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FOREWORD

On 15 October 1958 there occurred a very brief uncontrolled run of the zero-power reactor at the Boris
,Kidric Institute of Nuclear Science, Vinca, near Belgrade, Yugoslavia. During this run six persons received
various doses of radiation. They were subsequently given m~dical treatment of a novel kind at the Curie
Hospital, Paris. It is of the greatest importance for the assessment of the radiation hazards involved to
determine as precisely as possible the radiation dose received by each person.

For this purpose a dosimetry proj ect was organized by the International Atomic Energy Agency. It
constituted an international co-operative enterprise and formed part of a world-wide effort to determine the
deleterious effects of radiation on man.

The experiment was carried out at the Boris Kidric Institute of Nuclear Science, Vinca, and consisted
in a reconstruction of the original reactor excursion. Phantoms were set up at the positions that had been
occupied by the operators exposed to radiation in 1958. and the doses received by these phantoms were
determined by special methods.

On 2 February 1960 a formal agreement for the carrying out of the dosimetry experiment at Vinca was
signed in Vienna between the International Atomic Energy Agency and the Yugoslav Nuclear Energy
Commission.

The Yugoslav authorities and the Boris KidriCInstitute placed the complete reactor, necessary laboratory
facilities, services and personnel at the Agency's disposal.

The French Atomic Energy Commission constructed extensive additions to the control system of the
reactor and restarted and operated the reactor for the experiment.

The United Kingdom Atomic Energy Authority supplied on loan the 6 % tons of heavy water needed to
restart the reactor. It also made available the services of a scientist.

The United States of America arranged for an expert team from Oak Ridge National Laboratory to perform
the actual measurements with its own specialized equipment and make the necessary calculations.

The experiment and measurements were carried out at the end of April 1960.

The project formed part of the Agency's research programme in the field of health and safety. The
results of the experiment are made available through this report to all Member States.
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1. INTRODUCTION AND BACKGROUND

1.1. International dosimetry experiment

The radiation accident [IJ which occurred at the Boris Kidric Institute * on 15 October 1958 during the

course of a sub-critical experiment with the zero-power reactor -RBtI resulted in heavy exposure of six
scientists to a mixture of neutron and gamma radiation.

In atomic energy operations to date, very few accidents involving exceSSIve radiation exposure to

human beings have occurred. In fact, the cases of acute radiation injury are limited to about 30 known high
exposures, few of which were in the lethal or near-lethal range [2J. Since direct experiment to determine

the effects of ionizing radiation on man is unacceptable, information on these effects has to be based on a

consideration of data relating to accidental exposures, viewed in the light of the much more extensive data

obtained from experiments on animals. Therefore, any direct information on the effects of radiation on humans

is very valuable.

The international dosimetry project described in this report was carried out at Vinca, Yugoslavia,

under the auspices of the International Atomic Energy Agency to determine the precise amount of radiation

to which the persons had been exposed during the accident. These dosimetry data, together with the record

of the carefully observed clinical effects, are of importance both for the scientific study of radiation effects
on man and for the development of methods of therapy.

1.2. The zero-power reactor t1RB"

The zero-power reactor [3,4J at the Boris Kidric Institute of Nuclear Sciences was the first nnclear

assembly constructed in Yugoslavia (see Fig. I). The arrangement of the reactor and its control system up to

Fig. 1
General view of the zero-power reactor

the time of the accident was briefly as follows: The reactor utilized four tonnes of natural uranium in the
form of 216 aluminium-clad fuel rods, each 2.5 cm in dianreter and 210 cm long. The fuel rods, with a lattice

spacing of 12 cm, were contained in a cylindrical tank made of aluminium of 1 cm thickness. One end of each

fuel rod rested on the bottom of the tank. The assembly used heavy water (020) as a moderator of the neutrons

* Located on the outskirts of Belgrade at Vinca, Yugoslavia.
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produced in the uramum. No solid material was outside the tank to act as reflector of these neutrons; in
order to achieve a completely non-reflected system, the tank was supported on a rack standing in the centre
of a square pit, 8 m on a side and 1.4 m deep so that the surface of the tank was at least 4 m away from any
reflecting surface.

In a separate room below the floor of the reactor room was a storage tank for the heavy water with a
capacity of 7 m3• The reactivity of the reactor was controlled by adjustment of the heavy water level in the
reactor tank. A canned rotor centrifugal pump with two speeds was used to move the heavy water between
the storage tank and the reactor tank. The water level was measured by an electric contact probe and the
temperature determined with a platinum resistance thermometer. Two cadmium safety rods acting by gravity
were provided. The magnetic release of tnese rods could be performed either manually or automatically at
a prescribed neutron flux level. The neutron flux reaching the outside of the reactor tank was registered by

. three BF 3 counters of varying sensitivity placed near the face of the reactor tank.

1.3. Circumstances of the accident and subsequent analysis

It was shown in the early experiments that the reactor could be operated with a very low radiation
level in the room. At the time of the excursion on 15 October 1958 six persons were present in the reactor
room, four of them observing electroni c gear in the reactor pit and two at the control panel at floor level on
the edge of the pit. In one wall of the reactor room adjacent to a corridor leading to several experimental
laboratories are several windows. At these windows two other people were exposed to relatively much
smaller amounts of radiation.

During the excursion the operators in the room smelled ozone and, thinking perhaps the mam valve
at the base of the reactor tank was leaking, walked in under the tank to see if that was the source of the
ozone. Realizing the situation then, they scrammed the reactor, and all persons left the room at the same
time.

Investigations as to the cause and consequences of the accident were undertaken by the Yugoslav
authorities immediately after the accident, and a report was published in March 1959 in the J oumal of the

Boris Kidrie lnstitute. It was estimated in the report that the irradiated persons received a total average
whole-body dose of 683 rems. At the time of the accident the Director General of the IAEA offered assistance,
and the Yugoslav authorities agreed to the Agency's suggestion that two experts from the Agency should
study the accident and make recommendations in connection with a re-starting of the reactor. This study
was carried out in March 1959, and the report [5J was transmitted to the Institute shortly thereafter.

Physicists of the Vinca staff estimate that the reactor was in a power surge for about 4 min, that a
total energy of 8 x 107 Wsec was released, and that the power at the beginning of the surge was in the
mWrange. Assuming an initial power of 3 mW, the energy of 8 x 107 Wsec would be generated in 4 min if
the reactor transient had a period of 10 sec. A longer period could not have generated the estimated energy.
Because of its limited D20 supply the reactor was incapable of a shorter period. The energy developed was
sufficient to increase the moderator temperature uniformly by only 2°C so that the temperature co-efficient
(-2.4 x 10-4/ k/ °C) was incapable of preventing the excursion.

1.4. Treatment of the irradiated persons and the need for better data on the radiation doses

The irradiated persons received first aid at the Boris Kidric Institute and were then hospitalized at
the Centre for Professional Diseases in Belgrade. The following day the six heavily irradiated persons
were transferred to the Curie Foundation in Paris and placed under the care of Dr. H. Jammet, Head of the
Radioisotope Service there.

Immediately after their arrival in Paris measurements were made of the radioactivity induced in the
individuals due to the neutron exposure. These values, together with similar and related values obtained in
Yugoslavia, are used later in this report to relate the results of the dosimetric measurements subsequently
made in the vicinity of the reactor to the actual dosages received by the exposed persons. Of particular
significance is the sodium (Na24) activity measured in the whole body of each person. (See Section 3.)

A summary of the clinical observations, a description of the treatment, and preliminary estimates of
dose have been given by Jammet et at. [6J The treliltment was based on the clinical picture, but with the
knowledge that the dose estimates, although very imprecise, indicated exposures above the lethal (LD-50)
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range for five of the six individuals. These five received bone marrow transfusions on or after 11 November,
while the sixth and least-exposed individual received only conventional treatment, including blood trans
fusions [7J. Of these six patients, the one who received the highest dose did not survive the acute phase
of the illness; but the others recovered and today suffer no ill effects. The medical significance of the
accident and the treatment used are discussed in the report of the WHO- IAEA Meeting on the Diagnosis
and Treatment of Acute Radiation Injury, Geneva, October 1960.

In contrast to the detailed and carefully documented data on the medical reactions of the irradiated
individuals, only very rough and uncertain estimates of the physical doses received could be made, largely
because the form of the energy spectrum of the neutrons from the reactor was not sufficiently well known
for this purpose. In view of the paucity of data on the quantitative relation between exposure to doses of
radiation in the near-lethal range and the resulting response of healthy human beings, there was every
incentive to extract all the information potentially available from the accident. It was felt that, if only the
precision of the dose estimates could be improved to match the precision of the clinical observations, a

very valuable step forward in basic knowledge would be achieved. In fact the accident presented a unique
opportunity, because, unlike those in previous accidents, the individual exposures appeared to form a fairly
evenly and closely spaced series in the lethal range. The fact that the patients received specific treatments
did not prevent the observation of much of the natural course of the response to radiation. In this dose range
specific treatment is not normally desirable until the fourth week; and in the interim much detailed clinical
data, particularly of the haematology, can be obtained.

1.5. Yugoslav agreement to the dosimetry experiment

One of the main functions of the Agency under its Statute is the establishment or adoption of II •••••

standards of safety for protection of health and minimization of danger to life and property". Therefore,
the Agency was greatly interested in the further aquisition of information related to these radiation exposures.
Accordingly, the Director General of the Agency suggested to the authorities in Yugoslavia that an exper
iment be conducted at Vinca involving reactivation of the reactor and dosimetry measurements in the vicinity
of the reactor whereby the doses to which persons had been exposed could be established more precisely.

An agreement was signed with the Yugoslav Federal Nuclear Energy Commission on 1 February 1960
in which the Agency assumed the responsibility for the organization and conduct of a Joint Dosimetry Ex
periment at Vinca (see Annex I). The over-all project was co-ordinated and directed by the staff of the Inter
national Atomic Energy Agency. The Yugoslav Government agreed to prepare the zero-power reactor and
place it, as well as the laboratory premises, at the disposal of the Agency. It also undertook the necessary
reconstruction of the reactor premises and placed consultants, personnel, instruments and services at the
disposal of the Agency.

1.6. Supply of the heavy water

The heavy water had been removed from the zero-power reactor after the excursion and was in use in
the larger reactor at Vinca. Therefore, about 6.5 tonnes of heavy water was needed for operation of the
zero-power reactor. After consultation with the Governments of four Member States able to provide heavy
water in this quantity, i.e., the Federal Republic of Germany, the Union of Soviet Socialist Republics,
the United Kingdom and the United States of America, the Agency availed itself of the offer of the United
Kingdom under which the heavy water was put at the disposal of the Agency, free of charge, for the period
required for the experiment (see Annexes IV and V). The Agency made the arrangements and bore the cost
for the transport and insurance of the water.

1.7. Reactor modification and operation

For modification of the reactor control system, a preliminary design team had been sent by the Agency
to Yugoslavia in December 1959; and a report had been prepared on the necessary modifications. It was
obvious from that report that a considerable sum would be required for financing of the entire project. There
fore, the Agency was very pleased when the French Commissariat a l 'Energie Atomique agreed to undertake
free of charge the design, construction and installation of the necessary control system, as well as to be
responsible for the heavy water handling, the start-up and operation of the reactor for the purpose of making
the dose measurements (see Annexes II and III).
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1.8. Dosimetry

For the actual dosimetry investigations, a thoroughly experienced and equipped team, familiar with
the problems of combined neutron and gamma dosimetry, was necessary. The measurements had to be com
pleted as soon as possible and with as little operation of the reactor as possible. The Agency asked
Dr. Karl Z. Morgan, Director of the Health Physics Division, Oak Ridge National Laboratory, United States
of America, to act as technical director of these measurements. Dr. Morgan·s team has investigated other
accidents involving critical assemblies. When approached for assistance, the United States Atomic Energy
Commission agreed to provide this dosimetry team and the necessary equipment without cost to the Agency
(see Annexes VI and VII). The United Kingdom Atomic Energy Authority also made available one of its
scientific experts, who made certain dose ..measurements (see Section 3, Appendix 3 E).

The essential objects of the investigations were to determine at various positions round the reactor
the following:

(a) The ratio of gamma to neutron dose;
(b) The neutron spectrum; and
(c) The relation between the sodium-24 activity induced in sodium chloride solutions contained in

plastic human-shaped phantoms in various orientations and the neutron dose at the same place.

With such data it would be possible to deduce the actual neutron and gamma doses received by the
SIX individuals in the accident from the values of sodium-24 activity observed in them after the accident.

It was known from experience with other reactors that the neutron spectrum and the ratio of gamma
to neutron dose is the same at low power as at high power. In the dosimetry experiment, therefore, it would
not be necessary to reproduce the high-power excursion which occured in the accident; all measurements
could be made under steady conditions at comparatively low powers.

Finally, Dr.H.Jammet of the French Commissariat a l'Energie Atomique, who was responsible for
the sodium-24 measurements and treatment of the accident cases, was asked to be present throughout the
experiment and to analyse duplicate samples of the activated sodium chloride solutions (see Section 3,
Appendix 3 C).

