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PTnea 
ABSTRACT_LJ Results are presented of detailed thermal and fast neutron 

Sürements performed in all fuel and control assemblies of the HFR 
in Petten. The results give information about deviations of a general 
shape of vertical thermal and fast fluence rate distributions due to 
material transitions in the reactor cora and different control 
assembly settings. Further it is demonstrated that the ratio of fast 
and thermal fluence rate at the various monitor positions in the 
assemblies give useful information for the (relative) local burn-up 
of the fuel. 

KEYWORDS: thermal fluence rate, fast fluence rate, fuei assemblies, 
MTR, fuel burn-up, power production. 

INTRODUCTION 

Additional information to the usual 2D-calculations and routine 
measurements in the centre of fuel and control assemblies have been 
obtained by the performance of two extensive fluence rate mappings. 
They cover besides the usual thermal fluence rate distribution 
measurement in the centre of an assembly also thermal fluence rate 
measurements in the corners of seven fuel assemblies. The assemblies 
in which the extensive measurements took place distinguish from each 
other by different levels of fuel burn-up and by their location near 
important material transitions, i.e. near control assemblies, vessel 
wall etc.. Besides thermal fluence rate measurements also fast 
fluence rate measurements have been done in the same positions. 
The measurements were performed before the start and after the end of 
a 24.7 days operation cycle with control assembly settings 
representative for the start and the end of a reactor operation 
cycle. The aim of the measurements was to obtain e.g.: 

fluence rate information at other positions then the centre of an 
assembly, 
fast fluence rate data in the various assemblies, 
data for a comparison of fluence rate distributions measured in 
the same positions before and after a reactor cycle, 
data to demonstrate experimentally the relations between local 
power production, fuel burn-up and thermal and tast fluence rate 
inside fuel- and inside the fuel part of control assemblies. 

'Netherlands Energy Research Foundation ECN, Postbus 1, 1755 ZG 
Petten, The Netherlands 



Fig. 1—Survey of core positions with activation monitors. 
Detail: position monitors in assembly. 

SHORT DESCRIPTION OF THE REACTOR AND ITS FUEL AND CONTROL ASSEMBLIES. 

The High Flux Reactor (HFR) in Petten is a multi-purpose research 
reactor which uses light water as coolant and moderator. The normal 
operating power is 45 MW [V\ . 
The core lattice (figure 1) is a 9 x 9 array containing 33 fuel 
assemblies, 6 control assemblies, 19 experiment positions and 23 
beryllium reflector elements. 
The fuel assemblies, subject of the measurements, horizontal cross-
section 81 mm x 77 mm, height 924 mm, contain 23 vertically arranged 
parallel, curved, fuel plates with a height of 625 mm (fig. 1). The 
uranium is about 93% enriched to ;35U. The uranium content of the 
fresh fuel assemblies is 450 g 235U. The length of the fuel inside the 
plate is 600 mm. The two flat side plates of each fresh fuel assembly 
contain toother 1000 mg iaB. 
There are six control assemblies, each of them contains a cadmium 
section above a fuel section. The cadmium section consists of a 
rectangular insert, 59.8/54.8, length 811 mm, the cadmium thickness 
is 1 mm. The fuel section consists of 19 fuel plates with a total 
fresh mass of 310 g ?35U. Their drive mechanism is situated below the 
reactor vessel. The control assemblies move vertically. When a 
control assembly is moved upwards, the fuel moves into the core 
displacing the cadmium section. 

The duration of a reactor cycle of 24.7 days is realised by a fuei 
loading scheme in six zones with a maximum burn-up fraction of "SU of 
551. The fresh assemblies, containing 450g 33iU are loaded in the zone 
between periphery and centre, the nearly fresh assemblies in the 
central zone, and the other assemblies are placed in the peripheral 
zones of the core. By moving the fuel assemblies step-wise from one 
zone to another after each reactor cycle, stable irradiation 
conditions can be maintained for successive cycles. 



