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I, SUMMARY

The present investigation utilizes a very important
statistical property, namely the power spectral density
of the random variation o¢f the neutron flux, which eval-
uates some important parameters of the lowa State Univere
sity UTK=10 nuclear reactor, Using the same property
an attempt was &lsco made to compere the neutron flux
variation between two different locations inside the
reactor with the system in the critical as well as in
the subcritical state.

The "power spectral density” can be loosely defined
as a measure of the total average power in & given fre-
quency band width of 2 rendom signal.

The UTR«l0 reactory, as @2 linear system, was chara-
cterized by its power spectra response to & random dis-
turbance whose power spectral density was known., The
random disturbance was provided by a plutonium~beryllium
neutron source placed between the twe subcores of the
reactor. Thus, the magnitude of the transfer function
of the reactor was cbtained over & certain frequency
domain. The span of this frequency demain was chosen
tc be from 0.1 toc 103 ¢cpsy within which the charscter-
istic modes of the desired reactor parameters were ex-
pected to lie. The desired parameters in the present

investigation were the effective multiplication constant



(keff) and the ratio (3/0) where ; is the delayed neutron
fraction and £ the effective neutron lifetime. The
expression which relates the parameters tc the source

transfer function of the subcritical reactor is given by

| H _(m)42 = } 7 38 P
b 4 w2 4 [1 l‘\eff ]2

From this expression it is clear that the qguantity
{*153%§ii:il] is given by the corner freqguency co-ordi=-
nate of the specific transfer function. Data describing
characteristic Bode curves were cbtained for the reactor
critical and subcritical with the detecting instrument
placed a2t two different locations inside the reacter.
Finally, the data were fitted by a least square technique
intec a more detailed form of Equation (1) in order to
obtain the corner frequency and thereby the quantity

l-Keff(l=5)

L yi ]

Finally, part of this study was tc investigate &
special detecting technique to be used for the detection
of the neutron flux when the reactor is quite subcriticel.
The necessity of such a technigue has been indicated by

the failure of ionization chambers to detect weak neutron

flux signals,
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II., INTRODUCTION

By simply analyzing the random fluctuations in
the power level of a2 reactor one can obtain, free

ot charge, @ continuous report on reactor operating

variables which can be of great value in guiding the

decisions of the operatcer. J. A. Thie (13)

When a broad band of random noise is applied to the
imput of some physical device the statistical properties
of the output cf the system are often of interest. For
example, in the case ¢f a nuclear reactor. the random
fluctuations oif the neutron level which are generated by
an inherent random reactivity input can be analyzed to
obtain information about the system. Two of the most im-
portant statistical properties which are involved in the
analysie of neutron level fluctuations are the autocorre-
lation {function and the power spectral density. The for-
mer is considered as a measure of the dependence oi v lues
of a random output separated by & fixed time intervel,
while the later is defined as the limit of the total
average power in a given bandwidth of frequencies divided
by the bandwidth as the bandwidth apprcaches zero.

The power spectral density can be determined experi-
mentally by analyzing the random signal in guestion with
respect to different frequencies. The result cen then be
interpreted by means of a "Bode" plot. If a nucleax

reactor is considered as a linear system then the cutput

power spectral density is expressed in terms of the square



modulus ¢f the transfer function and the power spectral
density of the driving function. Thus, if the input
power spectral density is known, the measured cutput
power spectral density cean be used tc obtain the mag-
nitude of the system's transfer function.

The spatially independent transfer function for
a subcritical resctor has been shown to be & function
of the effective multiplication constant, Keff, of the
system (14). Thus, it is pcssible to obtain the shut-
down margin of the system from power spectral density

measurements,



111, LITERATURE SURVEY

Although the technique for collecting and inter-
preting date in reactor noise analysis is nct well known,
its use for obtalning information a2bout the reactor's
paremeters is becoming very populsr.

