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FOREWORD

A serious difficulty in much experimental research work with research
reactors is that of measuring accurately doses or neutron fluences in cases
where these are an essential parameter. Even if accurate measurements
are performed, it is still in most cases impossible to compare experimental
results obtained in different types of reactors, because of the inadequacy
of present methods and units to reflect the dependence of spectra and radi-
ation composition on the induced processes. :

In view of this the International Atomic Energy Agency convened a Panel
on in-pile dosimetry which was held from 13 to 17 July 1964 to review the
present status of research and development work and to advise the Director
General of the Agency on a possible programme in this field.

The results of this Panel are published in the present Report. Although
primarily intended as advice to the Agency, many aspects of the discussions
and submitted status reports and papers were considered to be of such
general interest that the Agency should make them available in published
form. The papers have, however, been included only as summaries as they
have, to a considerable extent, been incorporated in the Panel's Report and
recommendations. For example, the subject matter of the paper submitted
by Mr. Y. Droulers * has been used very extensively for this Report but
the paper itself is not included.

It is recognized that the International Commission on Radiological Units
and Measurements (ICRU) has recommended a terminology for this field,
but this is not yet in general use in many laboratories. Although this
terminology is used in the Report of the Panel, no effort has been made to
introduce it into the submitted status reports and summaries published here
as it is felt that there is no major risk of confusion.

This publication should not be taken as a report on the Agency s pro-
gramme in the field of in-pilé dosimetry, although 1t serves as a basis on
which to build such a programme.

The Agency wishes to thank the Panel members and the authors who
presented papers and took part in writing and reviewing the Report.

* DROULERS, Y., Dosimétrie sur les dispositifs d'irradiation en pile. Probl2mes et solutions, Com-
missariat 3 1'Energie atomique, CEN, Grenoble, INT/Pi (NT) 522-23 (10 juin 1964) 18,
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REPORT OF PANEL ON IN-PILE DOSIMETRY _
I. INTRODUCTION

For reactor research work in the fields of radiation chemistry, radi-
ation damage to solids and radio-biology, the radiation dose or neutron
fluence is a most essential parameter for the evaluation of the results. The
determination of dose or fluence in research reactor experiments is ex-
tremely difficult. In part, this is because a reactor is a source of mixed
radiation. In some reactors, as in the popular swimming pool reactors of
intermediate or high power (> 1 MW) there are also pronounced variations
with time. Moreover the experiment itself mmay cause severe flux density
perturbations. These well-known perturbations and variations make it al-
most impossible to estimate doses and fluences from measurements made
on cold, clean cores. For this reason it is desirable to measure the radi-
ation parameter in exactly the same core geometry as would be used for
each experiment. .

At the present time it seems feasible to recommend specific methods,
at least for fluence measurements. However, even if unified experimiental
techniques could be suggested there still exist severe problems in the pre-
sentation of experimental results. An example may be found in the field
of graphite irradiations. Radiation damage has been expressed as a function
of thermal neutron fluence, fission neutron fluence, or fast neutron fluence.
Without proper information about the fast neutron spectrum, an intercom-
parison of results cannot even be attempted in any valid manner. There
is a fundamental difficulty because the present incomplete knowledge of the
damage-producing mechanism hampers attempts to correlate a fluence pa-
rameter with the radiation damage caused in the specimen. As a result,
it would be difficult to compare results obtained in different types of re-
actors even if methods, units and constants were standardized.

Even for thermal neutron measurements where units are defined, there
is still no proper guarantee of compatibility of measurements made at dif-
ferent centres if, for instance, different effective cross-sections are being
used. Absorbed dose measurements in reactor experiments are currently
specific to the problem under investigaﬁon. Moreover, defining the irradi-
ation conditions by measurement of the absorbed dose in reference material
will not necessarily.give the absorbed dose in an experiment. For these
. reasons,- even in principle, standardization seems impossible in this field.

As a result of all these uncertainties, it is at present difficult, if not
impos&sible, to compare experimental results obtained in the same field of
research at different research centres. Therefore, there is definite need
for a concerted effort for international unified approach to the problem of
in-pile dosimetry.

II. IN-REACTOR FLUENCE AND DOSE MEASUREMENTS

A. Reactor characteristics

Measurement of the activity induced in an activation monitor, or the
measurement of absorbed dose at a particular time, may not be difficult

1
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to accomplish. However, because of the characteristics of reactors, there
is no assurance that such measurements are pertinent to the experiment
for which these measurements were made. Part of the uncertainty is caused
by the known temporal and spatial variations in the reactor radiation field.
The spatial perturbations are of three types: gradients, shielding effects
and depressions. The gradients are inherent in all reactors whereas shield-
ing effects and depressions may be introduced by the experimental assembly.

Gradients are generally small in the large cores of heavy-water and
graphite reactors, at léast in positions which are not very close to the fuel
elements. In the case of light-water-moderated reactor cores, which are
relatively compact, gradients are quite considerable. For irradiation in
such reactors uncertainty of only a few millimeters in the sample location
may give rise to appreciable errors in dose or fluence estimates.

Shielding effects are noticeable for all samples that are introduced into
a reactor in a container or in experimental rigs of axlly kind. For thermal
neutrons and for gamma radiation this effect usually means an attenuation
of the fluence or dose-rate, while for fast neutrons it may even cause an
increase in fluence rate, especially in reflector positions in light-water
reactors. :

An irradiation sample generally causes a thermal flux depression within
its own volume and around its immediate vicinity due to the absorption of
neutrons in the sample and loss of moderator within that volume. A sample
may also be placed where the flux perturbation caused by other experiments
is noticeable. Generally, however, these perturbations are less pronounced
for gamma radiation and may even be reversed for the fast neutron flux.

All these sources of spatial variation of flux density make it necessary
to perform measurements at precisely the sample position. Otherwise there
is.always the danger that the conditions measured by the detector do not
apply to the conditions at the experiment.

In addition to the spatial variations in flux density, variations in time
also occur. Such time variations are always present since they are caused
in large part by factors connected with the control and operation of the re-
actor. During the first 50 h of steady-state operation in any cycle the core
will reach equilibrium poisoning requiring up to 5% Ak/k of the excess re-
activity built into the clean cold core. This will in many cases require con-
siderable change of the shim rod positions to maintain a stable power level;
it will thus also mean considerably changed flux density patterns in the core
and reflector. '

The burn-up of fuel will in the long term also cause this same effect
during the operating lifetime of the core.

During the initial phase of the operating cycle the gamma radiation will
also build up to an equilibrium with the ' establishment of an approximate
equilibrium concentration of the fission products.

These effects are due to changing reactivity requirements with conse-
quent need for changed shim and control rod positions which will change
flux density and dose-rate patterns continuously while the reactor is oper-
ating, They are severe in pool reactors of more than a few megawatts power
level but noticeable also in the heavy-water and graphite reactors. The
changed flux density patterns may also cause changes in the leakage flux
densities and may thus, through interaction on the neutron sensing control
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‘channels, cause disturbances in the operating power level and make the
effect even more serious or, in some cases, reduce it for specific ex—
perimental locations. ‘

To these inherent effects should also be added effects that are caused
by fuel pattern changes, new experiments, etc. that may be introduced during
the runs with specific experimental equipment. Moreover, there are cycle-
to—cycle variations which would be encountered in any long-term experiment.

Since such time variations occur there is an obvious need to measure
the actual fluence or dose that an experiment has received. This may be
done by any one of the following approaches:

{a). continuous measurement of dose-rate or flux density during an experi-
ment by means of calorimeters, ion chambers, gas loops, self-
powered detectors, etc;

(b) the time integration of fast or thermal neutron flux density by means
of activation or fission detectors. : '

These techniques involve making measurements at the full nominal power
of the reactor and under the ambient conditions prevailing at the experiment
location. Additional problems are posed by irradiations for very long times
and to very high fluences.

Radiation damage effects to solids are caused mainly by the displace-
ment of atoms caused by interactions with the intermediate and fast com-
ponents of the neutron flux. For this reason the measurement of the fast
neutron component and the specification of the fast neutron spectrum are
considered most important in monitoring for radiation damage studies in
the core.of a reactor. In positions well outside the core where the thermal-
to-fast ratio is 100 or higher, atoms can be displaced by the recoil attending
the emission of gamma rays following thermal neutron absorption. However,
for in-pile experiments, the neutron component from.0.01 MeV to 2 MeV
probably causes the bulk of displacement damage in most materials. This
energy range includes portions of both the fast and intermediate range as
commonly defined.

B. Fast neutron measurements

1. Routine methods

For the routine measurement of fast neutron fluence rate, the materials
and reactions shown in Table I are widely used:

The use of these materials depends on the half-life of the activated nu-
clide. To obtain an indication of the spectrum in an irradiation facility or
for the monitoring of short-term irradiations any of the nuclides may be
used.

‘However, for the monitoring of long-term irradiation, such as’is en-
countered in materials research, the only suitable materials from this list
are Ni, Fe and Cu. In the case of Ni, the burn-up of Co58 in a thermal flux
density of «~1014 n/cm? s or greater will decrease appreciably the effective
half-life of this isotope. Iron and copper are both very useful although a
problem can arise in the use of iron because of Fe% which is produced by
thermal neutron absorption by Fed, It is possible to determine Mn%¢ ac-
tivities in spite of the competing activities and it is also practical to use
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TABLE [

THRESHOLD DETECTORS USED ROUTINELY
FOR FLUENCE MEASUREMENTS

Reaction Half-life
P (n, pysi® 2.6 h
Al#(n, o) Na2¢ 15 h
$%2(n, p) P2 14.2 d
Ni%(n, pyco®® 71 d
Fe(n, p) M 313 d
Cu®® (n, o) Co®® 5.24 yr
Th2%2(n, f)

U= (0, f)

iron enriched in Fe%. Copper has quite a high threshold energy which may
be a handicap, but is otherwise suitable for very long-term studies.

As the materials listed have been used routinely, a large body of ex—
perience has been accumulated on their use. It is thus recommmended that
laboratories embarking on fast neutron fluence measurements include some
of the listed materials in their investigations.

2. Energy dependence of activation cross—sections

_ Ideally the energy-dependent activation cross-sections for each of these
materials should be available. For example, the compilation of LISKIEN
and PAULSEN presents data [1] for most of these materials. For some
cases, however, only the average cross~section in a fission spectrum is
available.

Activation data for the isotopes listed, in dps/g of target nuclide, are
used to calculate the fluence. There are two common practices. One as-
sumes a fission spectrum in all irradiation facilities and uses the average
fission cross—section to calculate an equivalent fission flux density or fluence
The other attempts to calculate a real flux density by using the energy -
dependent activation cross—section and the neutron—energy spectrum for the
irradiation facility to calculate the effective cross—section in that facility.
This effective cross—section is then used to calculate a flux density.

3. Methods under development

There are additional materials which appear to have potential advantages
and therefore further investigations of their use as fluence measuring de-
vices should be encouraged. The use of a gas loop containing Freon pro-
vides a possible means of continuous measurement of the fast-neutron
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fluence. Ti46(n, p)Sc46 is a threshold detector in widespread use in Western
Europe and the United States. This does not have the burn-up problem of
nickel nor the problem of competing thermal neutron activation of iron, but
the cross-section information on this isotope is quite scanty and rather in-
consistent, There are in addition the detectors under development utilizing
the (n,n') process in indium, niobium and rhodium. The perfection of these
detectors would be particularly desirable since they offer the possibility
of monitoring in the energy range below that for the threshold detectors
mentioned in Table I.

C. Intermediate neutrons
1. Methods currently used

The members of the Panel were in agreement that methods currently
used for determining the intermediate neutron flux density were all unsatis-
factory. .In particular, the cadmium difference method suffers from atleast
two fundamental inadequacies. The effect of the cadmium itself causes a
flux density depression and therefore the process of measurement modifies
the experimental environment and furthermore, the analysis of the cadmium
difference activation normally assumes a strictly 1/E distribution of the
intermediate flux density. Calculations would indicate that this assumption
is not warranted, especially if the energy at the resonance is orders
of magnitude different from the energy at which the flux density is required.
Therefore, although this section contains a description of methods used for
intermediate neutron measurements, the inclusion of these methods should
not be construed as a recommendation.

The determination of the flux density in the region of intermediate neu-
trons may be performed by using the cadmium difference method. In this
method the relative activation of a material with and without a cadmium
shield for thermal neutrons is used to estimate the intermediate neutron
flux density. In this connection attention is called to Section IV.B. (¢) of
the recommendations with regard to the information on the cadmium shield
geometry which should be reported in all cases.

' The intermediate neutron energy distribution is generally assumed to
be inversely proportional to the energy. A quantity, ¢o, egqual to the flux
density per unit ln E interval is defined and if the previous assumption is
correct it should be constant for the entire intermediate energy range.

There is a variety of methods by which ¢9 may be expressed in terms
of the cadmium ratios and monitor activations. Procedures widely used
include those of DANCOFF et al. [2] and WESTCOTT et al. [3]. A review
of methods may be found in the document by . ZIJP [4] a summary of which
is produced in this Report. :

Some of the detectors -most commonly used are listed in Table II to-
gether with the energy of the principal resonance and the half-life of the
activation product. ’ )
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TABLE II

INTERMEDIATE NEUTRON DETECTORS

Isotope Resona‘?:s)enetgy Half-life of product
nits 1.457 5¢ min
Mn%® 337 2,58 h
At 4.9 64.8 h

" Co® 132 5.24 yr

2. Methods under development

There is a variety of methods under development which have potential
advantages over the use of the detectors listed above. Two of the methods
may eliminate the problem introduced by the cadmium shield while the third
permits continuous measurement of the intermediate flux density.

The continuous measurement is made with the so—called self-powered
probes. These involve placing a material; such as rhodium, in a cadmium-
covered probe and measuring the current flow through the probe from the
emission of beta rays accompanying the decay of the activation products.

One of the methods which dispenses with the cadmium-cover require-
ment involves the irradiation of a sandwich of three foils of the same ma-
terial. The outer two foils shield the inner foil and the relative activation
of the inner and outer foils is used in the calculation of the intermediate
neutron fluence.

An alternative method entails the simultaneous irradiation of two. foils
with cross-sections of different energy dependence. Examples are the pairs
Au-Cu, Ag-Co, and Na-P. The activation from one foil is used to estimate
the 1/v activation in the other foil. Subtracting out the 1/v contribution to
the total activation permits more accurate estimation of the activation due,
to the resonance peak. The activation fromthe resonance peak is then used
to calculate the intermediate neutron fluence.

D. Thermal neutrons
1. Routine detectors

For the measurement of fluence during long-term irradiation and for
high-flux reactors, the reaction Co5%? (n,v) Cof0 may be used. It is neces-
sary for fluences greater than 1020 to correct ‘for the burn-up of the Co.
The cobalt may be in the form of the pure metal or, when necessary to limit
the activity of the detector, in the form of aluminium-cobalt alloys.

For the measurement of fluence during short-term irradiations, gold,
dysprosium, indium and copper may be used. The use of indium and dys-
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prosium' is suggested particularly for the measurement of very weak fluences
(e.g. zero power reactors).

2. Methods under development

(a) Forthemeasurement of the temperature of the Maxwell spectruma
method should be used which combines in the reactor core or reflector a
1/v cross-section detector and a detector with resonance in the thermal
energy region (e.g. a combination of Aul% and Lul?5 detectors);

(b) The suggested method for continuous flux density measurements
uses electron-collecting probes employing rhodium, silver, and vanadium,
which are chosen for their short activation period and the high energy of
the electrons emitted by the isotope formed;

(c) Continuous flux density measurements could also be done with an,
argon gas loop.

III. DETERMINATION OF ENERGY ABSORBED
FROM REACTOR RADIATION

A. FEnergy absorption processes

Materials irradiated in reactors absorb energy in the following pro-
cesses:
(a) Absorption of gamma radiation
Detailed spectra of gamma radiation in reactors are seldom known,
but the spectra extend over the energy range 10 MeV-keV, with a mean
energy of 1 MeV to 2 MeV,
(b) Scattering of fast neutrons
Neutrons with energies in the range 10 MeV to 0.1 MeV contribute
significantly to this effect. Spectra in this range may be calculated and can
be confirmed by the use of threshold detectors above about 2 MeV,
(c) Nuclear reactions, which occur in the sample irradiated and in
surrounding materials
. The effect is produced by absorption of prompt radiation emitted (e.g. from
(n,p), (n,e), (n,f) and (n, v) reactions) and of radiations emitted in the decay
of radioactive products formed. These reactions may be induced by fast
neutrons but reactions of thermal and resonance neutrons usually make a
greater contribution to the energy absorbed: Neutron spectra in the thermal
and intermediate region are well defined and may be readily measured.
Rates of energy absorption most commonly found lie in the range 10-3
to 10 W/g (i.e.1016-1020 eV/g s or 102-106 rad/s).

B, Definition of irradiation conditions

To define the irradiation conditions used information is always required
on (i) the quality of the radiation, and (ii) the quantity of the radiation [5].
1. It is suggested that the information used to define the guality of radi-
ation should be spectra.
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2. Two alternative procedures may be adopted to define the quantity of

radiations .

(a) flux density, or fluence, may be used;

{b) absorbed dose or absorbed dose-rate in a reference material may

be used.

If absorbed dose is used to define irradiation conditions, then the quan-
tity quoted must refer to the material of the absorber only, and must be
independent of its shape and size. The procedure (b) may be used for fast
neutrons and for gamma radiations.

('Absorbed dose' may be used to define the quantity of thermal neutron
radiation if the energy absorbed in the reference material arises chiefly
from thermal-neutron-induced reactions. For this, materials containing
B10, Li6é and U235 may be used. However, we consider that this is a special
and not a general case). :

C. Assessment of radiation heating

It is necessary to determine the total heating from all the processes
discussed in section III.A. An accuracy of +20% is usually satisfactory for
this purpose and therefore factors such as secondary radiation loss and self-
shielding are not usually important in any measurements made. (Self-
shielding however may be important in equipment design). It may be ne-
cessary to know the energy absorption from each of the sources listed in
Section III. A, and to have some definition of irradiation conditions if an

. extrépolation of data to different materials is required.

D. Studies in radiation chemistry, radiation biology, corrosion, etc.

Such studies require the determination of the total energy absorbed or,
more likely, of the energy absorbed from each of the sources listed in
section III.A. An accuracy of at least +5% is required to match the accuracy
of analytical techniques. In this case secondary radiation loss and self-
shielding are important effects. It is essential to ensure that the quantity
determined is the energy absorbed in the experimental sample used; its
size, shape and the nature of the surrounding materials must al be con-
sidered. Information is required for experiments on solid, liquid and gase-
ous systems.

E. Determination of absorbed dose or dose-rate

1. The absorbed dose-rate may be calculated from first principles, that
is, from a knowledge of fuel ratings, reactor geometry, prompt gamma
spectrum from fission, etc.

2. The absorbed dose-rate may be calculated from other measured data.
For example, the dose from fast-neutron scattering may be calculated from
known fast-neutron spectra and measured fluence.

3. Measurement of the absorbed dose and/or the dose-rate
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(a) Calorimeters

Calorimeters measure the rate of heating in an absorber and thus
provide an absolute measurement of the energy absorbed. In adiabatic ca-
lorimeters the rate of heating is measured directly. In isothermal calori-
meters the rate of heating is determined by measuring the heat transfer co-
efficient between the sample and the jacket and the steady-state temperature
difference. In compensated calorimeters the quantity measured is the elec-
trical heating which has to be added to a suitably designed reference con-
tainer to produce the same temperature conditions observed in a sample
heated by radiation. In all three types it is often possible to reproduce the
conditions of the sample irradiation and thus satisfy the requirements in
section D. The precision possible for these methods when used in reactors
appears to be within £5%.

The advantages of the adiabatic instrument are that low melting-point
or unstable absorbers (e. g. hydrogenous materials) may be'used without
"canning" and that the heat transfer coefficient need not be determined. The
advantages of the isothermal and the compensated calorimeters is that they
may be used for continuous measurement or monitoring of the dose-rate.

Any one calorimeter, of any of the types considered, is suitable only .
for a limited range of dose-rates. To find the dose-rates due to the sources
listed in section III. A. different absorbers must be used and the results ’
analysed.

The choice of the type and design of calorimeter thus depends on the
materials to be irradiated, the length of the irradiations, the dose-rate,
the ambient temperature, the relative intensities of gamma rays and fast
neutrons and the thermal neutron flux density.

(b) Ionization chambers

An ionization chamber measures the ionization produced in a gas volume
which may be accurately defined by correct design. The dynamic range of
such a detector is large (greater than six decades in favourable circum-
stances) and it will respond almost instantaneously to changes in the incident
radiation intensity. Chambers may be designed with small dimensions,
having a long life in a reactor environment, the main limitation oftenbeing
set by the characteristics of the electrical connectors. The ionization cur-
rent produced in the gas is proportional to the absorbed dose-rate in the
chamber materials.

For gamma radiation incident on the chamber, the ionization rate in
the gas may be made accurately proportional to the absorbed dose-rate in
the chamber walls over a wide range of gamma energies by a suitable choice
of gas, wall materials and dimensions, conforming with the Bragg-Gray
conditions, since W for electrons is known to be independent of energy in
many gases. However, although accurate values of W are reported in the
literature, it is usually necessary to compare gamma ionization chambers
with other dosimeters, making a correction for the difference between the
absorption coefficients of the dosimeter and the chamber wall material.
Chambers are currently employed which have carbon walls and are filled
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with COg; designs have also been described which have gas and walls made
from carbon-hydrogen materials.

An jonization chamber will also respond to fast neutrons incident on it,
due to ionization by recoil nuclei produced both in the gas and the walls.
In some designs the contribution of wall recoils can be reduced to a small
proportion and then the fast neutron response is essentially that of the free
gas. For other carbon-hydrogen materials, the design of homogeneous
chambers is possible. ‘

It may be possible to separate the contribution of gamma radiation and
fast neutrons in a chamber by comparing its output with that of a similar
chamber filled with a gas for which the fast neutron response is much
smaller. This can be done, with suitable corrections, if the gamma res-
ponse of the second chamber is matched to that of the first, for example
by the use of external shields to correct an enhanced low-energy response
due to photo—electric absorption of the incident radiation in the gas or wall.
Where the fast neutron contribution is known to be small it may be possible
to dispense with a second chamber.

Ionization chambers having the characteristics mentioned above can
be designed with a typical sensitivity of 10-6 to 10-8 A/mW . g in the wall
material. Instruments with graphite or other stable wall materials may
be suitable for use at absorbed dose-rates up to 103 mW /g and temperatures
up to perhaps 500°C. For chambers with carbon-hydrogen walls and gas
the absorbed dose-rates and temperatures attainable will be much less. For"
operations over a wide range of temperatures and/or dose-rates the col-
lector electrode and its external connections should be adequately guard-
ringed to minimize electrical leakage effects, since the potential difference
between the electrodes may exceed 1 kV.

A major uncertainty in the application of ionization chambers to fast
neutron dosimetry concerns the value to be ascribed to W for ionization pro-
duced by heavy recoil nuclei in gases which are commonly used e.g. COz2,
argon and carbon-hydrogen gases. More work is required to establish the
energy dependence of this parameter over a wide range of neutron energies.

(c) Chemical dosimetry

The amount of chemical change induced by radiation can be used as a
measure of the energy absorbed. Chemical dosimeters require calibration,
but their advantage is that they can often exactly reproduce the conditions
of sample irradiation. The choice of a chemical system which can be used
as a chemical dosimeter is fairly limited. In addition to the usual proper-
ties needed for a system to be a chemical dosimeter other conditions should
be satisfied. The system chosen should have: ]

(i) a chemical composition which results in a low level of induced

radioactivity;

(ii) the possibility of measurements in the multi-megarad absorbed dose
region, to cover the high dose-rates found in reactors;

(iii) a radiation yield independent of temperature increase during irradi-
ation, which results from the high dose-rates; and
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(iv) a radiation yield independent of linear energy transfer (LET) over
a wide range of energ1es or, if this is not the case, a known LET
dependence.

We can see the method for measuring the total absorbed dose in CHg
materials {(cyclohexane), BOYD, this Report, and a method for water and
aqueous solutions (oxalic acid in HoO or Dy0), DRAGANIC, this Report . The
latter enables one to assess the dose-rates from (a) and (b) (listed in section
III.A. 1) in HoO and D3O and hence, by calculation, in other materials of
low atomic number.

F'. Standardization

Dosimetry problems are specific to the investigation being performed,
rather than general in nature. In principle, therefore, they cannot be stand-
ardized. However, principles can be distinguished which must be adopted
if dosimetry is to be adequate, problems which will usually be encountered
can be recognized, and techniques discussed which are likely to produce the
information required. Thus it should be possible to produce a handbook
similar to the National Bureau of Standards Handbook, NBS No. 85, produced’
by the International Commission on Radiological Units (ICRU), but dealing
specifically with reactor radiation problems.

It is, in principle, poss1ble to introduce some standardization of the
measurement of absorbed dose for the definition of irradiation conditions,
as discussed in section III.B. 2.(b). Since the method is suitable for defining
fast neutrons and gamma radiation, but in general not for thermal neutron
radiation, it would be necessary to determine the absorbed dose in materials
in which the contribution from nuclear reactions (section III. A. 3.) is negli-
gible. Since all materials placed in a reactor absorb gamma radiation, the
use of two absorbers can be considered, one with a high dose-rate from fast
neutron scattering and one with a low dose-rate from fast neutron scattering.
The use of a hydrocarbon and carbon might be considered. Since absorbed
dose can probably be measured more accurately than gamma spectra, ab-
sorbers of high atomic number and high spectral sensitivity should not be
used. The absorbed dose-rate measured in the selected materials must
be a quantity which refers to the material of the absorber and is independent
of the size and shape of the sample used. The quantity required is referred
toby the ICRU as kerma (NBS No.84). We should consider -ways of measuring
this quantity using the methods outlined in section III. E. Exact determi-
nation may not be possible because of -the very wide range of reactor radi-
ation spectra, and better knowledge of gamma spectra is requiréd before
a decision can be reached on this point.

