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Abstract : 

During the irradiation tests of nuclear fuels, the flux level may 
often be variable by shifting the loops in a high neutron-gradient. 
So integral fluence measurements are no longer sufficient. The self-
powered neutron detectors allow to finely scan instantaneous fluxes. 
More than 100 such SPN detectors are used on the experiments irradiated 
in the SILOE reactor. The treatment of the large amount of information 
is the following. 

A first minicomputer scar»all the measurement lines at a variable 
frequence C O rain. - 1 h) and writes rough voltage values on a magnetic 
disk. A second computer does a sorting of these values for each set of 
SPND corresponding to an experiment. At the present time, the main 
treatment is performed by batch processing by some FORTRAN codes to 
gee time-evolving quantities such as : effective flux, fission power, 
burn-up, fission product activities, etc. 

The future development of Che system will allow some of these calculations 
to be performed directly on the second computer in such a manner to 
control the movements of the loops automatically in view of a given 
irradiation program. 



1. 

INTRODUCTION 

An important part of the experiments carried out in a Material Testing Reactor 
like SILOE is devoted to the nuclear fuel itself. Now the safety research 
program entails running rather sophisticated irradiation tests where unsteady 
conditions of specific power are developed. A typical experiment consists in 
moving the irradiation capsule nearer to and farther from the reactor core 
(that is in a high neutron flux gradient) in order Co induce some major 
changes in the power, therefore the temperature, of the fuel pin. 

Of course, when Che incident neutron flux is no longer maintained constant, it 
will be insufficient to characterize this flux by its integrated value, that is 
its fluence, reached over the irradiation period. But some devices like self-
powered neutron detectors (SFND) allow quasi-instantaneous neutron flux 
measurements. For several years now, up to one hundred SFND have been in 
permanent use for monitoring the irradiated capsules in SILOE. The purpose of 
this communication is to describe first how our data collecting system for Che 
whole sec of SPND works. Moreover, from Che point of view of the nuclear and 
metallurgical physicists, the raw flux data need to be converted into more 
valuable quantities such as fission and total power, burn-up, energy release, 
fission products accumulation and so on. So the second part of this communication 
is devoted to two computing codes recently developed in our laboratory in order 
to answer almost all questions about the fuel status and at any time in its 
evolution owing to che continuous flux monitoring. 

A future development would be to link the data collection and che evolution 
calculation so as Co check or to control che movements of the capsule auto
matically. In the mean time some effort is necessary to control che accuracy 
of che computed results, that is also to ascertain che nuclear conscancs. 

1. Determination of the nuclear constant» 

Let us first state that the power delivered by a nuclear fuel (by extension : 
che cumulated energy, the burn-up, the production of fission products) is the 
product of a macroscopic cross-section by a neutron flux density. The 
determination of the flux is the matter of chapters 2 and 3. The concencracions 
of che fissile isotopes are known at the beginning of the irradiation. The 
present problem is to fix the effective macrosaopic cross-section, according to 
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2. 

the neutron spectrum existing inside the fuel pin. It is resolved by the 
experience gained with previous similar irradiations (from measurements on 
irradiated fuel), but at the beginning one uses electronic computations, 
especially through the APOLLO code . For our purpose this code calculates 
the flux as a function of energy and space for a one-dimensionsal medium, whilst 
solving the integral transport equation in the multigroup approximation. The 
geometry : fuel pin - capsule - reflector - neutron source (reactor) is usually 
cylindrical. The standard microscopic cross-section library with 99 groups is 
taken and adjusted from the UKNDL and the ENDF/BIII, BIV tapes. APOLLO introduces 
a new treatment of self-shielding, computing the asymptotic equivalent cross-
section and the Bell factor. APOLLO itself or a little code BENAPOL makes 
the necessary condensations in order to obtain the neutron fluxes, the 
corresponding effective cross-sections (therefore the reaction rates) by space 
zones (e.g. the mean quantities in the fuel pin) or by energy macrogroups(thermal-
epithermal-, fast-groups). Another useful result is the ratio between Che un
disturbed flux (in the reflector) and the depressed flux inside the fuel pin. One 
has to be careful to make these cross-sections homogeneous with the neutron fluxes 
considered in the experimental determination. The two evolution codes BU8 and 
SILENE differ somewhat with respect to this formalism. 

2. Continuous neutron flux measurements and pre-treatments 

2.1 Neutron flux measurement with self-powered detectors 

SPN-Detectors -with Rhodium emitter - presently obtainable as commercial 
products, are intensively used to measure thermal neutron fluxes. The principles 
of their functioning are well known (see also 4). An empirical formula has been 
derived from calibration with uncovered and under cadmium-cobalt detectors, to 
relate the measured electrical current to the neutron flux : 

21 • „ 10 .. 50.9 
* th l * 5.a§(l*2.2p) x k x 50.$-kI 

v 
with i • £, ampere; R * load resistance, ft; V • measured voltage, V. 

