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MEASUREMENT OF DYNAMIC REACTOR PARAMETERS
BY PHOTON OBSERVATION

Wayne K. Lehto

ABSTRACT

Fission rate fluctuations at low power in a reactor with a
large fission product inventory have been observed in the pool-type Ford
Nuclear Reactor. A gaseous Cerenkov detector was used to sense the high
energy prompt fission gamma rays in the presence of a fission product
gamma Tield of 10° to 106 R/hr. The ratio f%%g is determined from
the cross power spectral density of the fluctuations in the signals from
two of these detectors. Both this spectrum and the power spectral den-
sity in the output of a single detector show a large low frequency com-
ponent. This 1s attributed to moderator temperature fluctuations present
when the fission product decay heat is removed by natural circulation
of the coolant. The temperature fluctuations as measured with a short
time constant thermocouple are shown to be correlated to those in the
fission rate.

A basis for calculating the performance of the detector is
developed and a theory of the experiment is presented. Results of tests
to prove the operating principles of the detector and to investigate its
response to changes in reactor power level are reported. The detector
is described and improvements to the present model are outlined with sug-

gestions for desirable future experiments.
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CHAPTER I

INTRODUCTION

A. Introductory Remarks

The discrete nature of the capture, fission and leakage pro-
cesses in reactor systems give rise to fluctuations in the neutron level.
As was pointed out very early, the observations of these fluctuations

(1,2)

will yield information about the system kinetic parameters. Follow-
ing this initial work, numerous experiments have been performed in various
ways to obtain information regarding the dynamic behavior(3’u’5’6) and to

(3,5,7,8,9)

measure dynamic reactor parameters. Measurements of dynamic
behavior have been done to determine among other things the shape of

the reactor transfer function and to search for abnormal reactor be-
havior, such as resonances, when power, coolant flow, etc. are varied.
The principle objective of the experiments done to measure reactor para-
meters has been to determine the ratio of the effective delayed neutron
fraction to prompt neutron lifetime, {2é’, from the spectral shape.
However other reactor parameters such as subcritical reactivity(5’9) and
reactor power(3) can be determined depending on the model used to analyze
the data and the condition of the reactor.

The latter experiments are restricted to clean, cold reactors
and have been performed using conventional methods of neutron detection.
The former type experiments are generally done at substantial power levels
on power reactors or reactors with high fission product inventory and the
attendant fission product gamma rays. Because of the pile-up problems
and inability to effectively discriminate against these low energy gammas,

reactor parameter measurements and like experiments have not been done

-1-



_D.

on reactors with any significant amount of fission product gamma ray
flux. Reactors with high fission product inventories are frequently

termed "dirty".

(45)

Hanauer and co-workers have investigated the use of pulse

type detectors employing pulse height discrimination to reduce the contri-

bution from the gamma rays. Kryter et al.(lo) used the two detector cross

(11,12,13,23)

correlation techniques to achieve improvement in the signal

to noise ratios and eliminate the gamma induced background. Efforts

(14)

have also been made to devise new detectors

(15)

ones. In spite of the above, the present methods appear to be limited

and optimize existing

to use with gamma fields of less than lO5 R/hr, well below the anticipated
maximum of ~/107 R/hr. Tt is about at this gamma level, 10° R/hr, that

(15,16)

even the best neutron detectors become unusable. The work done

here is an attempt to alleviate the problems of the low energy gammas

(17)

in "dirty" systems and to verify the predictions concerning the con-
duct of noise experiments in which the observable is the prompt fission
gamma, ray distribution.

For this purpose, a detector has been developed in which the
high energy gamma rays are detected through the Cerenkov light produced
by the secondary electrons in a gaseous radiator. The Cerenkov threshold,
and hence the detected gamma ray energy, is controlled by adjusting the
refractive index through pressure changes.
The gamma experiment has been suggested by Gelinas and Osborn(l7)
and as was pointed out by them, the prompt gamma ray distribution above

4 to 5 Mev conveys the same information as the neutron distribution. A

detector sensitive to only the gamma rays above 4 to 5 Mev could in
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principle do parameter experiments on "dirty" reactor systems because
of its insensitivity to the lower energy fission product gamma rays which
convey no information about the instantaneous power level.

A previous experiment observing the Cerenkov light produced by
secondary electrons in a water radiator has been done by Kenney.<l8) His
experiments were done on a relatively "dirty" core. This required opera-
tion at power levels~200 kW to achieve adequate signal to noise ratios
pecause the water radiator with a refractive index of 1.33 produces
Cerenkov light from electrons down to about 0.17 Mev and hence is sensi-
tive to the majority of the delayed fission product gammas. Reactors
operated at such high power levels are subject to important feedback
effects, and congsequently fluctuation measurements are not as readily
interpretable to yield such parameters as /Q{ as are measurements at
low powers.

The ability of the gaseous Cerenkov detector to measure ﬁ%g
by observing the gamma distribution at low powers has been tested experi-
mentally on the Ford Nuclear Reactor (FNR) which by nature of its opera-
tion qualifies as a "dirty" reactor. Surface gamma ray fields at shut-
Jown are between 107 and 106 R/hr.

A number of experimental investigations of the FNR have been
carried out previously. Since the autocorrelation function measurements

of Velez, (19) sbrectt (%) ana pruta(®l)

have made measurements of the
time distribution of the pulses from an in-core neutron detector to deter-
G . (22) o
mine /f . Boennighausen measured the power spectral density direct-
/2
ly with a current type chamber and inferred /Qé’from the spectral shape.

With the exception of Velez's work, the measurements have been done on
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clean, cold fuel in the FNR. Velez's experiments were done on a core
which operated at 1 MV and was then shut down. The high background
necessitated operation of the detectors at large distances from the core,
thereby reducing the efficiency, which helps in part to explain his in-
ability to measure a meaningful autocorrelation function.