It must be emphasized that the definition of irradiation conditions is
not the same thing as the determination of absorbed dose, even if absorbed
dose quantities are used in the definition. For example, definition of the
irradiation conditions by a knowledge of spectra and measurement of ab-
sorbed doses in suitable reference materials will not give the absorbed dose
(a) in small samples of KCI1 irradiated in aluminium containers or (b) in
samples of hydrocarbon gases irradiated in quartz vessels. ‘
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IV.. RECOMMENDATIONS

The Panel's recommendations fell into two categories: (i) those intended
for the International Atomic Energy Agency (IAEA), suggesting possible
programmes dealing with dosimetry; and (ii) those intended for individual
investigators working in this field dealing with practices whose widespread
adoption appear desirable for greater consistency and standardization.

A. Recommendations to the IAEA
1. Fluence measurements

) Since activation detectors are universally used for fluence measure-
ments, the Panel recommends that the JAEA compile a handbook of practical
information, for example, )

(a) A list of sources of supply of very pure detector materials;

(b) Technical reports on counting procedures for the nuclides of interest;

(c) Technical reports on procedures for neutron dosimetry and neutron

metrology. . '

Because of the needs of many scientific and technical programmes in
the field of radiation damage in solids, the Panel recommends that the IAEA
encourage the development of methods for the measurement of neutron flux
and fluence in the keV-energy range.

Since nickel is widely used as a fast neutron detector, the Panel re-
commends that the IJAEA encourage the acquisition of accurate cross-section
measurements for the thermal and epithermal neutron reactions which are
necessary for the evaluation of burn-up of Co% and CoS8m,

2. Dosimetry.

The Panel recommends:
(a) that a handbook be produced giving an initial assessment of the ap-
plications of methods of measuring absorbed dose in reactor environments;
(b) that two reference materials be adopted for use in defining irradi-
ation conditions by the determination of absorbed dose, as outlined in Section
III.B. One of these materials should be carbon as graphite, as it is obtain-
able in a sufficiently pure state and is suitable for use in a number of types
of instruments. A second reference material should be sought, preferably
with a higher dose-rate from fast neutron scattering than carbon, i.e. with
a lower atomic number. 4
Reference methods should be established for the determination of the
absorbed dose in these materials, by either
(i) calorimetry,
(ii) ionization chambers,
(iii) chemical methods,
or a combination of these methods.
A bibliography should be compiled to support this work.
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3. Standardization

The Panel recommends that the IAEA solicit the co-operation of
standards laboratories to prepare and distribute on a world-wide scale some
of the radioactive isotopes of relevance to in-pile fluence and spectra
measurements, The following standards laboratories should be contacted:

Bureau Central de mesures nucléaires, Euratom, Geel, Belgium

Bureau International des Poids et Mesures, Sévres, France

Mendeleeff Institute for Metrology, Leningrad, USSR

National Bureau of Standards, Washington, D.C., United States of

America

National Physical Laboratory, Teddington, United Kingdom

National Research Council, Ottawa, Canada

Physikalisch-Technische Bundesanstalt, Braunschweig, Federal Republic

of Germany

International Atomic Energy Agency Laboratory, Seibersdorf.

As a second step, the Panel recommends the establishment of standard
specifications for the standard detectors to be prepared (dimensions, activity,
accuracy, etc.)

4, Intercomparison of instruments and techniques

Where close study showed it to be desirable the inter-comparison of
instruments and techniques in different reactors should be made. Reactors
which do not in general have a heavy loading of high cross-section materials
perturbing the spectra will be particularly suitable for such work. These
reactors are more likely to be found in the developing countries.

In the case of threshold detectors, the intercomparison should be carried
out with simultaneous irradiation of several threshold detectors in spectra
comparable to the fission spectrum (converter reactors, gap between plates
in the core of an aqueous reactor, etc.) The measurement of their absolute
activity then shows the relationship between their cross-sections averaged
over the fission spectrum.

5. Catalogues of neutron and gamma spectra

The Panel stresses the importance of knowing the spectral distribution
of neutrons in the irradiation facilities. With this in view the Panel recom-
mends the gathering together in a single document of all information current-
ly available on neutron spectra in the various types of reactor. This infor-
mation might cover the following points: calculated spectra with a des-
cription of the code and cross-sections used; and measured spectra with a
description of the method used and possibly comparison with the calculated
results,

The Panel also recommends that a catalogue of calculated and measured
reactor gamma spectra be compiled.
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6. Symposium

The Panel recommends that the Agency convene a scientific meeting
on in-pile dosimetry and reactor spectra in late 1965 or 1966. {(Suggested
title; ''Calculation and measurement of reactor spectra and their application
to in-pile experiments'').

7. Terminology

The Panel recommends that close collaboration be maintained with ICRU -
on terminology, definitions and units used in this field.

B. Recommendations to investigators

The following recommendations are intended for the . individual investi-
gator who is exhorted to comply with them wherever possible.

General

Direct measurement of the energy in the actual samples irradiated
should be done whenever possible. Also, precise information should be
given about the irradiation conditions: fuel elements configuration, loading
of the pile, etc. i

Fluence measurements

In many instances, as more complete information is acquired, it be-
comes feasible to re-analyse flux and fluence measurements. To facilitate
such a re-analysis by an independent investigator, information should be
reported in sufficient detail to permit such a re-analysis. The following
specific items should be considered as the very minimum requirement:
(a) That the original data on the measured saturation activities (disinte—

gration rate/1 - exp(- At1) = no¢) of the activation detectors per gram of

target nuclide should always be listed;

(b) That the values for the cross—-sections which are used in the calculations
(such as resonance integral cross-sections, average fission neutron
cross-sections, or effective neutron cross-sections) should always be
mentioned, together with a reference to the origin of the value used; and

(c) That for cadmium ratio measurements the type and dimensions of the
cadmium covers used be mentioned, together with the value used for
the cadmium cut-off energy. .

It was generally agreed that the information about the fast neutron spec-
trum was of great importance both to the estimation of damage to solids and
to the measurement of absorbed dose. In order to secure an experimental
indication of the spectral shape, the Panel recommends that, where possible,
two or more activation detectors with different threshold energies should
be used. It is noted that P31(n,p), Si31, 532(n, p)P32, NiS8(n, p)Co8 all have
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thresholds near 3 MeV and that the reaction Al%27 (n, a)Na24¢ can monitor the
higher energy component.

(1’

(2]

(3]
[4]

(5]
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INTRODUCTION -~

The in-pile dosimetry work in Canada consists of (a) thermal, inter-
mediate and fast-neutron flux measurements by activation methods; (b)
thermal-neutron flux monitoring by self-powered detectors; and, (c¢) calori-
metrie, ion chamber and chemical measurements of energy absorbed due

to neutrons and gamma rays. Work in each of these three fields is sum-
marized in this report.

ACTIVATION MEASUREMENTS OF NEUTRON FLUX

Neutron flux measurements with cobalt

EASTWOOD et al. [1, 2, 3] have investigated the use of cobalt as a
thermal-neutron flux monitor. Self-shielding due to both thermal neutrons
and resonance capture in cobalt have been determined by irradiations with
and without cadmium for different sizes of cobalt wires and cobalt-aluminium
alloys.. Techniques for rapid and accurate counting of samples over a wide
range of activities have been developed. Using the above corrections the
effective cross-section for cobalt-59 can be calculated using the Westcott
convention {4] anditis found that the accuracy depends mainly on two factors.
The first of these is the uncertainty in the 2200 m/s cross-section for cobalt
and the second is the accuracy of the absolute disintvegration rate of the
cobalt standards used for counter calibration. At present values of this
cross-section range from 36.5 b to 38 b. It is hoped to reduce this un-
certainty by comparisons with gold in the thermal columns of the Chalk
River reactors. )

Flux surveys of the NRX reactor using cobalt have been carried out
by JERVIS [5], BOCK and BOYD [6] and BOYD et al.[7].

Fission neutron flux measurements

ROY et al. [8, 9] determined effective cross-sections for several (n, p),
(n, @) and [n, n) reactions in the neutron flux in the NRX and NRU reactors.

17
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Roy also estimated activation cross-sections for a fission neutron spectrum
for all the stable isotopes of elements from lithium to bismuth,

BUTLER and SANTRY (10, 11, 12} have used monoenergetic neutrons
to determine cross-sections for several elements in the region 1 MeV
to 20 MeV. The cross-sections from the threshold energy to 20 MeV
have already been determined for the following reactions: S% (n, p)P%,
Th23%(n, 2n)Th?3, ARY(n,a)Na2¢, Mg2?4(n, p)Na24, Cuf5(n, p)Nib3, CubS(n, 2n)Cub4,
and work is proceeding on the following: Zn®%(n, p)Cuf, Fe’é(n, p)Mn5¢ ,
Co%Yn, @)Mn%6, Sc(n, a)K%, Sc#(n, 2n)Sc¥™ and Sc*(n, 2n)Sc*. The neutrons
were obtained by the reactions: T(p, n)He3, D(d, n)He?3 and T(d, n)He%, The
neutron energy was varied by irradiating samples at various angles to the
deuteron beam and varying the energy of the deuteron beam. The accuracy
of the cross-sections (relative to S3%(n, p)P3?) in these measurements is
generally within 4%.

CROSS [13] has measured cross-sections for the Ni5¥n, p)Co5%8 reaction
and the In!13(n, n')In!15™M reaction using neutrons of 2 MeV and 14 MeV energy.
He has also discussed the use of a number of threshold activation detectors
for dosimetric measurements of fast neutrons of energies of 1 to 16 MeV.

Intermediate neutron flux measurements

BIGHAM, GREEN et al. [14-17] have measured the relative reaction
rates in Mn35, Inl15 and Lul?® with and without cadmium to determine neutron
temperatures and epithermal indices in the fuel'and moderator of various
lattices. These measurements were made for the design and burn-up pre-
dictions of power reactors, such as NPD and CANDU. Further work on
different lattices is being done. '

HART, BIGHAM and MILLER (18] have shown that the epithermal flux
can be measured by the activities induced in silver and cobalt, thus providing
an alternative to irradiations under cadmium.

There are only two research reactors in Canada outside of Chalk River -
a 1-MW pool reactor at McMaster University and a subcritical assembly at
the University of Toronto. Flux measurements with cobalt and gold have
been made at McMaster University. At Toronto, traversing BF; counters
have been used for flux surveys [19]. Fine structure and thermal utilization
in lattices have been determined by thermal and epithermal activation methods
[20] and gamma radiation in the reactor core has been measured with a
scintillation spectrometer [21],

IN-CORE NEUTRON FLUX MONITORING BY SELF-POWERED DETECTORS

HAWKINGS [22] has used the output of a thermocouple mounted in a
block containing uranium to give a continuous measure of thermal neutron
flux. The thermocouple (iron-constantan stainless-steel sheathed) was in
an insulated zircaloy cylinder containing a natural uranium metal wire. The
useful range of this instrument extended from 2 X 1012 to 4 X 1013 n/cm?2s
and it was operated successfully to an integrated flux of 2.8 X 1020 nvt. The
overall size was 1-in diam. by 5 in long.
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HILBORN [ 23] has developed self-powered neutron detectors consisting
of a beta emitter along the axis of a coaxial cable surrounded by insulant and
a collector. These are made by replacing a short length of the central con-
ductor in a commercial coaxial cable with vanadium or rhodium wire. The
rhodium forms 42-s Rh1% and the vanadium, 3.8-min V52, Magnesium oxide
insulation is used to permit reliable operation in high temperature, high

. flux énvironments. These detectors have been used up to temperatures of
360°C and in fluxes as high as 1 X 10!4 for more than a year. A typical
rhodium detector, 30 mm long and 1.2 mm O.D. produces 0.3 uA inathermal .
flux of 1014 n/cm?2s at a response time of 1 min, These monitors are now
widely used at Atomic Energy of Canada Ltd. (AECL) for reactor flux
mapping and for continuous flux monitoring in loops and other experimental
assemblies. Future work is aimed at producing shorter response times by
using (n, p) or (n, a) reactions.

CALORIMETRIC, ION CHAMBER AND CHEMICAL MEASUREMENTS

BOYD et al. [7,24] have measured gamma-ray and fast-neutron dose-
rates in the NRX reactor using calorimeters, a graphite-CO; ion chamber
and the hydrogen yield from the radiolysis of cyclohexane.

' The calorimeters are adiabatic, simple in construction and give pre-
cisions of 0.5-3.5% in the range 100- 500 mW/g.

The ion chamber is sealed in quartz with the electrical leads brought
out through molybdenum quartz seals. It has been used over the range
0.1-500 mW/g. v :

The yield of hydrogen from cyclohexane has been found to be constant within
1 5% for doses and dose-rates inthe ranges 2-10X 11 eV/gand 1-2000m W/g,
It is also independent within 5% of the ratio of fast neutrons to gamma rays,

. The results obtained with the three methods agree within 5 - 10%.

Ion chambers with a greater range are now being developed.

Hilborn has constructed self-powered gamma flux monitors based on
the methods of GROSS and MURPHY [25]. A monitor with a 2-in-long by
0.12-in diam. lead core, a polyethylene insulator and an aluminium sleeve
gives a current of 109 at an energy deposition rate of 5 mW/g.

Future work is aimed at developing detectors for high-temperature
environments. The major problem is to find suitable materials with low
thermal-neutron cross-sections.
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£TAT ACTUEL DE LA DOSIMETRIE EN FRANCE

P. DELATTRE ET Y. DROULERS
COMMISSARIAT A L'ENERGIE ATOMIQUE, PARIS, FRANCE

I. CONSIDERATIONS GENERALES

Avant d'aborder le sujet de ce rapport, il est utile de préciser le sens
du terme «dosimétrie», ce mot n'étant généralement pas utilisé dans son
acception étymologique. Il est devenu d'usage courant d!'entendre par dosi-
métrie tout ce qui concerne la mesure des rayonnements nucléaires: flux
neutronique et gamma, radioactivité alpha, bé&ta ou gamma. Les buts pour-
suivis correspondent 3 la détermination des spectres énergétiques, des flux
instantanés, des flux intégrés dans le temps (fluence) ou'des doses d'énergie
absorbées dans les échantillons. En toute rigueur, c'est uniquement a ce
dernier type de mesure que devrait s'appliquer le terme «dosimétrie» et
c'est d'ailleurs ainsi qu'on 1!'entend surtout dans certaines spécialités, en
biologie notamment. En pratique, la sobriété de 1'expression et sa con-
sonance non rébarbative (comme ce serait le cas, par exemple, pour
«fluxométrie»), ont conduit de nombreux physiciens & 1'utiliser dans le
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sens général de «mesure des rayonnements nucléaires». C'est donc égale-
ment dans ce sens que nous 1'emploierons ici, mais nous nous limiterons
surtout aux méthodes utilisées dans et autour des piles.

Les techniques de la dosimétrie intéressent évidemment de nombreux
spécialistes, dans des buts différents: physiciens nucléaires, physiciens
des piles, physiciens de la protection contre les rayonnements, biologistes,
physiciens du solide et métallurgistes, etc. Cette situation a provoqué une
certaine dispersion des efforts et une multiplication d!études voisines sinon
semblables, sans que les échanges et leleiens indispensables en pareil cas
aient toujours été suffisamment étudiés. Lt'inconvénient majeur dfune telle
dispersion, outre les doubles emplois qu'elle provoque, est de rendre ex-
trémement difficile la comparaison des résultats expérimentaux, chacun
utilisant ses propres méthodes et «tours de main» et les constantes de base
(sections efficaces, par exemple) qu'il juge les meilleures. Les complica-
tions auxquelles il fallait s! attendre n'ont pas tardé€ A apparaitre, et de nom-
breuses tentatives de coordination se sont développées depuis quelques an-
nées, tant i 1'intérieur de certains pays que sur les plans européen et inter-
national.

Les moyens d!information et d'échanges qui en résultent, pour incom-
plets qu'ils soient encore, permettent d!avoir une vue d!ensemble assez
précise de 1'état actuel de la dosimétirie dans les. piles [1]. Nous ferons
donc ici le point de ces probldmes, en distinguant ce qui est considéré
. comme acquis de ce qui présente encore des difficultés et fait actuellement
1tobjet d'études. Pour cela, nous diviserons le sujet de la maniére suivante:

neutrons thermiques: 0<E<Q,55 eV;
neutrons intermédiaires: 0,55 eV<E <1 MeV;
neutrons rapides: E>1 MeV;

rayonnement gamma,

A 1tintérieur de chaque catégorie, nous examinerons ce qui a trait & la me-
sure des spectres, des flux instantanés, et des doses intégrées dans
~ le temps.

II. NEUTRONS THERMIQUES

La mesure des flux instantanés de neutrons thermiques a ét€ trés étu-
di€e depuis de nombreuses années, et les sections efficaces dans ce domaine
sont assez bien connues. La définition généralement adoptée pour ce flux
est celle du flux «conventionnel», dit encore «flux & 2200 m/s»: @y, =nv;.
n est la densité neutronique entre 0 et 0, 55 eV; il sera donc nécessaire
d! éffectuer une correction si la mesure sous cadmium, destinée i sé-
parer 1'effet des neutrons intermédiaires, est réalisée de maniére telle
que la coupure effective n'est pas exactement i 0, 55 eV, .

v, est, par convention, la vitesse de 2200 m/s; ctest la-vitesse qui cor-
respond au maximum dtun spectre de Maxwell i 20°C.

La détermination de la densité est immédiate avec un détecteur en 1/v
irradi€ nu et sous cadmium. On obtient ainsi la densité réelle, indépendam-
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ment de la température d'équilibre du spectre de Maxwell. Si la section
efficace des détecteurs utilisés n'est pas en 1/v, il faut effectuer une cor-
rection qui dépend de la température. .

Les détecteurs les plus couramment utilis€s pour les mesures relatives
sont Cu, Au, In, Co, Mn, Dy. Leur préparation sous forme de détecteurs
épais ou de dépdts minces est maintenant bien au point. Cu et Au sont par-
fois également utilisés,sous forme de bandes ou de fils pour le premier,
sous forme de fils pour le second, lorsqu'il est nécessaire d!'étudier de
de mani2re fine la répartition spatiale d'un flux. Pour les mesures absolues
on emploie surtout Au, Cu et Co. La détermination absolue de 1! activité
se fait généralement a 1'aide d'un compteur 47 -8 pour Cu, en colncidences
B-v pour Au, et en cdlncidences y-vy pour Co. '

I faut €galement citer pour la mesure des flux instantanés les moyens
classiques mais dont 1'utilisation est généralement limitée a des niveaux
de flux assez faibles (<1010 ou 1011): chambres au bore, compteurs a BFS,
chambres 2 fission. Une mention particulidre doit étre faite des syst®mes
qui permettent une mesure continue des flux a niveau élevé: boucle a argon
_[2], sonde Arhodium [3]; 1'intérét de ces dispositifs est trés grand si 1'on
veut suivre en permanence la valeur du flux en un point quelconque d'un
réacteur, et ceci explique que plusieurs laboratoires poursuivent actuelle-
ment des études de mise au point dans ce domaine. _

En ce qui concerne les substances dont la section efficace ntest pas
en 1/v, le calcul d'un taux de réaction ne peut pas étre fait 3 partir de la
seule donnée du flux «conventionnel», qui ne constitue qu'une information
sur la densité neutronique globale au-dessous d'une certaine énergie. Il
faut, dans ce cas, connaitre en plus la répartition énergétique des neutrons,
ctest-a-dire la température du spectre de Maxwell. Cette situation est
celle, en particulier, de la plupart des corps fissiles du fait de 1'existence
de résonances se traduisant par une déformation de la section efficace dans
le domaine thermique. La détermination de la température du spectre de
Maxwell peut étre faite, en principe, a 1'aide de deux détecteurs, 1'un ayant
une section efficace non en 1/v, 1'autre &tant en 1/v; le rapport des activi-
tés prises par les deux détecteurs varie en fonction de la température du
spectre et peut donc servir i déterminer celle-ci [1]. Il faut dire toutefois
que 1!interprétation de telles mesures est, dans 1'é&tat actuel des études,
souvent délicate. Les méthodes employées ou en cours de mise au point
utilisent surtout, comme détecteur en 1/v, ou proche de cette loi, 1'un
des corps suivants: 175Lu, Mn, Au; et comme détecteur non en 1/v 176Lu, Eu,
ou Gd. Le couple des deux isotopes de Lu semble devoir donner de bons
résultats et présente 1'avantage de permettre la mesure a partir d'un seul
détecteur. L'intérét dul’Lu est d'ailleurs généralement reconnu, car il
présenie une forte résonance & basse énergie (0, 142 eV); sa section effi-
cace s'éloigne donc tres nettement de la forme en 1/v dans le domaine du
spectre de Maxwell. Le couple U-Pu semble également trés intéressant
puisque 1'on peut ainsi obtenir des résultats directement exploitables pour
les combustibles, c'est-i-dire dans le domaine ol la connaissance du
spectre aux basses énergies est primordiale.

Nous examinerons maintenant le probléme de 1'intégration des doses
de neutrons thermiques (mesure de la fluence). Le choix s'est jusqu'a pré-



DOSIMETRIE EN FRANCE 23

sent porté irés souvent sur Co parce que cette méthode a fait 1'objet de trés
nombreuses études; elle est par conséquent bien connue et se préte
parfaitement & une utilisation généralisée. En outre, la période de 5,3 a
convient 2 la trés grande majorité des applications, et Co peut étre fourni
facilement dans un état de pureté convenable, et étre préparé sans difficulté
sous des formes diverses. Bien que 1'emploi de Co tende & se généraliser,
il est intéressant de dire quelques mots des autres méthodes possibles [4],
et particulidrement de celles qui sont susceptibles d'étre utilisées 13 ol
Co ne convient plus trés bien. Les études menées actuellement dans divers
laboratoires concernent surtout:
a) L'utilisation des alliages Al-Co. L'intérét est ici de pouvoir disposer,
sous une forme aisément manipulable, de trés faibles quantités de Co, afin
de ne pas avoir a travailler sur des détecteurs de trés grande activité comme
cela se produit lorsqu'on doit effectuer 1'intégration de doses trés élevées.
Le principe d'utilisation est évidemment le méme que pour Co pur, mais
une difficulté pratique intervient pour la détermination précise de la quan-
tité de Co contenue dans 1'alliage Al-Co.
b) Lamesuredeladisparitiondenoyaux d'Au. La réaction (n, Y) en neutrons
thermiques sur 197Au donne naissance a 198Hg qui, étant stable etne présentant
qu'une trés faible section efficace, s'accumule. La mesure de la quantité
d! Au disparue (par réactivation ultérieure du détecteur, par exemple), ou
de la quantité de Hg formée (par analyse spectroscopique), permet en prin-
cipe de déterminer la dose intégrée au niveau du détecteur. La méthode
est bien adaptée aux doses trés élevées, supérieures 2 102! n/cm?2; elle
peut donc constituer un relais intéressant pour Co dans cette gamme ‘des trés
hautes doses. Il reste cependant de nombreux essais 4 effectuer pour véri-
" fier que les impuretés contenues dans Au ne perturbent pas la mesure.
c) La spectrométrie alpha sur Uirradié.Le grand intérét de cette méthode
sera de permettre une détermination directe du taux de fission et de la pro-
duction de Pu dans un €lément de matidre fissile. Le dispositif de mesure
utilise comme détecteur une diode semi-conductrice spéciale; la résolution
obtenue lors des premiers essais permet d'espérer une bonne discrimination
des rayonnements alpha provenant de 235U, 28U et de %#YPu. L'un des pro-
blédmes actuellement encours d'étude a trait A la préparation de dépéts con-
venables d'U irradié.
d) Ltutilisation de détecteurs fissiles et comptage gamma sur la raie d'un
produit de fission. Le comptage est réalisé généralement sur la raie Cs,
ou globalement au-dessus dtune certaine énergie située vers 500 keV; la
difficulté réside essentiellement dans la détermination absolue de 1! activité.
Un dernier point 2 signaler a propos des neutrons thermiques concerne
la réalisation des empilements étalons. Leur utilité apparait de maniere
évidente dés que 1'on considere la simplification qu'ils apportent pour la
détermination absolue des flux. En 1'absence d'empilement étalon, la me-
sure absolue d'un flux implique la réalisation de détecteurs trés étudiés
(nature du corps utilisé, connaissance des impuretés, dépdts minces dans:
certains cas, connaissance précise des sections efficaces et des schémas
de désintégration, etc.) et 1'utilisation d'un matériel de comptage souvent
complexe. Il est nécessaire, en ouire, d! effectuer de nombreuses cor-
rections pour tenir compte de 1! autoabsorption des rayonnements émis par
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le détecteur, et des erreurs systématiques introduites par le systeéme de
comptage. On congoit qu'avec toutes ces conditions 3 remplir, la mesure
absolue d'un flux soit une opération délicate et qu'un petit nombre seulement
de détecteurs permettent d!obtenir une précision convenable. Sil'on dis-
pose d'un empilement étalon, il devient tres facile d'effectuer 1'étalonnage
de détecteurs trds divers quelles que soient, dans une large mesure, leur
nature et leur géométrie. La mesure de l'activit€ elle-méme peut alors
étre faite & 1*aide d'un appareillage relativement simple. Il est évidemment
nécessaire que le flux soit parfaitement connu aux différents points-reperes
choisis a 1'intérieur de 1'empilement, mais cette détermination peut &tre
faite une fois pour toutes, ou tout au moins seulement contrélée de temps
en temps. La valeur du flux dans 1'empilement peut étre déterminée soit
par le calcul (la géométrie est volontairement choisie simple) soit par mesure
(en utilisant un détecteur dont la section efficace, tres bien connue, est
prise comme référence). La seconde méthode doit en principe donner de
meilleurs résultats, mais ceci n!est pas aussi évident qu'il peut paraftre
3 premidre vue car la mesure absolue de l'activité devient difficile a
réaliser avec précision lorsque cette activité est faible; une telle situation
correspond bien au cas qui nous intéresse ici puisque les empilements
étalons ne sont alimentés que par des sources de Ra-Be ou de Pu-Be, et ne
délivrent que des flux neutroniques faibles, de 1'ordre de 104 n/cm?2.s. Dans
11 €tat actuel des techniques, et en utilisant Au comme détecteur de ré-
férence, on peut espérer obtenir une précision de 1'ordre de 1% sur la con-
naissance des flux dans 1'empilement. Récemment, plusieurs projets ont
été étudiés en France pour 1'installation d'empilements &talons dans
les centres de Saclay, Fontenay-aux-Roses, Grenoble et Cadarache;
les centres de Fontenay-aux-Roses et de Cadarache sont dés maintenant
équipés. Ltutilisation, que 1'on prévoit journalidre, de ces dispositifs jus-
tifie leur installation dans chacun des centres importants du Commissariat
3 1'énergie atomique.. Ces divers empilements n'auront pas tous la méme
structure; celui de Cadarache utilise le graphite et quatre sources Ra-Be;
celui de Grenoble, non encore entierement défini, utilisera le graphite et
deux ou quatre sources de Ra-Be; celui de Fontenay utilise le graphite et
1'eau lourde, et deux sources de Ra-Be; celui de Saclay utilisera le gra-
phite et une seule source (le projet initial prévoyait une source de Pu-Be,
mais des publications récentes font état d'une €volution dans le temps im-
portante des sources Pu-Be; il sera doncfort pi‘obablement nécessaire de
revenir au Ra-Be). L'empilement de Saclay, dontla géométrie est la plus
simple, servira sans doute d'étalon primaire.

