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Abstract

FRO is a fast zero power reactor built for experiments in

reactor physics. It is a split table machine containing vertical fuel

elements. 120 kg of U235 are available as fuel, which is fabricated

into metallic plates of 20 % enrichment. The control system com-

prises 5 spring-loaded safety elements and 3 + 1 elements for start-

up operations and power control.

The reactor went critical in February 1964. The first assemblies

studied were made up of undiluted fuel into a cylindrical and a spherical

core, respectively, surrounded by a reflector made of copper. The pre-

sent report describes some experiments made on these systems. Pri-

marily, critical mass determinations, flux distribution measurements

and studies of the conversion ratio are dealt with.

The measured quantities bave been compared with theoretical

predictions using various transport theory programmes ^DSN, TDC)

and cross section sets. The experimental results show that the neutron

spectrum in the copper reflector is softer than predicted, but apart

from this discrepancy agreement with theory has generally been obtained.

Printed and distributed in August 1 965.
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T. Introduction

The present report contains an account of some experimental

studies made on the first FRO assemblies.'In this first part critical

mass determinations, flux distribution measurements and studies of

the modified relative conversion ratio are dealt with. In a second part

of the report results will be given of reactivity measurements of dif-

ferent kinds such as control rod worths, void effects and reactivity

equivalence of different materials. In a separate report by Häggblom

[1 ] the theoretical calculations on the reactor are described and

tables of the different cross section sets are given.

Whenever possible, the experimental results have been com-

pared with calculated values. In many cases good agreement has been

found. This is particularly true of conditions in the core itself. In the

reflector large discrepancies exist in some cases, warranting further

theoretical and experimental work. Some additional experiments are

planned for the near future, but the results of these will be accounted

for in later reviews of the FRO work.

The FRO machine is of the split table type containing vertical

fuel and reflector elements (Fig. l). The fuel element consists of a

steel frame in two sections (Fig. 2) which are screwed together at the

ends. The frame contains the parallel-epipedic fuel plates of uranium

metal (20 % U235) and copper reflector plates. The fuel plates are 0. 71

or 0. 355 cm thick and most plates have a square section of 4. 30 x 4. 30

cm.The surface of the fuel is coated with a thin layer of teflon. With the

dimensions used the core contains a minimum of 5.6 % of void and 6.5 %

of stainless steel.

The reactor is furnished with three different types of regulating

rods - five safety rods, three start rods and one fine control rod, all

of them containing the pattern of core and reflector material appropriate

to their position in the reactor. The safety rods are always in their "in"

position during operation. The start rods are used for the approach to

criticality when the two reactor halves have been brought together. Un-

der normal operating conditions these rods are also in their "in" position.

The positions of the rods in the first assembly are illustrated in Fig. 3.

The first cores studied consisted of undiluted fuel. The core was

initially arranged into a circular cylinder with a height-to-diameter
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ratio near 1 . It was surrounded on all sides by a thick copper reflector.

The core and reflector compositions and sizes are detailed in Table 2,

section 3.3.

2_. First approach to criticality

All positions in the core region not occupied by control rods were

initially loaded with dummy elements filled with copper. These were

subsequently replaced by elements containing fuel starting from the

centre and proceeding outwards. In this way the core radius was grad-

dually increased and criticality finally attained.

The stepwise loading of fuel was done with the reactor halves

fully separated and the safety rods inserted in the system. After each

loading step the reactor halves were driven together, the start rods

raised into the core and count rates were measured on the pulse channels

(BF, proportional counters). The location of the three detectors relative

to reactor core and source position is shown in Fig. 4. Diagrams of

inverse count rate versus fuel loading were plotted for all three channels

and from these curves successive values of critical loading were esti-

mated by extrapolation. Fig. 5 shows how the inverse count rate varied

with fuel loading. The reactor went critical after the fourteenth loading

step, the critical mass being 364.7 kg (cf. Table 1, section 3.2).

3. Measurements of critical mass

3.1 Introduction

Most of the experimental work was carried out with the fully re-

flected cylinder core. During the work it appeared that, altough the

measured critical mass agreed well with theory, there were consider-

able discrepancies between experimental and theoretical flux distri-

butions in the reflector (cf. sections 4 and 5). It was therefore con-

sidered worth while to make an experimental study of the dependence

of the critical mass on reflector thickness to determine whether the

agreement with theory was only fortuitous. With the limited fuel in-

ventory of 600 kg it was not possible to reduce the reflector uniformly

to zero thickness. The axial reflector thickness was therefore kept

constant and the radial one was reduced gradually to a minimum of
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6 cm, the corresponding uranium loading being 580 kg.