The use oi reactor ncise analysis, in cgeneral, has
evolved since the theory {for snaelysing functions c¢if time
with a random behavior has peen fully developed. tchuster (11)
is velieved tc be the first tec investigate rendom functions,
and he 1g well knoewn for his “"perlodgrem” method of analysis,
The use of rendom téchniques in reactor anelysis started
with “oocre (7), while Rice's analytical studies contributed
to the formulation of pile noise (é). Grifiin and Lundholm (4)
have done systematic messurements of power spectral densities
fer critical reactors, HRecent studies and detalled descrip-
tions of newly developed measuring techniques have been
summarized in @& book by Thie (12). Feor & more recent
reference on noise analysis in nuclear systems, one ought
to refer to the symposium on resctor kinetics which took
place at the University of Floride during the current year.
Pepers were presented concerning various investigations of
nuclear systems using noise analysis techniqgues such as
aute= and crossecorrelations &s well &s power and (ross
spectral densities. Anzlog and digital computer methods

were used fcr the meassurements,



In contrast with the above numerous investigations
one can find only & few systematic efiorte invelved with
shutdown reactivity measurements. Uhrig (1<) has made an
intensive study concerning the characteristic of subcri-
tical assemblies. He concluded that the dynamic character-
istics are dependent on the degree ¢f departure from criti-
cality es well as on neutron lifetime, Starting from the
general non-linear form of the neutron kinetic eqguation and
after making the necessary assumptions to fit the situation,
he cencluded that the irequency dependent power spectral
density retic of output teo input for the reacter is given

vy the expression

~
J

I—S—Hé “.:_ 1
+ ! ! 032 + r S;-"Jlli ’:&ti"l ]2

where S(i), the white-noise spectrum oi socurce neutrons,
is constant. iadgley {1) utilized the above relationship
by constenting power spectreél density measurements in the
subcritical region for the University of Florids Training
resctor,

1

Nomura and Goto” obtained subcritical measurements

Using the power spectral density technique on the TTR-I

1Nomura, T. and Goto, S.y Japen Atomic Energy Kesearch
Institute. renetic studies of nuclear reactors by statis-
tical methods. Private communication to Ur. Richard -Lenofsky,
Assistant Protessor of Nuclear Engineering, Iowa State
University, /fmes, lowa., 1964,



reactor (swimming pocl type). They used a two-energy
croup subcritical reactor model developed by !omura.
His method, althouch developed independently, is quite
similer to Uhrig's as far as the determination of sub-
critical reactivity is concerned. However, Uhrig ignored
3}y the delayed neutron frection, compared to one and thus
he obtained 455 for large degrees of subcriticality instead
of‘i 1-2 l) as chtained by Nomura.

mfter investigation most of the above techniques for
shutdown reactivity measurements, it may be concluded that
they are similar as far as the interpretation of the
‘experimental results are concerned, and they differ only
with respect tc the method used to obtain the data. For

example, Yamadal

recorded the output signal frcm the reactor
after it was initially amplified, on tape with an Fu
magnetic tape recorder and re-reccrded it to permit play-
back at 2, 8, 16, 32 times the original recording speed.
Thus, speed up of the tape permitted playback of thirty
minutes of data in one minute. Schultz (1C) used a
hydrogen-iilled ion chamber for detecting the signal, and
developed a special very low noise preamplifier for

obtaining & good size signal,

lYamada, S.y Japan Atomic Energy Research Institute.
Kinetic studies of nuclear reactors by stetistical methods,
Frivete communicetion to Dr, Richard Canofsky, Assistant
Professor of Nuclesr Engineering, lowa State University,
Ames, lowa, 1964,
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Finally, the work done up to date at lowa Ltate
vniversity Consists of leribaux's (6) general study on
stochastic processes in coupled reactor cores, and
Uasnofsky's (2) random noise analysis in the Iowa State
University UTR-10 reactor. doth of these investigations
included power spectrazl density measurements with the
reactor critical, Thus, it is believed the present study
is the first investigation conducted on the UTK-10 reactor

which inveolves subcritical measurements.



IV. THECRY

A. Basic Analytical Relationship Relating
Input and Cutput Power Spectral Densities

The basic relationship between the input and ocutput
power spectral densities for a linear system will be
formally reviewed in this section. The presentation‘
here follows that given by Lee (%5). |

The autocorrelation function of a random signal F(t)
is defined as

:
T |
Gool®) = 1im F| Fo(2)E (t+)at,
T-wym "T

where v is 2 variable time delay.

When a unit impulse excites a linear system, the
output respcnse, which is known as the "impulse response",
characterizes the system. Thet is, the output of the
linear system for any input function can be expressed in
terms of the "impulse response" tunction and the input by
means of the convolution integral.

