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An important contribution to the power output of a fast 
reactor is provided by the energy deposition from gamma-
rays, and is particularly significant in the inner fertile 
zones of heteregeneous breeder reactor designs. To establish 
the validity of calculational methods and data for such 
systems an extensive series of measurements was performed in 
the zero power reactor Masurca, as part of the RACINE pro
gramme. The experimental study involved four European labo
ratories and the measurement techniques covered a range of 
thermoluminescent dosemeters and an ionization chamber. The 
present paper describes and compares the gamma-ray energy 
deposition measurements and analysis. 
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INTRODUCTION 

An important contribution to the power output of a fast reactor is provided by 
the energy deposition froa gamma-rays, and is particularly significant in the inner 
fertile zones of heterogeneous breeder reactor designs. To establish the validity of 
calculational methods and data for such systems an extensive series of measurements 
was performed in the zero power reactor Masurca, as part of the RACINE programme. 
Although similar studies had previously been performed / 1 /, the CNEN-DeBeNe-CEA 
collaborative RACINE programme, with the participation of the UK, provided an oppor
tunity for the.direct comparison of experimental and calculational methods. 

The experimental study involved four European laboratories and the measurement 
techniques covered a range of thermoluminescent dosemeters (TLD) and an ionization 
:haaber. Detailed radial and axial gamma-ray energy deposition distributions were 
measured in the RACINE 1A bis configuration, both within experimental access channels 
and the fuel elements themselves. The calculational analysis was performed using 
French methods and data, and an independent DeBeNe-UK route. This paper describes and 
compares the gamma-ray energy deposition measurements and analysis. 

DESCRIPTION OF THE ASSEMBLY LOADING 

RACINE 1A bis was a heterogeneous assembly of annular design, with a central 
fertile zone, as shown in figure 1. 

The fissile rings, separated by a 10 cm thick fertile ring, are surrounding a 
central fertile island. The basic cell is loaded with UO, Pu 0. mixed oxide of 18 % 
enrichment. An 11 mo square section experimental access channel radially traversed 
the assembly at approximately the centre plane and a similar axial access channel was 
located in the centre of the inner fissile ring, »s shown in figure I. 
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EXPERIMENTAL PROCEDURE 

The Measurement Techniques 

The measurement techniques covered a range of TLD and an argon-filled, iron-
walled, ionization chamber. The chamber was 10 mm in diameter with an active length 
of 30 am and provided detailed axial and radial scans within the access channels. 
Measurements were also performed within the channels using mock-ups of the chamber 
which incorporated TLD. However one of Che main advantages of the TLD for zero power 
reactor studies is its small size, which permits access within core components and 
negates the need for an experimental channel. Axial and radial scans were therefore 
also carried out with TLD located in mild-steel sample holders which were situated 
between sodium rodlets in the actual fuel elements as shown in figure 1. The sample 
holder provided a homogeneous region large enough to prevent charged particles 
generated outside the zone from reaching the dosemeter. As a link between the chamber 
mock-up measurements and the element measurements, scans were also performed in the 
access channels using the mild-steel sample holders. Although a variety of phosphcr 
types and geometries were employed in these measurements most are sti-1 under 
development. , _ 
Three laboratories used new purchases of L1F (0.007 X Li and 99.993 X Li) in the 
form of solid rods, manufactured by the Harshaw chemical company under the name TLD 
700, with which there has been extensive experience. The measurements performed wich 
these phosphors are reported in this paper. However, each laboratory used different 
conditioning procedures prior to the reactor irradiations and different read-out 
cycles, and these are compared in table I. 



TABLE 1 

Conditioning Procedures and Read-out Cycles 

Laboratory TLD Conditioning Procedure Read-out cycle 

Winfrith 
AEE 

Harsnav high 
sensitivity 
TLD 700 
lsatx Irmucoipm 

Oven annealing : Raise 
temperature to 400 °C 
over 90 mins ; maintain 
temperature for 60 mins; 
regulated compressed 
air cooling to 80°C 
over 195 mins ; maintain 
temperature for 
765 mins. Treatment 
repeated 3 times. 

