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Core No. of fissions in 238U
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-25 0.141 3.5*10 10.8*10

8 0.155 5.2-10 14.4*10
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MEASUREMENT OF THE EFFECTIVE DELAYED NEUTRON 

FRACTION IN THREE DIFFERENT FRO-CORES

L Moberg and J Kockum

ABSTRACT

The effective delayed neutron fraction, 3has been measured

in the three cores 3, 5 and 8 of the fast zero-power reactor FRO. The

variance-to-mean method, in which the statistical fluctuations of the

neutron density in the reactor is studied, was used,
3

A He -gas scintillator was placed in the reflector and used as a 

neutron detector. It was made more sensitive to fast neutrons by sur

rounding it with polythene. Its efficiency, expressed as the number of 

counts per fission in the reactor, was determined using fission cham

bers with known efficiency placed in the core. The space distribution 

of the fission rate in the core was determined by foil activation tech

nique.

The experimental results were compared with theoretical 3eff~ 

values calculated with perturbation theory. The difference was about 

3 % which is of the same order as the accuracy in the experimental 

values.

Printed and distributed in June 1972,
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1. INTRODUCTION

Systematic discrepancies between calculated and measured cen

tral reactivity values in fast critical assemblies have been observed 

[ 1 ] , [ 2 ]. Also for the FRO -reactor such an effect was found and it 

amounts to about 20 % for U in some cores. The possible sources 

for the disagreement are analyzed in [ 3] where the contribution from 

the uncertainty in the delayed neutron data is estimated to give a dis

crepancy of up to 9 %. The analysis is based on the data given by 

Keepin [6] and shows that it is mainly the lack of experimental in

formation about the delayed neutron spectrum that causes the error. 

Some authors [ 4], [ 5 ] claim that the uncertainty in the delayed neu

tron yields is larger than what is given by Keepin, while other ex

periments [ 7 ] confirm the Keepin data.

The uncertainty in the delayed neutron data has motivated an in

tegral measurement of the effective delayed neutron fraction, @, in 

FRO. Possible methods are discussed in [ 8] where the variance-to- 

mean method is considered suitable in small fast assemblies. This 

method requires a calibration of the detector expressed as the number 

of counts/fission in the reactor. For this purpose miniature fission 

chambers [ 9 ] used in other FRO experiments and with known efficiency 

could be utilized.

Variance-to-me an experiments were performed in three cores:

3, 5 and 8. All the cores contain uranium-fuel with an enrichment of 
20 % 235U. The construction of the reactor is described in [ 9 ] and the 

atom densities in the different cores are given in Appendix 1. Calcu

lated neutron spectra are shown in Fig 1.

2. PRINCIPLES OF THE VARIANCE-TO-MEAN EXPERIMENT

A detector with high efficiency is placed in the reactor. The num

ber of detections during short time intervals are recorded while the 

reactor is run slightly subcritical. The neutrons from spontaneous 

fission in the fuel will yield a neutron density that fluctuates in a sta

tistical way around a mean value. By determining the variance of the 

recorded number of counts one will get a measure of these fluctua

tions. If the detector efficiency is high enough to detect two or more 

neutrons that have their origin in the same spontaneous fission neu

tron, i. e. belong to the same fission chain, the variance will be con

siderably larger than if the counts were independent of each other.

- 3 -
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Assuming that the lumped parameter model of the reactor (point 

reactor model) is valid the variance-to-me an ratio is given by (see 

for instance [ 1 0]):

2 —2 m -m

m

eD
= 1 + 1 - 1 -e -QfT

OfT
(1)

where

m

e

D

P

a

l

number of counts during time T 

detector efficiency in counts/fission

2 - v -v
-2v

the dispersion in v

number of prompt neutrons/fission

p -3 eff
w prompt reactivity

eff 

reactivity

= the so called Rossi-#
&

= neutron lifetime

Bars denote average values.

For counts independent of each other, i. e. distributed according 

to the Poisson law, the following is valid:

2 —2 m -m

m

To obtain the maximum information about 3 rr the three para-eff
meters e, p and t should be chosen in a suitable combination. How

ever, to make this optimization we must consider a more complete 

description of the variance-to-mean ratio given by Bennett [ 1 1 ]

2 —2 m -m

m
= 1 + 2 eD £V(V 1 - 1 -e

SPT
(2)
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where T(s) is the transfer function of the reactor and could be ex

pressed as

T(s) = ;
P=i

A
£

s+s
p

In the derivation of Eq (2) the point reactor model is also assumed 

but the effect of the delayed neutrons is taken into account while they 

were omitted in Eq (1). Therefore, by omitting all the terms for p > 1 

in Eq (2) we will again arrive at Eq (1).