Consider a linear system which is characterized by
an "impulse response" H(t), and is subjected to an input

Fi(t). The output of Fc(t) can be expressed as
F l8) = jH(v)Fi(t-v)dv ,

-0

The autocorrelation function of the system's output can

then be expressed as



» 3 o D ’ p o ‘
Goolt) - 1im§j jiz‘éw)fi_(t-x)dvjse{ﬁ)f—i(tw-f)df dt, (%)

T o -7 - -

by utilizing tquatiunt(ﬁ} for Foit) and

; )r (t+y=c)dr, for F (t+1:). (o)

. -
The crder of intetuisilion of Equation (%) may ve
interchanged to cbtain

. n T
G oolt) v Ve | Hia)ds |Lim & | Ey(te)E, (teres)dt] £ (7)

-0 - Ta® -T
The expression in the brackets 1s the sutccorrelation
of the input random signal,(}ii(v*r-y). Thus, Equation (7)
can be written as

Gool®) . | Hilv)dy | i(2) @y (vrms)do. (8)

- -

The power spectral density of the random signal Fg(t),
@oo(“")’ is defined as the Fourier Transform of @00(«:).
From the definition ¢f{ the Fourier Transform it follows

thet

» T

Poole) . &) Go. lr)e™Tdr. (9)

-

Substitution of Equation (8) for (z) ylelds

Q0

n = o 0 p o
P () . AT | HGDSY () @y g (r4ym)eo) dr. (10)

- - -
With the change of variable, p = {xhyer ,

Equaticn (10) beccmes
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B e iv"l), . 0 \
@ () N %,.J e-‘)c‘"*’+" ) j Hiv)va Hiw) ?ii‘\p)d‘] dpeill)

-0 -3 -

An interchange of the order ¢t integration ylelds

) () | Hiv)e deJ Hioo)e d: ) Qii ple Rl . 112)
-

-l -y
Assuming that i{t) _ H(t) for t>0 and ii{t) _ O for t<C,
the limits of the first twc integrals in Equation (11)

pecome iroem O 1o =,

@ue’*“‘») Jf'*ia)ej‘““‘dvjHf;:)E:-'j""”d*-“ 2}-7rJ @5 tn)e™ ¥ | . (13)

The {irst integral in Equation (13) is the freguency
response function, !{w), of the system and the second
integral is its complex conjugate,(ﬁ(m). The expression
in the obrackets represents the power spectral density of
the random input to the linear system, CI%i(”)‘

Equation (13) can, thus, be written as

<E%ob”) = n(m)ﬁ\é)‘j>11@»): (14)
or
0o(z,,») ; ‘H(m)gz Qiii(w). , (1%)
This is the fundamental analytical relationship
used in the present investigation for the interpretetion
~of the experimental results. However, due to the fact
that in the system 2s & whole there are relatively uncor-

related ncise contributions from the driving neutron
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source and the instrumentation itself, the above relation~
ship becomes a little more complex. Gadgley and Uhrig (2)
have represented the reactor and instrumentation with

the olock diagram shown in Figure 1. The power spectral

density ¢of the ocutput oi the system is then given as
) 3 " 3
Qo) - @H(m)mﬁ(jm)jz i, (o) |2 +@lnxm)nw5m)a , (16)

where:

CI%O(m}
D, )

nn (m)

H

Cutput power spectrel density of the reactor

and instrumentation

i

Power spectral density of the neutron source

noise (white)

Power spectral density cf the instrumentation
nolse

Hﬂ(jm) = Freqguency response of the reactor

fi

H (jw) = Frequency response of the instrumentation.
ue to the fact that nn(m) and (I}i{m) are power
spectral densitlies of uncorrelated random noise, they can
be considered as constants up to very high frequencies.
Thus, equation {16) can be corrected for the instrument
frequency response b, dividing each side by ib&{jw)iz.

This yields

(I) (@)
OO0
28‘1_(‘5(9)f2 3 @ti(&})‘ﬁﬁ(jq’){? . @n((ﬁ)’ (17)

or
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(ml)nH

(m) Yo

(ml)uH

Aav__e



0,(cn)

= A+ BlH, Ue) (<,
M, (o) |2 i

Here, the constants A and U represent the power spectral
densities ¢f the instrument noise and input noise,
respectively.

