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Experimental and theoretical works are described which have

been made to obtain the experimental techniques of determining
large negative reactivity worths as accurately as practicable.

Measurements are first made on reactivity effect of the

experimental multiple control rods arranged in ring by the pulsed

neutron method in the Semi-Homogeneous Critical Assembly, a
heavily reflected graphite-moderated 20 % enriched multiplying

235U in the core region are

system. The atomic ratios of C to
2226 and 6628 in the SHE-8 and SHE-T-1 cores respectively.
Subcriticality is determined in the static reactivity from the
measured prompt neutron decay constants by making resonable,
large correction to the well-known King-Simmons formula &ue to

change of the neutron generation time estimated by calculation.

Measured reactivity worths of the multiple control rods thus

obtained are in good agreement with those by two-group diffusion

calculation.

(1)
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New multi-point type formulas are then given which replace
the single-point type expressions for methods of "area-type" |
pulsed-neutron, source multiplication, and rod drop. In the
formulas, the reactivity value is derived by integrating all the
neutron counting data from every part of the reactor core to
sweep out effects of the kinetic distortion and the spatial
harmonics. Experiments made for SHE-T-1 are to examine the
proposed integral versions and to confirm validity of the King-

Simmons formula with large correction for the change of neutron

generation time. The numbers of measuring points in each core
are 16 and 48 for the pulsed neutron and the rod drop method,
and for the source multiplication method, respectively. Space
dependence of the experimental results obtained by the single-
point type formulas is up to ~ 40 % for each of the experimental
methods. To reduce the larged machine time, a four-channel
counting device is used.

The polarity correlation method finally is applied to the
experiment to measure the reactivities from critical to nearly
shut-down state (-12 §) in both SHE-8 and SHE-T-1 which have
large neutron lifetime of ~ 1 ms. The measured results are in

fairly good agreement with those by the pulsed neutron method

using the King-Simmons formula and by the rod drop method.

(2)
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1. Introduction

Thié paper summarizes authors' experimental and theoreti-
cal works done with purpose to establish the pulsed neutron
nethod, the polarity correlation method and the other experi-
mental methods including the rod drop'and source multiplication
methods. It is aimed to determine the large negative reactivi-
ties of the reactor as accurately as practicable. Experiments
were done at Semi-Homogeneous Critical Assembly, SHE, which is
a 20 % enriched uranium loaded critical assembly, moderated
and reflected with graphite. Many type cores were built at
SHE. The atomic rati0 of carbon to uranium-235 in the core
region was varied to the present from 2228 to 6628. The nuclear
and the other physical properties of the cores were listed in
Table 1. The most characteristic feature of the cores is that
the effect of the graphite reflector, 90 cm thick is very
strong on the neutron kinetic behaviours. At first, the problem
of neutron thermalization in the multiplying.media is discussed
in Chap. 2. As also given in this chapter, an improved data
unfolding technique for the pulsed neutron method as accurately
as possible is developed to find the prompt neutron decay con-
stant regarding the contributions of the delayed neutron modes
to the decay of the neutron flux at near critical states. It
is because the neutron generation time is prolionged to an ms
due to the reflector effect with making the decay of the prompt
heutron mades significantly slower. Second, discussicns are

made how to overcome the kinetic distortion appearing in the
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timé—deéay of the neutron flux after the pulsed neutrons bursts.
The original King-Simmons formula can get valid in a limited
range of subcriticality and in a limited core configurations.
Then, the corrections to the formula with respect to the change
of the neutron generation times were atempted, for finding the
reactivity values, as described in Chap. 3. Third, the integral
versions of the various experimental methods as well as the
area-type pulsed neutron method were introduced as described

in Chap. 4. In this chapter, inter-comparison among these
experimental methods was made as for the negative reactivities
down to about 50$, which were realized with insertions of the
experimental control rods into the core of SHE-T1. At last, as
described in Chap. 5, some improvements are done for the
polarity correlation method, with respect to the triggering
conditions being limited for the giant families decay as well

as the adoption of the large volume neutron detectors, because,
due to the prolonged neutron generation time, the correlation

amplitudes becomes small.
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2. Basic problems related to the pulsed neutron method

Two basic problems related to the pulsed neutron method,
which were discussed by the authors, are summarized in this
Chapter. One is the neutron thermalization problem in the
multiplying media. The other is the data unfolding technique
to find the prompt neutron decay constant as accurately as
possible from the decay data of the neutron flux observed in
the reactor at near critical, sweeping out the contributions of

the delayed neutron modes.

2.1 Time-dependent neutron thermalization in multiplying system

The pulsed neutron technique is based on the assumption
that there exists a discrete fundamental eigenvalue for the
multiplying system under study and that this eigenvalue, that
is, the prompt neutron decay constant a, can be measured by
observing the decay of neutron flux after pulsed neutron injec-
tion. This assumption has not yet been definiteiy proved
validtl)’(z}. It is generally known that the prompt neutron
decay constant a can be given as a fundamental eigenvalue of
the characteristic equation, describing the time-dependent
neutron thermalization in a multiplying system.

