








of experimental results new approaches to the problem of neutron behaviour

in shields are exposed ie.

i} the relations between the ratios of reaction rates of the detectors measured
tespectively in the configurations and in pure water

ii} methods for calculating neutron spectrum and dose starting from the above
ratios and from the knowledge of a reference spectrum,

of experimental results new approaches to the problem of neutron behaviour

in shields are exposed ie.

i) the relations between the ratios of reaction rates of the detectors measured
tespectively in the configurations and in pure water

ii} methods for calculating neutton spectrum and dose starting from the above
ratios and from the knowledge of a reference spectrum,

of experimental results new approaches to the problem of neutron behaviour

in shields are exposed ie.

i) the relations between the ratios of reaction rates of the detectors measured
respectively in the configurations and in pure water

i) methods for calculating neutron spectrum and dose starting from the above
ratios and from the knowledge of a reference spectrum,



EUR 4742 e

European Atomic Energy Community — EURATOM
FIAT S.p.A., Sezione Energia Nucleare — Torino
Societd ANSALDO S.p.A. — Genova

NEUTRON PROPAGATION
IN WATER-LEAD-IRON LAMINATION

by

B. CHINAGLIA, G. BOSIO, F. VALLANA
(SORIN)

D. MONTI
(FIAT)

(Topical Report)

1972

Contract No. 008-61-12 PNII



ABSTRACT

Neutron propagation in lead-iron-water lamination of various thicknesses has
been accurately investigated by measurements of reaction rates of fast, epithermal
and thermal detectors. A comparison has been made with SABINE and QAD
calculations in order to test their accuracy in dose evaluations. On the basis
of experimental results new approaches to the problem of neutron behaviour
in shields are exposed i.e.

i) the relations between the ratios of reaction rates of the detectors measured
respectively in the configurations and in pure water

it) methods for calculating neutron spectrum and dose starting from the above
ratios and from the knowledge of a reference spectrum.
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1. Introduction «)

The primary shield of a reactor for ship propulsion must
attenuate neutron and gamma radiation; the materials normal
ly used are water, lead and iron. _

The aim of the present work is to give experimental results

" on thermal, epithermal and fast neutron propagation, useful to
describe neutron behaviour in water-lead-iron configurations.

In particular, the following items are developed:

a) verify the calculation methods with respect to the neutron

flux attenuation and the energy spectrum;

b) describe the neutron flux (or reaction rate) by some para-

meters;

c) calculate the neutron spectrum and dose from experimental
reaction rates for threshold detectors covering all the

energy range.

For item a) we used the following codes: SABINE /1/ a one
dimensional removal-diffusion program, QAD-PS /2/ a three di
mensional point kernel code based on Moments Method results
for a fission source in homogeneous media. The neutron fast
‘dose calculated by QAD-PS5, introducing the removal cross sec
tion for lead as a function of hydrogenous material thickness
following the lead slab, has been compared with SABINE neutron
dose.

Reaction rates measured in the configuration after a 4 om
thick lead plate were analyzed with a method analogous to
that reported by Ben-David /3/ in order to obtain the neutron

energy spectrum,

*) Manuscript received on January 24, 1972



The results of this simple method have been compared with
the SABINE spectrum, ‘

For item b) the experimental values in the configurations
have been divided by the respective values in pure water to
put in evidence the spectral deformation which can be charac
terized by some parameters which are a function of metal thick
ness.

For item c¢) a nmew program named DRR /4/ which computes the
neutron dose starting from a reference spectrum and the experi
mental results of the detectors has been set up and tested.

The reference spectrum must be known from previous calcula-
tions and be near the real spectrum. This method can be useful
when a calculation would be difficult, whereas simplified measu
rement can be performed, e.g. in an irradiation position withix
a complex geometry in a strongly heterogeneous composition.

The experiments were made in the shielding facility ETNA of
the SORIN swimming pool reactor Avogadro RS1.

Eiperimental apparatus

°

The neutron éource employed in our experiments is a natural
U converter plate, 2 cm thick, whose extension 1s limited by
a Boral diaphragm 90 cm in diameter.

A further Boral plate after the source prevents interac-
tions of thermal neutrons from the tank water with the source
uranium, |

The converter plate is placed at the exit of the thermal
column of Avogadro RS1 swimming pool reactor, whose power in.

the course of experiments was 5§ MW,



The irradiation facility (ETNA) is of the Lid Tank type
composed by a water filled aluminum tank of dimensions
(3x3x2,8)m3 (see Fig. 1). Lead and iron shields are located
by means of an iron supporting structure (see Fig. 2).

Square lead plates (lxllm2 are assembled in an iron frame
which makes reasonably accurate location possible.Positions
for detector foils are obtained by removing lead plugs.

In Fig. 3 a laminated configuration is shown together with
a holder and the lead plugs.

The detectors are located along the axis of the configura-
tion and in two transversal positions, by three removable,
iron clad holders which avoid dismounting the entire apparatus
when detectors are changed.

In water the detectors are positioned by means of small
frames, made of steel rods and thin lucite disks fixed to
~the plates of the configuration. '

Foils holders like the above were used in the case of the
configuratibn using pure water, fixed to the iron supporting
structure.

The-activation detectors used for the various examined
energy ranges are described in Tab. I.

, In it the activation reaction, the physical shape, the
radiation type considered for detection, and the method of
counting and of standardization are reported for each detec
tor,

Most of the absolute activities have been determined with
a calibrated scintillation counter /6/.

Results are given in the form of reaction rates and thermal
flux.



Fission chambers were calibrated by means of a method
reported in a previous work /5/.

Particular attention has been payed to the perturbation
oeffects produced by the foils themselves. Correction factors
have been derived experimentally in all tases, generally by
comparison with the response of thin detectors giving negli-

gible perturbation.

Experimental results

A) Pure water

The results of measurements performed in pure water

are reported in Table II and in Figs. 4 and 5.

B) Metal/water configuration

Three series of shield configurations have been consi

dered.

Simple configurations . A single lead slab (thickness

4 cm or 12.8 cm) is placed in water with its initial face
10 cm from the tank wall.,

Composite configurations . A lead slab is sandwiched
between two iron plates simulating the supporting structure
The whole slab is placed in water at the same distance as

above.