4, DLerivation of the Cpen Loop
Subcritical Reactoer Transfer Function

The modulus of the open loop subcritical reactox
transfer iunction which is to be used with the reletion-
ship between the power spectrel densities of the input
and cutput of the system is now derived., The UTR-10
reactor is a commercial version ¢t the Argonne Naticnal
Leboratory Argonaut type. The core configuraticn consists
of twe separate sub-cores of fuel regions embedded in
graphite. Ueiconized light water, which sexves as both
moderator and coclant, is circuleted through each fuel
region. Each fuel region is subcritical when considered
separately and the exchange of neutrons oetween the two
regions mokes the system cxriticel, A reactivity coupling
coetfiicient accounts for this reactivity exchange uvetween
the two sube-cores, and i$ a function ¢f the distance
between the regions.

The asnalyticel model to be used next in order to
descfibe the kinetlc behavior of the reasctor posesses

the drawback that, in sclving the time dependent thermal

(18)
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neutron diffusion equetion {with extranecus source term),
it has been assumed that the spstial destribution of
neutrons for the rescter is described by the fundamental
eigenfunction, This, ¢f course, calls {or the asssumption
thet Keif is very near the value of one, However, when a
subcritical system is invelved, the degree of departure
from criticality ie quite significant end the situation
calls for questioning the accurscy of the theoretical
model used for the interpreteticn oi the experimental
results, RHegerdless, though, ¢! this drawback the model
has been used extensively by investigaters and it has
yielded reasonably assurste results (2).

The kinetic equaticns which describe the dynamic
vehavicr of the reector, assuming one group ¢t delayed
neutrons and alse that the flux distribution is descrived

by the fundamentel eigenfunction, can be written as

g"té = [kil=}=1] i* LYURE (19)
and

where N and L are the aversge neutron density and pre-
cursor ceoncentration in the reactor respectively, ! is the
effective delayed neutron fraction, £ is the prompt neutron
lifetime, \ is the averzge decay constant fcr the pre-
cursorsy A 1 the effective repreduction constant, and o

is the external driving source, in this case the input
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from a Pu=-3e neutron source.

In order to derive the transfer function ot the
reactor with respect to the source, it is assumed that
the source fluctuates about some steady value. This is
expressed as

He i 4 Hl(t), (21)

where H  is the steady state source strength and Hl(t)
accounts for the time variations of the source. These
source fluctuations affect the neutron density and pre-
cursoré in such a manner that they also experience similar

fluctuations according to

and
C =C, + ¢ lt). (23)
Substitution of Equations (21), (22), and (23) into

Eguations (19) and (20) yields

M) = k=)= W ey (6) +Hy(0),  (24)
at 7
and
gyit) BRNIY) L e, (1), (28)
_Tdt Yy,

respectively, after elimination of the time independent
terms. To derive the source transfer function, Nl(s)/Hl(s),
in turn, the lLaplace Transform of Equations (24) and (2%)

is obtasined.
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3{5) o~
by (s ) " s - K| l-ﬁ%-l] NSk ! (26)
N A (s+X)
or
e 2 oy . (27)
ul - s‘- - f‘il-,)_l} -k }

«
+

. Factoring, in turn, the dencm-

-;\ -

inator of (27) yields two rocts, s = & 7 end 8 « 0,

respectively. This is possible if in the solution of the
i -k 1

quedratic eyuation the term l;]fl“ is neglected when

T 3 -~ £
compared to *&i%zél~£l .

Thus, Equaticn (27) can be written as

It is seen here that for frequencies higher than
one radien per secound, the zero in the numerator of
Equetion (28) cencels wi .l tha golv at the origin in the
denominator and thus the source transfer function vecomes

| 4
-
ulas)

g = {".; il T . (2‘:’)

ihe transfer function hﬁlyu) is then
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and the square modulus is

id. (Jw) i€ . 1
}‘L Land ﬁ ‘ ? "
o+ (a1-3)-17
£

For the critical case, the quantity K{l=3)=1

reduces to i/f.