The fully reflected sphere (Assembly 2) was studied mainly

on account of being more amenable to calculations than the cylindrical

core.

The measurements of critical mass carried out on these sys-

tems will now be described and the results will be compared with theo-

retical predictions.

3.2 Corrections to loaded mass

After attaining criticality with a new core the loading was adjusted

so as to make the system slightly supercritical with all control rods

inserted. The excess reactivity was determined by a measurement of

doubling time and the equivalent reduction in fuel mass was obtained

by measuring the fuel-to-copper reactivity at the core-reflector bound-

ary. Corrections were also made for the reactivity loss caused by the

source access channel and the effect of the step irregularity at the core

edge. In order to estimate the latter correction the fuel-to-copper re-

activity measurements were extended to a number of radial positions

in the vicinity of the core boundary. These data were used in a computer

calculation with a programme which gives the irregular core to smooth

core mass ratio [23- In the measurements with reduced reflector thick-

ness a similar edge correction was made for the outer reflector bound-

ary to obtain effective reflector thicknesses.

Table 1, which refers to the first cylinder core, shows that the

corrections are quite small.

Table 1 •; Corrections to loaded mass (Assembly l)

Loaded mass, kg of uranium

Edge correction

Fine control rod excess
reactivity

Source access channel
reactivity

Critical mass, kg of uranium

x 0

34 .

10.

.9987

7 pcm:

6 pcm;

365.

365.

- 0.

- 0.

364.

9
4

56

17

7
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An investigation was also made of the possible error in the

loaded mass itself, due to the small uncertainties in total fuel weight,

teflon coating thickness and uranium enrichment. Of these factors only

the last one proved to be significant. Measurements of the enrichment

were carried out at two laboratories using mass spectroscopy technique;

the average values obtained were 19.99 % and 20, 10 % U235 by weight

respectively. The variation in individual values obtained at each labo-

ratory indicates an uncertainty of about ± 0.05 % U235 in both cases.

An enrichment of 20.05 ± 0.05 % is therefore consistent with the meas-

ured values. The corresponding uncertainty in critical mass is of the

order of 0.5 %, which is the limit of accuracy of the experimental crit-

ical mass determination.

3. 3 Results and comparison with theory

The compositions of the core and reflector of the systems studied

are given in Table 2 together with geometrical data for the fully reflected

cylinder and sphere.

The measured and calculated critical mass values, expressed in

kg U235, are listed in Tables 3 and 4. Before comparing the figures

obtained, the calculational procedures will be considered briefly. For

a more comprehensive account of the theoretical studies reference is

made to the report by Häggblom [1 ] .

Three computer programmes were available for the calculations:

A. The MUCC multigroup diffusion code [3] which approximates

a two-dimensional solution by separation of variables. It is

coded for the Ferranti Mercury Computer.

B. The one-dimensional DSN code [5] which solves the multigroup

transport equation in spherical geometry using the Carlson

S^-method.

C. The two-dimensional TDC code [5] which also employs the

Carlson S,--method and is applicable to cylindrical geometry.

In the version available at present this code cannot handle

more than 6 energy groups.



- 5 -

Table 2: Data for FRO Assemblies 1 and 2

Core composition

Material Volume per cent

Uranium

U235XX

U238

Steel

F e

Ni

C r

Teflon (CF2)

Void

Reflector composition

87.7

17.5,(9)

70.1(3)

6.5

4.8(1)

0.5(2)

1.1(7)

0 . 2

5.6

Copper 88.5

Steel 6.5

Void 5.0

Based on a density value of 1 8. 87 g/cm"

x x Enrichment = (20. 05 ± 0. 05) %

C ri t . mas 8 kg U

. kg U235

Core height, cm

Equivalent core radius, cm

Minimum reflector thickness, c m

Cylinder
(Assembly 1)

364.7

72.9

30.1

15.3

34

Sphere
(Assembly 2)

350.3

70.1

-

17.2

35
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The two latter codes, written for the IBM 7090 computer, were

used as standard methods in spherical and cylindrical geometry, r e -

spectively, but some calculations with the MUCC diffusion code were

also made for comparison (cf. below). The value of N used in the DSN

and TDC codes was 4.