Modified Pitman Toledo. Fast 
ramp and plateaux cycle : 
fast ramp to 135°C ; pre-heat 
maintained 16 s ; fast ramp 
to 240°C ; integrated 
plateaux counts for 32 s ; 
fast ramp to 3w°C ; integra
ted plateaux counts for 16 s. 

Cadarache 
CEA 

Same batch 
as above 

Single read-out cycle. Harshaw Model 2000 A. 
Fast ramp to 135°C ; pre-heat 
maintained 39 s; 7.5"C/s ramp 
ujp to 260'C ; 
integrated counts between 
155°C and 248*C. 

MOL 
CEN/SCK 

Harshaw 
TLD 700 
1 inn diameter 
x 6 mm 

5 R irradiation ; read
out cycle without final 
60 s hold ; above irra
diation and read-out 
repeated 4 times ; 5 R 
irradiation ; full read
out cycle. 

TN0 (Arnhem - Netherlands) 
Model 77006. Fast ramp to 
130"C - pre-heat maintained 
12 s ; fast ramp to 220°C ; 
integrated plateaux counts for 
12 s ; temperature maintained 
for further 60 s. 

As part of the overall gamma-ray energy deposition study, a detailed examination 
of the absolute photon and neutron calibration of TLD was performed and has been 
fully reported elsewhere / 2 /. The following sub-sections outline the photon cali
bration procedure used for this work and the derivation of the neutron corrections. 

The Photon Calibrations 

Both TLD and ionization chamber techniques were put on an absolute basis by 
calibration against National standards. Each laboratory individually calibrated their 
own detectors and results were compared through a conmon irradiation. Secondary 
standard ionization chambers from France, Belgium and the UK were compared at a 
defined reference point from a Co source. 
The exposure r»te measured by each chamber agreed to within 1.5 Z of the mean 
value. The reactor dosemeters were all calibrated at the defined reference point. TLD 
from each laboratory were irradiated simultaneously and the energy deposition in the 
crystals per unit read-out light-count established using the procedure developed in 
reference / 2 /. Tie ba»ic approach was to use the exposure rate measured by the 
standard dosemetez to define the energy fluence incident on the electron build-up 
material surrounding the TLD. The photon-electron Monte Carlo code MC BEND / 3 / 
provided a calculated value for the absolute energy deposition within the phosphor 
from this sourco. It was demonstrated experimentally that the calibration factor was 
independent of the baild-up media and photon energy, with an accuracy of about *_ 2 % 
(lo), and this providkd confidence in the photon-electron transport calculations and 
the absolute calibration procedure. 



The read-out light-counts from the TLD irradiated in the reactor were therefore 
converted to absolute energy deposition within the dosemeter material using a common 
calibration factor. 

The Neutron Correction 

There was a negligible neutron contribution to the ionization chamber measu
rements. However, TLD have a significant neutron sensitivity for which account is 
generally taken through the use of published response factors. The universality of 
such values was open to question and therefore a series of experiments was performed 
to determine the fast neutron response of the TLD actually used in the reactor measu
rements. The opportunity was also taken to investigate the possibility of utilizing 
the high temperature read-out, available from the AEE Winfrith fast ramp and plateaux 
heating cycle outlined in table I, to derive the neutron contribution in a mixed 
field environment. These calibration experiments / 2 / provided reliable neutron cor
rection factors for the reactor measurements and amounted to a maximum 20 I of the TL 
signal, with the corrected results having an associated uncertainty of *_ 5 % (lo). 

THE IRRADIATIONS 

All irradiations were for a standard equivalent neutron fluence and were moni
tored throughout with an absolute U fission chamber and a gamma chamber. The 
power and time were selected to give a long irradiation time compared with the build
up to pow-r and post shut-down irradiation, and to keep the dose received by the TLD 
in the linear region of the calibration curve. Identical irradiations were performed 
with TLD loaded within the elements and involved a total of 160 dosemeters. 32 indi
vidual scans were carried out in the radial channel with the TLD located within aild-
steel sample holders and chamber mock-ups, providing repeat measurements at all posi
tions and by each laboratory. 