(1)
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V. EXPERIMENTAL METHOD AND ECUIPMENT

The output of a nuclear reactor, namely, the neutron
flux, when it is subject to analysis is initially trans-
lated intc an electrical current by means of a system of
instruments. This system usually consists of a neutron
detecting device placed inside the reactor and a micro-
microammeter. The nature of the neutron signal cdﬁing
out of the micro-microammeter is such that is can be
described as "noise", It is & response with random vari-
ationy which is a true characteristic of the microscopic
behavior of the neutron flux inside the reactor. It is
this noise that the present investigation is concerned
with, and specifically, the analysis of this random signal
with respect to different freguencies.

A, Derivation of the Experimental
Power Spectra Definition

It is of interest, here, to show how the power spectral
density can be measured experimentally. It will be shown
that the power spectral density of a random signal in
a given bandwidth of freguencies is proportional to the
average of the mean square of the signal, evaluated at
the corresponding mid-band frequency and divided by the
bandwidth.

Considering @ random function of time, f(t), extended
infinitely along the axis, it has been shown (', p. :8)

that its mean square value is given by



)2 - JG(w)dm {32)

-

x{t

where, G(w), is the power spectrezl density of the function.
~1s0, the same mean sguare value evaluated at & particular
frequency can ve expressed as an average of the totel

power component ¢f that frequency. Hence,

B L ‘T & Ll a0
T j xz(t);m dt J Glw)dw .

® o o ®

o

L
€a)
L

x(t)zg

Limiting the frequency domein to the positive range,
Equatien (33) becomes
,.‘12 » W

% Jx,\t),’ dt = zis(w)dm : (24)

(&3 l i o [&]

I1 the perticular frequency @ is defined as the
mid=band frequency of & bandwidth limited by the frequencies
@y and ®, On each side; and assume that the power spectrum
is constant inside that bandwidth and zerc outside of it,
expression (74) becomes

%j Xz(t)i dt < j‘wzﬂ(ca)dwa‘ Glew

”, (53]
‘,L-o Cl)l 1

) 4(02

The right side of expression (:%) is then approximated
by G(mc)wn with the assumption that the two limits ¢i the

frequency bandwidth, Wy end w, @re Very nesar the
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mid=band W e

Thus
L0224l -
Tj X (t)im dt o¢ Glew)rw)
. o
or

Sag) o .L_Fsz(t)‘ dt

unTj oy °

)

The right hand side of expression (37) cen be deter-
mined experimentally by means of &n snalog computer. A
pvand=pass ‘ilter, a square multiplier, and a summing
circuit are used for this purpose.

. Equipment

Experimentally, the main interest is tc reduce the
detected signal to the desired power spectra which will
pro-ide,y, in turn, information acout the reactor transfer
function., The technique makes use of an analog computer

andy in summary, makes use of the {following equipment:

(36)

(37)

l. A gamma-compensated Westinghouse ionization chamber

2. A Keithley pre-amplifier electrometer model 610

3. A Donner analog computer model 3500

4, A Krohne-tiite model 300~A band-pass filter 1

%, The reactor was the Iowa btate University UTR-10
8 medified commercial ersion of the Argonaut

reactor developed at Argonne National Laberatory.

Its core consists of two % in. by 20 in. by 24 in.

lA product of Advanced Technology Laboratories, a
vivision ot American Standerd, wountain View, California,
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subcoresy each containing six fuel elements

which are surrounded by graphite and cooled

by deionized light water. A thermal column

4 ft., by © ft. by © it. long is provided. Remov-
able stringers are provided through openings in

the top shield closures. Also, an access port to
the mid-plane of the south fuel region is avail-
able after removing the centrsl graphite stringer

in the thermel column. Figure 2 shows the locations
of stringer positions used in this investigation.

