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Abstract
Essential requirements for experimental research on neutron shielding for fission reactors are:

1. Access to an experimental facility with a pure source of fission neutrons with simple geometry, and an
experimental zone. The NATADE 1 facility at the Commissariat a |’Energie Atomique satisfied these
requirements, initialy in 1957 within the Fontenay-aux-Roses reactor, and then in the reactor shielding
design section (SEPP).

2. The development of a technique for measuring fast, intermediate and thermal neutron flux densities, these
terms being precisely defined from a metrological standpoint.

To begin with, these experimental studies contributed to the determination of diffusion constants for two-group
theory, and subsequently for qualifying computer programs and the effective cross-sections used. This very
important research was sufficiently accurate for consideration now to be given for using it as a benchmark for
present-day codes, such as TRIPOLI-4, which has a modelling capability, using Monte Carlo methods, that can
precisely define the fission source and then qualify recent neutron cross-sections.

Thus the work we shall describe here combines the efforts of shielding designers of the 1960s with those of the
present decade.
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INTRODUCTION and SUMMARY

In part A of this report we describe the NATADE 1 facility which contains a uranium plate irradiated by a beam of
purely thermal neutrons emanating from the core of the ZOE heavy water reactor located at the Commissariat a
I’Energie Atomique (CEA) at Fontenay-aux-Roses. Behind the plate, which generates fission neutrons, there isalarge
experimental area in which various shielding mock-ups were placed in order to validate the nuclear constants used in
the computer programs and in the cal culation methods themselves.

In the second part (part B) we shall deal with the concept of conventional flux density (chapter I) that is used to
express the results of measurements of thermal (E<0.5eV), intermediate (between 0.5eV and a few hundred keV) and
fast (above 100keV) neutron fluxes. After describing the reference block (chapter 11) we shall examine the principles
applied for calibrating the dosimeters used to measure the various flux densities (Chapter 1I1). Since these
calibrations involve a small number of nuclear constants that are somewhat improved in 2004 compared with 1964,
we propose (Chapter IV) a reassessment of the detection coefficients of the different dosimeters (Mn55, Aul197, P31,
Rh103 and S32). The reassessment leads to a correction factor for each type of dosimeter which isthen applied to the
experimental conventional flux densities measured at the time.

In the parts C and D we describe the method of calculating the fission neutron density in the converter plate.
Measurements of thermal neutron flux immediately before the fission plate are available but these are distorted by
multiple diffusion in the structure and the thick natural uranium plate. The power of the plate can be checked from
measurements of fast neutron flux densities behind the plate, on the mock-up side. Our approach in part C involves a
subcritical source calculation using the TRIPOLI-4 program. Although the incident neutron current is entirely
thermalised, the fast neutron flux density arising from the initial fissions induces secondary fissions because the plate
is thick and consists of natural uranium. We give the procedure for interpreting the different experiments located in
the NATADE 1 void. The main experiments with the void empty are interpreted with a view to verification. An
attempt to estimate the neutron background noisein the void will be described.

The fina two parts (E and F) are devoted to several mock-up descriptions (iron, graphite,...).
Each part contains:

Experiment description

Raw experimental measurements

Corrected experimental values

Results and comparisons based on TRIPOLI-4 calculations
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PART A
DESCRIPTION OF THE NAIADE 1 FACILITY

NATADE 1 is an experimental facility which has been used since 1957 for research into fission reactor shielding. It
consists of the following components, starting from the core of the ZOE reactor which operates at a power of about
100 kW (seefigures 1 and 2 taken from reference [1] and the primary reference [2]):

1.  8cmof heavy water,

2. 90 cm of graphite along the axis of the facility that concerns us,

3. the outer surface of the graphite leads into a collimator structure with four successive step increases in cross-
section (each section is 37.5 cm in length). The sides of the successive square sections are 50 cm, 83.3 cm,
116.7 cm and 150 cm.

4. A cadmium-brass shutter 8 cm in thickness to shield the thermal column and give access to the experimental
zone at low power,

5. A bora diaphragm 1.5 cm in thickness then collimates the thermal neutron beam and offers three possible beam
diameters: 60 cm, 40 cm, or 20 cm.

6. A cadmium safety shutter (2.8 mm in thickness) is used to shut off or switch on the thermal neutron beam. This
cadmium shutter has an operating time of 1 second so that the length of irradiations can be determined precisely.

7.  Theconversion plate in which the thermal neutrons leaving the graphite produce fission neutrons. The plateis 1
square metre and the thickness of the fissile part is 2 cm. It consists of 9 square tiles 0.333 m along the side,
made of natural uranium clad in 1 mm of aluminium. The total power of the plate is of the order of 2.5 W for a
beam (diaphragm) diameter of 60 cm. The design reference [2] provided for 4 W for a 75 cm diaphragm, which
is coherent.

8. A boral screen 15 mm in thicknessis located between the converter and the void tank in which the mock-ups are
positioned. This screen isintended to cut off any thermal neutrons that are back-scattered from the instrumented
mock-up, with the result that the power of the fissile plate remains independent of the contents of the void. In
fact, as we shall see later (parts C and D) there is a dight possibility of back-scattered epithermal, intermediate
or even fast neutrons: this requires a correction factor to be applied to the power of the fissile plate that must
not be neglected,

9. Then comesthe void itself which is 2.5 m in depth aong the axis of the converter system, with a square vertical
section 3 m along each side. The void is clad by 20 mm of aluminium (the “tank”). It is surrounded laterally by
an ordinary concrete wall of thickness 50 cm (at the top) to 80 cm, intended as a biological shield and to prevent
neutrons escaping from the mock-up from interfering with the measurements. The vertical concrete walls also
support an overhead crane that is used for positioning and moving the different parts of the mock-up.
Accordingly the experimental zone has an available volume of 22 m? [1] with a maximum shielding thickness of
2.40 m along the axis of the converter. The overhead crane has a maximum capacity of 3 tonnes.

Various shielding mock-ups have been placed in the NATADE 1 facility: water, iron, different concretes, graphite,
iron-water combinations, sots, shielding components from the gas-graphite type of reactor, and so on. Calibrated
dosimeters [3] were used to determine the conventional flux densities at various points in the mock-ups, and were
then interpreted in the counting room of the Service de Protection des Piles (SEPP) of the Commissariat a I’ Energie
Atomique (CEA).

Prior to the void, between the diaphragm and the NATADE 1 vessel, there are slots in the upper concrete to allow the
penetration of rods holding dosimeters. This makes it possible to measure thermal neutron flux densities (from which
the power of the fissile plate can be determined) and fast neutron flux densities (these measurements are used to
verify the calculated power of the plate). These rods can be positioned to within £2 mm [1]. The location of these
rodsis shown in the following table:

. Distance from the plane of
Rod Position symmetry of thepplate
1 Between plate and diaphragm 3.6cm
2 Between Cd shutter and plate 24cm
3 Before Cd shutter, reactor side 11.8cm
Table A-1
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PART B
| Introduction: expression of experimental results

This part of the report is based upon an analysis of the CEA report [3] covering measurements of flux densities of
thermalised neutrons, intermediate neutrons (from 0.5eV to a few hundred keV) and fast neutrons (energies above
100keV). The authors of this substantial piece of work developed the principle of calibrating the different dosimeters
in known neutron spectra. At first sight this approach looks paradoxical, because the determination of a flux density
callsfor a calibrated dosimeter, which in turn reguires a known flux density. What the authors did was to measure a
thermal neutron flux density in a reference standard block and then calibrate — with a great deal of care — first the
thermal neutron dosimeters, then the intermediate neutron dosimeters and, finaly, the fast neutron dosimeters, thus
ensuring the coherence of the different results that are expressed in conventional flux densities, which we shall define
in chapter 11.

This important work was carried out in the 1960s, reaching completion in August 1964 with the publication of
reference [3]. The large number of measurement campaigns, not only in the NATADE 1 experimental facility at
Fontenay-aux-Roses but also at other sites, all involved these calibrated dosimeters.

At the time as few as possible nuclear constants were used for calibrating the dosimeters, the ones used being
selected by the authors of the report because they were well known. However, their values have changed since 1960
and our intended task is to determine the correction coefficient to be applied to each measurement of conventional
flux density published at the time in order to establish a coherent basis with Monte Carlo calculations done in 2003
and 2004 relative to a small number of experimentsin the NATADE 1 facility.

First of al we shall refer to the concept of conventiona flux density (chapter I1): this is valuable in requiring
knowledge only of the relative change of the neutron cross-section of the dosimeter as a function of energy without
prejudging its absolute value which, for certain reactions, is even today open to discussion (for example: the (n,p)
reaction on phosphorus 31). Today the preference is for expressing measurement results as a reaction rate

JO'(E)go(f,E)dE corresponding to the activity per atom at saturation [4]. This saturation activity - the

measurement being corrected for al interference phenomena such as impurities, spurious reactions, consumption,
changes in power over time, and so on —is compared directly with the reaction rate given by present-day cal culations.

Chapter 111 briefly considers the standard source block. In chapter 1V we shall investigate the principles of calibrating
the different dosimeters, while chapter V is entitled “reassessing the detection coefficients and hence the conventional
flux densities’. In conclusion we give a summary table of the correction coefficients.

Il Expression of results: conventional flux densities

The concept of conventional flux densities for expressing the results of dosimetry measurements and of the
interpreting calculations avoids, by its very nature, any consideration of the effective cross-section of the dosimeter in
question. Only the variation of this effective cross-section as a function of energy isinvolved. We given hereunder
the definition of the three conventional flux densities used for interpreting NATADE 1 experiments:

e Thethermal flux density equivalent to 2200m/s

o Theintermediate flux density by unit of lethargy defined at the energy of the main resonance

e Theequivaent fission flux density.

I1-1 Equivalent 2200m/s ther mal flux density

This is the neutron flux density ¢g, which, if the velocity of all neutrons was 2200m/s, would give the same reaction
rate as the experimental flux density ¢(E). Thisis equation (1):

O = JoEENE

og = cross-section of the dosimeter at 2200m/s
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I1-2 Equivalent intermediate flux density per unit of lethar gy
Thisis the flux density per unit of lethargy ¢, which, if its spectrum was constant per unit of lethargy (i.e., as L/E per
unit of energy), would give the same reaction rate as the experimental spectrum y(u) = E@(E). Thisis eguation (2):

@ =7 [owua
where: | = [o(u)du

[1-3 Equivalent fission flux density
This is the flux density ¢r which, if its spectrum was proportional to the thermal fission spectrum of U235 (s-(E)),
would give the same reaction rate as the experimental spectrum ¢(E). Thisis equation (3):

® = [oEpEE

where o, = [o(E)s.(E)dE | xjsF(E)dEzl

The conventional flux densities worked out from the measurements are found from the count rates of the different
dosimeters. Converting these count rates to conventional flux densities involves a coefficient B specific to the
counting system (based upon the geometry, efficiency, etc.) and a characteristic coefficient d of the irradiated pellet
(the “detector”). To determine these coefficients, a known flux density is needed. Thisis the purpose of the standard
block.

1l The standard sour ce block

To begin with it is necessary to generate and determine a flux density of thermalised neutrons at ambient temperature
in a large and non-absorbing environment such that the spectrum is MAXWELLIAN. This environment is called the
standard block; it is described in reference [3] and a calculation has been done of how it varies very slowly with time.
At the reference location of the standard block, which has a volume of 1m?® and consists of graphite and heavy water,
there is a thermal neutron flux density equivalent to 2200m/s of 6060 n. cm?.s™. This reference flux density is
obtained by measuring the activity of an infinitely thin Mn deposit to ensure that there is no self-absorption affecting
either the thermal neutrons or the beta radiation counted. The latter were counted using a 4n counter made by
juxtaposing two GEIGER-MULLER counters to within 1 mm. The cadmium ratio, indicating the purity of the
thermal neutron flux density, was 65. The effective cross-section adopted for deducing this reference flux density
(Mn equivalent to 2200m/s) was 13.22 b. A cross-check was done using a 3 y coincidence technique with gold
(Aul97) the effective cross-section of which was 98.8b at the time. All the flux densities given by the SEPP and
resulting from the calibration are directly proportional to this value at the reference location of the standard block
since the infinitely thin dosimeters were calibrated in this flux density.

IV Dosimeter calibration: principles

IV -1 Calibration of thefirst thermal neutron dosimeter: the reference

Once the thermal neutron flux density in the standard block is known, it is possible to calibrate a reference detector
consisting of a manganese disc 20 mm in diameter with a thickness of 0.2 mm.

From the number of hits N counted during a time interval t, the conventional flux density responsible for the
activation ¢ (thermal, intermediate or fast) is found using the following formula (4):

—— t
(%) p 1-Nz~ P

(1—e®)1-e*)e ™ o

where
D isthe duration of irradiation at constant power,

10
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6 isthe time between the end of the irradiation and the start of counting,
T isthe dead time,
p is the specific motion per unit of time,
A isthe radioactive time constant of the isotope being counted,
o isacorrection term that takes into account the drift of the counting installation and is obtained from the mean of the
counts before and after measuring N for a natural uranium source (duration of each of these two counts: 5 minutes).
Bd is the product of the two factors B and d that depend respectively on the counting system and the detector being
counted. Bd in particular takes the following into account:

o The self-absorption of the dosimeter for the radiation being counted

e The effective cross-section of the dosimeter,

e The self-shielding of the dosimeter (thickness, etc.),

e The geometry of the counter-dosimeter assembly.

For the reference manganese dosimeter, the thermal flux density obtaining in the standard block is known, so this
dosimeter is alocated a detection coefficient d equal to 1, which makesit possible to deduce the B group coefficients
for the systems of the 4xn type. It will be noted that only the product Bd is involved. For the non-4n systems, a B
group coefficient is determined, this depending on the geometry of the dosimeter.

V-2 Calibration of the other thermal neutron dosimeters

The other manganese thermal neutron dosimeters are irradiated in a purely thermal flux density in the presence of the
reference manganese dosimeter. It is then possible to allocate to each a detection coefficient “d” taking account of
its specific features (mass, and so on).

NOTE: the results of the measurements using manganese dosimeters under cadmium are expressed in terms of
thermal flux density equivalent to 2200m/s and not as flux density per unit of lethargy, in view of the spread of the
resonances in the Mn* capture reaction.

V-3 Calibration of thereference inter mediate neutron dosimeter

This consists of a deposit of gold — 0.1mg/ cm® — on a cellulose acetate film. The reaction Au197(n,y)Aul98 has a
1/v capture cross-section below the cadmium cut-off and a very marked resonance at 4.906eV. This detector is
irradiated in the purely thermal flux density of the standard block which gives a detection coefficient dy, for thermal
neutrons. In reference [3] the detection coefficient of this dosimeter for intermediate neutrons is calculated using the
following equation (5):

(5) A _ 90

d,, I
Where 6o and | are the cross-section at 2200m/s and the resonance integral of the reaction Aul97(n,y)Aul98
respectively. Irradiated under cadmium in a continuous neutron spectrum, this coefficient d;; and knowledge of the
group B coefficient are used to define the flux density per unit of lethargy at the resonance energy of gold.

V-4 Calibration of the other inter mediate neutron dosimeters

In addition to the cadmium-sheathed gold dosimeter, an indium dosimeter is used using the (n,y) reaction, for which
thereisaresonance at 1.46eV. The coefficients of the corresponding detector are obtained by irradiating the reference
dosimeter and the one to be calibrated simultaneously at the same location. Asfar as the gold dosimeter is concerned
this is straightforward, but for the indium dosimeter the flux density must be constant per unit of lethargy (/E
spectrum per unit of energy). This is done in the axial channel of ZOE. The intermediate neutron dosimeters are
calibrated in this location. The spectrum requirement is satisfied in this axial channel because the scattering cross-
sections of the graphite are constant as a function of energy and the effective absorption cross-section is very low [5
page 104].

V-5 Calibration of thereference fast neutron dosimeter

The reference dosimeter involves phosphorus P31 with the P31(n,p)Si31 reaction which emits a beta particle at
1.48MeV. The question of course is how to relate the Si31 count to the equivalent fission flux density, or how to find
the fast neutron detection coefficient. The answer is evident since P31 undergoes an (n,y) reaction with thermal
neutrons: P31(n,y)P32 and the phosphorus P32 emits a beta particle of 1.7MeV. The Si31 and the P32 are therefore
counted for an infinitely thin dosimeter (a deposit of 20 mg/ cm? of P31 on a cellulose acetate film). Self-absorption

11
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of both betas is extremely low and also very similar owing to their very similar energies. It is therefore assumed that
the counting efficiency is the same for the B of Si31 and that of P32; the error on beta absorption is of the second
order and can be neglected. Reference [1] shows that the fast neutron detection coefficient of the reference
phosphorus dosimeter is given by the following equation (6):

(6) d_=d, x—" XL”‘”
rap th
o rap ﬂ“th

where
oy, IS the capture cross-section of P31 at 2200nVs,
Orep IS the mean cross-section for the (n,p) reaction in the fission spectrum
Arep 1S the radioactive decay constant of Si31,
A IS the radioactive decay constant of P32.