1.9. Insurance

Of the remaining costs associated with the experiment for which the Agency was responsible, insurance
represented the major item. An unusual insurance was obtained at a cost of $3500, which covered the heavy
water (which constituted a value of some $400000) during transport, any loss or damage to the 30 stainless
steel drums (worth about $4000) in which the water was shipped, and leakage of the water due to other than
deliberate disposal. The water was not covered with regard to contamination or leakage during the actual
performance of the experiment, but this period of time amounted to only a few minutes and with the pre
cautions taken to prevent any possible damage or loss during the experiment, this risk was thought acceptable.

The Agency obtained four major insurance contracts in addition to that covering the heavy water.
A clause in the agreement with the Yugoslav Federal Nuclear Energy Commission stipulated that the Agency
would provide an "Agency representative" during the course of the experiment. This representative was to
designate an area, access to which would be restricted at all times that the representative felt necessary.
The Commission undertook to control the entrance to this area and accepted liability towards any person
entering the area who had not been approved for entrance by the Agency representative. One policy insured
all persons, except regular Agency staff members who were covered by other blanket insurance, authorized
by the Agency to enter the experimental area designated by the representative of the Agency. The coverage
was initially given for 30 persons, with a $100000 limit for claims on behalf of any individual for injury,
disability or death. The policy was adjusted after the experiment to cover the actual number of participants,
i.e.,36 persons for an average of 22 days each, and cost $3950. By agreement with the Yugoslav Federal
Nuclear Energy Commission, and to avoid any possible Agency liability for claims in excess of insurance
limits, all persons who participated in the experiment outside the Agency staff were asked to sign a waiver
of claims in excess of $100000 or the institution providing the individual was asked to undertake coverage
of such claims.

A second policy covered damage to any of the property of the Boris Kidric Institute affected by the
experiment. This insurance for property valued at $817500 cost $2453.
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A third policy covered any losses to the Boris Kidric Institute due to business interruption caused by
excessive radiation or radioactive contamination. This insurance provided for a maximum coverage of
$600000 at a cost of $7875.

A fourth policy covered the Agency for any third party claims up to $750000, and this cost $4000.



2. REACTOR MODIFICATION,
PREPARATION AND OPERATION

J. WEILL, J. FURET, J. BAILLET, G. DONVEZ,J. DUCHENE,R. GRASANDR. MERCIER
ELECTRONICSDEPARTMENT,INDEPENDENTSECTIONOF REACTORELECTRONICS

AND

J. CHENOUARDANDJ. LECONTE
DEPARTMENTOF PHYSICALCHEMISTRY,STABLEISOTOPESSECTION,

SACLAY,FRANCE

2.1. Control and safety of the reactor in low- and high-power operation

The critical height determined by the Yugoslav physicists is 177.15 ± 0.1 cm at a temperature of 22°C.
The coefficient of negative reactivity associated with the moderator is approximately 20 X 10·5/oC. At the

critical figure the reactivity variation in relation to the heavy-water height is 70 X 10-5/ cm. At the highest

heavy-water figure the excess of available reactivity is about 1 200 X 10-5•

The control and safety equipment of the reactor was inadequate for operation at a constant power level
of several watts, let alone several hundred watts [8J.

At the beginning of February the Commissariat a l 'Energie Atomique(French Atomic Energy Commission)
carried out a control and safety study on the reactor. After the completion of this study, control and safety
were defined for the purposes of the Joint Dosimetry Experiment [9J.

From the standpoint of safety, the worth of the two safety rods seemed low (approximately 1 300 X 10-5)

for an available reactivity of the order of 1 200 X 10-" which would be present if the whole calandria were
accidentally filled with heavy water. It was therefore decided to add a third safety rod (approximately
2 500 X 10-5) for use also as a follower for continuous measurement of the heavy-water level.

The rod's position was controlled automatically at this water level by means of a cOntact point, and

telemetering of its position to an accuracy of within 0.2 mm on the control panel permitted remote control
measurement of the heavy-water level.

It was considered safer and more flexible to make the reactor critical during the experiment with the aid
of a control rod of a worth less than {3 (of the order of 350 X 10-5). Provision for the installation of this rod

was made in the central aluminium tube which was used for inserting the 500 mC Ra-Be source. The speed of
this rod was fixed so that the variation of reactivity was approximately 4 - 5 X 10-5/ sec.

It is known that slow development of reactivity is always compatible with operational safety in reactors.

The speed of divergence is to a first approximation inversely proportional to the square root of the reactivity
addition rate; and, furthermore, the lower this rate, the longer the time-constant of divergence.

In order to arrive at an order of magnitude for these two parameters, we calculated with an analogue
computer the development of power as a function of time, given an available reactivity of 300.x 10-5 and a
reactivity addition rate of approximately 4 X 10-5 per second, and, at starting, either a subcriticalpower of
3 mW and a negative reactivity of -250 X 10-" taking the source level into account, or a critical power of the
order of a few milli watts.

In this calculation we purposely neglected the Doppler effect and the temperature coefficient of th-e
moderator in order to make the safety conditions as unfavourable as possible. The results are given in
Figs. 2 and 3. In the first case the calculated doubling time was about 50 see and in the second about 35 sec.

A control rod and a safety rod, both of cadmium, with worths of 350 and 2 600 X 10-" respectively,
were then calculated by the Saclay Mathematical Physics Service [10J on the basis of the following data:

Migration area M2 = 242 cm2

Extrapolated radium R = 101.8 cm

Extrapolated critical height H = 183.3 em,

the diffusion lengths and the slowing-down lengths being deduced with sufficient accuracy from the measured
Koo and B2 values.
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300 X 10-5; reactivity addition rate, 4 X 1O-5sec-1.

To ensure that the experiment would be finished by 31 May 1960, the following timetable was drawn up:

Assembly of the control panel at Saclay by 31 March 1960
Transport of materials to Vinca, 1 - 5 April
Sub critical experiments, 20 - 24 April
Beginning of the" Joint Dosimetry Experiment", 25 April.

2.2. Preparations

The construction of the control and safety rods and of various mechanisms and the assembly of the

control panel started in the Electronics Department workshops on 15 February, while preparations for the
transfer and handling of the heavy water were made in the Stable Isotopes Service at Saclay. The two rod
mechanisms were constructed in conformity with Commissariat drawings by an industrial undertaking, and

installation of industrial television equipment was arranged with the Compagnie Generale de Telegraphie
sans Fil.

On Friday, 1 April, all the necessary equipment was crated and loaded on lorries and left the Saclay
Nuclear Studies Centre for Yugoslavia.

2.3. Installation of eqnipment for control and safety ~of the reactor

The equipment installed in the reactor by the Commissariat is shown in Fig. 4. Fig.l shows the two
additional control and safety rod mechanisms, Fig. 5 the different detectors fitted near the calandria, Fig. 6
the control panel.

All heavy water circuit controls were brought together on this panel, so that all ,controls could be
centralized on the Commissariat control panel during the various experiments. An inter-communication

telephone, also visible in Fig. 6, made it possible to centralize orders during the experiments.
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Fig. 5
Detectors fitted near the calandria

Fig. 4

General view of the calandria, showing equipment
installed by the Commissariat a l'Energie Atomique.

1. Mechanisms
2. Water-level follower rod
3. Control rod
4. Fuel elements

5. Safety rods
6. Detector

Fig. 6

The control panel
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The nuclear measuring-channels were as follows:

1 linear channel with CEA type CCP 1 N 10 ionization chamber - sensitivity 2 X 10-14 AI nl cm2s.

2 logarithmic channels with CEA type CCP 1 N 10 ionization chamber - sensitivity 2 X 10-14 AI nl cm2s.

1 counting channel with BF. counter type 42 NE 4015 - sensitivity 40 cl s per 1 nl cm2s.

Given a flux at the detectors corresponding to the neutron power indicated by D. Popovic to the IAEA

experts in December 1959 [8J and the sensitivity of the detectors, it was expected to have readings on the
various nuclear measurement channels as shown in Table I.

TABLE I

READINGS OF MEASUREMENT CHANNELS

Flux at
CountsDC amplifiers

Reactor detectors
Current supplied

yielded bypower (nj cm2sec)
by CCP 1 N 10

CFUl
Linear channel

Logarithmic

R == 5 X lOl°D

R == 5 X 107 Dchannel

0.5 mW

2.5 X 1015 X lO-13 A1. 25 25 mV

1 mW

5 X 10110-12 A2.5
5 mW

2.5 X 1025 X 10-12 A1.25 X 101250 mV

50 mW

2.5 X 1035 X 10-11 A~1.25 X 102 2.5V

1" mV

500 mW

2.5 X 1045 X 10-10 A1.25 X 10325V 25 mV

5W

2.5 X 1055 X 10-9 A1. 25 X 104 250 mV
50 W

2.5 X 1065 X 10-6 A1. 25 X 105 2.5 V
500 W

2.5 X 1075 X 10-7 A 25 V

Fig. 7 shows the arrangement of the measuring channels. Between the pre-amplifiers and the amplifiers
sufficient lengths of cable were available to make it possible, if necessary, to locate the control panel else
where. Its position is indicated in Fig. 8.

Power 51lW 5 mW 50 mW 500 mW 5W 50W SlOW 5kW

If IZ Iii Will ~
I Fig. 7

CEA control panel: arrangement of
neutron measuring channels.

a.BF3 counter
b.

Compensated ionization chamber
E§

c.Preamplifier
b

d.Logarithmic amplifier
III

e.Linear amplifier
£.

Period meter
g.

Indicator

~

h.Recorder
b

I.
Start-up channel

II.
Linear channel

IV III. Logarithmic channel1
IV. Logarithmic channel

2
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Fig. 8

Arrangement of the CEA control panel
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Linearehann,,1 (ormea!l'llrementof r'rays(Hall reactor)

380/220 V step.down

transformers
24 V supply

The safety system comprised 12 safety trips for shutting down the reactor by gravity-fall of safety rods:

Period limit on period meter of logarithmic channell,
Period limit on period meter of logarithmic channel 2,
Period limit on recorder of logarithmic channell,
Power limit on amplifier of logarithmic channell,
Power limit on amplifier of logarithmic channel 2,
Power limit on recorder of logarithmic channel 2,
Power limit on linear channel amplifier,
Limit of heavy-water level in the calandria (Yugoslav gauge),
Manual release of safety rods from the control room,
Failure of AC supply,
Failure of DC supply, and
Limit on y-radiation dose in the control room.

Interlocks to eliminate any possibility of faulty operation were as follows:

(a) A timer was fitted to the heavy-water pump control to limit the automatic introduction of reactivity
to 30 X 10-5 in anyone operation;

(b) Two control or safety rods could not be raised simultaneously;
(c) The heavy water pump could not be brought into operation if:

(i) the safety rods were not in the high position,
(ii) the water level was not being controlled automatically or manually (coupling excited), and
(iii) the control rod was not in the low position;

(d) The safety rods could not be raised unless the electronic indicators were operating.

The automatic control system with error signal M is illustrated in Fig. 9.

All this equipment was installed between 8 and 14 April. The control rod with its controlling mechanism
was first installed on the reactor while, at the same time, preparations were being made for blowing dry air
into the calandria. The central window opening was then made 150 mm from the center, and dry air was blown
into the calandria while the additional safety rod and its mechanism were being mounted on the reactor cover.

Simultaneously, the control and safety electronics equipment, detectors, and communication and power cables
were installed.

2.4. Handling of heavy water

The heavy water provided by the United Kingdom was contained in 29 drums, holding in all 6 570 kg.
The mean isotopic titer calculated from the supplier's analyses was 99.74 ±0.01% O2°. A small amount of

Yugoslav heavy water, estimated at 100 - 300 kg, had been left in the tank since the accident. Samples had
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Control panel of the Commissariat a
I' Energie Atomique: power stabiliza-

foll""I."1 ~ tion scheme (error signal 1::,. P).
a. DC amplifier
b. Preamplifier
c. Compensated ionization chamber
d. Power recorder for P
e. Calibration of P

f. Power recorder for6p (2 mV)

g. Order of rise of control rods
h. Order of descent of control rods
i. Movable contacts adjustable for

calibration 1::,.P

J. Recorder..l..QE.
P dt

k. Halting of rise or descent of control
rod for any period up to 20 sec

been taken at two different points in the reactor circuits, and isotopic analysis of these at Saclay (Stable
Isotopes Section) had given the following results: 99.82 ± 0.01% O2° and 99.74 ± 0.01% O2°.

It was decided to transfer the heavy water without draining either the calandria or the tank as the
variation in titer due to the mixture would be negligible.

For the purposes of transfer, each drum was sampled and the isotopic composItion checked rapidly by
infra-red absorption (accurate to within 0.1% 020), The heavy water was transferred directly into the lower
tank by means of compressed nitrogen. The operation began on 12 April and lasted a little under six hours at
an average transfer rate of five or six drums per hour.

When the transfer was complete, a sample was taken in the lower tank and analysed, with a result
identical to that obtained before the operation (calculated mean titer).

For a check of the leak-tightness of the valves and seams of the heavy-water circuits, three tonnes of

heavy water was introduced into the calandria on 14 April. A further sample taken from the calandria draining

cocks confirmed that there had been no variation in the isotopic titer. Tbe operation of the heavy-water pump
was checked; speeds of filling were not constant but depended of course on the geometry of the portion of
the calandria filled and of the head.