C. $&ignal Conditioning

The instrumentation used for conditioning the signal
is shown in Figure 3 and is similar tc the one used by
Leribaux (6). The random signal was detected with a
maximum magnitude of approximately thirty millivolts
peak to peak, and was initially fed to an operational
amplifier of the analog computer which had an amplification
of one hundred. At this point the DC level of the signal,
which is of no immediate interest, was eliminated by adding
a bucking IC veltage of equal magnitude and of opbosite
sign to it., The amplified and LC {filtered signal was then
fed directly to the band-pass filter for frequency selection.
The‘filter was used with the narrowest possible passing
band; this was obtained by setting the high and low cut-
off frequencies equal., The filtered signal, in turn, was
again fed into an cperational amplifier for additional
amplificaetion and C filtering. An effort was made, at
this peint, to obtain a magnitude of about one hundred

volts peak to peak since a calibration curve of the squaring
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device (/gpendix C) showed the best accuracy for inputs
of approximaztely this magnitude. The LL component of the
signal was sgaln bucked out, for any L{ component present
would e ampliiled, squared and integrated along with
the other frequency components introducing sn errcor into
the messured power spectral density. Actually, the L
level was kept within C.' velts on the aversge., When
this value is squared it vecomes 0.0027 volts and after
integration for 120 sec iwith no integrator gain) it yields
an error of C,3 volts. This corresponds to a reletive
error of O0.6 per cent when compared t¢ the integrated
volteges obtained throughcut the measurements.

Levibaux (6) suggested that before the wucking voltage
is applied to the input of the operational azmpliiler,
the band-pass filter should be shorted since the LC level
is independent of the input to the vand-pass filter,
When this method is followed, however,; speciael precautions
must e taken for tﬁe reason that the band-pess filter
~consists mainly of C coupled amplifiers with large capacitors
and, thus, with very long time constants. A stetic input,
such as the shorting of the input, produces trensients of
considersble magnitude which take some time to die out.
Thu;, it is advisable after shorting out the input of the
band-pass filter to weit for at least fitteen seconds

pefore taking @ measurement.
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The signal is then squéred by means ot a LUonner
‘uarter Square sultiplier, model 3731, As was mentioned
previously for minimum erzor the input to the squaring
device should have & magnitude of about a hundred velts.
The calibrati on curve ior the squere multiplier (see
Appendix U) indicates an error of 0,29 per cent for inputs
of this magnitude. When the signal, however, was analyzed
with respect to high frequencies, for example above 10U
cycles per second, it wes impossible to maintain large
magnitudes without introducing lerge drifts into the signal
from the band-pass filter. (onseguently, a compromise
was made and sometimes the input to the squarer was as
small as thirty volts pesk to peak. The minimum error
for squaring such a megnitude, with the squering device

used; is shown from the calibration curve to ve 2.2 per cent,

+

L. Signal Recording

The recording ot the signal requires integretion
~for 2 period of time, averaging the sum over the band=-
width, &nd normalizing the final result t¢ the veriavle
gain used in the second emplification stage.

It was menticned previously that the present measure-
ments include nolse contributions from the driving neutron
source and the instrumentaticn itself. The final result
then should be corrected with respect to these noise

contributions. lowever, iLeribauz (6) showed that these
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noise contributions are uncorrelated or "white" up to
high frequencies beyond the span which is of interest
in the present investigation.

The squared signal was integrated for a period of
time, usually for about two minutes. Longer integration
time would yield better accuracy; however, in the present
case a compromise had to be made for there was a time
limitation on the operation of the reactor.

The output of the integrator was then averaged over
the bandwidth, and thus, the signal was reduced to the
desired power spectral density. OSince the gain of the
second amplifier was varied for different frequencies,
the final magnitude of the power spectral density was
normalized using the factor (;l), where a;, was the var-
iable gain and a1 was the gainlchosen for a standard.

In this way the power spectral density was obtained for
a range of frequencies from 0.1 cps up to 100 cps.

Since the data obtained here are the co-ordinates
of a frequency response curve describing the character-
istic transfer function of the reactor, the determina-
tion of the exact corner frequency had to be made by fitting
the data by the method of least squares intc the eqguati on
describing the transfer function of the reactor. One of
the parametercs that was varied for a best fit was the
corner freqguency.

The least square fit of the expression A + Bzhr(jm)[2
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was programed into the language of the Idv 7074 computer
and used for the determination of the corner freguency.

The program used is given in Appendix B.