Laminar configurations . Several water and lead slabs are

arranged in such a way to give volume ratios 2;,1: 0,5.

The examined configurétions are listed and labelled in
the following Table.



CONFIGURATIONS

Materials (sequence and thickness

Type Label in cm)
Homogeneous 1 H20(300)
| 2 H,0(10) - Pb(4) - H,0(286)
Simple
3 H20(10) - Pb(12.8) - H,0 (277.2)
4 H20(10) - Fe(1,75) - Pb(4,8) -
1 Fe(2.76) - H,0(280.7)
Composite
5 H20(10) - Fe(1.75) - Pb(13.6) -
Fe(2.76) - H20(271.9)
6 H20(4) - Pb(4) - Hy0 (4) - Pb(4) -
H20(4) - Pb(4) - H20(4) - Pb(4) -
H,0(268)
Laminar
7 H20(4) - Pb(8) - H20(4) - Pb(8) -
H20(268)
8 H20(8) - Pb(4) - H20(8) - Pb(4) -

H20(264)

H20(8) - Pb(4)
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Measurements with af least three detectors;

Dy(n,y), Au(n,y)/cd, Ni(n,p)

have been made in each configuration. In order to obtain a
more complete spectral plot for configurations 1 to 5 the
following reactions were also used

237( U238

Np n,f), (n.fz. Rh{n,n')

In(n,n'), Al(n,p), Al(n,a).

The experimental results are given in Tables III to IX and
in Fig. 6 to 14 and are normalized to the same thermal flux
incident on the converter, i.e. to'the same Source power
(11 w). The reported errors are those deriving from the count
ing statistic. The uncertainty in the absolute values is less
than 10% except for Rh (30%) and the Np and U fission chambers
(50%) .

Errors deriving from the foii position should be less than
10%,

Analysis of thé experimental results

The experimental results have been plotted in Figs., 15 to
26 as ratios of p between the values in the shield configura
tion and the corresponding ones in pure water.

In this way the spectral deformations induced by the sub-
stitution of water by lead are evidenced and the effects due.
to geometry or errors in activation cross sections are elimi
nated. _

From the above graphs the following observations can be

made:
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-~ for each detector a peak is found; if the detectors
are arranged in order of increasing energy: Dy, Au/Cd,
| U-Np-Rh, In, Ni, Al(n,p), Al(n,a), the peak value o ___
is continuously decreasing from Au/Cd to Al(n,a) whilst

its value for Dy is slightly lower than for Au/Cd;

- also the position of the peak is dependent on the energy
and shifts from about 5 cm behind the slab in water

towards the interior of the slab with increasing energy;

- the value Py at the rear face of the lead plate decreases

as the neutron energy increases, except for Dy.

These results clearly indicate that the energy spectrum
in lead is softer than in water. The quantitative increase
of the thermal and epithermal components is approximately
given by the Dy and Au/Cd ratios, and the fast spectrum de-
formation can be deduced by an unfolding procedure of thre-
shold detector data from which a buildup of‘neutfons below
about 2 MeV is deduced (see for instance Fig. 31 obtained
with the procedure described in Section 6.2).

This behaviour reflects the different scattering and ab-
sorption processes in the two considered media and can be
explained qualitatively considering the changes which occur
in the energy spectrum from an equilibrium shape characte-
riétic of the water medium to a new equilibrium condition
which is not reached however with the lead thicknesses in-
vestigated in the present work. The observed trends are

justified considering that:
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The total cross section is lower for lead than for water

in the whole energy range.

In lead scattering occurs only elasticélly below ~ 1 MeV
and the inelastic fraction is roughly 50% above 4 MeV.
Inelastic energy loss is such that most neutrons emerge
after collision with an energy in the range (0.5-3)MeV.
Since elastic collisions do nbt change the energy very
much, it follows that with respect to water the fast spec

trum is enriched below about 2 MeV.

In the epithermal and thermal range the flux in water
resulting from the slowing down of fast neutrons after

a sufficient thickness follows approximately the spatial
variation of the high energy flux. When the neutrons en
ter the lead medium, transfer to lower energy groups is
much lower, so that at any energy the spatial variation
of the flux is mainly determiﬂed by the scattering and adb
sorption cross section at the considered energy. Since
in addition the relaxation lengths of the low energy neu-
trons in lead are greater than the relaxation length of
the fast leading group in water, the net result is an in

crease of p in lead.

The existence and location of the peak is determined
respectively by: (1) the lower water albedo for fast
neutrons (the peak is inside the slab), (2) the increased
slowing down for epithermal neutrons (the peak is at the
lead/water boundary), (3) the opposite effects of increas
ed absorption and slowed down source for thermal neutrons

(the peak is in water).
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-~ The albedo effect is also responsible for the observed

increase of p for most detectors before the slab plate.

The dependence of P max and Py On the lead slab thickness
t has been plotted in Fig. 27 for Dy, Au/Cd, In, Ni measur-
ed in the simple and composite configurations. In this lat-

ter case pmax is obtained as

M Fe
Pnax = pmax/pmax
M . Fe
where P is the measured value, and ¢ is the value of

a singlg iron plate of thickness equal to the sum of the
iron thicknesses in the experiment,derived from a previous
work /7/.

One can see that the data can be approximated by an ex-
ponential function. This result ‘ndicates that the effect
of lead does not depend on the spectrum shape of the inci-
dent radiation (within the range of t investigated) and
one could attempt to describe a laminar configuration start
ing from the p curve obtained from a single slab. This has
been done for configuration 6 and Fig. 28 shows the compari
son of p's obtained in this way starting from the results
of configuration 2, with the true data obtained directly.
The agreement is rather good and the maximum discrepancy is
observed in some values of Dy reaction rate for which the

true value of Prax = 5.5 is underestimated by ~ 30%.
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5. Comparison with SABINE

A comparison of values of fluxes and reaction rates obtain
ed by measurements has beeh made with thgse calculated by
SABINE, which are reported in the above graphs as continuous

lines.

A) Pure water

For what»concerns the pedk of the thermal flux, calcu-
lated values underestimate the experimental ones by 30%,
and are then in very good agreement up to 60 cm, reaching
a maximum deviation of 30% at 80 cm.