Initially all calculations were based on an 1 1 -group cross sec-

tion set compiled by Häggblom, which includes neutrons down to 1 keV

(Set l) . The energy range was later extended to 120 eV, and new group

cross sections for the whole energy range were obtained by weighting

microscopic data with a fine-structure flux [1 ] . The number of groups

chosen was 1 4 and 6. The cross sections of U238 and Cu were also r e -

duced slightly as a result of new information. The ensuing group cross

section sets will be denoted Set 2. The effect of these changes was a

slight decrease in the calculated critical mass (Table 3, items 5 and 6),

The group energy limits for the different sets are given in Table 5.

Table 3;

Fully reflected sphere (Assembly 2)

[tern

1

2

3

4

Code

DSN

DSN

DSN

Cross section set

Set 1 , 11 groups

Set 2, 14 groups

Set 2, 6 groups

Experiment

Crit. mass
kg U235

71 .3

67.0

66.3

70. 1

Deviation
from exp. %

+ 1.7

- 4.4

- 5.3

Fully reflected cylinder (Assembly 1)

5

6

TDC

TDC

Set 1 , 6 groups

Set 2, 6 groups

Experiment

73.6

71.0

72.9

+ 1.0

- 2.7
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"When using the TDC code 6-group cross section sets were

used. The 6-group condensation of Set 1 proved to be somewhat in-

consistent, giving about 4 % lower critical mass than the original

1 1 -group set. This inconsistency is probably due to the fact that no

fine-structure flux was available for weighting when the condensation

was made. One should bear this in mind when comparing results ob-

tained with the 6-group version of Set 1 with experimental values. The

6-group Set 2, on the other hand, gives only 1 % lower critical mass

than the 14-group Set 2, as can be seen by comparing items 2 and 3 in

Table 3.

In view of the considerable uncertainties in the cross sections

the agreement between the calculated and measured values of critical

mass for the fully reflected sphere and cylinder is satisfactory. One may

also compare the values of the shape factor, i .e. M(sphere)/M(cyl.).

The figure obtained from the measurements is 0. 961 and from the cal-

culations, items 3 and 6, 0. 934. Since the latter figure should be in-

sensitive to errors in the cross sections, the discrepancy indicates some

inconsistency between the DSN and the TDC calculations in this case.

Table 4: Comparison of measured and calculated critical
masses, kg U235

Reflector
thickness

cm

34.3

18.3

15.1

12.4

10.6

7 . 3

6 . 0

Experiment

72.9

78.4

82.2

86.8

90.8

102.0

107.8

TDC -.x)calculation '

73.6

78.4

81.5

85.2

88.4

99
106

Deviation
from exp.

%

+ 1.0

0

- 0 .9
- 1.0

- 2 .7
_ j

- 2

X by interpolation in Fig. 6



The values of critical mass obtained as a function of the side

reflector thickness of the cylindrical core are contained in Table 4 and

Fig. 6. The agreement between the experimental values and the TDC cal-

culations is good. Since the 6-group Set I cross sections were used

for the calculations the agreement in absolute values may be to some

extent fortuitous, but the calculations show that the dependence of

critical mass on reflector thickness is well represented by the TDC

code.

The results as shown in Fig« 6 also demonstrate that the diffu-

sion code MUCC is inadequate for an accurate calculation of the critical

mass of a small, fast reactor like FRO.

In a separate experiment on the 34-cm side-reflector a change

in critical mass with reflector thickness of about 0, 02 kg U235 per cm

of reflector was determined. Consequently the 34. 3-cm reflector is

nearly "infinite" in thickness and the notation "fully reflected" is ap-

propriate to this system. This is also in accordance with theoretical

results.

In the case of the thinnest reflectors back-scattering of epi-

thermal neutrons from the surrounding steel structure and walls might

have caused a slight decrease in critical mass, but the extent of this

effect is unknown. The quoted accuracy of about 0. 5 % in the measured

critical mass values therefore only applies to the fully reflected systems.
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Table 5: Group energy limits for the different group cross section
sets used

Set 1,

Group
no.

}

2

3

4

5

6

6 groups

Energy range
MeV

1.

0,

0.

0.

0.

0,

35

5

18

067

0091

001

-1C

- 1 .

- 0 .

- 0 .

- 0 .

-o .

). 0

35

5

18

067

0091

Set 2, 6 groups

Energy range
MeV

1.

0

0.

0.

0.

0.

35

5

18

067

0091

0001

-1

-1

-0

-0

-0

2 -0

0 . 0

. 3 5

. 5

. 1 8

.067

.0091

Set 1,

Group
no.