Following calibration of the reference dosimeter using thermal neutrons, which gives dy, , equation (6) then gives the
coefficient d., of the reference phosphorus dosimeter.

V-6 Calibration of the other phosphorus dosimeters

For measuring relatively low phosphorus equivalent fission flux densities, dosimeters of a certain thickness — and not
infinitely thin — are necessary. These phosphorus discs must then be calibrated. This is done in a neutron flux the
spectrum of which is virtually that of fission and which is measured using the reference dosimeter. The irradiation
location was located behind the converter plate of the NAIADE 1 system at Fontenay-aux-Roses [3],[6].

V-7 Calibration of thick fast neutron dosimeters other than the phosphorustype

Other dosimeters have been used for measuring equivalent fission flux densities for reactor shielding purposes. We
may mention in particular nickel (Ni58(n,p)Co58), silicon (Si28(n,p)Al28), rhodium (Rh103(n,n")Rh103m), and
sulphur (S32(n,p)P32). The disintegration paths that follow the different reactions involved in the thick dosimeters are
such that the fast detector coefficients cannot be related to any known factor. Accordingly the authors of reference
[3] irradiated dosimeters to be calibrated in fast neutrons along with phosphorus dosimeters having known detector
coefficients, and this was done in the NATADE 1 converter. Due allowance was made for the fact that the NATADE 1
converter did not emit fast neutrons with a strictly fission spectrum. The spectrum is in fact slightly deformed
because the fission neutrons are slowed down by impacts on the uranium in the converter plate. (The plateis actually
made of natural uranium, 2 cm thick, with athin aluminium cladding). A spectrum factor Ry is used to convert from
the equivalent phosphorus fission flux density to the equivalent fission flux density seen by each dosimeter, from
which all the detection coefficients can be deduced. This spectrum factor is defined by the following equation (7):

L [ (B)(E)E

Otk

(7) R, = 1

Oip

X faP(E)¢(E)dE

where o ; is the mean value of the effective cross-section of the dosimeter J in the pure thermal fission spectrum of
U?® (J = phosphorus, sulphur, nickel, etc.). ¢(E) is the neutron spectrum prevailing at the measurement location. This
was calculated using a Monte Carlo method. The closer the spectrum ¢(E) is to the fission spectrum, the closer the
spectrum factors are close to unity.

It is recaled that the calibration of the counting system+dosimeter assembly is based upon the experimental
determination of Bd. All the dosimeters are calibrated on a rotating assembly that ensures that the measurements are
coherent with one another

V Reassessment of the detection coefficients and hence the conventional flux densities

The methods used for calibrating dosimeters involve nuclear constants such as the effective cross-sections and half-
lives of the isotopes present in the structure of the dosimeters. The detection coefficients were evaluated using the
constants extant at the time the measurements on the NATADE 1 system were published. Since then the accepted
values of these constants have changed, hence the need to reassess the conventional flux densities published from the

12
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measurements. The points at which the nuclear constants are involved in determining the detection coefficients are
recalled hereunder:

POINT A the flux density of the standard block deduced from the absol ute activity of athin deposit of manganese.
POINT B the change from the manganese dosimeter to gold (equation (5))
POINT C the change from P32 to Si31; equation (6) givesthe coefficient for the reference phosphorus dosimeter

POINT D the method of spectrum factors (equation (7)) which is used to convert the phosphorus reference detection
coefficient to those of other fast neutron dosimeters.

POINT A: thereference equivalent ther mal flux density

Reference [3] uses an Mn55 capture cross-section at 2200m/s of 13.22b for converting from the reaction rate
measured in the conventional thermal flux density to the reference location of the standard block. The value
recommended by ZIJP [7] is 13.25b which corresponds to an overestimate of 0.23% in the equivalent thermal flux
density [3]. In reality the problem of the absolute value of the reference flux density is not a problem for any of the
experiments carried out in NATADE 1: there is a very small error (0.23%!) not only on all the measurements of
conventiona flux density but also on the fission sources in the uranium plate (see reference [1]). Indeed it would
appear that an error of 0.23% can be neglected having regard to the uncertainties about the value of 13.25b given by
ZIJP [7 page 76]. It is possible that those responsible for the first measurements of reference thermal flux density in
the standard block have assumed the saturation case such that the period of Mn56 does not affect the activity
immediately after irradiation. The period only comes into play over the time between the irradiation and the counting
which is of the order of 20 minutes. The period of Mn56 used in [3] is 2.58h and the activity measurement was
continued for 60 hours. This value of the period is confirmed by ZIJP: 2.577 hours.

The precision of the mass of the manganese deposit is unknown, as is that of the counting system (GEIGER-
MULLER). Independent checks of the equivalent reference thermal flux density were done using the gold deposit;
intercalibrations were carried out in conjunction with foreign dosimetry laboratories.

Of course any lack of precision on the reference thermal flux density in the standard block has no impact on the
coherence between the measured or calculated conventional flux densities and the fission sources that create them.
We shall not correct this reference value.

POINT B changing to the detector coefficient of thereference gold dosimeter

Equation (5) as given hereunder:
(5) G _ 00 _,
d, 1 !
was applied by the authors of reference [3] using an effective cross-section of 98.8b and a resonance integral of 1583b
giving r; = 6.241E-2
d, o, 988

int
—int_ 20 _ TP §.241E - 2
d, | 1583

where | is the resonance integral of gold and o, the effective cross-section at 2200m/s. From the detection coefficient
di« we shall deduce the flux density per unit of lethargy at the resonance energy of gold.

In reference [7], ZIJP proposes 99.2b and 1562b for oo and | respectively; ENDF/B-VI [8], a more recent evaluation
that we shall use for interpreting the measurements done in NATADE 1 recommends the following values: 99.25b
and 1565b. We shall use these values so that the ratio o/l will take the value 6.342E-2. Since the conversion of the
counting data to conventional flux densities is proportional to the coefficients d, we shall multiply the published
experimental values by the ratio 6.342E-2/6.241E-2 = 1.016 and we shall use the ENDF/B/6 cross-sections to convert
from reaction rates to conventional flux densities. In passing we may note the correction value that is very close to
unity.

13
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POINT C changing to thereference detector coefficient for fast neutrons: P31

To begin with we would point out the low influence of the uncertainty in the values for the period of P32 (14.3 days
[3] compared with 14.29 days currently used) and Si31 (2.62 hours [3] compared with 2.622 hours used at present.

The first idea that presents itself for defining the factor R, that is used for correcting the detection coefficient of the

reference phosphorus 31 fast neutron dosimeter is to employ equation (6), repeated hereunder, by examining the

available values for the cross-section of P31 for the (n,y) and (n,p) reactions.

O  dy=dyx Tl
O-rap ﬂ“th

The following table shows the considerable scatter in the values of the component R, of the correction.

d o(n.y) o(n,p)
Reference d mb mb R2
ther
SEPP [1] 829.6 190 30
Z1JP 789.4 172 28.5 0.9515
ENDF/B/6 R4 783.2 199.5 33.32 0.9440
JEF 2 596.6 166.4 36.48 0.7192
JENDL 3.2 596.3 166.3 36.48 0.7188
JENDL 3.3 721.75 166.2 30.12 0.8700
BROND 2 711.31 181.2 33.32 0.8574
CENDL 2 732.06 178.2 31.84 0.8824
Table B-1

*thisvalueisgiven in reference[8]

The second approach is to calculate the ratio R, from the equivalent phosphorus fission flux densities calculated
behind the fission plate of the NAIADE 1 system with great precision and using recent effective cross-sections for
neutron transport (the calculation pertaining to the NATADE 1 system will be described in part C below). The
expression for the coefficient R, is given by equation (6bis) hereunder:
(6bis) R, - newfastflux

ol dfastflux
The coefficient R, is calculated using the TRIPOLI-4 Monte Carlo code [9] using effective cross-sections for the
different materials taken from ENDF/B/6 R4 and with two sources for the response function for calculating the
equivaent (n,p) fission flux density on phosphorus 31: ENDF/B-VI R4 and IRDF _90. The results of these
calculations are given in the following table by TRIPOLI-4 XX_YY where XX is the source of the effective cross-
sections for neutrons transporting the materials and Y'Y the source of the response function of the P31(n,p) reaction.
This table B-2 brings together the different values of the correction factor R,. It is recalled that the equivalent P31
fission flux densities at rod 1 (on the axis) and next to the inner wall of the auminium tank (on the axis) givenin a
number of experiments are 5.00E7 and 2.20E7 nx cm?xs™ respectively. There will be no surprise at this precise
figure of 5.00E7: all the measurements were normalised to this value of “plate power.” The value of 2.20E7 appears
reliable since anumber of measurements give 2.20E7 or 2.21E7.

Reference Equivalent fission flux density o(n,p) mb R,
TRIPOLI-4 B6 B6 Next tofissile plate 4.0640E7+0.22% 33.73° 0.813
TRIPOLI-4 B6 B6 Next to inside of tank 1.8226E7+0.25% 33.73° | 0.8280
TRIPOLI-4 B6 IRDF90 Next to fissile plate 4.0266E7+0.22% 28.58 0.805
TRIPOLI-4 B6_IRDF90 Next to inside of tank 1.8031E7+0.25% 28.58 0.820
TableB-2

** this value is given by TRIPOLI-4 with a Watt spectrum between 15MeV and 1keV and parameters a =
1.012 and b = 2.249.

Note the very similar values of the equivalent phosphorus fission flux densities given by the two evaluations for both
measurement locations.
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We shall therefore adopt this second method (equation 6bis) for evaluating the coefficient R,. We shall use the
IRDF_90 evaluations for calculating the equivalent phosphorus, rhodium and sulphur fission flux densities, and
therefore use the following value for the coefficient R,:

R, =0.815+0.01

POINT D changing from the detector coefficient of the P31(n,p) dosimeter to those of S32(n,p), Ni58(n,p) and
Rh103(n,n")

All these dosimeters are calibrated in NATADE 1 in a spectrum that is very close to but not strictly identical with the
U235 fission spectrum. Allowance is made for this in the formalism leading to equation (7) of paragraph IV-7. To
ensure that the dosimeters to be calibrated are irradiated homogenously, they are mounted on a rotating wheel. We
are not aware of the precise position of the whedl: it is either in front of the outer surface of the aluminium tank
(position (A) after the converter and before the tank), or next to the inner surface (position (B) of the tank on the void
side) (see part D). Position B seems more likely for reasons of accessihbility to the wheel. We repeated the
calculation of the spectrum factors for the different dosimeters using the Monte Carlo program TRIPOLI-4 [9] for
both of the possible wheel locations. The experimental set-up (described in part A) was modelled rigorously, as
described in the forthcoming sections (parts C and D), the experimental void being empty. The spectrum factors with
respect to P31 and the components Rz« (K = Rh103, S32) of the correction factors due to the fact that the spectrum is
not strictly afission spectrum at the calibration location, are given here:

Rh103 Rh103 S32 S32 Ni 58 Ni 58
Position Position Position Position Position Position
A B A B A B
Ref. [3] 1.375 0.98 +0.02 0.964
TRIPOLI-4 + IRDF 1.340 | 1.403 0987 | 0.987 1.002 | 1.001
Rs 1.00+0.03 1.000.02 1.04+0.01
TableB-3

To conclude, the overall reassessment factors to be applied to the measurements made in the NATADE 1 assembly
expressed in conventional flux densities are brought together in Table B-4 below. These values take account of all
the factors identified.

Equivalent Mn and Mn/Cd (n,y) thermal flux densities 1.00
Epithermal Au/Cd and In/Cd (n,y) flux densities per unit of lethargy 1.016
Equivalent Rh103(n,n’) fission flux densities 0.815+0.04
Equivalent S32(n,p) fission flux densities 0.815+0.03
Equivalent Ni58(n,p) fission flux densities 0.848+0.02
Equivalent P31(n,p) fission flux densities 0.815+0.01

TableB-4
It is important to note that these are systematic factors and that the uncertainties shown include only those arising
from the location or counting of the dosimeters.
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PART C
| Deter mining the power of the converter: thestory

In this section we shall define the power of the NATADE 1 assembly plate and summarise the results of the basic
measurements within the experimental area. All the results given in the different reports are normalised to a ZOE
core power of 100kW, “in other words, a given value of the thermal flux escaping from the ZOE reflector” (reference
condition). This thermal flux “is measured by a boron carbide y-compensated ionisation chamber (C.C.P.N.10). The
ionisation chamber is placed just before the cadmium-brass shutter, on the remaining graphite in the thermal column
(20 cm below the bottom of the 60 cm diaphragm). Because of the possibility that the chamber or the current
integration device might drift or fail completely, the current integration signals are linked to the output of manganese
detectors placed on rod 2" (on the axis of the assembly about 2 cm in front of the uranium plate) in a configuration
comprising the plate and boral diaphragm (diameter 60 cm) with the cadmium shutter raised. The stability of the
chamber over time was investigated over a period from 30 June 1964 to 29 July 1965 by comparing the current and
voltage it supplied with the equivalent manganese thermal flux density measured at the centre of rod 2. For the same
voltage measured across a resistor (or current by counting the number of pulses), a scatter of 0.48% (0.64% on
current) was found over 8 manganese measurements (was it the same dosimeter?). These measurements taken from
reference [1] are set out in table C-1 below:

Dates M n flux density in terms of number of M n flux density in terms of reference
reference pulsesx 1E7 voltage x 1E7
30-6-1964 9.40 9.60
24-12-1964 10.7 10.7
13-1-1965 10.7 10.5
14-5-1965 9.43 9.59
24-5-1965 8.96 9.37
9-6-1965 9.57 9.57
15-6-1965 9.48 9.56
29-7-1965 9.40 9.52
TableC-1

On 28 October 1958, the authors had checked the linearity of the chamber as a function of ZOE power between 10kW
and 125kW. The scatter in the ratio of the number of pulses and the voltage is 1.9%. This scatter is deduced from
table C-2 hereunder which isitself taken from reference [1].

ZOE power Pulses/
kW Voltage Ratio
10 219
20 217
30 2.26
40 2.25
50 219
60 2.20
70 2.16
80 2.16
90 2.18
100 2.28
110 2.28
120 2.23
125 2.23
Table C-2

The linearity was checked again in 1964 from 100W to 15kW with scatter on the flux density values renormalized to
100kW of 3.7% as shown in table C-3 hereunder:
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Dates ZOE Flux densities

power levels renor malised

to 100kW 1.E8
9-9-64 150kW 1.09
7-7-64 100kW 1.05
9-9-64 30kwW 1.00
9-9-64 10kW 1.06
9-9-64 3kW 1.10
8-9-64 1kwW 1.00
30-6-64 500W 1.04
8-9-64 300W 1.04
9-9-64 100W 112

Table C-3

Here is another relevant quotation from reference [1] about the precision of renormalisation: “with the cadmium
shutter, the irradiation periods can be very precisely known (1s). The accuracy of the renormalisation process stems
from the precision of the current measurements using the integration system. Since the experiments were carried out
with ZOE power levels ranging from 1 to 100kW, the precision of renormalisation is less than 1% when the two
measurements are made close together in time, otherwise it depends upon the system stability over time, i.e., £5%.”
(see tables above). As regards reactor control, we quote: “since most of the experiments done involved irradiating
detectors, it was necessary to have the reactor power as stable as possible ... the cadmium control rod is located in the
central channel of ZOE and does not affect the flux density at the outlet from the therma column. The observed
stability is AP/P = 0.5%.

Finally we shall define the power of the plate in the reference conditions.

Analytical calculations using the collision by collision method (using the exponentia integrals E1 and E2) and then
diffusion theory (less precise) were carried out in August 1957 [10] by P. Lafore, J.P. Millot and J. Rastoin using one-
group theory. These authors calculated that the converter behaved like an infinitely thin disc emitting 3.857 (+10%)
neutrons’ cm?.s in an isotropic manner for a ZOE power of 100kW. For each incident thermal neutron the fast flux
density emitted towards the void was 0.588 and that towards the reactor, 0.631.

In 1967 [11], C. Fiche, G. Manent and P. Pépin did a calculation in spherical geometry using the SIDEF Monte Carlo
program. Here the converter is regarded as a hollow sphere of radius 1m and thickness 2 cm, the inside being a
notional substance with a very high inelastic effective cross-section (10000b/at), the outside being the void. These
calculations disagree, with their spectrum factor of R = 1.168 (Rh103/P31) with the more official but more recent
publication [3] by J. Brisbois, M. Lott and G. Manent (R = 1.375) which we have adopted.

Calculations of the plate power were repeated in 1970 by M. Lott et al [1] using the following eguation to determine
the power of the plate:

2
P=vxZ, x J'¢th(x)dx
0

In this equation the thermal neutron flux density was measured within the two centimetres of the natural uranium
plate. The plate was in fact made up of 10 discs of uranium 2 mm thick with a manganese dosimeter positioned
between each pair. The authors found P = 5.0%7 fission neutrons/ cm?.s for a ZOE power of 100kW. The flux density
at the outlet from the plate on the void side was cal culated using a Monte Carlo method.