CORRECTIONS TO THE EXPERIMENTAL VALUES 

The usual convention of comparing measurement with a steady-state calculation 
performed with homogenized regions was adopted. This approach necessitates the appli
cation of various corrections to the experimental data before comparison with calcu
lation, and these are described in the following sub-sections. 

Fission Product Activity 

Photon source data for fission contains both prompt radiation emitted . chin 
I ms of fission, and a delayed component resulting from the activity which accom
panies the 6-decay of the fission products, with half-lives ranging from a fraction 
of a second to several years. Library source data is based on long operation satu
ration conditions and it is therefore necessary to adjust the experimental results to 
account for residual background activity due to reactor power history and for the 
non-saturâtion of fission product activity. 

The percentage of the total photon source due to the delayed fission product 
activity was calculated to be 9.2 Z at the centre of the assembly in the fertile zone 
and 23.0 Z in the inner fissile ring. Each measurement position receives a different 
fraction of this source depending on the reactor history and dosemeter unloading time, 
with the obvious difference between the channel measurements, where dosemeters were 
located with the reactor at power, and the measurements within the fuel elements 
where TLD were loaded before start-up. Calculations with the FISPIN code / 4 /, sup
ported by the gamma monitor measurements, were used to derive corrections to the expe
rimental values and were typically a few percent. 



Heterogeneity Corrections 

The final correction necessary before comparison of measurement and calculation 
relates the homogenized calculational model and the true heterogeneous nature of the 
experimental configuration. The correction can be considered in two stages ; firstly, 
the relationship between the energy deposition in the homogenised region and that in 
the ionization chamber or TLD sample holder was established using Che two dimensional 
photon transport code DOT and the three-dimensional code MC BEND, as described in the 
next sub-section. The second stage accounts for the effects of electron migration in 
the region around the dosemeters and was evaluated using MC BEND. Although in prin
ciple the energy deposited in the dosemeters could be derived in a single photon-
electron calculation the computing times are prohibitive. It should be noted that 
the MC BEND approach permits the geometry and photon source to be represented 
correctly in both the calibration and reactor calculations. 

Effect of Cell Structure on the Distribution of Gamma Energy Deposition 

The heterogeneity of the material composition due to the cell structure and to 
the experimental devices (succession of rodlets, square wrapper tube, radial and 
axial channels, TLD sample holders etc..) produces strong discontinuities in the 
gamma sources. The gamma energy created per unit volume in a PuO~ rodlet is thirty 
times larger than that in a sodium rodlet. The dose actually registered by a dose-
meter depends on its exact position in the cell and generally differs from the ave
rage cell value, obtained in a homogeneous model where the sources and the material 
compositions are smeared over the cell area. All the analysis calculations of radial 
and axial scans use this homogenized cell model. In order to allow the comparison 
between experiment and homogeneous calculation, and to facilitate intercomparison 
between measurements performed with various devices anr* in different cell locations, 
all experimental results have been divided by a heterogeneity factor defined as 
being the ratio of the gamma heat deposition per gram of iron at the dosemeter loca
tion computed with a realistically modelled environment, to the corresponding value 
computed for the average homegeneous cell. Both the CEA and the UK analysis methods 
were independently used to calculate the heterogeneity factors. Uniform neutron 
fluxes were used to generate the photon sources in the various cell models and trans
port calculations with reflective boundary conditions led to the local or average 
energy deposition rates in iron. A common set of results was established for use by 
both laboratories. 

The U0- - Pu0 2 core cell was modelled in 3-dimensional XYZ geometry representing 
the 10.6 cm side length tube containing 64 rodlecs (32 sodium, 24 PuCL and 8 U0-
rodlets). A central axial slice included the iron sample holders and other slices 
represented the sodium rodlets above and below the holder. The sodium column contai
ning the sample holders was surrounded by either four PuO. rodlets, or three PuO-
and one U0~ rodlets, resulting in different heterogeneity factors. 