The epithermal flux is underestimated by SABINE every-
where, up to a factor of 2 at 80 cm.

Indium reaction rates experimentally measured exceed
calculated rates beyond 30 cm from the source, which is
justified by a contribution to the reaction (n,n') due to
the neutrons produced by reaction (y,n) on the deuterium
contained in water.

" No quantitative evaluation of this effect has been how

ever attempted since the vy spectrum in ETNA cannot be ac-

curately determined due to the complexity of y sources and
shields between the reactor core and the facility.

Rh activation, on the contrary, is in good agreement
with calculations.

Experimental results using fission chambers (Np and U)
aTre greater than those expected by calculations by a fac-
tor 2, almost constant also for metal-water configurations.
It may be presumed that this difference is due to an incor

rect standardization of the chambers.
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The values of reaction rates of Ni, Al(n,p)., Al(n,a)

"are in agreement (within 20%) with calculations.

Configurations

SABINE overestimates thermal fluxes in lead by 30%
in a thickness of 4 cm; and by up to a factor 2 within
the last plate of laminar configurations.

The epithermal flux is underestimated in pure water
but in the lead the calculated values tend to the expe
rimental ones at the end of the plate.

Indium activity is always in good agreement with cal-
culation, because of the effect of shielding lead on ¥
rays.

For Rh, Np, U, Ni, Al(n,p) and Al(n,a) the same consi
derations as in pure water are valid.

In short, from comparison between experimental and cal

culated values, one may say that they agree satisfactory

for fast neutrons, but fail somewhat for thermal and epither
mal neutrons,

The neutron dose has not been measured directly; -how~
ever the agreement obtained with the activation detectors
may be extrapolated to the dose.

In particular low energy neutrons make a small contribu
tion to the dose in water and the discrepancies observed
for low energy detectors are of little importance. It is
therefore justifiable to consider the SABINE dose as a
valid test for assessing the accuracy of other calculation

methods described in the next Sectioms,
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6. Dose calculated by QAD .using the removal cross séction

dependent on the water thickness

As is well known a point kernel integration program can
solve in a simple way problems involving complex geometries.
The model used in the QAD code is based on the use of the
removal cross sections for evaluating the thickness of the
reference material equivalent fo the thickness of the va-
rious materials in the shield. This procedure is strictly
correct only if applied to the same physical configuration
used for measuring the removal cross section. 1In the parti
cular case of a slab in water one may expect correct answers
(flux or dose predictions) only at points where the equili-
brium spectrum in water is re-established (several relaxation
lengths behind the slab).

Inside the slab and in the first layer of the following
water the removal cross section concept is meaningless; 1if,
as in the case of iron or lead, the removal cross section is
‘greater than 0.1 2%— (value commonly used for the reference
water medium) the dose in this region will be underestimated
by a factor dependent on the slad thickness.

In order to reduce this limitation in the use of QAD a
still simple but more realistic procedure has been established,
using a removal cross section dependent on the water thickness.
Shure /8/ in a previous work has shown that it is possible
to define at any point x a cross section }:M(x_) describing
the exponential attenuation of a given quantity (the neutron
dose) in a material M followed by a water thicknmess x.
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His values, obtained with a multigroup P3MG calculation
fdr iron and lead, approach the known values EM obtained
from Lid Tank measurements for a large water thickness.
Therefore an exact description of the neutron dose can
be obtained with QAD if a given thickness t of the material
is diluted in water in such a way that the total thickness t

at a point x Dbehind the slab is

t(x) = t-ZM(x)/EM. (6.1)

ranging from a minimum value t(o) at the end of the slab to
the totél value t far from it.

Water behind the slab is therefore divided into a number
of regions ending at the points of interest xl, Xgs ssscoco
where a dose calculation is wanted.

A fictitious material density Py is then calculated in

each region starting from the slab region (n = o) as follows:

p, = (p/t) (o)
o, = (o/x))+|Elx,)-Elo) | (6.2)
Pny1 = {P/(xn+1-xn)}°{f(xn+1)-f(xn)}

where P is the actual material density inside the slab.
This assures that, if the code uses for the material M
a constant value ZM of its removal cross section, at all

the points x the relationship:

2M390t+91x1+92(x2—x1)+...Pn(xn-xn_l)§

= ptedylx ) | (6.3)
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is satisfied.

A similar procedure can also be used for complex lamina
tiohs; in this case the material of a given slab is dilut
ed in all the hydrogeneous regions, ; : ‘

A test of the method has been made using for zM(x) the
data reported by Shure /8/. Figs, 29 and 30 show two
examples relative to metal-water configurations examined in
this work. A QAD calculation of the (fast) neutron dose has

~ been made for both the cases of constant and variable ZM.and
the results compared with the SABINE (total) neutron dose.

As shown in the above figures the proposed method gives a
rather good description of the dose, whilst the constant EM
hypothesis gives large underestimates near the slabs. It must
be observed that the absolute values of the dose obtained with
SABINE and QAD are somewhat different everywhere because lower

energy limits are different for the two codes.

7. Dose calculated from activation detector data

7.1. Outline of the method

In some cases it is possible to obtain experimental data
from activation detectors at points of a shield where the
spectrum or some integral quantity such as the dose must be
known but where accurate calculations cannot be easily per-
formed.

The problem of determining the neutron spectrum starting
from the reaction rates of different detectors can be solv-

ed by means of diffe;ent methods based on more or less
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sophisticated mathematical treatmentsof the data. The
present accuracy of basic data (cross section) and the
cross section versus energy dependence of existing detec
tors are such that often solutions without physical mean
ing are obtained, unless limiting assumptions are made on
the spectrum shape.

The best known methods have been recently reviewed by
Bouvard Z@].

The spectrum is described either by functions without
a direct physical meaning or by analytical functions which
- strictly apply only to limited cases (for instance: fission
spectrum or modified fission spectrum).

Therefore a common feature is that it is not required
(nor possible) to use any information about the spectrum
shape, although in many cases it could be possible to have
some knowledge derived froﬁ calculations or experiments in
similar media and geometries. |

The method here proposed on the contrary starts from the
knowledge of a reference spectrum which is not expected to
be very different from the unknown spectrum.