All of these measurements were done on small graphite reflected
systems as opposed to the slightly larger water reflected and more con-
taminated cores used here. Also, since these prior measurements, a D0
tank has been added to the reactor which covers the north face of the
core. Its purpose is to enhance the thermal neutron flux at the beam
ports. Because of the differences in the core configurations studied
previously and the cores used in these studies, exact agreement between
previous results and the results to be presented is not necessarily anti-
cipated, although the present measurement gives a value for é%{ in close

>
agrecment with that of Albrecht. 20)

B. Scope of this Research

The initial work was to design a Gaseous Cerenkov Detector (GCD)
and verify its predicted behavior, such as the threshold properties and
detection efficiency for high energy gamma rays. Subsequent work in-
volved the redesign of the instrument to accommodate a higher pressure
COp radiator and experiments to determine its behavior near the reactor
core and its response to changes in reactor power level. The preliminary
and final designs, the experiments, and discussion of the operating be-

havior are presented in Chapter II.
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Chapter III outlines the development of a theory of the gamma
noise experiment, including the statistics of the detection process,
using the Langevin technique. A discussion of the relative efficiency
requirements in a gamma ray or neutron experiment is presented taking
into account the detector statistics. Also the effect of a power inde-
pendent reactivity driving function on the measured spectrum is discussed.

Chapter IV presents a discussion of the experiments and the
experimental arrangements.

Chapter V presents and discusses the results of a series of
measurements of the output of the GCD and a thermocouple placed in the
reactor core and the results of a series of two detector cross power
spectral density measurements from which the ratio /jglwas inferred.

The connection between fission product gamma ray heating and the measured
spectra is made.

Finally, Chapter VI concludes with a summary of the results
and conclusions along with a section in which desirable future work is

outlined.



CHAPTER II

DETECTOR DESIGN AND OPERATION

A. Introduction

The detector developed for the experiments to be reported later

is a gaseous Cerenkov detector capable of detecting high energy gamma rays
in the presence of a very significant low energy flux, i.e., fission pro-
duct gamma rays from a highly contaminated reactor. The high energy gamma
rays incident on the detector eject electrons from the walls of the de-
vice and directly in the Cerenkov radiator. The electrons in turn produce
Cerenkov photons which are directed to a photomultiplier tube (Figure 2-1).
The Cerenkov radiator is a gas whose refractive index (and thus the
Cerenkov threshold energy) can be adjusted by changing the pressure.
Only those electrons with energies above the threshold will produce pho-
tons to be detected by the photomultiplier and since these electrons are
the result of collisions with still higher energy gamma rays, the device
operates as a threshold gamma detector.

The association of gamma rays having EI:>)+ Mev with fission
events has been made previously.(l7> The fact that the delayed fission
product gamma spectrum contains insignificant numbers of high energy
gammas is illustrated in Figure 2-2, in which the prompt and delayed
spectra from Reference 2 are plotted as a histogram. Therefore, by
restricting the detection process to only those gammas above ~ U4 Mev,
fission events are monitored while the effects of delayed gammas are
eliminated.

The concept of a gaseous Cerenkov detector is not new as numer-

ous detectors have been constructed for the detection, separation, or

-6-
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energy determination of high energy charged particles produced directly

(24,25,26)

or indirectly by accelerators or found as components of cosmic

radiation.(27) Extremely high energy gamma rays have been detected by

(28)

the so-called total absorption Cerenkov counter. Only a few applica-

tions have been made to the detection of particles in the low Mev range.

(29)

Among these are the experiments of Jennings and Kalmus

(30)

and Doyle and
Dickinson. In the first of these, a small nitrogen-loaded Cerenkov
counter was used for the accurate determination of the energy of 3.5 Mev
electrons produced in a cyclotron. In the second experiment, a deter-
mination was made of the Cerenkov light output of lucite and quartz due
to neutrons and gammas in the energy range around 6 Mev. Their purpose
was to monitor nuclear explosions through the emitted gammas.

In addition, effort has been made to utilize the Cerenkov light
produced by charged particles in the water surrounding swimming pool

(31)

reactors and to apply Cerenkov detection techniques to monitor the

soluble, beta-emitting fission products in water moderated reactors.(32)
This work is believed to be the first use of a gaseous Cerenkov

detector in a reactor application although Cerenkov detectors utilizing

water radiators have been used.(33’3h’35) However, as noted previously,

water radiators because of their high refractive index are sensitive to

the delayed as well as prompt gammas.

B. Cerenkov Light Production and Gamma Detection

In order that an incident gamma ray result in a detectable
event at the output of the photomultiplier, it is necessary that the

gamma ray eject an electron, from the detector wall or in the radiator,
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with energy above the Cerenkov threshold. Secondly, this electron must
travel far enough in the radiator to produce a sufficient number of pho-
tons, so that when the collection efficiency and quantum efficiency are
taken into account enough photoelectrons are liberated from the photo-
cathode to be detected. Estimates of the number of detectable photons
as a function of initial gamma ray energy are made in this section along
with calculations of the intrinsic efficiency for electron production
from plane surfaces of aluminum, i.e., detector walls.

This efficiency is then used along with the calculated prompt
fission gamma ray flux at the core surface to arrive at an overall ef-
ficiency in terms of events per fission.

The intrinsic efficiency calculated here is analogous to the
efficiency for gamma ray detection by wall effects with GM tubes.(36>
It is defined as the flux of electrons with energies above the Cerenkov
threshold entering the radiator per unit incident gamma ray flux. The
efficiency depends on the fraction of gammas producing electrons of ap-
propriate energy and on the probability that these electrons reach the
Cerenkov radiator. Only those electrons which are scattered from a

point in the wall which is no greater than their range to the Cerenkov

threshold energy can produce Cerenkov photons.

Photon Production by Electrons

Cerenkov radiation is the electromagnetic shock wave produced by
a charged particle which travels faster than the speed of light in the
medium through which it is traveling. The cosine of the angle between

the direction of the emitted radiation and the particle path is given by
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CoOs & = (2-1)
e .
where ‘Z35= C is the ratio of the electron speed to the speed of light
in vacuum and n 1s the refractive index.