An attempt was made to analyze this problem on the dis-
Crete eigenvalue model.(sj |

The analysis was made under the following simplifying
conditions:

(1) The system is infinite and homogeneous.
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'(2) The absorption and fission cross sections Z;(E) and
& ;(E) are of 1/v type.
The characteristic equation for the multiplying system is
given by

(An=Taa Vo) Na (E) = Vo 5, (E)E A Mo (£)
*v/; (€5 6)e’h Nu(E) de’

(1)
~v2.., Ve (E)j/\/ E')de’
with neglection of the delayed neutrons, where E is the energy
in kT units, v, the neutron velocity corresponding to E = kT,
Nm(E) and ﬂm the eigen function and the eigenvalue of the m-th
mode,é?aﬁ andé?folthe macroscopic absorption and fission cross
sections for v = vV, and X(E) the energy distribution of the
fission neutrons.

Consider a pure non-multiplying system whose neutronic
properties are the same as those of the above-mentioned multi-
plying system except the conditionZa(E) = 0, E;I-(E) = 0.

The characteristic equation for this non-multiplying

system 1is

A NCE) = a2 (E)EA N (E)

—v.fz,(s’va)f% N (E') d &', @)

where N' (E) and A represent the eigen function and the
m m

eigenvalue of the m-th mode.

By assuming that Nm(E) can be expanded in terms of N’m(E),

Nm(E) can be given by
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Ne (8) = D" Awi N (E)
{=¢o

(3)

By substituting Eq. (3) into Eq. (1) and making use of the

well-known relation(4)

j N,._'(E) de = 0

(4)

as well as the orthonormal conditions between N'i(E) and the

adjoint function N'j(E)

ﬂ
L)

() d E

j Nj(e)NJ’*

fNJ(s)/\g’Wf)dﬁ =1

» one can conclude that
A, = Ao’ 'f‘Zqua - I/fz ,lva
A
Az

/{l t ZMV’
A; T Zl\o v"

14 ¥ } (s)
{ = 3 (e)
(7)

A linear algebra determines the coefficients A j:

Zf fX(E)N Y(e)de

A
A J/fo,V, V'f' /11 — /’Lo

(8)
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A’_J. = 0, fer m)o M*J‘ (9)

The above analysis results in the following conclusions,
(1} Introduction of fissionable materials causea a change of
the fundamental eigenvalue and of the eigen function as indi-
cated_by Egs. (7) and (8), and reduces all the higher eigen-
values by Z,,V, , but does not at all influence the higher eigen
functions.
{(2) The thermalization time constant is smaller in the multi-
plying system, ?th{multi), than in the pure non-multiplying
system, ?Eh (non-multi) ofll'l'l because from Eq. (10),

2,,,,(M,Ul’.)= (ﬂ,—la)-‘
= (A~ 3V + v 20" (10

and thus,
'ath(multi)< ath(non-multi). (11)

It must be noted that the above conclusions'have been
obtained on the discrete eigenvalue model under the simplified
conditions described in the beginning of this paper. Theoreti-
cal studies on actual non-multiplying systems have previocusly
established that discrete eigenvalues should be limited below

CVZ)min’

eigenvalues. This points towards the necessity of further

beyond which there exists a wide region of continuous

rigorous treatment of this problem in the future.
In order to substantiate the theoretical conclusion ex-

pressed by Eq. (11), preliminary experiments were carried out
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The thermalization time constants, ?t

.non-multiplying (a pure graphite system), and Eth(multi) for

h(non-multi) for one

two multiplying systems {(graphite moderated 20 % enriched
uranium system} -SHE-6 and 9-were measured by silved filter
transmission method. These experimental systems are described
in Table 1. Bursts of D-T neutrons with a pulse width 6f SO/*s
were injected approximately into the center of the system under
study by using a 150 kV Cockcroft Walton accelerator. Therma-
lizing neutrons were detected with small BF, counters (Twenty-
century 40 mmHg)-first bare, and then silver filter covered-
placed either in the center of the fuel region or of the
graphite pile. The relaxation constant of the counting ratio
between the two counters gives the thermalization time constant,
and are seen to be strongly dependent on the point in time at
which the data fitting is started, but appear to tend toward
asymptotic values, which should be the true values of the
thermalization time constant 2th' It can be concluded from
Fig. 1 that the thermalization time constants 3th(mu1ti) in the
multiplying systems in question, namely SHE-VI ard -IX, are
smaller than the Bth(non-multiW in the non-multiplying system,
in the case a graphite pile. Then, it may be safe to say that
the existense of the discrete fundamental prompt neutren decay

constant is clear in the usual subcritical reactor.

