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Abstract

The reactivity effects of small samples of various materials

have been measured, by the period method at the core centre of As-

semblies 1 and 3 of the fast zero power reactor FRO. For some ma-

terials the reactivity change as a function of sample size has also

been determined experimentally. The core of Assembly 1 consisted

only of uranium enriched to 20 % whereas the core of Assembly 3

was diluted with 30 % graphite.

The results have been compared with calculated values obtained

with a second-order transport-theoretical perturbation model and using

differently shielded cross sections depending upon sample size.Qual-

itative agreement has generally been found, although discrepancies

still exist. The spectrum perturbation caused by the experimental

arrangement has been analyzed and found to be rather important.

Printed and distributed in January 1966.



LIST OF CONTENTS

Introduction

1 . Perturbation theory and methods of analysis 3

1 . 1 General theory 3

1 .2 Second order perturbation models 5

1.3 Cross sections 6

1 .4 Flux calculations 7

2. Experimental 8

2.1 Experimental arrangement 8

2.2 Experimental method . 13

3. Numerical procedures used for calculating reactivity
coefficients 14

4. Experimental results and calculated values 15

5. Discussion of results 21

5.1 U235 and U238 21

5.2 Strong, heavy absorbers 22

5.3 Intermediate absorbers 24

5.4 Weak absorbers 26

5.5 Scatterers 29

5.6 Boron 32

5.7 Strongly moderating materials 32

6. Some complementary measurements 33

6.1 Foil activations 33

6.2 Plutonium 35

7. Final conclusions 36

7. 1 Experimental arrangement 36

7.2 Reactivity coefficients 38

7. 3 Future work 38

Acknowledgements 39

References 40

Appendix 1 42

Appendix 2 43



- 3 -

Introduction

The present report is based upon part of the research program in

experimental reactor physics performed with the fast zero power reac-

tor FRO at Studsvik. A description of the reactor and reviews of the ex-

perimental work have been given in [4] and [93»

The central reactivity measurements performed on the FRO reac-

tor essentially consist in determining the reactivity change versus void

caused by inserting a small sample of a certain material into the core

centre. For some materials the reactivity change as a function of sample

size has also been determined. No measurements of the reactivity change

as a function of position in the reactor have been performed.

Central reactivity measurements constitute a relatively simple and

accurate form of integral experiments. With these measurements it is

possible to check the group cross sections, the calculated spectra, and to

some extent the perturbation methods used in the analysis. The measure-

ments reported here were carried out in two series, the first on an un-

diluted core consisting only of uranium with an enrichment of 20 % (As-

sembly 1), the second on a core diluted with 30 % graphite (Assembly 3).

The compositions and critical dimensions of the systems are given in

Appendix 1 .

1 . Perturbation theory and methods of analysis

_j_.J_ _General_theor_Y

Before examining the different methods of analysis used to obtain

calculated central reactivity coefficients it is important to note that the

perturbation concept will be used for three different phenomena.

Starting from a homogeneous system the experimental arrange-

ment causes the first perturbation and the term reference system used

below in this section denotes a system already perturbed in this way.

The sample inserted into the core centre causes an additional flux

perturbation, and this flux perturbation, $"- $, appears in the expres-

sions below for the change in eigenvalue. It is however, convenient to

separate this perturbation into two parts. The fine-structure perturba-

tion caused by the resonance structure of the cross sections of the sample
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will be taken into account by using appropriately shielded cross sections,

and the theory developed in this section is used for the third perturba-

tion, i .e. for calculating the perturbations of the group fluxes.

As usually, we assume that the neutron flux can be represented by

the ordinary linear Boltzmann transport equation and consider a source-

-free stable reference system and a perturbed system with the multi-
p

plication factor k = k . The perturbed flux is assumed o be transient -

-free with an exponential time-dependence. By proceeding as in [8] we

obtain a perturbation expression for Ak:

NAk = ifJJ$+(?,E)A[v(E')Ef(E')x(E'E)+S(E'E)]$p(7,E')drdE'dE

(1)

which is related to the reciprocal period a by effective delayed neutron

fractions (3 and by an effective prompt neutron generation time t. The

values have been computed for FRO and are reported in [12 3. Strictly

speaking |3 and t depend on all flux perturbations but this dependence

will here be ignored. We also assumed that the same |3-values can be

used in Assemblies 1 and 3.

In (l) N is the normalization integral,

N = JJJJJ§+(7, E, fi)v(7,E ')Sf(r~, E ' )x(r", E ' , Q' , E, fi)§P(r", E ' , 0' )d7dE ' dQ' dEdQ

$ is the adjoint flux of the reference system and $P is the regular

perturbed flux. The cross sections follow the usual notation, E is the

total cross section, 2 the scattering cross section and Ef the fission

cross section, v is the average number of neutrons per fission and \

the fission spectrum.

If $p in (l) is replaced by $, the unperturbed regular flux, as

is usually done, we get the first order perturbation equation. This cor-

responds to performing the reactivity measurements on an infinite si-

mally small sample which does not perturb the reference flux. Of course

this is not possible - to get acceptable accuracy the samples used in fast

spectra must be rather large. Replacing l p by $ thus implies neglecting

all sample size effects and may lead to serious errors in the analysis.
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On the other hand analysis by means of perturbation techniques rapidly

loses its justification if the flux is perturbed too much, i .e. if $-̂  can-

not be computed from $. An optimum sample volume should thus be

chosen keeping in mind the two requirements; good experimental ac-

curacy and acceptable flux perturbation caused by the sample.

J_. 2_ _S_econd order perturbation models

Hansen and Maier [8^ have proposed a second-order perturba-

tion model for calculating $" for small material replacements and this

model has been developed in two codes for spherical and cylindrical

samples, respectively. No attempt has been made to analyze exactly the

validity limits of the mathematical model.

The first code, PERCYL, is intended for use with 6-group two-

dimensional S-j fluxes and cylindrical samples. The code needs the fol-

lowing fluxes

$(r,z,E,O) $+(r,z,E,Q)

$(r )Z,E) §+(r,z,E)

which should be defined at a number of points in a four-dimensional

(r,z,E,fi) lattice. The output includes the reactivity and the perturbed

angular and total regular fluxes, §"(r,z,E,fi) and <r(r,z,E). This

second-order transport-theoretical code has been used with the 6-group

S^ fluxes (items 1 and 2 in the list of fluxes available, Section 1 .4) and

the 6-group cross sections, obtained from the Häggblom set (see Sec-

tion 1 .3), to calculate reactivity equivalences for the samples tested.

A simpler second-order perturbation code for spherical samples,

PERS, has also been written using basically the same approach. This

code was used with the 1 7-group MUCC -fluxes (item 4 in the list of

fluxes available, Section 1.4) and the Bondarenko cross sections (see

Section 1 . 3) to calculated reactivity equivalences for the samples. The

cylindrical samples were then approximated to spheres by equating the

average chord lengths t = 4V/A.

The normalization integrals N were computed with the various

S-T fluxes using two codes (spherical and cylindrical geometry) written

for the IBM-7044 machine [2],
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A detailed description of the second-order perturbation codes is

given in [2].

J_. 3_ _Cross_s_ections_

The group cross sections now in use for all flux calculations on

the FRO reactor are based upon differential data compiled by Häggblom.

The sources from which the data are taken are given in [12], The data

are used in the NESPECO code [ i l l , written for the Ferranti-Mercury

computer, to calculate group cross sections. In this code the differ-

ential data are weighted with a fine-structure flux calculated for the

core composition in question. The differential cross sections are not

weighted by a product of the regular and adjoint fluxes, which may be

of some importance in the perturbation calculations. The number of

groups usually chosen is 14 and 6. Anisotropic scattering is taken in-

to account by the transport cross section for scattering within a group,

but scattering to other groups is assumed to be isotropic. The differ-

ential data used are not shielded except for the U238 data [12]. The

group sections of any other element obtained with the code are shielded

to the extent that the resonances of the element in question coincide

with dips in the fine-structure flux. It is essential to note that all the

flux calculations mentioned in this report have been performed with

this same cross section set, although the number of groups may vary.