MEASUREMENTS 

A series of thermal and fast tluence rate measurements has been 
performed in fuel and control assemblies of the HFR, preceding and 
after an HFR operation cycle, both during 2 hours. 
The measurements were performed at a reactor power of 416 and 334 kW 
and control assembly settings of 430 and 569 mm out. This means that 
the bottom of the cadmium section of the control assemblies was 
respectively 293 and 154 mm below the top of the fuel in the core. 
The 19 experiment positions were occupied by aluminium filler 
assemblies. 

Instrumentation 

Instrumentation fuel and control assemblies—Aluminium monitor 
holders were loaded in all 33 fuel assemblies and in the fuel part of 
6 control assemblies. A copper wire (0 0.65 mm) was attached to each 
monitor holder. The wires were sealed in aluminium tubes (0 1.35/0.8 
mm). Additionally to the standard instrumentation for validation of 
core calculations, the monitor holders contained also nickel wires, 
{01.0 mm) . The holders were placed in such a way that the wires were 
near the centre of the fuel assembly. 
Extra to this instrumentation in the centre of the assemblies, copper 
and nickel wires have been attached to special aluminium holders, 
which were placed in the four corners of an assembly, about 29 mm 
from the centre. Measurements have been performed in the corners of 
the positions A3, B7, D3, E2, E6, G6 and H3. The monitor holders have 
been loaded with 2 special loading devices for the north and south 
side of the assembly. The copper and nickel wires had the same 
dimensions as the wires placed in the centre of the assemblies. Three 
core positions, B7, D3 and H3 contained also monitorholders between 
the fuel plates 11 and 12 at the other side of the centre. In these 
assemblies copper and nickel wires were located in the centre and 
near the centre of the side plates of the fuel assembly. 
Also two aluminium wires were irradiated to investigate the 
possibility to determine the local power production inside fuel 
assemblies. For this reason an aluminium wires 0 0.5 mm was attached 
to the monitorholders placed in the centre of core positions B6 and 
B3. 
In addition to the wires, multi-foil sets were placed in holes of the 
holder loaded in the positions B7, D5 and H5, at centre line fuel and 
200 mm below centre line fuel. 
The monitor sets consist of the following materials: 
- aluminium-cobalt (1 wt.% cobalt), 
- aluminium-gold (0.1 wt.% gold), 
- aluminium-uranium (4.5wt.%U, 93 % enriched in " SU). 

Figure 1 shows the positions in the various fuel and control assem
blies in which activation wires were loaded. 

Determination of the reactor power—During the measurements, the 
reactor could only operate at low reactor power due to the presence 
of the monitor holders between the fuel plates, blocking a part of 
the coolant flow. The determination of the reactor power during both 
irradiations has been derived from the ratio between reaction rates 
measured in two conveyor facilities (pneumatic rabbit systems) during 
the actual irradiatioi. ̂ nd an irradiation at full reactor power (45 
MW) . In both irradiations activation foil sets were present, each 
consisting of an aluminium-gold foil (1 wt.% Au), an aluminium-
manganese foil (1 wt.% Mn) and a nickel foil. An important condition 
for this method is that control assembly settings and environment 
should be comparable for both irradiations. 



Counting methods—The relative activity distribution of the wires 
have been measured with a PC controlled wire-scanner and a Nal(Tl) 
scintillation detector coupled to a conventional counting chain (one 
channel analyser). The collimator dimensions were: width 10 or 20 mm 
and length 100 mm. The relative wire scan results have been converted 
to fluence rate values using the activity values from 5 pieces cut 
from the copper and the nickel wire. These pieces have been counted 
with aid of a calibrated semi-conductor counting chain. The monitors 
of the multi-foil sets, and also all foils irradiated in both 
conveyor facilities have been counted with such a chain directly. 
The aluminium wires have been cut into pieces of 10 mm length. These 
pieces have been counted with aid of a low-background arrangement. 
Some pieces have also been counted with a calibrated counting chain. 
The relative results from the low background facility have been 
converted to fluence rate values using the absolute activities of 
those pieces. 