III. NEUTRONS INTERMEDIAIRES

Dans le domaine des neutrons intermédiaires, les travaux actuels ont
surtout pour but de préciser les idées directrices pouvant servir de base
sérieuse a la mesure du spectre réel entre 0,55 eV et 1 MeV environ. A 1'in-
térieur de cette gamme énergétique trés étendue oh les mesures présentent
un certain nombre de difficultés particulieres, la situation est la suivante.

Les méthodes utilisées dans le passé étaient en réalité trés rudimen-
taires. Basées sur 1'emploi des détecteurs résonnants et sur la technique
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des rapports cadmium, elles ne pouvaient constituer qu'un contrdle som-
maire de la validité de 1'hypoth2se du spectre en 1/E. La théorie classique
montre en effet que le rapport des flux thermique et intermédiaire peut étre
relié aux mesures du rapport cadmium par 1'expression: '

Pn IR (Req- 1), ol
Pint Om cd ’

o4 est le flux thermique;
Pin: est le flux intermédiaire par intervalle logarithmique d'énergie (c'est-
s-dire le q/€L;, de la théorie du ralentissement);

[

Ip estl'intégrale de résonance du détecteur: fo(E)gEE (ECd étant la cou-

pure effective de Cd); Ecd

04, est la section efficace du détecteur en neutrons thermiques; Rg4est
le rapport cadmium mesuré i partir des irradiations du détecteur, nu
et sous cadmium.

Si les mesures effectuées au méme endroit avec des détecteurs divers
donnent la méme valeur pour 1'expression ci-dessus, on peut effectivement
en conclure que le spectre au point de mesure est bien en 1/E. Dans le
‘cas contraire, il apparait difficile de déduire des mesures quelque chose
de précis concernant la forme réelle du spectre. Il est vrai que les me-
sures courantes donnent souvent des résultats qui se recoupent, mais ceci
provient surtout du fait que les marges d'erreurs sont importantes par suite
de la connaissance imprécise des sections efficaces et des intégrales de
résonance. De telles mesures sont par conséquent peu significatives, autant
par leur principe que par leur imprécision. La connaissance des sections
efficaces devenant maintenant plus précise, et le nombre de détecteurs uti-
lisables staccroissant, il devient nécessaire et possible d'envisager des
méthodes plus élaborées.

La détermination expérimentale d'un spectre réel quelconque serait
trés facile si 1'on disposait d'un nombre suffisant de détecteurs dont les
réponses respectives en énergie soient situées dans diverses bandes tré&s
étroites. Il semble que certains détecteurs résonnants puissent répondre
avec une bonne approximation & cette condition; il faut pour cela que
- 1'activation due 3 la partie en 1/v de la section efficace soit faible vis-a-

vis de 1'activation due aux résonances;
- 1'activation due aux résonances secondaires soit négligeable vis-2a-vis
de 1'activation due & la résonance principale.

Ces deux conditions sont évidemment d!autant moins impératives que
le specire & mesurer est plus voisin de la forme en 1/E. Mais si 1'on veut
définir une méthode valable dans la plupart des cas réels, il est indispen-
sable de sélectionner les détecteurs qui remplissent les conditions citées
ci-dessus. Il faut pour cela, non seulement connaitre la section efficace
différentielle du corps dans la gamme énergétique utile, mais aussi évaluer
la contribution de chaque partie de cette section efficace (partie en 1/v, ré-
sonance principale, résonances secondaires) dans 1'activation globale du
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détecteur.. Ce second point nécessite, en toute rigueur, la connaissance
du spectre & 1'endroit de la mesure, alors que c'est précisément cela que
.1'on cherche a déterminer expérimentalement; la difficulté peut cependant
&tre levée dans la plupart des cas, par une estimation 3 partir de la forme
approchée donnée par la théorie (1/E, par exemple, dans les piles ther-
miques). Toutes ces considérations conduisent 3 sélectionner un certain
nombre de détecteurs résonnants utilisables pour la détermination du spectre
intermédiaire; & l'heure actuelle, les plus intéressants semblent étre sur-
tout In, Au, Co et Mn. Il faut noter d'ailleurs que plus la résonance prin-
cipale d'un corps stéloigne vers les hautes énergies, plus l'activation due
a4 la partie en 1/v de la section efficace prend de 1'importance. Ainsi pour
Mn dont la premidre résonance est située i 337 eV, 1'activation due 3 cette
résonance est du méme ordre de grandeur que celle qui est due i la partie
en 1/v (dans 1'hypotheése approchée du spectre en 1/E). Ceci montre bien
que le principe méme de 1'utilisation des détecteurs résonnants pour la dé-
termination expérimentale du spectre intermédiaire limite cette technique
3 une gamme ne s!étendant pas trés loin en énergie. Cette limite théorique
est située vers 400 eV.

Entre quelques centaines d'eV et quelques centaines de keV, il n'existe
pratiquement pas de méthodes permettant la mesure du spectre. Il est né-
cessaire de faire ici un effort d'imagination afin de dégager des principes
valables. Cet effort est d'ailleurs certainement justifié¢, car la gamme
énergétique considérée présente une importance réelle pour de nombreuses
expériences. Certaines études récentes montrent qu'il est sans doute pos-
sible d'obtenir des informations significatives dans cette gamme par 1'uti-
lisation de détecteurs présentant une résonance principale & haute énergie
et qui seraient irradiés sous une épaisseur convenable de bore. Le bore
permet, en supprimant une grande partie des neutrons de basse énergie,
de rendre 3 la résonance principale un réle prépondérant dans le bilan d'ac-
tivation du détecteur. Ainsi, avec Na irradié sous 450 mg/cm? de B naturel,
1' activation obtenue devrait étre due pour 90% aux neutrons situés dans la
gamme 0, 75-5 keV. Avec F [5] irradié sous 1, 2 g/cm? ‘de 10B, 1'activation
devait étre due pour environ, 60% aux neutrons situés entre 20 et 70 keV.
De tels travaux sont prometteurs mais de nombreux essais restent a faire
avant que les méthodes correspondantes soient du domaine de 1'utilisation
.courante. ) V

Au-deld de 350 keV, et jusqu'aux énergies les plus élevées, les émul-
sions nucléaires peuvent rendre de grands services pour la détermination
du spectre [6]. Leur inconvénient majeur, trds important dans la pratique,
réside dans leur grande sensibilité au rayonnement gamma, ce qui limite
leur emploi aux piles ne fonctionnant qu'a basse puissance (maquettes cri-
tiques par exemple). Pour les émulsions couramment utilisées, le flux
gamma au point de mesure ne doit pas dépasser 0,5 4 1 r/h. Il faut noter
_ toutefois que de nouvelles émulsions, mises récemment sur le marché par
Gevaert, présentent une sensibilité gamma environ 10 fois plus faible; en
outre, ces nouvelles émulsions permettent de porter la limite inférieure
des mesures A 150 ou 200 keV, avec-une résolution de £30 keV. Leprogres
n'est donc pas négligeable, mais il est encore insuffisant pour permettre
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1'utilisation des émulsions nucléaires dans les réacteurs de recherche ol
le bruit de fond gamma est trés important. '

Dans cette méme gamme des énergies supérieures & quelques centaines
de keV, les chambres & fission deviennent utilisables (23"Np, 241Am, par
exemple). Leur mise en ceuvre n'est pas toujours trés facile, surtout pour
les mesures absolues, mais il s'agit 14 de difficultés techniques et non plus
de difficultés de principe.

Il apparait, en définitive, que la détermination expérimentale des
spectres de neutrons intermédiaires est une opération difficile, et 1'on peut,
se demander si les méthodes de calcul purement théoriques ne devraient
pas constituer ici un support indispenéable. Clest & partir de ces con-
sidérations que diverses études ont été menées et sont actuellement pour-
suivies, afin de préciser la forme théorique du spectre intermédiaire dans
différents types d'emplacements expérimentaux. Ces études ont déja per-
mis de préciser quelques points importants; nous les examinerons au cha-
pitre V puisqu'ils ont trait & la fois aux neutrons intermédiaires et aux
neutrons rapides.

On peut conclure en disant. que, dans 1*é&tat actuel des techniques, la
détermination des spectres intermédiaires doit faire appel i la fois aux
considérations théoriques et aux procédés expérimentaux. Les résultats
du calcul permettent ainsi de guider 1'interprétation des mesures. On trou-

vera dtailleurs au chapitre V ci-dessous un bref exposé de la méthode qui
permet actuellement d!utiliser les résultats de mesures méme assez som-
maires, dans les domaines intermédiaire et rapide, pour 1!'interprétation
des expériences de dommages. ’

Nous avons surtout évoqué les problémes liés 3 la détermination du
spectre intermédiaire parce qu'ils constituent une question importante et
difficile. La valeur du flux intermédiaire, sur toute 1'étendue de la gamme
énergétique considérée ou sur une partie seulement de celle-ci, se déduit
directement des mesures décrites puisqu'en fait chaque détecteur réson-
nant, traité€ de la fagon décrite, permet d'obtenir le flux dans un intervalle
logarithmique d'énergie situé€ autour de sa résonance principale.

Ltintégration des doses dans le domaine intermédiaire ne fait pas 1' ob-
jet d'études i 1'heure actuelle, car le probléme n'est pas d'une importance
primordiale. Pour 1'interprétation de la plupart des expériences, il est
d'abord nécessaire de connaitre le spectre dans la zone d'irradiation, puis
d'effectuer la mesure relative des flux dans les différentes gammes éner-
gétiques utiles, et enfin de réaliser 1'intégration des doses regues au cours
de 1'irradiation en opérant sur 1'une des gammes; pour cette dernidre opé-
ration on choisissait surtout jusqu'a présent les neutrons thermiques, mais
il est maintenant également possible, ainsi que nous le verrons au chapitre
suivant, d'opérer dans la gamme des neutrons rapides. Toutefois, lorsqu'il
est nécessaire d'effectuer 1'intégration dans le domaine des neutrons inter-
médiaires, l'utilisation du cobalt sous bore ou sous cadmium est toujours
possible. :

.

Iv. NEUTRONS RAPIDES

Comme pour les autres gammes €nergétiques, la mesure des flux de
neutrons rapides est relativement aisée d&s que 1'on connait la forme du
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spectre. I suffit alors, en principe, d'un seul détecteur dont la section
efficace différentielle est bien connue. La premilre préoccupation sera
done, ici encore, de déterminer le spectre réel dans la gamme énergétique
considérée. )

Les techniques possibles pour la mesure d'un spectre rapide sont assez
diverses:

- émulsions nucléaires;

- dispositifs & semi-conducteurs (jonctions au lithium);

- verres scintillateurs au lithium;

- détecteurs 3 seuil (activation ou fission).

Il faudrait également citer les compteurs 2 protons de recul et les spectro-
metres & 3He, mais 1'expérience acquise en France pour la mise en ceuvre
de ces appareillages dans les piles est pratiquement négligeable & 1'heure
actuelle.

Ltutilisation des émulsions nucléaires est connue depuis longtemps;
la méthode qui consiste & mesurer les traces laissées par les protons éjec-
tés sous l'impact des neutrons rapides est longue et fastidieuse. La ten-
dance actuelle est d! automatiser au maximum le dépouillement des émul-
sions; de nombreux travaux sont en cours dans ce sens. Comime nous
1'avons dé€ja vu au paragraphe précédent, 1'emploi des émulsions n'est
pas limité & la partie du spectre que nous avons dénommée «rapide», mais
il s'étend aussi & une partie importante du spectre intermédiaire.

Dans les dispositifs & semi-conducteurs et les scintillateurs utilisant
Li, le principe consiste & effectuer la spectrométrie des particules émises
lors de la réaction 6Li(n,«)3H afin d'en déduire le spectre d'énergie des
neutrons incidents. Les diodes au Li ont déja fait 1' objet de nombreuses
études de mise au point; il semble que leur emploi ne tardera pas i passer
dans le domaine de la pratique courante. La gamme couverte s'étend d'en-
viron 200 ou 300 keV &4 7 ou 8 MeV, avec une résolution de 1'ordre de 70keV.
En ce qui concerne les scintillateurs au Li, les études n'en sont encore
qu' a leur début; il est donc trop t6t pour se prononcer sur les possibilités ré-
elles de cette méthode qui, si 1'on veut 1'employer pour les mesures
1'intérieur des piles, nécessite par ailleurs la mise au point de conduits
de lumiere dont la technique est dé€licate.

Les détecteurs i seuil peuvent €galement étre utilisés pour la déter-
mination expérimentale des spectres de neutrons rapides [7,8]. La méthode
de dépouillement est ici trzs différente de celles qui viennent d!'é&tre men-
tionnées; il est nécessaire de mettre en ceuvre tout un ensemble de dé-
tecteurs 2 seuil, chacun d!'eux fournissant une information «intégrale» qui
se rapporte & une zone relativement large du spectre, et les zones couvertes
par les différents détecteurs se recouvrant partiellement. Il y a donc 1a
une certaine ambiguité, et le probléme est de savoir comment coupler les
diverses informations recueillies de fagon & retrouver la forme du spectre.
‘Les méthodes possibles sont nombreuses, mais elles ne donnent pas toutes
la méme précision; en particulier, le nombre de détecteurs disponibles a
une influehce directe sur la validit€ de telle ou telle méthode. Parmi les
procédés. qui ont été jusqu'a présent proposés, on peut citer surtout:

- 1'approximation du spectre par une fonction en escalier;
" - 1'approximation du spectre par une fonction polygonale linéaire;
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- 1'approximation par une fonction polygonale exponentielle (Dierckx);

- 1'approximation par un polynéme simple;

- la méthode polynomiale de P. M. Uthe (spectre de fission multiplié par
un polyndéme);

- la méthode «semi-empirique» de O. W. Dietrich;

- la méthode des «indices de spectres» de J. Grundl et A. Usner, dans
laquelle le spectre est approximé par une fonction @(E) = KEt exp (- BE)

- la méthode du changement de variable, de P.M. Uthe;

- la méthode du développement en séries de fonctions orthonormales, pro-
posée indépendamment par S. R. Hartmann et J.B. Irice.

Au cours des dernidres années, de nombreux laboratoires se sont ef-
forcés dtaccumuler les résultats expérimentaux dans le but de préciser les
domaines de validité de ces différentes méthodes. Les résultats obtenus,
encore trés incomplets, semblent montrer 1'intérét des méthodes poly-
gonales et polynomiales. Il semble également que 1!approximation du
spectre par une expression de la forme @(E) = KE? exp (-BE), dans laquelle
le facteur B peut étre ajusté pour rendre compte des déformations du spectre,
constitue une méthode élégante et assez souvent valable; les possibilités
de cette méthode sont encore accrues si l'on adopte l'expression
9(E)=KEYexp(-SE) dans laquelle les deux paramdtres v et B peuvent &ire
ajustés pour trouver une forme analytique correcte du spectre réel.

La difficulté majeure rencontrée dans ces études expérimentales réside,
en général, dans le fait que les détecteurs disponibles sont en trop petit
nombre. Les réactions les plus couramment utilisées sont les suivantes:

323(n, p)3%P ) 58Ni(n, p)°%Co
31P(n, pp1Si ~ #6Ti(n, pH6Sc
Sous forme de
27 27 54 4
Al(n, p)*'Mg détecteurs par activation Fe(n, pp4Mn
27Al(n, Q)QA.Na 1151n(n’ n|)115m1n
%Mg(n, pf#Na

‘ainsi que les réactions de fission sur 238U, 232Th, 87Np, #1Am. Ces derniers
détecteurs peuvent étre utilis€s, soit sous forme de chambres 2 fission,
soit sous forme de dépdts; dans .ce dernier cas, la mesure du taux de fis~
sion est effectuée par comptage spectrométrique du rayonnement émis par
1'un des produits de fission, généralement Cs.
~ Parmi les détecteurs cités, il faut noter que certains font double emploi,
2 cause de leurs seuils trop voisins; ils ne fournissent donc qu'une dupli-
cation de la méme information. C'estle cas de S et de P, d'une part, de
‘Al et de Mg, d'autre part. Ceci est un argument supplémentaire pour qu'un
effort soit fait en vue d'accroitre le nombre de détecteurs a seuil utilisables.
Par suite d'une recommandation du Groupe de dosimétrie de I'EURATOM,
les études expérimentales actuellement en cours utilisent les valeurs de
sections efficaces effectives et de seuils effectifs déterminés par la méthode
de GRUNDL et USNER [9). On sait en effet que ces deux grandeurs varient
en fonction de la forme du spectre; la méthode préconisée, qui permet
de minimiser ces variations, est donc en principe préférable & celle qui
fut naguére proposée par Hughes.
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En ce qui concerne 1'intégration des doses de neutrons rapides, les
possibilités offertes par la technique d'activation ont surtout trait aux ré-
actions suivantes [1, 10} 58Ni(n, p)%8Co, 63Cu(n, «)%Co, 46Ti(n, p)45Sc,
54¢Fe(n, p)**Mn. Les études les plus avancées concernent Ni et Cu, qui sont
maintenant couramment utilisés, mais il est encore nécessaire d'effectuer
des essais dans la gamme des hautes doses (supérieures & 10 n/cm?) avant
de se prononcer définitivement sur la validité de ces méthodes. .En effet,
1'un des problémes majeurs pour 1!'intégration des doses est celui des im-
puretés contenues dans le détecteur, celles-ci pouvant entrainer aprés une
longue irradiation des activités parasites qui masquent complétement la .
réaction que 1'on veut utiliser. Pour Cu, par exemple, le produit Johnson-
Matthey déja trés pur cependant, contient encore trop d'Ag; il a fallu ef-
fectuer de nombreux essais avant de sélectionner pour cette application le
cuivre américain « Asarco» qui a donné de bons résultats.

Les réactions d!activation proposées pour 1l'intégration en neutrons
rapides présentent aussi, pour la plupart d'entre elles, 1'inconvénient d'une
section efficace mal connue. Des demandes de nouvelles mesures ont été
déposées auprés de 1' EANDC, par 1'intermédiaire de 1'EURATOM, et 1'on
peut espérer que cette situation s'améliorera petit a petit au cours des pro-
chaines années. Pour le moment les études effectuées par les physiciens
des piles ont surtout pour but, en premier lieu, de sélectionner des produits
suffisamment purs, et en second lieu d'établir 1'intercalibration relative
des sections efficaces. :

Toujours pour 1'intégration des doses de neutrons rapides, d'autres
recherches sont également effectuées selon des principes différents de 1'ac-
tivation. Des essais sont en cours, par exemple, sur les variations de den-
sité ou de fréquence de résonance des quartz, en fonction de la dose de neut-
rons rapides recue. Il faut également citer les études concernant les varia-
tions de résistivité de W qui ont déja donné lieu & des travaux approfondis
mais dont 1! interprétation n' apparafit pas tres facile [11]. Enfin, 1'utilisa-
tion de Th avec dosage du Cs formé semble trés prometteuse; il se pourrait
que 1!'on dispose 13, dans un proche avenir, d'une méthode d' application
assez simple [12].

Nous citerons enfin 1'emploi de boucles & gaz forane utilisant la réac-
tion 19F(n, a }16N [2] qui permet s1mu1tanément la mesure continue des flux
et leur intégration dans le temps.

~

V. UTILISATION DES RESULTATS DE MESURES EN NEUTRONS
INTE'BMEDI.AIRES ET RAPIDES POUR L'INTERPRETATION DES
EXPERIENCES DE DOMMAGES [13, 14, 15]

Nous avons vu dans les deux chapitres précédents que les techniques
expérimentales pour la détermination des spectres intermédiaire et rapide
sont loin d!étre parfaitement au point. Les informations recherchées étant
d'une grande importance pour 1'interprétation des expériences de dommages,
il est apparu nécessaire dtétudier les moyens qui permettraient d'utiliser
le mieux possible les données fragmentaires fournies par les méthodes ex-
périmentales dans leur état actuel. Pour cela, les considérations théoriques
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doivent permettre d!établir une formulation & parametres destinée a lever,
dans certaines gammes énergétiques, 1'indétermination introduite par 1'in-
suffisance des résultats expérimentaux. Nous résumerons ici bri¢vement
1t état actuel de cette question, en nous basant sur les travaux qui paraissent
les plus complets.

L' étude systématique des spectres de neutrons intermédiaires et ra-
pides dans les piles montre la possibilité de représenter ces spectres par
une expression générale de la forme

P(E) = Kolgo(E) + hoe(E)].

La composante @(E), dite «composante homogegne» du flux, peut
stécrire

oo(E) = T(V - B) B 2N eXP(b\fE) + T'(E - V)FEYexp(-BE).

La fonction I'(V - E) est égale & 1 pour E <V et 3 0 pour E>V. Les para-
meétres V et F sont déterminés de mani2re que 1'on obtienne la continuité
des flux et de leurs dérivées pour 1t'énergie V. Le terme b caractérise
la nature du modérateur de la pile. La composante @{E), dite K composante
hétérogene» du flux, peut s'écrire sous la forme ¢.(E) = EV' exp(-8' E).

Selon la nature du modérateur, les composantes @.(E) et po(E) peuvent
étre représentées par des formes quelque peu différentes, parfois plus
simples, mais toujours voisines de celles qui ont ét€é données ci-dessus.
Par exemple, dans la pile au graphite, la composante @.(E) se réduit a
Pe(E) = exp(-0, 775 E).

Au-dela de 2 ou 3 MeV, l'expression de 9(E) peut parf01s étre égale-
ment représentée plus correctement par une forme analytique différente
de celle qui a été€ adoptée dans la formulation générale donnée ci-dessus.
Ctest ainsi que 1'on peut étre amené a prendre pour Q.(E), aux hautes éner-
gies, des formes telles que E% %xp(-BE) pour les piles a eau lourde, ou
E05exp(-0, 775 E) + d-ESexp(-BE) pour 1!'eau 1légere; dans ce dernier cas,
les parametres B et d sont li€s une fois pour toutes par un résultat de calcul.

La formulation générale adoptée, qui peut s!appliquer a 1'analyse de
tous les phénomenes relatifs & la cession d'énergie par chocs neutroniques,
n'est valable que pour ‘des énergies supérieures i 3 keV environ, mais cette
limite peut dans certains cas étre abaissé€e & quelques eV (eau légere, par
exemple).

L'expression générale de cp(E) montre que les composantes Qy(E) et
9<(E) sont déterminées a priori d'aprés la nature de la pile, c'est-a-dire
en fait d'apres la nature de son modérateur. Les réponses de deux détec-
teurs suffisent en principe pour déterminer les coefficients K et h:

- un détecteur sensible vers 3 keV [12] détermine K puisque la composante
9(E) est négligeable 3 cette énergie;

- un déiecteur & seuil, S par exemple (seuil & 2,7 MeV), permet de dé-
terminer h,
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Si besoin est, un troisidme détecteur i seuil plus élevé,(Al par exemple,
dont le seuil est & 7,5 MeV), permetira de préciser la formulation aux hautes
énergies.

En définitive, la méthode décrite ici revient pratiquement 3 fixerlaforme
générale du spectre par des considérations théoriques, et & préciser ensuite
les valeurs absolues en deux ou trois points du spectre i partir des résultats
de mesures fournis par des détecteurs dont 1'utilisation est bien connue.
Nous avons donc 14 un moyen de pallier les insuffisances actuelles des tech-
niques de mesures.

V. RAYONNEMENTS GAMMA [1]

La mesure des rayonnements gamma peut étre abordée par des tech-
niques trés diverses parmi lesquelles il faut citer surtout les chambres
d'ionisation, la dosimétrie chimique, les verres doseurs, les matiéres
plastiques (variations colorimétriques), les calorimetres (isothermes ou
adiabatiques), les semi-conducteurs.

Toutes ces méthodes n'en sont pas au méme point de développement,
et 1'intérét de chacune d'elles dépend dans une large mesure de 1! applica-
tion que 1'on veut en faire. Nous récapitulerons donc, sommairement, les
possibilité€s de ces diverses techniques.

Les chambres d!ionisation sont utilis€es depuis trés longtemps, et
peuvent étre considérées comme parfaitement au point. Dans leur version
classique, ces chambres ont généralement une grande sensibilité; cela
exclut leur emploi dans les flux gamma trés intenses qui r&gnent dans les
piles. Etant donné 1'intérét des mesures par chambre d'ionisation 2 air —
elles sont d'une mise en ceuvre simple et donnent une grandeur directement
liée & la définition méme du rcentgen — on a réalisé des chambres de trés
petites dimensions, sous basse pression, de manidre & réduire leur sen-
sibilité. Avec de telles chambres il est possible de mesurer des flux gamma
atteignant 5: 107 ou 108 r /h, ‘

La dosimétrie chimique, principalement par la transformation sulfate
ferreux-sulfate ferrique, a été nagueére en vogue. Bien qu'elle ne soit pas
complétement abandonnée aujourd'hui, cette méthode est quelque peu dé-
laissée pour les raisons suivantes: d'une part, sa mise en ccuvre n'est
pas trés facile (préparation et dosage des solutions, analyse spectrophoto-
métrique nécessitant un appareillage coliteux), d'autre part, chaque fois
que le rayonnement au point de mesure est complexe, et ce cas est fréquent,
les neutrons rapides peuvent perturber le phénomene di aux rayonnements
gamma. I est possible, en principe, de séparer les deux effets en utilisant
un mélange de sulfate ferreux et de sulfate cérique, mais 1'interprétation
des résultats devient alors plus difficile.