Readings of the gauge already installed and of the automatic gauge installed by the CEA were then
compared.

To avoid disadvantages arISIng in connection with the controls of the pneumatic valves, it was decided
to leave the heavy-water level fixed during all the experiments, thus of course limiting the excess avail
able reactivity.

Dry air was circulated to ensure complete isolation of the atmosphere above the heavy water from
atmospheric humidity.

After the close of the experiment a final sample was taken by the Yugoslav scientists; and the result
of the isotopic analysis carried out on it at Saclay was 99.78 ± 0.002% O2°, which proves that no introduc

tion of light water detectable by analysis had taken place during all the operations of tra~sfer, filling and
draining of the calandria.

2.5. Protection of the control room

The control room was about seven meters from the reactor and had no direct view of it.

Given the building's wall thicknesses, the degree of protection seemed to us low in relation to the
proposed operating powers. We therefore asked the Yugoslav authorities to reinforc e the outside of the
reactor building in the manner shown in Fig. 10.
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Concrete bricks and strips of cadmium had been taken from the Nuclear Studies Centre at Saclay to

Vinca to reinforce the protection of the control room. Fig. 11 shows how the bricks were arranged to protect

the control panel operators.

Fig. 10

Reinforcement of reactor wall
(outside)

Fig. 11

Arrangement of bricks in the control
room to protect the control panel

operators

Similarly, before the first experiment, we built a baffle of concrete bricks in front of the communicating

door between the reactor building and the control room to prevent any escape of fast neutrons.

2.6. Start-up, investigation of critical level and rough check of rod worth

The experiments were carried out in accordance wi th the programme given in report 12771 DEI 080 [11J.
Before the calandria was filled with heavy water, the control mechanisms of the control and safety rods

and the electronic measuring instruments were tested. The calandria was then filled after the heavy-water

level probe had been set at slightly above 1 m (safety channel), the control panel now being in operation.

Then, after a last check of the automatic valves, the source was placed in its housing, the evacuation order

was given by the police, and the subcritical experiments began.
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Neutron counting was carried out with two BF3 counter channels loaned by the Boris Kidrie Institute
and one CEA BF 3 counter channel.

As the heavy water level was increased, counts were made at the following levels (in meters) :

l.00 - 1.10 - 1.20 - 1.30 - 1.40 - 1.50 - 1.60 - 1.65 - 1.70 - 1.71 - 1.72 - 1.73 - 1.74 - 1.75.

At the 1.75 m level the safety system was checked. A rough measurement of the worth of the control
rod and of the follower-rod installed by the CEA was made.

F or that purpose counts were made before and after the introduction of all the rods into the reactor,
before and after the intro~uction of the two original safety rods, before and after the introduction of the

additional safety rod, and before and after the introduction of the control rod.

The measured worths of the rods were as follows:

CEA control rod

CEA follower safety rod
Two Yugoslav safety rods (with shadowing effect)

375 X 10-5
2 900 X 10-5
1 210 X 10-5

The results of the counts are given in Fig. 12. At 6.9 p.m. criticality was obtained with a period of the
order of 400 sec , the critical level being 1.79 m (slightly above that measured by the Yugoslav physicists in
1958). This difference can be explained by a difference in the temperature of the environment and by the

fairly pronounced corrosion in the aluminium cladding of the fuel rods.

The level of heavy water was then raised a further 2 em to limit the excess available reactivity to
approximately 140 X 10-5•

2.5

1.5

0.5

\
\
\
\
\\\\\

\
\

\, \,,,, ,,,,,,,,

Fig. 12

Approach to the critical level. Reciprocal
of the counting - rate as a function of the
heavy water height.

----- Linear channel for

measurement of neutron flux

CEA counting channel
Boris Kidri~ counting channel

140 150 160 170 180
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7.13- 7.32 p.m.
7.45 - 8.00 p.m.
8.n - 8.31p.m.
8.43 - 9.07 p.m.
9.25 - 9.43 p.m.

10.25 - 10.40 p.m.

11.01 - 11.15 p.m.
11.27 - 11.35 p.m.

In a last check of ,all the safety arrangements, their operating level was fixed at a fairly low threshold
and the reactor was made critical by withdrawal of all the rods until they automatically tripped.

An automatic control test was then carried out for a power of the order of 500 mW,and protection against
radiation in the control room area was tested during this run.

2.7. Operation of the reactor in low- and high-power runs

After a final check of the safety rod lowering mechanisms, eight runs were performed at a power of 5 W.

For the first run the power was increased by hand, and afterwards the automatic control system was used.

In all the other runs, power was increased and stabilized automatically.

The runs were made at the following times:

First run
Second run
Third run
Fourth run
Fifth run
Sixth run
Seventh run

Eighth run

Fig. 13 shows the record of power obtained during two of these runs.

,I I
9.07 p.m.

-

PlOwer

-5.04W

u

~ 0,9 W

8."3 p.I'!.

-
--

~

;"V' /

/8,31 p,m,

PlOwer

-5,04 W

:f-

-
0

0,9 W

8.11 p.m.

-
.,

l,...;-

I II

2lJ '"

20 '"

60 80 100 0

00 80 100 0

,.

'"

60

••

"" 100

80 100

Fig. 13

Power obtained during third run (left) and fourth
run (right)

A 1 kW run was carried out on 22 April. In a safety measure only two operators were then present in the

control room. The power was increased by hand, the 1 kW level being reached at 9.51 p.m.; power was
stabilized at this level for 30 min by the automatic control mechanism.
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As can be seen from Fig. 14, the recording instruments indicated a power-stabilization error below
9/990, i.e., below 1%.

At the request of the American dosimetry team a 5 kW run was performed on 25 April. For this purpose
certain flux detectors had to be moved to ensure safe functioning of the reactor, especially from the point of
view of nuclear measurements (power - period).

After operation at a level of a few watts and a test of the rod-lowering mechanism, the power was
increased by hand. The power reached 5 kW at 11.56 a.m. and was stabilized automatically at this level
for 30 min.
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Fig. 14
Runs at 1 kW

Fig. 15

Runs at 5 kW
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3. DOSIMETRY
G.S. HURST, R.H. RITCHIE, F.W. SANDERS,P.W. REINHARDT,J.A. AUXIER,E.B. WAGNER,

A. D. CALLIHANANDK.Z. MORGAN

HEALTHPHYSICS DIVISION, OAK RIDGENATIONALLABORATORY,
OAK RIDGE, TENNESSEE, UNITEDSTATESOF AMERICA

3.1. Methods of dosimetry

The methods of dosimetry used for investigation of the doses received by the individuals exposed in the

Yugoslav accident were essentially those used in connection with the Oak Ridge Y-12 accident [12, 13J.
An outline of the general scheme is as follows: When fast neutrons enter the human body, most of these are
moderated to thermal energy and a small fraction of these are captured by a (n, y) process in Na2\ giving rise
to Na2\ which by virtue of its emission of high-energy gamma rays with a half life of 14.8 h , is easily
detected. It has been shown ([13J, Fig. I) that the probability of capture, making Na24, is not a strong func
tion of the energy of the fast neutrons and that the probability of capture for neutrons is higher in the fast
region than in the thermal region. Thus, the uniform distribution of Na23 in the human body provides an
excellent means of normalizing the neutron exposure of an individual. In particular, for a given neutron
energy spectrum the fast neutron dose is proportional to the ratio Na24 I Na23 in the body or in the blood
system. This method of normalization is quite important in the dosimetry of radiation accidents si nee no
assumptions need be made about the exact location of an individual at the time of the energy release. The

importance of this fact can be made clear by reference to the Y-12 accident [12J where it was shown by calculation
of the neutron dose based on the known number of fissions and the stated location of the individual that one

of the surviving individuals would have received a dose several times the lethal value. Thus, little credence

can be placed in calculations requiring such assumptions.

More specifically, the determination of the neutron dose Dn and the gamma dose Dy may be obtained
from three quantities - (n I a)c ' WID ) , and a, which are related as follows:'i1 y nc

Dn = (Dnl a)c X a

where the quantity Wnl a)c is the neutron dose per unit of sodium activation which is characteristic of the

type of source and the exposure conditions, a is the measured sodium activation of the individual, and

(D I Dn)c is the ratio of gamma dose to neutron dose which is characteristic of a given source and set of
ex~osure conditions. In both the Y-12 and Vinca accident investigations the quantity Wnl a)c was deter
mined by two methods: experiment and theory. The experimental method at Vinca consisted in measurement
of the neutron dose (with a Radsan fast neutron dosimeter [14J) required to produce a given amount of

activation in a plastic man-shaped phantom filled with an aqueous solution of NaCl. The ratio (Dyl Dn)c
was determined with two types of gamma dosimeters [15, 16J and the Radsan neutron dosimeter. The quan

tity a was based on the Na24 analysis reported by Jammet et ai. [6J. As a supplement and check on the

experimental procedure, calculation of the quantities Wnl a)c and Wyl Dn)c was made for the zero-power

reactor. In addition to ascertaining the quantities Dy and Dn, it is desirable to determine the neutron spec
trum N(E). This was done by calculation and by experiment with the series of threshold detectors [17, 18J
developed for this purpose.

3.2. Experimental investigations

To accomplish the measurements indicated above, the zero-power reactor (Fig. 1) was operated in two
different ranges of power level, which for convenience will be referred to as n low n power and n high n power.
Fig. 16 shows the general location of the dosimetry equipment for the low- and high-power runs. The LPS
stations show locations where most of the dose measurements were made; the V.T. and H.T. represent,

respectively, locations where vertical and horizontal traverses were made with Au and S detectors during
the high-power runs. Figs. 17a and 17b show the location of the phantoms for high-power runs at 1 kW and
5 kW respectively. For facilitation of intercomparison of data obtained from the two types of operating
conditions, a sulphur pellet was placed at a convenient location on the side of the reactor tank before
each run.
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Fig. 16

D .OSImetry stations in reactor room

Fig.17a

Dosimetr .y statIons dan phant
reactor room d' om locations inurmg the 1-kW run

Fig.17b

Dosimetr .y stations dan ph

reactor room duri hantom locations inng t e 5-kW run
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3.2.1. LOW-POWER EXPERIMENT

The ratio of gamma dose to fast neutron dose was measured at some of the positions shown in Fig. 16,
with the equipment mentioned above (mounted as shown in Fig. 18) and with the reactor operating at a power

level of approximately 5 W.* The results of the directly measured ratio Dy/ Dn are shown in Table II, which
gives also the neutron dose, as measured with Radsan, per unit monitor flux density (i.e., sulphur neutrons/

cm2). The final D / Dn values for the various positions are based on the counting method of gamma-rayy
dosimetry described in [15J. The carbon-C02 chamber [16J used in this experiment gave results which

were 1.3 times the dose values obtained with the counting method, but later studies with the carbon-C02
chamber at ORNL showed that it has an appreciable response to thermal neutrons.

Fig. 18

Mounting arrangement for the low level dosimeters

TABLE II

EXPERIMENTAL VALUES FOR D/ DnAT VARIOUS POSITIONS

Neutron dose per
Position

unit monitor

Dy! Dn
(rad! n

em-2)

1

1.13 X 10-63.5
2

0.90 X 10-63.6

3

0.75 X 10-63.6
3a

0.66 X 10-63.9
4

0.64 X 10-63.8

8

0.54 X 10-63.5
9

0.86 X 10-64.0

10

0.72 X 10-64.2

* Private communication with D. Popovic indicated that the power calibration in the initial run yielded a figure approx
imately 0.56 times the value quoted here. This correction factor applies to all power levels quoted in the remainder
of this report.

27



3.2.2. HIGH-POWER EXPERIMENT

With the reactor operating first at 1 kW and then at 5 kW, two types of measurements were made: neutron

spectrum measurements and Na24 activation in man-shaped phantoms. The spectral measurements were made
with threshold detectors [17, 18] located at various positions (stations). The results obtained for Stations 1,

9 and 10 are shown in Table III, where comparison is made with the spectral data obtained for the Y-12

excursion with the same type of detector.

