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ABSTRACT

The third core of the zero energy fast reactor FRO consisted of 

20 % enriched uranium diluted to 29 vol. % with graphite and had a vol­

ume of 50 litres. Like previous cores it was surrounded by a thick cop 

per reflector. The report summarizes measurements of critical mass, 

control rod reactivities, fine structure flux variations and conversion 

ratio. In particular, effects associated with the heterogeneous arrange 

ment of the uranium and graphite plates are examined.
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1. INTRODUCTION

This report presents experimental results obtained on Assembly 

3 of FRO. Much of the work has already been reported in internal mem­

os, but it has been considered worth while to summarize some of the 

effort in one document. However, the central reactivity experiments as 

well as the measurements of fission and capture rates and fission ra­

tios have been described in great detail in published reports [1, 2], and 

therefore no account of those experiments is given here. The analysis 

of the pulsed source measurements of reactivity and prompt neutron 

life -time is still at a preliminary stage, pending further calculations 

with the time dependent code, and will be reported separately.

The composition of Assembly 3 is given in Table 1. The graphite 

dilution was effectuated in order to provide a fairly soft neutron spec­

trum. As a matter of fact the degree of softening obtained was rather 

low, but a further dilution with graphite was not practicable since the 

critical mass would then exceed the limit set by our inventory of U235 

(120 kg). The calculated value of the median fissioning energy (for 

U235) in Assembly 3 was 270 keV as compared with 360 keV in the un­

diluted Assemblies 1 and 2.

A description of the FRO reactor is given in [3].

Table 1. . Core composition

Material Volume % Atomic density
. • / 3 in-22atoms/cm x 1 0

Uranium 58.5

U235 11.7 0.568

U238 46. 8 2.234

Steel 6.5 '

Fe 4. 8 0.408

Cr 1.2 0.0962

Ni 0. 5 0.0475

Graphite 29. 2 2.47

Teflon (CF2) 0. 1 0.003
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Reflector composition
Material Volume % Atomic density 

atoms/cm^ x 10"^

Copper 88.5 7.48

Steel 6.5

Fe 4.8 0.408

Cr 1.2 0.0962

Ni 0.5 0.0475

2. CRITICAL MASS DETERMINATION

2. 1 Core loading and approach to criticality .

The core was built as an approximate cylinder with a height of 

38. 7 cm and equivalent diameter of 40.8 cm . The loading pattern is 

shown in Fig. 1 . The 3.55 mm thick graphite plates were staggered 

as shown in Fig. 2a in order to achieve as homogeneous a pattern as 

possible. The core was surrounded by a copper reflector sufficiently 

thick (about 35 cm) to be regarded as infinite.

Critical mass calculations were performed using the DSN (14 

groups) and TDC (6 groups) codes and a cross section set compiled 

by Haggblom. The cross section set was identical with "set 2" [5], 

except for the U235(n, f) and Cu(n, y) cross section data in which new 

experimental information was taken into account. The modified cross 

section set was called set 2B and the modifications are specified in 

[2], The values obtained were:

DSN code (sphere) 110 kg U2$5*

TDC code (cylinder) 1 11.9 kg U235

A stepwise approach to criticality was used, the first two steps 

being 50 and 75 % of the calculated mass. The subsequent steps were 

determined in the usual way using plots of the inverse pulse rates 

from suitably positioned BF^ chambers as a function of the loaded 

mass. Criticality was reached in the seventh step, the loaded mass 

then being 111.4 kg U235 .

^Including a shape factor of 0. 96 [3].
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2.2 Corrections to loaded mass

In order to obtain a critical mass value for the equivalent homo­

geneous cylindrical core corrections for the following effects were made

a) Core edge irregularity

b) Excess reactivity of the fine control rod

c) Reactivity effect of the source access channel

d) Core heterogeneity.