Les verres doseurs et les matidres plastiques peuvent étre traités sous
la méme rubrique puisqu'il s'agit, dans les deux cas, d!étudier avani et
aprés irradiation les variations colorimétriques subies par les détecteurs,
ou plus précisément les variations d'opacité sur certaines longueurs d'ondes
bien déterminées. Les premiers essais effectués en France, il y a quatre
ans environ, avaient donné de grands espoirs par suite de la simplicité de
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la méthode et du coiit peu élevé des détecteurs. Malheureusement le phé-
nomene d!autoguérison en fonction de la température est mal connu et com-
plique considérablement 1'interprétation des mesures. Il y a 13 une dif-
ficulté réelle chaque fois que 1'on désire effectuer une mesure absolue ou
méme simplement une comparaison enire des mesures faites 3 des tempéra-
tures différentes. Si ce probléme pouvait étre résolu de manitre satis-
faisante, le grand intérét des matidres plastiques serait de permettire la
mesure des flux gamma dans la gamme des intensités comprises approxi-
mativement entre 106 et 1010 r /h; les verres, eux, permettraient de couvrir
la gamme de 104 3 5.106 r /h.

L!application des techniques calorimétriques aux mesures dans les
piles a été tres étudiée au cours des derniéres années, et 1'on peut con-
sidérer qu'il existe & l'heure actuelle plusieurs types de calorimétres
(isothermes [16, 17, 18], adiabatiques [19]) parfaitement adaptés i ce genre
de mesures. Le principe de leur utilisation pour la dosimétrie gamma cor-
respond 4 une mesure indirecte de ce rayonnement par 1'intermédiaire de
1'échauffement produit dans certains matériaux. Les phénomeénes qui pro-
voquent 1! échauffement sont multiples et les rayonnements gamma ne sont
pas seuls & intervenir lorsque les matériaux sont placés dans le rayonne-
ment complexe des piles. Il est toutefois assez facile, par un choix judi-
cieux du matériau constituant le noyau du calorimetre, d'obtenir un échauffe-
ment dii presque uniquement aux rayonnements gamma; il faut pour cela
utiliser une substance de densité€ élevée et de faible section efficace de cap-
ture en neutrons thermiques. Les différents types de calorimetres réalisés
jusqu' 3 présent permettent en pratique de couvrir la gamme des flux gamma
comprise entre 5-105 et 109r/h. Ce sont des appareils robustes et de mise
en ceuvre relativement simple; les calorimeétres isothermes présentent en
outre 1'avantage, aprés un étalonnage préalable, de donner le résultat de
mesure en lecture directe et instantanée, et permettent ainsi de faire des
mesures continues dans le voisinage des dispositifs expérimentaux en pile.

Les techniques utilisant les semi-conducteurs sont d'une mise en ceuvre
simple puisqu'il suffit, en principe, de mesurer 1'évolution du courant de
court-circuit d'une photodiode en fonction des doses gamma regues. Elles
présentent toutefois un inconvénient majeur par le fait que la température
d'irradiation doit étre limitée a une valeur assez basse; pour les diodes
au silicium, par exemple, la température ne doit gudre excéder 60°C. Sous
réserve d'observer cette précaution, de telles photodiodes peuvent &tre
utilisées pour mesurer des flux gamma compris entre 105 et 107 r /h.

VII. CONCLUSIONS

Les conclusions qui s'imposent & 1'issue de ce tour d'horizon sur 1'état
actuel de la dosimétrie peuvent étre résumées de la manidre suivante:

Dans le cas des neutrons thermiques, presque tous les problémes im-
portants ont été abordés, et des solutions satisfaisantes ont été générale-
ment trouvées. Il est cependant nécessaire que la précision sur certaines
sections efficaces soit encore améliorée. Parmi les difficultés qui sub-
sistent, dans ce domaine d!énergie, il faut citer surtout la mesure de la
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température d!équilibre du spectre de Maxwell; ce probléme, li€ a la dé-
termination précise de la jonction entre spectres thermique et intermédiaire,
présente une grande importance pour les corps qui poss&dent de fortes ré-
sonances aux basses énergies, c'est-id-dire en particulier pour les com-
bustibles. Dans un autre ordre d'idées, les études concernant les méthodes
par «disparition de noyaux», pour 1'intégration des doses de neutrons ther-
miques doivent étre poursuivies afin de préciser leurs possibilité€s réelles.

Dans le domaine des neutrons intermédiaires, les efforts devraient
surtout consister maintenant a prééiser les principes de mesure valables
dans la gamme comprise entre quelques centaines d'eV et quelques cen-
taines de keV. Pour cela, les études expérimentales entreprises devraient
étre poursuivies et approfondies. Une meilleure connaissance des inté-
grales de résonance apparait également indispensable. )

Pour les neutrons rapides, les principes de mesure sont maintenant
bien établis. Il reste & faire un important travail expérimental avant de
choisir, parmi toutes les méthodes possibles, celles qui présentent le plus
d'intérét. Les sections efficaces, dans ce domaine, sont en général beau-
coup trop mal connues; ainsi qu'il a ét€ précisé dans la requéte faite au-
pres de 1' EANDC par le Groupe de dosimétrie de 1' EURATOM, il serait trés
utile que quelques équipes de physiciens nucléaires acceptent d'entreprendre
une campagne de mesures précises des sections efficaces pour un certain
nombre de réactions (n,n'), (n,p) ou (n, ) particulidrement intéressantes en
dosimétrie.

. Dans les domaines intermédiaire et rapide, il apparaft indispensable
de mener de front les &tudes de dosimétrie proprement dites et les études
de dommages causés par les rayonnements dans les matériaux. Il se peut
en effet que, dans certains cas particuliers tout au moins, la forme du
spectre n'ait pas d'influence sensible sur les efforts observés; mettre en
évidence de maniere certaine un tel phénomene entrainerait évidemment
une grande simplification des probldmes de dosimétrie.

Nous avons dit souvent, au cours des pages précédentes, que la diver-
sité des détecteurs disponibles n'est pas assez grande, surtout pour les
mesures mettant en jeu desneutrons intermédiaires et rapides. Les efforts
consacrés i la technologie des détecteurs (élaboration de matériaux trés
purs, préparation des détecteurs de types divers) doivent donc étre pour-
suivis, et méme accrus. Il est également nécessaire d'améliorer les mé-
thodes de spectrométrie quantitative sur détecteurs irradiés.

En ce qui concerne les rayonnements gamma, les méthodes valables
sont d'ores et déja assez nombreuses et diverses, a la fois pour la mesure
des flux et pour la mesure des doses; il reste surtout & apporter quelques
améliorations aux appareillages réalisés et 3 préciser quand cela est né-
cessaire les phénomenes annexes qui risquent de perturber les mesures
(autoguérison, par exemple). Il serait sans doute nécessaire de développer
également les techniques de spectrométrie en pile, ce probléme n'ayant
encore été que tres peu étudié,
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In the past routine detection methods for flux, fluence and dose measure-
ments were developed in every reactor centre. Except for some unimportant.
technical details most of them are identical in all stations. Besides these
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routine procedures special detection methods were developed and utilized,

often at considerable expense for equipment, to meet specific experimental

requirements. In the following a brief survey is given of the methods of in-

pile dosimetry employed in the reactor stations of the Federal Republic of |
Germany.

1. DETERMINATVION OF THERMAL AND INTERMEDIATE NEUTRON
FLUX

1.1. Activation detectors for flux measurements

Routine measurements of thermal and epithermal neutron flux are carried
out by means of activation detectors. The detector materials used are Au
and In (in some cases also Mn) in the low-power range (kW), and Co in the
high-power range (MW).

Generally the activation caused by thermal neutrons is separated from
the activation of the bare irradiated detectors by a Cd-difference measure-
ment [1, 2, 3,4]. The thickness of the Cd sheath may differ. In most cases
it is 0.5 mm; in rarer instances Cd containers of 1-mm thickness are em-
ployed. The activity measurements are interpreted by taking into account
self-shielding in the detector and flux depression in the neutron field [1, 4, 5,
6,7].

The thermal neutron flux quoted is the product of neutron density n and
the most probable neutron velocity vp=2.200 m/s. The intermediate neutron
flux (also called resonance flux) is defined as the flux per lethargy interval.

In addition to the Cd-difference method the sandwich method with two
foils is routinely used for measuring thermal and intermediate neutron fluxes
(Au + Cu at low power and Co + Ag at full power and long-time irradiation)
(8,9}. Compared with the Cd-difference method the latter procedure is
advantageous especially when a major set of foils is to be irradiated simul-
taneously in a reactor for recording flux profiles.

Flux profiles may be determined in a reactor by irradiation and sub-
sequent activity measurement of small, circular disc-like detectors as well
as of long, tape or wire-like probes. This latter shape of detectors has
certain-advantages. It may serve for determining flux profiles in the area of
large flux gradients, e.g. near strong neutron absorbers [10].

For measurements of thermal neutron flux in the FR2 reactor, electro-
lytic copper tapes 10 mm wide and 50 um thick were used. They permit
the measurement of fluxes between 107 and 1012n/cm?2s. Due to its decay
scheme, the half-life of 12.8 h for the Cu% isotope and the main resonance
at higher energies (600 eV), copper is particularly suited for thermal flux
measurements. In the reactor FR2 the epithermal activation of Cu$3 can
be neglected in these measurements, as the product of the Westcott factors
r and s is below 0.03. The tape probes were evaluated in a converted
commercial radiochromatograph. The tapes were passed discontinuously
in equal steps along a lead collimator. The activity of the screened-out
portion of the tape was measured with a methane flow counter.
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1.2. Activation detectors for spectrum measurements of intermediate
neutrons

The intermediate neutron spectrum of a reactor can be determined in
principle by the same resonance detectors which are usually employed for
measuring the epithermal neutron flux. Spectrum measurements have been
carried out in the FR2 with In, Au, W, La, and Mn as foil materials [11].
When measuring spectra by means of resonance detectors, it is necessary
to be careful not to attribute probe activation to one specific neutron energy
because of the secondary resonances of the detector materials. To be able
to eliminate the major part of secondary resonance as a contribution to the
total activation, sandwiches of three foils of the same material were em-
ployed. Principally this ensures that neutrons of the main resonance are
mainly absorbed in the two external foils, whereas the interior foil is acti-
vated almost as highly as the external ones by the 1/v portion and the secon-
dary resonances. The difference between external and internal probe acti-
vities then is a measure of neutron flux at the energy of the main resonance.

This method was used to determine the epithermal neutron spectrum in
the centre of a lattice cell in the reactor FR2. The measurements showed
that the decrease of epithermal neutron flux with energy is less than 1/E.

1.3. Beta current detector

According to a proposal by HILBORN [12] 8-current Rh-detectors were
employed in the reactor FR2 as monitors for thermal neutron flux and for the
measurement of flux profile.

In the first design the detector had the dimensions of about 20X 10X2 mm
and was diminished in size in a later design. Between two zirconium plates
(0.5 mm), a plate of Rh (0.2 mm), was placed.

The Rh plate was insulated from the zirconium plates by a layer of
Scotch Tape. The zirconium and rhodium plates were connected toa Keithley
electrometer by an amphenol cable [13]. The detector was calibrated by
simultaneous irradiation of gold detectors. The linear relationship between
current and neutron flux was checked over a wide range (1:10°%) by increasing

the reactor power in steps. The time response of the detector was investi-
gated. Any sudden increase 1n flux was indicated immediately (detay <1 s).

Immediately after the flux change the linearity between flux and f3-current
is lost temporarily due to the finite half-life of Rh1% and Rhl04m,

1.4. Thermopile

The thermopile was employed as another detecting instrument for deter-
mining flux profiles in a reactor [14] . With it the rise in temperature of a
small sample of fissile material (in this case about 1 mg U%%) during irradi-
ation is measured by a thermocouple. In the equilibrium state the tempera-
ture increase is proportional to the thermal flux (in preliminary experiments.
the gamma sensitivity of the thermopile was proved to be negligible). The
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time response of the thermopile was < 5 s, so that even rapid flux changes
could be detected.

2. DETERMINATION OF FAST NEUTRON FLUX

The routine measurements of the fast neutron flux in reactors are per-
formed exclusively by threshold detectors; Al, P, S, Mg and Ni are the
most frequently used detector materials. As is well known, the interpre-
tation of the activity measurements offers certain difficulties. On the one
hand, these difficulties are caused by the dependence of the spectrum of fast
neutrons on the reactor type and on the irradiation position, and on the other
hand, by the energy dependence of threshold detectors' cross-sections. The
most convenient, though very dubious, evaluation procedure consists of
calculating the ""equivalent integral fission flux', which would induce the
same activity in the detector as the real flux [1, 3, 13].

More precise flux values may be evaluated if the neutron spectrum is
known by calculations. The integral flux of fast neutrons may be calculated
from the activity measurements by means of cross-sections averaged over
the calculated spectrum. The assumed spectrum is verified by several
threshold detectors of different materials [15, 16] .

3. SPECIAL DETECTION METHODS FOR NEUTRON FLUX AND NEUTRON
FLUENCE

In addition to the activation detectors, catcher foils have been tested

. for the determination of fast neutron flux (17] . Foils of fissile materials

(e.g. U8 and Th232) are surrounded by so-called catcher-foils (e.g. Al or

polyethylene). The fast neutron flux is determined by the activity of fission

fragments, which precipitate on the catcher foils. Furthermore, neutron

dose measurements on the basis of density changes of quartz during reactor
irradiation are being prepared (Research Reactor Munich).

4. DOSIMETRY OF REACTOR IRRADIATION WITH CALORIMETERS

The absorption of radiation energy in materials which are inserted in
a reactor generally causes a material heating. Also, changes of the physical
and chemical properties of the irradiated materials may occur. They depend
on the radiation quantity and quality. In addition to the total absorbed dose it
is desirable also to know the contributions of the different types of reactor
radiation to the dose.

Different calorimeters have been developed for the determination of
material heating and the neutron and v dose-rate respectively. The material
heating in C, Al, Bi and Fe have been measured as a function of irradiation
position in the reactor FR2 [21]. The contribution of photons to the total
heating in Al, C and Fe has been estimated on the basis of heating measure-
ments in Bi and the calculated photon spectrum.
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Similar measurements have been performed in ‘the FRM reactor with
an isothermal calorimeter, with Al as calorimeter material [18]. The con-
tributions of fast and thermal neutrons to the total dose-rate could be ne-
glected. An estimate showed them to be less than 1.5% of the total dose-rate,

For the analysis of irradiation effects on predominantly organic sub-
stances an isothermal and an adiabatic calorimeter have been developed.
The isothermal calorimeter has been designed in such a way that the calori-
meter vessel (made of quartz) was nearly similar to the irradiation vessel
used for the real radiochemical analysis; with this calorimeter it was also
possible to change conditions for heat transfer by variation of the pressure
[19]. Thus it became possible to control the equilibrium temperature of
the calorimeter in a large range, the reactor power being constant. Diphenyl
served as calorimeter material. The dose contribution causedby fast neutrons
has been estimated by measuring the fast neutron flux with nickel foils. With
the aid of an adiabatic calorimeter in the FRG reactor, measurements of
the gamma ' and neutron dose-rate have been performed [20] . The calori-
meter contained samples of Al, polystyrene and polyethylene. Aluminium
had been vaporized upon the organic samples. The three samples, insulated
by vacuum, were surrounded by an adiabatic jacket which could be heated.
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A STATUS REPORT ON IN-PILE DOSIMETRY
IN HUNGARY

F. SzABO
CENTRAL RESEARCH INSTITUTE FOR PHYSICS,
BUDAPEST, HUNGARY

INTRODUCTION

In-pile dosimetry at the Central Research Institute of Physics is con-
cerned with the following problems:

(a) Thermal, epithermal and fast neutron flux measurements by the

activation method;

(b) Calorimetric and chemical measurements of energy absorbed from

reactor radiation.

The flux measurement technique applied in the WWR-S research re-
actor [1] which has been in operation for five years, is determined pri-
marily by aspects of isotope production. Microflux distribution and neutron
temperature measurements are carried on within the scope of the reactor
physical experiments [2] performed on the ZR-2 critical assembly built at
the Institute.

In-pile irradiation experiments on organic liquids required the develop-
ment of methods for measuring the energy absorbed.

NEUTRON FLUX MEASUREMENTS BY ACTIVATION METHODS

Thermal and epithermal flux measurements.

In the WWR-S reactor the flux distribution of thermal and epithermal
neutrons is routinely measured in the core as well as in the irradiation
channels adjacent to the core [3]. In the standard procedure 0.7-mm diam.
aluminium wire containing 10% dysprosium or 0.5-mm diam. copper wire
is used. The activity distribution over the wire is measured by a scintil—
lation detector coupled to a semi-automatic counter assembly. The therrhal
flux within the core is usually measured by adysprosium wire, while in the
irradiation channels, where the epithermal neutron contribution to the flux
is relatively small and nearly constant, a copper wire is used.

The absolute values of the thermal neutron flux are determined generally
by measuring the absolute activity of gold foils, using the beta-gamma co-
incidence technique [4].

In the ZR-2 critical assembly, the power of which is limited to a few
watts, dysprosium is preferred because of its high activation cross-section
and relatively short half-life. Dysprosium-aluminium wire was used, for
instance, to determine the neutron density distribution in neutron traps of
various diameters for cores of different lattice pitches [2].

40
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- To characterize the relative magnitude of the epithermal contribution
to the spectrum the index r is used, which is determined by measuring the
cadmium ratio for gold foils in the WWR- S reactor and for manganese foils
in the ZR-2 critical assembly.

FAST NEUTRON FLUX MEASUREMENTS

The absolute and relative values of the fast neutron flux are determined
by means of sulphur threshold detectors. The measured data are evaluated
by making use of the value Geff =114 mb measured in the Rossendorf reactor
of a similar type [10].

MICRO-FLUX AND NEUTRON TEMPERATURE MEASUREMENTS

In the ZR-2 critical assembly the flux distribution over the unit cell
is measured, using manganese, dysprosium, lutetium and europium foils.
The foils are prepared from a mixture of the oxide of the element in question
and polyethylene powder by hot pressing to thicknesses at which the self-
screening of the foils becomes negligeable. The foil thicknesses (in mg/cm?)
are: 2, 2, 10 and 0.4 for lutetium, dysprosium, manganese and europium,
respectively. After irradiation the foils are cut into suitable pieces and
the activities of the individual pieces are measured by GM tube or by a 2«7
methane gas—flow counter. Both the flux distribution and the spectrum vari-
ation in fuel elements and moderator are determined from these measure-
ments [5].

The method applied to the determination of the neutron temperature in
the ZR-2 critical assembly is based on the measurement of reactivity vari-
ations induced by dilute solutions of Cd(NOs)z; HoBO3; Dy(NOs)3; AgNOs [6].
This technique has the great advantage of yielding absolute values for the
neutron temperature. The drawback of the method is that the measured value
of the neutron temperature is an average over the solution volume and the
spectrum gets harder in the vicinity of the solutions. These disadvantageous
effects call for further investigations. No such problems arise in measuring
the neutron temperature by means of foils, but the foils should be calibrated
using a neutron flux with known spectrum [7].

MEASUREMENT OF ABSORBED RADIATION ENERGY

For the determination of absorbed energy in organic liquids a calori-
metric technique was chosen as the basic method, since it permits the direct
determination of the radiation energy absorbed in the sample [8]. Because
of the small G~values of the materials involved in our experiments the heat
energy determined by the calorimeter may be considered as the total energy
absorbed.
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. The calorimeter used is a 20-mm diam., very thin-walled (0.2 mm)
quartz flask, which is filled with the organic liquid (a mixture of 28% di-
phenyl and 72% diphenyl methane) investigated in the loop experiment. The
flask is surrounded by a double-walled aluminium mantle. The advantage of
this calorimeteris that it contains a minimum amount of structural materials,"
but its disadvantage is that it can be considered adiabatic only for a short
term (~ 35 s). The calorimeter can be used satisfactorily in the range from
0.1 to 0.4 W/g.

It has been found that, in order to overcome the uncertainty due to the
delayed gammas from the fission products, it is most convenient to per-
form the calorimetric measurements at relatively high reactor power. This
power level in our case is 1 MW, which corresponds to a maximum dose-
rate value of 0.4 W/g. By means of this calorimeter the axial distribution
of the dose-rate in the loop channel is routinely measured.

Investigations have begun for the determination of the gamma contri-
bution to the dose by using a lead-filled calorimeter of similar design. 'The
measurements show the results to be quite‘ sensitive to the size of the lead
spheres. - . )

For monitoring the dose, purified diphenyl samples were irradiated and
the Ggas values were measured. For this material the Ggas value is nearly
independent of the irradiation temperature and proportional to the dose up
to 109 rad. In the near future other materials (also of CHg type) will
be investigated.
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In the Netherlands the following research reactors are in operation:
1. The HFR (High Flux Reactor) at Petten, which is very similar to
the ORR reactor at Oak Ridge in the United States and the Swedish
R2 reactor. - The maximum power is 20 MW. It is owned by Euratom
and is operated on its behalf by the Reactor Centrum Nederland
{RCN). .
2. The LFR (Low Flux Reactor) at Petten, very similar to the Argonaut
) and Jason reactors, Its maximum power is 10 kW, and it is oper-
) ated by RCN.
3. The KRITO reactor in Petten, a critical facility to test the possi~
bility of a specially designed ship propulsion reactor. Operated at
a few watts by RCN.
4. The HOR (Hoger Onderwijs. Reactor) in Delft, a swimming-pool-
type reactor with a maximum power of 100 kW. It is operated by
the Reactor Institute Delft. ' .
5. The BARN (Biological and Agricultural Reactor, Netherlands) at
Wageningen, operated at 100 kW. '
The experimental work on in—pile dosimetry is mainly concentrated in
the reactor centre at Petten, although the Institute for Nuclear Physics Re-
search at Amsterdam has given valuable contributions to the subject of fast-
neutron activation detectors [1, 2, 3]. In the centre of Petten, Euratom and
RCN co-operate, for this subject, in a radiation metrology group.

THERMAL NEUTRON MEASUREMENTS

For the measurement of thermal neutron flux densities Dy, Mn, In, Au,
Cu and Co are used in several forms, that is,in the form of foils and wires
with different dimensions. For absolute measurements Au and Co foils are
used widely, because of the ease of absolute activity measurements with
the coincidence method. The other materials mentioned are sometimes used
for the measurements of relative flux density distributions.

For the determination of the fluence of thermal neutrons only cobalt-
foils are applied, because of cobalt's long half-life. For the absolute
measurements of cobalt activities in the millicurie range, we rely on a set
of Co®® sources, calibrated and provided by the Euratom Central Bureau
for Nuclear Measurements in Geel, Belgium (4, 5]. Measured thermal-flux
densities are expressed as conventional flux densities (i.e. as 2200 m/s
flux densities).

43



44 W.L ZIJP
FAST NEUTRON MEASUREMENTS

Fast-neutron flux densities are routinely measured using the reactions
Ni58(n, p)Co% and Al27(n, @)Na24. For the determination of the fast-neutron
fluence the following reactions are used Ni%(n,p)Co58, Ti46(n, p)Sc4s,
Fed4(n, p)Mn54 and Cub3(n, @)Co8®. The reaction with nickel is considered
as a standard reaction, although it has the following disadvantages:

the half-life of 71 d is, in particular for long-term irradiations, too

short; and

corrections for the burn-up of the Co% and Co5m by thermal neutrons

must be applied, and cannot be neglected;

the cross-sections for the important reactions Ni%8(n, p)Co58m Ni5§n, p)

Co%, Co®8m (n,y)Co% are not very well known.

For short irradiations the reaction with titanium seems a promising
alternative [6]. For longer irradiations only the reactions with iron and
copper are applied, although not all nuclear data are available with the de-
sired accuracy. Iron might be applied in enriched composition to minimize
the Fe% activity produced by thermal neutrons. Full attention is given to
other reactions with low effective thresholds, e.g. the reactions Rh193(n, n)
Rh103m | InllS(p n)Inliém and Np237(n, f).

Experiments for the determination of the fast-neutron spectrum in re-
actors using threshold activation detectors have been performed [7] and this
effort will be increased. From the observed specific saturation activities
spectral indices [8) are derived and compared with theoretically calculated
spectral indices assuming a distribution in the form N(E) = CEY exp (-BE).

While in many cases the neutron spectrum at irradiation positions is
not fully known, and while therefore reliable values for effective cross-
sections are not always available, we generally use the average cross-
sections for a fission neutron spectrum in the calculations, thus obtaining
""equivalent fission flux densities' or "equivalent fission fluences''.

Details on the calculation methods are given elsewhere [9]. Compi-
lations [10, 11] on energy—dependent cross—sections for threshold reactions
are used to determine average cross—sections and effective thresholds. A
report to the Euratom Working Group deals with the influence of the in-
accuracy in the cross-section curves on the determination of the fast-neutron
flux density {12].

INTERMEDIATE NEUTRON MEASUREMENTS

The normal procedure for measuring the intermediate flux densities
with the cadmium ratio for gold foils is also practised in the Netherlands.
The Westcott convention for representation of flux densities and cross-
sections is generally used.

Some time ago experimental work was started to obtain information on
the spectrum of intermediate neutrons, using several resonance detectors.
An extensive literature review on methods and techniques applied elsewhere
has been written [9]. Experiments have been performed using Co, Mn, Au,
Cu, As and Ga detectors. The triple foil technique, as mentioned by EHRET
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[13] has been applied. Work was started using relatively thick foils, where
the self-shielding was nolonger negligible. Tables with correction functions
[14] have been made following the assumptions made by MANNER and
SPRINGER [15]. T

NUCLEAR HEAT GENERATION MEASUREMENTS

In the HFR reactor the nuclear heating has been measured in several
positions applying the following two methods [16]:

determination of the heat current in a sample material (aluminium or

stainless steel) by measuring the temperature difference with thermo-

couples between two appropriately chosen points:

determination of the equilibrium temperature of a sample,the heat trans-

fer from the sample to the surroundings in the instrument being de-

termined previously in laboratory experiments.

The first method has been applied for measurements within the reactor
vessel and also in the so-called pool-side facility, while the second method
has been used for special measurements in this pool-side facility and in the
pneumatic post system.