As the distance of Che sample holder relative to the tube wall also influences 
the dosemeter response, the heterogeneity factors vary by up to 10 7. for different 
locations in a single tube. The heterogeneity is less important in the inner breeder 
cells and a simplified YXZ model of a 1/4 tube was used, leading to a factor of 
0.985 for all positions. The mockups and chambers were simulated in a RZ model 
centered on the channel axis, representing Che channel surrounded by the channel 
wall and a large zone of either fissile or fertile composition. The heterogeneity 
factor was obtained from the iron response in the mockup or chamber and the value 
calculated asymptotically far from it. 

Corrected Experimental Values 

The corrected experimental values, directly comparable to calculations made for 
homogenized regions, are shown in figures 3, 4 (radial scans) and 5 (axial scans). 



The TLD-700 results from mild-steel sample holders in the access channels are 
represented by black dots, and the values obtained in the chamber mock-ups are shown 
as crosses, both with the standard deviation obtained on the average of the repeat 
runs. These TLD-700 results generally agree well with the ionization chamber values 
(although they tend to be somewhat higher in the fissile zones), thus broadly confir
ming the equivalence of the experimental techniques and the adequacy of the calibra
tion and correction procedures. 

The TLD-700 results from mild-steel sample holders irradiated within the fuel 
elements (hollow dots ± standard deviation) systematically lie above the channel 
results in the fissile zones, indicating that the effects of the access channel 
require more investigations. 

The application of the heterogeneity correction factors to the TLD results 
obtained within fuel elements has led to a marked decrease of their dispersion and 
has brought them on smooth curves, both radially and axially, giving confidence in 
the adequacy of these factors. 

ANALYSIS WITH SNR PROJECT AND UK METHODS 

Neutron Fluxes and Reaction Rates 

Neutron cross-sections were computed using SNR project standard methods for the 
analysis of critical assembly experiments. For the homogeneous mixture of the cell 
components in each reactor zone, cross-sections in 26 energy groups were obtained 
from the KFKINR/001 data set / 5 / and the processing code GRUCAL / 6 /, with the 
heterogeneous structure of the core cells taken into account using corrections 
computed by the lattice code KAPER / 7 /. 

Neutron flux and reaction rate distributions were computed with the diffusion 
theory program DIXY / 8 / in RZ geometry (axial scans) and in XY geometry (radial 
scans). For each model a normalization factor was obtained by the ratio of the mea
sured fission rate in ̂ ^U a t the core centre to the corresponding calculated value. 
The measurement consisted of the irradiation of activation foils located both within 
the lattice and in a dummy fission chamber, and a calibrated 2 ^ U fission chamber at 
the same location as the dummy chamber. Both the calibration of the chamber and the 
reproducibility of the normalisation procedure have been checked in later experiments. 
Bias factors for the main neutron reaction rates responsible for gamma energy release 
were deduced from experimental data on reaction rate scans and spectral indices, and 
combined into a single correction factor, ranging from 0.94 to 1.015 in the core and 
inner breeder regions, to be applied to the gamma energy source distribution. This 
removed errors originating in the basic neutron data in order that the final compa
rison between calculated and measured gamma energy deposition mainly indicates the 
inaccuracies in photon sources libraries. 

Photon Sources 

UK Data 
The radial and axial distributions of isotopic capture and fission rates summed 

over the 26 energy groups and the fast neutron spectra collapsed to a five-broad 
group structure were combined with the UK photon source library to produce 13 energy 
group photon sources (photon/cm .s). The (n,f) sources were normalized to the total 
values adjusted on mass-excesses given by James / 9 / ( 2 3'p u : 13.8 MeV, '35^ . 
15.2 MeV, Z 3 8 U : 15.9 MeV). They follow a spectrum derived from the exponential fits 
of Goldstein / 10 / to the measurements of Maienschein / 11 /. The photon sources 
from (n,y) reactions are based on the compilation of Sidebotham / 12 / ( 2 3 8U : 
4.676 MeV, 2 3 9 P u : 4.764 MeV, Fe : 7.787 MeV). For the inert isotopes the daughter 
product activity is included on the basis of a 2 year irradiation, and the alpha and 
beta energy is included as low energy photons. 
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Only the binding energy is considered for Che U and Pu isotopes : the additional 
energy available from the kinetic energy of the captured neutron in ntver included. 
The sources of photons emitted after neutron inelastic scatter are derived from 
neutron cross-section data in the UK Nuclear Data Library for five broad energy 
groups. The total energy source (MeV/cm3) was obtained by multiplying each group 
photon source by the average group energy, summing over the 13 groups and multi
plying with the normalization factor and the tine lenght of irradiation (35 x 60 s). 
This is illustrated in figure 2, where the behaviour of the total energy source along 
the radial scan, obtained in rectangular XY geometry, is shown. 
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ENDF/BIV Data 