To obtain calculated reactivity coefficients the Häggblom set and

the new Bondarenko 26-group cross section set [6] were used. The

groups 1 -17 of the Bondarenko set, i .e . down to 100 eV, were intro-

duced here. As these group cross sections, except for the three high-

est groups, are simply lethargy averages, the same set must be used

in both assemblies. Of course the Häggblom set should give more re-

liable group cross sections as the differential data are weighted with

an accurate fine-structure flux.

The two principal reasons for using the Bondarenko set were:

a) The Häggblom set does not contain all the materials tested in

these measurements, whereas the Bondarenko set does.

b) The Bondarenko set offers a convenient possibility of taking the

resonance structure of the cross sections of all the materials

into account.
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The resonance structure is taken into account by the f(a ) co-

efficients, or self-shielding coefficients for a certain element. The

definition of a which applies to a homogeneous medium is modif'ed

for the small samples used here. As suggested in [6] a is replaced

by a , defined as

o**o + JL (2)

° pi

where

p s density of nuclei of the particular element in the sample,

-t = average chord length of sample = 4V/A,
a = sum of the total cross sections of all the other elements in theo

sample referred to a single atom of the element in question.

From (2) f(a ) and shielded cross sections for all the materials

tested have been computed. Slightly different cross sections are thus

obtained for the same material, depending upon sample size. The use of

the f-coefficients is to some extent arbitrary as they are given only for

certain a -values; the interpolation necessary may lead to some errors.

The energy limits of the 6 and 14 groups mentioned above are given

in Appendix 2.

J_. _4 _F_lux £alcula_tiojis_

The different numerical multigroup methods ordinarily in use at

the FRO reactor for criticality and flux calculations have been listed in

[4], The two-dimensional TDC code has now been slightly modified so

that the regular and adjoint angular fluxes may also be obtained.

For the analysis of the central reactivity measurements the follow-

ing flux calculations were available:

1 . 6-group TDC calculations on an unperturbed (no experimental

arrangement) cylindrical assembly.

2. 6-group TDC calculations on an assembly containing the experi-

mental arrangement B. Fig. 7 gives the geometry of the arrange-

ment.



3. 14-group DSN calculations on an unperturbed spherical assembly.

4. 1 7-group MUCC calculations on an unperturbed spherical assem-

bly.

For each of the four types of flux calculations listed above regular

and adjoint fluxes with the compositions of Assemblies 1 and 3 were

available. The calculated central regular and adjoint spectra for As-

semblies 1 and 3 are given in Figs. 1 and 2. The calculated regular

group fluxes along the central vertical axis in an Assembly with chan-

nel B are given in Figs. 3 and 4 for Assemblies 1 and 3, respectively.

2. Experimental

2_. J Experimental ^rr_angernent

The reproducibility of the positions of the reactor halves and the

control rods after shut-down does not permit a more accurate reactivity

determination than 1 -2 pcm (l pcm =10 ) without remote control. As

the reactivities measured were often < 5 pcm, it is obvious that the re-

actor could not be shut down between the measurements which implies

that the reactivity changes must be made by remote control.

An automatic 4-chamber sample changer, manoeuvred from the

control room, was therefore used (Fig. 5). One chamber was used as

a reference chamber while the three others contained various samples.

The whole changer can be moved in a vertical direction and, using mi-

croswitches and relay automatics, the cross can be turned in steps of

90 . The fixed Al bars of the cross are approximately 30 cm in length

and different tubes or bars can be attached to them. The samples,

placed in the small chambers, were moved into and out of the core

centre through central vertical experimental channels and the meas-

urements of the reactivity differences between the chambers contain-

ing the samples and the empty reference chamber could thus be per-

formed without shutting down the reactor between the measurements.

Two experimental channels were used, here denoted A and B.
2

Channel A, with section area 2. 86 x 2. 86 cm in the core, was used

for most of the measurements, whereas channel B, with section area

4. 6 x 4. 6 cm , was used for some materials when determining the

reactivity change as a function of sample size.
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The main features of channel A are shown in Fig. 6 (Figs. 6 and 7

both show the channels in Assembly 1 . Exactly the same experimental

arrangements were used in Assembly 3). Through the Cu plates consti-

tuting the reflector above the core a cylindrical hole has been drilled

and the channel in the core can be built up of fuel plates on the module

system. Fig. 6 also shows the Al tube which is attached to the fixed part

of the sample changer and the solid brass bar which is used to prevent

neutron streaming through the hole. The brass chamber in which the sam-

ples are contained is screwed to the solid brass bar. Fig. 8 a shows a

full-scale horizontal section at the centre plane of the central fuel ele-

ment with channel A. The inside diameter of the sample chamber is 22

mm, the chamber height twice the module height or 86 mm, and the brass

wall is 1 . 5 mm thick. An Al tube and four thin Cu tubes fix the fuel plates.

Most of the central reactivity measurements performed with channel A

were done with samples which filled the whole chamber, but for some

materials with large reactivity equivalences per gram smaller samples

were used. The reactivity measurements as a function of sample size

made with channel A were done by varying the diameter of the cylindri-

cal samples.

The main features of channel B are shown in Fig. 7. To make

measurements of larger samples possible, the whole central fuel ele-

ment has now been removed. Four steel tubes are attached to the fixed

part of the sample changer and to these steel tubes truncated fuel ele-

ments are screwed. The truncated fuel elements contain the Cu plates

which prevent neutron streaming and below the Cu plates is the sample

chamber. The height of a sample chamber is again twice the module

height or 86 mm. The Cu plates and the sample to be measured are fix-

ed in position by thin steel rings of height equal to one sixth the module

height, i.e. 7 mm, which are piled vertically in the chamber. The steel

frames of the truncated fuel element are held together by the steel con-

struction below the chamber. Finally, below the whole channel is placed

another truncated fuel element containing the appropriate loading of fuel

and reflector material.

The samples measured in channel B were usually available in the

same size as ordinary fuel plates, i .e. with dimensions 4. 3 x 4. 3 x
3

x 0. 7 cm . The plates were then piled horizontally in the chamber, re-
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placing the thin steel rings. The reactivity measurements as a function

of sample size performed in channel B were thus made by varying the

height of the samples. By combining the steel rings and thin circular Cu

plates, small cylindrical containers for powdered material could be ob-

tained.

Fig. 8 b shows a full-scale horizontal section of an empty sample

chamber in channel B at the centre plane.

For safety reasons the automatic sample changer was not used for

measuring the reactivity equivalence of a Pu sample. Of course, by shut-

ting down the reactor the measurements lose somewhat in accuracy, but

on the other hand the flux perturbation caused by the experimental arrange-

ment is much smaller when the sample changer is not used. The experi-

mental error was now only 1 %, as the sample has a reactivity equivalence

of the order of 100 pcm.

A complete list and description of the samples tested is given in

Tables 1 -3.
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Table 1 Samples measured in channel A

Label of
sample and
isotopic
composition

J238-1 0.491%U235

[J235-1 20% U235

Th232-1

W-l

Ta

Mo

Mb20

Z r

ZIu-1

3u-2

3u-3

3u-4

Du-5

3u-6

Ni

Fe-1

C r

V

Ti •

A.1-1

CuO

C - l

(nat. boron)

B-2 - " -

B-3 - " -

B-10 (91 % BIO)

D2°
Diphenyl-1

Diphenyl-2
(C6H5-C6H5)

Diphenyl-3

Shape x '

P

P

C

C

C

C

C

C

C

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c

c

c

R [mm]

-

-

11

1 1

1 1

1 1

11

1 1

10.9

10.0

8 .5

6.5

5.0

3.0

1 1

1 1

1 1

1 1

1 1

11

1 1

1 1

10.8

8 .2

5.1

5.1

5. 1

10.8

8.2

- \ '•

H [mm.