Eq (2) can be rewritten as

2 —2 m -m

m
= 1 + eD

1 "6eff ; 2 1 -e~ar ,
I--------------- -----

V j cyr

+ 2 eD
A T(sJ

V 1—% sp=2 p
1 - 1 -e

SPT
(3)

The information about B ,, lies in the second term on the righteft
hand side of Eq (3) and obviously this term should be made as large 

as possible in comparison to the other two.

The second term is made large by choosing

i) e as large as possible

ii) | p l small in comparison to P ^

iii) t big enough to make the value of the expression

1--------------- near equal to 1.cyr

However, the last term in Eq (3) is also dependent on these para

meters, It was calculated starting from the transfer-function with the 

parameters given in [ 12] and with a theoretical value of @e££. When 

this term is kept small it could be taken into account by a correction 

factor on the second term. The correction for different values of P 

and r are shown in Fig 2.
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Typical values of the parameters in an experiment are r = 5 •
- 3 -A -4

' 10 s; -p = 3 • 10 ; e = 3 • 10

2—2
which give ™% 5.

m

The variance-to-mean expression has been derived in [ 1 2 ] assum

ing a tworegion reactor model instead of the point reactor model. This 

gives a similar expression with the P^^-dependence included in one 

term and with higher -order correction terms. These were calculated 

and no significant difference from the point reactor case was found.

Thus, the point reactor model could be accepted.

3. DESCRIPTION OF THE EXPERIMENT 

_3,_J The detect or

The detector was designed to fulfil the following requirements:

a) high efficiency for fast neutrons

b) short dead-time

c) effective discrimination between neutron- and y-detections.

The conditions b) and c) could be met by a gas-scintillator con
. 3taining He+Xe-gas. To satisfy condition a) the detector was surrounded 

by a layer of polythene.

The scintillator consisted of a one inch diameter, two inch high

cylindrical Kovar vessel with a plane glass window. The walls were

internally coated with MgO for light reflection and furnished with a

thin layer of quaterphenyl acting as a wave length shifter. The vessel
3

was filled with a mixture of 80 % He and 20 % Xe to a total pressure

of 3 atm. It was coupled to a small photomultiplier (EMI 9524 E).

The pulse -height distribution of the photomultiplier pulses after
242amplification is shown in Fig 3. Here a Cm-Be-source was used 

which gives high energy neutrons and relatively little y-radiation. The 

corresponding pulse-height distribution for neutrons from the reactor 

is quite similar. .

A sketch of the detector with the surrounding polythene is shown 

in Fig 4 and its position in the reflector of the reactor can be seen in 

Fig 5. Between the polythene and the copper a 0. 5 mm thick layer of 

cadmium is inserted.
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The time delay of the neutrons in the polythene before detection 

and its effect on the variance - to -mean expression has been investi

gated and is described in [ ) 3 ]. It was found that the variance - to-mean 

expression is very little affected except for the dead time corrections 

which are changed by about a factor of 2. This is further discussed in 

Section 8 in connection with the dead time corrections.

3. 2 Electronics and_data__colhsetion e_qudprnent

A block diagram of the electronics is shown in Fig 6.

The signal from the photomultiplier is amplified, double-delay 

clipped with a clipping time of 250 ns and passes a fast discriminator 

before going to a scaler. With a control unit the scaler is made to re

cord the number of counts during the time t. This number is registered 

on a paper tape and the scaler starts counting again. The procedure is 

repeated with a frequency which is limited by the printing time and is 

about 4 cycles per second.
q,

A complete experimental run includes 10 cycles which takes about 

45 minutes.

4. DETERMINATION OF THE VARIANCE-TO-MEAN RATIO

4. 1 Method

The ratio between the variance (s^) and the mean value (m) of the 

registered numbers was calculated in the following way:

The data were divided into subgroups of 200 consecutive registra
tions each. In each group s^ and m was calculated and the mean value 

of s /m from all the groups was determined.

The reason for the division of the data into subgroups was the un

avoidable slow fluctuations in reactor power. However, the effect was 

small: the difference between s /m taken from the data as a whole and 

from a mean value between the subgroups was about 1 %.

The data were carefully examined to eliminate false registrations. 