For instance in a hetérogeneous shield configuration com
posed of several materials Mi it is possible to select one
of them, say Mo’ to be used as a reference. The effect of
the other materials can then be regarded as a perturbation
in the homogeneous Mo medium, in which the reference spec-
trum ch(E) can usually be calculated without difficulty.

In the following the method is applied to the laminar
lead/water configurations examined in this work, to deter-

mine the neutron spectrum and dose.
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In this particular case the reference medium is water
and the reference spectrum is that existing at the same
location in an all water medium, The measured quantities
are therefore the ratios p reported in Sect. 4.

The use of relative values of p instead of absolute
reaction rates eliminates the cross section absolute errors.
Othervapplications of the method are the determination
of neutron flux or radiation damage inside experimental faci
lities with strong heterogeneities which do not permit an
easy prediction. In these cases the reference spectrum is
that existing in the homogeneous reactor environment where

the facility is inserted.

7.2. Spectrum

The moat important features of the method are:

- experimental data are the values of reaction rates in
the unknown spectrum ¢(E) divided by the corresponding
quantities in the reference spectrum mo(E) (p ratios)

- each detector 1 1is characterized by a mean energy
E;. i dependent on the spectrum (pj(E), which is defin
ed as the energy at which the product o (E)-@j(E)

reaches its maximum value
~ the solution is obtained by an iterative procedure.

This method differs from Ben David's /3/ approach in
the definition of E and in the choice of the reference
spectrum,

Starting from a first estimate ¥, of Y(E)-Q(E)/@O(E)

Py 1
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is obtained considering

Y (®

1 =P

i,o) i

A regular curve Y (E) is then fitted to the Y (E 0)
points and a first estlmate of QI(E) =Y (E).@ (E) cal-
culated. A new Ei.l value is calculated and the whole
Procedure repeated until the calculated and measured pva
lues are equal within the experimental errors,

An example is given in Fig. 31 relative to the spec-
trum emergent from a 4 cm lead plate. Detailed shape of
the reference spectrum was obtained by a QAD calculation
at 18 energies above 0.1 MeV and the procedure was stop-
ped after 5 iterations., The agreement with SABINE is rather
good, expecially if one considers that the main interest is
not usually knowledge of the exact shape of the spectrum, but
rather of the value of some integral quantity which is not
very sensitive to small oscillations of ¢ (F).

DRR method

A different approach is to calculate directly the desired
integral quantity A, (dose, integral flux, radiation damage)
starting from a set of N detector responses, Ai (reaction
rates per atom).

In the DRR code (Dose from Reaction Rates) the problem
has been solved as follows,

The neutron spectrum is divided in N groups whose limits
depend on the detectors employed, according to the criteria

explained later.
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A system of linear equations is then written as:

N
A = j; 2,7, | | (1=0,1,000ceus.N) (7.1)
where:
By . | ,
°j =_L 9(E)aR (7.2)
j-1 \
B
— 1 L
R e ?(®)o, (E)dE 4 (7.3)
: By

Starting from the knowledge of the detector responses
Ag measured in the reference spectrum and Ai in the unknown

spectrum, system (7.1) can be written as

pi = ZTj-ai'j . (7.4)

-in‘the unknown ?j, where:

0
PizAj/Ai
v - 0 /0°
j 1/1

00,5

R R 7Y |
i,] A o
i

By solving this system the required quantity Ak can be
calculated by means of the relationships 7.1 and 7.3 with:
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Oy = 1 if Ak = Total flux above Eo

Ok = k(E) A, = Neutron dose (k(E) = flux to dose
conversion factor)

O = UD(E) A, = Defect production rate per atom

(UD(E) = cross section for defect

production),

An important step for the application of the method is
the choice of the detectors and of the energy limits Ej‘
In each interval a single detector must have a response as
Prevalent as possible with respect to the others,’

From the above principles it follows that the validity
of the method is assured if one of the following conditions
is ful-filled:

1) the real spectrum is similar in shape to the reference

'spectrum

2) the dependence of the wanted ) upon energy is almost of
the same type of that of the various ci's mainly in their
characteristic field E] l—Ej (3 =1).

In the present form three fast detectors (In, Ni, Al(mn,a)
are considered in the DRR code. The fast neutron energy
limits satisfying the above condition are given by:

E, E, E, , |
[ oy (BIG°(E)EE = | o, (B)¢°(E)AE = | op(E)G°(R)GE  (7.5)

Eo E1 Ez
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in addition informatiop about thermal and epithermal flux
is obtained from Dy and Au/Cd.

A complete description of the method is given in /4/
together with the computer program DRR. ' : |

An.example of the DRR results is given in Fig. 30 which
refers to the dose in the 12.8 cm lead plate configuration.
Comparison with SABINE shows thdt the dose is underestimat
ed by about 20% in water and up to 50% in lead.

The discrepancy in water and about 50% of it in lead are
dﬁe td the different measured and calculated P values. In
fact whén the SABINE reaction rates are used as inputs these

oeffects are eliminated.

- In lead the reference spectrum is too different from the
real spectrum in the epithermal region, and the use of
a single epithermal detector leads to an underestimate of

about 20% on the total neutron dose.

8. Conclusions

The principal aim of this work was the determination of the
detailed spatial variation of various activation detector reac
tion rates inside the metal slabs of the lamination considered
and in the surrounding water.,

In reactor shielding, when minimum weight or space are requir
ed, the commonly used form of the external part of the biologic-
al shield is a lead barrier followed by hydrogeneous material.

In this case the thicknesses commonly used ars in the order
of those investigated in the present work (lead slab up to
12.8 cm, total water thickness behind the slab up to ~ 40 cm)



80 that the lack of information for greater thicknesses is
of little importance from a practical point of view.

The experimental data have been used first to test the
SABINE code. Since the source and shield geometry are well
defined and can be accurately described by SABINE, this test
is not affected by geometric errors. It has been found that
fast neutron detector reaction rates are in excellent agree-
ment, whilst the calculated thermal reaction rate of Dy is
overestimated by SABINE in the lead region up to a factor 2,
Probably this discrepancy is due to insufficient detail of
the spectrum in the thermal region.

