
even behind very thick shielding, muons dominate showing
that the gamma radiation or charged particle component can
contribute up to 85% of the total dose. The quality factor
of the radiation varies, but seems to keep to within values
of 5 to 10.

The maintenance during shut-down of the accelerators
presents particular protection problems because of the indu-
ced radioactivity. The highest dose-rates are found near. tar-
get regions close to the vacuum chambers where the dose-
rates might reach 10 to 15 rem per hour. The induced radioac-
tivity which causes this dose-rate decays with time, but in a
complex way because of the composition of the radiocactivity
(12). The exposure to people maintining the machine is con-
siderable and require strict control.

About 250 smaller radioactive sources are scattered
around the site, so creating other sources of radiation needing
control. A nuclear chemistry laboratory using chemical me-
thods on irradiated materials from the accelerators produces
radioactive liquids and other waste requiring regular inspec-
tion and control.

A 17 MeV electron storage ring model produce brems-
strahlung which has to be shielded and kept inside regions
inaccessible to unauthorized persons.

The general policy on radiation protection followed by
CERN is based on the ICRP recommendations. Shielding is
used and other radiation studies are currently made to keep
accessible places within the 40-hours-per-week total, and re-
gions with higher doserates must be under strict control.
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I1I) The personnel radiation control

The radiation exposure of personnel is controlled by gam-
ma and neutron film-badges. About 1400 people were control-
led last year for gamma exposure and 400 for neutron expo-
sure also. Due to the particular radiation existing near the
accelerators, special reading of neutron film-badges is made
to enable us to include the high-energy component in the re-
sults (14). The use of neutron films is based on observation
of nuclear stars in the emulsions. The star production re-
presents a new phenomenon for dose interpretation and its
biological significance is not easy to evaluate,

The distribution of the doses received by people at CERN
in 1963 is shown in Table IV. About 950 people were under
control the whole year and 78 of these received a dose above
1 rem. It is also intersting to note that the relation between
neutron dose and gamma dose to personnel varies between
0.08 and 1.125, where the higher values are found for people
working near the accelerators.

In addition to the film-badge control, all people exposed
professionally to radiation have a yearly blood test and those
exposed to neutrons and high-energy radiation are also gi-
ven an eye inspection. These examinations are made by a me-
dical consultant attached to the Health Physics Group. Of the
925 people who were given a blood test last year, 92 people
were suffering from slight anomalies of the blood. In most
of these cases, the anomalies were of a transint character.
Slight anomalies of the eyes were observed in 16 of the 325
people who had their eye lenses tested in 1963.

TABLE 4
DISTRIBUTION OF DOSES
Number of persons

Dose Group I Group II Total

Gamma only Gamma+ neutron
0-1 688 183 871
1-2 38 7 45
2-3 18 — 18
3.4 7 5 12
4-5 2 — 2
>5 1 — i
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A serious question to be considered is whether the me-
dical side of the radiation protection problem at CERN is
satisfactorily solved. The fact that so little is known about
biology of very high-energy radiation might justify close ob-
servation of people subjected to these extraordinary radiation
conditions. On the other hand, it would also be very difficult
to reach a decision as to what particular symptoms to look
for. The most rewarding approach would be to organize a
major research project on fundamental biological problems,
to run in parallel with progress made in physics of funda-
mental particles.

Conclusion

Because of the pioneer character of the nuclear physics
studies carried out by the CERN machines, and the lack of
biological knowledge about effects from high-energy radia-
tion, the whole basis for personnel radiation protection near
high-energy machines is subject to particular problems. A
greater effort put into dosimetry, as well as the radiobiology
of high-energy radiation might contribute substantially to
placing the radiation protection problems in perspective, and
to deciding whether we are oxer-emphasizing or neglecting
this kind of activity as it is carried out at the present time at
CERN.
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INTERVENTI SULLA RELAZIONE

F. ELLIS

1 should like to ask Prof. Baarli about the abnormalities he men-
tiens. About 10% of the 925 people given blood tests and 5% of the
325 having lens examinations showed anomalies.

Were these anomalies developments after starting work at CERN
and were thay considered to be due to the radiation hazard at CERN
or were they thought possibly to be due to other causes?

If they might be due to the radiation hazard they are surely rela-
tively larged than might be expected from the more usual types of
radiation and therefore suggest that effects are the results of the very
high energy radiation and probably due to induced radioactivity in
the body since the doses received are as very small as indicated by
Dr. Baarly’s measurements. The implication is so strong that we are
ignorant of the biological effects that theprogramme of research into
this problems should be given considerable priority.

It would be helpful to follow up the workers from CERN for a
long time when they leave the site to work elsewhere so as to find
out of any late developments might occur in connection with the health
of these individuals which might be related to their exposure. Are
such follow up arrangements in hand or are they considered necessary?

Furthermore have any effects been absorved in connection with
pregnancies which have developed at CERN in the children of worken
either in the form of abnormalities or as long term developments of
any kind such as malignant deseases.

J. F. FOWLER

I was surprised by the high figures for abnormalities of blood and
eyes mentioned by Dr. Baarli. How significant are these abnormalities?
Are they found continually in the came people? Whether they are or
not, it seems, necessary to have a programme of foundamental biolo-
gical work with the strange particles produced by these machines.
The relationship of absorbed dose to biological effect is very poorly
known at high LET’s, and of course the measurement of LET di-
stributions, and the biological significance of any such measurements,
needs a great deal more work.
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J. BAARLI

In connection with the possible future use of pi-minus mesons
for radiation therapy as mentioned by Prof. Fowler, in his extremely
inspiring talk, I could mention that we at CERN already have con-
ducted some preliminary studies. The studies consisted of an experi-
mental investigation of depth and isodose distribution in water of a
65 MeV pi-minus meson beam from our 600 MeV Syncrocyclotron. The
pi-minus mesons of this energy ionize very similarly to fast electrons,
but when they come to rest at the end of their range in the absorber
they interact with the nuclei present. Interactions with oxygen in water
result in the. emission ol 3 alpha-particles per interaction, each alpha-
particle having an energy ol about 8 MeV.

Our depth and isodose distribution measurement in water for the
pi-minus beam at CERN showed that the average range was about
14 cm.

Furthermore we found that the ratio between the maximum dose
in rads as measured at the 14 c¢m depth, and the dose in rads at the
surface was about 2, a ratio which did not vary appreciably rapidly
with depth between 1 and 12 cm. The rate however increased to a
maximum of 3,4 in the peak at around 14 cm.

The dose rate of the beam we used for this purpose was quite low
but sufficient for physical measurements which we plan to continue
at CERN. Attempts have also been started to increase the pi-minus
beam intensity, but our type of syncrocyclotron can probably barely
achieve a dose rate in which biological experiments are feasible.
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