» - *epi/*th 
k • ratio of Che Rhodium mass of the standard SPN-D to the mass of 

the considered SPN-D. 
1 • integrated current from the considered SPN-D from the beginning 

of its utilisation, coulomb. 

./... 
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(N.B. This formula i s valid for SPN~D of 0.5 mm rhodium wire diameter). I t i s 
worth noting that the uncertainty on the neutron flux i s about 2Z for an a b s o u t e 
variation of O.CJpl of thep factor. On the other hand, our experience shows that 
the l i f e of a SPN-D i s such that the integrated current can reach about 25 
coulomb, for 50 mm long SPN-D. The main problem to be solved in the future i s 
related to the u t i l i s a t i o n of SPN-Detectors at some high temperature (> 50O*C). 

In br ie f , SPN-D measurements depend on the best knowledge of the epithermal to 
thermal neutron fluxes rat io and on the his tory of the SPN-D (talcing the 
integrated current up to da te ) . 

Generally, a capsule i s equipped with one to four SPN-D, fastened symmetrically 
on the outside of the capsule ( in some cases they are placed inside the capsule) 
in order to take into account the transversal flux gradient in the r e f l e c t o r . 
Several methods (arithmetic or logarithmic mean) are used to obtain the non-
disturbed neutron flux at the pos i t ion of the nuclear fuel pin. 

2.2 Flux data acquis i t ion 

The problem aris ing from the great number of SPN-Detectors used at the same time 
was resolved by the i n s t a l l a t i o n of a data co l l ec t ing system around a mini
computer MULTI-8. A VIDAR numerical voltmeter converts the continuous current 
from the SPN-D into an e l e c t r i c a l voltage (the integration time i s I sec . ) and 
a SCHLUWBERGER scanner rates the measurement times at steady intervals from 
10 minutes to one hour. This way, c y c l i c experiments (that i s , which are 
moved nearer or farther on the reactor during the irradiation) may be followed 
with a greater precision than i s necessary for unmoved capsules. The data from 
the data c o l l e c t i n g system - including those concerning the times of measure
ments for a set of SPN-Detectors with the same rating - are automatically 
transferred on a magnetic disk connected to a MITRA-15 calculator (which i s par: 
of a general operating system for the experiments performed in the SILOE reactor) . 
On the other hand, the MULTI-8 calculator prints a record of tha measurements 
and can del iver a punched tape in case of fai lure of the transmission to the 
MITRA-15 ca lculator . See Fig. I. 
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Figure 1 

The data transfer on the disk is carried on during all the irradiation time 
(one standard period at SILOE is 3 weeks). The total volume of data may be 
evaluated, knowing that about one hundred SPN-D give 500 measures for half of 
them, 3,000 for the other half, during the 3 week period. At the end of the 
irradiation time (but also ac any time an experimenter wishes) all or part of 
the data is transferred to a magnetic tape. 

2.3 Pre-treatments and corrections 

The magnetic tape file obiained is not directly usable by the evolution codes 
(BL'8, SILENE) for two reasons, the first being that the time data must be 
verified, the second being that the structure of the file is not compatible 
with the optimized running of the codes. The pre-treatment is performed according 
to the diagram of Fig. 2 on an IRIS 55 calculator. Toe final record-magnetic 
tape (K.VT) cumulates the data from one year of measurements. Partial files or 
card-decks are provided to be processed by the evolution codes. (The structure 
of the PMTflp-; is given on Fig. 3\ 
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3. EVOLUTION CODES 

The instantaneous knowledge of the neutron flux naturally leads nuclear 
physicists to ask for the instantaneous power of the fuel pin they are studying. 
Although they use some thermal power measurements, these are not considered as 
strictly absolute. One obviously needs reliable power values in order to 
correlate any other observation. 

The first treatment of the problem (by the BU8-code) is intended to give an 
almost "real time"solution. It is based on the mathematical solution of the 
evolving system for each flux measurement point. The evolution calculation 
was developed as an extension of the existing code USCOL which performs 
the SFND-current to neutron flux conversion. 

For less urgent needs, some statistical considerations lead to an attempt to 
reduce the data volume without losing precision and keeping the possibility 
of obtaining the required results at any predetermined time. In this case the 

2) problem was to fit the flux description to an existing evolution code BUPFO 

3.1 Bl'8 code 

Figure 4 gives a simplified flow chart of the code. BU8 retains throughout all 
its processing the integrality of the measurement points (according to the 
rate of the scanning). For each point and each SPND are calculated : the 
integrated current, the neutron flux, then, by combination of all S7ND, the 
mean non-disturbed flux, and taking into account the depression factor from 
APOLLO , the effective flux in the fuel pin. Cf. Fig. 5. 