The neutron dose is the most important quantity. It has
not been measured directly but by the comparison of detector
responses. It may be concluded that it is described by SABINE
in the investigated region with (better than 20%) reasonable
accuracy.

A modification in the use of the point keinel integration
code QAD has been proposed. The performed tests indicate that
the discrepancies arising from the simplified model used by QAD
are greatly reduced in the dose calculation. '

Further analysis of the.experimental data has permitted .
description of the perturbing effect of a metal slab in water
by means of characteristic p versus depth curves for the various
activation detectors.

The quantity p is the ratio of the reaction rate in the confi
guration to that in pure water at the same location. The P cur-
ves indicate the spectrum softening inside the lead slabs and
can be characterized by some parameters.

It may be recalled that the removal cross section definition



is based on the existence of an asymptotic P value measured

at a large distance independent of the neutron detector. The
present findings also show that near the slab some relevant

parameters (for instance the peak value)’ can be épprbximatéd
by an exponential function of the metal thickness,

As complementary research, two techniques for the analysis
of experimental data have been developed. The fast neutron
spectrum and the dose can be calculated from the reaction
rates of selected detectors. The methods are rather simple
and with respect to other existing procedures, are based on
the selection of an optimized physical configuration (choice
of detectors, reference spectrum) more than the use of sophi
sticated mathematical procedures.

The methods were tested by comparison with SABINE and sa-

tisfactory agreement was found.
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TABLE 1

.List of detectors

Detectors Act1v§t10n FPhysical Cgun; Standardization
reactions shape ing
164 165 . .
Dy Dy  (n,Y)Dy Alloy Al/Dy 10% B Comparison with Au
¥*
Au/cd Au197(n,y)Au198 Pure Y (0,411 MeV)
*
* %
Rh Rh1o3(n,n)Rh1o3m Pure Y (20 keV)
In In115(n,n)In115m Pure Y (0,335 MeV)
Ni Nise(n,p)Co58 Pure Y (0,81 MeV)
4127 (n,p)mg?’
Al Pure Y (0,84 MeVv)
A127(n,a)Na24
Np | 8p>°7 (n,£)
Fission chambers
U U238(n,f)
* .
Cd thickness is 0,5 mm
*x
Data used: Fluorescent yield of the k shell = 0,78 and
absorption coefficient (20 kev) = 12,5 cm2/g

All fast neutrons detectors were covered with Cd

thermal activations.

in order to avoid




TABLE II

Configuration N° 1

; z Dy Au/cd In Ni Al(n,a) Al(n,p) Rh U Np
H(em) [em2.s™) AT s e P g™ PG e T e [T e s T P s e [
o} 2,28/7 9,26/6 - 2,02/4 - - 1,42/5 - -
0,15 - - 3,10/4 - - - - - -
0,20 - - - - 3,91/2 2,40/3 - - -
0,60 - - - - - 2,25/3 - - -
1 _ _ _ - - - - - 1,81/5
11,1 - - - - - - - 2,94/4 -
2,0 7,0/7 - - - - - - - -
2,50 - 1,13/7 1,78/4 1,16/4 - - - - -
3,50 - - - - - - - 1,78/4 -
4,0 | 8,20/7 - - - - - - - -
4,70 - - - - - - 4,40/4 |1 - -
5,0 - 7,87/6 1,03/4 7,41/3 - - - - 7.,39/4
6,0 7,40/7 - - - - - - - -
7,50 - 4,68/6 6,35/3 4,86/3 - - - - -
8,0| 5,80/7 - - - - - - - -
8,500 - - - - - - - 6,70/3 -
9,60 - - - - - - 1,55/4 |5 - -
ho,0 | 4,20/7 2,64/6 3,90/3 3,28/3 - - - - 2,55/4
0,50 - - 3,60/3 - 9,0/1 - - - -
10,90 - - - - - 4,25/2 - - -
12,0} 2,80/7 - - - - - - - -
13,60 - -, - - - - - 2,77/3 -
14,0 | 1,90/7 - - - < - - - -
14,9 - - 1,70/3 - - - - - -
15,0 - 7,87/5 1,58/3 1,43/3 - - - - 1,02/4

162



Follows Table II (2)

Z Dy Au/cd In Ni Al(n,a) Al(n,p) Rh U Np
(em) {(em™2.s™) FAs™ g s g s eI (s g T R s g [T s g PR e FH s e PR
16,0 | 1,30/7 - - - - - - - -
18,0 | 8,50/6 - - - - - - . - -
18,60 - - - - - - - 1,30/3 -
19,50 - - - - - - 2,98/3 |7 - -
po,0 | 5,85/6 2,78/5 - 6,63/2 - - - - 4,37/3 |3
0, 30 - - 7,10/2 - - - - - -
20,35 - - 7,05/2 - - - - - -

L0, 40 - - 7,0/2 - 2,50/1 {2 - - - =
p2,0 | 3,80/6 - - - - - - - -
P3,60 - ® - - - - - - 5,98/2 |3 -
ba,0 | 2,60/6 - - - - - - - -
P5,0 - 1,11/5 3,0/2 3,09/2 - - - - 1,97/3 |3
b6,0 | 1,72/6 - - - - - - - - -
bg,0 { 1,19/6 - - - - - - - - .
b g, 60 - - - - - - - 2,95/2 15 - '
po.co = " - - - - 6,55/2 13| - -
30,0 | 8,20/5 4,35/4 1,60/2 1,51/2 - - - - 9,30/2 |7
30, 50 - - - - 7,40/0 |5| 2,85/1 |5 - - -
2,0 | 5,75/5 - - - - - - - _
34,0 | 4,20/5 - - - - - - - -
35,0 - 1,95/4 6,50/1 7,88/1 - . - - - 4,55/2 |8
35,0 | 2,90/5 - - - - - - - -
36, 8 - - - - - - - 9,88/1 |s. -
38,0 | 2,10/5 - - - - - - - -
39,60 - - - - - - 1,58/2 [18 - -