2.2 Effect of Delayed-Neutron Mode on the Determination of the

Prompt-Neutron Decay Constant in Pulsed Neutron Measure-

ments (7)
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The pulsed-neutron technique has been widely used to
measure the prompt-neutron decay constant & of reactors. So
far the value of & has usually been determined by fitting the
change of the measured neutron count rate, following the source
burst, to a single exponential function accowmpanied by a con-
stant background. This is the constant background method.

It has been pointed out by K;chle(s) and Sastre and Wein-
stock(ﬁ) for near-critical heavy water or graphite-moderated
reactors that the use of such a formula will introduce appreci-
able systematic errors because of the over simplified treatment
of the background neutron counts as being constant with time.
The background, in fact, should change due to the slow decay
of the delayed-neutron modes. The purpose of the present work
is to show an improved method of correcting the effect of the
gradual buildup of delayed neutrens on the prompt-neutron decay
and to evaluate systematically and quantitatively the dependence
of the effect on the length of neutron lifetimes, on the sub-
criticality of a reactor, and also on the repetifion rate of
neutron pulses. The method presented below is an improvement
over those described in Refs. 5 and 6 in the following two
respects. One is the consideration of the post-burst neutrons.
Another is the adoption of a simpler estimate of the relative
amplitude of the prompt-neutron mede. The principle of the
method is described in Ref. 7. A computer code(s) ALPHA-D has
been developed to traat the experimental data for near-critical
reactors.

The validity of the present method is established by the

comparison of the results of its application to the following
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test problems or the example experimental data with those
obtained by earlier methods. ‘

Ten sets of test problem are provided in the form of the
counts per channel by calculations using the numerical time-
step methods for representative subcritical reactors from
criticality down to about one dollar subcritical, having a
neutron 1ifetime of 1 msec or 100/45ec. The period of the
neutron pulses is changed to 5, 2, and 1 sec. Three different
methods were applied to the problems. The first and second are
the present method and the constant-background method, respec-
tively. The third is essentially the same as the earlier method
of Refs. 4 and 5 from the viewpoint of neglecting post-neutron
pulses. The results of the applications of the three different
methods to the test problems are shown in Fig. 2. It is clear
from the figure that the present method yields correct values
of the prompt-neutron decay constants of slightly subcritical
reactors having a l-msec neutron lifetime which are free from
systematic errors of ~ 5% which would be inevitable with the
constant background method. It is further shown that its use

is effective not only for a slightly subcritical reactor (0 to

- .

10 cents) but also for reactors as much as two dollars subcri-
tical because the systematic error amounts to ~ 2% in the con-
stant background method. The systematic errors introduced in
the constant back-ground method become larger as the period of
the neutron pulses becomes shorter. For the shortest périod,
1 sec, the error should amount to -4.9 % for the reactor with

a decay constant of 8 sec™t.
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The effect of the post-pulse neutrens on the determina-

tion of decay constants is checked by the comparisons of the

results of the present method with those of the third method;
the results of the third method are smaller than the correct
value of 8 sec t by 0.1, 0.2, 0.5, and 1.1 % for the repeti-
tion periods of 10, 5, Z, and 1 sec, respectively.

It is also found that the experimental data for the re-
actors having the short-neutron lifetime of 100/usec can be
treated within the systematic error of 1% with the constant
background method.

Experimental data for SHE-5 at near criticality were pro-
cessed by both the present and the constant background methods.
This assembly has a neutron lifetime of 1.18 msec,(g) measured
by a pulsed-neutron technique, due to the strong reflector
effect. It was operated at 51.75 and 66.9 cents subcritical.
The resulting values of « determined by the two methods differed
by ~ 4 % (Table 2). The dependence of the value of « resulted
from the two different computor codes ALPHA-D aﬂd ALPHA
(constant background method) on the initial fitting start time
is illustrated in Fig. 3 as for the SHE-T-1 core at 18.5 ¢
subcriticaljsaturation tendency of o with the initial fitting.
start time can not be.observed with the latter computor code.
Both results are consistent with the tendencies experienced in
the test problems. | |

It is clear from the arguments given above that the present
method is improved over earlier ones in the following ways:

1. The first and second post-neutron pulses are considered
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for the estimation of the amplitudes of the dealyed neutron
modes which were disregarded in earlier work. The consideration
is unnecessary in the case of the long repetition period, T =

10 sec, but is necessary in the case of shorter repetition
periods, 1 sec. Use of such short periods is essential when
the time allowed for the measurement is restricted as, for
example, in the reactivity measurement for reactor startup.

2. The amplitudes of the delayed-neutron modes can be
estimated in each iteration from the value of the prompt-
neutron decay constant K determined by least-squares fitting
of the neutron counts in the time after higher spatial harmonics
have died away.