The measurements within the reactor vessel have been performed using
a plug fitting in the normal beryllium reflector 'elements. This plug consists
of a series of cylindrical samples (about 12), separated by filler samples,
welded together (see Fig.1l). All samples have a central cylindrical hole,
through which pass the thermocouple wires from samples below. Each
sample contains two thermocouples, one near the central hole, and one near
the outside.

The heat transfer occurs in radial direction, as the axial heat transfer
is diminished by small gaps between the successive samples. The tempera-
ture difference between the two thermocouples is a measure for the nuclear
heating. The heat generation was calculated, using the following equation:

- AT
p{%(rg -r2)-r2lnr /n}

where H = heat generation (in W/g)
X = heat conductivity (in W/cm °C)
‘AT = temperature difference between the two thermocouples (in °C)
p = mass density of the sample material (in g/cmS3) '
ro = radius to the outer thermocouples (in cm)
r, = radius to the inner thermocouples (in cm).
r = radius of the central hole in the plug (in cm)

From the results it follows that the position of Cd—fuel connection in
the control members has a great influence on the heat generation. The
measuring device 10 cm above the core centre line especially shows a great
variation between the beginning of an operating cycle and the end of the cycle
(at the start about 80% of the heat generation at the end). The variations
of the maximum heat generations for various fuel core configurations amount
to about 20%.
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Detail of measuring plug

Outside the core a device was used, consisting of an aluminium cy-
lindrical pin, mounted on one side on the base of a can. By applying
a vacuum in this can the radial heat transfer can be neglected with respect
to the axial heat transfer. The heat generated will therefore be transferred
via the base plate to the surrounding cooling water. The temperature dif-
ference between the two ends of the cylindrical pin is measured withthermo-
couples. The heat generation in this case is calculated with the formula:

_ _2)\AT
T I

where x; and x, denote the positions of the thermocouples.

The second method mentioned above is applied with a different device.
An aluminium sample is housed in a water-tight jacket of stainless steel.
Inthe middle of the sample and on the inner side of the jacket the temperature
is measured with thermocouples. As the jacket is very thin, it is assumed
that the measured temperature difference is approximately equal to the
temperature difference between sample and outer side of the jacket, while
the radiation heating of the jacket can be neglected.

In this case we have the following equation:

AT(t) = PR(1 —exp(~-t/RMCy))
where AT = temperature difference between sample and jacket (in °C)

P = heat production of sample (in W)
R = heat resistance between sample and jacket (in °C/W)
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M = mass of sample (in g)
Cy = specific heat of sample {in W/°C g)
When equilibrium has been reached

AT =PR=MHR.

The quantity R is determined in laboratory experiments from cooling curves.

The total accuracy with which the nuclear heating is determined by these

methods amounts to about 15%. The main sources of error originate from
the thermocouple signal, the position of the thermocouples and the values
of the thermal conductivity of the material. For the design of irradiation
capsules or loops the accuracy obtained for the materials investigated is
quite satisfactory.
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HEKOTOPBIE BOINNTPOCH! JO3UMETPUU
HA PEAKTOPAX*

E.A. KPAMEP-ATEEB
MOCKBA, CCCP

IIpo6neMy AO3UMETPHH HA pPeaKTOpe, OYEeBUAHO, MOXHO NOAPa3Ae/UTE Ha
2 yacTHBle 3ajauu:

1. HamepeHUe 003 U MOTOKOB BOKPYT peakTopa, CO3JaBaeMbIX U3JIyUEHHEM,

BHIXOAAIMM M3 3allUThl U PACCESHHBIM NOJIOM, NOTONKOM, CTEHAMU H T.X.
2. V3mMmepeHHe HO3 ¥ NOTOKOB M3JIYYEHUs B KaHajax peakTopa.

Kaxnast u3 5TUX 2ajay HMeeT CBOU OCOGEHHOCTH ¥ CBOU MYTH PELIEHUsA.
) Jo3uMeTpuyeCcKHe U3MEpPEeHNUs BOKPYTI pPeakTopa, Kak MpaBwlo, NPOBOASTCH
KOMIUIEKCOM NPHEOPOB, COCTOSIWUM U3 AETEKTOPOB FaMMa-H3Jy4YeHHs, GBICTPHIX
HeHTPOHOB BCEBOJIHOBBIX HO3uMeTpoB [1]. TIpiMepoM Takore KOMIUIeKCa NpH-
6opoB saBnsieTcs PeHTrenomeTp YHUBepcanbpHbit CUMHTUUISUMOHHBIH — PYC,
paspaborauubiit U.B. Keupum-Mapkycom, JI.H. YcneHckuM u Ip.

PaauoMeTpoM OGHICTPHIX HEHTPOHOB SABASETCH CUMHTHU/IALUUOHHBIA CYETUUK
C AHCHEPCHBIM CUMHTUNsAsTOpoM ZnS(Ag) B nonuctupone. BceBonHOBOM Ao3u-
MeTp npenctasiasieT coboit cdepy anamerpom 30 cM, BHYTpH KOTOPO#H noMeleHa
eme ogHa cPepa nuamerpom 15 cm. HapyxHoe cdepuueckoe Konbuo 3aNOJHEHO
cMechi0 napaduna ¥ Kapbuza 6opa s UCnpaBieHHs "Xola ¢ XeCTKOCThri'".
BuyTpeHHHI napa@UHOBEII map UMeeT NMOJOCTh AN NoMelmeHnss GOTOYMHOXUTe~
JIt C TOHKHM GOPOCOZEpXKAWMUM CUHHTWUIATOPOM IJisl PETUCTPAUUM 3aMeIUB-
muxcs HefiTpoHoB. IIpuGop oTnHuaercs xopome#l U30TPONHOCTEIO. Kpusas
4yBCTBHTENBHOCTH NpubGopa BbIGOPOM pa3MepoB H KoJHvyecTBa GOPHOTO Norao-
TUTEJs1 NOATOHSJIACE NIOA KPUBYI0 6uonornyeckoil 9 dekTHBHOCTH HEHTPOHOB.
Omubka MpH H3MEepeHUSIX 9TUM NPUGOPOM HeHTPOHHOT O M3NYYEHHs, BHIXOASWETO
U3 BOAHBIX, rpad@uTOBHX, GepunnueBbix, 6@ TOHHbIX 6apbpepoB, He NpeBhimaeT
10 +15% (ucknpo4ass CTATUCTUYECKYO OMHUOKY).

Tlpu usMepeHuu GHONOTHYECKUX LO3 MOCJE CNOEB U3 BEChMa YHCTOIO Xeje-
3a omu6Ka B U3MEpeHUH MOXeT 3HAUHWTE/NHbHO YBEJUUYUTHLCS 3a cyeT Gonanmero
KOJIMYEeCTBA NPOME KYTOUHBIX HEHTPOHOB.

Hcnons3oBanue koMmiekra PYC no3sBoiuIo cocTaBUTh Golee NpaBHILHYIO
KapTy LO3HOTO MNOJIA BO3je peaKTopa W BBHIAEAUTH T'PYINy NPOMEXYTOYHBIX Hef-
TPOHOB, NMOJ KOTOPOH NMOHUMAJICS NOTOK HEHTPOHOB c 3Heprueit ot 1,5 M3r no
1 3B. .

Hapsigy ¢ BbIe ONMCAHHLIM NO3UMETPOM HUCHONAbL3YHOTCSA M Apyrue Moiudu-
Kauuu npubopoB ¢ nNpelnBapUTeNbHBIM 3aMednenueM. JosuMmerp, paspaboTaH-
HBIH AnapoceHko 1 CMUpeHKUHBIM [2], npencTaBaseT coboll UMAWHAP HHAMETPOM
34 cM, BHYTPH KOTOPOTO noMellaercs OOpHbIA cYeTydK auaMeTpoMm 3,5 +3,8 cM.
U30n03HA RETEKTOP, KAK OH Ha3BaH AaBTOPaMH, UMEET MEeHbLIYH 3aBHUCHMOCTH
4yBCTBUTEILHOCTH, BhIpaXeHHOH B 63p, OT 9HEPTUH, HO XYAWYK H3OTPOMNHOCTE,
yeM npubop PYC.

CymecTBYOT U Apyrue cnocofrl u npuboper, No3soasiomyue BeCbMa TOYHO
onpenenuTsh ,uoayv OT HEeHTPOHOB.

* Copies of this paper may be obtained in English upon application to the Agency (Ref. PL-121/18),
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W3 cKa3aHHOTrO B E BHIHO, UTO §ONbmMOE BHHMAHUE YIENSeTCS H3MEePEeHHI
O3 KaK OT OBICTPHIX, TaK U NPOME XYTOUYHEIX HeHTpoHOB. B nenom mpobirema
H3MEPEeHUS NMPOMEXYTOYHBIX HEHTPOHOB CUHNTAETCA BaXHOM U MO ceil AeHb.

Eciu 3a BepXHIOK TpaHKLy HHTEpPBana NMPOMeXYTOUYHBX HEHTPOHOB NPHUHATE
0,5 MaB, To oueHku nokasrBaboT [3], 4yTo nocne BogHoro Gapsepa Ao3a NPo-
MeXyTOUHHX HelTpoHoB cocTaBiaseT 11% OT A03H 6CTPEIX, NOCHe GeToHA —
okono 50% u nocne rpadura — okono 60—T0%. OaHako, €C/H 3a BEPXHKIO
TPaHuLy NPOMEXYTOYHEX HeHTPOHOB NPHHATE 1 M9B, TO, eCTeCTBEHHO, BKIak
NpoMe XyTOUYHBIX HeHTPOHOB BO3pPACTaeT. .

Biigiesium 3 Tpynnsl HelTpoHoB: 1 o8B — 10 k3B, 10 k3B — 1 MaB u Gonble
1 Mss. B sToMm cnyuae, nocne Be Tonmuno# 30 cMm go3a or 1 rpynns — 1%,
ot II rpynnst — 18%, ot III rpynnst — 81%; nocne rpadura Tonmunoin 90 cM:
ot 1 rpynmnst — 10%, II — 42%, III — 48% u, HakoHel, nocjie BOAH — 2; 27,5 H
70,5% COOTBETCTBEHHO.

Ecian xe netekrop GHCTPHX HEATPOHOB ob6najaeT HHXHUM [IOPOTOM OKOJO
1,5 MaB, To Torgza Ha gouio II rpynnw (T.e. oT 10 k3 zmo 1,5 M3B) npuxo-
xurcs 44% nocne 30 cM Be, 62% nocne 90 cm rpadura, 50% nocne Bonsl.

M3 5THX AAHHHIX BUAHO, YTO HEJIB3S He YUHTHIBATEH BKJAJ MPOMEXYTOUHEIX
HEeHTPOHOB U OTPAaHUYUBATHCS H3MEPEHHEM TONBKO GbICTPLIX HEHTPOHOB.

YacTo AenaioTcsl MONBTKH H3MEPEHHSI NOTOKA NPOMEXKYTOYHBIX HeATPOHOB
GOPHBIM CUETUYHKOM B KaaMueBoM dunrTpe ¢ nociaelynomeii sKcTpanonsuuei
RaHHBIX IO paBHOBeCHOMY cnektpy Pepmu. OaHako Takoil NoAXoA HeomnpaBAaH,
HECMOTPs Ha NPHUBJeKaDIylo MPOCTOTY MeToAa U3-3a Gonpmoi omubKu.

Tak, ans oAasl omubka 3TOoro MeTtoAa cocraeaseT 100% npu BepxHel rpa-
uuue 0,5 Mas u 300% npu BepxHeilt rpanune 1,5 MaB [4] (Takue u3MepeHus 3a-
HHUXaoT A03Y). .

IIpu U3MepeHUAX X03 U NOTOKOB BHYTPHM peaKTopa HMEeeTCsH CBOM Kpyr crhe-
uuduyeckux 3agauy. TpeGoBaHHUs K BeJUUNHEe ZeTeKTopa, HaJluuHe BBICOKHX
[IOTOKOB palHallii He MO3BOJISIT HCNONAb30BaTh KETEKTOPH C 3aMelIUTeNeM.
C apyro# cTOpOHH, KpyT 3allad, pemaeMBbIX B 3TOM C/lyyae, 3HaAUUTENHHO MHpeE:
obnyuenue Marepuanos, 6uonoruyeckux o6rekToB ¥ T.A. IlosToMy mpeacras-
JieHHe NaHHBIX B 69p'ax Bpsaa nu 6ymeTr aocrtaToyHbhiM. OuYeBHAHO, YTO 3HAHHE
CHEeKTpa HEHTPOHOB B PA3/IMYHBIX TOYKaX PeaKkTopa SABAAETCSH NPeANOYTHTE/NbHHM

CrnekTpsl GHICTPHIX HEHTPOHOB BHYTPH peaKkTopa, Ha BhIXOlle 9KCIEeDHMEH -
TaAbHHX KaHaJOB, KaK MPaBWIO, ONpeRe/sTCA NOPOrOBBIMU HHANKATOPAMU .

Haubonee ynorpeburenpusimMu apaaoTca: Th232(nf) E=1,0 Mas, U238(n f)
Enop = , P32(np)Si32 Epep =3 Mas, 532(np)P32 Epgp =2 Mss, Al27(np)
Mg27 E nop = 5,3 Mas, Si28(np)Al28 Epnop = 6,1 MaB, Fe6(np)Mn56 Epop = 7,6
Mg, Al27(na)Na?4 Eqop = 8,6 MaB.

KpoMe 2THX, MHPOKO U3BECTHHIX LETEKTOPOB, UCIOJL3YIOTCHA U3OTOMNHl, ¥
KOTOPHIX B pe3yJbTaTe HeYNpororo paccesHus obpasyeTcs AMUTENLHBIN MeTa-
crabuisHbi ypoBeHs [5]: ’ ’

Initm _ 3$pd. nopor 1,5 Moes; T = 1,5 uaca (Ga@ =0,2586);
Hg!"™ — 5$®. nopor 1,9 Map; T=44 wMun (0,4 =0,126).
Tpu ucnons3sosanuu ueAusi-115 u pryTn-199 raMMa-Hu3jly4YeHHe NMPoAyKTOB peak-

LHH peTHCTpUpPyeTCs, KaK nNpaBuio, 6onbmuM KpucTamioM NaJ(Tl) u cuuHTHI-
JIAUMOHHEIM cnekTpoMeTpoM co 100-kaHaNnbBHBEIM aHAMIN3aTOPOM.
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IIppMepoM Takoro HCNOJAb30BaHHA MOXET CIYXHUTh paoTa NO U3MEPEHHK
CIIeKTPOB B 3KCIIepPUMEHTA/NbHOM KaHale peakropa BBP-2 [5].

Cpa3y cnelyeT NOAYEPKHYTH, YTO MCNOAb30BaHHE NOPOT'OBHX AETEKTOPOB,
HECMOTPA Ha CPABHHTEJIEHY O NMPOCTOTY U3MEPEHHA, MOXET NPUBECTH K 3HAYH -
TeJBHBIM OMUOGKAM Kak M3-3a OTPAaHHYEHHBIX 3HAHHUH TOUYHBIX CEYEHHH, TaK U3~
3a HECOOTBETCTBHs M3MepPseMOro crnekTpa HeATPOHOB "npo6GHoMy" — 0GBIYHO
CNeKTPY HAeJIeHHUs .

H3-3a Takoro HeCOOTBEeTCTBUs omubka U3MepeHUa MOXeT JAocTHrats 100%
u 6onee. Jinsi yBeNUYEHHUS TOYHOCTH M3MepEeHHil 61 Npel/IoXeH psj cnocobos.
OZAMH U3 HUX — MeTOJX NocieloBaTeNbHHX NpUGIKKEeHHA — He HY XAaeTCsI B 0CO-
6oM noscHenun [6]. Hpyroit MmeTox 3akiwuaeTcs B nogbope "npobroro" cnek-
Tpa HeHTPOHOB, 6IM3KOTO K HCCIERyEeMOMY . :

Jlnst NpaBUABHOCTH KOHTPOJSA BBOJAUTCHA NapaMeTp OMUOKH:

®o,x%%, k,aq)/({ok VmdE
€= © ’ Ek,a@,nop> Ei.ad),nop
P, Uo,i,sq»/({"i VmdE

Ecau usmepsieMsiii 1 "npo6bHbIil" cneKTphl COBNajamwT, TO € 6au3ko K 1, Ecau
€ <1, TO 5KCNepUMEHTANLHBHA CIEeKTP MATrYe, Npu € > 1, sKCepUMeHTaNnbHbIH
CNeKTp XecTuye TeopeTHiecKoro "npobHoro" crnekTpa, B3ATOIO Als pacyera.

Ecan nMeTh HaBGop CIIEKTPOB, TO MOXHO NOAOOGPATH TaKHe, UTO € HE CHIBHO
oTanyaeTcss oT 1 kak B Ty, Tak U B APYTYI0 CTOPOHY. B 3TOM ciyyae MOXHO
onpe,uezm'rs HHTeTpanbHbI MOTOK HEHTPOHOB, Kak cpelHee Mex,uy STUMH "BH-
JIOYHBIMH" CIIeKTpaMM, a UMEHHO:

8, = SokeePox’l [om kog* ook®ok - 1/om,kod
2

TIpMMepoM KOMMNIEKCHOT'O HCCAENOBAHUS CNIEKTPaNbHBIX pacnpeiesneHuil
SIB/ISIETCA TakKXe HCcleloBaHue peaktopa BP-5 [7]. H3yueHue cnexrpos npo-
BOAMIOCE B KaHajlaX, MPOXOASNIMX Uepe3 HUKeNHeBH# OoTpaxaTeNlb W 3aMHUTY
OT NOBEPXHOCTH AKTUBHOMN 3OHBHI.

B akTUBHON 30HE CIIEKTP AOBOJIBHO XEeCTKUI U 3HauyuTeNbHas ero 4YacTh
nexut Boime 100 k5B. Hukenuern#l orpaxarens e popMUpPyeT CNEKTP Hei-
TPOHOB TakK, YTO UX CPeJHss SHEPTHA JIe XKUT B 061acTH JeCATKOB K9B. HNe-
TajJbHBle U3MEPEHHUS NPOBOAWINCH MJIS HEHTPOHOB C 9Heprue# Bome 50 K3B.
B ocTansHBIX CAy4asX MCNOAb30Banuchk peakuuu U235(nf), Th232(nf), Al27(na)
Na24, Pu239(nf). Kpome TOro, CNeKTp HeATPOHOB HNpH MalblX 3HEPTUAX HUC-
cneposancs gerekropaMu Aul®(nvy), MmeTosoM pescHaHCHOH 6rokupoBku [8].

Kamepa nenenus ¢ Pu239 6rna BCEBONHOBHM CHETYHMKOM IS AManasoHa
sHepruit oT 50 k9B Ko 6 M3B M HCNONB30OBaJNACh TOJALBKO B TeX MecTax, rje
CHEeKTp JeXUT B 06/1aCTH MOCTOSIHCTBA CEYeHUsd .

UnTepecHslit criocob Gb NpeanoXeH ANt U3MEPEHUsl CIIEKTPOB IPOME XY -
TOYHBIX HEeHTPOHOB B KaHalaXx peakTopa [9]. Hcnons3oBajacs MeTOA IPONycCKa-
HUA 4Yepe3 "n-rekcaH" B xopomefi TeoMeTpun. JeTexkTopamu 61K GOpHBIE
cueTtynku. KpuBas nponyckaHus—u3obpaxeHue — NojBepranacs o6paTHOMY
npeobpasosaunmo Jlannaca. IlonydenHrrt opurunan nocne yuera SHepreTH-
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YyeCKo# 3aBUCMMOCTH YYBCTBHTEJIBHOCTH JeTEKTOpa H y4YeTa CeUYeHHA N-TeKcaHa
[O3BOJHA YCTAHOBHTH CHeKTp HefiTpoHoB. KpoMe Toro, B 0ZHOM M3 KaHaJloOB
CneKTp GBICTPHIX HEHTPOHOB U3MeEpPSAJICA TaKXe MO TPeKaM NPOTOHOB OTIAayu
B doToomMynscur. BrlIo o6HapyXeHO, YTO TOJBKO NpPH dHeprusax Gonpme 3 Mas
CIeKTp COBNajaeT CO CNEKTPOM JeJIeHUsd, H XOPOMO COIVIaCyeTCs C pacCYeTHBIM
CHEeKTPOM, onpede/IeHHEIM [0 MHOTOIpynnoeoMy metony (18 rpynm).

B psane cnyuaes, npyu obayyeHu 6HONOTMYECKUX OOBEKTOB HCNONAL3YIOT
NMOJIN3THIEHOBR e KaMephl C BOAOPOAOCOJepKalluM HaNoJHUTeNAeM. Bkaan
raMMa-u3JlyyeHHus onpejnenasiercs no rpaduToBoil KaMepe, HalOJHEHHOH yrie-
KHCJIBIM Ta30M ¥ BHIUHTAETCH. . '

Ilpy GospmUX MOWHOCTAX AO3BI, HAPALY C XMMHYECKUMHU LO3HUMETpPaMH,
YNOTpebAAOTCA TEPMONIOMHUHHUCIEHTHbIe cTekaa [10]. OHu oTnuvalbTCcs ypes-
BHIUAIHO MUPOKUM IAHANa30HOM peTHCTPUpyeMEIX fo3 oT 0,02 mo 2-108 pan,
npuyeM UX NOKa3aHUA HE 3aBUCHAT OT MOIIHOCTU AO3HI BIUIOTH 10 103 pa,u/cék.

3xecrs, KOHEYHO, YNIOMSAHYTH RajleKO He BCe MeTOnH ynorpebinseMile B
CoserckoM Cowoo3e, a oTpaxeHs Haubojlee pacnpoCcTpaHEHHEIE.
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A STATUS REPORT ON IN-PILE DOSIMETRY
IN THE UNITED KINGDOM

W.R, LOOSEMORE
ATOMIC ENERGY RESEARCH ESTABLISHMENT, HARWELL, BERKS,
UNITED KINGDOM

1. INTRODUCTION

This brief report will review some probléms of in-pile dosimetry
currently being examined in the United Kingdom under the two main headings of:
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(i) measurement of the reactor radiations, including fluence, fluence

rates and spectrum characterizations;

(ii) measurement of absorbed dose in materials by reactor radiations.

These divisions are convenient not only because of the widely different
techniques necessary for the assessment of the various parameters but also
because they underline the basic difference between absorbed dose and ex-
posure. Confusion between these two items has long resulted in misunder-
standings in radiological research, but a substantial measure of agreement
has recently been reached by the International Commission on Radioloéical
Units and Measurements (ICRU) and it is hoped that their findings may be
accepted by reactor physicists. )

Almost all the work at present being conducted in the United Kingdom
is done at the various establishments of the Atomic Energy Authority (UKAEA);
almost no effort is expended on this subject by the Universities, Central
Electricity Generating Board or the commercial reactor construction con-
sortia, but this is inevitable since almost all the United Kingdom research
reactors are operated by the (UKAEA),

The necessity for standardization of techniques and the use of generally
acceptable values for important constants (cross-sections, etc.) is recog-
nized as a matter for urgent consideration, and under each heading there is
given some indication of progress which has already been made towards this end.

2. MEASUREMENT OF REACTOR RADIATIONS - EXPOSURE

A most important factor is the need for agreement on the conventions to
be adopted in measurements of neutron flux or fluence, and this is con-
sidered first.

2.1. Neutron flux conventions for use in reactor irradiation experiments

There is a considerable variation in the neutron energy gpectrum in the
various types of research reactors in use and from place to place in any one
reactor and a single measurement of a ''neutron flux'" with no reference to -
how this flux is defined is not adequate for a reactor experiment. One of the
most urgent needs in the field of reactor experiments is for a wider appre-
ciation of the importance of the neutron energy spectrum and for more pre-
cision and care in the presentation of experimental flux measurements. Un-
fortunately, the techniques at present available for the measurement of
neutron flux and spectrum are not adequate for all the necessary data to be
obtained, particularly in the range of energies of interest inradiation damage
studies. These techniques are improving all the time however and much of
the value of some very expensive irradiation experiments can be lost if the
flux measurement results are presented in such a manner that they cannot be
re-interpreted as better data becomes available.

Ideally, data should always be presented in such a manner that the method
of measurement is obvious and the original measured data can be recon-
structed. Also it is desirable that any convention should present the data
in a direct and simple manner with as few assumptions and approximations
as possible. Unless this is so there is always a danger of misinterpretation
or misapplication and the convention will soon become outdated.
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2.1.1. Thermal and epithermal flux conventions

The convention in use for the presentation of thermal and epithermal
fluxes is that described by Westcott. It has the advantage of being simple
and straightforward in application and does not introduce any arbitrary cut-
offs in continuous energy spectra, Its main disadvantages are, firstly, that
the fluxes obtained are not immediately applicable to fuel irradiation experi-
ments and, secondly, that rather arbitrary joining functions are assumed to
join the Maxwellian spectrum to the slowing down spectrum. However, these
disadvantages are likely to be inherent in any convention which does. not fully
specify the energy spectrum over the range of energies being considered.

The introduction of an arbitrary cut-off into any convention should be
avoided especially if the use of some heavily absorbing material such as
cadmium is implied. Such a cut-off in what is essentially a smoothly varying
function can only be a source of inaccuracy and error, and the use of cadmium,
which does not produce a sharp cut-off in any case, leads to distortion of the
‘spectrum being measured. '

It is likely that the best convention for thermal and epithermal neutrons
would be a measure of the total neutron density, with the neutron temperature
and an epithermal parameter such as the Westcott 'r!' value quoted where -
necessary. However, for the sake of uniformity the straightforward Westcott
convention is used and a neutron temperature is quoted in addition for those
cases for which it is required.

2.1.2. High energy neutron flux conventions

In the range of energies above a few tens of keV the neutron flux con-
ventions are less well resolved than in the thermal and epithermal range.
Over this energy range the neutron spectrum varies much.more than in the
thermal region, and so far no satisfactory method of neutron spectrometry
has been found. These two points make it extremely important that any
conventions used to expreéss flux measurements should be clearly stated and
understood, and that all data should be capable of re-analysis as new in-
formation on the neutron spectrum becomes available,

The quantity usually measured in fast neutron flux determination is the
activity induced in a material due to a threshold reaction. Ideally, the
quantity which should be quoted is the reaction rate for the threshold reaction
concerned, as this is unambiguous and involves no arbitrary assumptions,
There is considerable resistance to results quoted in this form and most
people prefer some conventional flux even if this is not realistic.

