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RADIATION DOSIMETRY OF THE REACTOR RA AT VINCA
i

MEASUREMENTS BY ISOTHERMAL CALORIMETER
i

by

B. Radak, V. Markovic and I. Draganic, Department of Radiation Chemistry

1. — In this work we have made attempts to:
— analyze the problems of reactor radiation dosimetry;
— describe the solution of this problem by the calorimetric method;
— present our results of measurements on the reactor RA at Vinca,

and to describe the method, apparatus and measuring equipment used.

2. — Use was made of the isothermal calorimeter with thermistors which
measured the absorbed dose rates within the range 104—106 rad/h, with an accu-
racy of 2—5%. It was shown that the reactor radiation in which the thermal
neutron flux is up to the order of magnitude 1012 n/cm2/sec,, and the integral
thermal neutron flux up to about 1016 n/cm2 exerts no significant influence
upon the working characteristics of the thermistors used.

3. — Determination was made of the absorbed dose distribution into the
gamma-ray and the neutron contribution. For this purpose we used 3 materials:
ordinary water, heavy water and graphite.

4. — Measurements were carried out in two vertical experimental holes
,,VK -5" and ,,VK -9"of the reactor RA at several heights. It has been shown that
the absorbed dose height distribution agrees well with the thermal flux distri-
bution curve, although the relations of the absorbed doses of the two holes are
not in accordance with the corresponding thermal flux relations.

I. — INTRODUCTION

I. 1. NOTES

:
Calorimetric radiation dosimetry, the subject of this paper, was one

of the various measurements carried out in the experimental reactor RA
at Vinca during its test operation.

The aim of these experiments was to determine the absorbed dose
rates by various materials placed at different positions in some experimental
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holes, as well as to determine approximately the contribution of various
components of reactor radiation to the total absorbed doses.

Measurements were carried out in a heavy water — enriched uranium
(2% 235£/) reactor. The nominal power is 6.5 MW, but during the test ope-
ration period our measurements were made at powers lower than 100 kW*.

VK- 7 1950mm)
\V ^K

110mm) ,
\ Reactor core

VK-9 (9 100mm)
QFuel elements Graphite reflector
® Dummy fuel channels

O Vertical experimental holes

Fig. la. — Horizontal cross section of the reactor RA

The reactor and the geometrical conditions of measurements (sec II. 4.)
are shown schematically in Fig. 1. a) and b).

* Reports on some of the results were submitted at the Symposium on Nuclear
Fuel held at Radovljica, Yugoslavia, in April 1961.
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I

Fig. Ib. — Vertical cross section of the reactor RA
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I. 2. REACTOR RADIATION AND ITS DOSIMETRY

The nuclear reactor is a source of mixed radiation ranging from
slightly penetrating fission fragments, alpha and beta particles, to more
penetrating gamma rays and fast neutrons. However, for irradiation in
reactor experimental holes the most interesting types of radiation are gamma
rays and neutrons of various energies.

1.2. I . REACTOR AS A GAMMA RADIATION SOURCE

Gamma rays in a reactor are produced by the following processes:
— by fission of 236C7
— by radioactive decay of fission products
—• by thermal neutron capture reactions (n, gamma) with the most

important reactor materials such as: 238t7, aluminium, graphite and iron
— by fast neutron inelastic scattering
— by decay of radioactive isotopes produced by various nuclear

reactions during the operation of the reactor.
Due to the great variety of sources, as well as to the scattering and

absorption in the reactor materials, there is a very complex spectrum of
radiation in the experimental holes. The average energy of gamma photons,
however, is probably about 2 MeV for many reactors.

The absorption process is very complex and it depends on the energy
of the photon and the nature of the absorbing material. Thus,

— in the interaction of low energy photons with heavy elements
there is a photoelectric effect, a process in which the photon disappears
ejecting an electron;

— in the interaction of photons of moderate energies with light ele-
ments there is a Compton effect, a process in which the photon ejects an
electron transferring to it only part of its energy;

— in the interaction of photons of high energies (over 1.02 MeV)
with heavy elements, a pair production also takes place — the photon disap-
pears producing one electron and one positron.

I. 2. 2. REACTOR AS A NEUTRON' SOURCE

Neutrons in a reactor are produced by the following processes:
— by fission of 233(7, where 2.5 neutrons per fission are released in

average. The energies of these neutrons range from 0.5 to 15 MeV, the
most probable energy being approximately 0.7 MeV, and the average
energy about 2 MeV;

— by photonuclear reaction which is of particular interest when heavy
water is used as moderator;

— by fission of 238{7 with fast neutrons;
— by nuclear reactions of the type (n, In), (n, 3n), etc.
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Referring to their history, the neutrons have various energies upon
which the absorption process depends.

Fast neutrons (in this paper referred to as all neutrons with energies
above the cadmium cut-off) lose their energy mainly by elastic scattering.
The mean energy transferred in an elastic collision decreases with the increase
of the mass number of ambient nuclei in which scattering or slowing down
takes place.

Thermal neutrons, i.e. neutrons which have the same kinetic energy
as the ambient atoms and molecules (0.025 eV at 20° C), do not transfer
their energy directly. However, thermal neutron reactions such as (n, gamma),
(n, alpha) etc., are the source of energy received by the ambient in the
interaction with thermal neutrons.

I. 2. 3. PROBLEMS OF REACTOR RADIATION DOSIMETRY

'

The difficulties encountered in reactor radiation dosimetiy can be
either:

— basic, due to the great variety of the type and energy of radia-
tion, or

— experimental, due to relatively high dose rates, inconvenient ope-
ration with measuring devices, their activation during the measurement,
limited volumes, etc.

Thus, in ionization measurements, apart from experimental diffi-
culties, high dose rates and activation, estimation of the absorbed doses
is unreliable due to complex corrections for geometry, and inaccurate know-
ledge of the w values, i.e. the average energies required to produce an
ion pair.

Chemical changes induced by radiation can serve as a measure for
the absorbed dose. The experimental difficulties in chemical methods are
less than those in physical methods, while the basic difficulties are similar
in both cases. Chemical changes depend more or less on the type and the
energy of radiation. Hence, a chemical system used as a dosimeter in a
reactor must be calibrated for the given conditions, i.e. the radiation-che-
mical yield for the reactor mixed radiation in which routine measurements
are to be carried out, must be determined.

In respect to the difficulties encountered in experimental deter-
mination of the absorbed doses, the irradiation data in literature are given
sometimes as a function of the integrated thermal neutron dose (nvt), assuming
that the dose rate is proportional to the thermal neutron flux, i.e. that the
total absorbed energy is proportional to the integrated thermal neutron dose.
Hence, the (nvt) values are considered the relative measure of the absorbed
doses.