43

43

86

86

35

86

86

86

86

86

86

86

86

86

86

86

86

86

86

86

86

86

48

50

52

52

52

48

50

bl

Total weight
g

82

81

354

191

215

237

58

82

281

239

172

102

60

22

109

247

108

107

77

85

26

42

6.5

4.6

2 .1

2.9

5.0

9.5

7 .2

Z..8
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Table 2 Samples measured in channel B

Label of
sample and
isotopic
composition

U238-2 Natural U
U238-3 " "
U238-4 " "
Th232-2
Th232-3
Th232-4
W-2
W-3
W-4
Fe-2
Fe-3
Fe-4
Fe-5
Al-2
Al-3
Al-4
Al-5
Al-6
C-2
C - 3
C-4
C-5

Shape ;

P
P
P .
4C**
2CXX '
C X X '
C
C
C
P
P
P
P
P
P
P
P
P
P
P
P
P

R [mm]

21
21
21

H [mm]

43
22

7

43
22

7
43
22
14

7
86
43
22
14

7
43
22
14

7

Total weight,
g

1481
743
248
71 1
354
177
272
123

31
604
302
201
101
423
212
106

71
35

132
66
45
23

Table 3 Sample measured by shutting down the reactor between
the measurements

Label of
sample and
isotopic
composition

Pu
95 % Pu239
4. 7 % Pu240
0.3 % Pu241

Shape*'

S

R [mm]

10

Total weight,
g

62

* ) S = Spherical
P = Parallelepipedic
C = Cylindrical

xx)
The Th-2, Th-3 and Th-4 samples consisted of four, two and
one cylinders (H = 43 mm, R = 1 1 mm), respectively, which were
placed horizontally in the chamber.
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The hor izontal section of the paral le lepipedic p la tes was
2

43 x 43 mm , except for the U238-1 and U235-1 samples which had a
2

section of 7 x 14 mm . As the samples m e a s u r e d in Assembl ies 1 and

3 were not always exactly identical in weight, the values given in Tables

1 -3 a r e average weights .

2_. 2̂  Exper imenta l method

The react ivi ty m e a s u r e m e n t s were made by the posit ive per iod

method. Two runs pe r sample were usually made , whereas the re fe rence

chamber was m e a s u r e d th ree of four t imes at suitable in te rva l s to check

the stability of the sys tem.

A ser ious problem encountered during the m e a s u r e m e n t s was the

dependence of the react ivi ty on t e m p e r a t u r e . The exper iments showed

that the react ivi ty of the assembly as a whole i n c r e a s e s continuously

during the f i rs t 8-10 hours of operat ion. This is due to the heat g e n e r a -

tion in the magnets which keep the safety rods in their " in" pos i t ions .

The total amount of the react ivi ty inc rease is about 2-3 p c m . One would

expect the opposite sign for this effect as the t empera tu re coefficient of

the system is negative [ 9 ] . The react ivi ty inc rease depends, however ,

upon the t he rma l expansion which forces the r eac to r halves c lose r t o -

ge ther . As the exper imental ly determined value of the react ivi ty equiv-

alence of the a i r gap is 200 p c m / m m [9 ] a displacement of only 10 mm

is r equ i red . To avoid such an instabi l i ty , the safety rods were kept in

their " in" posit ions day and night during the m e a s u r e m e n t s . The t e m p e r -

ature stability of the r eac to r is good when the ten hours have e lapsed, as '

the t empera tu re in the r eac to r hal l i s well regula ted.

For the doubling t ime m e a s u r e m e n t s a U235 fission counter p laced

in the ref lector was used as detec tor . The detector was coupled to a

RAMSES data collecting and recording equipment [ 5 ] , which in this mode

al ternat ively counted for a p r e s e t t ime in one channel while reg i s te r ing

the content in another , and vice v e r s a . The react ivi ty was calculated

from the data by a code, REMI-FRO, wri t ten for the F e r r a n t i - M e r c u r y

computer [1 ] . Of course the fundamental assumption that the flux r i s e s

exponentially i s not satisfied shortly after the react ivi ty i n c r e a s e , and

due to spontaneous fission the r eac to r i s slightly subcr i t ica l by approx-

imately 0 .8 pcm when the power is stabil ized at 0.01 W. These e r r o r
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sources have been taken into consideration by omitting the starting data

according to [13].

The reproducibility of the reactivity measurements has proved to

be approximately -0.05 pcm. The error is partly a statistical error

and partly due to temperature effects. Compared to these error sources

the irreproducibility of the position of the Cu bar is negligible. The to-

tal errors of the results given below in chapter 4 have been obtained by

dividing 0.08 pcm by the respective sample weights.

3_. Numerical procedures used for calculating reactivity coefficients

It has been the aim throughout this work to compare the actual

experimental values, uncorrected for sample size effects or for perturba-

tions caused by the experimental arrangements, with calculated values

which take these perturbations into account.

Two different sets of reactivity coefficients have been computed,

called sets Cl and CZ. Both sets are corrected for the flux perturba-

tions caused by the experimental arrangement, for the resonance self-

shielding of the samples and for the group flux perturbations caused by

the samples. The deviations between the two sets can thus be assigned

to differences in differential data, flux weighting within the groups, and

number of groups.

Set Cl is obtained with the PERCYL code using the Häggblom

cross section set, the 6-group TDC fluxes available (items 1 and 2 in

1.4) and the actual sample dimensions. (Parallelepipedic samples were

approximated by cylinders.) The values thus obtained were then correct-

ed for resonance self-shielding effects. The interpolation necessary to

account for the flux depression caused by channel A, for which no flux

calculations were made, was accomplished by measurements and cal-

culations of the fuel reactivity coefficient in the different channels.

It is important to note that the interpolation was not equivalent

to the assumption that all materials were affected by the experimental

arrangement in the same way as U235.

A serious objection that may be raised against the interpolation

procedure is that no account has been taken of the spectrum perturba-

tion caused by the brass wall and the Al tube surrounding the sample in

channel A. These perturbing factors do not appear in channel B and the
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U235 coefficient measured in channel A is quite insensitive to a slight

inelastic scattering in the walls. It is possible that this slight spectrum

shift causes some errors.

Set C2 uses the Bondarenko group cross sections, with different

self-shielding coefficients depending upon sample size, as explained in

1.3. Together with the 1 7-group fluxes in the core centre obtained by

MUCC calculations (item 4 in 1.4) and equivalent sample radii these

cross sections were used in the PERS code. The values thus obtained

were then corrected for the perturbation caused by the experimental

arrangement.

Some first-order perturbation calculations were made to examine

the effect of reducing the number of groups from 1 4 to 6 in the Häggblom

cross section set using the spherical and cylindrical S-, fluxes for un-

perturbed assemblies (items 1 and 3 in 1.4). Finally, some first-order

calculations have also been made with 1 4-group diffusion-theoretical

fluxes to trace any possible differences resulting from the use of two

codes based on different principles.

4_. Experimental results and calculated values

The experimental results and the calculated values as obtained by

the procedure described in chapter 3 are given in Tables 4 and 5. It

should be noted that all samples measured in Assembly 1 were not meas-

ured in Assembly 3, and vice versa. The samples are listed in order of

decreasing atomic weight of the principal constituent. It has generally

not been considered appropriate to calculate reactivity coefficients of the

elements or isotopes appearing in compounds or mixtures, because of

the sample size dependence encountered. Only two exceptions are given

at the end of Table 4.

It is difficult to compare directly the values in pcm/g obtained for

the same material in Assemblies 1 and 3 because of the different normal-

ization integrals N. The experimental values have therefore also been

converted to effective cross sections by equaling the calculated reactivi-

ty equivalences of Pu239 in the different channels in Assembly 1 to + 3. 35 b

and in Assembly 3 to + 3.36 b. These values were obtained by weighting

(v-1 -a)o\. with the spectrum at the core centre. The cross sections are

given in Table 6 and the values in the two Assemblies are now directly

comparable.



Table 4 Experimental and calculated central reactivity coefficients in channel A.
All value in pcm/g

Label of sample

U238-1

U235-1

Th.232-1

W - 1

T a

M o

Z r

Cu-1
Cu-2
Cu-3
Cu-4
Cu-5
Cu-6

N i

Fe-1

C r

V

T i

Exp

- 0.027 ±

+ 0.229 ±
- 0.125 ±

- 0. 1 10 ±

- 0.231 ±

- 0.120 ±

+ 0.031 ±

- 0.101 ±
- 0.101 ±
- 0.106 ±
- 0.110 ±
- 0. 1 12 ±

- 0.116 ±

- 0.069 ±
- 0.068 ±

- 0.019 ±
- 0.066 ±

Assembly 1

0.001

0.001

0.0002

0.0004

0.0004

0.0003

0.001

0.0003
0.0003
0.0003
0.0008
0.001

0.0007

0.0003
0.0008

0.0008

0.001

C l

- 0.029

+ 0.223

- 0.039

- 0.099
- 0.099
- 0.101
- 0.103
- 0.106

- 0.126

- 0.051

- 0.076

C2

- 0.026

+ 0.233

- 0.136

- 0.124

- 0.216

- 0.124

- 0.056

- 0.090
- 0.092
- 0.095
- 0.097
- 0.100

- 0. 119
- 0.060

- 0.081

- 0.046

- 0.059

Assembly 3

Exp.