It is concluded that the application of the present method
to the determination of & from the measured neutron counts
removes the systematic error due to the delayed-neutron modes.
It is applicable to heavy water or graphite moderated reactors,
having neutron lifetimes of the order of 1 msec, ranging from
critical reactors to a few dellars subcritical.- The method is
especially applicable when the the period of the neutron pulses
is short. Even for light-water-moderated reactors, the use of
the present method is preferable to remove a small systematic

error of the order of 1%.
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3. Measurement of reactivity worths of control rods by use of

the pulsed neutron method

Measurements on the reactivity effect of the experimental
multiple contrel rods, arranged in ring geometry were undertaken
with the application of the pulsed neutron method using the
King-Simmons formula in SHE-8 and SHE-T-1 core. Both of the
two cores are side-reflected cylindrical ones, whose atomic

ratic of C to 235

U is 2226 and 6629 respectively (g). The
latter core is slightly loaded also with thorium oxide fuels.
The nuclear properties of the two cores are summarized in Table
1, and the fuel loading patterns are shown in Fig. 4.

The experimental control rods are provided by inserting
the hollow neutron absorbing pellets into the thin aluminum
tubes. The pellets which are the cold-pressed mixture of the
natural graphite and B4C powders with the QVerage boron content
of 10 w/o and with gross density of 2,02 g/cmE, and are 50
and 30 cm in outer and inner diameter, respectively. The number
of the experimental control rods, fully inserted at the same
time, is varied from one to six. The patterns of the experi-
mental control rods configurations are of ring geometry as
illustrated in also Fig. 4 in case of three experimental control
rods,

The pulsed neutron source used (JAERI-ToshibaNP-11-PT) was
a 200 KV Cockcroft type neutron generator(loJ. In this genera-
tor, the pulsed ion beam is obtained by modulating both the

extraction voltage at the probe of the ion source and the
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deflecting voltage for the accelerated ion beam. On extension
tube with a T target is placed horizontally in the hollow
graph%te tube (MC 9 in Fig. 3). The ratio of the peak neutron
output to the background is over 10°. About 10° neutrons/burst
are obtained with 100/usec pulse width. The repetition frequ-
encies range from 0.1 to 10 p;%.s., depending on the value of
the subcriticality.

A block diagram of the measuring system is shown in Fig. 5,

A BF3 counter (Hitachi EB 125.5) 2.5 cm diameter is inserted

into the hollow graphite tube MB4 at a distance of 30 cm from
the mid plane (See Fig. 4). The position of the detector is
determined to satisfy the requirement that the component of the
several spatially higher harmonicizaf eliminated in the detec-
tion of neutrons. The neutron-indﬁced pulses from the counter
are amplified and discrimihated from noise, and then fed to the
256 channel TMC time analyzer making use of the pulsed neutron
unit 212.

The prompt neutron decay constants of the fundamental mode
o are determined from the decay data of the neutron density
stored in the time analyzer. The raw data were fittéd by least
squares method to a single exponential type formula after
correction for counting loss using & computer code ALPHA(II)
for most cases and ALPHA-Dtg) for the particular cases at near
critical, as described in Chap. 2. The most probabie value of
K determined through the above procedure is further affected

by the time initial point of the fitting, due to the appreci-

able contribution provided by spatial harmonics to the prompt
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neufrdn_decay. However, even in the worst case, the value of

X saturated after an elapse of ~ 20 msec. The measured values

of the prompt neutron decay constants, thus determined are

listed in Table 3. The experimental errors including statistical
and systematic one are mostly estimated within 1 %.

The change of the prompt neutron decay constant by insert-
ing the experimental control rods into the slightly subcritical
cores being called as the standard state hereafter is very
valuable, because adopting this change as the measure of the
subcriticality the direct comparison between experiment and
theory can be possible, but such is significantly not easy
problem with respect to the static reactivity.(lz)

The worths for each of the experimental control rods con-
figuration are determined as shown in Fig. 6 in scale of the
static reactivity f from the measured prompt neutron decay
constants « making the reasonable but very large correction to
the well-known King-Simmons formula due to the change of the
neutron generation estimated by calculation.. The correction
is made by the following procedure.

The King-Simmons formula is

_ﬁ‘_?_ . (12)

F,ﬁ ¢

wheretxc stands for the prompt neutron decay constant at.

critical state.
Considering the change of the neutron generation time X}

the King-Simmons formula is corrected 35(13)
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_ﬁ‘_’i_ K= Xef 45 + £ (13)

/3,18{ Kc

f ot A
A
£, = (—1{{ ) (15)

Z T _/.‘T‘Lfflz ;f f;rx: (o)

In from Egs. (12) to (16), the commonly used notations are

&Lr

utilized, with subscript ¢ refering to the critical state. The
correction factor f shows small deviation ofa(C from ﬁ%ff/lgc
in the order of ¢ %, and never be less important. The cor-
rection expressin in £1 due to the change of,fg followed by the
insertion of the experimental control rods is most important.
The another correction expressed in 22 is so small as negligible
in most cases.