Photon sources and the resulting total energy source distribution have also 
been computed with the gamma production matrices currently used at INTERATOM, based 
on ENDF/BIV data collapsed to 26 energy groups and self-shielded. Neutron fluxes were 
extracted from the DIXY calculation in RZ geometry. The results, shown in figure 2, 
are higher than the UK values by 11 Z in the inner breeder and in the plutonium fuel
led zones. In the outer core zones, the comparison is affected by the geometrical 
model (XY or RZ) and the ENDF results are slightly higher (2 7.) than the UK values in 
the sixth zone (enriched " % ) , w nen this effect is taken into account. 

The differences observed between the two calculations are thought to be due 
mainly to photon source libraries and to a lesser degree to neutron cross-sections. 

The main neutron reactions generating gamma sources are : 

(i) for the inner breeder zones : 2 3*y capture (53 Z) and 2 3*y fission (16 % ) . 
(ii) for the plutonium fuelled zones Z 3 9 P u fission (50Z) and 2 3 8 U capture (132). 

It is noteworthy that the comparison suggests higher ENDF values of total 
Pu (n, f) gamma energy release, although the UK value is presently believed to be 

itself too large by about 2 MeV on the basis of recent compilations / 13 /. The 
comparison also suggests higher inelastic and/or (n, y) energy release. The inclusion 
of the captured neutron kinetic energy in the photon energy released in the ENDF 
library is clearly one of the reasons for the observed differences. 



Transport Calculations of the UK gamma source 

The photon transport calculations were performed with the Monte Carlo program 
MC BEND with the UK Nuclear Data Library interaction data / 14 /. 

Both the radial and axial scans were treated in two dimensional geometric 
models representing slabs of adequate dimensions surrounding the measurement posi
tions. Scoring of the photons was carried out in a 20 energy group structure and 
the heat deposition in iron, shown in fig. 3, 4 and 5, obtained by multiplying the 
photon fluxes by the mass energy absorption coefficients in iron and the group ave
raged energy and summing over the 20 groups. The standard deviations resulting from 
Monte Carlo statistics are less than 1.2 Z in the core regions. The peak energy 
deposition dose in iron is 1.005 Gy in the first fissile ring. As shown in figurer 3 
4 and 5 the relative radial and axial calculated shapes agree well with the experi
mental results obtained with the TLD located in the lattice, but the level is gene
rally lower by a factor 0.79. Relative to the ionization chamber results, this factor 
is 0.73 at the core center and 0.86 at the center of «.the fissile annulus, thus indi
cating some distortion of shape. The discrepancy in absolute value is surprising as 
it was not observed in previous studies / 1 / and because the UK library source data 
are believed to be too high for some of the main contributing reactions. Further 
investigation is needed to clarify this point with special regard to the normali
sation procedure. 

Transport Calculations of the ENDF Gamma Source 

Photon transport calculations were run in a 1-dimensional cylindrical geometry 
for the ENDF source distribution with the transport code ANISN using P3 and S8 ap
proximations in a 12 energy group structure. The resulting distribution of energy 
deposition in iron along the radial scan is consistent with the results of the CEA 
analysis and systematically higher than the UK analysis values (by about 12 7. in the 
fissile regions and by 22 Z in the central breeder island), an expected consequence 
of the differences in source data. Relative to the TLD measurements in the lattice 
these results are lower by 8 Z at the core center and 13 7. in the first fissile 
annulus. Comparing with the ionization chamber results, they are also too low, by 
9 X and 2 Z at the same respective points. 