0€



Follows Table II (3)

z Dy Au/cd In Ni Al(n,a) Al(n,p) Rh ! . Np
(cm) (cm-z.s-1) E%) o1 .9-1 AR N _9-1 e% (S-1 g-1 &% (S-1 /.9-1) e % (5-1 _g-1 ) £% (5-1 a1y Je* (s-1 .g-1 %
40,0 | 1,60/5 8,94/3 - 3,90/1 - - - 2,4/2 hol
40,3 - - 4,10/1 - - - - -
42,0 | 1,13/5 - - - - - - -
44,0 | 8,40/4 1 - - - - - - -
45,0 - 4,18/3 - 1,95/1 - - - -
35,2 - - 1,80/1 |8 - - - - -
16,0 | 6,20/4 1 - - - - - - -
18,0 | 4,50/4 2 - - - - - - -
149,60 - - - - - - - 5,1/1 |35 -
50,0 | 3,40/4 2| 2,05/315 - 1,03/1 |5 - - - -
50, 60 - - 1,04/1 fio - - - - -
52,0 | 2,40/4 2 - - - - - - -
54,0 | 1,80/4 |3 - - - - - - -
55,0 - 1,0/3 fio - - - - - -
55,50 - 9,4/2 |3| 6,0/0 ps5| 6,1/0 poO - - - -
56,0 | 1,38/4 |3 - - - - - - -
58,0 | 1,02/4 |3 - - - - - - -
60,0 | 7,90/3 {5| 5,9/2 [I5 ~ 3,9/0 BoO - - - -
60, 60 - - 4,50/0 330 - - - - -
62,0 | 6,0/3 5 - - - - - - -
64,00] 4,60/3 5 - - - - - - -
65,0 - 2,50/2 |6 - 2,5/0 ko - - - -
65,30 - - 1,30/0 W5 - - - - -
66,0 | 3,50/3 5 - - - . - - - -
68,0 | 2,60/3 5 - - - - - - -

1€



Follows Table II (4)

vA
(cm)

Dy

-2 -
am .

s

(s

Au/cd
-1 -1
g

In

€ °o _1
% .g

Al(n,a)
-1 -

'(s g )

Al(n,p)

Rh

-1

70,0
72,0
74,0
75,0
76,0
78,0
80,0
85,0
00, 40

2,0/3
1,60/3
1,20/3
9,0/2
7,0/2
5,5/2

@ )

10

1,36/2

6,6/1

4,2/1
2,5/1
1,7/1

12
25
40

(4



TABLE III

Configuration N° 2

Z Dy Au/Cd In Ni Al(n,a) Al(n,p) Rh U Np
(em) |(em™2.s™) [P~ L EH s s LT OFH (s e FA 5T e FA T e T A T e AT e A
0,10 2,23/7 - - 2,0/4 - - 1,42/5 - -

0,20 - - 3,10/4 - - - - - -

0,40 - - - - 4,20/2 2,35/3 - - -

0,75 - - - - - - - 3,05/4 1,80/5

3,0 7,89/7 1,1/7 - - - - - - -

4,50 - 8,80/6 - 7,96/3 - - - 1,50/4 7,32/4

5,10 - - 7:32/3 - - - - - -

5,30 .,7’87/7 - - - 1,90/2 9187/2 4’20/4 - =
7,50 - 4;84/6 - = = v - - = -

7,80 5,55/7 - - - - - - - -

9,20 - - - - - - - 6,31/3 3,23/4 |
9,50 - - 4,74/3 - - - - - - f
9,80 - - - - 1,07/2 4,93/2 {1 - - -

9,90 - 2,98/6 - - - - - - - i
10,0 2,71/7 - - 3,42/3 - - 1,96/4 {2 - -
ho,50 2,69/7 - - - - - - - -

11,0 - 2,50/6 4,34/3 - - - - - -
11,20 - - - 3,14/3 - - 1,90/4 |4 - -
1,70]  2,48/7 - - - 8,44/1 3,71/2 |2 - - -
12,10 - - 3,80/3 |1 - - i - - - -
2,60 2,34/7 - - - - - - - -
2,90, - 2,06/6 - - - - - - -
13,0 - - - 2,52/3 - - 1,56/4 |2 - -
14,0 2,27/7 1,53/6 - 1,93/3 - - 1,22/4 |2 - -

-t



Follows Table III (2)

Z

(cm)

E%(S

Au/cd
-1 1
-g

(s

Ni

-1 -1
.g

€%

£7

14,20
14,70
6,90
18,40
8,70
18,80
19,0
19,20
20,0
02,0
23,70
23,90
24,10
28,70
08,90
29,0
29,20
29,40
30,0
33,70
33,90
34,0
39,0
44,0

1

1,705/3

8,52/2

24

3

6




TABLE IV

Configuration N° 3

=

§ w
o

- % % e % % M e e e e =

uPVWUABRRPDOOVOOUDON

WUV DADMWMPONN 000
¥

- - e =

Ni Al(n,a) Rh
~1 =t e, =1 =1 e, -1 1 E%
(s7 e s g (s g

- - 1,42/5
1,91/4 4,0/2 -
1,16/4 - -

- 1,96/2 4,60/4
7,55/3 - -

- - 2,92/4
4,95/3 - -

- 1,03/2 -
3,75/3 - 2,24/4
3,12/3 - -

- - 2,16/4 |2

SE




Follows Table IV (2)

2

z

(cm)

Dy

-2 -
(em “.s

)

< %)

Au/CdA

e %

Al(nva)
(s

13,75
4,0

4,80
15,43
15,53
15,60
15,80
17,60
18,0

18,20
18,84
22,61
22,80
22,90
23,0

23,5

27,50
27,70
28,0
28,50
32,40
32,65
32,80

1,62/7

1,52/7

1,13/7

6,40/

3,65/1

1,478/4

1,08/4

5,0/3

2

4

9¢



Follows Table IV (3)

Z

(cm)

(cm

Dy

C .2 -1
.S

)

Au/cd
% (S—‘] .9_1

)

Al(n.a)
A~ g™

€%

32,90
33,10
33,50
37,40
37,65
37,80
38,0
38,5
42,40
42,65
42,80
43,1
43,5
43,8
47,30
47,60
47,80
52,30
52,70
53,5
62,7