One can see at once that such a way of representing the absorbed
energies renders impossible the comparison of values obtained in various
reactors, since the penetrating radiation which follows the thermal neutrons
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depends, inter alia, on the age of the fuel, the kind of reactor materials^
etc. The works of A. R. Anderson (2) and D. M. Richardson (1) have shown
that in the reactor core with a graphite moderator, and for a given material,
the energy absorbed in different places is proportional to the integrated
thermal neutron dose and could be expressed conveniently in ergs per
gram for n/cm2. Other measurements (3) have shown, however, that for
a heavy water moderated reactor, the energy deposition for n/cm2 is not
constant even for the same material; it depends on the irradiation place.
Hence, such kind of interpretation has only a relative and extremely limited
character. The measurement of the released amount of heat into which
the radiation energy is converted in a medium, can serve as a measure
for the energy absorbed. This is the principle of calorimetric dosimetry.
Since the total absorbed energy is practically converted into heat under
the given conditions*, this kind of measurement makes possible its exact
and quantitative determination. By appropriate choice cf the absorbing
media it is possible to determine the contribution of each radiation compo-
nent to the total energy absorbed. The basic limitations encountered in
chemical dosimetry or ionization methods are considerably smaller in calo-
rimetric dosimetry, and that is why it may be considered to be the method
most reliable and perspective for energy absorpticn measurements.

I. 3. ISOTHERMAL CALORIMETER WITH THERMISTORS

1.3.!. ISOTHERMAL CALORIMETRY

With regard to the temperature of the calorimeter jacket during ope-
ration, calorimetric measurements can be carried cut in two ways. The
adiabatic method, often used, consists in heating the jacket electrically at
the same rate as the calorimetric body absorbs the radiation energy. Thus,
the absorbed dose rate is determined frcm the heating late.

In isothermal calorimetry used in our case, the jacket temperature
is kept constant during the measurement. Since the calorimetric bcdy is
heated by the radiation energy absorption, the absorbed dose rate is measu-
red from the difference between the temperature of the bcdy and the
jacket. Measurements are carried out in the steady state in which the heating
power in the body is equalized with the heat losses caused by radiation, con-
ductivity and convection.

The isothermal method (or more exact the temperature difference
method) can be represented by the following expression:

W
[ I ]

Kmc

* Usually only a negligible part, 1—2% (rarely 5—10%), is spent on the change
in the internal energy in the system (chemical effects, change in crystal structure, etc.).



Radiation dosimetry of the reactor RA at VinCa 13

where:

T0 — jacket temperature, constant °C
Tr — body temperature in steady state °C
W — heating power, constant (watt)
K — constant, defined by Newton's cooling law (sec-1)
me — heat capacity of the body (joule/°C)

Calibration of the calorimeter is carried out by heating the calori-
metric body at an exactly defined and well known power(zv^) by means of
a built-in calibration heater. Now a new steady state temperature difference
is determined,, thus eliminating the constant characteristic for the measuring
system (Kmc). The disadvantage of this static method is the considerable
time lag for reaching the steady state (several hours for inert systems).

That is why the kinetic method is more efficient for determining the
steady state temperature before real equilibrium has been established (4).
This method is based upon the fact that the temperature change in the
calorimetric body in the course of heating is an exponential function of
time (5) and can be expressed as follows:

T=TT + G.e-K* [2]

where:

T — temperature of the calorimetric body at the time(t)
Tr — equilibrium temperature of the calorimetric body (i.e. T = Tr

for t = oo)
K — cooling constant, a value characteristic for the measuring system,

and:
WG-cr-r,)- p]

Kmc
where:

T' — temperature of the body at the time t = 0

By using the equation [2] the kinetic method is reduced to the ana-
lysis of the heating curve. The results obtained by temperature measure-
ment in the function of time are plotted as usual. The only difference is
that the abscissa is the time axis in an implicit form, i.e. e~Kt. The straight
line shown in Fig. 2 begins at the moment t = o, where the temperature
of the body is (T'), and the abscissa is e~Kt — 1. On the basis of several
points, one obtains the value of the equilibrium temperature (Tr) by extra-
polation up to the intersection with the ordinate axis (t = oo ).

By this method measurements in one system may be carried out several
times faster than by the static method.

The reliability of this method in determining the equilibrium tempe-
rature depends on the stability of the constant (K), and the accuracy of
knowing it.

The calorimeter for absorbed dose measurement was anticipated in
our case for work at powers less than 100 kW, at which the dose rates could
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Fig. 2. — Kinetic method shown graphically
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be expected to be between K^and 106 rad/h in water. That is why a calo-
rimeter with relatively good heat isolation was ccnstiucted, and the cone-
sponding sensitivity achieved. On the other hand, this conditioned higher
thermal inertia of the whole system. It would be very difficult to maintain
adiabatic control under such conditions, and the rate of tempeiatuie rise
at these powers would be very low and hard to measure. That is why use
was made of the isothermal method with constant temperature of the jacket.
The kinetic method for equilibrium temperature determination has
shortened the time required for measurements to a considerable extent.
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I. 3. 2. TEMPERATURE MEASUREMENT BY THERMISTORS

The temperature effects of microcalorimetric measurements are usually
of the order of magnitude of several hundredths of a centigrade or less.
The measurement of such small differences with adequate accuracy is
carried out mainly by the use of

— thermocouples or
— resistant thermometers.
The choice of one of -these two depends on the kind of processes to

be measured and the sensitivity required.
Thermistors, which according to their electrical properties are semi-

conductors, belong to the second group of these thermometers. According
to their composition they are nickel, manganese and cobalt oxides, and
their form and size vary. A great number of various properties make the
thermistors very suitable for the measurement of small temperature varia-
tions. Those are:

— an extremely high temperature resistance coefficient. It is about
3—4% per °C (copper 0.4% per °C). This means that with a thermistor
whose resistance is several thousands of ohms, one can carry out very easily
the measurement of temperature variations of several thousandths of degrees.

—• small volume and mass, and
— quick establishment of resistance for a fixed temperature.
The resistance of a thermistor is an exponential function of tempe-

rature. In small temperature intervals (a few °C), however, this dependence
can be considered linear. Thermistors which have not been used long enough
have an unstable resistance and, therefore, they are unreliable for absolute
measurements of the temperature. This does not mean that they are less
applicable in the temperature measurement variation where the absolute
values of temperature are not of interest. This disadvantage of thermistors
is usually eliminated by artificial ,,aging" obtained by heating the thermistors
for 3—4 thousands of hours at a temperature above 100°C.

Thermistors used for a longer time are stable enough and usually give
very reproducible results.

Owing to their good properties we used thermistors in our calorimeter
for reactor measurements too, although there was fear regarding their beha-
viour in the neutron flux. One of the reasons for which thermistors were
used is the rather simple technique of measurement.

The results and data obtained during our work (see II. 2) have justified
the use of thermistors for these purposes.