The change of lg is_estimated by calculating both of o« and
/° for each subcritical states and substituting both results

into the equation

4

This calculations was made using a computer code CRODER, which

& [ '
D P (17)
— A; - K :
A
solves the two-dimensional diffusion equation by the source
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sink method. The calculated correction terms of f, ¢, and £ ,
are also listed in Table 3 and the space-dependence of &1 is
shown in Fig. 7. It is to be noted here that this correction
terms amount up to ~ 100 % of the reactivity values evaluated
by the original King-Simmons formula, when the experimental
control rods are gathered in the central part of the cores, the
reactivity being down to about ~ 50 $§. This situation is due
to the fact that the neutron populations are let to be higher
in the peripherical regions of the core-reflector boundaries.
In order to summarize the experimental results, 1t is
logical to define the interference factor S as a measure of the
mutual interaction among the multiple control rods by the

equation,

[~

S & — (18)
N fﬂ
where : reactivity worth of a single control rod
1

fON: reactivity worth of a ring of N control rods

The factor S exceeds unity in the case of antishadowing,
and is smaller than 1 in the case of shadowing. The depen-
dences of 'S on the distance between the most adjacent two
control rods are shown in Fig. 8.

It is to be noted from observation of Fig. 8 that the
reactivity worths-of the multiple-control rods arranged in'

a ring geometry show good agreement between experiment énd
calculation. It may be essentially because in calculation the

extrapolation distance for the fast group neutrons at the
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surface of the experimentel control rods was so adjusted as to
“equalize the calculated value of the fully inserted single
central rod with the measured value: Measured value of X-&X =

calculated value of d*aé.
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4, 'Iﬁteg:al-Versions of Area-Type Pulsed Neutron, Source

Multiplication, and Red Drop Method

Theoretical treatments, including the methods of source-
multiplication, rod-drop and source-jerk, are suggested in the
authors' paper of Ref. 14 for dealing with the spatial effects
observed in several kinetic experiments for determining large
~ negetive reactivity in a reactor.()$) An analysis by means of
kinetic eigenfunctions is made on the kinetic behavior of the
reactor, when these methods are applied. For each kind of
experiment, & new multi-point type formula is established to
replace the current single point type expressions, in order to
derive the precise reactivity value by utilizing all of the
neutron counting data obtained from every part of the reactor
core. In the new formulas, the raw neutron counting data are
integrated in reference tc space and energy, weighted with the
product of the static adjoint function n+(;,v) and the static
fission spectrum fs(v). This integral procedure-is effective
in eliminating the effects of kinetic distortion and of the
spatial harmonics included in the raw counting data. The new
formulas as well as one for the pulsed neutron methed, given

by Kosaly et al.clsj, are summarized here.

[s5 Ap

Pulsed neutron method: ——;g;ﬁ? = T '(19)

- \S n,s(Ts,va)
Source multiplication method: /3M = ;i (20)
' t
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Rod-drop method — .

/ORDD - Ar._ (21)

P X A

- (Source-jerk)

Remarks:

(1)Kp=]J?Ar(?)]‘no:(rjv')fs (v')dv’ (22)
v >
Kd=jJ?Ad(?)jn,f(ﬁV'J)‘MV'HV' (23)
v ¢

(2) d = Proportional constant
Y
(3) nos+(rs,v5) = Value of the adjoint function for extraneous

sgurce neutrons

~L d + - 7
Xt=jdr At(?')j%s“;‘/')ﬁ("')‘” (24)
14

b

ao+ . ,
4) Kﬁj“ A,,(F)]?%,(f, vi) fs (v dv (25)

Y a

" - ”+ a , ’
z(rzja’r Ay(}’)]hos(rjv')f'S(V)J-v (26)
y >
;{ = Average < :cay constant of the delayed neutrons
PTecursors
where Ap?k, - ires of the promp neutros nodes
Adf%} = avea of the delayed neutron modes
Ati;) = counting rate of the neutrons multiplicated
fros the source neutrons
AC(:) = counting rate of the neutrons before the rod

drop
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-
Ar(r) = total neutron count after the rod drop

Experiments are undertaken at SHE-T1 core with purpose to
examine the integral versions of the experimental methods, pro-
posed above. Certainly it is intended to clarify the measurable
range of reactivity worth to be enlarged, the accuracies to be
improved, and the machine time to be lengthened. According to
such purpose, five core configurations are adopted to be
operated with the different experimental methods. As listed
in Table 4 and Fig. 9, the core configurations, named as 1C.
2C, and 3C, are made subcritical with full insertions of one,
two, and three experimental control rods into the SHE-T1 core
at -11.1<¢subcritica1, respectively, and are the same with
some of those adopted in the experiments described in Chap. 3.
This is because the validity of the correction procedure 1is
also aimed to be checked. On the other hand, the core configu-
ration named as 65, which is made subcritical with half inser-
tion of the six control rods equipped to SHE for. the usual
operation is adopted for comparison between the pulsed neutron
method and the rod drop method. The another core configuration
named as 0C, which is made subcritical with unloading three
fuel rods from the critical core, is adopted, because its
subcriticality was safely estimated as —81.3<ffrom the worths
of the fuel rods measured by the period method, then this core
configuration being appropriate for use as the standard state
for the estimation of the neutron source strength in the
source multiplication method. The core configurations,

illustrated above, are let to be written simply as 0C, 1C, 2C,
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SC,-ahd 6S hereafter. The number of the measuring points for
each core configuration is 16 and 20 ~ 48 in case of the pulsed
neutron and the rod drop method and in case of the source
multiplication method, respectively, and is illustrated in Fig.
9.