- 0.033 ± 0.001

+ 0.150 ± 0.001

- 0.101 ± 0.0002

-0 .087 ± 0.0004

- 0.200 ± 0.0004

- 0.093 ± 0.0003

+ 0.057 ± 0.001

- 0.066 ±0.0003
- 0.066 ± 0.0003
- 0.067 ± 0.0005
- 0.068 ± 0.0008
- 0.069 ± 0.001
- 0.070 ± 0.003

- 0.065 ± 0.0007

- 0.038 ± 0.0003

- 0.035 ±0.0008

C l

- 0.027

+ 0.155

- 0.019

- 0.076
- 0.078
- 0.080
- 0.082
- 0.084
- 0.087

- 0.089

- 0.029
- 0.038

C2

- 0.034

+ 0.164

- 0.113

- 0.100

- 0.190

- 0.096

- 0.035

- 0.060
- 0.062
- 0.064
- 0.065
- 0.068
- 0.071

- 0.072

- 0.035

- 0.046

contd.



Table 4 contd.

Label of sample

Al-1

C - 1

B-1
B-2
B-3

B-10

D2°
Diphenyl-1
Diphenyl-2
Diphenyl-3

CuO

0

Nb2°5
Nb

Assembly 1

Exp.

- 0.034

+ 0 . 1 7 7

- 2. 51
- 2.52
- 2.46

-13.7

+ 1 .43

+ 3.82
+ 3.64
+ 3.38

- 0.062

+ 0.138

- 0.088

- 0.185

±

±

±
±
±

±

±

±
±
±

±

±

0.0009

0.002

0.01
0.02
0.04

0.03

0.02

0.008
0.01
0.03

0.003

0.001

C l

- 0.031

+ 0 . 1 8 7

- 2. 72
- 2.70
- 2. 72

+ 1.22

+ 2.73
+ 2. 72
+ 2. 73

- 0.082

+ 0.014

C2

- 0.015

+ 0.218

- 2.03
- 2.04
- 2.03

- 10.9

+ 1 . 60

+ 3 .58
+ 3 .55
+ 3 .45

- 0.048

+ 0.184

- 0.070

- 0. 179

- 0.025

+ 0. 1 14

- 2.27
- 2.34
- 2.31

- 12.5

+ 0.768

+ 3.44

+ 3. 19

- 0.043

+ 0.061

Assembly 3

Exp .

± 0.0009

± 0.002

± 0.01
± 0.02
± 0.04

± 0.03

± 0 . 0 1 6

± 0.008

± 0.03

± 0.003

C l

- 0.016

+ 0.109

- 2.67
- 2.65
- 2.68

+ 0.638

+ 1 .52

+ 1 .53

- 0.069

- 0.009

C2

- 0.025

f 0. 1 10

- 2 . 1 5
- 2 . 1 6
- 2 . 1 5

- 1 1 . 0

f 0.701

+ 2 .35

+ 2 . 2 3

- 0.043

+ 0.102



Table 5 Experimental and calculated central reactivity coefficients in channel B.
All values in pcm/g.

Label of sample

U238-2
U238-3
U238-4

Th232-2
Th232-3
Th232-4

W-2
W-3
W-4

Fe-2
Fe-3
Fe-4
Fe-5

Al-2
Al-3
Al-4
Al-5
Al-6

C-2
C - 3
C-4
C-5

- o.
- 0.
- 0.

- 0.
- 0.
- 0.

- 0.
- 0.
- 0.
- o.
- 0.
- 0.
- 0.
+ 0.
+ 0.

+ 0.
+ 0.
+ 0.
+ o.

Exp.

026
023
016

106
1 10
116

063
065
068
073

027
021
009
003
033

148
170
181
229

±
±
±

±

±

±
±
±
±

±
±
db

±
db

±
±
±
±

Assembly 1

0.0001
0.0001
0.0003

0.0001
0.0002
0.0004

0.0001
0.0003
0.0004
0.0008

0.0002
0.0004
0.0008
0.001
0.002

0.0006
0.001
0.002
0.003

C

- 0.
- 0.
- 0.

- 0.
- 0.
- 0.
- 0.

- 0.
- 0.
- 0.
- 0.
- 0.

+ o.
+ 0.
+ 0.
+ 0.

1

028
024
021

045
049
051
054

022
026
028
027
027

191
185
183
181

- 0.
- 0.
- 0.

- 0.
- 0.
- 0.

- 0.
- 0.
- 0.
- 0.

- 0.
- 0.
- 0.
- 0.
- 0.

+ 0.
+ 0.
+ 0.
+ 0.

C2

027
025
022

123
124
129

050
053
054
058

030
031
030
030
029

226
223
221
219

Exp.

- 0.
- 0.
- 0.

- 0.
- 0.

- 0.

+ 0.
+ 0.

+ 0.

082
081
081

035
038

039

101
098

095

±
±
±

±
±

±

±
±

±

0
0
0

0
0

0

0
0

0

Assembly

.0003

.0007

.003

.0001

.0003 -

.0008

.0006 +

.001 +

.003 +

3

C

0.
0 .

0.

0.
0 .

0.

1

027
030

032

090
089

089

- 0
- 0
- 0

- 0
- 0

- 0

+ 0
+ 0

+ 0

Cl

.093

.094

.095

.031

.033

.035

. 103

. 1 00 i

.099

oo
i
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Table 6 Experimental effective cross sections.
All values in mb

Label of sample

U238-1
U238-2
U238-3
U238-4

U235-1

Th232-1
Th232-2
Th232-3
Th232-4

W-l
W-2
W-3
W-4

T a

Mo

Z r

Cu-1
Cu-2
Cu-3
Cu-4
Cu-5
Cu -6

Ni

Fe-1
Fe-2
Fe-3
Fe-4
Fe-5

C r

V

Ti

Al-1
Al-2
Al-3
Al-4
Al-5
Al-6

C - l
C-2
C-3
C -4
C-5

Assembly 1

- 41
- 43
- 38
- 26

+ 352

- 187
- 170
- 176
- 186

- 131

- 271

- 75

+ 18

- 41
- 41
- 43
- 45
- 46

- 44

- 25
- 24
- 25
- 26
- 28

- 22

- 6

- 20

- 6
- 5

4
2

+ 1
+ 6

+ 14
+ 12
+ 14
+ 15
+ 19

Assembly 3

- 74

+ 335

- 221

- 150
- 149
- 147
- 147

- 340

- 84

+ 48

- 39
- 39
- 40
- 40
- 41
- 41

- 36

- 20
- 19
- 21

- 21

- 17

- 6

+ 13
+ 12
+ 12

+ 1 1

Contd.
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Table 6 contd.

Label of sample

B-1
B-2
B-3
B-10

D2°
Diphenyl-1
Diphenyl-2
Diphenyl-3

CuO
0

Nb^O.
Nb^ 5

Assembly 1

- 175
- 176
- 172
- 896

+ 185

+ 381
+ 364
+ 337

- 32
+ 14

- 151
- 1 1 1

Assembly 3

- 231
- 238
- 235
-1 189

+ 144

+ 498

+ 462

- 32
+ 9
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5_. Discussion of results

5_.J_ U235 and U238

U235

As can be seen in Table 4 the agreement between the experimental

and the computed values is rather good for U235 and, by using a higher

number of groups in set 2, still better agreement is attained in both

assemblies. The Bondarenko group cross sections -with tlW exception of

the three highest groups - are lethargy averages and not weighted with

a correct flux. It is thus to be expected that this set gives reactivity

coefficients which are slightly too high as o\. rises from 1 . 2 b at 1 MeV

to approximately 2.5 b at 20 keV while the real flux, as can be seen in

Fig. 1, decreases rapidly. The median energy of the neutrons causing

fission in U235 in the core centre is about 360 keV in Assembly 1 and 240

keV in Assembly 3.