We repeated these calculations for the converter power using the recent Monte Carlo program TRIPOLI-4. This will

be described in part D. Paragraph |1 gives the results of the measurements done in 1964 which made our TRIPOLI-4
calculation possible.
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Il As-measures data from the measurementscarried out in Naiade 1 within the experimental area

For recalculating the power of the plate, we have at our disposal a fine spatial distribution of the equivalent
manganese thermal flux density in front of the converter. These neutrons are perfectly thermalised at ambient
temperature; the cadmium ratio (Rgg) exceeds 5000 (Reg = Mn/Mnicg). This makes it possible to determine the
thermal neutron flux density incident on the plate as a function of the distance from its centreline. We aso have
measurements of the equivalent P31 fission flux density after the converter and measurements of the same parameter
in the empty void. Comparison of these measurements with the results of the calculation will be one way of checking
the calculated plate power. The results of the measurements carried out in NATADE 1 and reported in December
1970 in reference [1] are given in tables C-4 to C-7 below. Not al the measurements have been re-evaluated and are
normalised in these tables to a reference ZOE power of 100kW.

Z cm 30-6-64 30-6-64 16-9-64 Z cm 30-6-64 30-6-64 16-9-64
39 2.88E6 -5 9.60E7 9.60E7
37 5.12E6 -10 9.60E7 9.60E7 9.52E7
35 9.58E6 -15 9.48E7 9.47E7
34 1.33E7 -20 9.24E7 9.12E7 9.32E7
33 2.02E7 -25 8.36E7 8.05E7 8.68E7
32 5.42E7 -26 8.34E7
31 7.89E7 -27 8.00E7
30 8.29E7 8.15E7 8.25E7 -28 7.82E7
29 8.05E7 -29 7.73E7
28 8.43E7 -30 2.75E7 2.75E7 6.48E7
27 8.31E7 -31 5.24E7
26 8.76E7 -32 3.52E7
25 8.86E7 8.84E7 9.00E7 -33 2.20E7
20 9.23E7 9.28E7 9.36E7 -34 1.38E7
15 9.48E7 9.52E7 -35 1.14E7
10 9.60E7 9.60E7 9.60E7 -37 8.20E6
5 9.60E7 9.60E7 -39 5.61E6
0 9.60E7 9.60E7 9.60E7

Table C-4

Table C-4 shows al the flux densities equivalent to 2200m/s measured by the manganese dosimeters with, as
indicated above, the cadmium ratio exceeding 5000. Three irradiation campaigns were done: two on 30 June 1964
and another, more comprehensive, on 16 September 1964. The measurement locationisrod 2 (about 1.5t0 1.3 cmin
front of the hot surface of the uranium plate); the dimension Z is measured from the centre of the converter. The
spread of the results, where there are 3 of these for a given atitude Z will be used with table C-8 to analyse the scatter
in the measurements in the absence of any flux density gradient and hence no uncertainty on the dosimeter location.

Z cm 2-6-1964 Z cm 2-6-1964
46.5 3.67E6 -135 2.15E7
36.5 8.50E6 -23.5 1.74E7
315 1.22E7 285 1.36E7
26.5 1.57E7 -33.5 1.04E7
215 1.87E7 -38.5 7.10E6
16.5 2.05E7 -43.5 4.95E6
-3.5 2.20E7 -48.5 3.41E6
Table C-5

Table C-5 gives the equivalent phosphorus (P31/Cd) fission flux density on the inner surface of the aluminium tank
(at the so-called “zero tank” position, the origin of the abscissa x) whichis9 cm from the cold surface of the uranium
plate, excluding the cladding. We may note the value that is practicaly on the centreline of the converter (Z = -3.5
cm): 2.20E7.
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Z cm 2-6-1964 Z cm 2-6-1964
46.5 5.05E6 -23.5 4.32E7
36.5 1.56E7 -28.5 3.02E7
315 2.88E7 -33.5 1.77E7
26.5 4.02E7 -38.5 1.02E7
-3.5 5.00E7 -43.5 5.63E6

-135 4.83E7 -48.5 3.58E6

Table C-6

Table C-6 will beimportant for validating the estimated power of the fissile plate: it sets out the measurements made
on 2 June 1964, expressed as equivalent phosphorus (P31/Cd) fission flux density on rod 1, in other words 2.6 cm
behind the cold surface of the uranium plate. We may note the value on the centreline (owing to the low gradient, the
measurement at Z = -3.5 cm can be regarded as being on the axis) of 5.00E7n. cm>.s™* expressed as fission neutrons.

This value of 5.00E7 was used to determine the correction R, (table B-2).

Dist X cm 2-6-1964 Dist X cm 2-6-1964
0.0 2.21E7 41.6 4.64E4
7.5 1.59E7 53.3 3.36E6
13 1.22E7 73.9 2.06E6
18.6 9.36E6 95 1.52E6
245 8.03E6 115 1.12E6
32 6.32E6 136 8.52E5

TableC-7

Table C-7 shows the variation in the equivalent phosphorus fission flux density in the empty void and on the
horizontal axis of the converter. The origin of the abscissa x is, as we have pointed out, the inner surface of the
auminium tank (in other words, on the void side). We shall use the value of 2.21E7 on the converter axis which we
used for calculating the correction coefficient R, (table B-2).

Distance Z cm 1% measurement 2"Y measur ement 39 measur ement

30 1.00729 0.99028 1.00243

25 0.99550 0.99326 1.01124

20 0.99354 0.99892 1.00754

10 1.00000 1.00000 1.00000

0 1.00000 1.00000 1.00000
-10 1.00279 1.00279 0.99443
--20 1.00145 0.98844 1.01011
--25 0.99960 0.96253 1.03786

Table C-8

Table C-8 (not provided by those doing the measurements) has been deduced from table C-4 (values of the equivalent
bare Mn thermal flux incident on the plate). On each line we have shown the ratio to the mean of the three
measurements carried out at the same distance Z found in the three successive irradiations where these were done.
We used the distances for which the vertical flux gradient was negligible or low such that there was no uncertainty on
location. This approach excludes the three measurements at the distance -30 cm which in any event were unusual.
The scatter in the ratios was calculated as 1.219%. We can therefore estimate the dispersion arising from the use of
various manganese dosimeters as 1.2%, linked to the fact that the irradiation level fluctuated between the two
measurements done in June and September 1964 respectively.

Other interesting measurements with the beam diameter set at 60 cm are given in reference [1]. They are shown here
without our correction factors being applied and remain normalised to the ZOE power of 100kW.

Table C-9 shows the results of the measurements done on the centreline of the assembly in the presence of thefissile
plate and the boral screen, with the void empty.
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M easur ement point date M easur ed flux result

X=-12.4 on the axis 30/06/64 Equivalent M n ther mal 9.60E7

Front surface U plate 24/05/65 Equivalent M n ther mal 9.60E7

Rear surface U plate 24/05/65 Equivalent M n ther mal 2.22E7

X=-6.4 on axis 02/06/64 P31 fission 5.00E7

Internal tank surface x=0 02/06/64 P31 fission 2.21E7
Table C-9

Other measurements carried out, this time without either the fissile plate or the boral screen, can be used to
analyse the background noise created by the fast and intermediate neutrons emanating from the ZOE core. These
measurements are shown in table C-10 below

N Position date Flux measured Result
1 On tank at (0; 0; 0) 26/05/65 Equivalent thermal Mn 6.40E7
2 On tank at (0; 0; 0) 26/05/65 Equivalent BF3/Cd ther mal 5.41E3
3 On tank at (0; 0; 0) 25/05/65 Equivalent M n/Cd thermal 9.90E3
4 On tank at (0; 0; 0) 25/05/65 Per unit of lethargy In/Cd (1.44eV) 1.71E4
5 On tank at (0; 0; 0) 24/05/65 Per unit of lethargy Au/Cd (4.91eV) 1.23E4
6 On tank at (0; 0; 0) 24/05/65 Equivalent S/Cd fission 6.35E4
7 On tank at (0; 0; 0) 25/05/65 Equivalent P/Cd fission 5.28E4
Table C-10

On the next three pages we reproduce pages 48, 49 and 50 of reference [1] giving the background measurements in
the empty NAIADE 1 void, with the fissile plate and the boral screen once again in place.
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STUDY WITH NAIADE 1 EMPTY
BACKGROUND MEASUREMENTS

SOURCE: fission neutrons

DIAMETER: 60 cm

POWER: 5.107.ncm2/s

Bare Mn: flux equivalent to v=2200m.s-1
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STUDY WITH NATADE 1 EMPTY
BACKGROUND MEASUREMENTS
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STUDYWITHNAIADE 1 EMPTY
BACKGROUND MEASUREMENTS
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PART D

| CALCULATION OF THE CONVERTER POWER USING TRIPOL1-4 (2004): PRINCIPLES

The equivalent manganese thermal flux measured near the hot surface of the fissile plate is the sum of two terms:
1. Thecurrent of incident thermal neutrons coming directly from the graphite of the ZOE reflector,
2. Theflux of thermal neutrons reflected from the plate itself and the structuresin the vicinity of this plate.

First of al we set up a neutron current with a Maxwellian energy distribution to be incident on the plate so as to
produce the eguivalent thermal flux measured close to the hot surface of the converter (rod 1). Then, we did
calculations using the TRIPOLI-4 program, with the NATADE 1 void still empty, with two objectives:
1. To obtain equivalent P31 fission fluxes so as to validate our model by comparisons with the fast neutron
measurements.
2. Toobtain Rh103/P31, Ni58/P31 and S32/P31 spectrum factors that are essential for resolving the question of
the point D of part B (values given in table B-3)

The Fontenay-aux-Roses uranium plate has two original features that dlightly complicate the interpretation of
conventional flux measurements in the NATADE 1 void when it is empty and, particularly, when it contains a mock-
up:
1. Theplateisthick (2 cm), so multiple diffusions are possible;
2. It consists of natural uranium, so the fast neutrons resulting from fissions produced by thermal neutrons on
U?®in turn produce fast fissions on U%2,

The boral plate situated after the converter in order to trap neutrons that are back-scattered from the mock-up is
effective only against thermal neutrons, so that the few rare back-scattered intermediate or fast neutrons can induce
fissions in the converter. These instances of back- scattering depend upon the type of mock-up placed in the void.
They are few in number but not negligible even when the void is empty (about atenth of one per cent).

The system consisting of converter + structures + mock-up must ther efore be treated as a subcritical system with a
sour ce of thermal neutrons; the latter produce the first generation of fission neutrons (the most significant) which in
turn produces successive generations that slightly amplify the power of the fissile plate.

The system was studied using the three-dimensional TRIPOLI-4 Monte Carlo program [9] the details of which are
given hereunder.

Calculations done at Saclay Other calculations

(Plate power) (done by the author)
Version v4.3 v43

identification v 9.42 04/12/2001 v 9.55 28/11/2003

T4library 1-1-11 1-1-11
Geom library 1-2 3 1-2-3
Cpluslibrary 1-1-2 1-1-2
Njoy library 1-1-0 1-1-0
Ipclibrary 1-1-2 1-1-2

hostname 1105587 Nimall and Nimal2

Operating system Linux Red Hat 8.0 Linux Mandrake 9.2'[12]
TableD-1

* except libstdc++-libe6.1-2.50.3 which comes from Linux Mandrake 7.2

There are two possible ways of interpreting the experiments carried out on

secondary fissionsin the converter:
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1. Starting with a source calculation that sets up a Maxwellian flux of thermal neutrons incident on the plate,
and then calculating the density of first generation fission neutrons. Next, using the previoudy calculated
fission sources, a subcritical source calculation is done with the mock-up present and the experiments
interpreted using this latter calculation. For reasons of simplicity, one is then forced to accept that the radial
distribution (along the radius of the uranium disc) of the flux of neutrons arising from the fissions is
proportional to the incident thermal flux (no diffusion).

2. To handle the problem entirely as a single subcritical source calculation, the sources imposed being the
incident thermal flux coming from ZOE, the mock-up being present in the simulation. This method is more
stringent than the other (comprehensive treatment of the system). However this second method requires, for
reasons of bias, the “MONITORING 0~ option of TRIPOLI-4 to be used: this makes the choice of
weighting parameters more difficult in circumstances where the void contains a mock-up. This second
method was used for the situation where weighting is not necessary (the so-called “natural” simulation).
This is the very interesting case where the NATADE 1 void is empty. It was also used in the situation in
which the void isfilled with light water (easy weighting).

** The MONITORING option of TRIPOLI-4 is used to correct the imperfections in the values of the bias parameters
given by the user by adjusting the size of the population of simulated particles. MONITORING 0 eliminates this
adjustment of the bias parameters. MONITORING cannot be used when a source of thermal neutrons is imposed
which, absorbed by the boral, never reach the mock-up for which the results are sought.

Il Model used for the TRIPOL -4 calculations
I11-1 Geometry

The geometry is described in three dimensions, the origin of the system of axes O being the intersection of the
horizontal axis of the converter X' X and the surface of the aluminium tank on the void side. For x>0 the empty void
is surrounded by parallelepiped blocks of ordinary concrete. For x<O we have the converter assembly and the
aluminium tank (-2 <x <0 cm). The different components are shown on figure D-1 hereunder.

In the experimental zone (x>0) two cylinders of axis X’ X and respective radii of 5 and 10 cm are used to obtain
reaction rates where they are intersected by planes perpendicular to the axis X’X. The conventional fluxes are
deduced from these reaction rates. A technique for calculating the point wise value of the fluxes was also used.

In the zone containing the converter (x<0), three sets of volumes were used for obtaining average results. Starting
from the ZOE side:
o -12.6<x<-12.4 this part is broken down into discrete discs to obtain the equivalent Mn thermal flux
(Volumes8, 7, 6, 110, 5, 11, 112 and 113).
e -11<x<-9 containing two square plates of natural uranium 100 cm along the side and 1 cm thick (volumes 11
and 12).
e -6.5<x<-6.3 this part is broken down into discrete discs for obtaining the equivalent thermal fluxes (Mn) and
equivaent P31 fission fluxes (volumes 19, 18, 17, 114, 16, 115, 15 and 116).

A volume denoted 1000 occasionally exists in the description of the geometry and hence in certain data files. It lies
between the planes x=-240 and x=-25.8. Where it exists, it contains the necessary sources for calculating the
background noise.

The atomic densities of the different materials used in our calculations are given in table D-2. The uniform
composition of the boral istaken from reference [13 page 329]. This may be open to discussion.
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boral Al27 4 518E-2
boral C 5.456E-3
boral B10 4.4037E-3
boral B11 1.7726E-2
aluminium Al27 6.0246E-2
plate U235 3.4524E-4
plate U238 4.7605E-2
air 016 1.1315E-5
air N14 4.2566E-5
concrete S 1.662E-2
concrete Fe54 2.014E-5
concrete Fe56 3.188E-4
concrete Fe57 7.467E-6
concrete Fe58 1.007E-6
concrete H1 1.385E-2
concrete 016 4.580E-2
concrete Al27 1.746E-3
concrete Ca 1.511E-3
concrete Na23 9.641E-4
concrete K 5.669E-4
water 016 3.3373E-2
water H H20 6.6746E-2
TableD-2

Atoms per 1.E-24cm®
Water isincluded in this table because the same datafileis used for the situation where the void isfilled with water.
I1-2 Spatial, energy and angular distributions of the neutron sour ces used

First, it ispossible to postulate a current of thermal neutrons on the fissile plate and use this source to do two types of
calculation:

1. A source calculation excluding multiplication, giving the density of neutrons produced by fission in the
converter: thisisthefirst generation of fissions (problem 1)

2. A source calculation including multiplication (the TRIPOLI-4 FIXED_SOURCE_CRITICALITY option).
We shall then obtain the density of al generations of neutrons arising from fission (problem 2).

Secondly (and in the case of problem 1), using the source density for fission neutrons resulting from problem 1, it is
possible to resolve a fisson source problem with multiplication by fissons (the TRIPOLI-4
FIXED_SOURCE_CRITICALITY option) in the presence of the void and the mock-up it contains (problem 3). We
should point out that this last Monte-Carlo calculation is much easier to do than that arising from problem 2 as
regards the selection of bias parameters. In this case — and in this case only — it is then possible to use the default
option of TRIPOLI-4 which modifies the weighting: the MONITORING option.