The main criterion that any convention has to satisfy is that it should
be useful, scientifically realistic, and should not imply more than it actually
means. Also it is desirable that it should not impose artificial divisions or
limitations on the quantity being defined; some of the conventions at present
in use for fast neutron flux do not satisfy these conditions.

The use of "flux above 1 MeV'" for radiation damage results is one
example of a misleading convention. Its use implies that in some way the
integral of the flux spectrum above 1 MeV has been determined, but in prac-
tice itis usually assumed that the spectrum above 1 MeV is a fission spectrum
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and the flux is calculated from a single threshold reaction-rate measurement.
This can easily be demonstrated to be wrong by measuring two or more
threshold detectors in several different reactors or in several positions in
the same reactor. Another shortcoming of this convention, especially in
connection with radiation damage work, is the introduction of an arbitrary
cut-off with its implication that radiation damage is caused only by neutrons
with energies above 1 MeV. The spectrum is continuous in this region, with
considerable variations just below 1 MeV; neutrons of this energy have a
substantial effect on the radiation damage for most materials. Thus, calcu-
lations for steel and graphite show that at least as much damage is done by
the part of the spectrum below 1 MeV as is done by the partabove this energy.

Other flux conventions which introduce an artificial cut-off in the neutron
spectrum are equally undesirable and the use of any such convention must
be viewed with suspicion until adequate methods of measuring the neutron
spectrum are available, -

At the present state of fast neutron flux measurement it is very difficult
to define a convention which satisfies all requirements, but if itis required
to quote results in the form of a flux the "equivalent fission flux'' has ad-
vantages. It is defined as the flux of fission neutrons which would produce
the same reaction rate in the detector used. The detector and the cross-
section used to calculate the flux should also be quoted. This convention is
not ideal as it can be taken to imply the presence of a fission spectrum which
is certainly not intended. It does however have the advantage that there is
no doubt about the spectrum used to calculate the results and the original
data can easily be re-constructed from the results. A general agreement to
quote reaction rates would be the best solution to fast flux monitoring, but
failing this the equivalent fission flux has a lot to recommend it in spite of
its limitations. ' ’

2.2. Detectors for monitoring neutron flux
2.2.1. Thermal flux

For thermal flux monitoring cobalt wire is most commonly used. The
wire is 0.25 mm diam. and monitors are cut with a hand guillotine, producing
detectors of weight 1 mg + 3%. The method suffers from the disadvantage
that the neutron self-shielding is appreciable, particularly in the resonance
region. However, the fact that the foils are robust, easily handled and easier
to reproduce than dilute alloys of cobalt in aluminium saves considerable
time in an extensive monitoring programme. The thermal neutron self-
shielding factor for the foils is approximately 0.92 and the correction for
epithermal activation in the core of DIDO where r is 0.1 is 7%.

Individual foils are compared with a set of cobalt standards in an ion
chamber or scintillation counter and, with care, a relative scale forthermal
neutrons can be maintained to about 1% over very long periods. Several
sets of standard foils were prepared and very carefully intercompared at
Harwell, These sets are now in use in several laboratories in the United
Kingdom and also at Ris¢ in Denmark, with good agreement. An extension
of this type of scheme on an international basis would have much to recom-
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mend it if agreement could be reached on cross-sections and self-shielding
factors.

When it is necessary to obtain continuous information on thermalneutron
flux variations recourse is made to miniature fission chambers, and designs
are becoming available which are 6 mm diam. and contain mixed coatings
of U%8 and U5 to minimize the effect of burn-up on current sensitivity. The
use of carefully purified argon/CH, gas mixtures enables pulse counters to
be constructed with current rise-times of less than 2 X 10-8 s, so that mean
counting rates of at least 2 X 10°5/s may be attained with small counting losses.
Pulse counters may usefully supplement mean current chambers whenacti-
vation effects become serious. :

Interest is also growing in the self-powered neutron activation detector,
in which the beta activity produced in one electrode is collected at another
electrode, the resultant current being measured directly. This type of
instrument may bé made smaller than 3 mm diam., and can be little more
than an extension of a standard mineral-insulated flexible cable. It requires
no extensive power supplies and makes much less stringent demands on the
electrical insulation properties of connecting cables,

2.2,2, Fast flux

For monitoring fast neutron flux a similar foil technique is used to that
described for thermal neutron monitoring, but the choice of technique is
more difficult. The most common reaction is Ni®¥(n,p)Co%, but the high
thermal cross-section of Co%8 and Co%m limits its usefulness in high thermal
fluxes due to shortening of the effective half-life. In a thermal flux of
104 n/em? s the effective half-life of these detectors is reduced to about 30d.

For long-term irradiation experiments in high thermal fluxes the
Fed4 (n,p) Mn5¢ reaction is proving to be a useful flux monitor, but this
introduces difficulties due to the Fe5? activity produced with thermal neutrons,
Unless a separated isotope can be used the analysis involves a rather tedious
chemical separation to remove the Fe5? activity, and thus whenever possible
nickel is preferred.

For some experiments requiring the measurement of fast neutron flux
it is difficult to find a suitable threshold detector, and monitoring is often
done using thermal detectors. Careful calibrations are required and it is
not likely that such a technique could form the basis of an internationally-
acceptable method, as it is applicable only in special circumstances.

3. MEASUREMENT OF ABSORBED DOSE AND DOSE-RATE

The main technique in use for the continuous measurement of absorbed
dose and dose-rate in materials under irradiation in reactors has been the
calorimeter of an essentially isothermal design, discussed in the companion
paper.

Calorimeters of a number of different designs, to measure absorbed
dose-rates in different materials in different reactors, have been produced
by a number of workers in different laboratories, although all have used the
same basic design principles. There has as yet been no conscious effort to
intercompare these instruments, although a number have been indirectly
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compared by gamma irradiation where the observed gamma dose-rate has
been measured by the Fricke dosimeter.

The two main research programmes for which these techniques have
been developed are -

(i) to confirm nuclear heatmg calculations and to provide other data

required in the design of experimental in-pile rigs; and

(ii) to study the methods by which reactor radiations modify or induce

chemical changes in materials.

This last programme has special relevance to the study of reaction rates
between the graphite moderator and coolant gases in power reactors forming
part of the United Kingdom civil power programme,.

Calorimeters suffer from a number of disadvantages, mainly because
their dynamic range is limited, and they do not respond instantaneously to
changes in dose-rate.

For these reasons they are being supplemented in the graphite/COz
programme by measurements made with mean current ionization chambers.
The chambers are about 22 mm diam., with thick graphite electrodes, fully
guard-ringed, and have a volume of about 1.36 cm% Pairs of chambers filled
with CO, and argon may be used to evaluate the energy deposition rates due
to fast neutrons and gammas, The sensitivity is about 4.32X108A/mW g.

A programme of inter-comparisons between ion chambers and calori-
meters is currently in progress and agreement within a few per cent has
been obtained in gamma dose-rates up to 106 rad/h. Similar measurements
are in progress in the core of BEPO reactor to compare the response due
to fast neutrons. The validity of the ion chamber results depends on the
assumption that W, the energy/ion pair, is the same in COg for recoil nuclei
due to fast neutrons as for electrons. ‘

A programme of work is being carried out to measure W as a function of
neutron energy over the range 50 keV-4 MeV. Preliminary results at 3.5 MeV
neutron energy give a value for W of 36.3 eV/ion pair compared with the
accepted value for electrons of 36.9't 0.3, but the first figure carries an
uncertainty of perhaps as much as + 5%. Over the range 0.4 - 3.5 MeV
neutron energy (equivalent to carbon recoils between 0.110 + 1.0 MeV) there
is no evidence of any large change in W, but below 100 keV it seems likely
that it may be appreciably higher.

The present ionization chambers have a maximum operating temperature
of about 130°C, but other designs are under development to operate at up
to 600°C.
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INTRODUCTION

Various methods for the dosimetry of neutrons and gamma rays in re-—
actors are reviewed. Generally the emphasis is on novel methods which
may not yet be perfected, inasmuch as more conventional techniques have
already been reported in some detail at previous meetings of the International
Atomic Energy Agency, such as the one held at Harwell in 1962 [1].

Standardization programmes in the field of in-pile dosimetry are being
conducted by two groups in the United States of America. The Irradiation
Standards and Procedures Committee (ISPC), formed under the auspices
of the United States Atomic.Energy Commission (USAEC) Ptogram, Radi-
ation Effects to Reactor Structural Materials, is primarily concerned with
neutron flux measurements for radiation damage studies. The American
Society for Testing and Materials (ASTM), E-10 committee, broader inscope
and national in membership, has distributed several tentative procedures for
measurement of neutron flux. The tentative procedures are under active
consideration and appear close to acceptance,

THERMAL NEUTRONS

The radiochemical determination of the activation products in such ma-
terials as gold, cobalt, indium or dysprosium is a well-established technique
for the measurement of thermal neutrons. Some alternative methods, now
under development, do not require radiochemical analyses.

The change in ratio of selected isotopic pairs is related to the integral
neutron exposure received. Isotopic ratios canbe determined with accuracies
of one part in a thousand using a mass spectrometer and are not subject to
limitations encountered in specific radioactivity analyses.

An example of the method is the use of the isotopic ratio U236/U235 [2],
For exposures causing little depletion of U235, the ratio of U236 to U235 ig
directly proportional to the thermal neutron exposure times the cross-section
for the production of U236 from U235, The equations describing the for-
mation of U236 have been solved more exactly and exposures in the range
1019 - 1022 may be monitored by 'this method. Measurements yielded con-
sistent results for a series of incremental exposures rangmg from 2 to
10X 1020 n/em?.

The chief limitation on the accuracy of this method in known spectral
environments is the accuracy of the cross-sections involved in the analysis.
For that reason, the precision measurement of cross-sections for suitable
isotopic pairs could be a useful programme for consideration by the Agency.
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Another possible isotope pair for this type of measurement is B10 and
Bll, During exposure to a neutron flux, Bl0 is consumed and therefore the
B1¢ -Bll ratio is changed. It should be possible to monitor exposures of
1018-1021 using the naturally-occurring isotopic mixture. If the material
is enriched in B9, a larger range could be measured.

Counting etch tracks produced ih mica by the disordering action of
fission fragments is a convenient and very inexpensive method of detecting
neutrons [3]. The minimum requirements for this method are mica, etching
acid, and an optical microscope. Such modest equipment requirements re-
commend this technique to programmes operating on small budgets. This
method has been demonstrated for reactor exposures to 1020 n/ cm?, but the
upper limit is larger, possibly 1022 n/cm2.

EPITHERMAL NEUTRONS

The epithermal neutron flux is usually measured by resonance detectors.
However, it is necessary to assume a 1/E flux distribution, and in many
cases calculations indicate that the assumption is questionable.

A useful type of computation has been proposed by McELROY [4] to aid
in the measurement of this neutron flux component. A tabulation of effective
cross-sections in a variety of spectra is made. By comparing the activation
of a number of resonance detectors, one could identify the spectral shape
most compatible with the observed data.

At the present time the practice in the United States is to assume al/E
spectrum despite its inadequacy and to analyse the activation of bare and
cadmium-covered resonance detectors. A description of the procedure is
found in the ASTM Tentative E 199-62T, issued in 1962.

FAST NEUTRONS

The measurement of fast neutrons appears to be standardizing in the
United States on the basis of threshold or fission monitors. Nickel and iron
are most extensively used. Fissionable materials such as Np237 and U238
have the notable advantage of lower threshold energy. However, Np238 is
transmutated by thermal neutrons. Fission products from the transmuted
species are a source of difficulty. For U238, fission of contaminant U235 by
thermal or epithermal neutrons may be troublesome. If materials are
shielded from thermal neutrons, these problems are alleviated.

The calculation of neutron exposure actually introduces variability. Past
practice has been to report data on the assumption of a fission spectrum even
for positions where the spectrum is known to be well moderated. There are
two objections to this procedure. First, the activation rate is dependent on
the spectral shape. Second, the extrapolation to neutron energies below
the activation threshold energy is also dependent on the spectral shape. For
these reasons, investigators at several sites [5] advocate the use of calcu-
lated spectra in the reduction of activation data to neutron exposures,
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For much of the radiation-effects data, the unit expressing exposure
to reactor neutrons is nvt E> 1 MeV assuming a fission spectrum. However,
there are recent proposals to modify the exposure unit based on a more
detailed analysis of the displacement process. ROSSIN (6] has introduced
a Radiation Damage Unit (RDU) which is proportional to the average effect
of a fission neutron. The gross displacement production would be calculated
using appropriate displacement models to determine the effectiveness of the
particular spectrum in the experimental position.

A similar analysis (7] has shown that a neutron exposure unit may be
defined which is proportional to gross displacement production with little
dependence of typical reactor spectra or displacement model. This type
of analysis has been applied to results of STEELE and HAWTHORNE [8] on
the shift in nil ductility temperature of steel with irradiation. Data from
a graphite reactor and from the core of a water-moderated test reactor were
statistically distinct as originally reported. Through the use of this ex—
posure unit, these results could be reconciled to constitute a single set of
data. .

From experiments reported on semi-conductors [9], a radiation ex-
posure unit has been proposed based on the relativeactivation of U238 and
Pu239 ., Uranium-238 is a fast-neutron threshold detector, whereas the Pu23¥
is sensitive to neutrons of all energies. From the activations produced in
these two materials, an average neutron energy is calculated which is re-
lated to the effectiveness of various reactor spectra in causing damage to
semi-conductor materials.

GAMMA RADIATION

The measurement of gamma radiation intensity in an operating high
flux reactor such as the MTR is a formidable problem. Therefbre, the tech~
nique developed by LEWIS at the National Reactor Test Station is notable[10].
The calorimeter consists of three units of the same geometrical shape and
with identical thermal transfer paths to a common heat sink but incorporating
two different materials. The materials are chosen to be quite different in
their response to the nuclear heating component. During reactor operation,
the electric power required to maintain identical temperature in each unit
is measured from which both gamma and nuclear heating may be calculated.

Another technique measures total heat generation in a device without
discriminating between gamma and nuclear heating. This device consists of
an aluminium block with a known heat transfer to a heat sink. During re-
actor operation, the block temperature is measured by thermocouples to
determine the heating rate. Examples of such routine measurements may
be found in [16]. The lack of discrimination between gamma and nuclear
heating is desirable when determining the heating rate for an experiment
designed to run at a particular temperature in a reactor.

A similar apparatus has been used at Oak Ridge by BOPP and TOWNS
[11]. A'cylinder is suspended within an isothermal shield and exposed to
radiation in a reactor. The isothermal shield is heated several degrees
above the ambient temperature and its cooling curve is recorded for use in
calculating the rate of heating of the cylinder material.
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Nitrous oxide has been advocated as a dosimeter material by SIMPSON
[12] of the US Naval Radiological Defense Laboratory and also used by
FLORY [13]. This dosimeter is based on the property that nitrous oxide
decomposes linearly with dose into the constituents Ny, Oy, and NO, in the
ratio 1.0:0.14:0.48 respectively. The range of 106 —1010- ergs/g~carbon
may be measured in both pure gamma and mixed radiation fields. Little
temperature dependence (<10%) is noted from -90 to 120°C and the response
appears independent of pressure. Rate effects have not been observed, hut
less than an order of magnitude difference was studied.

STANDARDIZATION

Steps toward greater standardization have been accomplished through
the efforts of the Irradiation Standards and Procedures Committee (ISPC)
of the Radiation Effects to Reactor Structural Materials. Program. The
overall programme, sponsored by the USAEC Division of Reactor Develop-
ment, is conducted at a number of laboratories in the United States*. To
insure greater consistency in data from diverse sites, several committees
were appointed to co-ordinate the programme and assure compatibility with-
in the programme.

~ At the first meeting of the ISPC in April 1962, a list of recommended
flux-monitor materials was compiled. It was the intention of the committee
not to displace traditional methods used by the participating laboratories,
but to assure that all experimenters used some common materials to monitor
neutron flux. The materials chosen were nickel, iron and titanium for fast-
neutron monitoring and cobalt for thermal neutrons. Because the overall
programme deals with radiation damage, the emphasis is on the monitoring
of the fast-neutron component. '

As a second step, the ISPC decided upon a counting intercalibration
programme to insure that the counting of the radiocactive isotopes used in
monitoring did not introduce significant errors. The details of that inter-
calibration have been reported [14]. Inconsistencies up to 100% were found
in the counting of Co%8, Mnb4 and Sc%8 upon the first distribution of samples.
The individuals responsible for the radiochemistry at the several sites met:
to consider these differences and in many cases unsuspected sources of error
were discovered.

A second sample distribution was made and the results then indicated
that counting was being accomplished within a range of 5% among the sites.
Additional samples of Cof® and Co%® have been exchanged with the United
Kingdom Atomic Energy Authority (UKAEA), Harwell Laboratories and
with the EURATOM standards laboratory at Geel. Satisfactory agreement
was noted with both sites. As a result, there is now reasonable assurance
that many laboratories in Europe and the United States are consistent in their
counting of these isotopes.

* Argonne National Laboratory, Battelle Memorial Institute, Brookhaven National Laboratory, Ge-
neral Atomics, Hanford Laboratories = General Electric Co, , Naval Research Laboratory, Nuclear Materials
and Propulsion Operation - GE Co., Oak Ridge National Laboratory,!Phillips Petroleum Co,, Southwest
Research Institute,
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A more extensive intercalibration programme in the United States is
now under way under the auspices of the ASTM E-10 Committee. The central
site for that intercalibration will be the Hanford Laboratories which se,rve'd
as the central site for the ISPC Program. Thus the two counting inter-
calibration programmes will be very closely related.

The activities of the ASTM committee are probably much more familiar
since they have been reported previously. The problem of neutron-flux
measurement finally appears to be achieving some degree of resolution. Spe-
cific tentative procedures have been written for neutron flux measurement
by the activation of sulphur, nickel, iron, aluminium, and a general ten-
tative procedure has been written on the subject of neutron—flux measure-
ments. All tentative procedures, currently under consideration, have been
rewritten several times. With each rewriting, the degree of support has
increased and therefore it appears that some of the tentative procedures will
be approved soon.

It should be borne in mind that ASTM standards do not prescribe the
sole acceptable method for performing a measurement. Rather they define
methods whereby different'investigators should obtain consistent results.
In this sense they constitute a means for intercomparing techniques.
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Work in the field of reactor dosimetry at the Boris Kidri¥ Institute has
been concentrated on the following problems:

determination of integral values of thermal, epithermal and fast neutron
fluxes;

measurements of absorbed doses of reactor radiation in various
materials.

The five years' experience with experiments on the RA 10- MW research
reactor have resulted in the standardization of the most frequently used
techniques for routine neutron flux measurement (foil technique or ionization
chamber technique) and in the development of some new methods, for example,
semiconductor counters for neutron flux measurement and for measure-
ments of absorbed doses of mixed reactor radiation, specially constructed
calorimeters and the aqueous oxalic acid dosimeter.

The measurements are performed in the core or reflector of the heavy
water 2% enriched uranium 10-MW RA research reactor of the Boris Kidri&
Institute at Vin&a [1].

1. NEUTRON DOSIMETRY
1.1, Foil technique measurements

This technique is most frequently used for absolute and relative measure-
ments of neutron flux integral values. The main advantage is a quick pre-
paration of the experiments and the irradiation usually does not interfere
with the normal reactor operation.

The standard procedure for the determination of absolute thermal neutron
flux values is absolute measurement of the activity of gold and cobalt foils.
Gold is mostly used for low power reactor operation up to 50 kW, and acti-
vity measurements are made by the beta, gamma coincidence technique.
Cobalt foils are used for a somewhat higher reactor power, 500 kW and
above, and the measurements are made by the gammma, gamma coincidence
technique [2].

Relative measurements are made in places with low neutron flux values,
such as the beam ports or the thermal column. The applied method consists
of the comparison of dysprosium or indium foil activities with the same foil
activities obtained by irradiation in a graphite standard pile.

The thermal neutron flux mapping in experimental holes is performed
by the activation of copper, dysprosium or gold foils. Relative measure-
ments are made on a set of four intercalibrated GM counters. The flux
mapping is used as a routine check of the distribution changes in the course
of the reactor core life, or caused by the influence of some strong absorber.
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Epithermal neutron fluxes are determined through the epithermal index r.
Owing to the fact that for most irradiations it was necessary to estimate
the induced activity, the Westcott convention for effective cross-sections
was used, and the knowledge of the 2200 m/s thermal neutron flux and the
epithermal index r were sufficient for most calculations. To determine the
r-factor distribution in the reactor core and reflector the cadmium ratios
for Au and In were measured. The self-shielding factors for epithermal
neutrons are determined experimentally.

Fast neutron measurements are standardized with threshold detectors
of S, P, Ni, Al and Mg. The average effective cross-sections over the fast
neutron spectrum are obtained by graphical integration of the 6 (E) curve.
For measurements of the absolute fast flux values inside the hollow fuel
element, the fission neutron spectrum is estimated using the fact that the
hollow fuel element is a sort of fast neutron converter. When measurements
inside experimental holes. are made, the fast neutron spectrum is deter-
mined by calculation and checked indirectly on the basis of the experiment.
It has been assumed that the spectrum inside the hole has the form of avirgin
fast neutron flux from the neighbouring fuel elements. If the neutron spectrum
form is correctly estimated, the results for the integral flux values ob-
tained by various threshold detectors will be consistent, This is usually
the case, as is shown by the experimental results [3,4]. A

1.2. Fission chamber measurements

In the early period of reactor exploitation fission chambers were used
for neutron flux distribution measurements [5]. The fission',chambers were
argon-filled [3 atm] with the addition of 6% CO,. For thermal neutron fluxes
enriched uranium layers inside the chamber are used and for fast neutron
fluxes a thorium coating is used. For measurements inside the reactor core
the chambers are mounted on a long aluminium tube and by a special tech-
nique moved along the vertical experimental holes. Preamplifiers are kept
outside the reactor holes. The results obtained are consistent with foil
measurements. The measurements are quick and easy but their preparation
takes a long time and low power operation of the reactor is required.

1. 3. Semiconductor counter measurements

Semiconductor detectors allow the detection of fission fragments and
heavy particles from various reactions such as (n, alpha), (n,p), etc. Semi-
conductor counters using both fission and n, alpha reactions are broadly
used for neutron detection and measurements at the Vin%a Institute. In
addition to the standard procedure where the counter is in direct contact
with the target and the whole system placed inside the reactor core, a
special procedure has been developed where the counter is separated from
the target. In this method, usually called the long tube method, the target
is placed at'the bottom of a long evacuated Al-tube immersed in the reactor.
A semiconductor counter is placed at the other end of the tube outside the
reactor core. In this way the measurements of thermal and fast neutron
fluxes are possible even if the reactor operates at a very high power and
high flux values. This method is used for a quick determination of the
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neutron flux distributions inside the experimental holes of the RA reactor
without stopping or even changing the power level. The long tube method,
in principle, permits the determination of absolute values of the neutron
flux if the solid angle in the system target-detector and the target efficiency
are known. The preliminary results show that absolute values of the thermal
neutron flux can be determined if the sources of errors are eliminated as,
for example, the fission fragments scattered from the tube walls, self-
shielding of the target, etc. [6,7].

The Lif target with a semiconductor counter has been developed as a
neutron spectrometer for fast neutron spectra measurements. Its practical
use encounters difficulties because of the fact that the resolution is poor
due to the background gamma radiation of the reactor core and the sensitivity
of the Li6 detector to thermal neutrons. Using the fact that the fragments of
the Lié(n, o)H3 reaction with thermal neutrons form an angle of 180°, the
geometry of the counter is adjusted so that these fragments cannot reach the
detector. The thermal neutron background is thus greatly reduced. Appli-
cation is proposed for fast reactors or low power thermal reactors. The
method is being successfully used for fast neutron spectra determinations
inside the RB zero power reactor, with a specially closely-spaced lattice
core configuration {8].

2. MEASUREMENT OF PILE RADIATION ABSORBED DOSES
2.1. Ca]orimgatric measurements

For the period of experimental pile operation atlow powers (up to 100 kW)
an isothermal calorimeter with thermistors was constructed [9]. It measured
the absorbed dose-rates of mixed radiation from 104 to 106 rad/h. The
measurements were made in a few different materials (H,0, D4O, graphite)
as calorimetric bodies, so that the gamma and neutron contributions to the
absorbed dose could be calculated [10] . The accuracy of direct measure-
ments was within 2-5%. It was shown that pile radiation accompanied by
(nvt)yof the order of 1012 n/em2.s, and total (nvt)y, up to 1016 n/cm2:s had no in-
fluence on the characteristics of the thermistors used. However, the values
calculated from experimental results were not quite in good agreement with
those estimated from neutron flux measurements. A high proportion of
gamma radiation contribution to the absorbed dose (about 80%) pointed to
the presence of delayed gamma radiation from fission products which could
not be neglected at low powers. Some later measurements with the Fricke
dosimeter proved this, indicating a possible contribution of the order of
20-30% to the total energy absorption measured calorimetrically. There-
fore, this delayed gamma radiation was probably the source of the dis-
crepancies at low reactor powers. Owing to the uncertainty of such cor-
rections at low powers we constructed another system for measurements
at high reactor power (up to 1 MW),

" A differential calorimeter with three bodies [11] permits the simulta-
neous determination of the energy absorption and the contributions of the
different components of the pile radiation. Besides, the estimation of the
different corrections necessary for isothermal or, in general, one-body
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calorimeters was avoided here. In such a device one body was empty (refer-
ence) and the other two contained materials with different cross-sections
for neutron elastic scattering. Measurements were made in different ma-
terials as calorimetric bodies: H.,O, DJO, graphite, polystyrene, poly-
ethylene. This construction is specially suitable for experiments in the
pile radiation chemistry of water and aqueous solutions; a calorimetric
body can be a sample in which, after irradiation and energy absorption
measurement, chemical analyses are made. At the same time the contri-
butions of neutron and gamma radiation can be obtained. Results obtained
with this device are in good agreement with those derived from other physi-
cal measurements [12].