Those subgroups were omitted which had an unexpectedly high variance 
or a probability distribution of m, which in the sense of the %^-test 

deviated too much from the distribution of all the data. Only a few sub

groups were discarded during the whole experiment.
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4. 2 Standard deviation of the variance-to-mean ratio

The standard deviation of s^/m is given in [ 14] as

6(s^/m) _ N-1/2 

s^/m
2 4*

m m

1/2
(4)

where N is the total number of registrations.

Obviously the method of dividing the data into subgroups yields

the same standard deviation as treating all the data in one group.

The variance between the s /m-values in the subgroups was

also studied and gave an observed standard deviation of the mean

that was slightly larger than the one given in Eq (4).
4

Typical values are for N = 10 :

observed relative standard deviation: 2. 2 • 10 ^

relative standard deviation from Eq (4): 1.6* 10

The difference could be explained by the slow fluctuations in power 

level during a measurement. In the error analysis the observed stand

ard deviation was used.

4. 3 Correlation between consecutive registrabim}2

When the experiment is performed under suitable conditions, there 

should be a correlation between the counts during the counting interval 

r, but negligible correlation between the counts in successive counting 

intervals. A theoretical investigation of these effects is given in [ 14] 

and was considered when the values of t and the time between the 

counting intervals were chosen for our experiment.

A check of the experimental data was made by calculating the 

values of the correlational functions which describe the correlation 

between the number of counts in successive intervals. The result 

was compared with the theoretical values from [ 14] and within the 

statistical accuracy no disagreements were found.

4. 4 Check with a Poisson distributed source '

As mentioned in Section 2 the variance-to-mean ratio for Poisson 

distributed counts equals unity.
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By using a Cm-Be-source the electronic equipment was 

checked and the result of a series of measurements is given in Table

1.

Table 1

2,- 
s / m

1. 008 + 0. 014

0. 984 + 0. 014

0. 990 + 0. 014

1.010 + 0.014

mean value 0.998 + 0.007

In each of these measurements the number of registrations was

5. EFFICIENCY CALIBRATION OF THE DETECTOR

5_,_J_____Method^

. . 3 .The efficiency of the He-scintillator should be determined ex

pressed as the number of counts per fission in the reactor.

First the relation between the number of counts in the scintillator

and the fission rate in the centre of the core was determined. During a
3

variance measurement -the scintillator was calibrated relative to a He 

proportional counter which was very stable. Before or after the experi 

ment the central fuel element was changed to a fuel element containing 

a miniature fission chamber with known efficiency. The proportional 

counter and the fission chamber were calibrated relative to each other. 

Since the difference in the efficiency of the detectors was rather large 

the calibration was divided into two intermediate steps using two other 

fission chambers placed in the reflector. The position of all the de

tectors is shown in Fig 5,

The relation between the central and the mean fission rate in the 

core had also to be determined. The fission rate distribution over the 

core was measured with foil activation technique. A two dimensional 

function was fitted to the measured points and integrated over the core 

volume. The mean value of the fission rate in the core was obtained 

by dividing with the volume.
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An analytic expression for the detector efficiency is given in Ap

pendix 2 and shows which properties had to be measured.

5. 2 Fission rate measurements

The fission chambers used in the centre of the core are described
in [ 15]. One of them contained natural uranium and the other enriched 

2 35
uranium (93 % U). They had been calibrated in the sense that the

235 238relation between the count rate and the fission rate in U and U 

had been determined.

The spatial distribution of the fission rate, R^^r, z) and R^g(r, z),

was measured with foil activation technique. For measuring R?c;(r,z)
. 235 . _U-Al-foils with ~ 90 % enriched U were used. The foils were cali

brated by measuring the natural y-activity at 185 keV. For R?ft(r,z)
235U-metal-foils either in natural form or depleted to 0. 4 % U were 

used. The inter calibration among these was done by weighing. After 

activation the y-activity from the fission products was measured. The

lower level of the measured y-activity was chosen as 400 keV for the
? 3 5 ? 3S

U-foils and 600 keV for the U-foils.

The foils were placed in 25 positions in the core: in 5 different 

axial positions in all the 5 fuel elements on a radius. The position with

in a fuel element is shown in Fig 7. Earlier investigations have shown 

that the distribution is symmetric around the centre and the axis of 

the cylindrical core, so that the distribution in the whole core can be 

obtained from this measurement.

A typical space distribution can be seen in Fig 8. The y-activity 

was measured with a statistical accuracy of 0. 3 - 0. 6 %. In order to 

check that there were no other big sources of error the data were

divided into several groups and the variance of the result was studied.
. 235 238 .A small correction for the content of U in the U-foils had

to be made, because the fission rate distribution was a little different

for the two isotopes. This correction amounts to about 3 % near the

core edge.