The core edge irregularity correction was determined by meas­

uring the difference in reactivity between the uranium-graphite "mix­

ture” and copper at different radial positions close to the core-reflec­

tor boundary. The result is illustrated in Fig. 3. This curve was used 

in conduction with the A LIT-1 programme [ 3 ] to give the desired correc 

tion factor.

The corrections a), b) and c) together produced a reduction in 

mass of 1.4 kg U235.

The effect of heterogeneity was estimated by measuring the reac­

tivity change produced when rearranging the plates in an ordinary fuel 

element in such a way as either to increase or reduce the plate thick­

nesses (see Fig. 4). The measurement was made by the positive period
-5technique. The reproducibility was limited to about ±1x10 by the 

necessity to shut down the reactor between the reloadings.

In Fig. 4 the normal plate arrangement in a fuel element is de­

noted 4P. The corresponding plate dimensions are 4.3x4.3x0.71 cm 

for the uranium plates (20 % 11235) and 4. 3 x 4. 3 x 0. 355 cm for the 

graphite plates. The element was placed at various distances from the 

core centre and the reactivity change corresponding to the 4P to IP 

rearrangement was measured. In the case of the other rearrangements 

(2P and 8P) the whole row of fuel elements in positions Fal 1 - Fa 1 9 

(see Fig. 1) were reloaded simultaneously and the spatial dependence 

found in the 4P to IP rearrangement was assumed to prevail. This 

spatial dependence is shown in Fig. 5. It is interesting to note that the 

reactivity change is largest at some distance from the core centre.

This indicates that leakage as well as absorption effects contribute to 

the net reactivity change.
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The heterogeneity correction was obtained by extrapolating the 

curve to zero plate thickness. A decrease in reactivity of (0. 1 95 i
0.020) x 10 ^ is obtained.

According to Fig. 3 the reactivity worth of uranium at the core 

reflector boundary is 34 • 10 /kg U; hence the homogeneous core would 

have a critical mass of U235 (1.14 ±0.14) kg larger than the loaded heter­

ogeneous core, a correction of 1 %.

Applying the various corrections a critical mass value of the ho­

mogeneous cylindrical core of 111.1 kg U235 is obtained. This figure 

is in good agreement with the value obtained from the calculations.

3. CONTROL ROD CALIBRATIONS

The reactivity of the control rods was measured by the following 

methods:

Safety rods (SCS): Rod drop

Start rods (STS): Inverse multiplication

Fine control rod (FKS): Positive period.

The positions of the various rods are shown in Fig. 7. The methods 

and applications to FRO have been described in detail in [4], where theo­

retical comparisons have also been reported. In this report, therefore, 

only the experimental results are given. These are shown in Table 2 

and in Figs. 8 and 9.

Table 2. Total worths of control rods

Rod No. Position Reactivity
%

FKS Fdl 2 0.229

STS 1 Rbl 6 1 .05

STS3 Fbl 2 0.78

SCSI Rbl 2 0.75

SCS4 Fbl 4 1.17

SCS6 Fdl 4 0.81
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4. FLUX VARIATIONS DUE TO 

THE HETEROGENEOUS LOADING

4. 1 Purpose of experiment

The heterogeneity of the core loading discussed in Section 2 also 

causes variations in the neutron flux within the plates. Information 

about these flux variations was obtained by irradiating thin foils placed 

at various positions in the uranium -graphite pattern and measuring the 

activity on the foils after irradiation. Several foil materials were used 

having different neutron energy response. In this way some information 

concerning the spectrum dependence of the fine structure variations was 

also obtained.

4.2 Modification in loading pattern

The normal loading pattern of a fuel element is staggered as shown 

in Fig. 2a and a section of the core loading has the pattern shown in Fig.