U238

The reactivity effects caused by inserting U238 samples in fast

reactor spectra are relatively complex. The central reactivity coefficient

should be viewed as the sum of a large positive term caused by fission,

of a large negative term caused by capture, and of a term caused by

down-scattering, which may be either positive or negative as the reacti-

vity contribution due to scattering is determined by the difference be-

tween the values of the adjoint spectrum at the final and initial energies

and directions of the neutron. Small errors in the cross sections and

fluxes used are therefore greatly enlarged in the calculation of the reacti-

vity coefficient.

The small discrepancies between experimental and computed values

for depleted uranium (Table 4) should be analyzed keeping this in mind

and it seems that the agreement is satisfactory. The low Cl coefficient

in Assembly 3 seems again to be rather dependent on the number of

groups used in set 2. A comparison between the two experimental values

shows the effect of the reduced positive reactivity contribution due to fis-

sion and the increased negative contribution due to capture in Assembly 3.

Some measurements of the reactivity equivalence of natural uran-

ium as a function of sample size were made in Assembly 1 (Table 5 and
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Fig. 9a). The increasing negative reactivity coefficient is explained by

the decreasing contribution of fission, as the inelastic scattering rapid-

ly reduces the flux above the fission threshold. The sample size depend-

ence has not been quite satisfactorily reproduced by calculations - the

dependence seems to be more pronounced for natural uranium than the

used model predicts.

5.2 Strong, heavy absorbers

Th

Although thorium is fissionable at high energies, the predominant

reactivity effect is capture, a rises from 0.1 b at 1 MeV to 1 b at

10 keV and the reactivity coefficient measures the low-energy part

of the spectrum. At higher energies the reactivity contributions due

to inelastic scattering and fission tend to cancel in the spectra examined

here.

A comparison of the experimental effective cross sections for the

sample Th2 32-1 in Assemblies 1 and 3 (Table 6) shows the spectrum

shift towards lower energies.

The small absolute discrepancies between calculated and exper-

imental values (Table 4) may partly be explained by uncertainties in

the differential cross sections, partly by the absence of correct flux

weighting in the Bondarenko set, and the low-energy flux - or, more

exactly, §§ in this range - seems to be correctly calculated.

Some measurements of the reactivity coefficient of Th as a

function of sample size have been performed in Assembly 1 (Table

5 and Fig. 9b). The decreasing reactivity coefficient with increase

of sample size supports the assumptions that fission is always of

secondary importance compared to absorption and that the down-scat-

tering cannot compensate the absorption in the lower energy groups.

The calculations seem to reproduce the sample size dependence for

Th-samples satisfactorily.

a of tungsten rises from 0. 1 b at 1 MeV to 0. 7 b at 10 keV and

W is thus also more sensitive to the low-energy part of the spectrum.
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In addition, inelastic scattering has a cross section of 2.5 b above 1 MeV.

A comparison of the calculated and experimental values in Table 4 re-

veals that the Bondarenko set again slightly overestimates the absorp-

tion, partly because of the absence of correct flux weighting. However,

the discrepancy is of the same magnitude as the uncertainties concern-

ing the cross sections.

The measurements made with different sample sizes in Assembly

3 (Table 5) show that the reactivity coefficient is almost independent of

sample size.

T a

Tantalum has a considerably larger absorption cross section than

Th and W. a is about 0. 1 4 b at 1 MeV and 2 b at 10 keV. A comparison

between the experimental and calculated values given in Table 4 shows

in this case a systematic discrepancy of about 5 %. The discrepancy is

of opposite sign to that of Th and W. It is interesting to note that this

result is consistent with the values obtained at the ZPR-III assemblies

[7j . In the latter the ratio between the experimental and calculated values

has on the average been 10-20 % higher for Ta than for other heavy ab-

sorbers (Th, Mo and Nb). The possibility that the capture cross sections

of Ta given in Bondarenko are somewhat too low, at least compared

to the Th and W cross sections, cannot be excluded.

Mo

Molybdenum shows similar properties to tungsten. The capture

cross section is 0. 03 b at 1 MeV and 0.3 b at 10 keV. The measured

spectrum degradation is well reproduced by the calculations and the

small absolute discrepancies are again of the same magnitude as the

uncertainties concerning the cross sections.

Nb

Niobium has a capture cross section of about 0.03 b at 1 MeV and

about 0.8 b at 10 keV. An attempt to measure the reactivity coefficient

of Nb in Assembly 1 was made with Nb?Or, but because of the expected

strong dependence of the oxygen coefficient on sample size the results
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should be earefully analyzed. No measurements with Nb have been per-

formed in Assembly 3.

The results are shown in Table 4. The oxygen coefficients obtained

with the Cu-5 and CuO samples have been used for the Nb values. The

slight discrepancy is of opposite sign compared with the results obtained

with other heavy absorbers, but it is probable that the reactivity coef-

ficient of oxygen is smaller in Nb_O,- than in CuO. If the oxygen coeffi-

cient used, + 0. 138 pcm/g, is reduced by 20 %, the experimental Nb coef-

ficient is reduced to - 0. 1 73 pcm/g instead of - 0. 1 85 pcm/g. This would

give the small discrepancy the same sign.

The Nb result also shows that §§ in the low-energy part of the

spectrum in the core centre is well predicted by calculations.

_5_._3 _Interrne_dia_te_abs_orbe_rs_

Cu

Copper measurements have a particular interest for the FRO work

because of the large discrepancies between experiments and calculations

found in the low-energy part of the copper reflector spectrum [4}, [3],

It was therefore considered worth while to perform a series of

measurements with Cu samples of different size to examine whether any

discrepancies could be found also in the central reactivity measure-

ments.

The capture cross section of Cu is about 0. 005 b at 2.5 MeV and

then rises to 0. 1 b at 1 0 keV. The magnitude of the measured effective

cross sections (Table 6) shows that a large part is now caused by in-

elastic scattering, the effective capture cross section alone being about

1 8 mb.

As will be seen from Table 4 and Fig. 10a, the agreement between

the experimental and calculated values in Assembly 1 is acceptable al-

though small discrepancies exist. The difference between the calculated

values is due to the large a of the Häggblom set above 500 keV and

in the range 30-70 keV. Reducing the Cl value slightly leaves absolute

discrepancies of about 10 %. It is possible that the inelastic cross sec-

tions in both sets used are somewhat underestimated. This would be

consistent with the results reported in [10]. The rather strong sample

size dependence measured, slightly more pronounced than calculations
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indicate, does not contradict this assumption as more than half of the

calculated sample size dependence in Assembly 1 is caused by perturb-

ation of the group fluxes, mainly by reduction of the high-energy flux.

But the discrepancies are larger in Assembly 3. An examination

of the results obtained with the samples Cu-5 and Cu-6, for which the

corrections needed for the finite sample size are small, reveals that

the Cl value gives a too negative reactivity coefficient. It should be noted

that the small discrepancy between the Cl value and the experimental

value obtained in Assembly 1 has not only increased in absolute magni-

tude but also changed sign. The agreement between the CZ value and the

experimental value on the other hand is good. The high Cl value is now

mainly caused by the large absorption assumed between 30 and 70 keV.

A comparison of the experimental and computed sample size de-

pendence in Assembly 3 shows that the calculations overestimate the de-

pendence, which is now mainly caused by resonance effects.

On these grounds it cannot be excluded that both sets overestimate

the absorption at lower energies and underestimate the inelastic scat-

tering which would be consistent with the reaction-rate measurements

in the reflector, and that the self-shielding factors for Cu given by the

Bondarenko set are somewhat too low (correct f-values should be closer

to 1). Another possible explanation of the discrepancy observed in sam-

ple size dependence in Assembly 3 would be that the effects of scattering-

and capture-resonances cancel out to a greater extent than calculated.

Ni

The absorption cross section of Ni in the energy range of the flux

peak, 200-800 keV, is small, 0.01 b. a rises slowly towards lower

energies but a(n,p) increases rapidly above 800 keV. The reactivity

properties of Ni in the spectra examined here are about the same as

those of Cu.