Finally, there is a graph of points separated by small and normally even time 
intervals. The form of the flux is that of a sequence of small steps each at 
constant flux. 

The formalism of the fluxes and cross-sections used in 3U8 is as follows : 

o ' • epithermal flux ( >2.5 eV) divided by thermal flux (2200 m/s). This factor 
characterizes the irradiation position (axis of the fuel pin) in the 
reflector of the swimming pool reactor. It is known from cadmium ratios 
measurements 

<0> • cross-section (0 - 2.5 eV) from 
I » resonance integral (> 2.5 eV) from ' 



Fig. 4 - BU8 FLOW CHART 
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< 4 > n ' n(E)v(E)dE • mean flux from 
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fuel pin. 

One calculates an "effective cross-seccion" 

a " <a> * s 'là thnp/ <$> 
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Figure 5 B*mm ii «m »is w^.*^ 

and a reaction rate (capture or fission) 

T m g <<$> 

Introducing the mean SPND-flux as ithnp, noting M for measured, C for 
calculated : 

with Rc » <#> /$thnp SPNDL 

T - $th SPNI rai^ x Rc x j <o> + 3 ' I / R C | 

The macroscopic (capture or fission) cross-section i s 

Lt = Z C.à. 
i x x 

Ci - inicial(and known) concentration of the isotope i. 

The power - in w/ctn height - is obtained by 

P - E f Ef<J> ïï(re

2 - r . 2 ) 

•10 with E, - 0.3088 x 10 J/fission; r , r. • ext . , int. radii of the fuel pin. 
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The evolution process goes on according to Fig . 6. 

Th 232 

EVOLUTION CHAIN 

Pa 233- -U 233 

U 234 

Pu 242 

in code BU8 
in code SILENE 

Figure 6 

The equation for one isotope of the evolution chain (except the first one) 

Yi-I 

>t 

Xi 
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Yi*l 



10. 

^ i - yYi-l • «Xi - aYi at 

As the f lux i s constant during a small interval (between two measured points) 
one has a solution of the d i f f erent ia l equations as a sum of exponentials : 

j - i i 

with 

C* 

0(Yi)Aj • Y ( Y i ) C J . . , 

a(Yi) - o(Xj) 

S(ïi) Aj 

o(Yi) - a(Xi) 

>r j< i 

for j • i 

DJ 

DJ 

r(Yi)D^ 
i - 1 

a(Yi) - o(Yj) 

i-l 
Ti(o) - fa (C1. • D3.) 

l l 

for j> i 

for j • i 

The A. being the coe f f i c i ent s of the so lut ions in Xi. 

The resu l t s of the code are the following : 

- "Teutron fluxes (instantaneous and integrated) for each SPN-detector 

Mean non-disturbed flux (combination of a l l SPN-D). 

- Mean e f f ec t ive flux in the fuel pin (instantaneous and integrated) . 

- Concentration of the heavy isotopes 

• Fission power, w/ctn height 

- Released energy, Mwj/t 

Combustion rates of 1*235 and Pu239, FIMA, FIFA. 

. / . . . 



II. 

- Total production of fission products, from U235 and from Pu239. 

All these results can be printed at pre-determined times (in order to make any 
correlation with thermal or other measurements). At the end of the irradiation 
period, the code can plot graphs of flux, power and energy versus time. 

3.2 SILENE code 

Rather than retain all measurement points, one can try to transform the graph 
of n points into a sequence of m linear joined segments ( m <<n) by performing 
some tests for stationarity or smoothing the raw data by the least-square 
algorithm. See Fig. 7 and 8. 

In the case of cyclic measurements (with significant changes in position, then 
in flux) an additional test (absolute step of x mV) allows to fix the beginning 
and end of the "high" and "low" levels. The graph then appears as an irregular 
polygon where the sides have any slope. 

The computation of the integrated current, then of the flux is only done at each 
summit of the polygon with linear interpolation. Any change of the epithermal 
to thermal factor ? , as well as of load resistance can be taken into account. 
In the cyclic experiment, the p factor may be automatically adjusted to the 
"high" and "low" levels. The combination of many SPND to obtain the mean 
non-disturbed flux is conducted the same way as in BU8. 