2.2. Aqueous oxalic acid as a chemical dosimeter

Following an earlier suggestion [13] for the use of the decomposition of
aqueous solutions of oxalic acid in chemical dosimetry, subsequent studies
have led to the development of a dosimetric procedure [14, 15]. Compared
with existing chemical dosimeters, the oxalic acid dosimeter has many ad-
vantages: induced radioactivity is negligible; the dose-rate range and the
upper limit that can be measured are considerably greater and permit
measurements during long irradiations or at fairly high dose-rates; the
system is neither sensitive to impurities nor photosensitive. A good re-
producibility in routine work can be achieved [16]. Although it seems to be
the only aqueous chemical system at present available which can be used for
measuring large radiation doses within the reactor, it is certainly not an
ideal dosimeter. One of the reasons is the fact that the amount of the de-
composed acid used as a measure of the absorbed dose must be determined
. from the concentration difference before and after irradiation; the smaller
the difference, the higher the possible error. Because of the non-linearit:y
of high conversion, this system requires lengthy calculations and previous
selection of the conversion ranges is desired so as to permit dose measure-
ments in the multi-megarad region at levels of conversion at which linear
behaviour is encountered. Other inconveniences are more or less the same
as those of other aqueous systems ~ undesirable heating of the samples at
very high dose-rates and the formation of large amounts of gases (H, and
COZ) at high absorbed doses which produce considerable pressure in the
dosimetric vessel. The radiation-chemical yield is LET-dependent and in
the calculations the relative contribution of the different LET components
(fgammavand f,) have to be taken into account,

G(- H20204)p11e = gammax Ggamma+ fp X Gp ’
where fga;mm, and f; are derived from physical measurements.

Ggamma = 4.91 * 1.5% is measured calorimetrically [17]. G, depends on
LET values of protons in given conditions. As derived from recent measure-
ments in the core centre of the RA reactor it is fairly high (3.3) and indicates
a low proton energy under the given circumstances. Further experiments
are in progress to get more information about the low-energy-particles com-
ponent in the mixed pile radiation and the corresponding decompositionyields
of the oxalic acid dosimeter,
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2.3. Solid oxalates for in-pile measurements

Our present work refers also to the possibility of the use of some solid

oxalate in the chemical dosimetry of pile radiation. The preliminary results
indicate that as a measure for the absorbed dose not bonly could the decom-
position of the solid samples be used, but also spectrophotometric and lumi-
nescence measurements of the products formed during irradiation [18] .
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ACTIVITIES OF THE EURATOM DOSIMETRY
WORKING GROUP FROM 1962 TO 1964

P, DELATTRE
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GIF-SUR-YVETTE, (S. et O.), FRANCE
AND
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BUREAU CENTRAL DE MESURES NUCLEAIRES,
COMMUNAUTE EUROPEENNE DE L'ENERGIE ATOMIQUE, GEEL, BELGIUM

1. INTRODUCTION

The present report of the Euratom Dosimetry Working Group supple-
ments the first one* and refers to the activities of the group from September
1962 to June 1964. In this period the T7th to 12th plenary meetings, as well
as several meetings of the sub-groups, were held. Sub-groups have been
formed for the following fields:

the use of cobalt for integral flux measurements of thermal neutrons;

sample technology; ;

cross-section compilations; and

termihology. i

The sample technology sub-group held two meetings at Saclay and Geel
and tried to obtain a first survey on the possibilities and requests of sample
preparation. For example, several thousands of samples are requested
at the Bureau Central de Mesures Nucléaires (CBNM), so that some or-
ganization and normalization is a worthwhile task.

The terminology sub-group has directed its efforts into two main chan-
nels, one to unify the use of symbols -and neutron physics expressions [114,
143, 144, 145, 169] and the other to determine a common language in the
field of errors and corrections of measured values |155, 156]. '

2. MEASUREMENTS ON THERMAL NEUTRONS AND LOW-ENERGY
INTERMEDIATE NEUTRONS

For more details on this subject the references to this paper should
be used. We mention here only those subjects which are considered as most
important. These can be summarized as follows:

{a) The use of cobalt to integrate thermal neutron fluxes. Working Group
members have been advised to use this method systematically to facilitate
comparison between the experiments carried out in the different reactors
of the European Community countries. Publication of the text giving de-
tails of application of the method has been delayed and the final document
was only issued for the 13th Working Group n&eeting in October 1964. This

.

* DELATTRE, P, and PROSDOCIMI, A., Les activités du groupe de travail Dosimétrie d'Euratom,
EUR 88, f (1962).
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delay was caused by the fact that new comparative measurements of gold
and cobalt cross-sections needed to be done in order to choose a coherent
value for the latter compared to the one for gold, taken as a reference at
98. 8 barns [132, 133]. For a valid standardization it has also been neces-
sary to make a first intercalibration of the counting equipment belonging
to the laboratories of the Community countries concerned[113]. To perform
this task, standards of cobalt have been distributed to the different labora-
tories by the CBNM,

(b) Investigation of the best values of resonance integrals for detectors
of interest and study of spectrometry problems in the fields of low-energy
intermediate neutrons [106, 120, 134}.

(c) Study of methods of continuous measurement of instantaneous fluxes
to follow their variations during reactor operations, particularly in the
neighbourhood of experimental facilities [125, 167, 168].

3. MEASUBEMENTS ON HIGH-ENERGY INTERMEDIATE NEUTRONS AND
FAST NEUTRONS

For details on this subject the referencelist to this paper shouldbe used.
The most important subjects can be summarized as follows: .
(a) Choice of cross-section values. Differential curves versus energy and
comparative values of cross-sections for the main reactions of interest aver-
aged on a given spectrum [101, 102, 104, 105, 112, 115,.123, 129, 163].
The Working Sub-Group for the compilation of cross-sections met at Geel
in April 1963 to discuss the most useful reactions and the method of com-
pilation [128). Meanwhile, the CBNM published a second volume of the com-
pilation in August 1963 [129]. giving the differential curves as a function of
energy. It is intended to keep this compilation up-to-date by yearly additions
and amendments.
(b) Determination of spectra by experimental methods only (threshold de-
tectors, fission chambers, nuclear emulsions, and lithium spectrometer)
or by mixed methods, i.e. theoretical and experimental {92, 107, 109, 118,
135, 137, 148, 149, 150, 151, 152, 159, 165].
(c¢) Integration of fast neutron doses [108, 119, 130, 153] by using threshold
detectors or quartz detectors.
(d) Definition of a standard spectrum for fast neutrons |126, 136, 147, 154].
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ACTIVITE DU BUREAU INTERNATIONAL DES POIDS

ET MESURES DANS LE DOMAINE DES
RAYONNEMENTS IONISANTS

A, ALLISY
BUREAU INTERNATIONAL DES POIDS ET MESURES,
PAVILLON DE BRETEUIL, SEVRES, (S et O), FRANCE

Le Bureau International des Poids et Mesures (BIPM) est l'agent de

liaison entre les laboratoires de métrologie internationaux ou nationaux
et son role est de promouvoir une meilleure uniformité des mesures dans le
monde. Dans le domaine des rayonnements ionisants, le BIPM effectue des
mesures et organise des comparaisons internationales portant sur les gran-
deurs suivantes:

FExposition des rayons X et gamma

a)

b)

Des chambres d'ionisation de transfért permettant la comparaison d'éta-
lons primaires d'exposition dans le domaine compris entre 50 keV et
1 MeV circulent entre les laboratoires nationaux de métrologie.

A Sévres, un générateur de rayons X ultra-stable a été monté et des
sources intenses de 6%Co et 13°Cs vont &tre mises en place pour la com-
paraison des instruments de transfert qui nous sont envoyés.

Activité de radionuclides

a)

b)

De nombreuses comparaisons internationales ont été organisées depuis
1961 et des rapports analysant les résultats et décrivant les techniques
ont été rédigés. Les nuclides suivants ont été traités: 32P, 1311, 60Co,
198ay, 20471, 353, 241Am, 90Sr et sources solides de %0Co. Cette dernidre
comparaison, en particulier, a été réalisée avec le concours du labora-
toire de mesures nucléaires de I'EURATOM et le «National Physical La-
boratory» (Teddington); elle trouve une application trés directe aux
mesures effectuées dans les réacteurs nucléaires.

Une installation de comptage 47S3-v de trés haute précision est en fonc-
tionnement quasi permanent & Sévres et le laboratoire du BIPM prend
part régulierement & toutes les comparaisons internationales de radio-
nuclides qui sont organisées.

Mesures neutroniques

a)

72

Une source de neutrons Ra-Be (o, n) prétée par le National Research
Council du Canada a circulé dans plusieurs laboratoires qui en ontdé-
terminé le taux d'émission. Un rapport analysant les résultats est en
préparation.

Le laboratoire de mesures neutroniques de Sévres a mesuré absolument
et relativement cette source, en particulier par la méthode du bain de
manganése. Un étalon Ra-Be (o, n) est maintenu en permanence au
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BIPM et son taux d'émission est en voie d'&tre déterminé avec la pré-
‘cision la plus grande possible dans 1'état actuel de la technique. Une
source Ra-Be'(v, n) est acquise pour servir également d'étalon de source,
Un accélérateur d'ions positifs & 150 keV est installé; utilisé comme
générateur de neutrons rapides, il est destiné en particulier & 1'étude
d'instruments de transfert dans ce domaine d'énergie.
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IN-PILE DOSIMETRY FOR
RADIATION DAMAGE STUDIES*

SUMMARY *%

H. H, YOSHIKAWA
GENERAL ELECTRIC COMPANY, HANFORD ATOMIC PRODUCTS OPERATION,
RICHLAND, WASHINGTON, UNITED STATES OF AMERICA

For the design of a reactor it is of utmost importance to know the amount
of radiation damage produced in structural materials under a given irradi-
ation of neutrons. Properties such as strength, dimensions or thermal con-
ductivity are subject to change as a result of exposure in a reactor. Perhaps
the greatest difficulty in interpreting radiation damage data is the lack of
a widely accepted system for reporting exposure. Radiation exposures are
reported in units of time-integrated neutron flux, neutrons per square centi-
meter (nvt). It is thus necessary to have a consistent scale of exposure in
order to interpret experimental measurements properly and also to compare
results from different test reactor facilities.  Results of work done in this
direction (in-pile dosimetry) at Hanford are reported in this paper and a
suitable exposure unit (in terms of radiation damage or '"gross displacement'"
produced) is proposed.

As a first step, it is necessary to have an accurate idea of the fast-
neutron spectrum at different positions in the reactor lattice under consider-
ation. This can be achieved with the help of several available multi-group
computer codes of different degrees of sophistication, e.g. GNU-II, SFN,
GE-HAPO-SX, etc., of which the last one has been used in the present work
because of its greater refinement, flexibility and applicability. One should
note that the assumption of an unmoderated fission spectrum in a reactor is,
in general, not justified. Having obtained the spectrum ¢ (E), we can com-
pute the effective cross-—section o for activation of a monitor material

defined as
- f‘jm $(E)o(E)dE
eff El¢'(E)dE

where o E) is the energy-dependent activation cross—section and E; is the
reference energy chosen to correlate radiation effects obtained in different
situations. oeff can now be used to calculate neutron exposures from moni-
tor activities over the chosen energy range. Most threshold monitors are
activated by neutrons with energies above 3 MeV, whereas exposures are
calculated tolimits of 1 MeV orlower. This involves a sizeable extrapolation.
Furthermore, it is known that a major fraction of vacancy production is

* Work performed under United States Atomic Energy Commission Contract No. A T(45-1)-1350.
* % The paper forming the basis for this summary will appear in Nuclear Science and Engineering,
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caused by neutrons of less than about 1.5 MeV. Hence it becomes evident
why the spectral shape should be known to discuss exposure.

Thevalues of oegf for Fed and NiS8 monitors placed at different loca-
tions, for two reactor irradiation facilities GETR and ETR have been cal-
culated. For greater accuracy in the complex geometry, a two-dimensional
transport code 2DXY was used here for computation. The data lead to en-
tirely consistent results for neutron exposure as obtained from nickel and
iron monitors in both the reactors. This also holds true for large graphite-
moderated reactors. However, one should note that it is necessary to locate
quite accurately the positions of both flux monitors and samples as the flux
intensity can change from one position to another within the same irradi-
ation facility. Best available values for o (E) for Ni and Fe were used for
the above calculations, but it is necessary to secure a more reliable neutron
activation curve for iron than the one available now.

NEUTRON EXPOSURE UNIT

For much of the radiation effects data, the unit expressing exposure to
reactor neutron has been nvt E> 1 MeV assuming a fission spectrum. In
consideration of:the displacement process in the irradiated material, the
following definition of the unit, which is proportional to the gross displace-
ment production with little dependence on typical reactor spectra or dis-
placement model, is being put forward here.

It is proposed that E, , the lower limit of energy integration in the defi-
nition of neutron exposure, should be such that the integrated flux above E|,
is proportional to gross displacement production for different spectra, i.e.
the quantity

D(E,) = 07 N(E)O(E)HE)AE/ J §(E)IE,
L

where N(E) is the number of displacements produced by a neutron energy E,
o(E) is the differential elastic scattering cross-section, and o(E) is the neu-
tron spectrum, should be constant in different spectra. For example, using
the Kinchin and Pease displacement model it was found that for iron, D(E)
calculated on the basis of a Watt fission spectrum, an ETR spectrum and
a fully-moderated graphite reactor spectrum came out to be the same if one
took E|, =0.4 MeV. It was also found that change in models caused only re-
latively small changes in E; . Calculations have been made using the Kinchin
and Pease model for elements ranging in atomic weight from beryllium to
tungsten and it was possible to choose an E; (which is different for each
material) which gives less than 5% variation in the calculated number of dis—
placed atoms in different spectra.

As an application of exposure unit to experimental data, results ob-
tained by Steel and Hawthorne [1] on the shift in nil ductility temperature of
stainless steel with irradiation, from a graphite reactor (BGR) and from
the core of a water—-moderated test reactor (LITR) were analysed. The data
were statistically distinct as originally reported. Through the use of this
exposure unit and Ep =0.5 MeV, these results could be reconciled to consti-
tute a single set of data. Even closer agreement between the results can
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be achieved by using the limit 0.18 MeV. Thus the improvement obtained
through the use of calculated spectra is evident.

The exposure unit used in this analysis is recommended for further
study to determine its suitability as a general exposure unit for radiation
damage studies. .
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REVIEW OF METHODS FOR NEUTRON AND GAMMA
MEASUREMENTS AT THE FRM REACTOR, MUNICH

W. KOHLER
REAKTORSTATION MUNCHEN-GARCHING, LABORATORIUM FUR
TECHNISCHE PHYSIK DER TECHNISCHEN HOCHSCHULE MUNCHEN,
MUNICH, FEDERAL REPUBLIC OF GERMANY

A description of the FRM reactor at Munich and the experimental facili-
ties is given by H, Maier-Leibnitz elsewhere [18].

A. ROUTINE MEASUREMENTS OF

(a) Flux density

thermal neutrons 0 < E < 0,5 eV

(a) Gold foils: 20 um thick, area ='1 cm?[1]
The thermal flux ¢y, is evaluated from the difference of the induced
activities At = Apgre-Acgr 6 = 98.8 b

(B) intermediate neutrons 0.5 eV < E < 0.1 MeV

CE
Dres =f¢' (E)dE ¢ (E) = l/E
E

0.1 MeV
bu = [ ¢ (E)am

0.5 €V

Cd-covered gold foils (0.5 mm thick)
Effective activation integral (for B-~counting) {2]:-1G = 358 b
Within the core of the light- water- moderated reactor [3]: ¢, =12.2 ¢,
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{(7) fast neutrons 0.1 MeV< E < ®©
For the reaction P3(n, p) Si3! the effective threshold energy was
determined from the calculated flux density distribution [4] and
6 (E) [5]:
Eeff = 2.9 MeV 60=0.140 b.
The calcium metaphosphate-disc Ca (POg) (¢ =10 mm, d=1 mm) is
covered with Cd to reduce the thermal activation of P31 to P32, An
effective cross-section is also calculated:

f §(E)¢!(E) dE
8 =

7 e(E)dE
0.1 MeV

Oy
n

P31(n, p)Sidl:
S%(n, p) P2 ;

0.020 b
0.040 b

O
n

(b) Integrated flux density [6]

(@) thermal neutrons
Co-detectors (with correction for epithermal activation)
60=38Db [Z]
(B) intermediate neutrons
~ Co-detector covered with Cd (not yet used)
(y) fast neutrons [8] '
Ni®8(n, p) Co58 8
Ti%6(n, p) Sc46 &

59 + 10 mb
6+ 1mb

(c) Gamma radiation

There are no routine measurements of gamma radiation in irradiation
positions.

B. SPECIAL MEASUREMENTS OF
(a) Energy distribution of the non-thermal flux density

The calculated flux density distribution was checked by several activation
and two fission detectors [9, 10].

5°(b) Eeff(Mev)

Th?3%(n, f) 0.140 1.40
U238 (n, f) 0.600 1.55
P3 (n,p) 0.140 2.9
S32 “(n, p) 0.350 3.2
Mg?*(n, p) 0.060' 6.3
Fes€ (n, p) 0.110 7.5
A7 (n, ) 0.113 8.1



(b)

(c)

(d)

[1]
[2]
[3]
[4]
[s]
fel
{71

[8]

[9]
[10}
{11]
[121
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If the measured flux densities above the effective threshold energies
agree within the margins of error with the calculated distribution, the
flux density per energy interval is fixed by the measured intensities,
and an interpolation is carried out between this fast region and the
measured resonance flux [9, 11]. .

For the irradiation positions in the core and in the graphite re-
flector elements adjoining the core the two extrapolations (=interpolation)
coincided within 10 to 15%. For most of the experiments (e.g. solid
state physics [12]) this accuracy is sufficient.

Gamma flux

The gamma flux in a certain position near the centre of the core
was determined by direct measurement of the heating of an aluminium
rod [13]. The rod was cooled at one end by pool water. At 1 MW the
gamma flux was 2.4 X 108 r/h.

Another measurement of gamma flux was done with chemical
dosimetry (ferrous sulphate [14]) by SCHON [15]. In the pneumatic
irradiation facility the gamma flux is 3.7 X 107 r/h.

Dz'stm'butz‘bn of thermal neutron flux density

The heating of about 1 mg U2 was used for measurements of the
flux distribution within the fuel elements [16]. In another set-up the
changes of the core flux distribution caused by the different settings of
the shim rods were detected in order to find a core arrangement which
ensures a good constancy of neutron fluxes at all locations in and around
the core [17]. :

Fast neutron measurements

by the density change of quartz (SiO;) are in preparation.
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FAST NEUTRON FLUX DENSITY MEASUREMENTS
SUMMARY

W. KOHLER
REAKTORSTATION MUNCHEN~GARCHING,
LABORATORIUM FUR TECHNISCHE PHYSIK

DER TECHNISCHEN HOCHSCHULE MUNCHEN,
MUNICH, FEDERAL REPUBLIC OF GERMANY

Comparison of irradiation experiments with each other and with theo-
retical calculations is not possible without knowledge of the intensity and
the energy distribution of the radiation field within the reactor. An inter-
national agreement about the datato be measured and the methods of their
measurement would be very useful.

The determination of the neutron-flux density in the thermal region is
comparatively easily done by the use of a 1/v detector, since the energy
distribution may be assumed to be a Maxwellian. The definitions (e. g. the
conventional thermal flux density) and the methods of measurement are well
known and generally used [1]. The evaluation of the flux density in the re-
gion of (n,v) resonances is also well known [2].

To calculate the activation by (n, p), (n, @), or (n, 2n) reactions, the use
of the "equivalent fission" flux density [3} may be sufficient, but not for
physical investigations in connection with the irradiation of metals or gra-
phite. The radiation damage is mainly caused by neutrons with an energy
of between 0.1 MeV and 5 MeV (Fig. 1) [4,5,6,7]. Such irradiations should
therefore be characterized by the fast-flux density, ¢(0.1 MeV), and the
differential flux density, ¢'(E) for 0.1 MeV< E <5 MeV.

The energy distribution of fast neutrons in reactors has been investi-
gated by many authors during the last three years [8-19). To conclude
I should like to suggest the following ways for its determination:

(a) Calculation of energy distribution. For thermal reactors many methods
are already described in the literature [13-19];

(b) Test of the assumed distribution. In some cases it might be possible
to use differential methods [20, 21}, but usually only the activation de-
tectors (e.g. comparison of calculated and measured activities [19, 22,
23], determination-of parameters [10, 13, 24]). Each method has some
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Damage by neutrons above the energy E(%)

advantages and some disadvantages; a recommendation for standard-
ization of testing is not possible at the present time;

(c) Interpolation between the measured resonance-flux density and the mea-
sured fast-flux density according to the calculation or by the semi-
empirical formulation of GENTHON [14].

Figure 2 shows the evaluation of ¢ (0.1 MeV) for some measurements
in different reactors.

Figure 3 gives the interpolation for a position within the core and for
one position in the graphite reflector.

In the same manner a determination may be possible for other irradia-
tion facilities. )

Since such measurements have already been done in many reactors,
standardization might be obtained by the recommendation of the 'best'' dif-
ferential cross-section for those reactions normally used. Before the re-
commendation of such a set of "best' ¢(E) values, better data of o(E) are
necessary, especially for reactions with a low effective threshold energy

(e.g. (n,n') reactions of In115, Nb93),

Further assistance in many experiments would be provided by a com-
pilation of calculated spectra with the activation rate of several detectors. -
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REVIEW OF ACTIVATION METHODS FOR THE
DETERMINATION OF NEUTRON SPECTRA

SUMMARY¥

W.L. ZiJP
“INSTITUTE FOR THE DEVELOPMENT OF PEACEFUL APPLICATIONS OF
NUCLEAR SCIENCES (CCR EURATOM), PETTEN, NETHERLANDS

PART I. INTERMEDIATE NEUTRON SPECTRA

This review article gives attention to the conventions for flux density
and cross-sections, and to the concepts of cadmium cut-off and of resonance
integral. After a more detailed examination of the self-shielding correction
factors, different methods for the determination of the intermediate flux
density and the slowing down density are considered. Resonance reactions
of interest are mentioned, together with important nuclear data, -

The general conclusions given in the review are:

1. When using or presenting resonance integral cross-sections it is neces-
sary to state the lower energy limit, the 1/v contribution, the correction
factors applied and the nuclear data used. The recommendations of the
European American Nuclear Data Committee {EANDC) should be followed.
2. In cadmium ratio measurements, the type and the dimensions of the
cadmium cover used should be specified, These procedures should be inter-
nationally standardized. :

3. At present there is a preference for the Westcott convention for flux
densities and cross-sections. The unified formalism as proposed by Nisle,
but not yet discussed in the literature, requires full attention.

4. There is general need for more accurate values for resonance param-
eters and for activation resonance integral cross-sections. The following
resonance detectors have been used in several laboratories: indium, gold,
manganese, cobalt, copper, tungsten and sodium,

5. Self-shielding correction functions are important when thin detectors
cannot be used. More experimental data for several resonance reactions
are very welcome. They have to be compared with theoretical relations,
and with computer results for those reactions in which scattering cannot be
neglected.

6. It is not yet justified to make recommendations for standard procedures
for measuring intermediate neutron flux density, because for many resonance
reactions, the required resonance data are not sufficiently well known.

7. With respect to radiation damage studies, methods have to be elaborated
for the measurement of intermediate flux densities and fluence in the keV
region. Because of space and temperature limitations inside a reactor the
use of covers or shields for the activation detectors is not always acceptable.

* The full Review contains 74 references and three tables, w1th nuclear data for several resonance
reactions,
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Here we have severe experimental difficulties and much development work
has still to be performed.

8. From comparison of the experimental data and techniques with activation
detectors for measuring flux densities and fluences of fast'neutrons with
those of intermediate neutrons, it is obvious that the whole field of inter-
mediate neutron measurements needs development.

PART II. FAST NEUTRON SPECTRA

_ A short review is given of the possibilities of determining the shape of

the fast-geutron spectrum from the countmg results obtained with threshold
detectors.

The general conclusions given in the review are:

1. The accuracy of absolute fast-flux values is determined by the accuracy
of the cross-section data used, and by the accuracy of the measurement of
the absolute activity. For routine work it is an advantage if the induced
activities in the samples can be counted without chemical separation. The
samples must, therefore, be as pure as possible.
2., Bearing in mind the large discrepancies between the values for the aver-
age cross-section for fission neutrons from different laboratories and the
need for calibration or intercalibration of threshold detectors, it is worth-
while to consider the possibility of establishing a reference flux of fast
neutrons, for example, by means of a converter device in a thermal column
of a reactor.
3. There is a growing need for threshold detectors with an effective thres-
hold lower than that of the S32 (n, p) P32 reaction. Especially the range from
1 MeV down to the resonance region is of interest, because the radiation
damage effects here are still quite important.
4, Asmoreexperimental data onthe spectral distribution of the fast neutrons
become available, these data have to be compared with the results from
multi-group calculations.
5. When presenting experimental data on fast-neutron distributions it is
necessary to mention the cross-section data used. It is recommended to
state the measured specific saturation ac¢tivities of the threshold detectors,
and the material composition of the detector, so that the spectral indices can
be derived from the data. ’
6. Although many mathematical methods for the analysis of the data and
for the calculation of the spectral shape have been proposed in the literature,
there is not yet a generally-accepted best method. The most promising
methods at this moment are (a)} the method of spectral indices; and (b) the
method in which the spectrum is approximated with exponential functions in
suitably chosen energy ranges. :



MEASUREMENT OF THERMAL
AND EPITHERMAL NEUTRON FLUXES WITH THE
DOUBLE DETECTOR FOIL TECHNIQUE

SUMMARY

_ S. HAGEN AND H. KAPULLA
KERNFORSCHUNGSZENTRUM, KARLSRUHE, FEDERAL REPUBLIC OF GERMANY

Usually measurements of the thermal and epithermal fluence components
are made with the Cd-difference method. This, however, has several
serious disadvantages, above all the flux perturbation that is introduced and
the fact that the irradiations have to be performed either at two different
times or in two different positions.

In the double detector foil method these drawbacks can be avoided as
two closely-packed foils of different materials are irradiated in the reactor
in the same location at the same time. It is advantageous. if the materials
can be chosen so that the ratio between the resonance integral and the ther-
mal activation cross-section is large, and that cross-sections and induced
activity half-lives are fairly similar for the two detector materials. This

. has led to the choice of Au+ Cu as detectors for flux measurements at low
reactor power and Co+ Ag at higher powers (same MW).