I1-2.1 Thermal neutron sour ces and density of fission neutronsin the converter

The source of thermal neutrons is a volume of revolution about the axis X' X and consists of a disc 80 cm in diameter
(in fact virtually al the neutrons are emitted from a disc 60 cm in diameter corresponding to the diameter of the
diaphragm we decided to interpret). The thickness of the disc is 0.01 cm lying between the abscissas -12.52 and -
12.51. Since the core of ZOE and its reflector are far off (250 cm) and the source disc is very close to the fissile plate
we have assumed that the neutrons followed a monodirectional path along X' X (tests reported in an earlier reference
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[6] where concentrated neutrons were emitted in a cone of maximum angle showed that the greatest influence on the
plate was 1.2%). The spatial and energy distribution of the thermal neutron source is given by the following
eguation:;

S(p,E) = AxF(p)xM(E)
where M(E) isthe Maxwell distribution of neutrons at 27°C, which was the temperature of the experiment:

—Lx —E X X
M(E)dE_(ﬂkT)3/2 exp( ij VE xdE

F(p) isthe relative variation in the thermal flux equivalent to 2200m/s measured by the manganese dosimeters (given
in table D-3) and A is the normalisation constant calculated after simulation of the assembly in order to determine the
value of the equivalent Mn thermal flux at 2200nVs on the axis at the reference location, i.e., 9.60E7n.cm?s™. The
value of A we found is: A=80x4.4311E6 or 3.5449ES8 for athickness of 0.01 cm aong X’ X

F(p) in 40 intervalsof 1 cm
19.20 19.20 19.20 19.20 19.20
19.20 19.20 19.20 19.20 19.20
19.20 19.20 19.20 19.20 19.20
19.20 19.20 19.20 19.20 19.20
19.04 19.04 18.81 18.81 18.51
18.51 17.03 17.03 16.43 16.43
12.10 12.10 5.33 5.33 2.18
2.18 1.38 1.38 0.90 0.90
TableD-3

With these conditions, we obtain the following results for the power of the plate, the first three lines of results being
the density of neutrons emitted at abscissas -11, -10 and -9 respectively, averaged over the entire plate (1m?) and the
last two lines the values integrated over 1 cm of half-plate.

e For problem 1 (first generation in n/s) table D-4 :

location u* c % u=e c %
X=-11 cm per unit of volume 1.5274E7 0.0083 4.3534E1 0.0084
X=-10 cm per unit of volume 8.0190E6 0.0101 2.3176E1 0.0100
X=- 9 cm per unit of volume 3.3478E6 0.0156 9.7554E0 0.0155
Integrated volume 11 1.14853E11 0.0032 3.29639E5 0.0031
Integrated volume 12 5.55488E10 0.0054 1.61170E5 0.0053
TOTAL plate 1.70402E11 4.90809E5
TableD-4

The total power of the plate, which is 1.70402E11n/s, is dightly higher than the power given in April 2000 [6], where
the value was 1.653E11 n/s, owing to an improved adjustment of the radial distribution F(p) in the calculation given

here.

e For problem 2 (taking all generationstogether in n/s) table D-5:

L ocation Uz c % U= o %

X=-11 cm per unit of volume 1.5362E7 0.027 8.5959E5 0.021
X=-10 cm per unit of volume 8.0844E6 0.033 1.0308E6 0.062
X=- 9 cm per unit of volume 3.4149E6 0.049 6.7899E5 0.068
Integrated volume 11 1.15600E11 0.012 1.04734E10 0.035
Integrated volume 12 5.61542E10 0.019 8.81344E9 0.036

TOTAL plate 1.71744E11 1.92886E10
Table D-5

The total power of the plate reaches 1.91041E11n/s including 1.70402E11n/s for the first generation and
2.0639E10n/s for the following generations. The increase in neutrons is 12.11% made up of 11.32% of fission

neutrons on U238 and 0.79% on U235.
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I1-2.2 Density of fission neutronsfor problem 3

Using the results for first generation neutrons given in paragraph Il 2 1, one can define the density of the primary
fission source neutrons for a subsequent propagation calculation in the void regardless of whether this is empty or
contains a mock-up. It isreasonable to assume that:

1. The density of the first generation sources does not depend on whether a mock-up is present in the void since
problem 1 involves only the thermal neutrons, and any therma neutrons back-scattered by the mock-up
towards the converter are completely absorbed by the boral screen;

2. The spectrum of the neutrons emitted in the first generation is the pure thermal fission spectrum of U235
(seetable D-4).

The relevant constants for the source phase of TRIPOLI-4 are defined hereunder: they are al given in relative terms,
since the source integral is fixed at 1.70402E11n/s, the value deduced from table D-4. The distribution at abscissa x
(-11<x<-9) isgivenin table D-7:

These values are the result of measurements of thermal neutron flux obtained by stacking 20 discs of metallic natural
uranium 0.1 cm in thickness, with a manganese dosimeter inserted between each disc. Figure D-7 ter shows a plot of
these results.

X.cm Equivalent Mn55 ther mal flux X cm Equivalent M n55 ther mal flux
-11.0 3.58E7 -9.9 1.92E7
-10.9 3.50E7 -9.8 1.79€E7
-10.8 3.37E7 -9.7 1.66E7
-10.7 3.2E7 -9.6 1.54E7
-10.6 3.01E7 -9.5 1.41E7
-10.5 2.84E7 -94 1.31E7
-10.4 2.67E7 -9.3 1.21E7
-10.3 2.51E7 -9.2 1.13E7
-10.2 2.37E7 -9.1 1.07E7
-10.1 2.21E7 -9.0 1.00E7
-10.0 2.07E7
TableD-7

Normalising the values in table D-7 from the power standpoint raises a problem: the value of the equivalent
Mn55 thermal flux at x=-11 cm (which is 3.58E7) is very different from the value of 9.60E7 that might have been
expected (ratio R=2.68).

The values of fission rate given in tables D-4 and D-5 are averaged (lines 2; 3; 4) or integrated (lines 5 and 6) over the
entire surface A of the fissile plate, or 1.0E4cm? From these values of fission rate, it is possible to deduce:

e Mean values of equivalent U235 thermal fission flux (values used: v=2.416 n/fission, Ns=3.4524E-4 atoms/
10%*cm®, fission cross-section of 235 at 2200m/s=586.2b).

e And similar values on the fissile plate by assuming a flattening factor on the equivalent U235 thermal flux
equal to the flattening factor F of the equivalent Mn55 thermal flux. The latter is obtained from table D-3
using the following equation:

F= F(Q =3.1408
1Rnax
A mezr@o
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The comparison along the axis of the converter of the calculated equivalent U235 thermal fluxes and the experimental
equivaent Mn55 thermal fluxes normalised to 9.60E7 at x=-11 cm (R=2.68) is given in table D-7 bis below. Figure
D-7-ter shows the plot of the measured thermal flux.

Xcm Equivalent U235 thermal flux Experimental equivalent M n55 ther mal
TRIPOLI-4 flux
-11.0 9.80E7 9.60E7
-10.5 741E7 7.61E7
-10.0 5.18E7 5.54E7
-9.5 3.61E7 3.78E7
-9.0 2.20E7 2.68E7
Table D-7 bis

The radia distribution according to the variable p is taken from table D-3 athough this represents a slight
approximation: it isassumed that the fission density according to p is proportional to the incident thermal flux. This
assumption is not made in resolving problem 2. The sources are emitted isotropically and we have adopted the Watt
fission spectrum between 15MeV and 1keV with the parameters a=1.012 and b=2.249.

It is recalled that this source distribution can be used for interpreting any experiment on NAIADE 1 so long as the
TRIPOLI-4 FIXED_SOURCE_CRITICALITY option isimposed.

I1-3 Neutron cross-sections used

The cross-sections used for the propagation calculation in the different materials are taken from ENDF/B-VI RA4.
They are employed in the point mode used by TRIPOLI-4 for a temperature of 300°K. Different response functions
were used for phosphorous and manganese; when expressed in terms of conventional fluxes the results are the same
but the reaction rates differ. For evaluating the power of the fissile plate we used the following:

P31(n,p) IRDF_90 01=0.02858b recal culated”
Mn55(n,y)  ENDF/B-VI/R4 60=13.45b (8]

For determining the background noise, we also employed the following evaluations:
S32(n,p) IRDF_90 01=0.06524b recal culated”
Aul97(n,y) IRDF_90 I=1565b (8]

In115(n,y)  ENDF/B-VI R4 1=3281b [8]
Rh103(n,n") IRDF_90 c1=0.7033b recal culated”
B10(n,a) ENDF/B-VI/R4 60=3840b (8]

" Watt fission spectrum a=1.012, b=2.249

I11 Comparisons between the TRIPOL |-4 calculations and measurementsin the empty NAIADE 1

All the calculations were done using the assumptions of problem 2 (see part D 8l1) with an incident source of thermal
neutrons with fission multiplication (the FIXED_SOURCE_CRITICALITY option)

[11-1 Equivalent M n55 thermal flux
Tables D-9, D-10 and D-11 and the graph D-9 bisgive in turn:
1. The equivaent Mn55 thermal flux at abscissa x=-12.4 cm for rings at different radii (D-9). The curve D-9
bis gives a comparison of the experimental values and those calculated by TRIPOLI-4 (step curve). The
experimental results are measured along a vertical axis passing through the point (-12.4, 0, 0)

2. Theequivalent Mn55 thermal flux at abscissa-6.4 cm (D-10) made up solely of neutrons passing through the
fissile plate.
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3. The equivaent Mn55 thermal flux of neutrons returning towards the ZOE core after reflection at the
converter and the neighbouring structures (D-11).

p Reaction rate Standard deviation % M n55 ther mal flux
O0to5 1.2833E9 0.061 9.541E7
EXP=9.60E7
5to 10 1.2824E9 0.035 9.536E7
10to 15 1.2803E9 0.027 9.519E7
15t020 1.2761E9 0.030 9.488E7
20t0 25 1.2430E9 0.019 9.242E7
25t030 1.1107E9 0.018 8.258E7
30to35 4.9703E8 0.029 3.695E7
35t040 1.1274E8 0.096 8.382E6
Table D-9
p Reaction rate Standard deviation % M n55 ther mal flux
O0to5 2.7800E8 0.106 2.067E7
EXP=2.22E7
5to 10 2.7686E8 0.063 2.058E7
10to 15 2.7591E8 0.047 2.051E7
15t020 2.7317E8 0.040 2.031E7
20t0 25 2.6265E8 0.035 1.953E7
25t030 2.2883E8 0.034 1.701E7
30to35 1.1064E8 0.048 0.833E7
35t040 3.1864E7 0.112 0.237E7
Table D-10
p Reaction rate Standard deviation % M n55 ther mal flux
0to5 2.4988E8 0.19 1.858E7
5to 10 2.4820E8 011 1.845E7
10to 15 2.4616E8 0.082 1.830E7
15t020 2.4128E8 0.072 1.794E7
20t0 25 2.2799E8 0.065 1.695E7
25t030 1.9063E8 0.062 1.417E7
30to35 1.0736E8 0.090 7.982E6
35t040 4.2746E7 0.17 3.178E6
TableD-11

[11-2 Equivalent phosphorous P31 fission flux

All the equivalent fission fluxes given in this paragraph have been corrected as indicated in table B-4. Table D-12
and graph D-12 bis give the mean values of equivalent fission fluxes in small rings lying in a plane at abscissa -6.4
cm.

p Reaction rate Standar d deviation % P31 fission flux
O0to5 1.1508E6 0.17 4.027E7

EXP=4.075E7
5to 10 1.1356E6 0.097 3.973E7
10to 15 1.1110E6 0.076 3.887E7
15t020 1.0646E6 0.063 3.725E7
20t0 25 9.6982E5 0.06 3.393E7
25t030 7.8725E5 0.059 2.755E7
30to35 5.0429E5 0.073 1.764E7
35t040 2.6280E5 011 0.920E7

Table D-12
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Figure D-12 bis
Because of the importance of these equivalent phosphorous P31 fission fluxes in checking the power of the fissile
plate, we employed the point estimator of TRIPOLI-4 using the technique assuming that every neutron follows an

impact-free path after each collision with a nucleus (FXPT option). Table D-13 shows the values calculated by
TRIPOLI-4 together with the experimental valuesin the plane x =-6.4 cm (after the fissile plate).
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Distancezcm Reaction rate Standard TRIPOLI-4 Experiment C/IE
deviation % fission flux (corrected)

-3.5 1.1475E6 0.27 4.015E7 4.075E7 0.985
-13.5 1.1051E6 0.27 3.867E7 3.936E7 0.982
-23.5 9.4302E5 0.29 3.300E7 3.520E7 0.937
-28.5 7.4667E5 0.36 2.613E7 2.461E7 1.061
-33.5 4.4387E »5 0.41 1.553E7 1.443E7 1.077
-38.5 2.2792E5 0.45 7.975E6 8.313E6 0.959
-43.5 1.2400E5 0.57 4.339E6 4.588E6 0.946
-48.5 7.7735E4 0.58 2.720E6 2.918E6 0.932
+26.5 8.3999E5 0.31 2.939E7 3.276E7 0.897
+91.5 5.6874E2 0.36 1.990E7 2.347E7 0.848
+36.5 2.9969E5 0.40 1.049E7 1.190E7 0.831

Table D-13

A check point was located at x=0.1, y=0, z=0 (practically next to the inner surface of the aluminium tank). The
TRIPOLI-4 calculation gives an equivalent phosphorous fission flux of 1.771E7 (£0.49%) while the measurement
shows 1.793E7 (C/E=0.988).

A second series of results for the equivalent phosphorous fission flux is given in table D-14 and reproduced on the
graph D-14 bis: these are comparisons of the values in the empty NATADE 1 void on the axis of the converter. The
calculations are obtained either by using mean values on the discs of radius 5 cm (SURF) or using the technique of
the point estimator (FXPT) for the larger distances. At long distances, the presence of background noise can be
observed, certainly due to neutrons coming from the ZOE core.

Reaction rate Standard TRIPOLI-4 | Measured P31 flux
Technique X cm deviation % P31 flux (corrected) C/IE
SURF 0.0 5.1707E5 0.46 1.809E7 1.801E7 1.004
SURF 7.5 3.6699E5 0.37 1.284E7 1.296E7 0.991
SURF 13.0 2.8823E5 0.40 1.009E7 0.994E7 1.014
SURF 18.6 2.2774E5 0.43 7.969E6 7.628E6 1.045
SURF 245 1.7907E5 0.49 6.266E6 6.544E6 0.957
SURF 32.0 1.3708E5 0.55 4.796E6 5.151E6 0.931
SURF 41.6 1.0137E5 0.62 3.547E6 3.782E6 0.938
FXPT 53.3 7.1938E4 0.25 2.517E6 2.738E6 0.919
FXPT 73.9 4.4525E4 0.32 1.558E6 1.679E6 0.928
FXPT 95.0 2.9746E4 0.37 1.041E6 1.239E6 0.840
FXPT 115.0 2.1694E4 0.40 7.591E5 9.128E5 0.832
FXPT 136.0 1.6550E4 0.46 5.791E5 7.025E5 0.824
Table D-14
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IV The problem of background noise

V-1 Presence of background noise

Despite al the precautions taken to eliminate background noise, a small proportion of the fast and intermediate
neutrons emanating from the ZOE core manages to pass through the different shields (heavy water and graphite
reflector). These neutrons are an unwanted addition to the thermalised neutrons irradiating the converter: they pass
through it and the boral screen and cause dight interference with the measurements made in the mock-ups positioned
inthe NATADE 1 experimental area.
Allowance must also be made for:

e (y,n) reactionsin mock-ups containing light elements (for example, water with high penetration).

e  Photo-fission reactions on the fission chambers which have been used for different experiments.

To the best of my knowledge, no measurements have been made of photon spectrain NATADE 1 nor have neutron-
photon cal culations been done in the mock-ups.

However as regards background noise due to fast and intermediate neutrons, measurements [1] were done in May
1965 in the following conditions:

Natural uranium plate absent

Boral screen absent

Diaphragm diameter 60 cm

Tank in position

ZOE power set at 100kW

Table D-15, taken from reference [1], gives the measured and corrected data (see table B-4) from which the neutron
background noise on the axis of the converter on the inner surface of the aluminium tank (x =0,y =0, z = 0) can be
estimated.

Dosimeter Unit M easur ed value Corrected value
Bare M n55 Equivalent ther mal flux 6.40E7 6.40E7
BF3/Cd Equivalent ther mal flux 5.41E3 5.41E3
M n55/Cd Equivalent ther mal flux 9.90E3 9.90E3
In115/Cd Flux/lethar gy unit 1.46eV 1.71E4 1.74E4
Aul97/Cd Flux /lethar gy unit 4.91eV 1.23E4 1.25E4
S32 Equivalent fission flux 6.35E4 5.18E4
P31 Equivalent fission flux 5.28E4 4.30E4

TableD-15

It will be seen that the fast neutron background noise (P31) reaches 0.24% at the inner surface of the aluminium tank
because the measured value with the complete converter is 2.20E7. This relative value will increase with distance in
the void because the geometrical attenuation is greater for the fast neutrons emanating from the converter than for
those emanating from the ZOE core

I V-2 Estimating the sour ce of background noise

Using the values for conventional flux given in table D-15, a TRIPOLI-4 calculation was used to determine what the
flux would have been in the absence of the aluminium tank with a spectrum model made up first of a fission spectrum
and, secondly, of a constant spectrum per unit of lethargy between 0.1MeV and 0.5eV. A ZOE source is then
modelled which reproduces this composite spectrum at the origin of the axis and the void.

We created an isotropic point source at abscissa -230 cm centred on the converter axis with intensity S,qis(E) given
by the following equation:

Shise(E) = (S{(E))x2.54E9 + 6.61E8/E n/sxsteradianxMeV
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Where S:(E) designates the fission spectrum of U235 due to thermal neutrons and where the 1/E portion is applied
only between 0.1MeV and 0.5eV.