For any photons to be produced at all, /3 must be ;>;;% . In

terms of the kinetic energy, the threshold is(28)
* sz 1]
fr = /MOC o'U’l (2_2)

where n.—: -/,
The number of photons produced by an electron in the wavelength

(36)

intervachﬂ about ;{ , emitted per unit path is

J/V o7 =

EPRY /37/72 ( / E«L%F)O/ ~ (2-3)

A continuous wavelength distribution of light photons is pro-

duced, of which only the fraction which have wavelengths in the response
region of the phototube will be detected. If E%C@)is the quantum ef-

ficiency of a photomultiplier for photons of wavelength A , the number
of photons emitted per unit path length which are equivalent to photons

of wavelength 77- for producing photoelectrons is given by

RS/ REI
S €@ [ edz €4(7)lA (2-1)

where éz(ﬁ) is the peak value of the phototube quantum efficiency over
the response region.

The above integral was evaluated numerically over the response
region of both the RCA8575 which has a bialkali photocathode and a con-

ventional S-11 phototube. The results are
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S-1/ d/)_(: #50 (/ ﬁ/ﬂ) Photons/cm (2-5)
RC ABSIS ‘3;/‘;/‘ CCO(/ ﬁ/ﬂ) Photons/cm (2-6)

The 8575 tube is thus seen to be better for the present purposes than
the S-11 tube.
The ratio v/c is not constant over the electron path length

and depends on distance through the following(37)

dE| _ apEitmcVE
O(’)L /on /‘-ST (2-7)

where

B = z{/m[ﬁ( el "E)(/moc -4 BJ}

and is called the atomic stopping number.(36)
(37)

The average ionization potential is given by
— -G
=/3.42x/0 Men

and the kinetic energy E and /3 are related by the familiar expression
<[7b 1]
£=moc”L(1-3Y (2-8)

In using the above expression for the energy loss per unit path,
we have neglected Bremstrahlung and Cerenkov losses as energy degradation
mechanisms.

Following Doyle and Dickinson(3o) we argue that the atomic
stopping number is a slowly varying function of energy and therefore

can be treated as a constant with its value at 6.0 Mev being E?X/CACDo

Then



-13-

JdE _ /42 Me
Ik = Vem (2-9)

The constant A depends on the radiator material through N and Z .
Combining Equations @-9, 2-8 and 2-6)and integrating between
- .
the limits of /3= T and /-;m=/7€, we get the result for ,

the number of Cerenkov photons generated by an electron of initial energy

£En (30)
. ol &= /3 ,"2 —j7
N(Es)= el éé (1-732% /”L(m / (2-10)

Figure 2-3 shows this equation plotted for a Freon-22 (CHClFs)

radiator and Figure 2-4 for a COo radiator. The number of photons,
detectable with the RCA8575 phototube, produced by electrons in slowing
down from an energy E to the threshold energy is plotted versus E
for several different values of refractive index. Data are taken from
Reference 38.

The curves show that sufficient photons are generated at higher
electron energies, so that with reasonable collection efficiencies
enough photons will be formed in the phototube response region to gener-

ate detectable output pulses.

Intrinsic Efficiency

The intrinsic efficlency defined above is derived by considering
the flux of electrons ejected from the detector wall into the radiator,
assuming an isotropic incident gamma flux. The resultant electron angu-
lar distribution is also isotropic due to the incident isotropic gamma

ray flux.
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Cerenkov Medium - CHC1F, (Freon-22)

Temperature 26°C

Curve Pressure-psia Eth-MEV n
1 80 L.23 1.0053
2 90 b1k 1.0060
3 100 3.90 1.0067
N 110 3.70 1.0073
5 120 3.52 1.0080
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Figure 2-3. Number of Cerenkov Photons Produced by Electrons
of Energy E 1in Freon-22.
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Cerenkov Medium—-CO?

Temperature 30°C

Curve Pressure-psia  Eyp-Mev n
1 200 3.80 1.0070
2 250 3.34 1.0087
3 300 3.00 1.0105
L 350 2.75 1.0122
5 400 2.54 1.0140
6 450 2.36 1.0157

500 ¢
5
L
400
3
300 5

2001~

NUMBER OF DETECTABLE PHOTONS

100~

0 . 1 | | ] |

25 30 35 40 45 50 55 60 65 710
INITIAL ELECTRON ENERGY, MEV

Figure 2-4k. Number of Cerenkov Photons Produced by Electrons of
Energy E in COp .
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Consider a small area 1 Cm2 lying in the x-y plane as
shown in Figure 2-5.

The number of electrons per unit electron energy formed in the
volume element I by the isotropic gamma flux, ¢(f:) gammas/cm- sec.

which pass through the area at the origin is

¢e(75) = g(/‘})/é/ ﬁé(ﬁé) COS%(Wﬂ,.z.

7T 4
X SCT-T'*%":) ST (2-11)

where %CEL}) is the differential cross section per unit energy
: : s

interval for producing an electron with energy T . SCT’T ~/ 1s a
Dirac delta function relating energy loss to path length and cos @/1/77/7‘”2
is the element of solid angle subtended by the unit area at the origin.

Integrating in spherical coordinates we have

2O o0 Z
bire) = dea i)/ JE oo12)
7770 %

x cose_ ~rsine Jec/ 7T
Hyr®

Since §(7- 7'- E/"—:):’f’g 7"(7-7")—,‘/_-]) the result after the

© and A integrations is
”13/

ke (r5)= 7 55(5)/ de (15) ST (o)
The intrinsic efficiency is then

Tmay
W)= %a3" =7 F#ODIT e

7=T
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The lower limit on the electron energy is determined by the
refractive index of the radiator and the upper limit by the incident

gamma, ray energy.

The differential cross section is given by(37)
de _ d& aw (1 +)P— X cos’p
dT  dom Xm0 E — k& @) cas (2-15)

A.

\/o
where o :/—;n-—o—éa ,%Vé being the initial gamma energy.

2 o v |2 /L _'_o('\/"_S/‘/?%)]
g.o. = C{(LB [( oé) é“"' =< (2-16)

where \/"=/;n%, T Dbeing the scattered electron kinetic energy.
0

X,V ¢ and © are related by the familiar expressions
(37)

describing the mechanics of the Compton collision

Q.2 -
v = ﬁ‘;ﬁ%}l@' (2-17)
a
cos’e = [ / “AJ@:.ﬂJ (2-18)

The rate of energy loss is assumed to be linear, i.e.