Data treatment procedure—The thermal fluence rate is based on the 
reaction "Cu(n, y)*4Cu, using the 2200 m.s' cross-section. 
The fast fluence rates have been measured with the reaction 
5,Ni (n,p) 5,Co. The presented values are the equivalent fission fluence 
rate values. Some fast fluence rate values have been obtained with 
the reaction J7Al (n,a)24Na. The presented value are also equivalent 
fission spectrum fluence rate values. 
The activity calculations have been performed mainly by means of a 
main-frame computer using programs of an ECN neutron metrology 
software package. The activity determination of the copper wires was 
based on the area of the annihilation peak of 511 keV. 
The results of the multi-foil sets were used in a SAND-based 
unfolding procedure and yield among others the fluence rate of 
intermediate neutrons at the monitor positions. 
Depending on the presented parameter, a few conversions had to be 
done, i.e.: 

conversion counting rate wire(piece) to fluence rate measured with 
the reactions "Cu (n, y)MCu, 5,Ni (i^pJ^Co and 27A1 (n,a)"Na. 
conversion fluence rate at reactor power during measurements to 45 
MW. 

The conversion factors contribute each to the uncertainty of the 
presented values. 

RESULTS 

The vertical thermal and fast fluence rate distributions were 
measured with 148 wires in 73 positions inside the various fuel and 
control assemblies. Detailed results are presented in [_2J and [_3] . 
Some of the distributions from these references, analysed below, are 
given in the figures 2, 3, 4 and 5. Tha figures 6, 8 and 9 give 
results of computations using the various measured thermal and fast 
fluence rates. 

ANALYSIS OF SOME MEASURED DATA 

Vertical fluence rate distributions. 

Some representative vertical distributions are considered here. 
Figure 2 shows typically distributions for an HFR fuel assembly. The 
fuel inside the assemblies is present between 300 mm above and 300 mm 
below centre line fuel. About 30 mm from the edge of the fuel, the 
fast fluence rate starts decreasing exponentially. The thermal 
fluence rate increases first due to the large amount of water above 
and below the reactor core, reaching a maximum at 40 mm outside the 
assembly and decreases thereafter also. 



o 

i 

-ia* -lic -»•» • I M turn 

diatanca from cantr* tin* cora . aan 

• F t l t Al * Fast f* 0 Tharm Cu 

Fig.2—Vertical thermal and fast fluence rate measurements measured 
in the fuel assembly in core position B3 
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Fig.3—Vertical thermal and fast fluence rate measurements measured 
in the fuel- and cadmium section of the control assembly in core 

position B6. 
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Fig,4—Influence of the control assembly setting on the vertical 
thermal fluence rate distribution 
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Fig.5— Influence of the control assembly setting on the vertical 
fast fluence rate distribution 

The position of the maximum in the various distributions may shift 
due to differences in the burn-up at various levels in the assembly 
due to the irradiation traject of such an assembly in different core 
positions. 
Figure 3 shows a distribution measured in the fuel section of a 
control assembly. Again the fast fluence rate decrease at the 
transition from fuel to water and again the thermal fluence rate 
increases also going downwards but also inside the cadmium section of 
the control assembly. 
Both figures show also that the fast fluence distributions measured 
with the reactions 5,Ni (n,p) "Co and 27A1 (n,(X)24Na does not deviate 
significantly, in spite of the differences in threshold energy for 
both reactions, 1.9 and 6.5 MeV. 
The vertical distributions in the area inside the dashed lines drawn 
in figure 1 are strongly influenced by the presence of a part of the 
cadmium section inside the core. The figures 4 and 5 show examples 
for positions inside and outside these area (A5r B5, D5, F5 and H5). 
Figure 6 shows the ratio of distributions measured in the same 
position measured with different control assembly settings. The ratio 
shows clearly the influence of the shift of the cadmium section for 
the two irradiations. 