The experimental result in Assembly 1 (Table 4) gives a slightly

smaller reactivity coefficient than the computed values. When comparing

the two calculated coefficients it should be remembered that the cross

section sets used are both weighted with a fission spectrum above 2.5MeV,

where most of the absorption and inelastic scattering occurs.
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In Assembly 3 a relatively large discrepancy between the experi-

mental value and the computed Cl value was noticed. The C 2 value re-

produces the spectrum shift satisfactorily, and the small absolute dis-

crepancy may now depend on flux weighting. An examination of the data

leading to the high Cl value revealed that o in the Häggblom set is on

the. average twice as high as the Bondarenko value in the energy range

10 keV - 100 keV. As the flux level in this range has greatly increased

in Assembly 3, this difference seems to explain the high Cl value.

Zr

Zirconium is a weak absorber with an absorption cross section

which is about 0.01 b above 100 keV. The reactivity coefficient of Zr

is thus sensitive to the shape of the adjoint spectrum. The inelastic

cross sections used in both sets are almost equal, but the Häggblom

set erroneously assumes an absorption cross section = 0.

An examination of the experimental and calculated values (Table 4)

reveals large discrepancies in both assemblies, the experimental val-

ues being much more positive than expected. It should be noted that

a revised Cl value would be even more negative. It is difficult to ex-

plain the large discrepancies as the agreement of the other weak ab-

sorbers has been relatively good, which indicates that the adjoint

spectrum is correctly calculated.

As mentioned in chapter 3, it is probable that the brass walls

and the Al tube slightly deplete the high-energy flux in channel A and,

as will be shown in the discussion of the results of the pure scatterers,

the anisotropy caused by the experimental arrangement is perhaps

stronger than the TDC calculations indicate. Both of these error sources

tend to make the experimental coefficients more positive than the cal-

culated. But the question remains why only the Zr coefficient is affect-

ed to such an extent.

In most cases the Zr measurements performed with different

ZPR-III assemblies, including assemblies with similar compositions

to our Assemblies 1 and 3, have shown a qualitative agreement be-

tween calculations and experiment [7^. But in Assemblies 23 and 32
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the Zr measurements have shown large discrepancies of the same sign

as those reported here. Assembly 23 was an Al-diluted and Assembly

32 a steel-diluted system. Although these compositions are very dif-

ferent from those of FRO, the real spectra in Assembly 1 and in the two

ZPR-III systems mentioned are rather similar but, because of the ab-

sence of U238, the adjoint spectra in Assemblies 23 and 32 are almost

constant at higher energies. It is thus not possible directly to compare

the discrepancies.

Fe

Iron is a weaker absorber than Cu and Ni in the energy range of

interest here, a is only a few mb above 10 keV. The negative reacti-

vity effect caused by inelastic scattering thus tends to overshadow the

absorption effect.

Table 4 shows certain deviations between the experimental and

calculated values in Assembly 1 . The experimental value is slightly high-

er than the calculated C2 value, while the C1 set gives a still less nega-

tive reactivity coefficient.

An examination of the values in Assembly 3 shows that the discrep-

ancies persist qualitatively but are now smaller. On the basis of these

results it seems that the cross sections used slightly underestimate the

inelastic scattering. A comparison of the effective cross sections in

Table 6 reveals how the net effect of scattering has become less negative

between Assemblies 1 and 3.

The sample size dependence has been measured in both Assemblies

1 and 3. The experimental results have been satisfactorily reproduced

by calculations (Table 5, Fig. 10b and Fig. 1 lb). The resonance shield-

ing and the group flux perturbations contribute about equal amounts to

the calculated sample size dependence.

C r

a of chromium rises from about 0.004 b at 1 MeV to about 0.02 b
c

at 10 keV, and inelastic scattering is again mainly responsible for the

negative effective cross section.

An examination of the experimental and calculated values in Assembly

I (Table 4) reveals small deviations, and especially Bondarenko seems

to give a somewhat too negative coefficient.
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In the energy group 1.4-2.5 MeV Bondarenko, mainly because of

the absence of weighting, gives a much larger inelastic group cross sec-

tion than the Häggblom set - to some extent this is true also above 2. 5 MeV

although both sets are similarly .'t ghted in this range. On the other hand,

above 500 keV the Häggblom set assumes significantly larger absorption

cross sections than Bondarenko. The approximate equality of the calculated

values is thus rather the result of cancelling effects.

The small discrepancies between calculated and experimental values

essentially remain in Assembly 3. On the basis of these results it is dif-

ficult to say whether the absorption cross sections or the inelastic cross

sections cause the deviations. The effective cross sections in Assemblies

1 and 3 show that the decrease of the negative reactivity contribution, due

to inelastic scattering between 1 and 3, is more important than the in-

crease of the absorption.

Ti, V

Titanium and vanadium have only been examined in Assembly 1 . For

both materials only Bondarenko group cross sections are available.

Ti, like Cr, is a very weak absorber. Between 200 keV and 2 MeV

a is only a few millibarns. The down-scatter ing thus essentially deter-

mines the reactivity coefficient and possible errors in the inelastic cross

sections used are important. A comparison of the experimental and cal-

culated values (Table 4) shows a relatively good agreement for Ti. As

the inelastic scattering mainly occurs from energies above 2.5 MeV, it

is possible that approximately correct cross sections are obtained due

to the realistic weighting function used in this range.

The absorption in V in Assembly 1 may also be virtually dis-

regarded as a around the flux peak only amounts to 1 -2 mb. Inelastic
C

scattering, again gives the negative effective cross section. A comp-

arison of the experimental and calculated values in Table 4 reveals a

strong discrepancy, the experimental coefficient being significantly

less negative than the calculated. An examination of the inelastic cross

sections, however, shows that V, contrary to Ti, has large inelastic

cross sections below 2.5 MeV, where the group cross sections in

Bondarenko are lethargy averages. The negative effect of the inelastic

scattering from energies between 800 keV and 2.5 MeV will thus be
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strongly overestimated and will give a too high negative reactivity coef-

ficient. It should also be noted that the elastic group cross sections of

V are considerably higher than those of Ti below the minimum of the

adjoint spectrum, while both materials have about equal a , above

800 keV.

5_.5_ _Scattere_r_s_

Al

Aluminium is a pure scatterer with an almost negligible absorp-

tion cross section. The elastic scattering below 1 MeV gives a positive

reactivity contribution, but because of the rapidly increasing adjoint

spectrum above 1 MeV the positive effect is cancelled by inelastic and

elastic scattering from energies above the adjoint minimum. In this way

the small absorption cross section is decisive and gives a slight negative

coefficient in these spectra.

The scattering cross sections used in the two sets are approxi-

mately identical but the absorption cross sections are rather different.

The Häggblom set assumes a relatively high capture cross section, about

0.01 b, above 800 keV and a =0 below this energy. This does not seem

entirely adequate. The a given by Bondarenko are, on the other hand,

a few mb in the whole range 10 keV - 4 MeV. The influence of these

differences is clearly seen in the change of the calculated values between

Assemblies 1 and 3. The agreement between experimental and calculated

values (Table 4) is acceptable for the sample Al-1.

Some measurements of the reactivity coefficient as a function of

sample size were performed in Assembly 1 with channel B. The results

reveal that the acceptable agreement obtained for Al-1 was perhaps only

fortuitous. Table 5 and Fig. 12a show that the reactivity coefficient is

strongly dependent upon sample size. The experimental dependence is

moreover opposite in sign to that given by calculations and to the depend-

ence that might intuitively be expected.

As a qualitative agreement has been obtained for other weak ab-

sorbers, except for Zr, it seems improbable that the adjoint spectrum

is altogether erroneously calculated. Nor is it probable that the shield-

ing of the scattering resonances below 1 MeV is underestimated, as this

same curious sample size dependence has been measured also with C

samples.
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It is possible that the sample size effect depends on the flux ani-

sotropy caused by the experimental arrangement. Although the regular

and adjoint angular fluxes in channel B were obtained with two-dimen-

sional S,T calculations, it seems that the fluxes, combined in the

PERCYL code with the assumption of isotropic scattering, cannot re-

produce correctly the perturbation effect caused by pure scattering

in the chambers.

It is possible to obtain the calculated reactivity effect caused

by scattering within the energy groups by computing the reactivity

coefficient on the basis of the total (only space and energy dependent)

fluxes, which are then assumed to be isotropic, and by using the cal-

culated angular fluxes in the same points. As an average along the

central axis in Assembly 1 in the sample chamber B we obtain

- 0.036 pcm/g in the former case and - 0.021 pcm/g in the latter. The

difference is thus due to the calculated anisotropy. The experiments,

however, seem to indicate that the effect is much more important.