1 . This arrangement was chosen rather than a slab-like configuration 

(Figs. 2b and 10) which represents a more heterogeneous geometry. In 

connection with the fine structure experiment, on the other hand, a 

simple slab geometry is advantageous, since in this case comparison 

with theoretical results is more easy. Consequently a slab arrangement 

as shown in Figs. 2b and 10 was made up in the central core region 

where the flux measurements were made. Simultaneously the layers of 

fuel and graphite plates were made twice as thick as in the normal ar­

rangement. The reason for the latter change was twofold:

1 . The thickness of the foils used for the flux measurements involves 

a relatively less distortion when the layers are thick. -

2. The magnitude of the flux variations is larger the thicker the lay­

ers of plates, and hence the relative errors become smaller.

4. 3 Foil irradiations

Foil materials with different energy response were used in the 

fine structure measurements. The properties of the different foils are 

listed in Table 3. Their shapes were either circular with a diameter 

of 1 2 or 17 mm, or square with a side length of 10 mm.
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Table 3.

Element Reaction

Approximate 
neutron 
cut -off 
energy [ 1 ]

Measured
activity Half life

Foil
thickne s s

mm

Ini 15 n, n’ y 1 . 5 MeV E(y)=335 keV 4.5 h 1 .0

U238* n, f 1.4 MeV E(y)>660 keV - 0.3

Cu63 n, Y - 8 12.8 h 0.2

U238** n, Y - E(y)«1 00 keV 2.3 d 0.05

Mn55 n, Y - P 2.6 h 0.2

Depleted: 0.04 % U235. **Natural uranium.

During the irradiation the foils were wrapped in thin aluminium 

foils in order to prevent fission product contamination. All foils were 

irradiated in adjacent fuel elements, close to the core axis, where the 

radial flux gradient is small. Either the elements Fal 5 and Ral 5 or Fal 6 

and Ra 1 6 were used (see Fig. 1 0).

Two different locations in the core region of these elements were 

chosen, (see Fig. 2b). The first location (No. l) was at the centre of 

the elements in the equilibrium core spectrum, and the second location 

(No. 2) was at the core -reflector interface where the neutron spectrum 

is softer. In the latter case the U238(n,f) reaction was not employed.

Fig. 1 la illustrates the loading of foils in two adjacent elements.

16 foils were inserted. The finite thickness of the foils made it neces­

sary to remove one normal fuel plate in each element and to replace it by 

a thinner one and an aluminium filler plate. In the case of the thicker 

foils, Ini 15 and U238(n,f), the number of foils loaded was only 8 (Fig.

1 lb). Small cavities were milled out of the graphite plates to allocate 

the thick foils but no corresponding device was possible at the fuel plates.

The foils were irradiated for 2 hours at a power level of 10 Watts
12 2corresponding to a dose of about 5*10 n/cm .

4.4 Activity measurements

The measurements on the irradiated foils were only relative in 

nature. For Mn and Cu integral {3 -counting was employed using a 8-
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scintillation crystal and photomultiplier set up. For the other foils the 

y -activity was detected by means of Nal scintillation crystals. The Ini 15 

activity was measured over the 335 keV deexcitation y -line using a 

multi -channel analyzer. The U238 capture rate was determined using 

the y -X -coincidence apparatus described in [5 ]. Finally, the fission 

product activity of the U238 foils was measured by counting gamma 

rays above 660 keV, in which case no activity due to the (n, y) reaction 

is present.

In addition to the detectors listed in Table 2, thin foils of a U235- 
A1 alloy (5 mg U235/cm^) were also employed. The fission product y- 

activity in the foils was measured in a manner similar to that used for 

the U238(n, f) reaction. In the case of the U235 foils, however, the net 

accuracy was only about 2 % due to the combined errors of counting 

statistics, weight inter calibration and uncertainties due to the non­

exponential decay. This accuracy is insufficient in the present applica­

tion, but the accuracy may be improved in future measurements. The 

measurements showed, however, that the amplitude of the U235(n,f) 

fine structure is not substantially larger than 2 % (peak-to-peak).

4. 5 Re suits

The flux distributions measured with the different foils are shown 

in Figs. 1 2 and 1 3. The threshold reactions Ini 1 5(n, n’ ) and U238(n, f) 

have maxima in the fuel and minima in the graphite, whereas the oppo­

site conditions are true for the remainder of the reactions, which are 

more sensitive to low energy neutrons.