I. 3. 3. PRINCIPLE OF THE METHOD. SELECTION OF CALORIMETRIC BODIES

The absorbed energy of radiation is measured by a calorimeter di-
rectly from the temperature rise in the calorimetric body. When we are inte-
rested only in the doses absorbed in various materials, we make calorimetric
bodies from these materials and measure the energy absorbed by irradiating
each body separately. The heating power is the absorbed dose rate in the
given material.
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If we are interested in the contribution of each type cf radiation to
the absorbed energy, the interpretation of the results is then somewhat
more complicated. First of all by selecting the material for the calorimetric
bodies, we can avoid the energies of nuclear transmutations caused by
thermal neutrons. Thus, the problem is reduced only to the deter-
mination of the contribution of gamma rays and fast neutrons. Therefore,
in a material (M) the energy absorbed will be the sum of two components
(1, 2):

where :

(W}M — total absorbed dose rate

(zu)2f — contribution of gamma rays

(W")M — contribution of fast neutrons

If the absorbed energy is measured in two different materials, one
obtains two equations :

(«0i = (a07 +(«•)! [5a]

(aO,= (a02 + (a05 [5a]
or

(«,), = (o;)T+<»? [5b]

(w)^a-(w)\ + b-(w~)1 [5b]

where :

a = j JfL \ [6a]
/2 MeV

2MeV

-- (.,.&]
[(A + i)2 J J2

2McV
[fib]

l(A + I)2 ^

where:

(j. — mass absorption coefficient
A — mass number of the material
as — fast neutron scattering cross section

The value of the top integral limit in expression [6b] does not exert
great influence on the calculated relations. Some authors (6) take the ave-
rage fission neutron energy (2 MeV) to be the upper limit. Anderson (2)
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rakes it to be 1.8 MeV. Richardson (1) calculated the expression [6] within
the interval from thermal energies to <x. Although in all these cases the

20

18

16

14

12

10

2. Mev

• dLE (in relation to carbon)

2 4 6 8 <0 '2 14 16 18 20 22 24 26 28 30 32
(A)

Fig. 3. — Relative values of fast neutron energy deposition

absolute integral values vary considerably, their relations remain, in fact,
almost constant.

For the measurement of the distribution of the absorbed energy into
fast neutron and gamma ray contribution, it is necessary to measure the

2 Bulletin of the Institute of Nuclear Sciences
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absorbed energy in at least two materials for which the mass absorption
gamma coefficients, and the so-called ,,scattering" integrals, are known.
There is a great number of materials for which these values are known quite
precisely.

Instead of two bodies, three or more bodies are used in practice. One
of them (usually graphite) is taken as the reference (a=6=l), thus obta-

Elements of the scheme
R, , R2 SOOOohms

WOOOohms
. R5 WOO ohms

five-decade box
Ruhstrat" 0 027. grade

i.sv
3.0V

E3 120V

Fig. 4. — Scheme of the calorimeter and the measuring system (P — commutator;
K — calorimetric body, O •—• jacket; T — thermistors (T^ — jacket; T2 —
body); Kg — calibration heater; G0 — jacket heater; Z — protective can;

G — electronic galvanometer ,,KINTEL" model 204A)

ining a series of simultaneous equations from which the values (H>)^ and
(zy)£ are calculated by the least square method. On the basis of these values
one can easily calculate, by means of the coefficients (a) and (b~), the values
of partial and total doses absorbed in any other materials.

In our measurements we used three calorimetric bodies: ordinary
water, heavy water and graphite. The two liquids were put in vessels of
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plexiglass. All these materials have negligible cross sections for thermal
neutrons, so corrections for the energy of the induced nuclear reactions
are not necessary. Mass absorption coefficients for gamma rays of 2 MeV
are very close one to another. Apart from this, the ratios between these
coefficients (which, in fact, is of interest) are constant in a very wide range
of energy. The most important fact is, however, that the ,,stopping power"
for the fast neutrons in carbon, heavy and ordinary water differs quite
a lot. Their ratio is 1 : 4.52 : 10.2. This is shown in Fig. 3. (The Figure
also shows that the ,,stopping power" and consequently the energy absorbed
from fast neutrons is negligible for the elements with A > 30).

II. DETAILS ON THE MEASUREMENT AND IRRADIATION TECHNIQUE

H. I. DESCRIPTION OF THE CALORIMETER

II. 1. 1. MECHANICAL PART

A draft of the calorimeter together with the scheme of measurement
and control is shown in Fig. 4. The calorimetric body (K) for liquids is
made of plexiglass. Another body with the same dimensions (height 50 mm,
diameter 20 mm) is made of graphite. All these bodies are shown in Fig. 5.

Fig. 5. — Calorimetric bodies

For heat isolation the calorimetric bodies are centered in the jacket by nylon
thread. The ambient of the calorimeter (0) is a polished aluminium cylinder,
f J mm in diameter, consisting of two parts. A heater of constantan wire
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(0.1 mm) is wound on the surface of the inner part. Thermistors (,,Phil-
lips" Bead type NTC Resistor") with nominal resistance of about 5000 O
at 20° C, for the measurement of the jacket temperature are fastened to it.
For mechanical protection and better heat isolation from the ambient in
which it is placed, the complete calorimeter is put in a protective aluminium
can (Z) 98 mm in outer diameter.

II. 1. 2. ELECTRICAL MEASUREMENTS

The resistances of the thermistors are measured by a Wheatstone
bridge with two arms R1 and R2 of 5000 ohms (constantan 0.06 mm). All
parts of the bridge, except the decade box (Ra) and the galvanometer (G),
are placed in a closed iron box. With this bridge, measurements of the
resistances of 3000—5000 ohms could be made with an accuracy of ± 0.1
ohms, or measurements of the resistance difference of 20 ohms with a maxi-
mum error of ± 2%.

By means of a commutator (P), the thermistcis of the jacket (7\) and
the thermistors in the body (T2) are switched on alternatively in one arm
of the bridge. Thus, the same bridge served for the measurement of the
calorimetric body temperature variations by the theimistor (T2), and for
the temperature control in the jacket by a total resistance of 4 thermistors
(Tj) (two parallel pairs connected in series).

The heating current in the jacket was adjusted manually with a vari-
able resistance (R3}, and the temperature maintained at a constant value
(± 0.005° C) of a few degrees above the ambient temperature.

The resistances of the calibration heaters (200—400 ohms) were mea-
sured on a specially constructed Wheatstone bridge with symmetrical arms,
and checked by comparison with the standard resistances of the 0.02%
grade ,,(G6ttingen-Ruhstrat"). The current in the calibration circuit was
measured by a precise milliampermeter of the 0.5% grade (,,Iskra-Kranj").
Correction for the resistance change in the calibration heater due to heating
was negligible, and has not been taken into account.

For the lead and connection isolation in the calorimeter, use was made
of the capacitor paper and a polystyrene film. For our working conditions
(maximum thermal neutron flux about 2-1011 n/cm2/sec and temperature
about 30° C) this was quite satisfactory.

H. 2. STABILITY OF THERMISTORS

Measurement with thermistors in the calorimeter consists in deter-
mining two equilibrium values of the resistance. The first value (R0),
corresponds to the jacket temperature (2"0), and the second value (Rr)
corresponds to the equilibrium temperature (Tr), when the body is heated
by the constant power (W). Similarly to the expression [1], the equilibrium
difference of the resistance is proportional to the heating power, i.e.

W
-\R = Rr-R0 = [7]

KmcA
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where (A} is the conversion factor for ohms into degrees centigrade and
it depends on the characteristics of the thermistor used. The thermistors
have a negative temperature coefficient so that R0 > Rr when T0 < Tr.
An indispensable condition for obtaining reliable and reproductive
results when working with thermistors is the stability of their resistance
for a given temperature.

II. 2. 1. WITHOUT RADIATION

In order to distinguish irregularity in the behaviour of the thermistors
caused by radiation, it was necessary to examine primarily their behaviour
without radiation.

The value of the thermistor resistance for a given jacket temperature
can be changed : first, due to the change of characteristics of the thermistor
itself (change in structure by ,,aging"), and second, due to insufficient
heat isolation, i.e. the temperature variation of the ambient in which there
are the calorimeter and its jacket.