Two Monte Carlo calculations were done using the TRIPOLI-4 program: the first (table D-16) included all the
structures except for the fissile plate and the boral screen, while the other (table D-17) showing how the equivalent
phosphorus fission flux changes in the empty NAIADE 1 void, assumes the fissile plate and the boral screen to bein
position.

dosimeter unit TRIPOLI-4+ model | Corrected experiment CIE
Bare Mn55 Equivalent thermal flux 6.40E7
BF3/Cd Equivalent ther mal flux 6.15E3 5.41E3 1.14
Mn55/Cd Equivalent ther mal flux 1.23E4 9.90E3 1.24
In115/Cd Flux / lethar gy unit 1.46eV 1.35E4 1.74E4 0.78
Aul97/Cd Flux / lethar gy unit 4.91eV 1.35E4 1.25E4 1.08
S32 Equivalent fission flux 4.79E4 5.18E4 0.92
P31 Equivalent fission flux 4.83E4 4.30E4 112
Table D-16
Noise Standard TRIPOLI-4 P31 TRIPOLI-4 | Noise/Signal in
technique X cm reaction rate | deviation % flux signal P31 flux noise %
SURF 0.0 9.777E2 0.89 1.809E7 3.421E4 0.19
SURF 7.5 8.784E2 0.78 1.284E7 3.073E4 0.24
SURF 13.0 8.143E2 0.79 1.009E7 2.849E4 0.28
SURF 18.6 7.526E2 0.80 7.969E6 2.633E4 0.33
SURF 24.5 6.933E2 0.85 6.266E6 2.426E4 0.39
SURF 32.0 6.422E2 0.88 4.796E6 2.247E4 0.47
SURF 41.6 0. 3.547E6
FXPT 53.3 5.044E2 0.075 2.517E6 1.765E4 0.70
FXPT 73.9 4.143E2 0.085 1.558E6 1.450E4 0.93
FXPT 95.0 3.462E2 0.086 1.041E6 1.211E4 1.16
FXPT 115.0 2.978E2 0.090 7.591E5 1.042E4 1.37
FXPT 136.0 2.574E2 0.091 5.791E5 0.901E4 1.56
Table D-17

V Conclusions

The above data (part D) can be used to interpret the different mock-ups placed in the NATADE 1 experimental area:
e  Either using the fission density in the plate, the integral of which is 1.70402E11 n/s.
e  Or using the Maxwellian thermal neutron flux givenin §11-2-1

In both cases a subcritical source problem will have to be dealt with (FIXED_SOURCE_CRITICALITY) with proper
adjustment of the bias parametersif the “MONITORING 0" option is used.

As regards the interpretation of experiments carried out during one and the same irradiation, the control stability
reported by the experimenters is better than 0.5%. The authors indicate that the power settings for the different
irradiations is better than 1% for those separated by a short period of time and within 5% for those at longer intervals.
The spread we found (table C-8) in the measurements using bare manganese is 1.2% whereas we found the dispersion
arising from the analysis at different powers (from 100W to 150kW) to be 3.7%. Although all these uncertainties are
low, it isinteresting to look more closely at experiments that were done during one and the same irradiation.

Owing to the fact that the cadmium shutter falls quickly (1s) the duration of the irradiations is extremely precise.

The correction we propose to make to the experimental values of conventiona fluxesis known to within 5% (Rh103),
4% (S32) and 2% (P31).
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All that remains is the uncertainty about the location of the dosimeters. The authors state that rods 1, 2 and 3 are
positioned to within 2 mm which has no effect on the power of the converter. Asregards the dosimeters placed in the
mock-ups we shall examine — where these exist — different measurements at the same location made on different
dates.

The major advantage of the NATADE 1 experiments is that the dosimeters were calibrated each with respect to the
others, which ensures coherence.

As regards the background noise, we found that fast neutron noise reached 0.2% nearby and about 2% farther off. It
seems to us that this value is underestimated when we consider the C/E values in table D-14 or curve D-14-bis as
from a distance of 60 cm. This may be due to the contribution of multiple diffusions in the experimenta area,
imperfect knowledge of the composition of the boral (the experiments on iron support this postulate) or to the model
used for calculating the background noise itself.

39



NEA/NSC/DOC(2005)15

PART E
Experimentscarried out on theiron block

| Description of the experiment on theiron block

The NATADE 1 assembly was described in part A of the present report. In the experiment in question, the
experimental void contains an assembly of 30 plates of extra-mild steel, 5 cm in thickness and measuring 200 cm by
200 cm. The assembly thus forms a block measuring 200 cm x 200 cm x 150 cm, the thickness of 150 cm being
located along the axis of the converter starting from abscissa 0 which is located at the inner surface of the aluminium
tank. The plates are suspended from beams. The mock-up is surrounded by wooden boards except on the upper
surface. The characteristics of the steel are given in reference [1]:

Specific gravity: 7.85 £0.02

Carbon content: 0.15% by weight
In this experiment, the diaphragm diameter was 60 cm. A central hole of diameter 3 cm can be stopped up with steel
plugs of various thicknesses (5 cm, 2 cm, 1 cm and 0.5 cm). The dosimeters to be irradiated are positioned between
the plugs. The location of these dosimetersis known to within 0.1 cm [1 page 18] by measuring the distance from the
dosimeter positioned at the end of the channel. The experiments were carried out between May and July 1963 and the
results are reported in reference [1] in tables 10-1 to 10-3; the graphs of conventional flux attenuation are on figures
PL10-1 (for fast neutrons) and PL10-2 ( for the epithermal and thermal dosimeters).

Il Raw data and corrected experimental results

The calibrated dosimeters (see part B) used in the 1963 experiments, the responses of which were interpreted using
the TRIPOLI-4 Monte Carlo program, are listed hereunder:

1. P/Cdreaction- P31(n,p) - thickness 3 mm.

2. WIGNER Si based upon damage formation in a silicon diode 5 mm in diameter and 0.25 mm in thickness
[14]. The response function used to convert the neutron spectrum directly to the equivalent Wigner fission
flux is given in appendix 1. Thisis extracted from appendix V of reference [14]. We verified that the integral
of this response function weighted by our fission spectrum was practically equally to unity since we found
0.9970 + 0.0002.

3. Rh/Cdreaction - Rh103(n,n’) - thickness 0.2 mm.

4, Np237/Cd fission chamber. As yet we have no data on the precision of the calibration of this chamber. If
this was done behind the NATADE 1 plate, then a multiplication factor of 0.815 would have to be applied
(see part B). We shall give both solutions, corrected and uncorrected by this factor.

5. BareMnand Mn clad in Cd. In fact the responses of the bare and cadmium-sheathed dosimeters expressed in
thermal fluxes equivalent to 2200m/s are the same in iron. The difference calculated by TRIPOLI-4 is
negligible in view of the statistical dispersion.

6. Ni/Cd: we have not interpreted the results of this dosimeter which are expressed in terms of equivalent
thermal flux (Ni(n,y)).

7. In/Cd reaction (n,y) with adeposit of 0.1 mg/cm? giving fluxes per unit of lethargy.
8. Au/Cd reaction (n,y) with adeposit of 0.1 mg/cm? giving fluxes per unit of lethargy.
9. Two fission chambers for thermal and epithermal neutrons were used by the experimental team and the

results were interpreted using TRIPOLI-4: U235(n,f) and Pu239(n,f). We have not yet found any data on the
calibration of the chambers. It seems likely that the calibration was done in the standard block in Fontenay-
aux-Roses or by comparison with an equivalent thermal flux measured using a manganese dosimeter in a
purely thermal spectrum. In these circumstances no correction would have to be applied to the measured
equivalent thermal fluxes. However the chambers were located in a high gamma environment and it is likely
that there were photo-fissions resulting from highly energetic photons coming from the capture of neutrons
by the iron nuclei or directly from the ZOE core.

10. S32/Cd reaction (n,p). This dosimeter was not positioned in the iron block. Notwithstanding this we
calculated the corresponding reaction rate so that it could be compared with the P31 (n,p) device of similar
sensitivity.
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The as-measured experimental results are considered together with the corrected experimental results (see part B 8V)
in paragraph 111 below. The correction factors for converting the basic experimental data into corrected results are
summarised in the table below. As regards the activation dosimeters, these factors are obtained from part B; as
concerns the fission chambers, we are unaware how they were calibrated, but this was probably using the standard
block: we have therefore assumed a value of unity for the correction coefficient. As regards the equivalent WIGNER
silicon fission flux, reference [14] sets out the procedures for calibrating silicon diodes. In principle thisinvolves:

1. irradiating diodes in the presence of calibrated phosphorus dosimeters. This irradiation was done on rod O
which was positioned next to the aluminium tank, in the NAIADE 1 experimental area side, the latter being
empty. The equivalent phosphorus fission flux was known - ¢p(1965).

2. multiplying the flux ¢p(1965) by the spectrum factor Ry,p(1965) obtained by dividing the equivalent
WIGNER silicon fission flux by the equivalent phosphorus fission flux. In 1965 this factor was calculated
and avalue of 1.22 found [14, page 14] for the spectrum behind the NATADE 1 aluminium tank.

These corrections were applied to all these calculations. As concerns the spectrum Ry,»(2005) calculated by the
TRIPOLI-4 program in the precise configuration of NATADE 1, we found 1.520 at the location of rod 0 on a disc of
radius 5 cm. In aring between the radii 5 and 10 cm we found Ry,p(2005) = 1.529 or a difference of 0.6%.

The overall correction factor for the WIGNER silicon equivalent fission flux is therefore the product of the correction
factor on the equivalent phosphorus fission flux ¢p(2005)/ ¢pp(1965) = 0.815 by the ratio Ry;p(2005)/Ryp(1965) =
1.52/1.22. We therefore obtain for the equivalent WIGNER graphite fission flux a correction factor of 1.015 +0.02.

Equivalent Mn and Mn/Cd thermal fluxes (n,y) 1.00
Epither mal fluxes per unit of lethargy Au/Cd and In/Cd (n,y) 1.016
Equivalent Rh103 fission flux (n,n") 0.815+0.04
Equivalent S32 fission flux (n,p) 0.815+0.03
Equivalent Np237 fission flux (n,f) 0.815or 1.00
Equivalent P31 fission flux (n,p) 0.815+0.01
Thermal Equivalent U235 flux (n,f) 1.00
Thermal Equivalent Pu239 flux (n,f) 1.00
WIGNER S equivalent fission flux 1.01540.02

As far as the positioning of the dosimeters is concerned we can give the following uncertainty expressed in
centimefres Ax = +(0.1+ 2.5x 10 x )

where the first term is the uncertainty on the measurements as estimated by the experimental team themselves, and
the second term results from the uncertainty as to the density of the mild steel for an interpretation carried out with a
specific gravity of 7.85.

As regards the uncertainties affecting the detection coefficient, the reproducibility of the power of the plate and the
counting process itself, we shall use the values given in table E-1 below. When a measurement has been repeated and
gives results R; and R,, we calculated the difference ¢ — 100(R/R,-1) as afunction of abscissa x and the type of

dosimeter measured.
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X cm dosimeter €%
0 P/Cd 0.0
55 P/Cd -4.2
11 P/Cd -4.5
16.5 P/Cd +6.6
22 P/Cd -16
275 P/Cd -5.6
33 P/Cd -3.3
38.5 P/Cd -10

0 Mn/Cd -1.2
10 Mn/Cd +3.4

16 Mn/Cd -19

21 Mn/Cd -13

37 Mn/Cd -13

42 Mn/Cd -8.7

15 BareMn +4.2
Table E-1

The sgquare route of the mean of the squares of the deviationsis 9.3% on al the dosimeters with a slightly lower value
for the fast neutron dosimeters (7.7%) and hence a higher value for the epithermal dosimeters (10.7%).

11 As-measured results and inter pretation by the TRIPOL -4 program

All the experiments on the iron mock-up were interpreted using the TRIPOLI-4 Monte Carlo program [9]. The need
to use the “MONITORING” option for this type of problem with difficult weighting (see part D 8§ 1) forced us to
solve the type 3 problem (see part D § I1-2). We therefore use the sources of first generation fission neutrons in the
converter 2 cm in thickness with the TRIPOLI-4 option “FIXED_SOURCE_CRITICALITY”. Itisrecaled that the
normalisation of the calculation is equal to 1.70402E11n/s emitted between 19.8MeV and 0.001MeV with a Watt
spectrum for the thermal fission neutrons from U235 (a= 1.012 and b = 2.249).

Reference [1] stipulates that the wood surrounding the iron block consisted of boards. We assumed that this was
poplar for which we obtained the composition from reference [15]. Table E-2 gives the composition of the iron mock-
up partly surrounded by wood.

Iron Atoms/10E-24cm?
C 5.9047E-4
Fex4 4,9875E-3
Fe56 7.7534E-2
Fe57 1.7752E-3
Fe58 0.2367E-3
Wood Atoms/10E-24cm®
016 0.00970
H_H20 (bound) 0.00602
H1 (“free’) 0.01338
C 0.00803
Table E-2

Other composition data are given in paragraph |1-1 of part D (table D-2).

In volume 28 (iron parallelepiped: 150 cm aong x, 200 cm along y and 200 cm along z) we arranged a series of 55
cylindrical volumes iron (volumes 200 to 254) of radius5 cm , axis Ox , bounded by planes perpendicular to that axis
with abscissas xk. This makes it possible to obtain mean values of reaction rates on discs of radius 5 cm at abscissas
Xk. The volumes 528, 628 and 828 consist of wood.
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The mean values on the fission spectrum o, the resonance integral | and the effective cross-section at 2200m/s (o)
are given below. These are used to convert reaction rates to conventional fluxes; they are coherent with the values
of the neutron point cross-sections used in the calculation of reaction rates during the inter pretation using the
TRIPOLI-4 program.

P31(n,p) IRDF_90 0:=0.02858b recalculated
Mn55(n,y)  ENDF/B-VI/R4 60=13.45b [8]

S32(n,p) IRDF_90 0r=0.06524b recalculated
Aul97(n,y) IRDF_90 I=1565b [8]

In115(n,y)  ENDF/B-VI R4 1=3281b [8]

Rh103(n,n") IRDF_90 0:=0.7033b recalculated
Np237(nf) ENDF/B-VI R4 6t=1.305b [8]

Si WIGNER [14] 0¢=0.9970 [14] after recalculation
u235(nf)  ENDF/B-VI R4 60=586.2b [8]

Pu239(nf) ENDF/B-VI R4 6o=751.4b [8]

The TRIPOLI-4 calculation (reference 04-030) of 15/12/2004 used the data file “naiadefer_2004.data” from the
directory /home/nimal/TRIPOLI-4/NAIADE_FER/ of the nimal2 station and comprised 250 “batches’ of 330000
neutrons. It required 690221s on a PC running at 2.7GHz.

The following table gives the number of fission neutrons per second resulting from first generation fissions. These
are the second and subsequent generation fission neutrons obtained using the “FIXED_SOURCE_CRITICALITY”
option:

location U235 c % U238 c%
1% cm of plate 1.1503E9 0.092 1.0761E10 0.028
2" cm of plate 1.0201E9 0.085 9.3448E9 0.028
Total for plate 2.1704E9 2.0106E10

The second and subsequent fission generations therefore contribute an additional converter power of 13.07%. The
additional neutrons are emitted with their respective fission spectrum (U235 and U238) corresponding to the energy
of the neutron that led to their emission.

The following tables show the experimental results and the results of the calculation done using the TRIPOLI-4
program expressed as conventional fluxes. The columns headed “rates’ correspond to the microscopic reaction rates
(theintegral of the neutron cross-section in barns/atom weighted by the value of the neutron flux cm?.s*.MeV™?). The
columns headed “flux” correspond to the values of conventional flux. The symbol o represents the statistical
uncertainty on the calculated results due solely to the stochastic nature of the Monte Carlo method.

abscissa S32 reaction rate Standard deviation c % Equivalent S32 flux
0 1.428E6 0.71 2.188E7
55 4.070E5 14 6.239E6
11 1.356E5 2.7 2.078E6
16.5 4.444E4 2.4 6.812E5
22 1.660E4 3.4 2.544E5
27.5 5.793E3 4.0 8.880E4
33 1.810E3 3.5 2.774E4
38.5 7.022E2 51 1.076E4
44 2.458E2 55 3.768E3

Table E-3 (no experimental values)
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TRIPOLI-4 TRIPOLI-4 Raw Corrected
abscissa Calculated c % Calculated Experimental experimental C/E
P31 rate P3lrate data data
0 6.447E5 0.69 2.255E7 2.50E7 2.04E7 111
2.50E7 2.04E7 111
55 1.876E5 11 6.564E6 8.00E6 6.52E6 1.01
8.35E6 6.81E6 0.96
11 6.374E4 21 2.230E6 2.94E6 2.40E6 0.93
3.08E6 2.51E6 0.89
16.5 2.140E4 2.2 7.488E5 1.13E6 9.25E5 0.81
1.06E6 8.64E5 0.87
22 8.131E3 29 2.845E5 3.85E5 3.14E5 0.91
4.58E5 3.73E5 0.76
275 2.858E3 33 1.000E5 2.02E5 1.64E5 0.61
2.14E5 1.74E5 0.57
33 9.383E2 3.0 3.283E4 1.17E5 9.54E4 0.34
1.21E5 9.86E4 0.32
38.5 3.628E2 4.2 1.268E4 7.02E4 5.72E4 0.22
7.80E4 6.36E4 0.20
44 1.332E2 5.4 4.661E3 4.06E4 3.31E4 0.14
TableE-4

The first line of the raw experimental results corresponds to the measurements made on 15/03/1963, and the second
line to those conducted on 21/05/1963. One partial conclusion can be drawn: the calculated equivalent phosphorus
fission flux is attenuated much more quickly than the corresponding (mutually coherent) experimental values (an
error factor 7 for an attenuation of afactor of about 300).