Figure 4. Simplified diagram of instrumentation used for the special detecting
technique
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E. Investigation of a Special
Low Neutron Flux Uetecting Technigue

suring the initiasl stage of the present study, &
special technique for detecting low neutron fluxes from
a subcriticel reactor was investigated,

A B, detector was used in series with a scalar and
a counting rate éirauit as shown in Figure 4. The counting
rate circuit wss borrowed from Price (8) and works pri-
marily on a counting rate to voltage linear relationship.
It consists basicelly of an integrating circuit with
integrates the incoming pplses from the 3*3 detector
and, in turn, displays the result on an arbitary time
scale., A tank capscitor at the input cf the circuit
avsorbs the incoming pulses, and when the voltage across
it builds up to an equilibrium value, at which the rate
of loss of change through the shunt resistor eguals the
rate of input oi the charge by the pulses, it feeds the
collested voltage to the integrator through & flow
directing system oi diodes. Limitations imposed on the
values of the parameters insure that sufiicient time
elepses for equilibrium to Le reached before the next
pulse arrives, and that necligible charge remains on the
tank capacitor.

# semple of the signal coming out of the described

speciasl detecting apparatus is shown in Figure ©,



Figure ©. Rendom signal sémple obtained with the special
detecting technique






VI, RESULTS
A, Uiscussions of Results Cbtained with the Use 6f an

Ionization Chamber for Uetecting the Neutron Flux.

An inoizetion chamber was placed at two different
locations inside the reactor to detect the neutron flux
fluctuations. The twc locaticns are shown in Figure 2.
The corner frequencies obtained, with both safety rods
completely withdrawn and with the regulating and shim rods
withdrawn tc make the reactor critical, are summarized

in Table 1.

Table 1. Corner frequency comparison

Chember  Safety rods Shim Regulating Corner freguency
location No.,l and No.2 Hod Rod /8 (sec=+)

A up 13.1* 4.,6" 28.3

8 up S A 66.0

As can pe seen the ratlic 3/ is quite different at
the two locations. The same results can be illustrated
by comparing the ccrner freguencies of the corresponding
sode plcts in Figure &, The power spectral density for
the reactor critical and for chamber location A is compared

te the one obteined by Badgley (1) in Figure 7.



With the reactor in the subcritical state, all rods
in and water at operating le el, the power spectral density

obtained for chamber lccation A is shown in Figure 8,



Figure 6. Bode plots for the reactor critical and for two different detector
lecations
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Figure 7. Power spectral density for the reactor criticsl and for chamber
location A, compared tc the one obtained by Badgley
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Figure 8. Fower spectral density for the reactoer subcritical and for chamber
location A
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Also, Figure 9 compares the corner frequencies for
the reactor critical end subcritical for chamber location
A, Table 2 summarizes the above result with respect to
keft (effective reproduction constant). Keif was calculated

irom the quantity, (;-Keff l"”], by substituting the

values .0070 for 3 and 247.sec for £, the later cotained

from the measurements taken at position A,

Table 2, Reactivity comparison

Chamber Safety Rods shim  Regulating Water reffx
Location o, 1 and ko, 2 Rod Rod Level
A p 13.1 4,6" cperating 1,00000
level
, up down down operating 0.99813
level

*¥ At a temperature of 87° F

A run was also made with the reactor subcritical for
chamber location &, However, the results were rather
meaningless because the ionization chamber could not detect
the extremely low neutron flux fcr this case. The power

spectral density for this run is shown in figure 10,
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3, Hesults Cbtained with the
Upecial Letecting Technique

Here, the special detecting technique which has been
described in section V(E) wes used for the determination
of the shutdown reactivity margin of the reactor. Two
casec were investigated, both with the reactor in a sub-
critical state. Hun 1l measured the power spectral density
of the reactor with all rods in and the water in the core
tanks at operating le.el. The result is shown in Figure Il
where the obtained power spectral density is compared with
the frequency response of the detecting instrumentation.
~t it can be seen there is no difference between the two
curvesy, which is an indication thet the "white" noise of
the instrumentation screcns the reactor ncise and, thereby,
making its detection impessible.

Un the other hand; run 2, which involved the determi-
nation of the power spectral density of the reactor with
no watexr in the core tanks and all rods in, yielded @2
dode plot with a corner frequency of about 220 c¢ps. This
is shown in figure 12. This corner freyuency corresponds
to a Keff of approximately .6163% which is in close agree-
ment with the expected value.

Finally, the data which described all of the above

Sode plots are tasbulated in Appendix A,
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Ficure 11. Power spectral density of the reactcr with all rods in and the water
at operating level, measured by the special detecting technigue
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