5, 3 Integration of the fission rate dis

A two-dimensional function in cylinder geometry was fitted to the 

experimental points describing the space distribution of the fission rate.



In order to smooth the statistical fluctuations a slowly varying function 

should be used. However, it should still be of high enough order to fit 

the true distribution.

A computer code [ 16] that fits a rational function by the least 

squares method was used. Various degrees of the polynomials in the 

numerator and the denominator were tried and it was found that a good 

enough fit was achieved by a polynominal function (constant denomina

tor) of the form

\ , 2 2, 22, 4 , 4, 24R(r, z) = c + c.r + c0z + c~ r z + c.r + ccz + c,r z +v ' o 1 2 3 4 5 6

, 4 2, 4 4+ c^r z + Cgr z

In order to integrate this function in cylinder-geometry the irreg

ular core edge must be approximated by a smooth cylinder surface. A 

computer program [ 17] was used which calculates an equivalent radius

r from the relation e

r e
*£J*(j)(r)dxdy = (j)(r)dr

o

where the integration on the left hand side is made over the core area, 

A, for z = 0. By using (j)(r) = R(r, o), r^ will denote the radius for a 

cylinder which gives the same mean fission rate as the irregular core.

The integration of R(r, z) over the core volume was made numeri

cally and yielded the factors and k^g, defined in Appendix 2.

5_,_4____ Correction for the spectrum dependence of_the f isj= h^}_P£^duct_

y-radiation yield

The yield of the y-activity above a certain energy level is slightly 

dependent on the energy of the neutron causing the fission. As the 

neutron spectrum in the core changes close to the copper-reflector 

a correction has to be made to the measured fission rate distribu

tion. This correction was based on an investigation for core 3 de

scribed in [ 18] and is defined as a correction factor for k^g and
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The following correction factors were used for 235 U

Core Correction

3 1.013 + 0. 007

5 1.007 + 0. 007

8 1.010 + 0. 007

The values for cores 5 and 8 are estimated from the value of core 
Z 3 83. For U the correction is negligible.

5. 5 Heterogeneity effects

The absolute value of the fission rate in the centre of the core was 

measured with the fission chambers in a hole in a homogenized zone of 

the central fuel element, which is shown in Fig 9. Compare with Fig 7 

which shows the foils placed in a normally loaded fuel element. This 

way of placing the foils will be called "normal".

A better way to measure the mean fission rate within a module is 

to place the foils within the uranium plates (see Fig 9). This will be 

denoted "heterogeneous" placing.

The following relations were investigated:

i) The ratio, Kh, between the fission rate with "heterogeneous" 

placing of foils in the centre of the core and with a foil near 

the fission chamber in the homogenized zone.

K. =
l

R \
Heterog,

\ RHomog. /!centre

K. relates the fission rate measured by fission chamber and l
the true fission rate in the centre, k^g and k^g were multiplied 

by for the corresponding isotope.

ii) The ratio K.. which describes the difference between the ' n
"heterogeneous" and "normal" way to place the foils at the 

core edge and at the centre, respectively.

K..ii

R

R
Heterog. I R

normal edge
Heterog.

R normal centre
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K.. describes the difference in the fission rate distribution meas - 
11

ured in the "normal" way and in the "heterogeneous" way.

The results obtained are given in Table 2,

Table 2

Core Isotope K.l K..n

3 235u 1.003 + 0. 006 0. 993 + 0. 009

3 238u 1. 052 + 0. 010 0. 993 + 0. 014

5 235^ 1.001 + 0.008 —

5 2p8r 1.008 + 0. 009 —

8 235u 0. 980 + 0. 007 0. 991 + 0.010

8 22»u 0. 998 + 0. 007 0. 991 + 0. 012

differs very little from I and its influence is neglected.

Another effect that could also be neglected was the influence from 

the central hole on the fission rate distribution outside the core.

5._6 Res_uht_s__of_the_calibr ation

The values of k^g and k^g after corrections and one example of the 

efficiency e for one experimental run on each core are given in Table

3.

Table 3

Core k25 00N 4 /e * 10 counts/fis sion

3 0. 657 + 0.010 0. 579 + 0. 008 4. 07 + 0. 09

5 0. 648 + 0.010 0. 606 + 0.011 3. 29 + 0. 07

8 0. 638 + 0. 009 0. 568 + 0. 013 3. 25 + 0. 07

6. DISPERSION IN v
^2 — 235

The factor D =  =— for the case of U was calculated from thev — 2
v _

experimental data from an integral measurement of v in the different 
cores of FRO [ 19]. For 23^U the factor was known only for discrete
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neutron energies [ 20 ] and it was averaged over a theoretical reactor 

spectrum. Dv for the two isotopes were weighted in accordance with 

the total number of fissions in each isotope and a mean value was cal

culated.