TABLE III

EXPERIMENTAL INFORMATION ON NEUTRON SPECTRUM

(Ratio of flux above threshold of various detectors to total fast flux)

Boris Kidrie (ZPR) threshold energy
Sample

Y-12 excursion

Station 1

Station 9Station 10

Pu

1.001.001.001.00

Np

0.360.350.350.89

U

0.200.180.190.54

S

0.0940.0880.0900.25

Au

3.913.633.870.45

Fig. 19

The four plastic phantoms. From left to right: Calvin, Remah,
Tyrone and Bomah

Sodium activation data were obtained by location of phantoms (Fig. 19) at the positions shown in

Fig. 16. During the l-kW run the phantoms were located as shown in Fig. 17a, and during the 5-kW run they
were located as shown in Fig. 17b. The phantoms were filled with an aqueous solution of NaCl at a concen
tration of 15.7 mg Na per gram of solution. After irradiation the sodium activation a (in units of flC Na241

mg Na) was determined according to the technique described in ORNL-2748A [19]. From the data obtained

during the low-power experiment, Table II, and from normalizing of the relative exposure in some cases by
means of the activation of sulphur pellets placed on the phantoms, the neutron dose received by the phantoms

was obtained. The results of (Dnl a)c are shown in Table IV, where each entry corresponds to the weighted
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TABLE IV

NEUTRON DOSE PER UNIT SODIUM ACTIVATION
FOR MAN-SHAPED PHANTOMS EXPOSED AT THE ZERO POWER REACTOR

(Dnl a)c (rad f1.c

-1
mg Na)

Phantom 1-kW run

5-kW run

Tyrone

9.12X1047.73 X 104

Remab

8.57 X 1048.13 X 104

Calvin

9.12 X 1047.27 X 104

Grand average = 8.65 X 104

average value of a for all the compartments of the phantom. Further experimental data are given in Appen
dices 3A, 3B, 3C and 3D. In particular, Appendix 3B justifies the specific way in which the phantoms were

used in this experiment. The concentration of sodium chloride used in the phantoms was nearly ten times that
in the human body for the purpose of increasing the amount of Na 24 for counting. In general, the sodium

activation per mg of sodium would be less with a concentrated solution owing to capture of some of the
available neutrons by chlorine nuclei. The neutron spectrum in the present experiment, however, contained a

large proportion of low energy neutrons, most of which are reflected from the surface of the body. In such

circumstances, an increase in the number of capturing nuclei in a phantom only reduces the proportion of
reflected neutrons: the number of neutl,"ons available for capture by sodium is effectively unchanged. The
effect of increased concentration of sodium chloride was small in comparison with other uncertainties.

3.3. Theoretical investigations

In this section is given a description of the methods used in the calculation of neutron and gamma
leakage from the Boris Kidrie zero-power reactor in the critical and near-critical state. The methods used
are entirely theoretical in the sense that they rely not at all upon measurements which were made at Vinca.

Multiple scattering of leakage radiation in walls and structure of the reactor building are neglected, and
only direct leakage of neutrons and gamma rays from the assembly is considered. As shown below by compa
rison with experimental data, this approximation is surprisingly good although the agreement may be fortuitous
in some particulars.

The quantities presented are: (1) Nn(E), the neutron leakage spectrum: (2) Dn(E), the neutron first

collision dose leakage spectrum; (3) Dnl a, the ratio of the total first collision dose received by an ideal
ized phantom to the Na24 activation generated in it by the leakage spectrum incident upon it; and (4) D , the

gamma-ray first collision dose leaking from the reactor due to the fission process and due to various n~utron
capture processes occurring in and around the reactor.

The method of computation of the neutron leakage which has been used in this work is the multigroup
diffusion approach. An existing criticality code written for the IBM-704, which automatically computes
neutron leakage in several energy ranges, has been employed. The computation time for this code is quite
modest for most systems. Gamma-ray leakage is treated by special IBM-704 codes. The method uses known
gamma-ray cross-sections and buildup factors for calculation of attenuation kernels for the particular medium
under consideration. The radiation field at various points inside or outside the assembly is then computed
by summation over source points in the assembly, with the best estimates available for the gamma-ray spectra
of the various sources. The spatial distribution of fissions in the assembly is obtained from the neutron
leakage runs and is used in the gamma leakage calculation.

3.3.1. NEUTRON LEAKAGE SPECTRUM

The method which was employed for calculation of the neutron leakage spectrum from the Vinca reactor
IS based primarily upon the use of a multigroup, multiregion reactor analysis code [20J for the IBM-704.
The basic equation solved by the code is the multigroup-diffusion approximation to the Boltzmann transport
equation. The programme approximates the differential equation by a difference equation and allows as many
as 250 space points and 44 energy groups in the solution of the resulting equations.
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Since the Boris Kidri~ reactor uses a lattice spacing which is quite small (12 cm) compared with the

dimensions of the reactor, consideration of an equivalent homogenized reactor [21J should be a good ap

proximation. The unit lattice cell was taken to be cylindrical with a fuel rod at its centre and containing the
same quantity of 020 as the real unit lattice cell. A preliminary multigroup calculation of the distribution
of flux inside this cell was made, with the boundary condition of zero total current at the outer boundary
of the equivalent cylindrical cell. Homogenized multigroup cross-sections were computed with the
calculated flux distribution as a weighting function. A multigroup calculation of the escape spectrum

for the entire reactor was then made with these cross-sections, with the assumption that a I-em layer of
aluminium surrounded the volume. Fig. 20 shows a plot of the multiplication factor k of the assembly as a

function of height. On the same graph is shown the total neutron leakage per fission neutron in the core as a
function of height. This calculation predicts a critical height of approximately 185 em, as compared with the

experimental value [3J of 177.6 em. It is felt that the agreement is sufficiently accurate for our purposes,
since the neutron leakage varies by only approximately 4% over the range of heights. Backscattering of
neutrons from the tank supporting members and from the walls of the room might well account for the differ

ence between experimental and calculated values of the critical height. These results also show that there

is negligible difference between neutron leakage per fission neutron in the critical state and in the delayed

supercritical state which obtained at the time of the accident. Estimates of the kex = k - 1 appropriate to the
excursion [5J show that kex ::::10-3• According to Fig. 20, the neutron leakage per core neutron at this value

of kex is only approximately 2% different from that in the steady state.* Hence, this difference will be
neglected in the remainder of this calculation.
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Multiplication factor and total neutron leakage
as a function of height

Fig. 21

Escape neutron spectrum

* A change in the leakage per fission neutron with k would not by itself affect the result of this dosimetry study.
A radical change in the neutron spectrum, on the other hand, would produce a change in the ratio of Dnl a and would
mean that experimental work with a steady operating reactor would not be comparable with conditions obtaining during
the accident. However, comparison of the calculations at different values of k indicates negligible change in the
spectrum between the two reactor states.
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Fig. 21 shows the neutron leakage spectrum calculated for the reactor at the critical level * [22 J.
The quantity plotted in the ordinate is EN(E), and the abscissa gives both the energy E and the lethargy

u = In E(J~V)" The spectrum is conveniently represented in this way since the number of neutrons escaping
between any two energies is just proportional to the area under the portion of the curve between these
energies. The total fast leakage in this spectrum is 0.234 neutron per fission while the leakage in the
thermal group is 0.157 neutron per fission.
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Dose spectrum leaking from reactor

core neutron

The first collision dose spectrum is shown in Fig. 22. The factor Do(E) is the first collision dose per unit
rad cm2

neutron flux [23J. JDo(E) N(E)dE is found to be 4.37 X 10-11

To make possible a comparison with experimental measurements of Dn, a calculation of (Dn) R ==

-iDRadsan(E) N(E)dE was carried out. ~adsan(E) is the dose measured by the Radsan fast neutron do
simeter at energy E and is less than Do(E) at low energies due to bias losses. Values of DRadsan (E) were
inferred from the work of WAGNER and HURST [24 J. The result ofthis calculation was (Dn)R = 3.12 X 10-11rad cut
per core neutron.

For calculation of a, the Na24 activation induced in a man exposed to the calculated spectrum, use was

made of approximate results for (;(E) [13J, the capture probability at thermal energy per unit flux of neutrons
incident normal to the axis of a circular cylinder of 15 cm radius. Using the function ~(E), the quantity

(Dn)RI a was calculated from

a = 1.12 X 1011
J Do (E) N(E)dE

f ~(E) N(E)dE

rad

/l c gm of Na23

= 7.2 X 104
rad

/l c (mg Na)-l

and compares favourably with the average value of 8.65 X 104 rad/ /lc(mg Na)-l obtained with the phantoms
(see Table IV).

* This spectrum is somewhat different in the low-energy range from a preliminary result given elsewhere(R.H.RITCHIE,

H.B. ELDRIDGE, and V.E. ANDERSON, International Symposium on Selected Topics in Radiation Dosimetry, Vienna,

Austria, June 1960). Improved values of the homogenized multigroup cross-sections were used in the present cal

culation [22::J.
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The multigroup computation of the leakage spectrum takes into account the neutron distribution in only
one spatial dimension and introduces an artificial absorption to account for the leakage transverse in the

direction in which computation proceeds. Within the framework of multigroup diffusion theory, one may take
into account the dependence of the leakage flux on direction with respect to the reactor axis [22J. This

has been done in the comparisons given in Table V.

TABLE V

SUMMARY OF 47TW X DOSE DUE TO VARIOUS SOURCES

Dy X 1010 - r cm2 I fission
Gamma Source

Station 1
Station 9Station 10

Prompt fission

1. 771.461.63

U238 (n, y) U239 capture

0.770.630.69

Moderator capture

0.050.050.05

Tank 2nd structure capture

~ 0.30- 0.30- 0.30

Fission products during experiment

1.120.921.03

Total dose during experiment

4.013.363.70

Fission products during accident

0.390.320.36

Total dose during accident

3.282.763.03

Dose ratios (rl rad)
Dyl (Dn)R calculated for experiment

3.523.003.40

Dyl (Dn)R measured for experiment

3.54.04.2

Dy! (Dn)R calculated for accident

2.882.462.78

(Dn)Radsan X 1010 - rad cm21 fissionLeakage neutrons

1.141.121.09

Other comparisons which can be made between experiment and the calculation of the leakage spectrum
are in the activation of the threshold detectors which were exposed during the work at Vinca. Table VI

shows a comparison of various ratios calculated from the spectrum given above with experimental determina

tions of these ratios. The experimental values represent station averages. The quantity ¢> ET represents
the neutron flux lying above the effective energy threshold of ET MeV in the case of various detectors.

The quantity 47TR2(Dn )RIF was obtained from the experimental databythe use of the Radsan-measured neutron
dose rate together with the fission rate F occurring inside the assembly. The latter value was obtained from

a power calibration performed by the Yugoslav experimenters [25J. For comparison with experiment, the
theoretical values have been corrected, approximately, for the non-II R2 variation of the dose at points in
the neighbourhood of the reactor.

3.3.2. GAMMA-DOSE LEAKAGE

There are many sources of gamma radiation in and around the reactor which should be considered.
Reasonably good estimates of the dose from most of them may be made. Although the uncertainties in these
estimates are likely to be approximately 20%, it is clearly worth-while to make such calculations in order
to understand better the physi cs of the accident. Each of the sources of gamma radiation w'ill be considered
in turn with detailed description relegated to appendices.
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TABLE VI

COMPARISON OF CALCULATED AND EXPERIMENTAL DOSE AND FLUX RATIOS

Ratios
ExperimentTheory

(Dn)R cad cm2 )

X 108
1.61.55

~ neutron

47TR2(Dn)R X 109( rad cm2 )

0.90
0.77

F fission
¢>1.5

2.1

2.32

¢>2.5

¢>0.7

3.8
3.84

¢>2.5
¢>0.01

11.315.6

¢>2.5 Gold foil - cadmium ratio

3.5-6.54.9

3.3.2.1. Prompt gamma rays from the fission process and capture gamma rays from the U238 (h,y)U239 process

The distribution in energy of prompt fission gamma rays is taken from the work of MAIENSCHEIN et
ai. [26J. The energy distribution of gammas from the U238(n, y) U239 process is taken from the work of
BARTHOLOMEW and HIGGS [27J. To calculate the escape of these photons from the reactor, one must consider
attenuation both in the uranium rods and in the D20. Some simplifying assumptions were made in order that
leakage from this very inhomogeneous system could be estimated in a reasonably short computing time. For
the purpose of calculating leakage the distribution of fissions in a given fuel rod was assumed to be flat in
the radial direction and to depend only on position along the length of the rod. The attenuation of gammas in
the fuel rod in which they originate is accounted for, but their attenuation in other fuel rods is neglected.

This approximation should result in little error since the rods are small in diameter compared with the
lattice pitch. The computation proceeds by a numerical integration of the product of the source strength and
leakage probability for each element in the source. The photon source distribution is obtained from the
neutron criticality calculation described above. The attenuation of photons in travelling from a given source
point to a field point outside the reactor is calculated with tabulated photon attenuation coefficients [28J
and infinite medium buildup factors for that part of the path lying inside the reactor. The error involved in
the use of these buildup factors should be small in the cases which we shall consider. A more detailed
description of the computational procedure is given in Appendix 3A.

The leakage probability is a function of the distance from the reactor and the angle which the vector to
the field point makes with the axis of the reactor. The results for some of the stations are given in Table V
and are expressed as 47TR2(dosej fission) at the respective stations, where R is the distance from the centre
of the reactor to the various stations.

3.3.2.2. Gamma rays from fission products

The estimate of this contribution is uncertain due to the fact that it depends to some extent upon the
movement of the exposed persons after the reactor scram. In view of the uncertainty this fraction of the total

dose received was approximated. The attenuation kernel of fission-product gamma rays in the lattice was
taken to be the same as that of prompt fission gammas; and, further, it was assumed that the first can be
estimated by scaling of the second according to the relative energy released in the two processes. Details

of this estimate are given in Appendix 38, and Table V shows the results for Stations 1, 9, and 10 for two
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different cases: (1) at 15 mrn after the beginning of a steady-power-level run (in this case the dose values

should be interpreted as r/ see per fission/ see), and (2) 4 min after the beginning of an excursion with a

doubling time of 10 sec. The dose values refer to the total fission-product gamma dose received during the
interval per fission occurring.