The gross structure of the flux does not have the same tendency 

for all reactions. This is probably due to slight differences in the axial 

positions of the different foils in the two elements used. Since we are 

primarily interested in the fine structure, however, the macroscopic 

variations are ignored.

The results given in the figures have been used to calculate the 

following ratio for the non-threshold reaction in the two locations:

X - Mean reaction rate in graphite region
Mean reaction rate in fuel region
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These ratios are listed in Table 4. The computations were based 

on all measured points except those located nearest to the steel walls of 

the elements; in the latter positions there is an additional local effect on 

the fine structure due to absorption and scattering in the steel. The mean 

values of the reaction rate in each region was obtained by assuming a 

parabolic flux shape within the region.

The number of measured points for the threshold reactions - 

Ini 1 5(n, n’ y) and U238(n, f) - was too small to permit the computation of 

mean reaction ratios. Amplitude ratios were therefore also calculated 

for all reactions. These are defined as:

y  Reaction rate at centre of graphite region
~ Reaction rate at centre of fuel region

The ratios so obtained are shown in Table 5.

The limits of error given in Tables 4 and 5 refer to standard devia­

tions due to counting statistics. The total errors may be somewhat larger 

in the case of the U238(n, f) reaction because of normalization difficulties 

due to the non-exponential decay.

Table 4. Ratio of mean reaction rate in graphite to 

mean reaction rate in fuel, X

Reaction Core centre Core -reflector 
boundary

Mn55(n, y) 

U238(n,y) 

Cu63(n, y)

1.052 ± 0.002

1.031 ± 0.003

1.019 ± 0.004

1.066 ± 0.002

1.058 ± 0.003

1.035 ± 0.003



Table 5. Ratio of reaction rate at centre of graphite to 

reaction rate at centre of fuel, Y

Reaction Core centre Core -reflector 
boundary

Mn55(n, y) 1.080 ± 0.003 1.101 ± 0.003

U238(n, y) 1.046 ± 0.004 1.088 ±0.004

Cu63(n, y) 1.029 ± 0.005 1 . 054 ± 0.004

U238(n,f) 0.938 ± 0.003 -
Ini 1 5(n, n1 ) 0.951 ± 0.003 0.950 ± 0.005

The fine structure variations are largest for Mn55. This reaction 

is more sensitive to low energy neutrons than any of the other reactions 
[2 ]. It is the strong absorption of low energy neutrons in the fuel which 

causes the large variations in this case.

The U238(n,y) reaction is also depressed considerably in the fuel 

and here the resonance shielding effect contributes to the result, par­

ticularly at the core -reflector boundary. The relative magnitude of the 

resonance contribution has not been studied quantitatively, however.

The Cu63(n,y) cross section does not increase so rapidly with 

decreasing energy as those of the preceding reactions, and the varia­

tions in reaction rate are, in consequence, less pronounced.

The threshold reactions, Ini 1 5(n, n’ y) and U2 38(n, f), which are 

peaked in the fuel region, give about equal variations although the peak­

ing seems to be slightly less pronounced in the case of In.

In the measurements of the capture reactions in Mn, Cu and U238 

the amplitude of the fine structure is larger at the core boundary than 

at the core centre. This is due to the strong flux depression of low en­

ergy neutrons which are relatively more abundant at the core boundary. 

For the Ini 15 threshold reaction, on the other hand, the amplitude ap­

pears to be largely equal in the two positions, indicating that the neu­

tron spectrum above 1.5 MeV has the same shape at the core centre 

and at the core boundary.

No theoretical calculations of the measured fine structure effects 

have yet been made.