The values given in Table 4 were used.

T able 4

Core Dv(^U) D^(mean)

3 o. 800 + o. on 0.827 + 0.025 0. 804 + 0. 015

5 0.813 + 0.020 0. 827 + 0. 025 0. 815 4 0. 021

8 0. 803 + 0, 012 0. 827 + 0. 025 0. 806 + 0. 015

For thermal neutron induced fission in U the value of is 

0. 798 as given in [ 2 1 ].

7. DETERMINATION OF THE SUBCRITICALITY

The factor in Eq (1) which contains the desired information about

8 eff is

P
P

P-3 

1 -3
eff

eff

where the reactivity o was determined by the positive period technique 

in the following way:

A control rod (fuel loaded) was fully inserted when the reactor was 

stable on the subcriticality level used in the experiment. The exponen

tial increase in power was monitored. Then, using another control rod 

the reactor was stabilized at a high power level where it could be con

sidered as critical. The first control rod was inserted again in exactly 

the same way as in the first run and the power increase was monotored. 

The super criticality in these two situations was calculated from the "in

hour" -equation and the difference yielded the subcriticality level used 

in the variance measurement.

The "in-hour"-equation, which gives the value p, contains the 

parameters 8^ , the effective delayed neutron fraction in group k.

The assumption of six delayed neutron groups is made and 3 ^ is given 

by
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6
B — • Q
eff- ^

Now, if | d | is limited to a small value in comparison with |3 ^ an 

iteration procedure can be used: An expected value of P0££ if first used 

to evaluate p which then gives a better 8^^-value and so on. In practice 

only two iteration steps were needed as long as ) p ] was limited to a 

value of less than about 1 5 % of $e££- In this case we can also tolerate 

a rather large error in o without considerable influence on 8

A lower limit of -0 was given in Section 2 to about 10 pcm.

Examples of the iteration steps for experimental runs with differ

ent values of -p are given in Table 5 (all values in pcm).

Table 5

Core -p(') -»<2> V3>

3 703. 4 94. 5 + 3. 0 712. 5 96. 8 710. 2 96. 5 710. 5

3 703. 4 56. 6 + 3. 0 723. 6 58. 0 722. 2 57. 9 722. 3

5 715. 2 38. 5 + 3. 0 750. 2 40. 1 749. 5 40. 1 749. 5

8 706. 4 26. 3 + 3. 0 731.2 27. 1 729. 6 27. 0 729. 7

f^eff are the theoretical values (see Section 10).

8. DEAD-TIME CORRECTION

The dead-time of the equipment was determined by calibrating the 
3 .He-scintillator at different power levels against another detector with 

a lower count rate. It was expected that the dead-time should be de

fined by the pulse clipping time to 250 ns, buth it was found to be larger 

and also to be dependent on the setting of the discriminator level. This 

could be explained by a saturation effect in the photomultiplier which 

lowered the pulse height at high count rates.

The dead-time was determined as 1, 5 and 3. 4 p s for the discrim

inator levels used.

The dead-times measured in this way were checked by making a 

variance-to-mean experiment on a Pois son-distributed source for
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rather high count rates. When the dead-time correction had been 

applied (see below) the result was equal to 1 within the limits of the 

statistical errors.

The dead-time corrections in the variance-to-mean expression 

are given in [ 13] where also the effect of the time delay of neutrons 

in the polythene surrounding the detector is taken into account.

2  2 _m -mj ejD ,
_4_A.,, - A(d) + Ay . iA B(d)

md Dp T

a
1 -

B , • e d

-<vdd

2 2
*r"*d

"WT

-Qfj(T -d)
1 -e

a j(T-d)

O'
2 2

^d^r

B . e r

-ard

"WT
1 -e

-Qfr(T-d)

<*r(T-d)

with

A(d) = m 1 - ti2

B(d) =

2 ^ ^d^ 2^
a ' B , • e -a ,B • e r d dr

2 2
*r"*d

where

m^ = number of counts during time t

= detector efficiency in the presence of a dead-time d
a = the Rossi-cv for the reactor (a^ = 5. 0 • 10^ for core 3)

a , = a constant describing the delay in the polythene given in
d r , a -1 v

[ 1 3] as ad = 2. 8 • 10* s

B^, B^ are rather complicated functions of the variables given 

above and can be found in [ 13].