3.3.2.3. Gamma rays from capture in the moderator and fuel cladding

The thermal utilization for the reactor was calculated by multigroup methods to be f = 0.9865 for an
assumed concentration of 0.16% H20 in the moderator. With the assumption that all of these captures occur in

hydrogen nuclei and given that c, the moderator capture probability per fission in the critical state, is
equal to (l - {J/ b, where b is the ratio of fission to total capture probability in the fuel, it follows that

l::-i 0.0135 0 0349 d / f' .c = - =. mo erator captures ISSlOn.
b 0.543

A calculation of the leakage of hydrogen capture gammas from the homogenized reactor gave

- 0.5 X 10-10 rad cm2/ fission for the three stations considered (Table V). The same multigroup calculation
showed the capture probability in the aluminium cladding around the fuel rods to be 0.00642 captures per
total capture. The dose due to this source would be eX,Jected to be even smaller than that due to captures
in the moderator, especially since attenuation of these photons in the fuel rod should make the effective
source strength even smaller; thus it has been neglected in Table V.

3.3.2.4. Gamma rays from capture in tank walls and supporting structure

This source of photons is difficult to estimate accurately because of the very complicated configuration
of materials, chiefly aluminium, in the immediate neighbourhood of the assembly. A rough estimate, assuming
that the structural aluminium may be considered equivalent to a 2-cm layer enveloping the whole reactor,
gives 3 X 10-10 r cm2/fission in the region around the reactor.

3.3.2.5. Gamma rays from capture in the walls and floor of the reactor room

This contribution is very difficult to estimate with any accuracy and hence was not considered.

3.3.3. DISCUSSION

The chief uncertainties in the estimates given above are: (1) use of infinite medium buildup factors

rather than those appropriate to a finite medium, (2) neglect of photon attenuation in rods other than that in
which a given photon originates, and (3) neglect of photons from neutron capture in reactor room materials and
in the air of the room. The net uncertainty in the calculation is estimated to be - ± 20 %. The ratio of the

gamma doses during the accident to corresponding doses during the experiment f should be more accurate
than this, and consequently this ratio will be used for correction of the experimental data.

Table V also shows the neutron dose (Dn)Radsan at the three stations considered. We estimated these
values by taking into account the angular distribution of radiation leaving the reactor and correcting for the
finite size of the reactor by the use of a radiation centre displaced 0.8 m toward a given station from the

centre of the reactor. Also shown in this table are the values of Dy! Dn inferred from the above estimates
and a comparison of these values with those obtained during the experiment.

3.4. Assignment of individual doses

In previous evaluations of dose received by man, mainly because of the difficulty of specifying a dose
within the body which would have the desired radiobiological significance, the usual procedure has been to
evaluate the first collision dose for both neutrons and gamma radiation. This procedure has been justified on
the basis that, if the first collision doses are determined along with certain additional exposure conditions
(i.e., angular and spectral distribution of the incoming radiations), more elaborate correlations of medical

effects and exposure doses may be carried out at future times when more detailed biological mechanisms are
understood or are being tested. In the case of the Y-12 exposures, the first collision dose for gamma radiation
and fast neutrons and the neutron and gamma-ray energy distributions are given. In the present case, however,

it appears advisable to comment on the gamma radiation produced by the capture of low-energy' neutrons by
the H (n, y ) reaction. From the neutron spectrum (Section 3.3) and the calculations by SNYDER[29], it may be
seen that the additional gamma dose near the surface of a 30-cm slab makes an appreciable contribution to
the total dose at that point.
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(charged particle dose)I

We separate the neutron exposure into two dose components, namely, (1) the first-collision charged

particle dose made up of thermal neutron interactions of the type Nl4(n, p)Cl4 and recoil atoms (H, C, N, 0)
from fast-neutron interactions, and (2) the autointegral gamma dose at the surface of the slab due to the

H (n, y) D process.

At present there are not available data which enable one to calculate the H (n, y) D autointegral dose
for a realistic model of a man bombarded with neutrons. However, there are data [29J on the autointegral
dose in a slab due to normal irradiation by neutron beams of various energies. These data are conservative

in the present connection; i.e., the doses obtained using these values will surely represent over-estimates

of the autointegral doses to a man and maybe too large by a factor of 2.

The surface autointegral doses per unit neutron flux in the slab case were used for calculation of the
dose for the whole neutron spectrum, shown in Fig. 21. The result was found to be

[H(n, y) D autointegral doseJI = 1.50 (charged particle dose)I'

It may be seen that

( charged particle dose to phantom ),/lc! mg Na in phantom

where I refers to the individual case and (WI! W p) lJi is a correction factor based on the weight W. From the
experimental data obtained on the Na24 activation in the phantoms (Section 3.2) it may be seen that

(charged particle dose to Phantom1
-------------- = 1.40 X 8.65 X 104 rad! /lc mg-l ,

/lc! mg Na in phantom

where the factor 1.40 is a correction for the energy lost under the bias of the neutron dosimeter, as derived
in Section 3.3.

The first collision gamma doses (external doses) for the individuals may be expressed as

3.6

1.4 X 0.82 (charged particle dose)I

(Dy)H, V, M = t~X 0.82 (charged particle dose)I

where we have used the results of Table II for the quantities Dy! Dn most appropriate to the individuals, and

the factor 0.82 corrects the Dy! Dn ratios as measured in the constant power reactor experiment to the
values appropriate to the intensity time relationship for the accident.

Table VII shows the individual sodium activation as reported by jAMMET et al.[6J, the weights ofthe

individuals, and the magnitude of the factor (WI!Wp) l~. The individual doses as determined by the equations
above are shown in Table VIII.

TABLE VII

INDIVIDUAL SODIUM ACTIVATION AND RELATED DATA

Individual

Total Na24

WeightNa24
(W /W)%

(/lc)

(kg)(/lc/mg Na)I p

H

53655.44 X 10-41.00

V

82806.83 X 10-4l.08

G

76707.24 X 10-41.03
M

75726.94 X 10-41.04
D

63528.07 X 10-40.93
B

45903.33 X 10-41. 12

(Phantom)

65
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The maIn uncertainty in the dose values given lil Table VIII is associated with the H (n, y) D dose

component. As already stated, this value may be too high by a factor of about 2; however, even in this
case, the total dose would be decreased only by about 15%. The uncertainties associated with the other

dose components are smaller: the standard deviations for the charged particle doses and for the external
gamma doses are estimated to be ± 12 % and ± 14 %, respectively.

Work is now in progress on the study of Na 24 activation in phantoms of various shapes and sizes and
with neutrons of various energies. The question of biological elimination of Na24 is being investigated with
living animals exposed at various dose levels. When these studies have been completed, it may be desirable
to re-evaluate the individual doses received from the various radiation accidents, including the Y-12 (Oak

Ridge) accident and the Yugoslavia accident.

TABLE VIII

INDIVIDUAL DOSES

(All values in Rad units)

Charged
H (n, y) 0Exposure

Indi vidu al
particlegamm agammaTotal

dose
dosedose

H

6699158323

V

89133214436

G

90135189414

M

87130209426

0

91136192419

8
456795207

APPENDIX 3A

GAMMA-DOSE LEAKAGE COMPUTA TrONS

3 A.I. Computation of the leakage of gamma rays originating in fuel rods

The computation proceeds by a numerical evaluation of the following integral:

D (R) = J dr S(r) dy (!PI, e) ,
y 417 ( I R - r 1)2

where R is a vector from the centre of the reactor to the field point where the leakage dose is desired,

r is a vector from the reactor centre to the volume element dr where the gamma source strength is S(r), p
is the part of the vector R - r which lies inside the reactor volume, and e is the angle between R and the

cylinder axis. The source distribution function S(r) is obtained from the neutron leakage calculation des

cribed above and is equal to the number of photons per fission times the normalized fission probability in
the homogenized reactor.

The dose attenuation kernel d (r) is calculated by summing over the distribution of energies present

in the particular source after weightrng each energy component by an attenuation factor, which is calculated
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with known absorption coefficients and buildup factors, and a self-absorption factor to account for fuel-rod
attenuation. More specifically,

d (r, f) == J dE n (E) fJ (E) B [E, rp.(E)] x e-rp.(E) J (E, /I (E)a, 8),y y 0 'r
where r is the distance from an isotropic point source in an infinite D20 medium, 60(E) is the first collision
dose in rad/ photon x cm-2 delivered by photons of energy E, p.(E) is the mass absorption coefficient of the
medium for photons of that energy, and 8[(E, rp.(E)] .is the buildup factor for photons in the medium. We have

chosen to use infinite medium buildup factors even though the systems are bounded [30J. The error incurred

in making this approximation should be approximately 10 %.

The self-absorption factor J (E, p./E) ao, e) is calculated by carrying out an integral over the cross·

section of the rod at radius ao, using attenuation coefficients f1 ,(E) appropriate to natural uranium at the
energy E and taking into account the angle e which the direction of observation makes with the axis of the

rod. Buildup factors for the part of the photon path lying inside the rod were taken to be appropriate to the
same distance, measured in g/ cm2, in the D20 medium, as suggested by GOLDSTEINand WILKINS[31J. As

mentioned in Section 3.3.2.1 , rod attenuation of photons not originating in a particular rod is neglected
since the rod radius is small in comparison with the lattice pitch.

dy(r,81 -I)
. 10

rcm2
fission

100

f_ g/cm2
200

Fig. 23

Attenuation kernel for prompt-fission gamma-ray
spectrum. Rod diameter == 2.54 em.

* No rod absorption

Fig.23 shows a graph of the attenuation kernel for the prompt fission gamma spectrum for the case

of no rod absorption and for a natural uranium rod 1 in in diameter viewed at various angles with respect

to the rod axis. Note that the curve labelled () == 14.5° is probably too small in magnitude sill,ce the simple

ray-path-Iength approach used here will surely break down at grazing angles relative to the rod axis. A

"short-circuiting" effect will become important, i.e., photons emerging from the rod in directions nearly

perpendicular to the axis may make collisions on D20 molecules which will deflect them into directions

nearly parallel with the rod axis. These photons may contribute in larger quantity than those taking longer
paths through the rod. However, small values of e are not required for the calculation of doses to any of
the stations measured in the experiment.
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TAB L E IX

DOSE DUE TO PROMPT FISSION GAMMA RAYS AS A FUNCTION OF DISTANCE FROM REACTOR

4rrR2 Dy - r em2/ fission
R

e = 90°
e = 30°e = 14.5°

(em)
300

2.31 X 10-101.21 X 10-100.795 X 10-10

400

2.21 X 10-101.19 X 10-100.743 X 10-10

500

2.16 X 10-101.19 X 10 -100.715 X 10-10

600

2.12 X 10'to1.18 X 10-100.697 X 10-10

Table IX shows values of 4rrR2Dy vs R for three different viewing angles e and for the prompt fission
gamma source distribution.

3 A. 2. Estimate of fission-product gamma con trihution to the total dose

The rate of energy release by fission products may be taken to be the following function of time [32J:

E(t) = 0.62

1+ t

MeV ,
sec/ fission

where t is in see and t :s 1000 sec. For comparIson, the total photon energy released in prompt fission was
taken to be 7.2 MeV [32J.

First, Rs' the ratio of photon energy released per unit time by fission products to the prompt fission
rate at the end of approximately 15 min of steady operation is given by

Rs = 1 X 0.62 yo
7.2 MeV 0

~ MeV:::: 0.62 In 900 = 0.586,1+ t 7.2

and this ratio should have obtained at the time measurements of the gamma dose rate were made during the

experiment.

Next, Ra, the ratio of total photon energy released by fission products in a time T, during which the
reactor is critical on a la-see doubling time *, to the prompt fission gamma energy released may be shown
to be

1 0.62!--- x ----- e-r/toln(l + t - r)dr,
7.2MeV to(l-e-T/to) 0

where to = 10 sec/0.693. For an operating time T of 4 min [33J, the above expression is closely equal to

R ::::0.62 1/ to E (II t )
a 7.2 e 1 0 •

Numerical evaluation of these quantities, with values from the data of [22J, gave the more accurate values
of Rs = 0.632 and Ra = 0.219.

The procedure used in the estimation of the dose from fission-product gammas was to assume that the

dose attenuation kernel appropriate to this photon distribution is the same as that appropriate to the prompt

fission gamma distribution. This should be a good approximation for our purposes [33J. With this assumption,

the leakage calculation for prompt fission gammas had only to be scaled by the factors Rs and Ra displayed
above to yield the quantities sought.

* Private communication with H.D. Brown and D. Newby.
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APPENDIX 3B

STUDIES OF Na24 ACTIVATION IN MAN-SHAPED PHANTOMS

3 B.1. The Los Alamos burro experiment

An experiment [34J was performed at the Godiva II reactor of Los Alamos Scientific Laboratory to

determine whether a phantom composed of a thin shell filled with an aqueous sodium solution could be

substituted for a live animal in studies of the relationship between neutron dose and Na24 production in the
irradiated substance.