Table E-5 gives the results (equivalent WIGNER graphite) produced by the TRIPOLI-4 calculation and by the
experiment.

Xcm TRIPOLI-4 Wigner rate c% Experimental data
0 5.892E7 0.25 8.87E7
10 2.244E7 0.22 2.31E7
20 1.047E7 0.22 1.20E7
30 5.335E6 0.19 5.00E6
40 2.881E6 0.20 3.12E6
50 1.616E6 0.18 1.75E6
60 9.335E5 0.26 9.65E5
70 5.484E5 0.20 5.15E5
80 3.281E5 0.22 3.12E5
90 2.000E5 0.69 2.52E4

Table E-5 (As-measured WIGNER Si)
The calculation 05_002 we carried out shows that the response function ow(E) given in appendix V of reference [14]
and reproduced in our own appendix is virtually normalised to unity when it is weighted by the Watt fission spectrum
of 235 (a=1.012 and b = 2.249). We have:
JO'W(E)Sf (E)dE = 0.9970
0

Thisisthe value used to convert the “reaction rate” to the equivalent Wigner silicon fission flux from table E-5bis.




NEA/NSC/DOC(2005)15

X.cm TRIPOLI-4 Wigner flux c% Corrected experimental data C/E
0 5.910E7 0.25 9.00E7 0.66
10 2.251E7 0.22 2.34E7 0.96
20 1.050E7 0.22 1.22E7 0.86
30 5.351E6 0.19 5.08E6 1.05
40 2.890E6 0.20 3.17E6 0.91
50 1.621E6 0.18 1.77E6 0.91
60 9.363E5 0.26 9.79E5 0.96
70 5.500E5 0.20 5.23E5 1.05
80 3.291E5 0.22 3.17E5 1.04
90 2.006E5 0.69 2.56E5 0.78

Table E-5bis (Corrected WIGNER Si)
TRIPOLI-4 | TRIPOLI-4 Rh103 As-measured Corrected
Xcm Rh103rate equiv flux c % results experimental data C/IE

0 3.019E7 4.294E7 0.32 4.56E7 3.72E7 1.15

10 8.788E6 1.250E7 0.34 1.62E7 1.32E7 0.95

20 3.255E6 4.630E6 0.34 5.79E6 4.72E6 0.98

30 1.379E6 1.962E6 0.32 2.29E6 1.87E6 1.05

40 6.428E5 9.144E5 0.29 1.12E6 9.13E5 1.00

60 1.701E5 2.420E5 0.26 4.48E5 3.65E5 0.66

80 5.301E4 7.541E4 0.24 9.63E4 7.85E4 0.96

100 1.835E4 2.610E4 0.29 4.27E4 3.48E4 0.75
120 6.786E3 9.653E3 0.22 1.094E4 8.92E3 1.08
Table E-6

The values of equivalent WIGNER Si and rhodium fission fluxes are coherent and acceptable.

Xcm | TRIPOLI-4 Np237 rate c% TRIPOLI-4 Np237 flux As-measured results | C/E (1) | C/E (2)
0 6.170E7 0.31 4.728E7 3.50E7 135 1.10
5 3.268E7 0.33 2.504E7 2.34E7 1.07 0.87
10 1.892E7 0.33 1.450E7 1.25E7 1.16 0.95
15 1.135E7 0.36 8.700E6 9.08E6 0.96 0.78

20 7.005E6 0.36 5.368E6 4.56E6 1.18 0.96

25 4.433E6 0.36 3.397E6 2.60E6 131 1.07

35 1.909E6 0.30 1.463E6 1.39E6 1.05 0.86

45 8.938E5 0.28 6.849E5 5.98E5 115 0.94

55 4.462E5 0.29 3.419E5 2.63E5 1.30 1.06
Table E-7

The values of C/E in column (1) are the result of dividing the equivalent fission fluxes given by TRIPOLI-4 by the as-
measured experimental values, while the values in column (2) are for the case in which the Np237 chamber is
calibrated with respect to the fast neutron flux behind the NATADE 1 assembly the as-measured values of which are
overestimated, as we have seen, by afactor 1/0.815
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Xcm Exp 1 Exp 2 Exp 3 TRIPOLI Rate | o % Calculated flux C/IE
0 2.38E5 241E5 1.378E6 1.8 1.025E5 0.43
224 2.70E5 2.081E6 14 1.547E5 0.57
5.0 3.00E5 2.803E6 1.2 2.084E5 0.69
6.72 3.00E5 3.195E6 1.2 2.375E5 0.79
10. 3.34E5 3.23E5 3.705E6 1.0 2.755E5 0.84
16 2.76E5 3.40E5 4.038E6 1.0 3.002E5 0.97
21 2.58E5 2.95E5
26.5 2.38E5 3.811E6 1.0 2.833E5 1.19
30 2.35E5 3.639E6 1.0 2.706E5 1.15
32.16 2.14E5 3.426E6 0.9 2.547E5 1.19
37 1.86E5 2.13E5 1.85E5 3.137E6 1.9 2.332E5 1.20
42 1.67E5 1.83E5 2.806E6 11 2.086E5 1.19
46.5 1.57E5 2.457E6 0.98 1.827E5 1.16
52.1 1.36E5 2.169E6 1 1.613E5 1.19
56.5 1.02E5 1.875E6 11 1.394E5 1.37

Table E-8 (initial comparisonsrelativeto Mn/Cd)

The three columns headed Expl, Exp2 and Exp3 correspond to the equivalent thermal fluxes at 2200m/s measured
using the Mn/Cd dosimeters, the dates of the experiments being 15/05/1963, 20/05/1963 and 01/07/1963 respectively.

Xecm Exp 1 Exp 2 Exp3 TRIPOLI Rate c % Calculated flux C/IE
62.0 1.14E5 1.620E6 11 1.204E5 1.06
67.5 8.03E4 1.372E6 11 1.020E5 1.27
73.04 6.94E4 1.159E6 11 8.617E4 1.24
77.0 5.85E4
78.28 5.81E4 9.841E5 13 7.317E4 1.26
83.52 4.81E4 8.724E5 13 5.486E4 114
88.76 4.08E4 7.123E5 12 5.296E4 1.30
94.0 3.33E4 6.078E5 14 4.519E4 1.36
97.7 2.80E4
99.24 3.15E4 4.961E5 1.6 3.688E4 117
104.48 2.53E4 4.231E5 14 3.146E4 1.24
110.0 2.00E4 3.641E5 2.2 2.707E4 1.35
118.3 1.32E4
119.96 1.44E4 2.452E5 19 1.823E4 1.27
130.0 9.14E3 1.576E5 1.8 1.172E4 1.28
135.44 7.23E3 1.125E5 23 8.364E3 1.16
140.68 5.79E3 7.956E4 2.6 5.915E3 1.02
145.92 4.83E3 4.556E4 3.7 3.387E3 0.70

Table E-8 (Mn/Cd continued)

The proportion of the conventional flux located below the cadmium cut-off (0.5eV in the calculations) is 1% or less.
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Xcm | TRIPOLI Rate | 6 % | TRIPOLI Flux | Asmeasured results | Corrected measurement data | C/E
0 3.815E7 3.4 1.163E4 5.00E4 5.08E4 0.23
5 1.306E8 4.3 3.980E4 6.54E4 6.64E4 0.60
10 2.025E5 34 6.172E4 9.10E4 9.24E4 0.67

20 3.053E8 9 9.305E4 1.08E5 1.10E5 0.85
30 2.558E8 2.7 7.796E4 8.70E4 8.84E4 0.88
40 2.333E8 2.9 7.111E4 7.50E4 7.62E4 0.93
50 1.734E8 3.0 5.282E4 3.40E4 3.45E4 1.53
60 1.414E8 3.9 4.310E4 4,73E4 4.81E4 0.90
70 1.006E8 3.0 3.066E4 2.86E4 2.91E4 1.06
80 8.008E7 5.5 2.441E4 1.99E4 2.02E4 1.21
90 5.663E7 3.4 1.726E4 1.74E4 1.77E4 0.98
110 2.804E7 3.8 8.546E3 7.25E3 7.37E3 1.16
130 1.228E7 4.4 3.743E3 3.77E3 3.83E3 0.98
150 (1.163E7) 72 1.72E3 1.75E3 )]
TableE-9
Table E-9 gives the results of the calculations and of the measurements for indium in cadmium (resonance at 1.46eV)
Xcm TRIPOLI Rate c % TRIPOLI flux | As-measured results Corrected measurement data CIE
0 3.916E7 5.2 2.502E4 7.07E4 7.18E4 0.35
5 1.449E8 3.3 9.259E4 1.62E5 1.65E5 0.56
10 2.306E8 8.1 1.473E5
16 2.724E8 3.7 1.741E5 1.86E5 1.89E5 0.92
30 2.684E8 25 1.715E5 1.70E5 1.73E5 0.99
40 2.294E8 2.6 1.466E5
46.5 2.021E8 3.1 1.291E5 1.24E5 1.26E5 1.02
50 1.827E8 2.7 1.167E5
60 1.404E8 3.2 0.897E5
62 1.312E8 2.9 8.383E4 8.15E4 8.28E4 1.01
67.5 1.134E8 2.9 7.246E4 5.89E4 5.98E4 1.21
70 1.051E8 2.8 6.716E4
77 8.487E7 2.6 5.423E4 5.30E4 5.38E4 1.01
91.92 5.604E7 3.2 3.581E4 3.15E4 3.20E4 1.12
117.16 2.213E7 3.8 1.414E4 1.29E4 1.31E4 1.08
142.4 5.808E6 7.5 3.711E3 491E3 4,99E3 0.74
Table E-10

Table E-10 compares the conventional fluxes obtained from the calculations with the activation measurements using
AU/Cd (resonance at 4.91eV)

X cm TRIPOLI Rate c % TRIPOLI flux As-measured results C/E
0 1.289E8 0.24 2.199E5 4,79E5 0.46
5 1.220E8 0.45 2.081E5 6.14E5 0.40
10 1.207E8 0.45 2.059E5 5.14E5 0.40
15 1.158E8 0.53 1.975E5 4.44E5 0.44
25 9.863E7 0.50 1.682E5 3.57E5 0.47
50 5.242E7 0.56 8.942E4 1.90E6 0.47
70 2.903E7 0.99 4.952E4 8.87E4 0.56

TableE-11
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X cm TRIPOLI Rate c % TRIPOLI flux As-measured results C/E
0 1.584E8 0.29 2.108E5 3.35E5 0.63
10 1.376E8 0.63 1.831E5 3.74E5 0.49
20 1.237E8 0.74 1.646E5 3.10E5 0.53
30 1.047E8 0.95 1.393E5 2.19E5 0.64
50 6.543E7 3.4 8.708E4 1.29E5 0.68
80 2.547E7 1.32 3.390E4 4,39E4 0.77

110 9.028E6 1.43 1.201E4 1.79E4 0.67
Table E-12

Tables E-11 and E-12 bring together the results given by the fission chambers using U235 and Pu239 respectively.
The TRIPOLI-4 flux is expressed in thermal equivalent flux at 2200m/s. Two interesting facts may be noted:

1. at present the documents setting out the process of calibrating these fission chambers are not in our hands.

2. we have carried out arapid order of magnitude calculation which shows that the chambers are not perturbed
by the photo-fissions resulting from gammas emanating from neutron capture in iron nuclei. To demonstrate
this point, we evaluated the source of photons (and then the flux of photons) in a constant equivalent thermal
flux and calculated the resulting photo fissions (G4jrn = 2.56b, Nijon = 0.0846 at/ 10%* cm®, 59% of 8 MeV
photons by capture, attenuation coefficient of iron for the 8 MeV gammas = 0.2319 cm™, photo-fission
cross-section of U235 = 0.03b at 8MeV and fission cross-section of the neutrons at 2200m/s = 586.2b).

IV Background noise estimation using TRIPOL1-4 Code

A calculation of the background noise contribution due to the fast and epithermal neutrons (E > 0.5eV) stemming
from the ZOE reactor core was made using the TRIPOLI-4 software. The Maxwellian thermal neutrons stemming
from the ZOE's reflector cross the first uranium converter then are absorbed by the thick borated screen. The
determination of the neutron source generating the background noise is presented in part D in front of the experiment
descriptions.

Let us recall (see details in the table D-15) the levels of the experimental flux measurements under the following
conditions:
1. Absence of the uranium converter carrying out the conversion of the thermal neutrons into fission neutrons
Absence of the thick borated screen
Diaphragm of 60cm
aluminium tank in place
ZOE’s power equal to 100kwW
Measurement in the axis of the converter on the internal face of the aluminium tank (x=y=z=0)

ok wh

The experimental values of the neutron flux on the internal face of the tank are:

1. Thermal equivalent flux to 2200m/s  6.4E7
2. Flux by unity of lethargy 1E4to2.E4
3. Equivalent fission flux 4.0E4 to 5.0E4

Let us also recall the order of the equivalent fission flux at the same point with, this time, the presence of the fission
converter and the borated screen: 1.8E7

The results below are obtained with a source of background noise corresponding to that described in the paragraph
V-2 of part D. The neutrons are emitted only in a cone of axis Ox and from a vertex angle Arccos ( 0.95) to limit the
unnecessary computation time in the concrete structures surrounding the reactor ZOE.

The last column of the following tables relative to a given dosimeter gives the percentage of the background noise
compared to the direct signal, this last one being calculated by TRIPOLI-4. The second column gives the reaction
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rates relative to the background noise and the third column the stochastic standard deviation resulting from the Monte
Carlo method.

For the experiments on the bulk iron, the background noise considered in fast neutrons varies from 1/500 at short
distance up to 17200 at large distance. This estimated background noise reaches an order of 10 % for slow neutrons at
very short distances and up to 1/200 at large distances.

X cm Reaction rate (noise) c % Noise/signal %
0.0 1.363E3 0.6 0.21
55 5.632E2 1.0 0.30
11.0 2.182E2 2.0 0.34
16.5 9.303E1 4.6 0.43
220 3.697E1 10 0.45
27.5 (1.249E1) 17 (0.44)

Background noise on P31 measur ements

Xcm Reaction rate (noise) c % Noise/signal %
0 1.306E5 0.26 0.22
10 6.448E4 0.74 0.29
20 3.459E4 0.85 0.33
30 1.935E4 1.2 0.36
40 1.109E4 24 0.38
50 6.624E3 2.7 0.41
60 4.009E3 3.7 0.43
70 2.707E3 5.3 0.49
80 1.566E3 7.6 0.48
90 9.141E2 4.3 0.46

Background noiseon St WIGNER measurements

X cm Reaction rate (noise) c % noise/signal %
0 6.497E4 0.28 0.22
10 2.520E4 0.65 0.29
20 1.077E4 13 0.33
30 4.847E3 1.9 0.35
40 2.367E3 2.3 0.37
60 7.493E2 4.9 0.44
80 2.494E2 7.0 0.47
100 8.613E1 7.2 0.47
120. 3.092E1 4.8 0.46

Background noise on Rh103 measur ements

X cm Reaction rate (noise) c % noise/signal %
0 1.355E5 0.29 0.22
5 8.744E4 0.46 0.22
10 5.5832E4 0.68 0.29
15 3.557E4 0.93 0.31
20 2.369E4 13 0.34
25 1.590E4 2.0 0.36
35 6.896E3 2.0 0.36
45 3.702E3 3.0 0.41
55 1.984E3 5.3 0.44
70 9.070E2 7.2 0.51

Background noise on Np237 chamber measur ements
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X cm Reaction rate (noise) c % noise/signal %
0 1.439E5 0.85 104
2.24 1.452E5 1.0 7.0
5.0 1.257E5 1.6 4.48
6.72 1.100E5 1.1 3.44
10 9.028E4 12 244
16 6.206E4 2.3 1.54
20 4.788E4 2.0
22 4.261E4 2.1
26.5 3.318E4 2.0 0.87
30 2.593E4 2.8 0.71
32.16 2.653E4 25 0.77
37 2.015E4 24 0.65
42 1.732E4 3.0 0.62
46.5 1.491E4 3.1 0.61
52.1 1.273E4 3.6 0.59
56.5 1.044E4 3.6 0.56
62 8.625E3 2.7 0.53
67.5 7.186E3 3.2 0.52
73.4 6.301E3 3.8 0.54
78.28 5.690E3 4.1 0.58
83.52 4.706E3 4.5 0.54
88.76 3.877E3 5.2 0.54
94 3.121E3 4.0 0.51
99.24 2.660E3 4.9 0.54
Background noise on Mn/Cd measurements
Xcm Reaction rate (noise) c % noise/signal %
104.48 2.186E3 4.4 0.52
110 1.768E3 4.4 0.49
119.96 1.199E3 51 0.49
130 8.459E2 5.6 0.54
135.44 5.868E2 5.7 0.52
140.68 4.101E2 7.5 0.52