C

Carbon has a completely negligible absorption cross section and

the reactivity coefficient is thus extremely sensitive to the shape of

the adjoint spectrum. In contrast to Al, carbon has a non-zero in-

elastic cross section only at such high energies that it may safely be

disregarded in these qualitative discussions.

For the pure scatterers the comparison of the experimental and

calculated values is complicated by the fact that two different forms

of code have been used, i.e. the diffusion-theoretical code MUCC and

the transport-theoretical S^ codes. For most materials the central

reactivity coefficients obtained with the two different codes, using the

same cross sections have proved to be almost identical. But for Al, O

and C, the MUCC code tends to give coefficients which are approximate-

ly 10 % more positive than those given by the S-, fluxes, although the dif-

ferences in calculated group fluxes are very small, less than 1 %.

The agreement between the experimental and calculated values is

relatively good for the sample C-l in both Assemblies 1 and 3 (Table 4).

The absence of inelastic scattering has resulted in a strongly positive

coefficient. Although less scattering occurs from energies above 1 MeV



in Assembly 3 than in Assembly 1 , the effective cross section has not

increased (Table 6). This is probably due to the fact that a greater part

of the scattering in Assembly 3 occurs below 200-300 keV, where the

slope of the adjoint spectrum in both assemblies is slightly smaller than

above 300 keV, and on the fact that the slope below 1 MeV is on the whole

slightly smaller in Assembly 3 than in 1 (Fig. 5).

The sample size dependence of the reactivity coefficient has been

measured in both Assemblies 1 and 3 (Table 5 and Fig. 12b). As men-

tioned earlier, an anomalous sample size dependence which may be due

to the experimental arrangement was found also for C in Assembly 1 .

The reactivity coefficient rises with decreasing sample size from + 0.15

pcm/g to + 0.23 pcm/g, and it has not sofar been possible to reproduce

this effect by calculations.

In Assembly 3 the expected sample size dependence was measured.

The reactivity coefficient rises slightly for larger samples, because of

less scattering from energies above 1 MeV. It is possible that the ani-

sotropy caused by the experimental arrangement is less in Assembly 3

than in 1 , but it seems odd that the effect has now completely vanished.

O

Oxygen may be regarded as a pure elastic scatterer. An attempt

to measure the reactivity coefficient of oxygen was made with CuO; but

because of the strong sample size dependence of elastic scatterers that

was encountered the results should be analyzed keeping in mind that

the oxygen coefficient is probably rather size-dependent.

The large differences occurring between the calculated values

(Table 4) again depend mainly on weighting and on the group number,

as the cross sections used are almost identical. To some extent the

high C2 values are also due to the use of diffusion-theoretical fluxes as

explained above. It thus seems probable that the large discrepancies be-

tween calculated and experimental values cannot be attributed to any

large errors in the oxygen cross sections or in the calculated adjoint

spectra. Even disregarding the possible anisotropy as a cause of the

anomalous sample size dependence, the results indicate that the central

reactivities of pure elastic scatterers should be analyzed with some

suspicion as the calculated values are extremely sensitive to the per-

turbation methods used.
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An examination of the values in Assemblies 1 and 3 shows tha,t the

calculated and experimental values are affected by the spectrum shift

in the same way qualitatively. As for C, the graphite dilution decreases

the effective cross section.

Boron

The results obtained in the boron measurements deviate to some

extent from the results given by the heavy absorbers. The measurements

have been performed with natural boron as a function of sample size, and

with a small sample of enriched boron (Table 4).

The computed values for Assembly 1 will be considered first. The

large difference between the values is mainly dependent on different cap-

ture cross sections at higher energies, as the Häggblom set assumes

a values which are much larger than the values given by Bondarenko

above 800 keV. As the absorption at higher energies somewhat loses in

significance, and the absorption below the flux maximum increases, the

change of the computed values in relative magnitude between the two as-

semblies is easily explained.

The experimental values show a slightly smaller spectrum degrada-

tion between the two assemblies than expected. This is not consistent with

the results obtained with the heavy absorbers, which indicated correctly

calculated low-energy fluxes. It is, however, necessary to make a cri-

tical revision of the boron cross sections in the Häggblom set before

any definite conclusions can be drawn.

The dependence on sample size may at first sight seem strange,

but is due to the fact that scattering down to a certain energy level below

the flux maximum level more than compensates the absorption at this

level, as the flux decreases rapidly down £he energy scale.

The results obtained with enriched boron are consistent with the

natural boron results. Unfortunately cross sections only for natural bo-

ron are at present available in the Häggblom set.

~L»Z _S_tro_ng_ly_m_odebating mate_rials_

D, H

D and H are heavily moderating materials. The elastic down-

scattering now transfers neutrons over many groups. It should be pointed
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out that the mathematical methods used are not really adequate for these

materials. The flux perturbations in the lower energy groups reach such

a magnitude that the whole perturbation approach is invalidated. No close

agreement between experimental and calculated values for the finite

samples can be expected for these materials.

The differences between the calculated values of heavy water de-

pend on different weightings and on the varying number of groups, as the

cross sections used for deuterium are almost identical. The C2 values

again somewhat overestimate the down-scatter ing compared to the Cl

values. The experimental value obtained in Assembly 1 (Table 4) lies

between the calculated values, but the perturbation model used seems

to have lost its validity in Assembly 3 as the experimental value is now

significantly above both calculated values. The fact that the effective

cross section is lower in Assembly 3 may again be explained by the de-

tails of the adjoint spectra.

Diphenyl, C/H,--C/Hr, was tested in channel A with three different

samples in Assembly 1 and with two in Assembly 3. The results are

given in Table 4 and the sample size dependence is illustrated in Figs.

1 3a and 1 3b. An examination of the values obtained by extrapolation to

zero sample size in Assembly 1 shows that Bondarenko overestimates

the down-scattering, while set 2 gives a relatively correct value. The

cross sections used for hydrogen are almost identical in both sets. All

calculated values, however, fail to give an acceptable sample size de-

pendence.

Even the value obtained with the smaller sample in Assembly 3 is

significantly larger than the calculated values, but extrapolation to

zero sample size probably gives acceptable agreement.

6_. Some complementary measurements

éK j Foi l act ivat ions

Some foil act ivat ions were made in Assembly 3 with channel B in

an effort to check the calculated flux pe r tu rba t i ons . It should be empha -

sized, however , that no thorough and penetra t ing exper imenta l study of

the r e a l and adjoint flux dis t r ibut ions in the samples and in an empty
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sample chamber was made to supplement the central reactivity meas-

urements. If the measurements are to be continued, it seems important

to do this.

The foil activations reported here measure only the relative ra-

dial distribution. The activations were performed along the central

vertical axis in an empty chamber and in two chambers containing the

samples C-2 and Fe-2, respectively. These samples fill one half of

a sample chamber. It should be noted that the samples are much larger

than those generally used in the central reactivity measurements. The

reactions studied are given in Table 7.

Table 7

Reaction Measured activity Half Jife

Inll5(n,n') y 0.335 MeV 4.5 h

Aul97(n,y) P 2.7 d

The In reaction has an effective threshold at 1 . 5 MeV while the

Au reaction is approximately a l/v detector. The foils were irradiated

for two hours at a power level of about 10 Watts. The experimental

techniques used to analyze the data are described in [3].

The results are shown in Figs. ]4 and 15. The TDC fluxes avail-

able with channel B were used to obtain calculated reaction rate distribu-

tions in an empty chamber, and with the perturbed fluxes computed by

the PERCYL code calculated reaction rate distributions were obtained

in the chambers which contained samples. The values have been norm-

Jized , so that the calculated and experimental values at the lower end

of an empty sample chamber coincide. All the four curves in each figure

are directly comparable, as only this normalization was done. This is

not an ideal normalization because of the steel present below the sample

chamber (Fig. 2), but with the data available it was the best possible.