The experimental control rods, named as "Gray 50/30", are
provided by inserting the neutron absorbing pellets (0.D. 50 mm,
I.D. 30 mm) into the thin aluminum hollow tubes. In the source
multiplication method, a 100 mCi Am-Be neutron source was
positioned at the center of the cores, except Cl core, as shown
in Fig. 9. With the view to shorten the machine time, the
brock diagram for the measurement shown in Fig. § was so im-
proved as illustrated in the same figure. First, four neutron.
counting channels are provided using small BF; counters
(Twenty Century 5 EB 60/6) with diameter of 1/4" The reacti-
vity decrease due to the BF3 counters were as well as 7.3¢ at
most. Second, a ND-2200 1024 channel analyzer is operated
with a home-made controller to analyze the time;dependence of
the neutron signals in 256 channels for each of the different
four counters.

The values of adjoint functions required as the weight for
the space-integration are obtained by two groups diffusion
approximation, using the computer code EQ-S.(lﬁ)

Reactivity worths by the area-type pulsed neutron method
are obtained as follows. The time-distributions of the neutron
signals after the neutrons bursts, stored in the time analyzer

as shown in Fig. 10, are fitted to the single exponential type
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decay using the computer code ALPHA(ll). Then, both the value
" of ¢ and the constant background level are determined, the
integration of the latter between the period of the two
succesive pulsed neutrons bursts giving the values of Ad(;)‘
The values of Ap(;) are obtained by subtracting Ad(;) from the
total area composing of prompt plus delayed neutron modes which
can be simply determined by summing up every neutron counts
between the succesive neutrons bursts. Dependence of Ap(?)/
Ad(}) on the measuring points is slight in 0C, but is signifi-
cant in the other more far subcritical states. This situation
is shown in Fig. 9. The reactivity worth determined by integ-
rating those space-dependent areas according to Eq. (19) are
listed in Table 4. In the integration procedure, the whole
core volume V was divided into the sub-volumes ViJSO as each
containing one detector position. Then the following approxi-

matien is made,

]JFAI,(FJJH,I(?: y) F () dvi sV nT (T AT
V. ]

and
it A o 4, <
a7 aanrn v h e 2 URIEI AT g,
V. °

[
]
where nI(rd) stands for the calculated fast group adjoint

function at the detector position ;d in the sub-volumes.
The reactivity worth by the source multiplication method
are obtained as follows. As for the volume integration of

.Y
At(r) which was measured as the spatial distribution of the
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neutron counting rate as shown in Fig. 11, an approximation is

‘adopted,
- ,
- 2 t > ’ 1 i -
LA D (r v fsvodvi = Vewe A () (20)
VL @
: A A a A
S AP L ASEY
W, = %
= 30
_— : V, ¢.(1¢) (30)
where n{(;) and ?2(;A) represent the calculated fast group

A
adjoint function and the thermal neutron flux at position Ty,

respectively.

It is very important to calculate presice value of
ngs(?s,vs): This value was obtained by the four group diffu-
sion theory with making the highest energy group to include the
source neutrons from the Am-Be neutron source.

The reactivity worth by the rod drop method is obtained
only for 6S. The measured values of AC(;)/Ar(?) showed strong
space-dependence as shown in Fig. 9. The reactivity worth
obtained by integrating Ac(?) as well as Ar(;) according to
Eq. (21), is listed in Table 4, where some approximation 1is
used similar to Egqs. (29) and (30).

It can be concluded from observing of the experimenial
results summarized in Table 4 that agreement of the measured
reactivities is markedly improved among the different ekperi-
mental methods: |
(1) Difference between/oRKS and/gsJ is within only 5 % down

to ~ 48% (0C,1C,2C,3C cores)
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(2) ﬁifference betweenfﬁéJ andIESM is also not appreciable to
~ 34$ (0C,1C,2C), although it is very large for the most
highly subcritical cores, 3C, whose negative reactivity
is ~48%.

(3). In case of 65 core, FSROD agreed comparatively well with
the other reactivity values Of;ﬁSJ’/DRKS and F)SM’ where
all the weights are simply assumed as unity. Three-
dimensional diffusion calculation are being done in order
to obtain the precise weighting factor expressed by Eq.

(30).
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5. Polarity'correlation‘ekperiment

5.1 Introductory to polarity correlation

The reactor nolise analysis, including the polarity
correlation method, has been used to determine the correlation
function of neutron count rate mainly in fast and light-water
moderated reacters. It has little been used for graphite or
heavy-water moderated reactors with long prompt neutron
lifetime.