Background noise on M n/Cd measur ements (continuation)

Xcm Reaction rate (noise) c % noise/signal %
0 3.438E6 3.9 9.0
5 7.085E6 34 5.42

10 7.421E6 31 3.66
20 4.890E6 7.2 1.60
30 2.709E6 54 1.06
40 1.731E6 6.8 0.74
50 1.150E6 9.3 0.66
60 7.009E5 7.9 0.50
70 (7.026E5) 11

80 (4.866E5) 11

Background noise on In115/Cd measurements

50




NEA/NSC/DOC(2005)15

Xcm Reaction rate (noise) c% noise/signal %
0 5.022E6 3.3 12.8
5 8.570E6 2.7 5.91

10 7.455E6 2.8 3.23

16 5.711E6 3.9 2.10

30 2.479E6 5.2 0.92

40 (1.854E6) 11 (0.81)

46.5 1.285E6 7.6 0.64

50 1.101E6 9.2 0.60

60 8.051E5 9.1 0.57

62 6.875E5 6.1 0.52

67.5 (6.946E5) 17. (0.61)

70 5.678E5 7.6 0.54

77 4.842E5 8.1 0.57

91.92 3.024E5 9.2 0.54

Background noise on Au197/Cd measurements

Xcm Reaction rate (noise) c% noise/signal %
0 2.515E6 0.51 1.95
5 2.577E6 0.59 211

10 2.051E6 0.85 1.70

15 1.485E6 0.78 1.28

25 8.470E5 1.1 0.86

50 2.960E5 1.7 056

70 1.539E5 1.7 0.53

Background noise on U235 chamber measur ements

X cm Reaction rate (noise) c% noise/signal %
0 2.602E6 0.68 1.64

10 2.466E6 2.0 1.29

20 1.304E6 1.7 1.05

30 7.732E5 2.7 0.74

50 3.734E5 4.3 0.57

80 1.394E5 4.2 0.55

110 4.815E4 5.5 0.55

V Conclusions

Background noise on Pu239 chamber measurements

This TRIPOLI-4 interpretation of the “iron” benchmark of “NATADE 1” reveals three clear features:
1. By comparison with the experiment, the calculation underestimates the attenuation of the very fast neutrons
(P31, table E-4) while the attenuations of the somewhat |ess energetic neutrons (WIGNER silicon, rhodium,

Np237 fission chamber) appear to be well calculated (Tables E-5, E-6 and E-7).

2. The values of epithermal flux for short penetrations (Tables E-8, E-9 and E-10) are underestimated. This
phenomenon may be due to a poor evaluation of the epithermal neutron background noise or use of an
erroneous value for the boron concentration in the boral. The gold dosimeter, which is particularly reliable,
gives very good results after 10 cm of penetration.

3. The responses of the U235 and Pu239 fission chambers do raise a problem: the calculation underestimates
their response and does so uniformly in space over 2 decades of attenuation.
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PART F
Experiments on the graphite mock-up

| Introduction: description of the experiment

Most of the measurements of fission neutron penetration into the graphite block were carried out early in 1965. The
diameter of the boral diaphragm was 60 cm, although a few measurements were done using a 40-cm diaphragm. The
dosimeters used involved the following reactions:

S32 (n,p)

Rh103 (n,n")

P31 (n,p) (2 sets of measurements)

3 sets of measurements with silicon diodes (WIGNER effect)

Mn55 (n,y) under cadmium

MnS55 (n, v) (bare metal)

2 sets of measurements using Aul97 (n, y) under cadmium, one at short distance, the other at longer
distance with overlap

8. 2 sets of measurements using the In115 (n, y) under cadmium.

NogkrwdpE

M easurements were carried out to determine the absorption cross-section for thermal neutrons by the graphite used.
A reproduction of page 19 of reference [1] sets out the experimental conditions and its trandation is reproduced
hereunder.

Experiments in graphite (translation relative to ref [1])

1) Characteristics

The specific gravity isd = 1.65
The thermal capture cross-section averaged over the Maxwell spectrumis: 6,= 4.05 m barn

2) Description of the mock-up
The assembly is a block measuring 200 x 200 x 140 cm
It consists of 7 plates measuring 200 x 200 x 20 cm enclosed in a steel frame 1 cmin thickness. The frame gives
stability and enables the block to be suspended from a beam.

3) Location of detectors
Each plate has a hole drilled at its centre (in line with the axis of the neutron source, diameter @= 5 cm). The
hole can be stopped up with graphite plugs of the same diameter and thickness 5 cm or 2 cm. The detectorsto be
irradiated are positioned between these plugs.
Locations are known to within 1 mm by measuring the distance from the detector inserted to one of the surfaces
of the plate.

4) Experimentscarried out
These are shown in table 11.

5) Results
These are given in tables 11-1 to 11-4 and figure 9-1 to 9-5.

We are also able to supplement this information by the results of recent mass spectrometry measurements on the

impurities present in graphite produced at the same time. This was the graphite used in the reflector of the gas-cooled
natural uranium reactor of the CHINON A3 unit.
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Il Resultsand interpretation of the graphite experiments

Just as for the measurements done on other mock-ups placed in NATADE 1, we draw a distinction between two types
of experimental results:

1. The so-called “as-measured” results. these are the conventional fluxes published in reference [1] in
December 1970.

2. The so-called “corrected” results: these are the results we have re-evaluated in line with the principles
set out in part B (8 5). It isrecaled that this re-evaluation is based on improvements in certain nuclear
data made between 1965 and 2004; these nuclear constants have influenced earlier interpretations.

In the tables below, the as-measured results, the corrected results and those given by applying the TRIPOLI-4 Monte
Carlo program are shown together for each type of dosimeter. The as-measured conventional fluxes are converted to
the corrected fluxes by applying correction factors that are summarized in the following table where the factors for
the activation dosimeters are taken from part B. As regards the equivalent WIGNER fission fluxes (silicon damage)
the correction factor is calculated in part E which pertains to the iron mock-up.

Equivalent Mn and Mn/Cd (n, ) thermal fluxes 1.00
Epithermal Au/Cd and In/Cd (n, y) fluxes per unit of lethargy 1.016
Equivalent Rh102(n,n’) fission fluxes 0.815+0.04
Equivalent S32(n,p) fission fluxes 0.815+0.03
Equivalent Np237 (n,f) fission fluxes 0.8150r 1.00
Equivalent P31 (n,p) fission fluxes 0.815+0.01
Equivalent WIGNER Si fission fluxes 1.015 +0.02

The positions of the dosimeters placed between the graphite discs are known to within 0.1 cm [1]. No mention is
made of the uncertainty about the specific gravity of the graphite. As regards its composition, we assumed the
isotopic concentrations given by the spectrometer analysis and which involves significant thermal neutron capture.
We then supplemented the composition with traces of B10 such that the total M axwellian capture cross-section is
4.05 mb (per atom of graphite) asindicated in reference [1], page 19. Finally, the composition of the graphite used in
the calculations done with the TRIPOLI-4 program is given in the following table in atoms per 10 cm®. The
Maxwellian capture cross-sections are taken from reference [8] with ENDF/B-VI for al the isotopes except lithium
(clearly ENDF/B-VI includes an error) for which we use the value of JENDL-3.2.

C_GRAPHITE 8.281E-2
K 2.268E-7

N14 2.83E-7

L16 1.24E-9

CL 1.822E-6

B10 8.78E-9

The effective cross-sections used for interpreting the experiment by the TRIPOLI-4 program are al taken from the
ENDF/B-VI R4 evaluation. For converting reaction rates into conventional fluxes we used the mean values of the
Cross sections over the fission spectrum oy, the resonance integrals | and the effective cross-sections at 2200 m/s o,
given below. These are coherent with the values of the effective point cross-sections used for calculating reaction
ratesin the interpretation by the TRIPOLI-4 program.
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P31(n,p) IRDF_90 0:=0.02858b recalculated
Mn55(n,y) ENDF/B-VI/R4 0,=13.45 [8]

S32(n,p) IRDF_90 0:=0.06524b recalculated
Aul97(n,y) IRDF_90 I=1565b [8]

In115(n,y) EBDF/B-VI R4  1=3281b [8]

Rh103(n,n") IRDF_90 0:=0.7033b recalculated
Np237(n,f) ENDF/B-VIR4  6=1.305b [8]

WIGNER S [14] 0:=0.9970 [14] and recalculation

The cadmium cut-off was placed at 0.5 eV.

The geometry used in the TRIPOLI-4 calculations was determined as follows. The description of NATADE 1 used in
part A was retained, with the experimental area containing the graphite mock-up. The latter was modelled by a
graphite paralelepiped measuring 200 cm x 200 cm x 140 cm surrounded by a steel frame (containing 0.6% of
carbon) and 1 cm in thickness. Along the axis Ox, we modelled a series of cylinders perpendicular to the axis, 5 cm
in radius and of variable thickness. The adjoining surfaces of two consecutive cylinders are used to calculate the
mean reaction rates on the discs of radius 5 cm. The mock-up therefore consists of the following volumes:

Air: volumes 428, 528, 628, 728 and 828
Mild steel: volumes 1528, 1628, 1728 and 1828
Graphite: volume 28 pierced by volumes 200 to 223

The TRIPOLI-4 calculation bears the reference 05_001; the source file is “naiadegraph_2005.data’ in the directory
/home/nimal/TRIPOLI-4/NAIADE_GRAPHITE/ in the nimal2 machine. The calculation covers 100 batches of
450,000 first generation fission neutrons with the FIXED_SOURCE_CRITICALITY option so that it is possible to
use, as we have pointed out, the TRIPOLI-4 MONITORING option. The normalisation to first generation fission
neutronsis still 1.70402E11n/s. The simulation lasted 808,750 seconds on a PC running at 2.7GHz.

The following table gives the number of neutrons emitted subsequent to and excluding the first generation (thisisthe
fixed source subcritical mode whereby secondary neutrons can be born with their correct spatial and energy
characteristics). The natural uranium converter was subdivided into two equal portions, each 1 cm in thickness:

1. Volume1ll: ZOE reactor side (V11)
2. Volume 12: NAIADE 1 void side (V12)

Volume | sotope Energy range Number of neutrons/s SD %
V11 U235 20M eV-0.5eV 7.1238E8 0.074
V11 U235 0.5eV-0. 5.7218E8 0.24
V11 U235 20M eV-0. 1.2846E9 0.13
V12 U235 20M eV-0.5eV 7.7346E8 0.062
V12 U235 0.5eV-0. 5.1596E8 0.22
V12 U235 20M eV-0. 1.2894E9 0.10
V11 U238 20M eV-0. 1.08580 0.026
V12 U238 20M eV-0. 9.4688E9 0.026
total 20M eV-0. 2.2901E10

The generations beyond the first represent 13.44% additional neutrons.

The results are shown in the following tables where the columns headed “rate” correspond to microscopic reaction
rates and the “flux” columns to conventional fluxes.
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X cm TRIPOLI-4 Rate % TRIPOLI-4 flux As-measured results Corrected data C/E
0 1.484E6 0.73 2.275E7 2.60E7 2.12E7 1.07
5 7.309E5 1.23 1.120E7 1.30E7 1.06E7 1.06
10 3.990E5 2.00 6.116E6 6.81E6 5.55E6 1.10
15 2.219E5 2.59 3.401E6 3.87E6 3.15E6 1.08
20 1.308E5 2.98 2.005E6 2.22E6 1.81E6 1.11
25 7.565E4 3.23 1.160E6 1.24E6 1.01E6 1.15
30 4,351E4 3.90 6.669E5 7.57E5 6.17E5 1.08
35 2.631E4 3.88 4,033E5 4.30E5 3.50E5 1.15
40 1.524E4 3.65 2.336E5 3.00E5 2.45E5 0.96
45 (1.036E4) 11 (1.588E5) 1.69E5 1.38E5 1.15
50 (6.661E3) 13 (1.021E5) 7.60E4 6.19E4 1.65

TableF-1(S32)

Table F-1 shows the response of the sulphur dosimeters. These were 2.5 mm in thickness. The experiment was
carried out on 11/05/1965.

X cm TRIPOLI-4 Rate 6% TRIPOLI-4 flux As-measured results Corrected data C/E
0 2.831E7 0.37 4.025E7 4.56E7 3.72E7 1.08
5 1.502E7 0.63 2.136E7 2.43E7 1.98E7 1.08
10 8.503E6 0.94 1.209E7 1.35E7 1.10E7 1.10
15 4.842E6 131 6.885E6 7.62E6 6.21E6 1.11
20 2.781E6 1.55 3.954E6 4.25E6 3.46E6 1.14
25 1.561E6 1.29 2.220E6 2.56E6 2.09E6 1.06
30 9.112E5 1.91 1.296E6 1.40E6 1.14E6 1.14
35 5.308E5 1.94 7.547E5 8.93E5 7.28E5 1.04
40 3.061E5 2.19 4.352E5 4.64E5 3.78E5 1.15

Table F-2 (Rh103)

The above table F-2 gives the results of measurements made using the rhodium dosimeter carried out on 18/01/1965.
The dosimeters were 0.2 mm in thickness.

X cm TRIPOLI-4 Rate 6% TRIPOLI-4flux | Asmeasured resultsl | Correcteddatal | C/E
0 6.697E5 0.66 2.343E7 2.47E7 2.00E7 1.17
5 3.347E5 1.20 1.171E7 1.25E7 1.02E7 1.15
10 1.820E5 1.8 6.368E6 7.87E6 6.41E6 0.99
20 5.991E4 3.0 2.096E6 2.18E6 1.78E6 1.18
30 1.987E4 3.9 6.953E5 6.73E5 5.48E5 1.27
40 6.896E2 3.6 2.413E5 - - -

Table F-3 (P31 first set)

X cm TRIPOLI-4 Rate % TRIPOLI-4 flux As-measured results Corrected data 2 C/IE
2

0 6.697E5 0.66 2.343E7 2.58E7 2.10E7 1.11
5 3.347E5 1.20 1.171E7 - - -
10 1.820E5 1.8 6.368E6 7.13E6 5.81E6 1.10
20 5.991E4 3.0 2.096E6 2.18E6 1.78E6 1.18
30 1.987E4 3.9 6.952E5 7.46E5 6.08E5 1.14
40 6.896E2 3.6 2.413E5 2.67E5 2.18E5 1.11

Table F-4 (P31 second set)

The first set of measurements using the phosphorus dosimeter were carried out on 13/01/1965 and the second set on
12/05/1965, both using phosphorus dosimeters 3 mm in thickness.
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Taken together, these four tables F-1 to F-4 show that the calculations of equivalent fission flux slightly overestimate
the situation in absolute terms although no trend can be discerned as regards the linear attenuation coefficients of fast
neutrons.

xXcm TRIPOLI-4 c% ASMESURED results
rate 1 2 3
0 5.222E7 0.34 6.58E7 7.03E7 6.26E7
5 2.900E7 0.49 4.11E7 3.83E7 3.73E7
10 1.673E7 0.67 2.27E7 2.19E7 2.33E7
15 9.594E6 0.91 1.29E7 1.32E7 1.27E7
20 5.510E6 1.12 7.57E6 7.70E6 7.48E6
25 3.118E6 0.90 4.29E6 4.52E6 4.21E6
30 1.811E6 1.36 2.18E6 2.68E6 2.53E6
35 1.050E6 1.38 1.48E6 1.34E6 1.34E6
40 6.061E5 1.67 8.60E5 9.18E5 8.58E5
45 3.562E5 1.84 - - 5.16E5
50 2.124E5 2.28 - 3.28E5

Table F5 (asmeasured WIGNER Si)

These 3 measurements were carried out on 18 and 19 January 1965 (first and second sets)

and 11 and 12 January 1965 (third set). The three series of results are highly coherent. The appendix to part F sets
out the coefficients used to convert from the spectrum to the equivalent WIGNER silicon “as-measured fission
fluxes’ (headed “rate” in table F5) as given in reference [14] as afunction of neutron energy.