The variation of the resistance due to the ,,aging" of the thermistor
is a very slow process, and it cannot exert any considerable influence on
the temperature difference measurement. This has been proved by our
observations of the value (Ra) for a constant jacket temperature during a
longer period of time (7—10 days). For the sample with water we obtained e.g.

days /?0(ohms)

1 3663.1
2 3663.0
3 3663.1
4 3663.2
5 3663.7
6 3663.2

The influence of the ambient temperature variations could cause
greater error; that is why the temperature of the heavy water in the core
during work in the reactor is kept constant within zb 1° C. Under these
conditions the error in the measured difference of resistance (Rr—R0~) was
not larger than 0.6—0.8 ohms. According to the results obtained by labo-
ratory measurements, the change in the ambient temperature caused changes
in the value Ra by about 0.3 to 0.4 ohms/0 C. Since the effects measured
m the reactor were between 50 and 200 ohms (about 0.5—2.0° C)the maxi-
mum possible error in the measured values was about 1 %, while the error was
probably smaller since the reactor was thermostated even better than ~ 1°C.

II. 2. 2. DURING IRRADIATION

In the gamma radiation field thermistors have been used up to the
present with satisfactory results. In the reactor, however, under the influence
of the neutron flux, the recoil nuclei would be a great danger, because they
could cause considerable excessive conductance and structural changes in
the thermistor material. However, according to the relatively low values
_ f the neutron flux and the short time of irradiation (a few hours), it was
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normal to expect that the thermistor stability in the reactor would be suffi-
cient for obtaining reproducible results. A series of data obtained during
the work have proved this assumption.

Thus, for instance, the values of the resistance (7?0) determined at
the same place before and after irradiation with an integrated thermal
neutron dose of about 1016 n/cm2, were obtained with a negligible difference
of 0.2—0.4 ohms. Likewise, the deviation in the average value cd two sub-
sequent determinations of the absorbed dose rate was not higher than
±2—3%. 'The difference was not higher even after a longer period of time
(3 months) between two irradiations, and the measured values agreed within
the limits of the experimental error.

On the other hand, calibration of the calorimeter with a graphite
sample was carried out during irradiation with a constant and known heating
power. From a series of determinations we obtained the mean value of the
resistance difference:

A^ = 41.0 ±0.9 ohms

The values obtained in the laboratory before irradiation were within the
same limits.

All this proved to be the reason for the use of thermistors in the
measurements in a reactor with low power (20—100 kW), and with maximum
fluxes of about 9.8 X 1011 n/cm2/sec.

H. 3. CALIBRATION DIAGRAMS FOR VARIOUS CALORIMETRIC BODIES

According to equation [7] there is a linear relation between the heating
power and the equilibrium resistance difference R0—Rr = &R. This rela-
tion has been checked by heating the samples with known power inputs,
measuring the current through the calibration heater of the known resi-
stance. The measured thermistor resistance for all the three calorimetric
bodies in the heating power are plotted on the diagram (Fig. 6).

We have noticed that for the bodies containing HZO and £>aO, the
linearity defined by the equation [7] is valid only at the beginning of the
obtained curve. Therefore, with these samples calibration could not be
carried out electrically by a ,,standard addition" of the known power during
heating with an unknown power as in the case of the graphite body.

This disagreement could occur either due to convection in the calo-
rimetric system, or due to inhcmcgenecus heating of the body by the cali-
bration heater. In the first case theie would be no reason that the calori-
meter with the graphite body does not show a similar deviation too.

Assuming that the inhomogeneous heating was the only reason for
the curving of the calibration curve towards the abscissa axis, measurements
with these bodies were carried out in the following way: the resistance
change was measured for the unknown heating power, and then the unk-
nown power was determined graphically from the rectilinearly extrapolated
initial part of the calibration diagram. This we were able to do also because
the correction for deviation from linearity was of the order of 10—15%.
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The justification of the foregoing assumption was proved by inter-
comparison of the measured absorption values for all the three bodies. Thus,

O Sample with heavy water

Graphite sample

Sample with ordinary water

1.0 3.0 3.0

Fig. 6. — Calibration~diagram

I0'2watt

measurement of the absorbed dose rate at one irradiation place in two bodies,
for instance in H3O and graphite, was carried out in two different ways
(with and without linear extrapolation). At the same place and in the same
way as in ordinary water, the absorbed dose rate was measured in heavy
water. The first two values, for graphite and ordinary water, make it possible
for us to measure and to anticipate the absorbed dose rate in heavy water.
The results of such calculation compared with the measured values are
shown ;in Table I. Very good agreement of the calculated and the measured

Table I
Comparison of the calculated values for the heating power

in D,£> with the measured ones (at 20 kW)

VK-5 (300mm)
VK-9 (305 mm)

Calcul. Measur.

10-5 w/gr

119.8
61.7

119.9
61.4

Difference
o/
/O

— 0.1
+ 0.5



Table II

Heating powers in ordinary water, heavy water and graphite, at 20 KW, with corrections for the induced activity in the
aluminium jacket and the heating power in plexiglass vessels

Hole

VK-5

VK-9

Height
mm

0

300

600

1000

1200

5

305

1205

Measured

HaO

114.3

151:5

—

—

37.9

65.1

79.1

15.3

Df> j C

96.9

129.5

53.7

27.9

50.8

57.1

14.0
1

85.7

114.2

96.7

99.7

23.9

46.7

59.4

12.5

Correction for the induced activity

H*O

Y | P

6.0

8.0

—

„—.

1.7

3.8

4.8

1.1

1.9

2.6

—

—
0.6

1.2

1.5

0.4

tot
D2O

T P lot

C

Y (3 (tot

Corrected

H£> D£> C

i
with correction for plexiglass

H20 DJO

10-6 watt/gr

7.9

106

—

—
2.3

5.0

6.3

1.5

5.4

7.2

—

2.7

1.6

3.4

4.3

1.0

1.8

2.4

—

0.9

0.5

M
1.4

0.3

7.2

9.6

—

3.6

2.1

45

5.7

1.3

5.6

7.4

6.1

—
1.6

3.5

4.5

1.1

1.1

1.5

1.3

—
0.3

0.7

0.9

0.2

6.7

8.9

7.4

—
1.9

4.2

5.4

1.3

106.4

140.9

—

—
35.6

60.1

72.8

13.8

89.7

119.9

—

50.1

25.8

46.3

61.4

12.7

79.0

105.3

89.3

92.3

—
22.0

42.5

54.0

112

108.5

143.7

• —

—
36.3

61.3

74.2

14.2

87.0

115.5

—

48.6

25.0

44,9

59.4

12.3

a

B.

0
5
•8
E.
o-
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values, even with many different corrections (for the induced activity in the
aluminium jacket, for the energy absorption in plexiglass vessels, etc) proved
the foregoing assumptions and justified the measurements with ordinary
and heavy water in the way described above. Likewise, it has been shown
(4) that by a more convenient positioning of the calibration heater, thus
providing homogeneous heating, one obtains straight lines on the calibra-
tion diagram.

The same calculation was carried out also for the values calculated
according to the obtained calibration diagrams (without linear extrapola-
tion). The error in calculating the absorbed dose rate in heavy water is much
greater than in the previous case and it amounts to about — 10% of the
calculated value.