The tables 1 and 2 give a survey for all fuel assemblies of the 
vertical peaking factor, i.e. the ratio of the maximum thermal 
fluence rate to the thermal fluence rate averaged over the fuel 
length. The tables show significant differences between fuel 
assemblies in the centre and in the boundary region of the core and 
also significant differences for the central position for both 
measurements with different control assembly settings. 
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Fig.6—Influence on the ve r t i ca l thermal and fast fluence r a t e 
d i s t r i bu t i ons of a sh i f t of the control assemblies. 

Table 1—Vertical peaking factors for each core pos i t ion; 
control assembly s e t t i n g 430 mm out 

B 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • » • • • • • • • • • • • • • • • • • 
2 
3 
4 
5 
6 
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8 
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T 

1 
2 
3 
4 
5 
6 
7 
8 
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1.421 
1.165 
1.522 
1.534 
1.528 
1.472 
1.408 
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1.450 
1.737 
1.529 
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1.434 
1.446 

• • • • • • 
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1.377 
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1.348 

• • • • • • 
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Relative local power produccion and fuel burn-up. 
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If we define: 

= power density, w.m J, 
= energy per fission, W.s, 
= cross-section reaction 23JU(n, f), m}, 
= der.sity *"u, m \ 
= thermal and fast neutron fluence rate, m~2.s~'. 
= the number of neutrons produced per fission 

The power density in a fuel assembly can be written as fellows: 

p(f) = € o235 -N235(f) -<?th(f)
 (1) 

The number of neutrons produced per volume n_ (?) (nf3,s~l) is proportional 
to : 

nn(f) « v • o235 • N235 (f) - ^ ( f ) (2> 

If the mean free path for fast neutrons is small, then 

q>f(f) « nn(f) <3) 

From this, one may conclude that: 

<pf(f) «N 2 3 5(f) -f^tf) <4> 

N235(I) - <Pf<*> / 9th V
f) <5> 

p(f) «* *£(f) (6) 

Calculations show that the mean free path length for neutrons with an 
energy > 1 MeV for a homogenized fuel assembly are 47 mm and for a 
homogenized aluminium experiment assembly 55 mm. In water the mean free 
path length for fast neutrons is about 42 mm. This means that most of 
the fission neutrons produced in the assembly have enough energy (above 
the threshold) to activate the central nick»l wire. A nickel wire in the 
corner of an assembly does not register events from one particular 
assembly but is strongly influenced oy its direct environment, which 
varies from cadmium absorbers to beryllium reflector elements. This is 
demonstrated in figure 7, where the mean free path is projected 
schematic!.^on the cross-section of a fuel assembly in core position D3. 
It shows that the activation of the nickel wire in the centre of the 
assembly is representative for the assembly. 



Figure 8 shows the ratio distributions <pt/<pth for the central and south
west corner measured in the assembly loaded in this core position D3 
which contained the full amount of "5U (450 gram) . The figure shows also 
that the distributions measured at the edges of the assembly are 
influenced by the non !~onogeneous neutron production in the area with a 
radius of the mean free path, around the nickel wire in the corner. 

Figure 9 shows the <Pr/9th distributions measured in fuel assemblies with 
various amounts of burn-up. Distributions are given for the assemblies 
D3, D3, G6, E2 and H3. These assemblies were irradiated in the reactor 
for 0, I, 3, 5 and 7 cycles. The computer code HFR-TEDDI [_5J computes 
for the different assemblies 449.46, 405.63, 313.65, 243.54 and 215.78 
grams Z35U respectively. Figure 10 shows that the burn-up of the fuel is 
delayed in the region were the cadmium of the control assemblies is 
present. 

CONCLUSIONS 

An extensive fiuence rate mapping using monitors for the tii^rmal as 
well as the fast fiuence rate give qualitative information about the 
local power production and fuel burn-up as function of the height. 
The distributions can be used to verify 3D calculations and also in 
addition to calculations with 2D computer codes to refine the relative 
vertical fuel distribution and the buckling factor per assembly. 
Although the reaction 21Al (n, a) "Na with a higher threshold is more 
selective for fission neutrons, also the mean free path increases. 
Application of fast reactions with different threshold energy can be 
used to measure the influence of the various environments around the 
fuel assemblies. 
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