In this chapter, the polarity correlation method is
applied to an experiment to measure the prompt neutron decay
constant or the subcriticality in a graphite moderated and
reflected reactor SHE-T-1 with the reactivity ranging widely
from critical to almost shut down state (-12 dollars) without

external disturbance such as pulsed neutron source.

5.2 Principle

When a reactor is operating at steady power, the count
rate of neutron detector will fluctuate in time around its
own mean count rate. The count rate is converted to polarity
signal, or in other words, s§n function signal, which has a
logical + 1 value when the count rate exceeds the mean rate
and has a logical -1 value when otherwise.

A polarity correlation function is defined as a correla-
tion function of this polarity signal.

v

, /
(?bp('t‘) = fref,’f: Tl SEn X (t) - Sgn X (t+T) 4T, (31}
-T
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When the statistical property of count rate X 1s approximated
to obey a two demensional Gaussian distribution, Eq. (31) is

expressed as,

bp(0) = 2 sin Py, | (32)

where‘#(f) is a correlation function of X. When the reactor
kinetics is approximated by one-point model,the correlation

function is expressed by a single exponential time function,

Geey = A e ™, (33)

Furthermore, when the correlation amplitude A is enough smaller

than 1, Eq. (32) becomes,

ey - 24— e (34)

Eq. (34) is used to analyze the experimental data.

A modified type of polarity correlation function is
introduced by one of the authors(17), which is called a con-
ditional polarity correlation function. When a ﬁeutron count
rate reaches a preset level, conditioning pulse is generated.
A conditional polarity correlation function is defined as a

correlation function between the conditioning pulse and

polarity signal (sgnfunction),

‘ < ? 3
Zr’) =z 7 _L—_("_&"T)ﬁbf_t) - O'(CP[T)) * (35)

2%

B synx; =+!
where: B( s3n Xz = +1]m’) is defined as a type of conditional
polarity correlation function which indicates that x, has a
positive polarity under the condition that X, has a preset

level % ; ¢ is the standard deviation of Xq; 0 is a function
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invdlving the higher order term, (¢(q)) ; ?Tr) is a correla-

tion function between xl and‘xz.

5.3 Experiments

Experiments are performed in SHE facility operating at
very low power steady state with (subcritical) and without
(critical) start up neutron source.

In SHE-T-1 core, the polarity correlation method is appl-
ied to the experiment for measuring the safety rod reactivity
worth. The pulsed neutron and rod drop experiments are also
~erformed for the purpose of comparison.

A large volume BF, proportional counter (84EB 45/50G, 0.D.
= 5 cm, L = 100 cm) is placed on the axis of cylindrical core
to get a sufficient detection efficiency, in spite of inducing
a strong depression to neutron flux distribution (reactivity
worth is about 2.5 dollars). The SHE-T-1 core is loaded with
152 fuel rods to get critical. The polarity correlation
method is applied to the experiment in this deléyed critical
core to obtain a prompt neutron decay constant at delayed
critical.

The critical core is then made subcritical by inserting
the safety rods. The number of safety rods inserted is varied
from one to six. At each step of insertion, the polarity
correlation, pulsed neutron and rod drop experiments are
carried out to measure the subcriticality, i.e., reactivity
worth of safety rods inserted.

In the polarity correlation experiments,(ls) the neutron

detection pulse is converted to clock-digitalized pelarity
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sigﬁal so as to get the delayed coeincidence which is directly
identical to the polarity correlation function. In Fig. 12,
are drawn the decay curves of polarity correlation function
against delay time for the various number of safety rods in-
serted.

The pulsed neutron experiments are done with the condi-
tions almost as same as those described in chapter 3.

In the rod drop experiments, integration type analysis is
chosen. The effects of the count start and stop time on in-
tegrated value are carefully examined to get a exact reacti-
vity worth.

The reactivity worth is calculated from the prompt
neutron decay constant using the original King-Simmon's formula
Eq. (12), in both cases of polarity correlation and pulsed
neutron experiments, while in case of rod drop experiment, the
reactivity worth is calculated using the well-known formula

235

for U locaded core:

P/;%ﬁ = (court rate before rod drop/integrated counts

after rod drop) x 13.01
(36)

The resultant values of reactivity worth are plotted
against the number of safety rods inserted into the critical
core and shown in Fig. 13. The reactivity worths, obtained
by the three experimental methods at gach number of safefy'
rods inserted, show satisfactory agreements by about44v§ A

discrepancies.

In SHE-VIII core, the conditional polarity correlation

experiment is performed for the purpose of demonstrating how
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the'theoretical expression can be observed in the experimental
'results. The ekperimental set up is similar to that of polari-
ty correlation experiment,'but in the former case, the critical
core is unlcaded with one fuel rod and a start up neutron
source is introduced to it to make it a subcritical steady
state, and two relatively small BF3 proportional counters
(Hitachi EB125 B-2, 0.D. = 2.5 cm L = 30 cm) are utilized by
setting at the boundary between core and reflector in mid
plane. One detector signal is made to produce the condition-
ing preset signal, and starts a multi-channel time analyzer
sweep, while the another detector signal is converted to
polarity signal and its digitized positive part is fed to the
analysis signal input of the analyzer.