1

2

3

4

5

6

7

8

9
10

1 1

12

13

14

1 1 groups

Energy range
MeV

2.25

1.35

0.825

0 . 5

0 . 3

0. 18

0. 1 1

0.067

0.025

0.0091

0.001

-10.0

-2.25

-1 .35

-0.825

-0.5

-0.3

-0.18

-0. 1 1

-0.067

-0.025

-0.0091

Set 2, 1 4 groups

Energy range
MeV

2.25

1.35

0.825

0 . 5

0 . 3

0. 18

0. 11

0.067

0.025

0.0091

0.0055

0.0021

0.0005

0.00012

-10.0

-2.25

-1.35

-0.825

-0.5

-0.3

-0. 18

-0.}]

-0.067

-0.025

-0.0091

-0.0055

-0.0021

-0.0005

4 .

4 .1

Reaction rate measurements

Introduction

In order to check the calculated multigroup spectra and group

cross sections for the FRO assemblies 1 and 2, the reaction rates of

a number of elements were studied at different radial and axial positions

in the reactor. The fission rate measurements were made on an absolute

scale using specially calibrated chambers. The following fissionable

materials were used: U235, U238, Np237 and Pu239.

The foil activation measurements were mostly only relative in

nature* The following reactions were studied: Inl 15(n,n'), P3l(n,p),

Mn55(n,-y), Cu63(n,y) and Aul97(n,y).
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4. 2 Fission chamber measurements

4. 2_.J Calibration.

The uranium and plutonium fission chambers were calibrated

absolutely in a thermal flux, using the known percentages of U235 and

Pu239, respectively, and a value of the thermal flux determined by

P -Y coincidence measurements of activated gold foils.

The neptunium chamber was calibrated in relation to a U238

chamber using monoenergetic neutrons (4 MeV) from a Van de Graaff

machine.

A more detailed description of the calibration will be published

elsewhere [63.

Measurements were made in narrow vertical channels through

the core and the reflector. In this report results are given from meas-

urements in the fully reflected cylindrical and spherical systems.

The channel through the fuel had a square cross section

7.1 x 7. 1 mm . An aluminium tube, diam. 7.1, thickness 0. 35 mm,

was placed in the channel and a corresponding hole was drilled through

the Cu reflector above the core (Fig. 7).

For the cylindrical assembly scans were made both in the axial

(z) and radial (r) directions. The radial measurements were made by

placing the vertical channels at different radial positions.. The detector

was always oriented vertically in the channel. Due to the geometry of

the fission chamber (diam. and length of the sensitive electrode 3 mm

and about 20 mm respectively (cf. Fig. 8)), the best resolution was ob-

tained in the radial direction. Only the data from the radial distribution

studies are included in this report.

For the spherical assembly measurements were made only in a

vertical channel through the core centre.

The fissionable coatings in the chambers are electrodeposited,

the thicknesses varying between 100 and 1000 jo,g/cm . Since the chamber

walls are made of aluminium only 0, 5 mm thick and we use teflon cable,

the spectrum degradation due to the chamber and the cable was assumed

to be negligible in comparison with the errors from the calibration [7 J.
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4. 3 Foil activations

Data for the different reactions used are given in Table 6.

Table 6:

Reaction

Inl 1 5(n, n')

P3l(n,p)

Mn55(n, y)

Cu63(n, Y)

Au197(n,Y)

Threshold

1.5 MeV

2.5 MeV

Measured activity

Y 0.335 MeV

P
P
P

Half life

4.5 h

2,6 h

2.6 h

12,8 h

2.7 d

For both the cylindrical and spherical assemblies the foils

were loaded in a central fuel element. Hence the measurements in the

cylindrical assembly were made in the axial direction.

The foils were generally irradiated for some hours at a power

level of about 5 Watts, corresponding to a central flux of about

6x10° n/cm^j s. To avoid fission product contamination the foils

were wrapped in thin aluminium foils during the irradiations.

4.4 Re suits

The experimental results are presented together with theoretical

curves in Figs. 9 - 20.

In Figs. 9, 10, 16 and 17 the fission rates from the fission

chamber measurements are shown. The theoretical curves and the ex-

perimental measurements are normalized to 1 at the core centre. Since

the fission rates were measured absolutely, the spectrum sensitive
,. . .. /U238 , / Np237v , , Pu239^ . , . , . . ,
iission ratios \ rj-pod it» \ TT'̂ C" )f and { jypr^-)- could be obtained.
They are shown in Figs. 18 - 20.

The results from the foil activations are given in Figs. 11 - 15.

As for the fission rates the curves have been normalized to 1 at the

core centre.