O. 4. IRRADIATION TECHNIQUE IN THE REACTOR

The absorbed dose rate was measured in the vertical experimental
holes VK-5 and VK-9. In each hole values were measured for at least three
different points, at the upper and bottom end of the active zone (0 and 1200
mm), and at 300 mm in the zone, where there is a maximum thermal neutron
flux. The insertion of the calorimeter into the experimental holes and the
variation of the height was carried out manually from the platform of the
reactor by means of a cable with leads for electric measurements.

Since the bottom of the vertical hole is below the bottom of the
active zone, it was necessary to insert the calorimeter right to the bottom
of the hole which is semicircular, and then raise it up to a fixed height.
That is why the real position of the calorimetric body is uncertain within
± 2—3 cm of the assumed height. The error in the relative heights was
not more than ± 1 cm.

All the measurements were carried out at 20 kW and the obtained
results were corrected to the power of 1 MW.

III. RESULTS

The results of measurements in the reactor at 20 kW are presented
in Table II together with the correction for the induced activity in the alu-
minium jacket, and with the corrected values. The values of the absorbed
dose rates in ordinary and heavy water are corrected also for the energy absorp-
tion in vessels of plexiglass. This correction is +2% in H2O and —3%
in D2O (see Appendix).

The obtained results were compared with the relative values of the
thermal flux measured by the activation of the foils of gold and indium (7).
The maximum absorbed dose rate in both holes (300 mm in the zone) is
considered most reliable, since the probable error in the position of the
calorimetric body of ± 2 cm in these places does not exert more influence
than 1% on the measured values. From these experimental points and from
the shape of the thermal flux distribution curve in the holes, we drew the
height distribution of the absorbed dose rate in units of 108 rad/MWh
for all three materials (Figures 7, 8 and 9).

As it can be seen there exists good agreement between the energy
absorption and the thermal neutron flux. It should be pointed out, however,
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that such agreement does not exist between these relations for two different
holes. Thus, the relation between the maximum energy absorption in VK-5
and VK-9 is 1.95, whereas the same relation between the maximum thermal
neutron flux is 1.65.

30,0

VK-S

-20,0

10,0

300 600 900 '200 mrn ^ zone

Fig. 7. — The absorbed dose rate in water

The maximum deviations of the measured values from the accepted
distribution (for graphite ± 5%, for H£> and DZO ± 10%) are within the
limits of the error of experimental measurements and the unreliability of
the geometric position of the calorimetric body in the hole.

Estimation was made of the error for the maximum energy absorption
and it was found to be for graphite ± 2.5% and for samples with HZO
and D2O about ±5%.

The relatively great deviations at the height of 1205 mm in VK-9
are probably due to the fact that the calorimetric body is 5 cm above
the top of the uranium rods, practically almost in the reflector. For
all three materials the measured value is 12 to 20% lower than that expected
from the relative value of the thermal flux compared to the maximum. In
addition, the error in the position of the calorimetric body of ± 1 cm leads
to deviation of the measured value by about ± 5% in this place.

One measurement with £>2O in VK-9 (o mm in the zone) was
carried out at 80 kW. The absorbed dose rate corrected to 1 MW was

wx = 7.15 X 106rad/MWh
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The deviation from the distribution curve is — 8.7%, i.e. it is still
•vvithin the maximum deviation of the measured values at 20 kW, in the
same place.

W6radl MWh

•30.0

20.0 VK-S

10,0

'

300 600 900 1200 mm in Ihe act. zone

Fig. 8. — The absorbed dose rate in heavy water

IV. DISCUSSION

IV. 1. CONTRIBUTION OF GAMMA RADIATION AND FAST NEUTRONS TO THE
TOTAL ABSORBED DOSE RATE

The values corrected for the induced activity in the aluminium jacket
for maximum absorptions in the holes VK-5 and VK-9 are as follows:

H2O (25.4 ± 1.3) X 10« rad/MWh
VK-5 D20 (21.6 ± 1.1) x lO 6 rad/MWh

graphite (18.9 ± 0.5)xl06 rad/MWh

HZO (13.1 ±0.6) XlO6 rad/MWh
VK-9 D.f> (11.1 ±0.5) X l O 6 rad/MWh

graphite (9.72 ± 0.24) X 106 rad/MWh

The following system of equations for calculating the contribution
of gamma radiation and fast neutrons to the total absorbed dose rate (see. I.
3. 3) was set for VK-5:
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H2O: 25.4 = A • 1.11 (o;)<C + B • 10.2-(w)«

£>20: 21.6 = ^-1-0 (w)l + JB1-4.52-(o>)2

C: 18.9 = (w)l + (a,)S

i06radlMWh

•30,0

20.0
VK-5

10.0

300 600 900 1200 mm in !he act zoo

Fig. 9. — The absorbed dose rate in graphite

where (A) and (B) are "he correction factors for energy absorption in plexi-
glass vessels. These factors are (see Appendix):

A = 0.993
B — 0.932

I = 1.02
! = 1.17

A similar system of equations is set also for VK-9.
The solution by the least square method yielded the data given in

Table III.
From these results one can calculate the absorbed dose rate with an

error less than ± 10% in any material whether simple or complex compo-
sition. For this calculation it is necessary to know only the relative values
of the mass absorption coefficient for gamma rays of 2 MeV and the values

2MeV
r

of the expression \I(A + I)2 • I as-dE for any of the materials used.
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Table III

Gamma radiation and fast neutron contribution to the total absorbed dose rate

Hole

VK-5

VK-9

Mate-
rial

H20
D2O

C

Hf)
D.,0
C

Measured
absorbed
dose-rate

Contri-
bution V[

Contri-
bution n

Calculated
absorbed
dose-rate

• 106 rad/MWh

25.4
21.6
18.9

13.1
11.1
9.72

20.4 i 5.42
18.4
18.4

10.5
9.41
9.41

2.39
0.53

2.90
1.28
0.28

25.8
20.8
18.9

13-4
10.7
9.70

Relative*
contribution

T ° / o

' 79
88.5
97

78
88

. 97

» °/o

21
11.5
3

22
12
3

W6 rlh

- 30.0

VK-5

-20,0

-10,0

0 300 600 900 1200 mm in the act zone

Fig. 10. — The gamma dose rate in holes VK-5 and VK-9 at 1 MW

* Because of a small number of measurements at one position in the experi-
mental hole (one measurement with each sample) and the sensitivity of the system of
equations to the error in the measured values, these data are not quite reliable. Some
subsequent measurements carried out in the reactor have shown that the percentages
: f gamma rays in comparison with fast neutrons are probably somewhat changed —
for instance in water from gamma 75%, from fast neutrons 25%. In graphite from
gamma 96.5% and from fast neutrons 3.5%.
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IV. 2. GAMMA RADIATION DOSE RATE IN EXPERIMENTAL HOLES

The gamma radiation dose of 1 rontgen transfers the energy of 94
erg/gr, i.e. 0.94 rads to the water. From this and from the values calculated
for the absorption of the gamma radiation energy in water (Table III), cal-
culation was made of the gamma radiation dose rate in the experimental
holes VK-5 and VK-9. The maximums are:*

inVK-5 21.7 x 106r/MWh
in VK-9 11.2 x 106r/MWh

According to these values, the most probable distribution in both holes
was drawn (Fig. 10).