A piece of conditional polarity correlation function
measured is shown in Fig. 14 against delay time between X, and
Sg7n Ay = +1 for various values of conditioning preset level
X . After the investigation of such experimental data, three
remarkable facts are pointed out: 1) The correlation ampli-
tude is proportional to the conditioning preset level; 2} A
common decay constant is possessed by all the decay curves for
various conditioning preset level; 3) The decay constant is
just the same as what is obtained by polarity correlation and
pulsed neutron experiments. These facts support undoubtedly

the theoretical expression in Eq. (35).

5.4 Discussions about the conditional polarity correlation
(19), (20),(21)

It has been proposed by several authors

that a chain enhanced part of neutron count rate can be
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correlated with its following count rate, resulting to give a

prompt neutron decay curve. Such a technique is called

"Endogeneous pulsed source', or '"Flash start technique". The
well-known Ross-o method can be understood to be included in
such a category. Concerning to the pulse type flash start
technique, the Rossi-& formula and its variations are well
developed from a statistical point of view. However, the
analog signal type flash start technique has been used empiri-
cally only. Under the assumption that the count rate fluctua-
tion obeys a Gaussian distribution, the analog signal type

flash start technique can be easily formulated as shown in

Eq. (37)

, 2 ‘ 37
(xiy = ot g (Hm) ) i

where
{X:> is the ensemble average of X, under the condition that
%, takes a preset level value X/,
am; 1s mean value of count rate X;, m; = (z;},
¢ 1is the standard deviation of X,
$rgis the correlation coefficient in a two dimensional
Gaussian distribution.
Obviously, Eq. (35) is equivalent to Eq. (37} when the corre-
lation coefficient <¢(t) is enough small and near to zero.
In short, the endogenous pulsed source or flash start
technique is confirmed completely with the theoretical expres-
sion using both the one point model for reactor and a Gaussian

model for count rate fluctuation.
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5,5- Conclusive remarks on the polarity correlation method

The prompt neutron decay constants in a reactor with a
long prompt neutron lifetime can be measured satisfactorily by
the polarity correiation method not only at critical but also

down to about twelve dollars subecritical.

The subcriticality obtained from the prompt neutron decavy
constant using the original King-Simmon's formula showed fairly
good agreements between polarity correlation and puléed neutron
experiment involving 4% discrepancies and agreed also with that
obtained from rod drop experiment involving 7% discrepancies at
most.

A conditional polarity correlation function is introduced,
and thereby, the ¢ndogenous pulsed source or flash start
technique, especi«lly in case of analog signal type, is con-
firmed completely with the theoretical expression using both
the one point model for reactor as well as a Gaussian distri-

bution model for <ount rate fluctuation.
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Conclusion

The discussions given in the proceeding chapters are

summarized as follows,

(1)

(2)

(3)

(4)

(5)

It is safe to expect the exisistence of the discrete time
eigen-value or the prompt neutron decay constant even in
the highly subcritical cores.

The precise value of the prompt neutron decay constant can
be determined by use of the least squares fitting consider-
ing the accompanied slow decay of the delayed neutron ques.
Such consideration is very important to exclude the
systematic errors to be included in the prompt neutron
decay constants.

The King-Simmons formula is revised so as to get valid even
for the cases that neutron generation time is much diffe-
rent from that at critical. The accuracies of the corec-
tion calculations are checked by comparing the resulted
reactivity values with those obtained by.thé other methods.
Integral versions of the pulsed neutron, source multipli-
cation, and rod drop methods were experimentally demon-
strated and then the discrepancies of the measured reacti-
vities which have even been reported among those methods
were reduced so much as to be not appreciable in most
cases, even though the measured values showed strong‘
dependence on the every detector pdsitions.

Applicable reactivity range of the polarity correlation

method was enlarged down to about 12§ subcritical.
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-Therefore, it can be concluded that the ekperimental
methods to measure largé negative reactivity in the
graphite-moderated and reflected relatively small reactor

cores like SHE are established down to 34 § subcritical.
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Table 2

Prompt neutron decay constant determined with and without consideration
for the slow decay of the delayed-neutron modes

Prompt-Neutron Decay
Constant, ol (sec)™

Number of Fuel Reactivity Constant Present
Background
rods {cent) Method Method
214 -66.9 8. 9910, 04 9. 3210, 04
215 -51,75 8.2210. 05 8.54£0, 06
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Fig. 2

neutron decay constant, in a pulsed neutron experiment,

Reglaxation time constant of the inverse silver ratios

in the graphite pile and the subcritical SHE-6 and
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various data processing methods
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