10

14

5,81/2

2,683/2

10

40,

g



@4

TABLE V

Configuration N° 4

Z Dy Au/cd In Ni Al(n, q) Rh U Np
(cm) —2.5-1 €% (5-1 .9-1 =% (S-1 ‘g_1) I3 (5-1 .9-1) e % (5-1 _9-1) E% (5-1 ] -1) € o (5-1 .9-1 €% (5-1 .9-1) €
0,1 - 8,20/6 - - - 1,42/5 |1 - -
0,2 - - 3,10/4 1,96/4 4,0/2 - - -
1,4 - - - - - - 2,83/4 1,83/5
2,5 | 6,54/7 - - - - - - -
4,3 - - - - - - 1,50/4 8,67/4
4,8 - 7,70/6 - - 2,20/2 - - -
5,0 | 7,07/7 - 1,039/4 7,71/3 - 4,4/4 |2 - -
7;3 - 4;79/6 - - - - - -
7445 - - - 5,08/3 - - - -
7,50| 4,94/7 T - - - - - - -
9,25 - = - - - - - 6,68/3 3,767/4
9,80 - 3,25/6 - - 1,016/2 - - -
9,90 - - 4,68/3 - - 2,13/4 |3 - -
10,0 | 1,24/7 - - 3,47/3 - - - -

11,5 - - - 2,72/4 - - - -
11,6 - 2,28/6 3,81/3 - - 1,775/4 |2 - -
11,75] 4,23/6 - - - - - - -
13,31 - - - 2,10/3 - 1,505/4{2 - -
13,51 - 1,78/6 3,19/3 - 5,60/1 - - -
14,03] 3,10/6 - - - - - - -
15,57| 2,43/6 - - - - - _ _
16,2 - - - - 4,28/1 1,16/4 |2 - -
16,35( 1,92/6 - - - - - - -

8€ -



Follows Table V (2)

vA
(cm)

. Dy
-2 -1
(em™2.s7 ")

€ %

Au/cd
o
(s .g

)

[4

E %

€4

E%

E%

16,45
6,70
19,30
19,45
0,05
01,80
22,0
04,0°
24,30
24,50
27,40
29,0
29,30
29,50
29,80
34,0
34,40
34,60
35,80
39,0
39,30
39,60
44,40

1,92/6

' 4,42/6

3,90/6

1,51/6

8,16/5

5,33/5
2,97/5

8,61/4
2,72/4
1,0/4

10

1

3

f O

6€



Follows Table V (3)

Z Dy Au/cd In Ni Al(n,a) Rh U Np .
(cm) (m‘2.5'1) 9, (3-1.9-1) e/,(s—1 o a/,(s-1. -1 5%(5"1.9'1) 5,4(5-1 o X (5-1 g 5%(5-1'g—1 A
44,70 - 4,22/3 1,43/1 |5 - 9,68/-1 {10 - - -
45,70 - - - - _ - - 1,54/1 |0 -
148,30 3,66/4 5 - - 1,11/1 |3 - - - -
48,60 - 1,81/3 - - - - - -

49,0 - - - - - 2,06/1 |73 - -
54,30, 1,50/4 6] 9,51/2 2| 4,15/0 jo - - - - - I
58,30, 7,54/3 1O - - - - - - - '
59,40 - - - 3,58/0 |5 - - - -
59,60 - 4,25/2 |4 - - - - - -
63,300 3,38/3 [r2 - - - - - - -
68,300 1,84/3 5 - - - - - - -




TABLE VI

Configuration N°© 5

VA Dy Au/cd In Ni Al(n, a) Al(n,p) Rh v Np
(cm) (Cm-z.s-A e % (5-1 g-1 el =1 .g-1 54(5-1 .g-1 £% (5-1 o e (s-1 .g-1) £ 7 (5-1 .g-1 €% (s 1.g-1 £ (5-1 L HE
0 9,28/6 - - - - - - - -
0,1 - 9,50/6 - - - - - - -
0,2 - - 3,04/4 1,96/4 - Co= 1,40/5 |2 - -
0,3 - - - - 4,0/2 2,42/3 {2 - - -
0,4 - - - - - - - - -
1,1 - - - - - - - 3,01/4 1,71/5
2,50 6,60/7 1,13/7 - - - - - - -
4,20 - - - - - - - 1,64/4 8,53/4
4,90 - 8,80/6 1,10/4 - - - - - -
5,0 7,01/7 - - 7,48/3 2,04/2 - 4,39/4 2 - -
7,50 5,01/7 - - - - - - - -
9,30 - - - - - - - 7,23/3 |2| 3,77/4 |2
9,80 - 3,90/6 5,25/3 - 1,02/2 {1| 5,35/2 |2 - - -
no,o| 1,28/7 - - 3,45/3 - - 2,22/4 |3 - -
1,50 - - - 2,74/3 - - 1,92/4 |3 - -
1,60 - 2,90/6 4,50/3 - 8,40/1 |2 - - - -
1,80 5,23/6 - - - - - - - -
16,50 - N 2,10/6 2,88/3 - - - 1,26/4 |3 - -
16,600 3,68/6 - - 1,52/3 |1 - - - - -
n8§,60 - 1,87/6 - - - - - - -
9,194 2,71/6 - - - - - - - -
19,40 - - - - 2,72/1 |3 - - - -
19,80 - - - - - - 9,25/3 |3 - -

154



Follows Table VI (2)