IV. 3. COMPARISON WITH SOME RESULTS OF EPITHERMAL FLUX MEASUREMENTS

The values of the doses absorbed from fast neutrons, obtained by
calorimetric measurements, were compared with the values calculated kno-
wing the ratio of thermal and epithermal neutron flux (0.4 eV — 1.8 MeV).
Calculation was carried out on the assumption that all the fast neutrons
are in the „!/£" region of the spectrum, that this region is cut off sharply
at the limits of 0.4 eV and 1.8 MeV, and that these neutrons release energy
by elastic collisions. The neutron absorbed dose rate in the material with
the atomic weight (A} was calculated from the equation:

1.8 MeV

-^-^Cev/gr/sec) [8]

0.4 eV

where :
N — Avogadro's number

(nv)th — thermal neutron flux (n/cm2/sec)
CTJ — ,,scattering" cross section (cm2)
E — energy of neutrons (eV)
k — • reactor constant dependent on the ratio of the epither-

mal and thermal flux and determined by measuring the
cadmium ratio.

For the experiment holes VK-5 and VK-9, the following values are
determined for k (7) :

in VK-5 k = 0.035
in VK-9 k = 0.025

From the known thermal neutron flux according to the expression
[8], calculation was made of the dose rate absorbed from fast neutrons in
Hf>, D2O and graphite. The comparison of the results for maximums
in both holes is shown in Table IV.

* These values due to partial gamma radiation absorption in the calorimeter
aluminium jacket are somewhat lower (about 10%) than the true on:s in experimen-
tal holes.
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Table IV
Comparison of the calorimetric and calculated value1; for the maximum

doses absorbed from fast neutrons.

Hole

VK-5

VK-9

Material

H,0
D20
C

Hf>
Z)20
C

Calcul.
from Rcd

Measured by
calor.

• 10" rad MWh

9.05
3.99
0.885

3.72
1.64
0.363

5.42
2.39
0.53

2.90
1.28
0.28

Calcul/Measured

1.67

1.28

IV. 4. THE AVERAGE ENERGY OF FAST NEUTRONS

To calculate the G values* for various chemical systems in the reactor,
it is necessary to know also the average energy of fast neutrons, apart from
the percentage of the gamma ray and fast neutron contribution u> the total
absorbed dose.

The equation [8] for the calculation of the energy absorbed from fast
neutrons in the material with the mass number (A) can be written in the
following form:

M^^^F*-M»<evfer,sec) M
where:

E — average energy of neutrons (eV)
GS — average value of the elastic scattering cross section within

the given integration limits (determined graphically)
(nv)ttl — thermal neutron flux (n/cm2/sec)

X — ratio between the thermal and epithermal flux
From the calorimetrically measured values for (zy)£ in eV/gr/sec and

the known values for (X) and (nv)lh, we can calculate roughly the average
energy of fast neutrons (crs for graphite in the given integration limits is about
2.8 barns). In our case somewhat less than 100 keV is obtained for the ave-
rage energy of fast neutrons in experimental holes where our measure-
ments were done.

IV. 5. COMPARISON WITH CALORIMETRIC MEASUREMENTS IN OTHER REACTORS

The measured values for the energy absorption in the reactor RA are
compared with the results obtained by calorimetric measurements in other
reactors. Data are taken for the reactors DIDO, NRX and BEPO. DIDO is
a reactor with enriched fuel and heavy water as moderator. NRX also has
heavy water as moderator, and it uses natural uranium. BEPO also uses

* Number of chemical acts for the absorbed 100 eV.
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natural uranium, but has graphite as moderator. While in BEPO the absorbed
energy is proportional to the integrated thejmal neutron dose, and the
factors of proportion are independent of the place of irradiation in the reactor
DIDO (3) and the reactor RA, as shown by these measurements, these factors
vary with the horizontal distance from the vertical axis of the reactor core.
The absorbed energies per gram of material for n/cm2 are compared for
these three reactors (Table V). The values for DIDO and the reactor RA are

Table V
Comparison of results with other reactors

H,O
D,0
C

BEPO DIDO RA

10~8 erg/g for n/cm2

7.50
4.57
2.83

8.17-
•6.15*
5.74

'

7.32
5.90
5.36

given only for the vertical axis of the reactor core. The data fcr NRX are
not taken into account here because the measurements were carried out in
the reflector outside the reactor tank, and the values are, therefore, much
lower.

Since the measurements of the energy absorbed in the reactor RA were
not carried out simultaneously with the measurements of the thermal neutron
flux, the values shown in the Table are only approximate values with a
possible error even over 20%.

Comparison of the percentage of the gamma ray and fast neutron
contribution to the total absorbed energy are shown in Table VI.

Table VI

Comparison of the percentage of gamma rays and fast neutron contribution to the
total absorbed dose in other reactors

Material

Hf>
D,O
C

BEPO

T

35
52
«3

n

65
48
17

Oak Ridge

T

34
47
82

n

66
53
18

NRX

T

52
69
92

n

48
31
8

DIDO

T i »

68
81
95

32
19
5

RA

y

79
88
97

n

21
12
3

V. APPENDIX

V. 1. ACTIVATION OF THE ALUMINIUM JACKET AND ITS CONTRIBUTION
TO THE MEASURED ENERGY ABSORPTION

During the reactor run the aluminium jacket becomes a source of
radiation which transfers its energy to the sample, thus contributing to the
rise of its temperature. Due to its good properties, aluminium is used for
the construction of calorimeters for the reactor. The significant advantage

* Values calculated from the absorption measured in graphite
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it has over other materials (Ag, CM) used for the same purposes is in the
fict that its thermal neutron absorption cross section is considerably smal-
ler, and the half-life is very short.* Consequently, aluminium which is exposed
to the thermal neutron flux, becomes saturated very quickly, the number
of desintegrations in the Unit of time being equal to the number of atoms
newly activated. The jacket is then a constant source of radiation which does
not change with time (provided the thermal neutron flux does not change).
The energy which the jacket transfers to the calorimetric body can be cal-
culated approximately.

The mode of calculation we have applied is described in the literature (2),
and it consists, briefly, in the following:

The capture of the thermal neutrons in Z7Al produces gamma radia-
tion with an energy of 7.5 MeV, The obtained product 2BAl emits beta par-
ticles with the mean energy of about 1 MeV, and gamma rays with an
energy of 1.8 MeV.

The number of gamma quanta of 7.5 MeV is equal to the number
of absorbed thermal neutrons, and that is also the number of desintegrations
of **Al in a unit of time.

The number of events which take place in a gram of aluminium, in
a unit of time is:

TV
(Algr)=~'0M- (™\h [10]

27

where:
N — Avogadro's number

aAl — thermal neutron capture cross section in aluminium
(nv),h — thermal neutron flux (n/cma/sec)

If the weight of the aluminium cylinder is (G) grams, the total number
of events is

A~G.~.aAr(nv\h [11]

The calculation of the gamma intensity to which the calorimetric body
is exposed depends strictly upon the geometric conditions and, consequently,
the error can be about 30% of the calculated value and even higher. Ho-
wever, the contribution of the induced activity to the total absorbed dose
rate is less than >JO%, so the error is negligible.

By approximating the aluminium jacket with a thin sphere of equi-
valent value, one can calculate the gamma flux in the centre.

* "Al (100%) = 0.2 barns Ty2 = 2.3 min
«C«-('3i%) =2 „ 'Tyt = 5.1 min
63C«(69%) =4 „ Ty2 =12.8 h

:'°'74?( 51%)' - 30 „ ' TK = 2.3- min
= 84 „ Ty, = 270 days

3 Bulletin of the Institute of Nuclear Sciences
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If (£) is the energy of the gamma photons in MeV, (A') is the surface
activity, i.e.