4.5 Theoretical reaction rates

The theoretical reaction rates shown by the curves in the diagrams

were calculated from the 6-group TDC and 14-group DSN spectra, discussed
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in section 3.3 and [1 ] . For the 6-group calculations the group division

given in column 1 of Table 5 was used. The group cross sections for

the reactions U235(n,f), U238(n,f) and Pu239(n,f) were calculated by

Häggblom [1],[8], The Np237(n,f) cross section set was taken from

[9]. For the other reactions the cross section sets were constructed

from primary microscopic cross section data using the NESPECO pro-

gram [4]. The primary data were in these cases mainly taken from the

references given in Table 7.

Table 7:

4 . 6

Reaction

Inl 15(n,n')

P3l(n,p)

Mn55(n, y)

Cu63(n, y)

Aul97(n,v)

Reference

[10]

[10],

[13],

[8], [

[16],

[11]

[14]

10],

[17]

, [12]

[15]

, [18]

Discussion

The threshold reactions used are given in Table 8.

Table 8:

Reaction

U238(n,f)

Np237(n,f)

Inll5(n, n')

P3l(n,p)

Threshold Energy MeV (approx.)

1 .4

0.7

1.5

2.5

For these reactions good agreement is obtained between experi-

ment and theory over the entire core and reflector, as seen in Figs. 9,

10 and 12. This indicates that the spatial distribution of the high energy

neutron flux is well predicted by theory.

For the non-threshold reactions the agreement with theory is less
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good, as shown in Figs. 13 - 17. The calculated reaction rates are too

low, especially in the reflector. The discrepancy is larger the more

sensitive the reaction is to low energy neutrons. For the Mn55(njy)

reaction (Fig, 15), where the disagreement is largest, the main con-

tribution to the reaction rate far out in the reflector comes from the

resonance at 330 eV. The calculations apparently predict far too few low

energy neutrons.

The spatial variation of the Cu63(njy) reaction rate differs con-

siderably from that of the MnSSfn,̂ ) and Aul97(n,"Y) rates. The peaks

shown by the latter two are completely missing for the former. This is,

at least partly, due to resonance self-shielding in the copper reflector.

To demonstrate the shielding effect experimentally, the following measure-

ment was made in Assembly 2. Copper and gold foils were loaded at dif-

ferent positions in the top reflector. Corresponding foils were placed in

symmetrical positions in the bottom reflector. A piece of natural uranium

about 7 mm thick was loaded above and below each of these latter foils.

The effect of the uranium is twofold. Firstly, there will be a

slight overall decrease in the neutron flux due to the increased absorp-

tion. Secondly, the dips in the reflector spectrum due to the copper re-

sonances will be smoothed out by scattering events in the uranium. This

effect should be well pronounced at the foil positions between the uranium

plates. It should therefore be expected that, for these foils, the gold

activity should be somewhat lower and the copper acitivty higher than at

the corresponding positions in the top reflector. As illustrated in Figs,

13 and 14, this result is also borne out by the experiment. In Fig. 13

the directly measured copper data are given together with the reaction

rates normalized to the same gold activity.

The self-shielding effect in copper has been demonstrated pre-

viously by Leipunski et al. [19]. I*1 those experiments nickel was placed

around the copper foils. The use of uranium for these preliminary self-

shielding studies was motivated by the additional experiments discussed.

in the next section,
„,, . , . , . , . . ... i -. . *. U238
Ihe experimental and theoretical fission ratiospu23

and y^ •"^ - agree within the limits of experimental error in the central

parts of the system. In the ottter parts of the core and in the reflector,

however, all three ratios are calculated too high, giving additional



evidence of a too hard theoretical spectrum (Figs. 18 -20), This is

particularly true for the 6-group calculations but the difference remains

when 14 groups are used. It must be noticed that there is a rather large

uncertainty also in the theoretical fj%"£c curve due to the lack of accurate

fission cross section data for neptunium.

If the rough assumption is made that the only error in the cal-

culated spectrum is that the group fluxes §11, §1?» $io and §1A are

too low by a common factor, then it can be estimated how much larger

these group fluxes must be to give agreement between the theoretical

and experimental curves in, for instance, Fig. 16. It is found that in

the reflector i , , , » . . , §,^ must be multiplied by factors between 4

(just outside the core) and 30 (in the outer parts of the reflector), indi-

cating a strongly increased softening of the spectrum with increasing

distance from the core. This can also be seen from the Mn55(n,y)-curves

in Fig. 15, where the theoretical curve (14-group calculation) has the

peak at a radius of about 200 mm but the experimental curve has the

corresponding peak at about 300 mrn. Room -reflected neutrons might

be of some significance in the outer part of the reflector but, as dis-

cussed in the next section, they are assumed to be of minor importance

at the positions just mentioned.