Z Dy Au/cd in Ni Al(n, a) Al(n,p) Rh U Np

(cm) -2 -1 54(5-1'9-1)5/,(5-1.9-1 e%(s-1_g-1 54(5-1.9-1 ee(s-—1.g- EA(s'1.g'1 54(5-1_51-1 s/,(s-1.g-1 £%
b0,40| 2,27/6 - - - - - - - -
b0, 60 - 1,54/6 1,78/3 9,46/2 12 - - - - -
p2,50| 1,72/6 - - - - - - - -
22,70 - 1,34/6 - - - - - - -
4,40 1,33/6 - - - - - - - -
04,90 - - - - - - 5,46/3 |3 - -
P5,0 - - 1,08/3 - - - - - -
b5,20] 1,02/6 1,11/6 - - 1,26/1 |2 - - - -
05,50 . - - - 4,62/2 |2 - - - - -
8,20 1,17/6 — - 2,57/2 {2 - - 2,87/3 |3 - -
28,30 - 6,0/5 | 5,22/2 - 7,64/0 |5| 3,70/1 |5 - - -
28,90 - - - - - - - 5,51/2 |2 3,50/3 |4
30,40( 2,64/6 4,13/5 - - - - - - - !
32, 80 - 2,40/5 |2] 1,76/2]5 - - - 8,29/2 |8 - - .
33,0 | 2,25/6 - - 1,0/2 |3] 4,24/0 |5 - - - - !
33,70 - - - - - - - 2,07/2 |6{ 1,03/3 |3
37,70, - 5,90/4 |5 6,76/1 [1Q - 2,28/0 |8 - - - -
38,C | 9,60/5 - - 5,30/1|5 - - 3,36/2 [ig - -
38, 60| - - - - - - - 7,24/1 11d 3,83/2 |3
42, 80) - 1,61/4 15| 2,45/1 13 - - - 1,44/2 Jod - -
4. .0 | 3,02/5 - - 2,65/1 10 - .- - - -
47 , 80 - 5,6/3 'd 1,01/1 {30 - 6,36/-1 |2d - 8,02/1 l2¢ - -
48,0 | 9,84/4 |2 - - 1,35/1| 8 - - - - -

(44



Follows Table VI (3)

Z Dy Au/cd In Ni Al(n,a) . |Al(n,p) Rh U Np
(cm) -2.5—1 €% S-1 .g_1 )a/,(s-1 .g_1 )e/,(s-1 .g-‘l ) €% (3_1 g—‘l) .'EA (s-1 .g-1) £ % (s_1 .g—1 e%l, =1 .g-1 €9 (5-1 .g—1 €%
18, 60 - - - - - - - 1,19/1 les} 5,93/1 Q5
52,80 _ - 2,1/3 p2l 4,33/0 |50 - - - 5,08/1 |25 - -
53,0 | 3,48/4 2 - - 8,55/0 |20 - - - - -
57,80 - 8,65/2 B3 - - 1,56/=-1 30 - - - -
8,0 | 1,32/4 3 - - 6,5/0 |15 - - - - -
£2,70 - 3,85/2 Ko - - - - - - -
3,0 | 5,54/3 |5 - - 3,33/0 |25 - - - - -
7,60 - 2,1/2 173 - - - - - - -
57,80 - - - 2,55/0 |25 - - - - -
kg,0| 2,69/3 |10 - - - - - - - -

1514



TABLE VII

Configuration N° 6

y Dy Au/cd Ni
(cm) (cm-2.s—1) £ % (5-1 ] 1) e% (.s 1_g 1) €%
o] 2,21/7 1,26/7 2,48/4
1 5'20/7 1v61/7 2}01/4
2 6,53/7 1,24/7 1,67/4
3 6,84/7 1,73/7 1,40/4
4 5,74/7 1,48/7 1,19/4
4,55 5,46/7 1,33/7 1,09/4
5,55 5,30/7 1,20/7 9,62/3
6,55 5,31/7 1,09/7 8,12/3
8 5,15/7 9,09/6 6,42/3
-9 5,02/7 8,50/6 5,96/3
10 4,68/7 7,73/6 4,74/3
11 4,03/7 6,18/6 3,85/3
12 2,79/7 4,73/6 3,40/3
13,25 - - 2,91/3
14,25 2,37/7 3,74/6 -
15,25 - - 2,20/3
16 2,18/7 2,82/6 1,82/3
17 1,91/7 2,25/6 -
18 1,63/7 1,87/6 1,24/3
19 1,27/7 1,52/6 -
20 8,95/6 1,19/6 1,06/3
21,25 8,22/6 1,08/6 -
22,25 - - 7,89/2
23,25 7,0/6 8,14/5 -
24 7,0/6 7,04/5 5,40/2
25 5,9/6 6,04/5 -
26 '5,15/6 4,91/5 3,73/2 1
27 4,26/6 4,15/5 -
28 3,58/6 3,62/5 3,08/2 1
32 3,12/6 1 2,25/5 1,74/2 1,5
33,5 2,15/6 2 1,59/5 -
40 6,15/5 6 3,75/4 5,32/1 3
45 2,09/5 8 1,28/4 -
50 7,16/4 10 4,95/3 1 -
55 2,94/4 12 2,02/3 2 -
60 1,23/4 13 9,68/2 5 -
65 5,46/3 30 4,82/2 8 -
70 2,6/3 40 2,1/2 10 -
75 1,4/3 50 1,1/2 20 -
80 - 5,5/1 50 -




45 -

TABLE VIII
Configuration N° 7

yA Dy Au/Cd Ni
(cm) —2.5—1 e % (5-1- —1) €% (5-1.g—1 €%

0 2,10/7 1,49/7 2,31/4

1 4,40/7 1,78/7 1,89/4

2 6,0/7 1,95/7 1,59/4

3 6,80/7 1,97/7 1,32/4

4 4,75/7 1,64/7 1,15/4

5 4,50/7 1,48/7 1,06/4

6 4,15/7 1,35/7 9,48/3

7 3,96/7 1,29/7 8,42/3

8 3,75/7 1,19/7 7,41/3

9 3,73/7 1,07/7 6,49/3
10 3,75/7 9,90/6 5,46/3
11 3,65/7 8,0/6 4,77/3
12 3,55/7 7,60/6 3,63/3
14 3,70/7 5,51/6 2,42/3
16 2,23/7 4,10/6 1,83/3
18 1,95/7 3,08/6 1,46/3
24 1,55/7 1,45/6 6,06/2 2
29 7,70/6 5,10/5 2,45/2 5
34 2,60/6 1,38/5 1,10/2 8
39 8,30/5 4,15/4 5,27/1 9
44 2,55/5 1,42/4 2 2,48/1 12
49 9,0/4 3 5,95/3 5 -
54 3,52/4 5 2,45/3 8 -
59 1,50/4 7 1,08/3 9 -
64 6,95/3 10 5,2/2 10 -
69 3,3/3 20 3,35/2 15 -
74 1,8/3 40 1,6/2 30 -
79 - 5,7/1 40 -
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