ANALYSIS WITH CEA METHODS 

Neutron Fluxes and Reactor Rates 

Neutron flux was computed using the CARNAVAL / 15 / system and the two-dimen
sional transport code DOT 3.5 / 16 / in an the R-Z geometry, with the 25 energy group 
cross-sect ions provided by the program HETAÏRE / 17 / for a homogenised mixture. 

Photon Sources 

Photon sources were computed in two-dimensional geometry using the neutron flux 
previously calculated and the photon source library from BABEL / 18 /. The photon 
production matrices (113 neutron and 36 photon energy groups) were originated from 
ENDF/BIV and were collapsed to 25 x 36 groups using the neutron spectrum appropriate 
to each zone considered. The total energy source shown in figure 6 was obtained by 
multiplying each group photon source by the average energy of the group and sunning 
over the 36 groups. 
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Applied Corrections to the Calculated Photon Sources 

As the BABEL (n, y) data are not se If-shielded, bias factors taking into 
account this effect were derived from MC2.2 calculations. These bias factors range 
from 1.725 and J.272 respectively for the breeder and the core zone relative to 
238fj capture reactions and 1.282 and 1.212 for iron capture. In order to cancel the 
errors due to the basic neutron data, experimental reactions rates and indices for 
2 3 5 U , 2 3 8 U , 2 3 9 P u were used. Therefore a set of bias factors were available ranging 
from 0.92 in the inner breeder zone to J.011 in the core region. 

Photon Transport Calculation 

The photon transport calculation was performed using Che DOT program and the 
photon interaction data available in Che BABEL library. 36 energy group scructure and 
(P3-S16) approximations were used to obtain the photon flux. Photon energy deposition 
was calculated by using photon flux and the KERMA factors included in BABEL ; these 
KERMA factors originate from a MACK TV / 19 / calculation. The calculated peak 
energy dose in the fissile zone, as shown in figures 3, 4 and S is lower than the ioni
zation chamber measurements by a factor 0.S5 and is within the experimental incer
taine ies which amount to ̂  8 %. In the fertile zone calculated values are lower than 
the experimental ones by 10 Z shoving a slight distortion in shape. The CEA calcu
lated values are systematically below the experimental results for the TLD located 
within the lattice. This underestimation, ranging from 0.92 to 0.88 respectively for 
the breeder and fissile zones, is similar in trend to the UK results and fully consis
tent with the INTERATOM ENDF/BIV results. Concerning the comparisons between the cal
culated and experimental axial scan, the tendencies are identical, showing a discre
pancy of 8.6 % for the peak energy deposition which is 3.5 Z higher for the axial 
value than for the radial one at the same position. 

CONCLUSIONS 

The experimental results obtained in the access channels with the ionization 
chamber and with TLD in mild-steel sample holders or mockups are all in satis
factory agreement, demonstrating the equivalence of the experimental techniques, 
when suitable calibration and correction procedures are applied. On the other hand, 
the measurements performed whith TLD located within the fuel elements lead to signi
ficant y higher results in the fissile zones, indicating that some channel effects 
have not been fully taken into account. Calculations run with the UK source library 
lead to distributions of heat deposition in iron which are similar in shape to the 
TLD results within fuel elements, but differ by a factor of 0.79. Relative to 
chamber measurements, this factor varies between 0.73 and 0.86. Calculations using 
ENDF gamma source libraries run at CEA and INTERATOM give similar results : all 
values are lower than the experimental data : by about - 8 Z to - 12 % relative to 
the in-core TLD readings and by • JO X to - 3 Z with respect to the access channel 
measurements. The general underestimation of the theoretical analysis is surprising 
because it was not observed in previous similar work and because some of the main 
gamma yields in the libraries are presently believed to be too high. More work is 
necessary to clarify this point as veil as the observed differences between channel 
and in-core measurements. 
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