A' = A/S (desint/cm2/sec)

where (S) is the surface of the cylinder expressed in cm2, the gamma inten-
sity (/) is given with:

J(B) =A' • E (MeV/cm2/sec) [12]

The absorbed energy in the calorimetric body is calculated from:

Wft = 7C£) • (*«> ' 1-6 • 10-12 (erg/g/sec) [13]

where f^g) is the mass absorption coefficient for gamma with (£) — MeV,
in the calorimetric body material.

For this kind of calculation use can be made of the equation [14] for
the gamma radiation dose rate in the centre of the source which has the
form of a hollow cylinder. Provided self-absorption in the walls is insigni-
ficant :

2
2A-IJ-aictg~

D = - ̂ rr- ~(r//0 [14]

where:

A — total activity (mC)
/Y — ionization constant (r • cma/h/mC)
R — average radius of the cylinder (cm)
Z — average height of the cylinder (cm)
For the maximum flux in VK-5 one obtains in this way about

9 r/sec along the vertical axis of the cylinder at the power of 20 kW. This
corresponds to the absorbed dose rate in water of 1.53 X 106 rad/MWh,
which is 5.6 per cent of the measured value. The same correction calcula-
ted previously in the same way is 1.44 X 106 rad/MWh or 5.3 per cent
of the measured value.

Beta particles with the mean energy 1 MeV have a range of 0.15 cm
in aluminium. The number of desintegrations occurring in this range is
given with:

A - A ' - ^ - [15]

where (d) is the thickness of the aluminium cylinder in (cm), and (A'} the
surface activity, i.e. the number of desintegrations/cm2/sec. The fraction
of the total energy coming from the inner surface is calculated from the
formula given by Richards and Rubin (8) for the surface layer whose thick-
ness is equal to the range of the particles. For energies 1 MeV this fraction
amounts to 1/8 of the total energy. Therefore, the loss energy is:

A' • S£!"i • 10s — • 1.6 • 10-12 = — -3- 10-" (erg/cm'/sec) [16]
d 8 d
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If (5) is the surface of the calorimetric body in (cm2), and (m) its mass
:n grams, the dose rate absorbed from beta radiation of aluminium is cal-
culated from:

(a,)p = —. 3 • 10-" • — (erg/gr/sec)
d ^

[17]

The corrections for gamma and beta radiation of the jacket calculated
in percentages of the measured values are given in Table VII.

Table VII
Corrections for the induced activity in the aluminium shield in percentages of the

measured values

VK-5
VK-9

HO

T

5,3
6.0

P

1.7
1.9

Tot

7.0
7.9

D O

T

5.6
6.4

P i Tot

1.8
2.1

7.4
8.5

c
T

6.5
7.5

P

1.3
1.5

Tot

7.8
9.0

V. 2. CORRECTION FOR THE ENERGY ABSORPTION IN PLEXIGLASS VESSELS

The heating power measured in samples with ordinary and heavy
water comes partially from the absorption in plexiglass vessels. This fraction
should be subtracted from the total measured values in order to obtain the
heating power in H2O or D2O. In order to carry this out, it was necessary
to determine the heating power in an empty vessel or a calorimetric body
made of plexiglass; the heating power obtained per gram had to be multi-
plied by the mass of the calorimetric vessel and subtracted from the total
heating power.

It is more simple, however, to calculate the correction for the error
we take by assuming the total mass of the calorimetric body to be equal
to the mass of the water, i.e. that the measured heating power divided by
the mass of the body gives the absorbed dose rate in H2O and D2O.

The calculation is based upon the relative values of the absorbed
energy in plexiglass, HZO and D2O. As we have already seen, the absorbed
energies of the gamma radiation in two different materials are given by the
ratio of mass absorption coefficients, or by the ratio of electron densities.
Thus,

1.03; 0.923
'plea 'plcxi

The energies absorbed by elastic scattering of fast neutrons in two
different materials are given by the ratio of the expression

1

for each material.
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Calculation of this value for plexiglass is made from the data for H,
C and O (constituents of plexi) and their ratios in the total mass expressed
in abundances. The following was found:

2MeV

XlO 4 barn eV-—-• f<vdE
M)2 J(A

th

Considering the values from Table IX we have:

W .,0.59. ,
(w]n. . .*• 'plexi ^ 'plea

The correction for the energy absorption in plexiglass vessel is cal-
culated in the following way:

In the body we have:

(y) grams of plexiglass
(x) grams of H2O

By dividing the absorbed energy into water and plexi, and then
into gamma and neutron absorption, we have (viTot is the absorbed energy
per gram of the mass of the calorimetric body) :

(x+y)- WTO* = (x • a£0 + y • K>lexi) + (* • afc + y • ro«kxi)

Considering the ratios calculated above, all the members on the right-
hand side of the equation can be expressed in relation to water. Thus,

By dividing the above equation by the total mass of the calorimetric
body (x+y), one obtains :

where :
1.03 -x+yA - - — —

The analogous expression is obtained for the body with D2O where
the constants (A) and (J3) are given by the ratio:
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here: (y)
(x)

^0.923 -x +y
0.923 (x+y)

0.59-x+y
0.59(x+y)

number of grams of plexiglass
number of grams of D2O

-

Therefore, the whole mass of the calorimetric body can be considered
to be equal to the mass of ordinary water or Df>, and it can be divided
into gamma and neutron absorption which is multiplied by the factors (A)
and (B), thus eliminating the influence of the plexiglass.

AvUkMtMb.' «-.'. > JSBB;. '

For two calorimetric bodies, the constants A and B were calculated
and the following values obtained:

Hf>
D^O

A

0.993
1.02

B

0.932
1.17

Calculation was made also of the total correction (for gamma and
neutrons) and it amounts in ordinary water to +2%, and in heavy water
to —3% of the measured value.

' V. 3. CALCULATION .OF THE HEATINGIPOWER (ABSORBED DOSE RATE)
'..i''*t ^yV'AfK , aSfKSSiN VARIOUS MATERIALS ;

The calculation of the heating power can be made from the measured
values of the energy absorption in a given material, for instance in graphite.
The total absorbed energy comes partially from the absorption of gamma
radiation, from the slowing down of fast neutrons and from the energy of
nuclear reactions which take place in the material itself. That is why the
heating power is to be found first for each component separately, their sum
giving the total heating power in a given sample.

For instance, we shall calculate the heating power per gram of alu-
minium in VK-5 for the position with the maximum thermal neutron
flux (300 mm).