_L
é"/;zﬁ— = (2-19)

where 77 is obtained from Equation (2-7)with B, the atomic stopping

number, being treated as a constant evaluated at 6.0 Mev for Al
Solving for COSE¢ and singe and substituting into Equation

(2-14)along with Equation (2-15)we obtain
max

T G [d o
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The result of the integration is

2 /
Vz <7; E)-) = %A:(Z;-ﬁ [(o(o'l 7«.3},&/) (V-V;\ax "‘V;:lm)
]

L Q2 a2 R
= I (K%;qx Voouw ) + 5/"W;5y &=V,
/

I
+(9-a<)/é?(§‘-:7%f T &?%%f)cy (2-21)
200 ° ’

where vaa)( = /./.Gzo( ard \f;m;'n = \/‘oqy\ =
Except for a slow variation of B/Z with 2 , the product

7“/@4 is independent of material and consequently all materials are
equally effective for ejecting electrons into the radiator by Compton
events.

The above expression was evaluated for several initial energies,

ejecting electrons into a radiator having a Cerenkov threshold at 4.0 Mev.

TABLE 2-1

INTRINSIC EFFICIENCIES FOR AN ALUMINUM SURFACE

Tnitial Gamma Energy-Mev Efficiency- N (7 £;)
6.5 1.70 x 1073
6.0 1.64 x 10-3
5.5 1.54 x 1073
5.0 1.31 x 1073
h.o 0.76 x 10™3

The above calculation gives reasonable values of the intrinsic
efficiency comparable to those attained in GM tubes at energies from
0.5 to 1.5 Mev, which also depend primarily on wall effects for electron

(36)

production.
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The calculations assume each Cerenkov producing electron
ejected from the wall into the radiator produces enough photons to be
detected. Obviously this is not so and as a result, the calculated ef-
ficiencies are overestimates. The exact problem taking into account
the energy and angular distribution of the electrons and the subsequent
photon production and collection is more difficult and is beyond the
scope of this work. Similarly the Cerenkov photon production calculations
are slight overestimates in that not all electrons slow down to threshold
in the radiator.

In any event, the above calculations serve as an indication
of the efficiencies and photon production availlable in a device of this
type and also indicates that large volume Cerenkov radiators are desir-
able in view of the small number of photons produced per unit path length,
the large path lengths available in large radiators, and the increased
interaction rate due to the larger surface area.

Effect of Threshold Energy on Cerenkov Photon
Production per Incident Gamma

As the Cerenkov threshold is lowered, the photon production
per electron increases and path length decreases. The net result is
increased efficiency for event detection because of the increased photon
production. Smaller radiators are permitted due to the decreased path
length of electrons in the radiator. This is illustrated by reference
to Figure 2-6 in which the relative number of Cerenkov photons produced

per incident gamma of energy E 1is plotted versus gamma energy.
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The relative number of Cerenkov photons per gamma is calculated

M(é) :/"ICCEJ»_) /V(EB)O/T (2-22)

and is the product of the probability an incident gamma of energy Ep
ejects an electron of energy T into the radiator and the number of
Cerenkov photons produced by the electron integrated over all possible
electron energies. The above integral was done numerically on the Ford
computer, access being through the teletype terminal in the Nuclear Engi-
neering Computer Laboratory.

Also shown in Figure 2-6 are the prompt and delayed gamma ray
spectra from fission for comparison. The calculation shows that as the
refractive index increases (threshold decreases), the number of photons
detected from higher energy gammas becomes increasingly significant while
the lower energy gammas are not as important because of the small effec-
tive gamma interaction length in the detector wall. Detection efficiency
is increased by about a factor of 4 from curve 1 to 6 with no increase
in the contribution from delayed gammas. In fact, the Cerenkov threshold
can be lowered to well below 3 Mev before a small contribution from de-
layed gammas becomes evident.

The above calculation considers only Compton events in the wall
as being responsible for producing electrons. At lower energies elec-
trons produced through photoelectric interactions will have to be con-
sidered, if materials having higher electron number densities than alum-

inum are to be used 1n contact with the Cerenkov radiator.
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Calculated Efficiency in Terms of Events per Fission

Using the prompt leakage gamma ray flux at the core surface
and the above intrinsic efficiencies, the number of detections per fis-
sion is calculated for the FNR.

The surface source strength based on a uniform power distribu-

(39)

tion, the previously mentioned prompt gamma ray spectra and a simple

(40)

shielding model are shown in Table 2-2,

TABLE 2-2

SURFACE GAMMA SOURCE STRENGTHS FOR THE FNR

Gamma Energy - Mev  Gammas/Fission Gammas/Fission—cm2

6.5 0.00k 4.33 x 1077
6.0 0.007 7.35 x 10'2
5.5 0.017 1.73 x 10°

5.0 0.019 1.83 x 1076
b5 0.02k 2.17 x 106

Multiplying each of the surface source strengths by the pre-
viously calculated conversion efficiencies at each energy and adding the
results, a value of 8.66 x 1079 events/fission—cm2 is obtained. This
value multiplied by the surface area of the end of the 10" diameter detec-

tor used in the noise measurements gives an efficiency
€ - 4.5 x 1076 events/fission (2-23)

C. Proof of Principle Experiments

Initial experiments were done at the Ford Nuclear Reactor (FNR)

to verify the predictions from theory and specifically to measure the



ol

pulse height distribution, to show the existence of the Cerenkov threshold
and to uncover any problems which might be present in a more severe radia-
tion environment, such as near a reactor core.

The detector schematic is shown in Figure 2-7. The reflectors
are highly polished aluminum (0.02" Alzak processed sheet) while the 45°
mirror 1s a front surface aluminized mirror. The entire construction
is of aluminum except the endwindow which is a Corning 77&0, UV trans-
mitting, tempered glass, 3.5 inches in diameter and 0.5 inch thick. The
phototube, mentioned previously, is a RCA85T75 chosen for its high quantum
efficiency for Cerenkov photons and low dark current which is desirable
for detecting low level pulses from Cerenkov events.