An example of the values of the correction terms for two differ

ent experimental runs are given in Table 6. ’



Table 6

dps A(d) t -d

T
B r Bd B(d) Total dead-time correction 

factor in the value of 8 eff

L 5 0. 006 1.000 0. 980 0. 986 0. 964 0. 982 + 0. 008

3. 4 0. 010 0. 999 1.003 0. 994 0. 939 0. 969 + 0. 015

9. EXPERIMENTAL RESULTS AND DISCUSSION OF ERRORS

The results of the measurements are given in detail in Appendix 2 

and are summarized in Table 7,

Table 7

Core Beff- '°3 Error (%)

Type I Type II

3 7. 19 0. 7 2. 1

5 7. 35 1.0 2. 2

8 7. 35 0. 9 2. 0

A distinction between two types of errors is made: Type I which 

describes the statistical uncertainty in the determination of the vari

ance-to-mean ratio and type II which includes the uncertainty in all 

the other factors (e, D , o and the correction factors). The type I- 

error is only dependent on the number of registrations that are made 

and could obviously be made infinitely small. The error of type II on 

the contrary is dominated by some factors in the calibration procedure, 

in the determination of the factor Dv etc which could not be improved 

and which are determined only once for each core. All summing of the 

errors are made in quadrature.

The contribution from each of the involved parameters will now 

be discussed in detail: —g

The variance-to-mean ratio — is considered to have only a
m

random error which is given by the estimated standard error of the 

mean of the data divided into about 50 subgroups. The standard error 

is 2. 0 -2.4 % in one experimental run.
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Detector efficiency e: The foil activation was done with a statisti

cal accuracy of 0. 3 - 0. 6 %. The error in the integration procedure 

was estimated to be 0, 6 % from the uncertainty in the fit and 0. 5 % 

from the approximation of a cylindrical core edge and the uncertainty 

in the measured fission rate near the edge. The heterogeneity effect 

is measured with a statistical accuracy of 0. 8 % and the quoted error 

in the yield correction is 0. 7 %„ The efficiency of the absolutely cali

brated fission chambers is known with 1.6% accuracy and the calibra- 
. 3tion of these against the He-proportional counter that was used as a

monitor during the experiment was made with a statistical accuracy of
3

1.0 %. The stability of the He-proportional counter was investigated 

and no drift was found. Finally, the error in the total number of fissile 

isotopes in the reactor is estimated to 0. 5 %.

By using Eq (8) and adding the errors in quadrature one gets a to

tal error in e of 2. 2 %.
235The Dy-factor for U was calculated from the primary data for 

v measurements in core 3. The available data were divided into 8 groups 

and this yielded an estimated standard error of 1.4 %. By comparing 

the total amount of data available for the three cores 3, 5 and 8 the 

errors in cores 5, 8 were estimated. However, in core 5 a higher back

ground made the evaluation a little more inaccurate so the error was 

estimated to be somewhat larger. The error in U was given in [ 12] 

to be 3 %. The weighting of the values for the two isotopes together 

yielded a final error in Dv of 1.8% for cores 3 and 8 and 2. 6 % for 

core 5.

In the subcritical measurement the reactivity difference between 

two stable power levels was measured by adding the same amount of 

reactivity to the reactor by inserting a control rod and measuring the 

exponential increase. The involved sources of errors (statistical un

certainty in the counting, temperature variation, reproducibility in 

control rod settings, deviation from criticality of the upper power 

level) were all estimated to give less than 1 pcm error each. The 

upper limit of the total error was estimated to 3 pcm and this gave 

an error in 6g££ of 0. 4 %. No extra error was assumed to be introduced 

by the iteration process in which the 8e££~ and the p -value were changed.
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Unfortunately the dead-time corrections introduced an uncertainty 

which could have been avoided by a properly working electronic sys

tem with a shorter dead-time. Even if the determination of the dead

time is rather accurate the formulae for the correction are based on 

an approximation, and an upper limit of the final error was estimated 

to be 50 % of the correction. This error will contribute to the total 

error in 3 ^ with a max of 1. 5 %. The only important term in the cor

rection is B(d), which contains the factors B and B ,. These are cal-
r g —

culated starting from the determined values of s /m which include an 

error of type I. However, B(d) is much more strongly affected by the 

values of cv^, and d and is hence considered to be of type II.

The correction due to delayed neutrons (the third term in the va

riance-to-me an expression Eq (3)) is small and is not considered to 

introduce any significant error.