The cross section data for the reflector (copper) are rather

uncertain, especially for energies below 10 keV. To investigate the

sensitivity of the calculated group fluxes to the low energy cross sec-

tions, calculations were made with somewhat changed input data for

this energy region. In our series of calculations the capture cross

section in group 1 4 was reduced from 0.015 cm~ to 0.002 cm . This

gave an increase in §, . by a factor of 2 but a slight decrease in the

preceding groups.

In another calculation the down-scattering cross sections S-^g,

XL Q, . . . , S, , . were all increased by a certain amount, 0.002 cm ,

corresponding to about 40 % increase in the total inelastic scattering

cross section. This change caused an increase by a factor of about

1 . 5 i n $ - I I J • • • > ^ i A *

The changes obtained for the low energy fluxes do not sub-

stantially improve the agreement between the experimental and cal-

oculated reaction rates under discussion. Further variations in the cross
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sections must be made in the future, supplemented by additional ex

perimental studies of background effects etc.

5 ; C o n v e r s i o n ratio measurements

5. 1 Introduction

The measured quantity was the "modified relative conversion

ratio" defined as

RCRX =

'] t*a,mal spectrum)

From this quantity the true conversion ratio in the fast spectrum,

i .e . I TT'OOC—r^ —. , can be found using tabulated thermal cross

L U235 absorption J ' &

sections and a calculated value of the capture-to-fission ratio of U235.

A more detailed account of the measurements summarized here

is given in [20].

5.2 Irradiations

Irradiations were made in the FRO core and reflector and in the

thermal column of the Rl research reactor. In both experiments natural

uranium foils, 0.05 or 0, 13 mm thick, were placed close to a small

fission chamber containing U235 and irradiated for several hours at a

constant power level. The fission chamber was of the same type as •

shown in Fig. 8. In the thermal irradiation, which was carried out less

than 24 hours before or after the FRO irradiation, a slight flux depression

occurs in the natural'uranium foils,but apart from this effect it was as -

sumed that the foils and the chamber were exposed to the same neutron

flux and that no spectrum perturbation was caused by the small amounts

of material introduced,

5. 3 Determination of U238 capture rate

The capture rate in U2'38 was detected by counting the Np239

Y-activity of the irradiated foils, using the y-X. coincidence technique.
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Since many accounts of this method are available [21, 22? 233 i*

literature, the general principles need no further presentation. A

block diagram of the fast/slow coincidence unit used at the FRO re-

actor is shown in Fig. 21 .

The apparatus includes a channel for detection of fission product

activity. The output from one of the linear amplifiers is connected to

a discriminator, which is set at a suitable level so as to accept fission

product gammas only. These pulses are accumulated in the FP-sealer

shown in the figure.

An automatic sample changer is attached and the data obtained

are punched on tape. Data reduction is performed by means of the KODAK

program [24].

A highly enriched U235 sample irradiated in a thermal spectrum

was used as a "fission product a-nonitor", by means of which a correction

for the fission product activity in the natural uranium samples could be

made. As regards samples irra.diated m a fast spectrum, however, the

latter activity originates partly from U238 fissions; hence a systematic

error is present due to differences in the decay curve of the U238 and

U235 fission products. For this reason it is desirable that the fission

product correction be AS small as possible even if it can be measured

with high statistical accuracy»

Using the coincidence method the correction was of the order of

1 - 2 % in the case of the fast spectrum irradiation, and 5 to 1 0 times

larger with single-channel counting.

5.4 Measurements of U235 fission rate

The measurements of the U235 fission rate by means of the fission

chamber were limited to determining the FRO-to-RI counting rate ratio

for the central position in FRO. Information regarding the spatial dis-

tribution of the fission rate was avialable from the measurements re-

ported in section 4.

Since fission counts were accumulated during the whole irradia-

tion experiment, the statistical error was very small (less than 0. 1 %).

The largest uncertainty in these measurements arises from dead time

losses at the thermal irradiation and amounts to max. ± 0.2 %.
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The fission rat3 was alternatively measured by counting fission

product "Y-rays from irradiated foils containing U235. In the latter

method, however» a systematic error appeared when comparing the

activity in samples irradiated in the fast (FRO) and the thermal spec-

trum. This error can be explained as due to the variation in the yield

figures for the fission products with the energy of the neutron causing

the fission,

5.5 Results and comparison with theory

• —• L
The numerical value of RCRX obtained at the centre of the core

is given in Table 9 together with theoretical results. For reasons given

above the runs using fission foils were excluded. The margin of error

shown includes counting statistics and other random effects as well as

uncertainties due to dead time in the fission counting channel and flux

depression in the foils irradiated in the thermal column.