The high energy gamma source was provided by pumping water drawn
from the reactor pool through 5/16 inch aluminum tubing which extended

16

into the reactor core. The O in the water is activated through the

016 ( N16

n,p) reaction and then directed to the experiment area through

a flat circular coil at the end of the detector. Nl6

decays primarily
with a 6.13 Mev gamma ray which initiates the Cerenkov radiation indirect-
ly. In 28 percent of the decays, a beta of maximum energy of 10 Mev is
emitted. This mode of decay does not contribute to the Cerenkov output
as only those few electrons above 9 Mev would be able to penetrate the
detector wall and still be above the threshold. The number above 9 Mev is
insignificant.

The output of the photomultiplier was recorded with a Nuclear
Data Model ND120 multichannel pulse height analyzer. Data at various
pressures were taken with the source on and the background was subtracted

with the source off. Experiments were also done with Co60 and 590
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in place of the Nl6

source to determine whether any of the signal was
due to scintillations. The sr0  source (a beta source of maximum energy

2.26 Mev) was placed inside the pressure vessel.

D. Results of Initial Experiments and Discussion

Shown in Figure 2-8 is the net count rate (background subtracted)
versus the absolute pressure obtained with the source arrangement at the
FNR. Data were recorded at 10 psia intervals from 135 psia to 65 psia.

A broad threshold exists due to the continuous energy spectrum of beta
particles produced by Nl6 gamma rays. The count rate appears to be
reaching a maximum at higher pressures while at lower pressures the number
of counts is insignificant. The relatively few events that were recorded
below 65 psia are due to particle interactions in the phototube and end-
window. Pressures above 135 psia could not be attained without heating
the radiator.

The solid line drawn through the data points in Figure 2-8
is the theoretical pressure dependence of the count rate normalized to
the experimental point at 135 psia.

We postulate that the number of counts recorded is
A ¢(5r)/'2(755)/o(ﬂ/)o/7" (2-24)

where V1(7I£;) is the efficiency defined by Equation 2-21. P(N) is
the probability that an output pulse is generated when N Cerenkov
photons are produced in the radiator.

P(N) is given in terms of the probability FDQQ",AO , that

if N photons are produced ~~ will be collected, as
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N T
P(N):ZP(”/N):/—OjP(/r/N) (2-25)

/F.:ﬂ'}q,',\
where 1rp;, 1s the minimum number of photons which must be collected
to produce a pulse.

P(rlN) is given rigorously by the binomial distribution.
/4/7 "~ N~
P(eriN) = (NI (=) (2-26)

where ©p 1s the probability that any photon be collected at the photo-
multiplier cathode and N 1is the total number of photons generated by
an electron of energy T .

If it is assumed that only one photon need be collected to pro-

duce a pulse = 1) then

(Tyin
PN = /= Pof) =/ =(1~£)"

which for small Np is just

PN) = /1/7@ (2-27)

2,2
Similarly if /fhn\=iéL , P(N) is approximately Az%é?éL .

The collection probability, p , is the product of the photon
collection efficiency and the phototube quantum efficiency and is justi-
fiably considered to be small.

With this the number of counts is
1o = 95) o [ (T 5) W(E)el ot

where N(£p) is given by Equation 2-10.

This expression was evaluated numerically for Nl6 gammas

ejecting electrons into the Freon-22 radiator. This is the solid line
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in Figure 2-8. The agreement of the experiment with the above model is
excellent. It may be concluded that Np 1is small and that in the count-
ing experiment, the counts accepted correspond to the collection of
single photons.

During the course of these initial experiments, it was noted
that events (scintillations and Cerenkov) were initiated in the endwindow
and phototube envelope by the source gamma rays. To eliminate this
effect, the phototube and endwindow were shielded with lead bricks be-
tween the source and endwindow. All the data were taken with this lead
shielding in position.

Because of the relatively small pulse height of the Cerenkov
events, the Cerenkov spectrum was superimposed on the phototube dark
pulse spectrum. This required operation of the internal amplifier in
the analyzer at a high gain and required discriminator settings to re-
move the peak of the dark pulse spectrum to negative channels so that

these events would not be counted along with the Cerenkov events.

Replacing the Nl6 source with the 0060 and Sr9°0  sources
showed no such response as with the N16 source. Figure 2-8 shows the
results of the tests with the Nl6 source replaced by the 0060 source.

The rise in the response curve with decreasing pressure appears to be
due to the removal of gas which has a shielding effect.
A simple shielding calculation tends to support the last ob-

servation. We consider

Ao 5/
- Qs ‘77'6;
Nize = M € (2-29)
- G Ao sl
and /ngqy = /Vg e M



-30-

where N135 and N55 are the observed total counts at 135 and 55 psia
respectively and the exponential represents the attenuation due to the

gas. For Co60 gamma, rays(39)

B,
5%?1 = /ik;é; ~ C74VL? Clma/é;”ﬂ

(2-30)

and L 1is the length through the gas from the source end to the photo-
multiplier tube (120cm). @ is the gas density.

Dividing and taking the logarithm of each side we have
Nigs—) ( e ) ﬂ/_
o (75 ) = (Cos ~Vas) P (2-31)

The right hand side calculated from the data in Figure 2-8 is
equal to 0.104% and the left hand side is evaluated to be 0.119. The
agreement lends considerable support to the above observation.

60

The important thing to note in the Co~~ results is the relative
flatness of the curve. Sr90 showed the same behavior, only the rise was
slightly higher at lower pressures. This discounted the possibility of
scintillations being responsible for the observed counts. In addition,
if scintillations were responsible for the output, the response would
be expected to be linear down to O psia, and obviously, this is not the
case.

It is also notable that the number of counts is insignificant
at about one atmosphere above the pressure corresponding to the 6.13 Mev
threshold. This is approximately 50 psia in Freon-22.