- 12

5. CONVERSION RATIO MEASUREMENTS 

5. 1 Introduction

The measured quantity was the "modified relative conversion ra­

tio" defined as:

RCR

TU238 capture ~1 
LU235 fission J
TU238 capture*] 
LU235 fission J

(FRO spectrum)

(thermal spectrum)

(1)

From this quantity the true conversion ratio in the fast spectrum,
i.e.F H-ilf c^ptur<s.---- j can be found using tabulated thermal cross sec

LU235 absorption J b
tions and a calculated value of the capture -to -fis sion ratio of U235.

The capture rate in U238 was detected by counting the Np239 Y - 

activity of irradiated foils using the y-X-ray coincidence technique and 

the fission rate in U235 was obtained from the counting rate in a small 

fission chamber. The experimental method has been described previ­

ously [6] and will not be dealt with here, apart from the discussion of 

a few details peculiar to measurements in a heterogeneous core.

5.2 Experimental details

Fig. 14 illustrates how the small U235 fission chamber (diam.

0.6 cm, total length 8 cm, Al-walled) and 0.05 mm thick natural ura­

nium foils were positioned in a fuel element, which was subsequently 

irradiated at the central position in the FRO reactor. The counting 

rate in the fission chamber and the activity in the foils irradiated close 

to its fissile layer were recorded and used to obtain a quantity propor­

tional to the numerator in Eq. (1). The foils distributed along the fuel 

element were used to obtain an axial scan of the capture rate in U238.

A corresponding U235 fission chamber scan was made in a separate 

measurement with a thin channel inserted into the fuel element.

The heterogeneity of composition in the core region introduces 

an uncertainty in the results when these are compared with calculations 

using a homogeneous model. This is in particular true with regard to 

resonance capture in the thin natural uranium foils. As can be seen 

in Fig. 14, the foils associated with the fission chamber were both 

placed close to a fuel plate and should therefore be more shielded than



a foil placed in a homogeneous fuel graphite mixture. The foils used 

for the axial scan, on the other hand, were positioned between a fuel 

and a graphite plate. Whether this corresponds to the homogeneous 

case is doubtful. From fine structure measurements described in the 

preceding chapter, however, one may infer that the uncertainty due to 

the heterogeneity is less than ±1.5%, taking the mean reaction rates 

in the graphite and fuel plates as extreme values.

5. 3 Results and comparison with theory

The axial distributions of the U238 capture and U235 fission rates 

are shown in Figs. 15 and 1 6. The points are normalized to 1 at the 

core centre and so are the theoretical curves included for comparison. 

The U238 capture/U235 fission ratio is plotted in Fig. 17 together with 

a theoretical curve. The scale is chosen to give numbers equal to the 

conversion ratio in the core (assuming a constant value of a for U235 
of 0.17). '

Many other detectors have been used for measurements similar 

to these, and the results obtained have been described in detail in [2]. 

The reaction rate distributions included here, however, give much the 

same kind of information as do other detectors.

The theoretical curves were obtained from two-dimensional 6 

group calculations (TDC) using cross section set 2B developed by 

Haggblom [2, 5 ]. The fluxes obtained were multiplied by 6 group U238 

(n,y) and U235 (n, f) cross sections listed in Tables 6 and 7 to give the 

appropriate reaction rates. The group cross sections were obtained 

from a condensation routine in the NESPCO programme [7 ], in which 

fine structure spectra for the core and reflector regions were first 

calculated. Thus separate cross section sets are used for the core and 

copper reflector. This accounts for the discontinuity in the calculated

reaction rates at the core -reflector boundary (Figs. 15, 16 and 17).
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Table 6. U238 6 group capture cross sections for Assembly 3

Group
No.

Lower
energy
limit,
MeV

U238(n, y) cross section, b

Core, o = 1 0b
X

Refl. , a = 00
X

1 1 . 35 0.041 0.046

2 0.5 0. 1 36 0.136

3 0. 1 8 0.145 0.144

4 0.067 0.250 0.247

5 0.0091 0.434 0.458

6 0.00012 0.750 2.059

Table 7. U235 6 group fission cross sections for Assembly 3

Group U235(n,f) cross section, b
1NO .