The counting rates measured on the two probes A and C after the ac-
tivation (Z, and Z¢) can be described by two linear equations,

Zn=a,0M+ b, ¢epi=zM 4+ 7P

Ze=acdpMt b g =2 + z

where

¢M = integral thermal flux,

¢eP! = integral epithermal flux.

The factors a; and b; can be calculated from the thermal cross-section,
the resonance integral, the counting geometry, the time of irradiation and
the B8 self-shielding in the detector foil. The resonance integral and the
self-shielding are not well enough known for copper and silver, but it is
possible to avoid this difficulty.
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the following relations are obtained for Z} and z$p

Zc~-bZ
Zy =TT T e

epi _ 8Za~Zc _ epi
Zy a b Pad

Z4 and Zc are the measured total count-rates for the probes A and C, Z}!
and ZePl are obtained from activation of the probe A and C by thermal and
epithermal neutrons.

Here the factors a, and b, can be calculated for one 6f the foils (Au
or Co respectively) and a and b can be determined experimentally; a can
thus be determined through irradiation in a pure Maxwellian spectrum, for
instance in a thermal column; b is the ratio of the count-rates for the two
foils irradiated in Cd sheath; a and b are dependent.on the irradiation time

and the thickness of the foils, but these functions can be determined"
accurately.

. ACTIVITIES OF EURATOM IN THE FIELD
OF IN-PILE DOSIMETRY

SUMMARY

J. SPAEPEN
BUREAU CENTRAL DES MESURES NUCLEAIRES, GEEL, BELGIUM

1. In October 1960 Euratom set up a Dosimetry Working Group to facilitate
the exchange of information between the countries of the European Com-
munity in the subject of in-pile dosimetry, and for standardization in this
field*.
* The activities of the working group are described in two papers [1, 2].
2. The Laboratories of Euratom's Central Bureau for Nuclear Measure-
ments (ECBNM), Geel, Belgium, contribute directly to the standardization
effort in the following ways:
(a) Fabrication and distribution of pure cobalt detectors (foils and wires),
corresponding to the specifications laid down by the working group in

* The group is presided over by Mr. Delature (Centre d'études nucléaires (CEN), Saclay) and the
sécretariat is at Euratom's Central Bureau for Nuclear Measurements, Geel, Belgium, Dr. K. Gubernator
being its present secretary. .
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a standard sheet on thermal flux integration. " Studies of flux pertiurba-
tion have been performed {3].

Fabrication and distribution of Cof? sources for calibration of counting
equipment used for thermal flux integration. A description of some
of the work done in this respect is given in [4, 5].

Re-measurement of the Co5? thermal-neutron activation cross-section
is under way.

Improvement of absolute counting methods for radionuclides of interest
in neutron flux and specira measurements. An example is given in 16}.
A study, in collaboration with CEN, Grenoble and CEN, Mol, on the
use of small quartz crystals as fast-neutiron flux monitors is in
progress.

Data on most of the neutron-induced threshold reactions, used in in-
pile measurements, have been compiled, critically reviewed and gra-
phically represented [7,8). Those compilations, which are in loose-
leaf form, are kept up to date by issuing new graphs when new data
become available.

Measurements of cross-sections of neutron-induced threshold reactions
have been performed and others are in progress [9].
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DOSIMETRY REQUIREMENTS IN SUPPORT OF AN
IN-REACTOR RADIATION CHEMISTRY PROGRAMME

SUMMARY

J.K, LINACRE
ATOMIC ENERGY RESEARCH ESTABLISHMENT,
- HARWELL, BERKS., UNITED KINGDOM

Reactors are now used as radiation sources in a wide range of studies.
In some, the changes observed result from the interaction of the irradiated
material with only one type of radiation present in the reactor; in others,
a number of different radiations may produce the observed effect. However,
any material placed in a reactor has some interaction with all the radiations
present, absorbing energy from them in scattering processes or nuclear
reactions. :

In any investigation of the effects of radiation on matter, it is necessary
to know the spectrum of the radiation used. This information should be
" available in the form of the variation of photon or particle flux density with
photon or particle energy, that is, we should know ¢(E)dE. The amount of
change observed in an irradiated material will always be the product of the
radiation flux density and an interaction function, integrated over the
radiation spectrum. The nature of this interaction function will vary with
the type of study being performed.

The radiation spectra in reactors are complex in form and cover wide
ranges of photon and particle energies. Given sufficient information about
the fission reaction, and about the geometry and materials of construction
of a reactor, it is possible, in principle, to calculate the spectra of the re-
actor radiations. It is then possible, in principle, to calculate the rates
of production of change in irradiated materials. Such calculations are very
complex, but with modern fast computer techniques they are feasible. There
have been some calculations of spectra and some of changes in materials.

The problem of the experimenter studying changes produced in reactor
irradiations is to make measurements of the radiation treatment which are
adequate for three purposes,

(a) to correlate experiments at different irradiation positions and in dif-
ferent research reactors; :

(b) to extrapolate the information obtained to projected reactor systems,
power production reactors, etc.;

{c) . to compare the results obtained with those of other irradiation experi-
ments using isotope and machine sources.

But the changes observed, if expressed in fundamental terms, are integrals

of complex multiples. The experimenter generally seeks to introduce some

convention, to enable such a function to be expressed as the multiple of two

quantities, a radiation term, and an interaction term. Experiments are

then correlated by measuring the radiation term. However, since reactor

radiation spectra cannot be conveniently measured at flux densities required

for experiment, it is often necessary to adopt a convention which gives a
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radiation term which is readily measurable, rather than one which is scien-
tifically desirable. :

In this paper the conventions used in radiation chémistry are discussed.
This is followed by a discussion of the various types of calorimeters which
can be used for dosimetry, with some remarks about their limitations.

The reasons for choosing an isothermal-type calorimeter for the work
at the Atomic Energy Research Establishment (AERE) are given, followed
by a description of the construction, characteristics, and calibration of
the calorimeters in use. It is shown that under the proper conditions these
calorimeters measure the ideal absorbed dose-rate, or kerma rate. By
the use of three calorimeters, as described, containing respectively gra-
phite, anthracene, and an empty can, measurements were made of the dose-
rates in graphite and in anthracene, and in the reactor BEPO at AERE. The
problem of correlating the calorimetric experiment with the chemical ex-
periment is discussed. )

Ionization chambers are also being used at AERE and a description of
their construction, characteristics, and calibration is given. The ionization
chambers described measure the ideal absorbed dose-rates in graphite.
A comparison is made of calorimeters and ionization chambers, and it is
concluded that both probably have a place in routine dosimetry. By inter-
comparison of the data obtained in the two ways something is learned about
the loss of secondary radiation across a boundary between two materials.

DOSIMETRY AND FLUX MEASUREMENTS
IN THE NRX REACTOR, CHALK RIVER

SUMMARY

A.W. BOYD, H,W.J. CONNOR AND ]J.J. PIERONI
ATOMIC ENERGY OF CANADA LTD., CHAIK RIVER, ONT., CANADA

The NRX is a heavy-water-moderated reactor with a power of 42 MW
using enriched and natural uranium. The core is 2.66 m in diameter and
3.05 m high and is surrounded by a graphite reflector. Energy deposition
rates in carbon and hydrocarbons and thermal- and fast-neutron fluxes have
been measured in the core and the reflector and inside annular uranium rods.

Three methods of dosimetry were used - calorimeter, graphite-CO,
ion chambers and the hydrogen yield from cyclohexane radiolysis.

The adiabatic calorimeters are shown in Fig. 1. The energy deposition
rate in the sample is calculated from the rates of rise of sample and jacket
temperatures. At dose-rates from 50-500 mW/g the accuracy is estimated
to be within +5%.
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Adiabatic calorimeter

The ion chamber, shown in Fig. 2, can be used to measure dose-rates
from 0.1 to 500 mW/g. The applied voltage is 900-1300 V and the current
is measured with an electrometer.

Spectrographic grade cyclohexane was used, and after removal of dis-
solved gases, was sealed in quartz capsules. Work done elsewhere has
shown the hydrogen yield to be the same within 5% for fastneutrons and gamma
rays. The dependence on dose and dose-rate is shown in Fig. 3.

Values from these three methods agree within +5%. . -

The thermal-neutron flux was determined using cobalt (assuming a
cross-section of 37 b for 0. 0013 cm diam. "cobalt wire). The fast-neutron
flux was determined by assuming a cross-section of 90 mb for the reaction
Ni58(n, p)Cos8, '

The values obtained for energy deposition rates and neutron fluxes in
various regions of NRX are shown in Table I. The vertical distribution of
gamma rays and neutron fluxes in the core is shown in Fig. 4.
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TABLE I

SUMMARY OF ENERGY DEPOSITION RATES AND FLUXES IN NRX

. Ratio
Typical values } Deposition in CgH ), Ratio Fast neutrons
Position Thermal neutrons Fast neutrons mwW/g Fast flux: in CgHy, :
) 103 n/cm?-s 1012 n/em?-s . Gamma rays Fast neutrons Thermal flux Fast flux
' mW /g 1012
Empty lattice 4.0 0.80 i 39 0,02 49
Reflector 1.0 0.05 18 4 0,005 80
annulus
Nat, U 0.47 2.6 70 130 0.55 50
Annulus in
. horizontal hole
Enriched U 0,63 9.1 210 540 2,3 59
Annulus in
horizontal hole
U Annulus in 8.1 26 600 - . 1200 0,32 46
lattice - ’
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IN-PILE DOSIMETRY MEASUREMENTS IN
THE HUNGARIAN WWR-S REACTOR.

SUMMARY

E. SZABO AND R, GROH
CENTRAL RESEARCH INSTITUTE FOR PHYSICS, BUDAPEST, HUNGARY

In the Central Research Institute for Physics irradiation experiments
on organic liquids have been in progress for some time. Both static and
loop experiments are carried out in the WWR-S reactor. (Core: light-water-
moderated, 10% enriched uranium fuelled; power: 2-2.5 MW). Evaluation
of radiation damage required development of in-pile dosimetry. :

A calorimetric technique was chosen as the basic method, since.it per-
mits the direct determination of the radiation energy absorbed in'the spe-
cimen. Because of the small G-values of the materials involved in our ex-
periments the heat energy determined by the calorimeter may be considered
as the total energy absorbed by the sample. )

The calorimeters used in the measurements are very thin-walled
(0.2 mm) 20 mm diam., spherical quartz flasks filled with the organic liquid
to be analysed, in the present case with a mixture of 28% diphenyl and 72%
diphenyl methane, called DDM. The copper-constantan thermocouple is
located in the centre of the sphere. The flask, which is suspended at its:
neck, is surrounded by two thin-walled aluminium mantles separated from
each other and from the flask by pressboard spacers. The temperature is
recorded by a recording galvanometer.

Calorimeter's of similar design but with lead filling are used for, de-
termining the gamma contribution to dose-rate.

According to control measurements performed in a thermostat for
a temperature difference of 30°C, the DDM and the lead calorimeters can
be considered as adiabatic for 35 and 15 s, respectively.

For the correct evaluation of loop experiments it was necessary to de-
termine the spatial dose-rate distribution along the loop channel. During
the calorimetric measurements the actual loop conditions were simulated.

Measurements with a DDM calorimeter show the dose-rate distribution
to be slightly asymmetric; the maximum occurs a little below the horizontal
mid-plane of the core. The dose-rate contribution of the reflector region
must be taken into account when considering the total dose received by the
material circulating in the loop.

In choosing the operating power level during calorimetric measurements,
two contradictory aspects must be taken into account. At high power levels
the duration of the measurements is strictly limited because of the high
energy absorption rate. (At 2.5 MW full power the temperature rise in the
‘sample is more than 20°C/min. ). At low power levels, on the other hand,
the results of measurements can be strongly disturbed by the 'background
dose-rate', arising from the radiation field of the shut-down reactor, which
depends véry much on the operational history of the core. Its level is too
low for direct calorimetric measurements, but introduces nevertheless a
significant error if neglected in the extrapolation procedure to full power.
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In order to minimize the effects of the background dose-rate, two me-
thods for compromise seem available. )

The first is to perform the measurement at the highest power level at
which the rate of the temperature rise of sample is yet acceptable. In the
present case 1 MW was found to be a convenient power level,

In the second method the background is determined at a single point of
the channe‘l (e. g. at the mid-plane) by the extrapolation to zero power.

Assuming then the spatial distribution of the background dose-rate to be
of the same shape ‘as that of the dose-rate for the reactor on power, the
necessary corrections can be made. The results given by this method agree
rather well with those of the first method.

The fast flux distribution was measured with S32 pellets. The effects
of neutrons having energies less than 1 MeV cannot be neglected. By cal-
culation of the neutron component of the total dose, assuming that the slow-
ing down part of the spectrum merges into the fission spectrum at 100 keV,
the maximum value of the neutron dose-rate is obtained as 88 Mrad/h, i.e.
27% of the total. By assuming the spectra to be joined at 1 MeV, the fast
neutron part of the dose-rate is found to be 97 Mrad/h.

Our lead calorimeters cannot be considered adiabatic; therefore they
are not suitable for absolute dose value determination. Measurements were
performed with four lead calorimeters of different diameters (5, 10, 15,
20 mm, respectively). Ambient temperature was kept constant. The re-
sults show that the diameter has a strong influence on absorbed energy, i.e.
self-screening and build-up cannot be neglected, even in the case of small
specimens.

TABLE I

THE Ggas VALUES

Ggas Reference Reactor
0,07-0,08 FISCHER, E. et al,, Atomkernenergie 11(1962) 405 Reaktorstation
' Geesthacht
0,112 BURNS, W.G., VL Rassegna intérnazionale Reactor BEPO

elettronica e nucleare (giugno 1959)

0,19 BURNS, W.G, et al,, "The effect of fast electrons Reactor BEPO
and fast neutrons on polyphenyls at high '
temperatures, " 1st UN Int, Conf, PUAE 29
(1958) 266, -

0.041 This paper Reactor WWR-S
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The irradiations of diphenyl were carried out in a vertical channel of
the reactor. The radiolytic gases were separated, collected, and measured.
The doses absorbed during the irradiations were in the range from5 - 2 X108
to 8 + 4X109 rad.

Initially, the gas production was proportional to the absorbed dose, while
upon absorption of a dose of approximately 1X10? rad it began to decrease
tending towards a limit. For calculating the Ggas value, only the first part
of the curve was used. The Ggas values found by different authors are listed
in Table L.

A CALORIMETER FOR DETERMINATION
OF HEATING OF MATERIALS IN THE
IRRADIATION TUBES OF THE REACTOR FR 2

SUMMARY

H. KAPULLA AND H, SCHOLKEN
KERNREAKTOR BAU- UND BETRIEBS A.G.,
KARLSRUHE, FEDERAL REPUBLIC OF GERMANY

" For technical and economic reasons it is desirable to know the rate of
absorption of energy by different materials in different places in a reactor.
It is often hard to calculate this rate because data on the flux and spectra
of the radiation are not sufficiently well known, However, the rate can be
measured with a calorimeter. By choosing different absorbing materials,
some success can be achieved in determining the energy contribution of the
different kinds of radiation. Thus, for example, bismuth and lead have high
absorption coefficients for y-rays, the scattering of fast neutrons can be
ignored and their activation cross-sections are low, so they are suitable
for measuring the energy contribution of the y-rays. On the other hand,
for neutron dosimetry the lighter elements, such as beryllium or hydrogen,
must be used. In this case, however, the effect of y-rays cannot be ignored,
which makes interpretation of the results more difficult.

For the measurements of the heating of materials in the irradiation
tubes of the FR 2 reactor an isothermal type of calorimeter was chosen.
The mechanical construction of the calorimeter is shown in Fig. 1. The ca-
lorimeter foot (5) and the inner (2) and outer (1) cans are made from alu-
minium (A1Mg; ). The rod holder (4) is screwed into the calorimeter foot,
into which three small Al,04 tubes (8), 50 mm in length, are cemented. The
calorimeter materials, as round rods 7 mm in diameter and 70 mm long,
with an axial hole (3), are pressed onto the free ends of these tubes and se-

. cured with a screw. The hole accepts the heating element used for calibra-
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Mechanical construction of calorimeter

tions. Bismuth, iron, aluminium, and graphite are used as calorimeter
materials. The design is such that the rods can be changed easily, The
temperatures of the aluminijum can; and the calorimeter foot, are regulated
independently by electrical heating and forced draft cooling, and can be held
at 5010, 02°C,

The calibration of the calorimeter was achieved by heating the rod elec-
trically, turning off the current, and observing the exponential cooling rate
from which the cooling time constant could be determined. The aluminium
can must be kept at the same temperature during calibration as during mea-
surements in the reactor. Temperatures were measured with iron-
constantan thermocouples.

Measurements were made in some of the channels of the FR 2 using
this calorimeter. The measured energy absorption rates at the core centre
are between approximately 9 and 12 mW/gMW. This corresponds to dose-
rates of some 3 to 4 Mrad/hMW.

The relative error due to uncertainties in the measured quantities is
estimated at about 8%. However, this does not take account of changes in

. the thermocouple output because of high neutron dose, or heating of the
thermocouple in the rod by the reactor radiation. However, because of the
way the calorimeter was constructed and because of the short time of ir-’
radiation at relatively low reactor power, these sources of error are not
believed to be very large. The total error is estimated at + 15%.



ABSORBED DOSE MEASUREMENTS
OF MIXED PILE RADIATION
IN AQUEOUS RADIATION CHEMISTRY

SUMMARY

I.G. DRAGANIC, B.B. RADAK AND V.M. MARKOVIC
BORIS KIDRICS INSTITUTE OF NUCLEAR SCIENCES, VINCA, YUGOSLAVIA

To use anuclear reactor as a radiation source in the radiation chemistry
of water and aqueous solutions, reliable routine dosimetry techniques are of
basic importance. For this purpose we have tried to devélop a calorimetric
device and a chemical system.

The differential calorimeter described here permits simultaneous mea-
surements of energy absorption in different materials. From these values
the relative contributions from gammas and non-thermalized neutrons to
the total absorbed dose can be calculated. The possibility of inserting a
liquid sample into the calorimeter makes it very convenient for radiation
chemical studies of aqueous solutions or, generally, liquid systems. For
a period of about two years, reliable values for the absorbed doses in dif-
ferent materials have been obtained, which are in good agreement with other
physical measurements in the RA research reactor at Vin&a.

The chemical system described is an aqueous solution of oxalic acid.
Its advantages are: the possibility of measurements in the multi-megarad
region and negligible induced radioactivity. The G-value is not sensitive
to dose-rates even up to 1010 rad/s (for low LET radiation), or to tempera-
ture increase during irradiation (up to 80°C). Its disadvantages are mainly
the same as for other aqueous systems: LET dependence of the G-value,
fast heating due to high dose-rates, a considerable gas production (Hy and
COyg), and the necessity of calculating the absorbed dose from concentration
differences before and after irradiation.

The results of calorimetric and chemical measurements are presented
in Table I.

Calorimetric data have been obtained by the least-square method from
25 energy absorption measurements in light and heavy water, graphite and
polystyrene. All measurements have been performed in five series within
a rather long period of about two years. In some cases the energy absorp-
tion was measured in 600 mM solutions of oxalic acid, but no difference
was found on comparison with the energy absorption measurement in pure
water as the calorimetric body. The mean values for oxalic acid decomposi-
tion presented were also obtained from a series of irradiations performed
simultaneously with calorimetric measurements or under identical irradia-
tion conditions. i ’

' Gamma and neutron contributions to the total absorbed dose have been
calculated from calorimetric measurements as described in the literature.

The standard deviations are = 10% and +4% for the calorimetric and
chemical results respectively. .

Using data from Table I, we obtained the G-values for oxalic acid de-
composition as presented in Table II,
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TABLE 1

RESULTS OF CALORIMETRIC AND CHEMICAL MEASUREMENTS

Oxalic Energy Contribl(t;ions from Oxalic acid
acid absorbed ) molecules decomposed
solution in (eV/g MwWh) gamma neutron (mol, /g MWh)
H,0 1,38x 102 67 33 6,08x 1019
D;0 1.03x 10 80 20 3,80x101?
TABLE O

G-VALUES FOR OXALIC ACID DECOMPOSITION

Oxalic acid Ggamma gblle* cpile Golle

solution in (total) (deuteron) (proton)
H,0 4,91 4,39 - 3.3
D0 3.9 3. 67 2.8 -

* For the absorbed doses composed of §7% from gammas and 33% from neutrons in light
water, and 80% from gammas and 20% from neutrons in heavy water,

It seems that the dependence of the radiation yield on the composition
of the reactor radiation is rather weak, which is certainly attractive for
the routine use of the oxalic acid aqueous dosimeter.

The G-values for gammas in light water solution have been determined
calorimetrically, earlier, with an accuracy of about +1%. The correspond-
ing G-value in heavy water solution is the result of a small number of ir-
radiations and has to be confirmed and determined more precisely. *

The G-values for decomposition induced by pile protons and deuterons
(resulting from elastic scattering of non-thermalized neutrons) have been
deduced from Gg2mMma and Gg;gl , and known gamma and neutron fractions
in the total absorbed dose.

Further experiments are in progress in order to obtain more informa-
tion on the low-energy particle component in mixed pile radiation.

The results shown in Table II show that the oxalic acid solutions in H;O
and DJO enable one to assess the dose-rate from the gamma and the fast-
neutron components of mixed pile radiations in HyO and D,O, and hence by
calculation in other materials of low Z number. Further work is going on
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in order to develop the procedure for routine use of this system in chemical
dosimetry, as well as to get some more basic information on its radiation
chemical behaviour. ‘

NEUTRON DOSIMETRY.IN BIOLOGY!

B. SIGURBJORNSSON, H. H, SMITH AND A, GUSTAFSSON
INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, AUSTRIA

Neutrons are becoming increasingly important for the irradiation of
biological material in the fields of fundamental radiobiology and for the more
practical purpose of inducing mutations in crop plants with subsequent se-
lection of beneficial mutants for the establishment of improved varieties.
More knowledge is needed of the effects of neutron irradiation on biological
material, not only for the latter fields but also for the more accurate evalu-
ation of radiation hazards, improved applications in radiotherapy and for
space flights. .

Before meaningful assessments can be made on a world-wide scale of
the effects of reactor-generated neutrons on living material, it is essential
that reliable and universally standardized dosimetry be established.

The accurate measurement of reactor—-generated neutron radiation ab-
sorbed by exposed biological material is a complex and difficult problem.
It is affected by: (1) the energy spectrum and intensity of the neutrons; (2)
the angular distribution of neutrons over the whole surface of the irradiated
object; (3) the additional unwanted radiation accompanying the neutrons; and
(4) the physical state and chemical composition of the irradiated material.
Added to these complexities are differences in reactors and the varying out-
put from a single reactor during different periods in the fuel element cycle,
It seems clear that, in addition to conventional methods of physical and
chemical measurement, the use of a biological dosimeter system will be
required. Biological dosimetry would necessarily be carried out with single-
source seed of one or two crop species and tested under uniform post-
irradiation conditions for growth.

If an international project were to be organized by the Agency the ob-
jectives of the dosimetry phase would be primarily to determine accurately
the dose received by exposed biological material and to select a group of
reactors on the basis of their neutron-dose potential. Additional benefits to
be derived from such a project are: (1) to make biologists aware of the re-
quirements for accurate physical data in order to interpret biological re-
sults; (2) to acquaint reactor physicists with dosimetry problems peculiar

! Assistance was rendered by Professor H. Glubrecht of the Institut: fiir Strahlenbiologie of the
Iechnische Hqchschule, Hanover, Federal Republic of Germany, and Dr. G, Ahnstrom of The Institute of
Radioblology of the University of Stockholm.
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to experimentation with biological material; (3) to determine reactor
characteristics best suited for biological experimentation; and (4) to in-
crease the number of reactors carefully tested and approved on the grounds
of dosimetry standards agreed as being acceptable for accurate biological
research. ’

To study adequately the biological effects of different energy neutrons
it is necessary to have high-intensity sources which are not contaminated
by other radiations, the most serious of which are gamma rays. An ef-
fective dosimetry must provide an accurate measure of the absorbed dose,
in biological materials, of each type of radiation at any reactor facility in-
volved in radiobiological research. A standardized biological dosimetry,
in addition to physical and chemical methods, may be desirable.

The ideal data needed to achieve a fully documented dosimetry has been
compiled by Dr. H. Glubrecht (see footnotel) and is set out below:

(1) Energy spectrum and intensity of neutrons.

(2) Angular distribution of neutrons on the whole surface of the ir-

radiated object.’

(3) Additional undesired radiation accompanying the neutrons.

(4) Physical state and chemical composition of the irradiated object.

It is not sufficient to note only an integral dose value (e.g. in ''rad')
as the biological effect depends on the above data.

Since all these data will not be available inmany cases, itis recommended
to note those listed below, which should also be presented for comparison
and control even if the ideal data can be given.

SUBSTITUTE PRACTICAL DATA

I. Type of source

For a sufficient definition the following will be needed:
(a) Reactor
1. Configuration and materials
2. Geometrical dimensions of core
3. Power or mean flux
(b) Accelerator
1. Neutron generating reaction
2. Geometrical dimensions and chemical composition of the target
3. Energy, intensity and geometry of the ionbeam in the accelerator
(c) Sources with radionuclides
1. Radionuclide and neutron generating reaction
2. Present activity of the radioactive source
3. Geometrical dimensions and structure of the source

II. Geometry of irradiation facility

1. Distance from the source
2. Angular position of the object with respect to the source -
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3. Absorbing and scattering media between source and object
4. Arrangements and type of materials surrounding the object

III, Irradiated object

1. Geometry of the object itself

2. Isotopic composition of the object with special respect to all
nuclides relevant for nuclear reaction with neutrons (e.g. BI10,
H1, N4), ’

IV. Duration of irradiation (dose-rate)

If such dosimetry could be established, used in all biological neutron
research, and reports published of biological experiments, a significant
step would be taken in the integration and advance of knowledge in this field.

A main interest of the Agency is to foster international recognition of the
importance of an accurate dosimetry and the world-wide adoption at reactor
centres of recommended principles and practice of this dosimetry.
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