X cm TRIPOLI-4 c % CORRECTED results C/E
flux 1 2 3 1 2 3
0 5.238E7 0.34 6.68E7 7.14E7 6.35E7 0.78 0.73 0.82
5 2.909E7 0.49 4.17E7 3.89E7 3.79E7 0.70 0.75 0.77
10 1.678E7 0.67 2.30E7 2.22E7 2.36E7 0.73 0.75 0.71
15 9.622E6 0.91 1.31E7 1.34E4 1.29E7 0.73 0.72 0.75
20 5.527E6 112 7.68E6 7.82E6 7.50E6 0.72 0.71 0.73
25 3.127E6 0.90 4.35E6 4.50E6 4.27E6 0.72 0.68 0.73
30 1.816E6 1.36 2.21E6 2.72E6 2.57E6 0.82 0.67 0.71
35 1.053E6 1.38 1.50E6 1.36E6 1.36E6 0.70 0.77 0.77
40 6.079E5 1.67 8.73E5 9.32E5 8.71E5 0.69 0.65 0.70
45 3.573E5 1.84 - - 5.24E5 - - 0.68
50 2.130E5 2.28 - - 3.33E5 - - 0.64

Table F-5 bis (corrected WIGNER Si)

The relative attenuation of the equivalent WIGNER fission flux as a function of distance is well reflected by the
calculation over 45 cm, but the values obtained by the calculation are systematically underestimated.
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X cm TRIPOLI-4rate c % TRIPOLI-4 flux Mn/Cd M easur ement C/E
0 9.534E6 0.90 7.088E5 9.86E5 0.72
5 2.287E7 2.6 1.700E6 1.82E6 0.93
10 2.769E7 0.83 2.059E6 2.13E6 0.97
15 2.808E7 0.49 2.088E6 2.12E6 0.98
20 2.436E7 0.37 1.811E6 1.80E6 1.01
25 1.959E7 0.33 1.456E6 1.37E6 1.06
30 1.441E7 0.34 1.071E6 9.94E5 1.08
35 1.030E7 0.82 7.658E5 6.65E5 1.15
40 6.925E6 0.38 5.149E5 4.27E5 1.20
50 3.002E6 0.24 2.232E5 1.76E5 1.27
60 1.132E6 0.72 8.416E4 6.16E4 1.37
70 4,208E5 1.11 3.128E4 2.43E4 1.29
80 1.496E5 1.68 1.112E4 8.26E3 1.35
90 5.412E4 2.12 4.024E3 3.07E3 1.31
95 3.165E4 2.47 2.353E3 1.71E3 1.38

100 2.022E4 3.38 1.503E3 1.04E3 1.45
105 - - - 6.36E2 -

110 7.464E3 4.66 5.549E2 4,20E2 1.32
115 4,553E3 5.02 3.385E2 2.64E2 1.28
120 3.119E3 6.45 2.319E2 2.03E2 1.14

Table F-6 (Mn/Cd)

The measurements were carried out on 20/01/1965. As regards the response of the Mn/Cd dosimeter, which
essentially integrates the epithermal neutrons, it can be seen that the cal culation underestimates the equivalent thermal
flux at short distances. At longer distances the cal culation overestimates the results by about 30%.

X cm TRIPOLI-4 c % TRIPOLI-4 | Measurement | M easurement C/IE C/IE
rate flux 1 2 1 2
0 3.975E7 0.34 2.955E6 3.58E6 0.83
5 1.288E8 0.51 9.576E6 1.09E7 0.88
10 1.969E8 0.23 1.464E7 1.65E7 0.89
15 2.456E8 0.17 1.826E7 2.00E7 0.91
20 2.754E8 0.20 2.048E7 2.20E7 0.93
25 2.865E8 0.18 2.130E7 2.28E7 0.93
30 2.852E8 0.22 2.120E7 2.33E7 0.91
35 2.716E8 0.16 2.019E7 2.05E7 0.99
40 2.524E8 0.17 1.877E7 1.90E7 0.99
50 2.041E8 0.24 1.517E7 1.49E7 1.02
60 1.563E8 0.17 1.162E7 1.14E7 1.02
70 1.162E8 0.20 8.639E6 8.45E6 1.02
80 8.472E7 0.22 6.299E6 5.30E6 1.19
90 6.078E7 0.19 4.519E6 4.39E6 1.03
100 4.316E7 0.28 3.209E6 3.09E6 3.03E6 1.04 1.06
105 - - - 2.53E6 2.53E6
110 2.944E7 0.26 2.189E6 - 2.10E6 1.04
115 2.390E7 0.30 1.777E6 - 1.67E6 1.06
120 1.890E7 0.35 1.405E6 1.30E6 1.27E6 1.08 1.11
125 1.430E7 0.35 1.063E6 - 9.76E5 1.09
130 1.001E7 0.41 7.442E5 - 6.65E5 1.12
135 6.012E6 0.71 4.470E5 - 3.59E5 1.25
140 1.781E6 4.09 1.324E5 - 9.56E4 1.39

Table F-7 (bareMn)
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Measurements 1 and 2 were carried out on 19/01/1965 and 17/05/1965 respectively. The high reproducibility of the
three measurements carried out four months apart (at distances 100, 105 and 120 cm) will be noted. The agreement
between calculation and experiment is satisfactory apart from the calculated underestimate at very short distances and
its underestimate of the leakage phenomenon at 140 cm.

X cm TRIPOLI-4 c % TRIPOLI-4 As-measured results | Corrected data 1 C/IE
rate flux 1 1
0 6.401E8 2.06 4.090E5 5.20E5 5.28E5 0.77
5 1.917E9 1.35 1.225E6 1.26E6 1.28E6 0.94
10 2.704E9 1.17 1.728E6 1.69E6 1.72E6 1.01
15 2.973E9 1.07 1.900E6 1.99E6 2.02E6 0.94
20 2.818E9 1.13 1.801E6 1.92E6 1.95E6 0.92
25 2.436E9 1.23 1.557E6 1.70E6 1.73E6 0.90
30 1.983E9 1.48 1.267E6 1.14E6 1.16E6 1.09
35 1.419E9 1.23 9.067E5 8.30E5 8.43E5 1.08
40 1.010E9 1.62 6.454E5 6.04E5 6.14E5 1.05
50 4 589E8 2.23 2.932E5 2.46E5 2.50E5 1.17
60 1.768E8 2.42 1.130E5
70 7.185E7 4.55 4 501E4
80 2.162E7 5.32 1.381E4
90 7.574E6 9.70 4.840E3
100 2.825E6 14 1.805E3
Table F-8 (Au 197/Cd(1))
X cm TRIPOLI-4 c % TRIPOLI-4 As-mesured Corrected data 2 C/E
rate flux 2 2
0 6.401E8 2.06 4.090E5
5 1.917E9 1.35 1.225E6
10 2.704E9 1.17 1.728E6
15 2.973E9 1.07 1.900E6
20 2.818E9 1.13 1.801E6
25 2.436E9 1.23 1.557E6
30 1.983E9 1.48 1.267E6
35 1.419E9 1.23 9.067E5
40 1.010E9 1.62 6.454E5 6.50E5 6.60E5 0.98
50 4,589E8 2.23 2.932E5 2.07E5 2.10E5 1.39
60 1.768E8 2.42 1.130E5 1.10E5 1.12E5 1.01
70 7.185E7 4,55 4591E4 3.02E4 3.07E4 1.50
80 2.162E7 5.32 1.381E4 1.28E4 1.30E4 1.06
90 7.574E6 9.70 4,840E3 4.85E3 4.93E3 0.98
100 2.825E6 14 1.805E3 2.10E3 2.13E3 0.85

Table F-9 (Au 197/Cd(2))
The gold dosimeters used on 1% and 2™ February 1965 consisted of gold deposits at 0.1 mg/cm?. The C/E agreement

is good except, again, at short distance where the calculated underestimate of the epithermal flux per unit of lethargy
will be noted.
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X cm TRIPOLI-4 c % TRIPOLI-4 As-mesured Corrected C/E
rate flux 1 datal 1
0 1.097E9 2.32 3.343E5
5 3.416E9 1.39 1.041E6
10 4.978E9 1.91 1.517E6
15 5.774E9 1.56 1.760E6
25 4.961E9 1.20 1.512E6
30 4.060E9 1.11 1.237E6
40 2.381E9 1.77 7.257E5
50 1.070E9 1.33 3.261E5 2.43E5 2.47E5 1.32
60 4.307E8 1.94 1.313E5 9.90E4 1.01E5 1.31
70 1.713E8 3.07 5.221E4 3.82E4 3.88E4 1.35
80 5.942E7 4.46 1.811E4
90 1.993E7 7.23 6.074E3 4.27E3 4.34E3 1.40
95 1.153E7 7.90 3.514E3 3.13E3 3.18E3 1.11
100 9.007E6 8.71 2.745E3 1.68E3 1.71E3 1.61
105 4.433E6 10.4 1.351E3 1.08E3 1.10E3 1.23
Table F-10 (In115/Cd (1))
X cm TRIPOLI-4 o % TRIPOLI-4 As-mesured 1 Corrected C/E
taux flux datal 2
0 1.097E9 2.32 3.343E5 4.76E5 4.84E5 0.69
5 3.416E9 1.39 1.041E6 1.03E6 1.05E6 0.99
10 4.978E9 1.91 1.517E6 1.53E6 1.55E6 0.98
15 5.774E9 1.56 1.760E6 1.63E6 1.66E6 1.06
25 4.961E9 1.20 1.512E6 1.32E6 1.34E6 1.73
30 4.060E9 1.11 1.237E6 1.10E6 1.12E6 1.11
40 2.381E9 1.77 7.257E5 5.63E5 5.72E5 1.27
50 1.070E9 1.33 3.261E5 2.55E5 2.59E5 1.26
60 4.307E8 1.94 1.313E5 9.50E4 9.65E4 1.36
70 1.713E8 3.07 5.221E4 3.96E4 4.02E4 1.30
80 5.942E7 4.46 1.811E4 1.48E4 1.50E4 1.20
90 1.993E7 7.23 6.074E3 6.22E3 6.32E3 0.96
95 1.153E7 7.90 3.514E3 2.80E3 2.84E3 1.24
100 9.007E6 8.71 2.745E3 1.69E3 1.72E3 1.60
105 4.433E6 104 1.351E3

Table F-11 (In115/Cd (2))

The measurements were done on 25/01/1965 and 01/02/1965 respectively. As regards the response of the indium
dosimeter encased in cadmium, which gives the flux per unit of lethargy at about 1.46eV, we may again note the
calculated underestimate at the origin of the graphite block and an overestimate of greater distances.

I11 Background noise estimation using TRIPOL -4 Code

A calculation of the background noise contribution due to the fast and epithermal neutrons (E > 0.5eV) stemming
from the ZOE reactor core was made using the TRIPOLI-4 software. The Maxwellian thermal neutrons stemming
from the ZOE’s reflector cross the uranium converter then are absorbed by the thick borated screen. The
determination of the neutron source generating the background noise is presented in the part D in front of the
experiment descriptions.

Let us recall (see details in the table D-15) the levels of the experimental flux measurements in the following
conditions:
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Absence of the uranium converter carrying out the conversion of the thermal neutronsin fission neutrons.
Absence of the thick borated screen.

Diaphragm of 60cm.

Aluminium tank in place.

ZOE's power equal to 100kW.

Measurement in the axis of the converter on the internal face of the aluminium tank (x=y=z=0).

ok wNE

The experimental values of the neutron flux on the internal face of the tank are:

1. Thermal equivalent flux to 2200m/ s 6.4E7
2. Flux by unity of lethargy 1E4t02.E4
3. Equivalent fission flux 4.0E4 to 5.0E4

Let us also recall the order of the equivalent fission flux at the same point with, this time, the presence of the fission
converter and the borated screen: 1.8E7

The results below are obtained with a source of background noise corresponding to that described in the paragraph
V-2 of part D. The neutrons are emitted only in a cone of axis Ox and from vertex angle Arccos (0.95) to limit the
unnecessary computation time in the concrete structures surrounding the reactor ZOE.

The last column of the following tables relative to a given dosimeter gives the percentage of the background noise
compared to the direct signal, this last one being calculated by TRIPOLI-4. The second column gives the reaction
rates relative to the background noise and the third column the stochastic standard deviation resulting from the Monte
Carlo method.

For the experiments on the bulk graphite, the background noise considered in fast neutrons varies from 1/500 at short
distances up to /100 at large distances. This estimated background noise reaches several % for slow neutrons at very
short distances and diminishes down to 1 % at large distances.

X cm Reaction rate (noise) c % noise/signal %
0 1.457E3 0.72 0.22
5 9.028E2 1.35 0.27

10 5.733E2 2.83 0.32

20 2.517E2 8.5 0.42

30 (1.035E2) 23 (0.52)

Background noise on P31 measurements

X cm Reaction rate (noise) c % noise/signal %
0 1.111E5 0.60 0.21
5 7.330E4 0.79 0.25

10 4.626E4 1.19 0.28

15 3.345E4 1.46 0.35

20 1.847E4 3.15 0.34

25 1.093E4 5.86 0.35

30 6.703E3 9.78 0.37

35 (5.7E3) 20 from 0.4 to

40 (2.6E3) 28 0.5

Background noise on Si WIGNER measurements
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X.cm Reaction rate (noise) c% noise/signal %
0 4.342E5 0.92 1.09
5 1.106E6 0.84 0.86
10 1.615E6 0.84 0.82
15 1.946E6 0.86 0.79
20 2.115E6 0.90 0.77
25 1.183E6 0.87 0.76
30 2.118E6 0.75 0.74
35 2.020E6 0.75 0.74
40 1.899E6 111 0.75
50 1.508E6 0.82 0.74
60 1.196E6 0.95 0.77
70 8.913E5 1.00 0.77
80 6.563E5 1.13 0.77
90 4.976E5 1.20 0.82
100 3.572E5 1.16 0.83
110 2477E5 1.085 0.84
115 2.010E5 1.25 0.84
120 1.601E5 1.58 0.85
125 1.195E5 1.55 0.84
130 8.602E4 1.70 0.86
135 4.998E4 2.07 0.83
140 1.708E4 211 0.96

Background noise on M n55 measurements

Xcm Reaction rate (noise) c% noise/signal %
0 1.767E5 1.32 1.85
5 2.144E5 2.1 0.94
10 1.903E5 1.52 0.69
15 1.510E5 17 0.54
20 1.156E5 2.4 0.47
25 8.557E4 2.5 0.44
30 6.256E4 3.4 0.43
35 4.033E4 4.4 0.39
40 2.602E4 8.9 0.38
50 (1.264E4) 12.1 (0.42)

from 30to 120 from 0.3t0 0.6

Background noise on M n55/Cd measur ement

Xcm Reaction rate (noise) c % noise/signal %
0 6.103E4 0.60 0.22
5 3.920E4 0.86 0.26
10 2.450E4 141 0.29
15 1.886E4 2.01 0.39
20 9.722E3 4.09 0.35
25 5.383E3 6.48 0.34
30 (3.639E3) 13 (0.40)
35 (3.360E3) 24 (0.63)

Background noise on Rh103 measur ements
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X.cm Reaction rate (noise) c% noise/signal %
0 3.221E3 0.79 0.22
5 1.985E3 154 0.27
10 1.250E3 2.69 0.31
15 (1.045E3) 29 0.47
20 5.480E2 8.66 0.42
from25t0 35 from0.4to1l

Background noise on S32 measur ements

X.cm Reaction rate (noise) c % noise/signal %
0 1.397E7 4.95 1.27
5 4.039E7 7.23 1.18
10 4.222E7 347 0.85
15 4.117E7 3.78 0.71
25 2.652E7 411 0.53
30 2.073E7 4.69 0.51
40 8.938E6 5.41 0.38
from 50to0 80 #0.50

Background noise on In/Cd measurements

Xcm Reaction rate (noise) c% noise/signal %
0 1.008E7 4.47 1.57
5 2.118E7 4.18 1.10
10 2.326E7 3.52 0.86
15 2.202E7 3.89 0.74
20 1.553E7 5.81 0.55
25 1.284E7 4.82 0.53
from 30t0 90 #0.50

Background noise on Aul97/Cd measur ements

IV Conclusions

Apart from the egquivalent WIGNER fission flux which is underestimated by the calculation, the other equivalent
fission fluxes for different distances in the graphite will be seen to be coherent. As in many experiments, the
epithermal and equivalent thermal fluxes are underestimated by the calculation at very short distances. The estimation
of the background noise does not explain this underestimation.
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Appendix 1

This appendix taken from reference [14] gives the values of the silicon diode response. This response is practically
normalised to unity over the fission spectrum.

Group number EnergieskeV ow

1 39.81 44.67 0.031692

2 44.67 50.12 0.036103

3 56.23 0.044086

4 63.10 0.057697

5 70.79 0.071372

6 79.43 0.070629

7 89.13 0.064564

8 100 0.057524

9 112.2 0.049324
10 125.9 0.041103
11 141.2 0.034051
12 158.5 0.051039
13 177.8 0.270495
14 199.5 0.773855
15 223.9 0.896541
16 251.9 0.693616
17 281.8 0.592772
18 316.2 0.543078
19 354.8 0.524501
20 398.1 0.515468
21 446.7 0.516135
22 501.2 0.538286
23 562.3 0.690572
24 631 0.661446
25 707.9 0.590859
26 794.3 0.771757
27 891.3 1.072576
28 1000 1.056910
29 1122 0.998794
30 1259 0.803576
31 1412 0.881572
32 1585 1.121863
33 1778 1.260419
34 1995 0.970823
35 2239 1.225842
36 2512 1.278700
37 2818 1.296587
38 3162 1.256097
39 3548 1.176366
40 3981 1.147436
41 4467 1.208185
42 5012 1.262449
43 5623 1.226772
44 6310 1.154334
45 7079 1.058763
46 7943 0.992619
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(continued)
Group number EnergieskeV ow
47 8910 0.969468
48 10000 0.987788
49 11220 1.020001
50 12590 1.061092
51 14100 1.109969
52 15792 1.130450
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