Before starting on a comparison of experiments and calculations it should

also be remembered that the foils have a finite size (about 1 cm ), while

the calculated fluxes refer to the central vertical axis, and that the exp-

erimental and statistical uncertainties together give errors which are

probably about ± 0.5 %.
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The experimental distribution of the In reaction in an empty sample

chamber has been qualitatively reproduced by calculations, the dips

caused by the steel below the chamber and by the solid Cu bar above being

clearly seen. But is obvious that the variations in high-energy flux a-

cross the chamber are more pronounced than expected; the ratio be-

tween the maximum and minimum experimental values is about 1.15 and

the corresponding calculated value is only about 1.09.

The experimental distribution of the In reaction in the carbon and

iron samples has been fairly well reproduced by calculations, but because

of the existing discrepancies for an empty chamber the agreement is prob-

ably to some extent fortuitous. The experiments clearly show how the

high-energy flux is decreased rapidly by inelastic scattering in Fe while

the elastic scattering in C does not perturb the flux in the MeV region

by equal amounts.

The experimental distribution of the Au reaction in an empty cham-

ber has also been qualitatively reproduced by calculations but the meas-

ured axial dependence is again more pronounced than calculations indicate.

The Au reaction rate decreases slowly towards the Cu bar because of the

absence of graphite above the chamber.

The experimental distribution of the Au reaction in the graphite

sample shows that even the second order perturbation model used cannot

handle the flux perturbations in the low-energy range caused by this large

sample. As the group fjuxes at lower energies, below 10 keV, are altered

by the sample to an extent which certainly invalidates perturbation theory

in this range, the discrepancy is not surprising.

It is difficult to state anything with certainty about the Au measure-

ments in Fe but, as expected, the low-energy flux is not greatly altered

by this sample.

&_.2_ _Plu_tonium_

The procedure adopted for measuring the reactivity equivalence of

the Pu sphere was described in 2. 1 . Because of the different experiment-

al arrangement used, the reactivity amounts cannot be directly compared

with the values obtained in channels A and B.

The experimental results are given in Table 8.
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Table 8

Label of sample Assembly 1 Assembly 3

Pu 2.44 ± 0.02 pcm/g 1 . 63 ± 0. 02 pcm/g

Good agreement is obtained as the calculated values fall within

the experimental error limits. This agreement is necessary for the

correctness of the conversion of reactivity amounts to effective cross

sections described earlier.

7 . F i n a l conclusions

ar£ang£m_ent

The central reactivity measurements should of course be per-

formed in an unperturbed equilibrium spectrum, corresponding to the

core composition, in a volume with an isotropic flux and no gradients.

Jn practice this is impossible because of the experimental arrangement

necessary; for safety reasons fuel cannot be used to prevent neutron

streaming through the experimental channels.

The spectrum perturbation and the flux anisotropy caused by the

experimental arrangements will here be examined starting with the

spectrum perturbation and taking the experimental results and the

TDC calculations into consideration.

Figs. 3 and 4 show the calculated group fluxes i, , <&,.+$/ and the
6

total flux E §. along the vertical axis in channel B in Assemblies ]

and 3, respectively. The figures show that the variations in total flux

level within the chambers are relatively small in both assemblies. But

the high-energy flux i, decreases strongly towards the Cu bar above

the chamber and the steel construction below the chamber. This is es-

pecially unfortunate as the. negative reactivity contribution caused by

inelastic scattering, which for many materials in these spectra is de-

cisive for the effective cross section, is mainly dependent on §.. The

relative variations of $, are about the same in both assemblies.

The low-energy flux §,- + $, shows small variations in the cham-

bers, but because of the different core compositions the variations of

$, will be of opposite sign in Assemblies 1 and 3.
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The few foil activations made in Assembly 3 with channel B (Sect.

6. l) show that the real flux variations are probably more pronounced

than expected. This is a serious disadvantage for the analysis of the ex-

perimental results.

As mentioned earlier, no flux calculations have so far been made

with channel A. In this case there is no perturbing steel below the cham-

ber, but instead the brass wall and the Al tube surrounding the chamber

have to be considered. It seems urgent to calculate the effect of these.

Table 9 shows the effect of the calculated spectrum perturbation

caused by the experimental channel B on the effective cross sections in

Assembly 1 . The cross sections have been computed in the core centre

of a homogeneous unperturbed cylinder and at a point on the vertical

central axis in channel B, 6.15 cm above the lower end of the chamber.

The calculations are of first order and thus relate to infinitesimally small

samples. The anisotropy has not yet been taken into consideration. The

same effective cross section for Pu239 has been assumed in both cases .

Table 9

Material

F e

C

Natural boron

Homogeneous
assembly

22 mb

+ 11 »

- 187 "

Assembly with
channel B

- 19 mb

+ 15 »

- 192 "

The differences are not negligible. In future reactivity measure-

ments these perturbations must be mastered, either by comparing dif-

ferent calculated and measured reaction rates in the chamber or, which

is preferable, by changing the experimental arrangement so as to mini-

mize the perturbation effects.

The experimental arrangement furthermore causes a certain flux

anisotropy. The anisotropy has earlier been mentioned as a possible

explanation of the anomalous sample-size dependence of elastic scatter-

ers in Assembly 1. Table 10 gives the calculated effective cross sections

in channel B for the same materials as above in the same point of the

chamber with assumed isotropic fluxes and with the calculated angular

fluxes taken into account.
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Table 10

Material

Fe

C

Natural boron

Isotropic flux

- 19 mb

+ 15 "

- 192 "

Angular flux
considered

- 18 mb

+ 16 "

- 191 "

These calculated effects are much smaller than those caused by

the spectrum perturbation. But it is possible that the anisotropy is

more erroneously calculated than the spectrum perturbation.

Z •
The central reactivity measurements seem to show that the reg-

ular and adjoint spectra in the core centre are well calculated in As-

semblies 1 and 3.

Most of the significant differences between calculated and expe-

rimental values probably depend on erroneous group cross sections of

the materials examined. Zr, however, presents some peculiarities as

the discrepancies are much larger than any slightly erroneous group

cross sections could possibly account for. It is possible that the ex-

perimental arrangement changes the sign of the Zr coefficient, but it

is strange that other similar materials are not affected to a comparable

extent.

The sample-size dependence of the reactivity coefficient has for

most materials been fairly well reproduced by the second-order per-

turbation model and the self-shielding coefficients used. The elastic

scatterers are an exception, but it is possible that this discrepancy is

due to the fact that the calculations cannot adequately reproduce the

anisotropy caused by the experimental arrangement.

7. 3 Future work

Further analysis of these measurements should concentrate on

Zr and the sample-size dependence of elastic scatterers.
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Taking the experiences gained into consideration, the most import-

ant improvement, with regard to future measurements, is to modify the

experimental arrangement so that the flux in the sample chamber is more

equivalent to an appropriate equilibrium flux. This seems more urgent

than any improved accuracy of the period measurements.

In this report it has been possible to base the conclusions upon

the fact that the measured high-energy flux agrees well with calcula-

tions. It would be of great value if the flux measurements could be sup-

plemented by measurements of the adjoint spectra. Such measurements

could be made e.g. using neutron sources [14]. Future measurements

of effective cross sections should also be supplemented by flux meas-

urements in the chambers and in the samples.

With these data available the central reactivity measurements can

be used as a reliable way of testing group cross sections.
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dj.rnensions

Assembly

Assembly
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U235
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F e

.8

.8

material

Ni

0.5
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C
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Volume percentage of material in reflector:
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Critical masses and dimensions:

Crit. mass kg U

kg U235

Core heightj cm

Equivalent core
radius, cm

Minimum reflector
thickness, cm

1 (Cylinder)

364.7

72.9

30. 1

15.3

34

Assembly

3 (Cylinder)
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38.7
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Appendix 2

Energy limits for the 6 and 14 groups used for the cross

sections obtained from the Häggblom set.

g

1

2

3

4

5

6

7

8

9
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1 1
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13

14

10.

1 .

0 .
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67

9.
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1

groups

- 1 .
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- 67

- 9.

- 0.

35 MeV
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keV

1
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2.25

1 .35

0.825

0 . 5

0 . 3

0.18

1 10

67

25

9.1

5.5

2 .1

500

14 groups

- 2.25 MeV

- 1.35

- 0.825
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- 67 keV

- 25

- 9.1

- 5 .5

- 2.1

- 0.5

-120 eV
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Calculated regular group fluxes along the central vertical axis in Assembly I with experimental channel B

and an empty sample chamber as obtained by a 6-group TDC calculation
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