10. THEORETICAL CALCULATION OF p ,,eff

Theoretical calculations of 3g££ were made with perturbation theory. 

The following expression was used

N N

®k, eff

6

where

X.
J

N number of energy groups

flux and adjoint flux in energy group i (n • cm
-1X• sec )

fission source in energy group j

k, D delayed neutron fission source in energy group 
j for delayed neutron group k

. 235
delayed neutron fraction for group k in U

, 238tt .. ,and U, respectively

average number of prompt fission neutrons in
235tt , 238tt .. ,U and U, respectively

macroscopic fission cross section in energy group
O O C O 'l Q

i for U and U , respectively

3 B25,k, P28,k
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(jh and (|)t" were calculated in spherical geometry with the code

DTF IV with 25 energy groups in the ABN-structure.

The delayed neutron data 3 and were taken from Keepin [ 6 ].
Er J

The delayed neutron spectra Xj given in this reference originate from 

a measurement by Batchelor and Hyder [ 22 ] and include only the first 

4 delayed neutron groups. For groups 5 and 6 the same spectrum as 

for group 4 was used. The result is given in Table 8.

Table 8: Calculated 8 ,,-values ------------- eft

Delayed
neutron

group
k

Input data 
Pk, i

eff " '°3

235u 238^ core 3 core 5 core 8

1 0. 24 0. 19 0. 214 0. 225 0. 219

2 1. 36 2. 03 1. 332 1. 371 1. 345

3 1.20 2. 40 1.266 1. 297 1. 276

4 2. 60 5. 74 2. 828 2. 875 2. 840

5 0. 82 3. 33 1. 106 1. 102 1. 100

6 0. 17 1.11 0. 288 0. 282 0. 284

The importance of a detailed energy spectrum for the calculation 

was checked by performing the same calculation with only one energy 

group (mean energy) in the delayed neutron spectrum. As seen in 

Table 9 the difference is small.

Table 9

feff- '°3

Core With delayed neutron With one energy
spectrum from [22] group spectrum

3 7. 034 7. 044

5 7. 152 7. 144

8 7. 064 7. 065
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11. CONCLUSIONS

The experimental and calculated Pg££ values are compared in 

T able 1 0.

Table 10

0eff io3

Core Exp Error (%) Calc Calc/Exp

3 7. 19 2. 2 7. 03 0. 978

5 7. 35 2. 4 7. 15 0. 973

8 7. 35 2. 2 7. 06 0. 961

The calculated 3 ££ value is directly proportional to the delayed 

neutron fraction P, where the values (given by Keepin [ 6 ]) for the 

two fissile isotopes are weighted in relation to the total number of 

fissions in each isotope. It is obvious that these weighting factors 

(see Table 1 1) differ by too little between the three cores to make it 

possible to draw any definite conclusions about to what extent each 

isotope contributes to the disagreement. However, it is of interest to 

change the 3 -factor for only one isotope at a time in order to get agree

ment between experimental and calculated 3 ^^-values. The result of 

this investigation is given in Table 1 1 and indicates that somewhat 

higher values of (3 should be used to fit the calculated 3^£-values to 

the experimental results.

Table 1 1

Core
2.2Q

No of fissions in U
235

No of fissions in U

Relative change 
235

in 3 for U

Relative change 
in 3 for 238U

3 0. 187 2. 2 . 10'2 14. 0 - 10"2

5 0. 141 3. 2 • 10"2 21. 8 • 10'2

8 0. 155 4. 5 • 10"2 29. 1 • 10'2
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APPENDIX 1

Atomic densities and geometrical dimensions in FRO cores 3, 5 and 8 (10^ atoms/cm^)

Core
235ul) 238^ c H Fe Cr Ni A1 Cu

Core
height

cm

Equivalent Refl thickness

radius ^ 

cm
axial
cm

radial
cm

3 0. 568 2.234 2. 47 — 0. 408 0. 096 0. 048 — — 38.7 20. 4 36. 6 31

5 0. 498 1.963 2. 77 0. 604 0. 408 0. 096 0. 048 — — 38. 7 17. 9 36. 6 32

8 0. 498 1.963 2. 55 0. 151 0. 408 0. 096 0. 048 0. 34 — 38. 7 21.9 36. 6 30

Cu-
reflector — — — — 0. 408 0.096 0. 048 — 7. 48 — — — —

^ Including 0.16%

2) Valid for heterogeneous core
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APPENDIX 2

The relationship between the count rate in the fission chambers 

and the fission rate in the centre of the core is given by

N1 a? ' R25 + b1 R28 

N2 = a2 ‘ R25 + b2 R28

(AT)

(A2)

where

N,;N2

a.; b.