Core, set 2 Core, set 2B Refl. , set 2B

1 1 . 33 1 . 26 1 . 26

2 1 .21 1.18 1.18

3 1 . 36 1 . 30 1.29 ,
4 1.69 1 . 58 1 . 57

5 2.35 2.27 2.26

6 5.06 4.26 6. 1 7

U235 fission cross sections in 6 groups were computed using pri­

mary data according to sets 2 and 2B respectively. While these give 

significantly different fission rates on an absolute scale, the axial fis­

sion distribution, when normalized to 1 at the core centre, is nearly 

the same in the two cases. Therefore, only the most recent set, based 

on set 2B, was used in Figs. 12 and 13. The differences between the 

sets will be discussed below.

In the case of the U238 capture cross section resonance self 

shielding effects are important. The ERIC -2 [9] programme was used 

by Haggblom to obtain shielded cross sections, and microscopic data
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were available for a number of values of a quantity sometimes re 

ferred to as the "scattering cross section per absorbing atom". It is 

defined here as •

ox

N. a.

ax
1

in the core

in the copper reflector

where N. o. is the total macroscopic cross section of material i in the 
i i --------- '

U238 resonance region, N^g is the U238 atomic density and is the mean 

chord length in the natural uranium detector foil (i.e. twice its thick­

ness).

The first of these expressions refers to a homogeneous mixture; 

using it for the core region implies that the core is regarded as a ho­

mogeneous mixture of the various materials. A value of = 1 4b was 

obtained. Since resonance effects are slight in the core, the value of 

CT^ = 10b, for which data were available, could be used with little loss 

of accuracy.

In the copper reflector the only resonance shielding in the foil is

that due to the finite thickness of the foil; in this case the equivalence

theorem gives the second expression above for For a metal foil

0.05 mm thick one obtains a = 2100b. Here the "nearest" value avail-x ----------
able was = ”, i.e. no self shielding. Using this value, the cross sec­

tion in the lowest group will be somewhat overestimated.

A comparison of the experimental and theoretical results in Figs. 

15, 16 and 17 bear out the following points: '

The reaction rates in the reflector is calculated too low. The ef­

fect is more pronounced for the U238 capture reaction, which is 

more sensitive than U235 fission to low energy neutrons. Simi­
lar effects have been found for a large number of detectors [2], 

and the discrepancies are therefore to be associated with the cal­

culated spectrum rather than with cross section uncertainties. The 

unpredicted neutrons have low energies (< 10 keV) and the calcu­

lated spectrum in the reflector is too hard.
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- The U238 capture/U235 fission ratio is steadily increasing when 

going outwards in the reflector, which implies that a continous 

spectrum softening is taking place. This effect is underrated in 

the calculation. Separate measurements with shielded manganese 

foils used as back scatter detectors showed that the contribution to 

the spectrum softening due to room-reflected neutrons is insig­

nificant.

- While discrepancies between experiment and theory still exist, 

the reaction rate distributions in the copper reflector are now in 

substantially better agreement with theory than previously [31.

The improvement is, above all, due to better data for copper in 

Haggblom's cross section set 2B.

Furthermore, at the core centre the experimental conversion ra­

tio is 0.406 ± 0.010 (estimated max. error). The values using the U235 

fission cross sections from sets 2 and 2B (Table 7) are:

Set 2: 0.411

Set 2B: 0.439.

(14 group calculations changed the set 2B value to 0.438.) These 

figures differ from the experimental one by 1.2% and 8. 1 % respectively. 

While the set 2 cross sections are based on BNL-325 (1958 and I960) 

data, set 2B includes new Aldermaston data [8]. On the present evidence 

as well as that provided by other experimental reaction ratios measured 

at FRO [2], the Aldermaston cross sections are too low. But unfortu­

nately there are so many sources of uncertainty in the calculations that 

no definite conclusion with regard to any particular cross section can 

be drawn.
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