The reasons for this are readily explained by reference to the

pulse height distribution curves shown in Figure 2-9. As is evident,
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the pulse height and number of events both decrease as the pressure is
lowered. At higher pressures, an electron forms more Cerenkov photons
due to the larger refractive index, which results in larger pulse heights
and more pulses than at lower pressures. FEventually, the refractive in-
dex is decreased so that no events are recorded. This occurs slightly
above the 6.13 Mev threshold as mentioned previously. Again this be-
havior is consistent with the theory and operation of gaseous Cerenkov
counters.

The results of these initial experiments verified the predic-
tions from the theory and pointed up several important results which in-
fluenced the design of a detector to be used near the reactor. Foremost
was the fact that unwanted events were initiated in the phototube
envelope and pressure vessel endwindow as evidenced by the Co6o and Sr9°
tests.

In order to test the capabilities of the device for fission
gamma detection, a six foot section was added to the detector shown in
Figure 2-7 and the assembly was lowered to within 6 inches from the
south face of the reactor core. The detector output increased 45% when
the reactor power was raised to 5 Kw. DNo change was observed over the
same power increment with the detector unpressurized.

These results are shown in Table 2-3. Case 1, detector unpres-
surized, end ~~ 6" from core. Case 2, detector pressurized, end approxi-

mately same place as in Case 1.
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TABLE 2-3

EFFECT OF FILL GAS ON DETECTOR OUTPUT

Reactor Power Case 1 Output  Case 2 Output
at 1500 v at 1500 v
Shutdown 1.0 x 10_6 amps 7.0 x 10~ amps
0.5 Xw 1.0 x 107° 7.2 x 1077
5 Kw 1.0 x 1070 1.1 x 107°

In Case 2, the detector position of Case 1 was not exactly
duplicated; the detector was within 1" of Case 1 position and farther
from the core. The lower output at shutdown observed in Case 2 is due
to the inaccurate positioning and the following two reasons: (1) the
Pressure vessel endwindow became slightly etched during these experiments,
which would reduce light collection efficiency and (2) the introduction
of radiator gas must necessarily reduce the background producing gamma
flux at the endwindow. The response with the unit pressurized is indi-
cative of the detector's selectivity for prompt fission gamma rays.

Disassembly of the detector after these tests revealed that the
CHC1F2 radiator suffered severe radiolysis in the high gamma field sur-
rounding the reactor. Breakdown of the Freon-22 produced, among other
things, HCl, Fp and HF which attacked the aluminum mirror surfaces

and endwindow, seriously degrading their performance.

E. 002 Cerenkov Detector

In view of the experience gained with the previous model, a

new detector was designed to accommodate COo as the Cerenkov radiator.
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COo (99.5% pure) was chosen because of its relative insensitivity to
breakdown, ready recombination in radiation fields and the fact that
radiolysis products of COp will not affect mirror surfaces. However,
because of the lower electron number densities, CO, requires much higher
pressures to attain the same refractive indices as with Freon-22. It
was decided, in view of the observations above, to make the new detector
larger and longer than the previous model. The diameter was increased
for the following reasons: increased electron paths, increased conversion
efficiency due to larger surface area and the increased geometrical ef-
ficiency for detecting gammas from the reactor core.

The pressure vessel was designed for 200 psig service according
to the ASME Code for Unfired Pressure Vessels. A schematic showing the
detector and its relation to the reactor core is shown in Figure 2-10.
The new design incorporated several improvements over the old in that
it contained more lead in the form of collimators and a beam catcher was
incorporated in the redesigned elbow. These improvements, along with
the increased length of the main tube and vertical section, reduced the
background to manageable proportions.

The main pressure vessel was constructed of 10" diameter,
schedule 40, T6061 alloy aluminum pipe. The reflectors as mentioned
previously were constructed of Alzak processed, 0.02" aluminum lighting
sheet. The 45° mirror is an aluminized front surface, 1/L" thick flat
glass plate.

The lead cdlimators are annuli 4" thick, 10" 0.D. and 5" I.D.
with the exception of the collimator near the end window which has a

3" I.D. The placement and size of the collimators were chosen such that
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any gamma ray streaming down the tube will have to scatter at least twice
to enter the endwindow without passing through a considerable thickness
of lead.

An extension was provided on the end flange of the pressure
vessel to extend the phototube and pressure vessel endwindow into a lead
annulus to provide additional shielding and reduce the solid angle sub-
tended by the horizontal surfaces in the elbow.

The pressure was monitored by a guage connected to the main
pressure vessel with high pressure rubber tubing.

Prior to operation the device was hydraulically pressure tested

to ~ 295 psia.

F. The Gaseous Cerenkov Detector as a Power Level Monitor

The modified Gaseous Cerenkov Detector was tested as a power
level monitor at the FNR. The experiments were done two days after
shutdown from operation at a level of 2 Mw for 600 hours. Surface gamma
dose rates were of the order of 107 to 106 R/hr, consequently the FINR can
properly be termed a 'dirty" reactor. The photomultiplier output cur-
rent” was observed as the power level and phototube high voltage were
varied. The results are presented in Figure 2-11 for a radiator pressure
of 195 psia and temperature of 100°F. Shown are the total and net de-
tector current, I (background subtracted) versus the power level, P ,
along with an arbitrary reference curve which indicates ideal behavior,

i.e., I = const. x P . The background was measured immediately prior

In the experiments described previously in section D, the phototubes
were operated in the pulse mode. In all reactor experiments, the
observable was the current output of the phototubes.
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to these measurements with the reactor shutdown. It is observed that
the net current is directly proportional to reactor power. The total
current is seen to be twice the background current at a power level of
1 kW, so that discrimination is effective above this power level. Mea-
surements at different phototube voltages gave similar results except
for a change of a constant factor, as did measurements with different
reactor-detector separations and a slightly higher radiator pressure
(230 psia). The reactor power was determined by averaging the counting
rates in two fission chambers which were calibrated against existing
reactor instrumentation. The total fission chamber count in each case
exceeded 10,000 so that relative power was indicated to within 1%. The
greatest uncertainty in these measurements is the calibration of the
fission chamber counting rates in terms of absolute power level. De-
tector output was able to be read to within 2% from the picoammeter.