In order to compare the measured value with a theoretical esti-

mate, the capture-to-fission ratios were calculated using for "the thermal

spectrum (T = 20 °C).

af(25) = 578 b [25]

g£(25) =0,976 [26]

a (28) = 2.71 b [10]

The effective cross sections in the FRO core were calculated

using the DSN code and various cross section sets. The theoretical

values are about 4 % higher than the experimental figure. This differ-

ence can probably be attributed to cross section uncertainties, partic-

ularly in the U238 capture cross section.

Table 9:

Type of calculation

DSN 1 4 groups

DSN 1 6 groups

DSN 16 groups

Cross sections set

Häggblom [1]

Y.O.M, [27]

Hansen k Roach [28]
Experiment

Result, RCR3* core centre

22.6

22.4

22.8
21.65 ±0.17
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The axial a"id radial distributions of the U238 capture rate in

assembly 1 are shown in Figs. 22 and 23 and the corresponding distri-

bution in spherical geometry (assembly 2) in Fig, 24. The points are

normalized at the centre and the accuracy of each point is between 0. 5

and 1 %. The presence of a peak in the capture rate in the reflector near

the core boundary is particularly noteworthy. This behaviour has so far

not been reproduced properly in the theoretical curves which are also

shown in the figures. The 6-group calculation (column 1, Table 5) of

Fig. 22 was made with the TDC code. While the theoretical curve is

in good agreement with the experiment in the major portion of the core,

there is a large discrepancy in the reflector. The result obtained in

the spherical case (Fig. 24) by means of the DSN code is similar. Here

the Hansen-Roach cross section set was used, which covers neutron

energies down to thermal.

The adjustment of the copper cross sections discussed in sec-

tion 4 only had a marginal effect on the calculated curve. Nor was it

possible to bring the curves together by any reasonable change in the

U238 capture cross section.

Resonance shielding effects make the effective U238 cross sec-

tion different in the core and the reflector. In order to study these effects,

uranium foils were included in the copper and gold foil packages which

were irradiated with anc without uranium around them (cf. section 4.6),

By normalization to the gold activity the overall flux depression due

to the uranium plates - as distinct from the resonance flux depression -

could be corrected for. The capture rate in the shielded foils (Fig. 24)

is strongly reduced relative to the unshielded ones; consequently a

large portion of the capture takes place in the resonance region below

1 keV.

In the Ha.nsen-Roach cross section set the group cross sections

can be obtained for any degree of resonance self-shielding. The theoret-

ical curves corresponding to the shielded and unshielded arrangements

were nearly identical, however. It may therefore be concluded - as in

section 4 - that the calculated spectrum is too hard.
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It was suggested that the numerous low energy neutrons are due

to back-scattering from the walls of the reactor hall. A simple experi-

ment was made to estimate the extent of back-scattering radiation, using

a He-3 proportional counter as detector. It appeared that the flux is

approximately isotropic at a distance of 30 cm from the outer edge of

the side-reflector and the inward current on the reflector amounts to

about 1 0 % of the flux at a point in the reflector 1 6 cm from the core

boundary. It is therefore likely that a correction for back-scattered

neutrons would lower the experimental curves appreciably in the outer

part of the reflector but the correction would be small compared with

the difference between the experimental and theoretical curves.

The spatial distribution of the U238 capture/U235 fission ratio

was obtained using the results discussed above in combination with

fission chamber scans by Andersson (section 4). The result, in terms

of a local conversion ratio, is shown in Fig. 25 for the spherical core

together with a calculated curve (DSN, 14 groups). The experimental

result shows that there are only small changes in the spectrum out to

a distance from the core centre of about 1 1 cm. In the reflector, on the

other hand, there is a continuing spectrum-softening which is not shown

in the theoretical curve.

Acknowledgements

We should like to thank Dr. H. Häggblom for many stimulating

discussions. We also wish to express our gratitude to Å. Klingfeldt,

J - C. Lupander, H. öhman and the members of the FRO operations

team for valuable technical assistance.



- 20 -

References

1 . HÄGGBLOM, H,
Theoretical work for the fast zero-power reactor FRO.
1965 (AE-194).