A live burro was placed in an aluminium tank, which was then filled with NaCI solution and irradiated

at 3 m, centre to centre, from Godiva. Samples of the burro blood serum and of the NaCI solution were pre

pared, and the Na24 activities were determined. The burro was removed, the tank refilled with NaCI solution

and an exposure made again at the same position. The NaCI solution was sampled and its Na24 activity

determined. During the second exposure the region in the tank which had previously been filled by the burro

was filled by a homogeneous aqueous NaCI solution. The region was, of course, of the same size and shape

when filled with NaCI solution as when filled with the burro. If the amount of Na24 produced by the first

irradiation was, within experimental error, the same as that produced by the second irradiation, then the

production of Na24 in a homogeneous phantom could be considered sufficiently similar in quantity to the
production of Na24 from the Na23 heterogeneously distributed in a live animal that phantoms could be sub
stituted for animals.

Concentrations of Na24 in the burro and the NaCI solution around it were weighted by the respective

volumes and averaged, then compared with the Na24 concentration in the full tank of NaCI solution, normalized

to the same exposure dose. The relative difference in the amount of Na24 produced by the two exposures
was 2.9 %, which is well within the probable experimental error; hence it was concluded that when a man

shaped phantom is filled with a sodium chloride solution, a good approximation to a man is obtained, insofar
as sodium activation is concerned.

TABLE X

Na24 CONCENTRATIONS IN MOLDED PHANTOMS

Na24 concentration (Ilc Na24/mg Na23/rad) X 105
Segment Calvin I

Remab ITyrone ICalvin IIRemab IITyrone II

Head and upper torso

1.441.441.301.551.381.45

Upper left arm

1.161.721.751.541.651.82

Upper right arm

1.601.281.131.941.451.68
Lower left arm

1.181.571.701.781.771.91

Lower right arm

1.541.211.171.891.361.84
Lower torso

0.8480.9290.7811.100.8751.01

Gonads
0.8421.041.022.081.851.07

Upper left leg

0.9141.121.161.341.221.23

Upper right leg

1.121.030.8791.351.271.26

Lower left leg

1.131.401.461.601.391.69

Lower right leg

1.341.461.181.681.381.63

Average

1.091.171.091.381.241.28
[Mean 1.21]
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3B.2. Distribution of Na24 in phantoms irradiated at VinC'a

Na24 concentrations in the phantoms are listed in Tables X and XI. All concentrations are corrected
to zero time and are expressed in /lc Na24j mg Na 23 j rad. Two tables are given because the two types
of phantoms are segmented slightly differently; in both tables the numerals I and II after the name of the

phantom indicate first and second high-power exposures, respectively. The molded plastic phantoms in

Table X were designated "Calvin", "Remab" and "Tyrone"; the polyethylene bottle phantom in Table XI was
called "Bomab". The segments labelled "average" were averaged by mixing and sampling of the total solution

of each phantom.

TAB L E XI

Na24 CONCENTRATIONS IN BOTTLE PHANTOMS

Na24 concentration

(/lc Na24/mg Na23/rad) X 105Segment Bomab I
Bomab II

Head

1.401.34
Neck

1.331.29

Left arm

1.111.46

Right arm

1.621.58

Upper torso

0.8531.00
Lower torso

0.7550.865

Upper left leg

0.8461.06

Upper right leg

1.111.11

Lower left leg

1.031.16

Lower right leg

1.252.40

Average

0.9911.10
[Mean 1.045]

APPENDIX 3C

INTERCOMPARISON OF FRENCH AND AMERICAN Na24 CALIBRATIONS

3 C.!. Summary of the Saclay Na24 counting method

The total amount of Na24 in the bodies of the exposed persons was determined by the French group
by means of a scintillation counter. The detector, a LS-in X I-in sodium iodide crystal, was placed at the
centre of an arc 1 m in radius. The individual to be measured lay on the floor facing the detector and curved

so as to fit just inside the arc. The electronic equipment used in conjunction with this detector consisted

of a 25-channel analyser. With the equipment used thus, the response peak from CS137 gamma rays was in

the ninth channel and that from K40 gamma rays was in the twentieth channel. The activity which was

measured in the exposed persons was known from the energy and half-life considerations to be Na24•

The equipment was calibrated with a polyethylene bottle containing Na24 solution of known activity.
This bottle was moved along the inside of the arc for measurement of the angular dependence ofthe response

of the detector. The size of the bottle (15 em in diameter, 25 em in peight) was chosen so that the ratio of

counts in channels 1-5 to the counts in channels 16-18 was approximately the same whether the activity in
the bottle or the activity in the persons was being measured.
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3 C. 2. Studies of the Saclay Na24 counting geometry

For confirmation of the method of calibration of the equipment used to measure the Na24 activity of
the exposed individuals, an experiment was performed at ORNL with a similar crystal, loS-in X I-in sodium

iodide. A molded plastic phantom (Remab) and the bottle phantom (Bomab) were filled with a homogeneous
aqueous solution of Na24 of known concentration. The Na24 gamma-ray activity of the phantoms was measured

with the same geometry as has been used for measurement of the Na24 activity of the exposed persons;
i.e., the crystal was at the centre of an arc I-m in radius, and the phantom was positioned inside the are,
lying on its side on the floor.

The counting efficiency of this geometry was compared with the counting efficiency determined with a

polyethylene bottle, 15 cm in diameter and 25 cm in height, filled with Na24 solution, placed at various

positions inside the 1 m arc. The response of the crystal was found to be independent of the position of the
bottle along the arc. Integral measurements were made at energies of 0.366, 0.66 and 1.16 MeV. The ratio

of the count rate at 0.366 MeV to the count rate at 1.16 MeV was found to be the same for the two phantoms

and for the bottle. The results of this experiment, shown normalized to the counting efficiency for Na24 in
the bottle, are given in Table XII.

TABLE XII

RELATIVE COUNTING EFFICIENCY FOR Na24

IN A BOTTLE AND IN PHANTOMS

Relative
countingefficiency

Ene r gy (MeV)
Bottle

RemabBomab

0.366

1.000.9840.997

0.66

1.000.9690.971

1.16

1.000.9801.00

0.366/1.16

2.662.662.64

3C.3. Direct intercomparison of Saclay and Oak Ridge Na24 counting methods

For comparison of the calibration of the French equipment used to measure the Na24 in the bodies of

the exposed individuals with the calibration of the ORNL equipment used to determine the Na24 concentration

in the phantoms, average samples of Calvin II, Remab II and Tyrone II solutions were prepared and sent to

Paris for Na 24 measurements. The results of the French analysis were communicated to us by H. Jammetand

L. Jeanmaire on 31 May 1960. An additional solution sample which had been prepared by dissolution of
irradiated solid NaCl was included to obtain a higher disintegration rate. Activity concentrations of the
solutions are listed in Table XIII.

TAB L E XIII

CROSS CALIBRATION OF FRENCH AND ORNL EQUIPMENT
FOR MEASUREMENT OF Na24 CONCENTRATION

Solution

ORNL valueFrench valueORNL value

(/lei m!) X 103
(/lei ml) X 103French value

Calvin

11 1.061.031.03
Remab

11 1.191.161.03

Tyrone 11

1.091.051.04
Solution from solid NaCI

33.233.90.98
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APPENDIX 3D

v
STUDY OF THE NEUTRON FLUX DISTRIBUTION IN THE VINCA REACTOR ROOM

For documentation of neutron data previously given, some of the data from the two high-power runs at
Vinca are shown in Figs. 24 through 31. The data presented are from the secondary stations consisting of
sulphur, gold and cadmium-shielded gold. Locations of the various stations are shown in Fig. 16.
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APPENDIX 3E

NEUTRON MEASUREMENTS WITH A TISSUE-EQUIVALENT PHANTOM

J.W.SMITH

HEALTH PHYSICS DIVISION, ATOMIC ENERGY ESTABIlSHMENT, HARWELL, ENGLAND

3 Eo!. Apparatus

The phantom used was a ~-in thick polythene container, 60 cm high, of elliptical cross-section, with

a major axis of 36 cm and a minor axis of 20 cm. This was filled with an approximately tissue-equivalent

liquid (6.24 X 1022 atoms/ cm3 H, 0.669 X 1022 atoms/ cm3 C, 0.169 X 1022 atoms/ cm3 N, 3.25 X
1022 atomsj cm3 0).

A light but rigid internal framework of Perspex supported a series of small detectors through the
phantom, on a line at 15° to the normal in both horizontal and vertical directions to minimize the shielding
effect of one detector on another.

The detectors used in the first high-level run at Vinca, to measure flux above 0.5 MeV, were 0.5-cm

wide track plates wrapped in cadmium foil. Each track plate was a sandwich of two Ilford EI 50-fL emulsions,

with glass backing, separated by a 250-fL polythene radiator, and was oriented at an angle of 45° to the

front surface of the phantom. Under these conditions the response IS constant with neutron energy between
0.5 MeV and 8 MeV at 1.26 X 10-3 tracks/ neutron to within ± 15 %.

The detectors used in the second high-level run were gold foils (260 mg/ cm2 thick) for determination

of the slow neutron distribution. Previous experiments with 0.13 MeV, 2.5 MeV, 14 MeV and Po-Be neutrons

have shown that the shape of the curve through a phantom obtained from these gold foils is the same as

that given by either manganese foils or sodium samples despite the difference in resonance integrals.

3E.2. Method

From the relaxation length of the neutron flux in the phantom, as measured by the track plates, the

mean energy of the neutrons with energies greater than 0.5 MeV may be found by comparison with the

relaxation lengths obtained by irradiation of the phantom with monoenergetic neutrons. The results of these
experiments are given in Table XIV.

TAB L E XIV

RELAXATION LENGTH FOR VARIOUS NEUTRON ENERGIES
AS MEASURED BY TRACK PLATES

Neutron energy
Relaxation length

1 MeV (monoenergetie)

3.7 em

2.5 MeV (monoenergetie)

6.3 cm

Po-Be spectrum (mean 4.5 MeV)

10.0 em

14 MeV (monoenergetic)

20.0 em

3 E. 3. Resul ts

Track plate results from the Vinca experiment are shown in Fig. 32. It can be seen that the back

scattered fast flux is about one-third of the incident fast flux and that the energy indicated by the shape
of the curve is considerably lower than the energy of the direct neutrons. It seems possible that the high
backscatter is due to the angle of irradiation; the mid-line of the phantom was 112 cm above the floor of the

reactor hall on the lip of the reactor well so that the angle of elevation to the centre of the reactor was
about 300•
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Flux above 0.5 MeV given by track plates

Fig. 33
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Fig. 33 compares the gold foil results from Vinca with prevIOUS gold foil curves for neutrons of known

energy, all taken with the 20-cm phantom.
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4.

4.1. Dose units

CONCLUDING REMARKS

It is important to note that all the radiation doses (see Table VII), whether due to neutrons or due to

gamma rays, have been given in rad units *. The biological effects of equal rad doses of different kinds of

radiation having different specific rates of linear energy transfer are in general not the same. Even for one

given type of radiation the biological effect of any given dose varies with the particular conditions of
irradiation, as, for example, the duration of the exposure. It is usual to take account of the different bio~

logical efficiencies of two different kinds of radiation by a relative biological efficiency factor (RBE).

This is defined for a given level of a particular biological response under specified conditions as the ratio
of the dose of a standard radiation (usually X- or gamma radiation) required to produce the effect to the

required dose of the second radiation. By the use of RBE factors, doses of all radiations could be expressed

in common terms, namely, the equivalent dose of X- or gamma radiation, obtained by multiplying a dose in

rads by the RBE for that radiation. The value of the RBE factor itself, however, usually depends on the

precise conditions of irradiation and even under given conditions usually depends not only on the biological

effect considered but also on the level of effect. The position is thus rather complicated, and there is no

single RBE figure for a given radiation, universally applicable in all circumstances.

In the field of radiological protection, however, the RBE tends to be independent of the two variables,

dose and dose rate, over the range of variation envisaged in assessment of safe levels of occupational

exposure. It is then usual to take a single conventional value of the RBE factor of any given type of radiation

(relative to X- or gamma radiation) chosen for the most restrictive biological effect. Equivalent doses of

X- or gamma radiation calculated by multiplying radiation doses by these conventional RBE factors are

termed rems. It must be emphasized that the rem is only defined for use in the context of permissible radiation
levels; outside this range there is no agreed term for the concept of equivalent dose of X- or gamma radiation,

and the use of the rem for this purpose could be misleading and, if the values were derived from the con

ventional rather than the appropriate specific RBE, actually wrong. There is insufficient direct evidence

as yet on the RBE of fast neutrons for acute injury in man to justify the conversion of the charged particle

doses in Table VIII from rads to equivalent doses of X- or gamma radiation. It is perhaps relevant that the

general trend found in experimental radiobiology is that the RBE of neutrons (relative to X- or gamma

radiation) is several times less for acute exposure than for chronic low-level exposure. It thus seems likely

that the RBE of neutrons appropriate to the conditions of an accidental irradiation is appreciably less than
the conventional value of aroun d 10 used in protection considerations.

4.2. Dose distribution

A further important point to note about Table VIII is that the doses quoted refer to the incident

surface of the body only and that the distribution of dose through the body wonld have been far from uniform.