An experiment was also done with the unit pressurized to 85
psia. The reactor was raised in one step from shutdown to 800 watts and
a change of < 1% was observed versus ~4160% with unit at 200 psia.
This small change is attributed to the few gamma rays with energies above
the 6.5 Mev threshold at 85 psia. The results of the tests of the pre-

vious model detector, both with the N-O

source and the reactor source,
and these observations indicate that the output of the pressurized de-
tector is due to Cerenkov photons caused indirectly by high energy gamma
rays from fission. The qualitative behavior as a function of radiator
pressure is easily inferred by reference to Figure 2-8.

These results demonstrate the applicability of the detector as

a reactor power level monitor. Although this particular model is not
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superior to existing reactor instrumentation in discriminating against
fission product gamma radiation, it is clearly better than Cerenkov de-
tectors that use water or other high refractive index materials as radi-

(33,34%)

ators. Other advantages are its virtually instant time response,

simplicity of construction, freedom from major radiation damage, and the

facts that detector efficiency can be varied by changing the gas pressure
while the instrument range may be varied by simply changing the phototube
voltage for multidecade response.

This last point is illustrated in Figure 2-12 in which the slope
of the net output current dI/dP = K 1is shown versus the phototube volt-
age, V . By varying the voltage, the instrument can be made suitable
for use over many decades.

Also shown in Figure 2-12 is the background, B , as a function
of phototube voltage, along with the manufacturer's published cathode
sensitivity. It is observed that the output current and the background
current both vary as the phototube voltage to the tenth power as does
the manufacturer's cathode sensgitivity curve. Comparison strongly sug-
gests that the background is due to light (Cerenkov radiation and

scintillations) caused by gammas incident on the pressure vessel end-

window and phototube envelope.

G. Experimental Efficiency in Terms of Events/Fission

An estimate of the efficiency can be obtained by considering
the detector output as a function of reactor power. The output current

is related to power by

T =exQF (2-32)
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and the derivative of the current with respect to reactor power is

z .
=Z = ex§ (2-33)

where € = Number of events/fission
K = 3.2 x lOlO fissions/watt sec.
Q = Charge collected per event
P = Reactor power in kW.

Q 1s more properly defined as the product of the number of
photoelectrons liberated from the photocathode, the phototube gain and
the charge per electron. From prior measurements with the first detector,
the average number of photoelectrons per event was estimated to be be-

JI
tween one and two. 5237 is obtained from Figure 2-10 with its value
at 1750 volts being 7e§qamps/kw. At 1750 volts, the tube gain is approx-
imately 106 (manufacturer's specs.). Combining these values, an effi-
ciency of approximately 1.4 x 10_6 events/fission is obtained. In spite
of the approximate nature of the previous calculation, Equation (2-23),
and the uncertainties in the tube gain etc., the agreement between the
calculated and experimental values of efficiency is very good.

In any case, the above value of efficiency is considered ade-
quate to do a cross power spectral density measurement,(23> while it is

(7)

not adequate to do a power spectral density measurement
Z%

H. 1Initial Behavior of the Detector Near the Reactor Core

to determine

In the time immediately following placement of the detector

near the reactor core prior to data recording, it was observed that the
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output of the detector immediately after positioning near the core was
erratic (sharp up and down fluctuations) and decreased by as much as a
factor of 200 over a period of ~~ two hours. For two data runs, the
detector was evacuated and then filled with CO2 prior to positioning
near the core.

Following this procedure, the output was down almost the factor
of 200 without the two hour waiting time and it decreased approximately
16.5% over the first hour near the core. In the second run, a 19.5% de-
crease in 20 minutes was observed after evacuation, flushing with one
atmosphere of COp» , evacuation, and then filling to the desired pressure.
All subsequent data runs were made with the detector filled according to
the last procedure above and the output was observed to stabalize in 15
to 20 minutes. The above observations cannot be accounted for by the
normal 0.5 to 1.0% initial gain shift inherent in the phototube.(BS)

Considering the above observations, it is reasoned that air
as an impurity contributes to the high initial background, the specula-
tion being that nitrogen, which constitutes 78% of atmospheric air, is
responsible for the high initial detector current.(ul) Nitrogen, being
a good scintillator,(ug) causes initial light output while at the same
time is ionized by the intense gamma and electron flux inside the pressure
vessel. The ionized nitrogen then slowly combines with other radiolysis
products, such as oxygen, to form compounds which are not luminescent.
Eventually, all the free nitrogen is removed in this manner accounting
for the eventual attainment of a steady state output.

As stated in Reference 42, 60 percent of the nitrogen emission

is in the wave length region from 3200 to 3900°A. The phototube guantum

efficiency is maximum at 3850°A.
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Another possible mechanism for light production is that the
nitrogen could act as an energy transfer agent to absorb U.V. radiation
from the excitation of carbon atoms and re-emit this absorbed radiation
in the response region of the phototube. In this manner, nitrogen would
act as a wavelength shifter.

In any event, the output does stabalize within a reasonable
length of time and after the required waiting period, no interference

from changing background was observed.

I. Summary of Initial Experiments

The basic conclusions of these initial experiments were that
the GCD operates as predicted both with a Nl6 source and with reactor
gammas. The detector concept should prove useful as a power level moni-
toring device and in certain applications it should prove superior to
existing reactor instrumentation. Adequate signal to noise ratios were
attained which justified continuing the work to measure reactor parameters.
The results of the efficiency estimates seem reasonable in view of the
results of the PSD and CPSD experiments to be reported later.

Certain disadvantages are noted, primary ones being the relative-
ly high background and the large size. The first of these can be over-
come by incorporating another 90° bend to reduce the scattering into the
pressure vessel endwindow and the diameter could be decreased substan-
tially. The decreased Cerenkov light production due to restricted electron
path lengths could be more than offset by increasing the pressure without

seriously affecting the discrimination properties of the device.