R25 ; **2?

counts/sec in the two fission chambers

(i = 1 , 2) known constants typical for the detectors

fission rate i 
respectively

235 238fission rate in the core centre for U and U,

The relation between the count rate in the gas-scintillator and the 

fission chambers is described by

N = cl ' Nl = c2N2 (A3)

where

N : counts/sec in ^He-scintillator

ci; c^ : constants to be determined in the calibration

The desired expression for the scintillator efficiency is given by

 number of counts/sec in the scintillator 
total number of fissions/sec in the core

N

J m25 • R25(r,z)dV + J m2g . R28(r,z)dV 

V V
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where

V

R25(r, z)

RzgKz)

m 25

m 28

volume of the core

235the fission rate for U at point r, z in the core

238 U ii it H ii H

235number of U- atoms/volume unit

" 238%,

m^g and m^g are constant within the core.

Now we define

I R28(r,z)dV
V

25
R25 * V

I R28^r ’ z)dV
V

"28
R28 * V

which with Eq (A4) yields

m25 * V ’ R25 ' k25 + m28 ' V ‘ R28 * k28

When k2g and k^g have been determined Eqs (AT), (A2), (A3) 

together with (A5) will give the value of e.

(AS)



APPENDIX 3

Experimental results

Exp
run

Core T ms 2 —2 m -m
4

e • TO Dv H,5 The expression 
within the brackets 

in Eq (9)m

1 3 5 6.08+0.13 (1.3)1) 4. 07 + 0.09 (1.1) 0. 804 + 0.015 (0. 9) 56. 6 + 3. 0 (0. 4) 0.991
2 3 5 4.79+0.11 (1.4 3. 05 + 0. 07 1. 1) 0. 804 + 0,015 0. 9) 56. 6 + 3. 0 0. 4) 0.992
3 3 9 5.61 + 0.12(1.3) 4.12+0.09(1.1) 0. 804 + 0.015 (0. 9) 94. 5 + 3. 0 (0. 4) 0. 995
4 3 9 4. 45 + 0. 09 (1.4) 3. 03 + 0. 07 (1. 1) 0. 804 + 0. 015 (0. 9) 94. 5 + 3. 0 (0. 4) 0.995

5 5 9 5.19+0.10 (1.2) 3. 29 + 0. 07 (1. 1) 0.815+0.021 (1.3) 26. 3 + 3. 0 (0. 4) 0.995
6 5 3 5. 30 + 0. 1 3 (1. 5) 3. 21 + 0. 07 (1.2) 0. 815 + 0. 021 (1. 3) 26. 3 + 3. 0 (0. 4) 0. 984

7 8 5 5.10+0.10(1.2) 3. 25 + 0. 07 (1.1) 0. 806 + 0. 015 (0. 9) 38. 5 + 3. 0 (0. 4) 0. 990
8 8 7 4. 59 + 0. 09 (1. 3) 2. 89 + 0.06 (1.1) 0. 806 + 0.01 5 (0. 9) 38. 5 + 3. 0 (0. 4) 0.993

Exp
run

d us A(d) B(d) T -d
T

• 2) Correction due '
to delayed neutrons

Peff- '°3 Error (%)

Type I Type II

1 1. 5 0. 006 0. 964 + 0.014 (0. 8) 1. 000 0. 995 7. 22 1.3 1.7
2 3. 4 0.010 0. 939 + 0. 028 (1. 5) 0. 999 0. 995 7. 13 1.4 2. 1
3 1. 5 0. 003 0. 968 + 0.015 (0. 8) 1.000 1.000 7. 29 1.3 1.7
4 3. 4 0. 005 0. 941 + 0. 028 (1. 5) 1.000 1.000 7. 10 1.4 2. 1

5 3. 4 0.012 0. 949 + 0. 024 (1. 3) 1.000 0. 984 7.49 1.2 2. 2
6 3. 4 0.012 0. 948 + 0. 024 (1. 3) 0.999 0.995 7.21 1.5 2. 2

7 3. 4 0. 012 0. 947 + 0. 024 (1. 3) 0.999 0.993 7. 30 1.2 2.0
8 3. 4 0.011 0. 951 + 0. 024 (1. 3) 1.000 0.991 7. 40 1.3 2.0

The numbers in parentheses are the percentage 
errors in the final value of 3 ^ from each para
meter

2)
' This correction originates from the third term

2 —2 :

in Eq (3) and is applied to m -m - 1
m

A
ppendix 

3
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