The fall-off of dose with depth would be much more rapid for the charged-particle component dne to neutrons

than for the gamma radiation. This effect was unusually marked because there was a greater proportion of

low-energy neutrons in the spectrum emitted from the Vinca reactor than from most others which have been

investigated, and the penetrating power of neutrons in tissue falls off markedly at lower energies. The

quantitative biological importance of this non-uniformity of irradiation is unknown. In work with experimental

animals irradiated not quite uniformly, it is sometimes assumed that the equivalent dose for a uniform
irradiation would be numerically equal to the average dose or perhaps the midline dose in the actual

irradiation. For a very non-uniform irradiation, however, such as occurs in man with neutrons, this simple
equivalence cannot be expected to hold. At present, there is no satisfactory basis for comparison of radiation
responses if the dose distributions are very dissimilar.

* The rad is the physical unit of absorbed dose and corresponds to an energy transfer of 100 ergs per gram of irradiated
medium.

47



A further feature of Table VIII requmng emphasis is that the charged-particle dose and the exposure

gamma dose (i.e., from external gamma radiation) are first collision doses. The actual dose-s at the surface

would be somewhat larger due to the back-scattering and side-scattering of the incident radiations. The

precise values would depend partly on the position and orientation of the body.

4.3. Conclusion

The quantitative assessment of whole body irradiation in man thus involves, conceptually at least,
three component unknowns;

(1) The basic dose-response relation for a uniform irradiation by X- or gamma radiation,
(2) The effect of a given degree of non-uniformity of irradiation, and
(3) The RBE of the radiation involved.

If there is a mixture of different types of radiation, the foregoing analysis of the problem into three com

ponents depends on the tacit assumption that doses of, say, neutrons and gamma rays are simply additive

when corrected for RBE. In experimental radiobiology, full additivity does not always hold. It can thus not

be expected that data for anyone accident can solve all the basic questions at once or even anyone of them
completely, and in this sense two different accidents do not usually provide data which are directly compar
able. Rather, it is necessary to extract all the partial information from any relevant source, whether accident

or radiobiological experiment, and by the accumulation of such information to reduce progressively the areas

of uncertainty. In this aim the Joint Dosimetry Experiment has made a very material contribution.
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ANNEX I

AGREEMENT
BETWEEN THE INTERNATIONAL ATOMIC ENERGY AGENCY AND THE YUGOSLAV FEDERAL NUCLEAR

ENERGY COMMISSION FOR COOPERATION IN CONDUCTING A DOSIMETRY EXPERIMENT

PREAMBLE

WHEREAS on 15 October 1958 an incident took place in connection with the zero power reactor at the' Boris
Kidric " Institute in Vinca, Yugoslavia, resulting in injury to several persons working with the reactor; and

WHEREAS the International Atomi c Energy Agency is of the opinion that it would be of great scientific interest
and importance to perform certain further experiment'" with the above-mentioned reactor; and

WHEREAS the International Atomic Energy Agency has requested the Yugoslav Government to make the perform
ance of such experiments possible;

THE INTERNATIONAL ATOMIC ENERGY AGENCY (hereinafter called the" Agency") and THE YUGOSLAV
FEDERAL NUCLEAR ENERGY COMMISSION (hereinafter called the" Commission") hereby agree as follows:

Article I

Object of the Agreement

1. The object of the present Agreement is the conduct of certain experiments with the zero power reactor at the
"Boris Kiddc" Institute in Vinl';a, Yugoslavia (hereinafter called the "Institute") that will help in establishing the
neutron and gamma ray doses received by the persons involved in the incident that occurred at the reactor on
15 October 1958.

2. The programme of the experiments and the technical arrangements necessary to prepare for them are included
in Annex A of this Agreement, which is an integral part of the present Agreement.

Article II

Time Limit for the Experiments

The experiments referred to in Article I shall be completed by 31 May 1960.

Article III

Obligations of the Agency

1. The Agency shall carry out the experiments referred to in Article I, paragraph 1, as well as all the technical
arrangements necessary to prepare for them. The Agency shall assume full responsibility for the carrying out of all
these operations as well as for their safety aspects.

2. The Agency shall carry out all operations referred to in paragraph 1 with its own personnel or personnel
engaged by the Agency, including personnel of the Institute engaged by the Agency.

3. The entire personnel referred to in paragraph 2 shall be subordinated to a responsible representative of the

Age ncy (hereinafter called" representative of the Agency·) who shall supervise the operations referred to in paragraph l.
The representative of the Agency shall be the only person authorized to maintain official contacts with the representa
tives of the Institute.

4. The representative of the Agency shall inform the authorized representative of the Safety Service of the Insti

tute, sufficiently in advance, of all operations he intends to carry out in the Institute. If the authorized representative of

the Safety Service of the Institute informs the representative of the Agency of his disagreement with an operation of
which the representative of the Agency has informed him, the representative of the Agency shall stop the carrying out of
such operation until an agreement with the representative of the Institute is reached.

5. The Agency shall not allow, during the operations referred to in paragraph 1, the energy released in the reactor
to exceed three million watt-seconds. The Agency shall place at the disposal of the Safety Service of the Institute the
necessary equipment for the continuous measuring of the power of the reactor during the carrying out of the operations
referred to in paragraph 1.

Article IV

Obligations of the Commission

1. The Commission shall ensure the possibility of using the reactor for all the operations referred to in Article III,
paragraph l.

2. The Commission shall provide, until the time limit set in Article II, the nuclear fuel which was in the reactor
on 15 October 1958.

3. The Commission shall provide, until the time limit set in Article II, laboratory space and such additional
laboratory facilities and services that are specified in Annex B of this Agreement. The provision of minor services and
of any available equipment not embodied in Annex B shall be provided for by exchanges of letters between the Agency
and the Commission.
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4. The Commission shall enable the Agency to engage, after having obtained the preliminary consent of the
Institute, and on the basis of individual contracts, personnel of the Institute for the carrying out of some of the operations
referred to in Article III, paragraph 1.

5. The Commission shall provide the available data on the incident of 15 October 1958 that might be of assistance
in the carrying out of the experiments.

6. The Commission shall exclude, as necessary before, during and after the conduct of the experiments, from the
area designated by the representative of the Agency surrounding of the reactor, all persons whom the representative of
the Agency has not authorized to enter.

Article V

Payments

1. The Commission shall place at the disposal of the Agency, free of charge, until the time limit set in Article II,
the reactor, fuel elements, reactor building and l~boratory space. The Commission shall also make available free of
charge to the Agency the facilities, services and equipment referred to in Article IV, paragraph 3.

2. All the expenditure for the carrying out of the operations referred to in Article III, paragraph 1, except those
referred to in paragraph 1 of this Article, shall be borne by the Agency.

Article VI

Liability

1. The Agency shall not make any claim on its own behalf or on the behalf of any member of the staff of the
Agency, or persons engaged by the Agency for the carrying out of operations under the present Agreement, for any
damage or injury suffered as a result of the implementation of the present Agreement.

2. The Agency agrees to compensate all the claims of the Institute and of any member of the staff of the Institute
and of any member of the staff of the Agency and of any person engaged by the Agency for the carrying out of operations
under the present Agreement, and any third person, for all damage or injury resulting from any operation under the
present Agreement.

3. The Agency agrees to compensate all the claims of the Institute for losses incurred owing to the impediment of
the normal work of the Institute due to exceeding the limit of energy released in the reactor set in Article III, paragraph 5,
or by radio-active contamination.

4. The Agency agrees to compensate, in the case of exceeding the time limit set in Article II, all the claims of
the Institute for losses incurred as a result of the impediment of the normal work of the Institute after the expiration of
the above time limit, in an amount not exceeding U.S. $2,000 for each working day.

5. With a view to ensuring the fulfilment of the obligations referred to in paragraphs 2 and 3, the Agency shall
obtain suitable insurance from one or several appropriate insurance companies. The Agency must obtain the previous
consent of the Commission with regard to the terms of insurance.

6. The Commission agrees to assume responsibility for compensating any unauthorized person who enters the
experimental area designated by the representative of the Agency for any injury or damage done to him.

Article VII

Publications

1. The Agency shall publish a complete report on the results of the experiment, making suitable acknowledgement
of the contribution of the Commission.

2. The Agency, the Commission, and persons authorized by either of them, shall be free to publish subsequently
all technical data concerning the experiments and the ancillary arrangements connected therewith, provided suitable
acknowl edgement is made of the contribution of all participants.

Article VIII

Privileges and Immunities

The Commission, acting on behalf and on the authorization of the Government of the Federal People's Republic
of Yugoslavia, agrees that the provisions of the Agreement on the Privileges and Immunities of the International Atomic
Energy Agency shall be applied to the Agency, its staff, funds and property; the provisions of such Agreement shall be
applied mutatis mutandis to the persons, except citizens of the Federal People's Republic of Yugoslavia, engaged by
the Agency for the carrying out of this Agreem ent.

Article IX

Settlement of Disputes

Any disputes between the Agency and the Commission arising out of or relating to this Agreement which cannot be
settled by negotiations or other agreed mode of settlement shall be submitted to arbitration at the request of either the
Agency or the Commission. The Director General of the Agency and the Secretary of State for Foreign Affairs of the
Federal People's Republic of Yugoslavia shall each appoint one arbitrator, and the two arbitrators so appointed shall
appointthethird, who shall be the chairman. If within 30 days of the request for arbitration either p~rty has not appointed
an arbitrator or within IS days of the appointment of two arbitrators the third arbitrator has not been appointed, either
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party may request the Secretary-General of the United Nations to appoint an arbitrator. The procedure of the arbitration
shall be fixed by the arbitrators, and the expenses of the arbitration shall be borne by the parties as assessed by the
arbitrators. The arbitrators shall make decisions by majority vote, and any two shall constitute a quorum. The arbitral
award shall contain a statement of the reasons on which it is based and shall be accepted by the parties as the final
adjudication of the dispute.

Article X

Entry into Force

The present Agreement shall enter into force when the Agency informs the Commission that contracts of insurance,
under conditions previously approved by the Commission, have been concluded and when the Commission informs the
Agency that the present Agreement has been ratified by the competent bodies of the Federal People's Republic of
Yugoslavia.

For the Agency:

(Signed)

Sterling Cole
Director General

For the Commission:

(Signed)

Slo bodan Nakicenovi6

Secretary

Date (l February 1960)

ANNEX A

Date (l February 1960)

EXPERIMENTAL PROGRAMME AND TECHNICAL ARRANGEMENTS

The zero power reactor shall be modified so as to render possible the safe carrying out of experiments involving
the power levels mentioned below. The heavy water necessary to operate the reactor shall, if possible, be delivered to
Vinca by 1 March 1960. The purityof the water shall be analyzed, the reactor system dried, and the heavy water introduced
into the system.

The reactor shall be brought to criticality and, after reaching criticality and the checking of the safety features,
shall be operated for a series of experiments involving the power levels indicated in the schedule below.

Power Level

5 watts
500 watts

Total Operating Time

4 hours
1 hour

The above-mentioned times and powers are tentative, but in the course of the experiments the total released energy
in the reactor must not exceed three million watt-seconds.

Upon completion of the experiments the reactor shall be shut down, the heavy water removed and analyzed for
purity, and the radiation level at the surface of the reactor determined. The reactor shall be restored as near as possible
to the condition at which it was made available. The Institute shall be notified by the representative of the Agency of
the radiation level and the consequent recommended safety precautions in the vicinity of the reactor.

ANNEX B

LABORATORY SPACE FACILITIES AND SERVICES TO BE PROVIDED BY THE COMMISSION

In accordance with Article IV, paragraph 3, the Commission shall provide:

1. Zero Power Reactor Room.

2. Control Room associated with the zero power reactor.

3. Experimenters' Room adjoining the Control Room.

4. Laboratory Room.

5. Normal utilities available at the reactor site.
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ANNEX II

Translation

1 March 1960

Dear Sir,

It gives me great pleasure to confirm herewith the arrangements for the assistance offered by the
Commissariat a l'Energie Atomique to the Agency in connection with the reactivation and operation of the
zero energy reactor at Vinca, Yugoslavia.

As you know, the Agency has concluded an agreement with the Yugoslav Federal Nuclear Energy
Commission for the conduct of a series of radiation measurements around that reactor while it is operating
at a steady low power. Under the Agreement the Agency is responsible for arranging for the performance of
the necessary preliminary and other technical work for the operation of the reactor. The measurem ents will
be performed principally by a team of United States scientists.

I understand that the Commissariat is prepared to undertake the reactivation of the reactor, its
operation at 5 watts for a total of four hours and: at 500 watts for 1 hour, and its restoration to its condi
tion at the start of the experiment, as far as required by the Yugoslav Commission. This work will be
undertaken by personnel of the Commissariat and by personnel of the Yugoslav Boris Kidric Institute
selected by the Commissariat and engaged by the Agency, under the overall supervision of a represent
ative of the Agency.

The Commissariat will provide all necessary equipment required for the control of the reactor and
for the required measurements, insofar as it is not available at Vinca. The Agency will arrange for the
provision of the heavy water, which will be handled by the Commissariat during the above specified
operation and analyzed by it before and after use.