The SILENE-formalism for the flux and cross-sections i3 the following. The neutron 
flux is divided into two groups : thermal (2200 m/s),*o and epithermal 
( >0.625 eV) Je. The latter is only considered by its ratio to the former, 
3 • <£e/ $Q which is calculated by inside the fuel pin. The effective cross-
section is the 3um of Co (thermal cross-section) and pi, where I, effective 
resonance integral, cakes into account che self-shielding also given by . Then 
the reaction rate is : 

T - Z ( Co + jI)iCi Jo - Z a.C. Jo 
l i l 

or from the non-disturbed (SPN-D) flux) 

T • Z TTC. A * * (S?ND) i l l ^ ' 

A<J" depression ratio, deduced from 



12. 

i i - i * i ! I 

! \ 1 

M ï S 
i À ! 

I \ 

;\ 
! \ 
l V / \ 

! A 
! / \ 

ï 

*i 

1 i\ 
\ i ' i 
M ' i 

V ' ; 

\ • ! 
> \ t 

! ' ' 

! v.; 

i 
. : 

J l 

H 

1 : i 

'i J il 

ai u 
3 
ad 

/ * • 

: j 
! 

j 1 - , S H 

: ' ' ' ! , - J r H 
' ' ; 

! t ^ J 

3 
sa 



13. 

In addition to the flux, the evolution-calculation needs the following quantities 
to be given : 

- constants : initial composition of the nuclear fuel; fission energy per 
fissile isotope. 

- variables (with tine) : A * , flux depression (in the case of a long irradiation 
with a major change in composition and growing of the fission products. N.B. 
this variation may be expressed with respect to the burn-up or the released 
energy); P in the fuel (P min and P max in cyclic experiments); I as a function 
of variations of the isotopic composition of the fuel. 

- optional parameters : gamma power deposited inside the fuel pin (to be added to 
the fission power - variable in cyclic experiments); number and nature of 
the fission products to be computed (concentrations and activities). 

The evolving system included 12 to 16 differential equations for the heavy iso
topes (cf Fig. 6, the beginning item of the evolution chain is 232Th for the 
HTR-fuels) : 

~ - XN , +c <N . - XN - a *N dt -1 c -1 t 

and 5 to 7 equations for the fissions (per isotope and cumulated). Optionally, 
there may be as many as 20 equations for the fission products : 

§ ' \ t

 at rf Nf *- * ac* * ** + S ,*-,N-l *S2 K2K2 

rf - production rates of the fission products, per fissile isotope, taken from 
and 2., 3. - decay rates for the 2nd and 3rd order if any ( e.g. see the chain ; 
95Zr - 95Nb m - 95 Mb). 

The resolution prceeds by the Kutta-Merson method, with variable increments of 
time (limited by the required precision). The algorithm has been modified to 
allow to : - interpolate che non-disturbed flux between two summits of the "poly-
gon"; - modify at any time the A9 , p and I factors; - make at any time the 
computation of the macroscopic quantities such as : fluence, FIMA, energy, fissior. 
product activities, etc. In che present version of SILENE, the above modifications 
are done step bv step; it is therefore necessary to have rather short steps in 
order to get the exact mean values. In the future it would be possible to 

• / . . . 
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make linear interpolations, nevertheless at a higher computing price ! An 
additional feature of the code is the possibility of integrating continuously 
the fluence and the energy in order to correlate the modifications of Ator/and 
p ,1 with these variables (instead of time). 

At the end of the processing, SILENE delivers some files or card-decks on the 
status of the nuclear fuel and on the macroscopic quantities so as to make a 
future evolution start at the previously reached time. 

4. DEVELOPMENT AND CONCLUSION 

As far as the flux data collection is concerned, the foreseen development is to 
install a new, more powerful electronic system (even faster for some power 
excursion experiments, with fast SPND) and a better processing of the data files 
on a MITRA-I25 calculator. 

The two evolution codes have almost reached their final status. Nevertheless, one 
important feature is to be added to BU8 (and, if necessary, to SILENE). It has 
been shown that the SPND-current to flux conversion and the determination of the 
effective crocs-sections depends on the thermal to epithermal factor. This 
factor is essentially a function of the distance between the reactor-core and 
the capsule axis. By installing a distance-sensor on the capsule, it will be easy 
to store electrical signals proportional to the distance along with the SPND 
voltage and time figures. BU8 will use them to compute automatically the i 
factor through a calibration curve. 

With the MITRA-125 calculator, it will be finally possible to run BU8 "in line" -
after some restructuring of the code itself and of the data handling - so as 
to obtain at least the most important result, the power - at short intervals of 
time, in the first instance once a day or whenever a movement of the capsule | 
occurs. I 

I 

At the end of this communication it is worth remembering that the overall success 
of monitoring and conducting nuclear fuel irradiations still depends on an 
improvement in the accuracy on nuclear constants. We intend to use a two-
dimensional code like D0T3 to obtain a better knowledge of the thermal and epi
thermal neutron fluxes in the actual arrangement made up of a swimming pool 
reactor core and the many different capsules irradiated around it. 
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