At the same place one obtains in graphite:
from gamma: ro£ = 18.4 X 106 rad/MWh
from fast neutrons: w"c = 0.53 x 106 rad/MWh

The absorbed energies in two different materials are in the ratio of the
mass absorption coefficients for gamma of 2 MeV (the average energy of
gamma photons in the reactor).
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We have (Table VIII):
Table VIII

Mass absorption coefficients for gamma rays of 2 MeV

Material

H
C
O
D
Al
Hf>
Df>

[A (cm2/gr)

0.0469
0.0237
0.0238
0.0232
0.0234
0.0264
0.0237

value in relation
to graphite

1.98
1.00
1.00
0.98
0.99
1.11
1.00

0.0234

\ f*c / 0.0237
The absorption energy from gamma radiation is then:
WAI = wj'0.99 = 18.4 X 106 X 0.99 = 18.2 X 106rad/MWh
The ratios of the energies absorbed by the slowing down of fast

neutrons depends on the value of the ,,scattering" integrals in the region
(0.025 eV — 2 MeV) and the atomic weight. In this case we have (Table IX):

Table IX

2MeV
Values of the expression I CTS • dE for the materials used

Material

H
C
O
D
Al
Hf>
Df>

2MeV
f i - dE

(A+iyj
th

(Barn-eK-104)

281.0
3.29
2.76

63.5
0.95

33.7
14.9

Value in relation to
graphite

85.4
1.00
0.84

19.2
0.28

10.2
4.52

*M
2 MeV = 0.28
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The contribution of fast neutrons to the heating of aluminium is:

w»M = n£ X 0.28 = 0.53 x 106 X 0.28 = 0.15 X 108 rad/MWh

In heavier elements, for A > 30 this fraction of the absorbed energy
is less than 1% and can be neglected completely.

The heating of aluminium due to the induced activity is calculated
independently of the calorimetric results and it depends on the size of the
sample, its geometric form, etc.

Therefore, irrespective of the fraction of energy, which must be cal-
culated for various forms of samples separately (9), the heating power per
gram of aluminium is:

10%' = (18.2 + 0.15) X 106 = 18.4 X 106 rad/MWh

In complex compounds the heating power is calculated from the per-
centage ratios of all the elements from which it is composed.

In polyethylene (CH^)n we have for instance: (molecule weight
M = n • 14).

The heating in carbon is:

a,Y = 18.4 x 106 rad/MWh

ro£ = 0.53 X 10« rad/MWh

and in hydrogen:

H^= 45.4 X 106 rad/MWh

roY = 36.4 X 106 rad/MWh

The contribution of carbon in the heating of polyethylene is:

— •18.9 x 106 rad/MWh = 16.2 X 106 rad/MWh
14

The contribution of hydrogen is:
7

— •81.8 X 108 rad/MWh = 11.7 X 10" rad/MWh
14

The total heating power in polyethylene is:
wlcHjn = 27'9 x 106 rad/MWh (± 5—10%)

The contribution of neutrons is:

from carbon: — x 0.53 x 10* rad/MWh = 0.46 X 106 rad/MWh
14
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from hydrogen: — X 45.4 X 106 rad/MWh = 6.5 X 10" rad/MWh
14

The total from fast neutrons is:

'-= 6-96 x

which means 25% of the total power.
The contribution of gamma radiation is :

12
from carbon: — X18.4 X 106 rad/MWh = 15.8 X 106 rad/MWh

14

from hydrogen: — X 36.4 X 106 rad/MWh = 5.2 x 10s rad/MWh

or the total from gamma radiation:

i wlrr, , = 21.0 X 106 rad/MWh

which means 75% of the total.
The heating powers in aluminium and polyethylene, calculated in

watts per gram, for the maximum thermal neutron flux in VK-5 (at
1 MW) are:

= 5.14 X 10~2 watt /gr

= 7.76 X 10-2 watt/gr

R e s u m e

DOSIMETRIE DU RAYONNEMENT DE LA PILE RA DE VINCA

1. — Dans ce travail nous avons essaye:
— de presenter une analyse des problemes concernant la dosimetrie

du rayonnement de la pile;
— de presenter la solution de ce probleme par la methode calori-

metrique;
— de dormer les resultats des mesures faites dans la pile RA de

Vinca et de decrire les methodes, les appareils et les dispositifs de mesure
dont nous nous sommes servis.

2. — Nous avons utilise le calorimetre isothermique aux thermistors,
par lequel nous avons mesure la vitesse des doses absorbees dans les limites de
10* a 106 rads/h, avec la precision de 2 a 5%. II a etc constate que ^irradiation
de la pile, dont le flux des neutrons thermiques est de Fordre de 1012

n/cm2/sec et le flux integral des neutrons thermiques de Tordre de 101*
n/cm2, ̂ influence pas visiblement les caracteristiques du fonctionnement des
thermistors utilises.

•
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3. — Nous avons determine la distribution de la dose absorbee et les
contributions des rayons gamma et des neutrons. Dans ce but, nous avons
fait les mesures dans trois differents materiaux: eau, eau lourde et graphite.

4. — Les mesures sont faites dans deux canaux verticaux de la pile
RA: ,,VK-5" et ,,VK-9" a plusieurs niveaux. II a etc demontre que la distri-
bution de la dose absorbee par hauteur est en bon accord avec la distri-
bution du flux thermique pour chaque canal, bien que les rapports des
doses absorbees dans deux canaux ne soient pas en accord parfait avec
les rapports correspondants des flux thermiques.

P e 3 JOM e

flOSHMETPH^ HSJiy^EHKJI PEAKTOPA RA B BHH^E

1. B #aHHoii cxaxBe MBI nonBixajiHCB: .
— npOBecTH anaemia npo6jieM flosiiMexpiiH HSjiyqemiH B peaKTOpe.
— omicaxB cnocoB penieHHH axoro npoSneMa KajiopHMexpimecKiiM

MCXOflOM.

— flaxB pesyjiBxaxBi HSMepemiH na peaKTOpe RA B Burrae, orracauHe
Mexofla, annapaTOB H HSMepaxejiBHBix npnSopoB KOTOPBIMH MBI nojiBso-
BajIHCB.

2. IIpHMeHHJICJI HSOXepMHtjeCKIIH KajIOpHAICXp C xepMHCXOpaMH C
noMomLK) KoropBix npoBOflHjiHCB HSMepeHHH MomHocxH norjiomeHHBix flos
B rrpe^ejiax ox 104—106 pafl/y, c XO^JHOCXBIO ox 2-5%. IToKasaHO, uxo
HSjryMeHne peaniopa B Koxoponi DOTOK xennoBBix HenxpoHOB npuMepno
AO nopHflKa 1012 w/CM2 CCK, a HHxerpajiBHBifi HOXOK xeruiosBrx neiixpOHOB
He npeBbiinaex 1016 w/CM2, ne onasBiBaex cymecxseHHoe BJiHHHHe Ha

xapaKxepncxiiKH HcnoitBSOBaHHbix xepMHCxopoB.
3. OnpeflejiJijiocB pacrrpeaejiCHHe norjiomeHHoii AOSBI. C xo8 i^enBio

HSMepeHHH na 3 MaxepnajioB: BOfla, xa>KejiaH BO^a H rpa(J)HX.
4. HSMepCHHH npOBO^HJIHCB B ABVX BCpXHKajIBHBIX 3KCnepHMCH-

Kanajiax peanxopa RA: H ,,BK-5" H ,,BK-9" na pasJin^HBix BBI-
coxax. OSnapyjKeHO, ^xo KpimaH pacnpe^ejienHH norjiomeHHoii fl03Bi no BBI-
coxe B flociaxotffloft Mepe coBnaflaex c KPHBOH pacnpe^ejienHH xenxtOBoro
noTOKa, XOXH oxHoineniiH norjiomennbix 303 B AByx HasnaqenHBix KanajioB
ne coBna^aioi c cooiBexcxByiomHMH OXHOIHCHHHMH xenJioBBix HOXOKOB.
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