It is understood that the experiment will be completed and the reactor restored before 31 May 1960,
except for residual radiation, and that the total energy released by the reactor during the entire experiment
and the preliminary operations may not exceed three million watt-seconds.

The Commissariat will, at a time convenient to it, analyze samples of the activated sodium solu
tion prepared in the course of the experiment.

The Commissariat will not make any charge to the Agency for any of the above services,
personnel and equipm ent. Supplementary financial arrangements may be agreed on.

The Agency will take all necessary precautions within its power to protect all personnel of the
Commissariat against exposure during this operation to radiation in excess of maximum doses to be
established by mutual agreem ent.

The Agency has undertaken to insure up to $100,000 each person engaged in this operation, all
property of the Yugoslav Commission that might be affected, and the heavy water. The Yugoslav Com
mission has undertaken to exclude all unauthorized personnel from the experimental area and to
compensate any such person who does enter for any injury suffered by him. The Agency will in no case
make any claim against the Commissariat for any damage or injury suffered by the Agency or by members
of its staff, nor for any loss, degradation or contamination of the heavy water.

The Commissariat will in no case make any claim against the Agency for any damage to the
Commissariat's property or injury to its personnel.

Dr. B. Goldschmidt
Governor from France to the

International Atomic Energy Agency
Emb assy of France
Technikerstrasse 2
Vienna IV, Austria



The Agency undertakes that, with respect to any member of its staff and any personnel of the
Yugoslav Commission engaged in this operation, it will either obtain waivers of claims in excess of the
$100,000 insurance coverage provided for or will cover such excess itself. The Commissariat undertakes
that, with respect to any of its personnel, it will either obtain waivers of claims in excess of the $100,000
insurance coverage provided for or will cover such e~cess itself.

If you agree, this letter and your reply thereto will constitute an agreement between the Agency
and the Commissariat on this subject.

Sincerel y yours,

Sterling Cole
Director General
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ANNEX III

UNOFFICIAL TRANSLATION

11 March 1960

Sir,

I thank you for your letter of 1 March which lays down the conditions of the French participation
in the dosimetric experiment organised by the IAEA at Vinca, Yugoslavia.

We understand that the responsibility of the Commissariat for Atomic Energy will consist of
putting into working order, the zero reactor at Vinca, in &J far as control and safety measures are concerned,
and to make this reactor work at a power of 5 watts during 4 consecutive hours and at a power of 500 watts
during 1 hour. The reactor will be handed back to the Yugoslav institute in the same condition, or as near

to that as possible, as when taken over.

Dr. Jammet will be present during this experiment and will take the measurements requested
of him.

The Commissariat will supply the necessary material for the functioning of the reactor and the
measuring operations.

The Commissariat will manipulate and analyse the heavy water before and after the experiment
without assuming any responsibility in case of loss or degradation or contamination of this heavy water.

The Commissariat agrees to insure its personnel against all damages in excess of the sum of
$100,000 covered by the insurance contracted by the Agency.

I agree that this letter of mine and your letter of 1st March constitute an agreement between the
IAEA and the CEA on this subject.

Yours

Pierre Couture

Mr. Sterling Cole
Director General

International Atomic Energy Agency
Vienna I

Karntnerring



ANNEX IV

Our Ref: S/645-1 16 March 1960

Dear Sir,

May I express our deep gratitude to the United Kingdom for placing in the Service of the Agency
the heavy water necessary for the Dosimetry Experiment in Yugoslavia, thereby demonstrating the interest
of your country in this international undertaking. I have the honor to confirm herewith the arrangements for
the loan of heavy water by the United Kingdom Atomic Ener£y Authority to the Agency.

2. As you know, the Agency has concluded agreements with the Yugoslav authorities to conduct a
series of measurements around the zero power reactor at Vinca near Belgrade, while it is operating at a
steady low power. It is the purpose of the experiment to measure radiation levels which will be used in
computing radiation doses for medical purposes. Arrangements are being completed for a team of French
scientists to reconstruct and operate the reactor under the supervision of the Agency and for a team of
United States scientists to perform the radiation measurements.

The material shall consist of 6,500 kilogrammes of reactor grade (99.80% D20) heavy water.
The Authority shall at a date to be agreed deliver at Harwell to agents to be appointed by
the Agency the material packed in suitable shipping containers.
The Agency shall accept the Authority's certificate of anal ysis upon delivery at Harwell.
The Agency shall return the material to Harwell not later than 30 September 1960, and shall
concert with the Authority arrangements for analysing upon return of the material.
The Agency shall make all necessary arrangements for transport of the material from
Harwell to Vinca and back to Harwell.

The Agency shall bear all costs of:-
(a) transportation
(b) clean up after use to the following specification vis.,

(iii)
(iV)

(v)

(vi)

3. As regards the detailed arrangements between the Authority and the Agency our understanding is
as follows :-

(i)
(iil

D

D + H
ratio 99.78% molar minimum in any drum

Conductance 15 micromhos/ cc max.
Odor None

Turbidity Clear
KMn04 demand 1 X 10-5 lbs/lb D20 max.

(c) replacing any heavy water lost during transit or use
(d) replacing any drums or packages lost during tFansit or use and repairing to the

satisfaction of the Authority any drums or packages damaged during transit or use.
(vii) The Authority shall if the Agency so requests undertake the clean up referred to in sub

para. (vi) (b) above.

4. If you agree, this letter and your reply thereto will constitute an agreement between the Agency
and the Authority on this subject.

With the assurances of my highest esteem.

Sterling Cole
Director General

The Secretary
U.K. Atomic Energy Authority
11 Charles II Street
London S. W.1.

England
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ANNEX V

UNITED KINGDOM ATOMIC ENERGY AUTHORITY.

Dear Sir,

11 Charles II Street

London S.... l.

21st March 1960

56

I have pleasure in acknowledging receipt of your letter of 16 March 1960 and in confirming the

Authority's acceptance of the detailed arrangements therein set out for the loan to the Agency by the

Authority of the heavy water needed for the Dosimetry Experiment in Yugoslavia. I also confirm that your

letter and this reply shall be regarded as constituting an agreement between the Agency and the Authority

on this subj ect.

The Authority are glad to have been able to take this opportunity of demonstrating in a practical

manner their support of the Agency's work and hope that this particular project will be carried through
to a successful conclusion.

Yours faithfully,

D. E. H. Peirson

Secretary to the Authority

The Director General,

International Atomic Energy Agency,

Vienna 1,

Kaerntnerring,
Austria.



ANNEX VI

26 April 1960

Dear Mr. Foster,

In the absence of the Director General and at his request, it gives me great pleasure to confirm
herewith the arrangements for the assistance offered by the Atomic Energy Commission of the United
States to the Agency in connection with the dosimetry experiment with the zero energy reactor at Vinca,
Yugoslavia.

As you know, the Agency has concluded an Agreement with the Yugoslav Federal Nuclear Energy
Commission for the conduct of a series of radiation measurements around the reactor while it is operating
at a steady, low power. A certified copy of the Agency's agreement with the Yugoslav Federal Nuclear
Energy Commission is attached hereto for your information. Under the agreement the Agency is responsible
for arranging for the performance of the necessary preliminary and other technical work for the operation
of the reactor and for the carrying out of the appropriate measurements. The reactivation of the reactor and
its operation during the experiment is being undertaken by the French Atomic Energy Commission, which
will provide the necessary equipment for that task.

I understand that the USAEC is prepared to undertake the making of the measurements to establish
the radiation spectrum which is emitted from the reactor and to relate that spectrum to the doses received
by the persons exposed during an excursion of the reactor in October 1958. The USAEC also undertakes
to make the necessary calculations based on these measurements and to prepare and submit a report
thereon, together with all relevant data, to the Agency.

The work provided for in the previous paragraph will be undertaken by the USAEC through a team
of dosimetry experts. The USAEC will also arrange for the provision of all the equipment required by the
team at VinCa except for miscellaneous items which may by special arrangement be provided by the Agency
or by the French or Yugoslav Commissions.

The USAEC is also prepared to provide samples of the activated sodium solution prepared in the
course of the experiment.

As proposed during the visit to Vienna of Dr. Ritchie of the dosimetry team in September 1959,
the reactor will be operated at a power of 5 watts for a total of 4 hours and at 500 watts for 1 hour. The
experimental runs are scheduled to take place toward the end of April and to extend over a per~od not
exceeding one week.

It is understood that the USAEC will not make any charge to the Agency for the provision or
transport of any of the above personnel, equipment, materials and services.

All information about the experiment will be released through the Agency. The Agency will
publish a complete report on the experiment, making suitable acknowledgement of the contributions of
the USAEC.

1 understand that some of the instruments that will be used by the dosimetry team will contain
small quantities of plutonium, and that it is necessary that representatives of the USAEC retain custody
of this material at all times. On the basis of its agreement with the Yugoslav Commission, the Agency
shall make arrangements with the Government of Yugoslavia to permit the retention by the United States
team members of this plutonium within their constant and exclusive custody and control at all times while
they are within the territory of Yugoslavia in connection with the dosimetry experiment, and to permit the
entry into and removal from the territory of Yugoslavia of this material at the sole discretion of the United
States team members. These arrangements will also provide for the entry, use, retention and removal of
the material without the imposition of customs duties, taxes, or charge of any kind. Reasonable advance
notice will be furnished the Government of Yugoslavia regarding names of team members, mode of travel,
and place and date of arrival.

Mr. Paul F. Foster
Governor from the United States of America to

the International Atomic Energy Agency
Permanent Mission of the United States

Schmidgasse 14
Vienna VIII
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The Agency has undertaken to insure up to $100,000 each person engaged in this operation and
to insure all property of the Yugoslav Commission that might be affected. The Yugoslav Commission has
undertaken to exchcde all unauthorized personnel from the experimental area and to compensate any such
person who does enter for any injury suffered by him. The Agency will in no case make any claims against
the USAEC, any contractor of the USAEC or personnel of either, for any damage or injury suffered by the
Agency or by members of its staff.

Neither the USAEC nor any contractor of the USAEC will in any case make any claim against
the Agency for any damage to the USAEC's property or injury to personnel whose services are made
available by the USAEC.

The Agency undertakes that, with respect to any member of its staff, it will either obtain waivers
of claims in excess of the $100,000 insurance coverage provided for or will cover such excess itself.
The USAEC undertakes that, with respect to any personnel whose services are made available by the
USAEC for this operation, it will either obtain waivers of claims in excess of the $100,000 insurance
coverage provided for or will cover such excess itself.

If you agree, this letter and your reply thereto will constitute an agreement between the Agency
and the USAEC on this subject, and this agreement will enter into force on the date of your reply.

Sincerely yours,

Henry Seligman
Deputy Director General
Department of Research

and Isotopes

Attachment:



ANNEX VII

April 28, 1960

Dear Mr. Cole,

I wish to acknowledge receipt of Mr. Henry Seligman's letter of April 26, 1960, by which

Mr. Seligman, in your absence, confirmed the arrangements for the assistance offered by the Atomic

Energy Commission of the United States to the Agency in connection with the dosimetry experiment

with the zero energy reactor at Vinc;a, Yugoslavia. It gives me great pleasure to inform you that the

arrangements set out in Mr. Seligman's letter are satisfactory to the United States Atomic Energy
Commission.

I wish also to confirm that Mr. Seligman's letter and this reply constitute an agreement

between the Agency and the United States Atomic Energy Commission on this matter, and that this

agreement will enter into force on the date of my reply, i.e. April 28, 1960.

Sincerely yours,

Paul F. Foster

The Honorable

Sterling Cole
Director General

International Atomic Energy Agency
Vienna, Austria.
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ANNEX VIII

LIST OF P ARTICIP ANTS IN THE VINCA DOSIMETRY EXPERIMENT

FRANCE
J. Baillet
R. Boutrais
J. Chenouard
G. Donvez
J. Duchene
J. Furet
R. Gras
H. Jammet
J. Lafaye
J. Leconte
R. Mercier
A. Morisset
J. Weill

A. Fayard

UNITED KINGDOM
J. W. Smith

UNITED STATES OF AMERICA
J.A. Auxier
D. Callihan
G.S. Hurst

K. Z. Morgan
P. W. Reinhardt
R. H. Ritchie
F. W. Sanders

G.B. Wagner

YUGOSLAVIA

S. Nakicenovic }

D. Baum
L. Barbaric
P. Savic
S. Suica

P. Anastasi j evi c
V. Babic

Z. Djukic
T. Guculj
M. Jovanovic

B. Konjukusic
B. Kovac
H. Markovic
P. Miric
S. Mu~deka
R. Plav1Hc

D. Popovic
N. Raisic

Dj. Stepanov
S. Takae
T. Tasovac
M. Vidmar
B. Zivkovic

Commissariat a I'Energie Atomique
Centre d'Etudes Nucleaires de SacIay

Compagnie GeneraIe de Telegraphie sans Fil

Health Physics Division
Atomic Energy Research Establishment, Harwell

Oak Ridge National Laboratory

Yugoslav Federal Nuclear Energy Commission

Boris Kidric Institute

INTERNATIONAL ATOMIC ENERGY AGENCY
G. Jenssen Agency Representative in Yugoslavia
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G.W.C. Tait
R. Barker } Division of Health, Safety and Waste Disposal
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