2. AHLIN, Å and TIRENS L I,
AB Atomenergi, Sweden,Internal reports (RFX-331 and FFX-16).

3. LINDE, S,
The multigroup neutron diffusion equations/] space dimension.
1960 (AE-35).

4. HÄGGBLOM, H and NYMAN, K,
AB Atomenergi, Sweden^ Internal report (RFN-173) (in Swedish).

5» CARL-SON, B et a l . ,
The DSN and TDC neu t ron t r a n s p o r t codes»
1959 (LAMS-2346).

6. ANDERSSON, T L,
To be publ ished as A E - r e p o r t .

7. DAVEY, W G and CURRAN, R N,
An experimental investigation of some sources of er ror in the
measurement of absolute fission ratios in fast reactors .
19 61 (ANL-6468).

8. HÄGGBLOM, H,
Private communication, 1 964,

9. MICHAEL, P }

Theoretical analysis of the exponential experiment in natural
uranium,
Nucl, Sci. Eng, JJ3 (1964) 130-136.

10. HUGHES, D J and SCHWARTZ, R Bs

Neutron cross sections,.
1958 (BNL-325 2 ed.) .

1 1 . CUZZOCREA, P et al. ,
Cross section for P3l(n, p)Si31 reaction up to 5 MeV.
Nuov. Cim Ser. 10, J_6 (l 960) 450-456.

12. GRUNDL, J A et aL ,
P3l(n,p)Si31 and Al27(n, c/)NaZ4 cross sections.
Phys. Rev. 109.(1958) 425-428.

1 3. TROUBETZKOY, E S et al. ,
Fast neutron cross section of manganese, calcium, sixlfur
and sodium. Final report 1 Dec. ! 959 ~ 31 Dec. I960.
1961 (NDA 2133-4).



- 21 -

14. STAVISSKII, Yu Ya and TOLSTIKOV, V A,
Radiative capture cross sections of Mn55, Cu65, Bal 38 and
Th232 for 0.03 - 2 MeV neutrons.
Atomnaya Énergiya j_0 (l 961) 508-511 .

15. STAVISSKII, Yu Ya and SHAPAR, A V,
Fast-neutron capture cross section values of copper and
zirconium.
Atomnaya Énergiya J_5_ (1 963) 323.

16. BARRY, J F,
The radiative capture cross section of Aul97 for neutrons in
the energy range 0.12 - 1,8 MeV.
Journ. of Nucl. Energy parts A/B J_8_ 0 9 6 4 ) 4 9 1 " 4 9 6 -

17. BERGQVIST, I,
Fast neutron radiative capture cross sections in Ag, Ta, W,
Au, Hg and U.
Ark. Fys. 23 (l 963) 425-434.

18. NEILER, J H,
Neutron capture cross sections for energies above a few hundred
electron-volts.
Physics of fast and intermediate reactors. Proc. of the IAEA
seminar held in Vienna 1961, Vol 1, Vienna 1962, p. 105.

19. LEIPUNSKY, A I et a l . ,
Studies in the physics of fast neutron reactors,
2nd United Nations International Conference on the Peaceful
Uses of Atomic Energy, Geneva 1958. Proceedings, Vol 12»
Geneva 1958, p. 3-15.

20. TIRÉN, L I and LUPANDER, J C ,
AB Atomenergi, Sweden,Internal report (FFX-10).

21. SHER, R,
Gamma-gamma Coincidence Method for Measuring Resonance
Escape Probability in U238 Lattices.
Nucl. Sci. & Eng. ]_ (i960) 479-480.

22. WEITZBERG, A et al . ,
Measurements of Neutron Capture in U238 in Lattices of
Uranium Rods in Heavy Water.
1962 (NYO-9659).

23. TUNNICLIFFE, P R e t al. ,
A Method for an Accurate Determination of Relative Initial
Conversion Ratios,
Nucl. Sci. & Eng. U>_(1963) 268-283.

24. AHLIN, Å et al. ,
AB Atomenergi, Sweden, Internal report (FFX-4).



•??

25. WESTCOTT, C H et al.,
Survey of Nuclear Data for Reactor Calculations.
1 964 3rd Internationa,! Conference on the Peaceful Uses of Atomic
Energy, Geneva 1964(A/Conf. 28/F/717).

26. WESTCOTT, C H,
Effective Cross Section Values for Well-Moderated Thermal
Reactor Spectra, (3 ed. , cor r . ) .
19.60 (AECL-1101, CRRP-960).

27. YIFTAHetal.,
Fast Reactor Cross Sections.
Oxf. Pergamon Press (i960),

28. HANSE'N, G E and ROACH, W H,
Six and Sixteen Group Cross Sections for Fast and Intermediate
Critical Assemblies.
1961 (LAMS-2543).



Fig. 1

FRO fast zero energy reactor
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