CHAPTER TIII

THEORY AND DETECTOR EFFECTS

A. Introduction

In this section the power spectral density (PSD) and Ccross power
spectral density (CPSD) of the gamma noise measurement as done by observ-
ing the output current of the GCD are derived. The detection scheme here
is a more complicated chain of events than occurs in the conventional
neutron experiment using BF3 or similar type detectors. Due to the com-
plexity, the problem has been formulated following the Langevin tech-

(43,4k4) (17,45)

nique rather than the more complicated doublet theory.
The results obtained are identical to those of Gelinas and Osborn(lY) with
the very important exception, that the effect of the detector statistics

on the measured PSD is derived in terms of a quantity obtained from experi-
ment, i.e. the variance and mean of the number of Cerenkov photons per
event.

In the following derivation certain assumptions are made concern-
ing the statistics of Cerenkov photon production and prompt fission gamma
ray production. It is assumed that the statistics of the above two events
are the same as the production of neutrons in the fission event. 1In
addition loss of electrons, gamma rays and Cerenkov photons will be
treated as being statistically similar to neutron absorption. The sta-
tistics of events borrowed from the neutron problem are,<lm> (l) the
events are statistically independent, (2) similar events in non overlap-
ping time intervals are also independent and (3) the probability of an

event per unit time is given by the product of the appropriate average

number density and interaction rate. Also we assume the production of

Ll
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an electron above the Cerenkov threshold is in a one to one correspondence
with the loss of a gamma ray by an appropriate Compton event in the de-
tector walls, as it is unlikely that gammas in the energy range of in-
terest produce more than one Cerenkov producing electron.

The point reactor kinetic equations are also used as space
effects are assumed to be negligible in the small FNR core. Natelson(AS)
has shown for the neutron fluctuation experiment that if the ratio of the
migration length of neutrons to the greatest reactor dimension is large
enough, a space independent theory is adequate. Such is the case for the
FNR when the neutron distribution is observed. In the present case, the
correlation length between fissions is still the neutron migration length,
but the gamma detector sees events within a region characterized by the
gamma, ray mean free path which is greater than the neutron migration
length. Since the migration length (5-7 cm) is nearly equal to the gamma
ray mean free path (8-10 cm), it is expected that conditions similar to
those for the neutron experiment apply, and the spatial effects are
negligible as in the case discussed by Natelson.

This chapter includes a discussion of the various statistical
quantities which enter into the experiment due to the detector and source,
i.e. fluctuations in the number of ions and neutrons in the neutron experi-
ment or Cerenkov photons, prompt gamma rays and neutrons in the gamma
experiment.

The last section concludes with a discussion of the effects on
the measured spectrum of the power level fluctuations induced by an inde-
pendent reactivity input, in this case a temperature dependent reactivity

driving function not coupled to reactor power.
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B. Spectral Densities

The detection process employed here involves the observation of
power level changes by monitoring the output current of a photomultiplier
tube. The output is caused indirectly by prompt gamma rays emitted in
fission events.

The process is shown schematically in Figure 3-1. The prompt
fission gamma rays eject Cerenkov photon producing electrons from the
detector wall. The photons in turn eject photoelectrons from the photo-
cathode of the photomultiplier to form a continuous output current.

Using the notation of Osborn and Nieto(u3> we form the spectral

density in terms of the observable, the output current

ooy () = T Llrw) () p (3-1)

whereéZZhuJ and ;?7%%'MJ are the Fourier transforms of the time
dependent output current of detector x and y respectively.

These time dependent currents are to be related to the neutron
distribution. For this purpose we postulate the following Langevin's
equations for the stochastic variables and assume that the only stochastic
processes are those of neutron, prompt fission gamma ray, Cerenkov photon-
producing electron, and Cerenkov photon creation and annihilation. The
instantaneous output current is assumed to be directly proportional to
the instantaneous Cerenkov photon number density, hence the statistics
of the phototube are neglected. It should be recognized that the variance
in the number of photoelectrons from the photocathode is a source of un-
correlated events, but will be neglected as being small compared to contri-

butions from other processes.
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The following Langevin system equations are postulated.

A (¢) = FG f(f) (3-2)

/—'(f) = €75 Mp (<) (3-3)

dMp&) _
IF © <Wrre Me®) = A Mpce) + @)  (3-4)

e (2
AL o M (&) ~ oy M e) 4 S (e (3-5)
t
o/m () <g>/f%@_/@m,(f)% (t) (3-6)
cﬁovbné ) <<;jj>/¢;,41ﬂ1(ﬁ) /*E/WV1C€)*E5;C%) (3-7)
where g = Charge/electron

G = Phototube gain <’electrons ouﬁ) .

electrons in

€ = 63,(5)65_ the product of the quantum efficiency and the
collection efficiency

<(§9>= Average number of prompt gamma rays per fission.
<$l>= Average number of neutrons per fission.

<yx>= Average number of Cerenkov photons produced per electron lost
in the Cerenkov radiator.

[
ﬁ#ég = Rate of photoelectron production at the photocathode
The small n's are the instantaneous number densities

denoted by

np(t) = Cerenkov photons

ne(t) = Cerenkov photon producing electrons
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The r's are the appropriate reaction rates defined as the
probability per unit time per particle that an event of the type denoted

by subscript will occur. Thus

/ﬁ% = Reaction rate of electrons for all loss processes

~p = Reaction rate of Cerenkov photons for all loss processes.

/ﬁk = Reaction rate of fission gammas producing Compton electrons
of appropriate energy.

/1; = Reaction rate of neutrons producing fissions

/T = Reaction rate of neutrons for all loss processes

May = Reaction rate of gammas for all loss processes.

5,(t) , %r(t) » Sg(t) and SP(t) are the noise equivalent
sources for neutrons, gammas, electrons and Cerenkov photons respectively,
each having ensemble averages equal to zero.

A set of equations identical to Equations (3-2) through (3-5)
apply to each detector, thus identical detectors are assumed in the two
detector experiment.

For the moment we consider only Equations (3-4) and (3-5) and
write

G L
fi:@§)=.5; () +.$£(f) , the sum of a gain and loss term

and define

Z(e)= i M@ +52 () (5-8)

Tt will be shown later that the transform of the correlation function
<i§§(f) éZ(ﬁf+7i%;> will yield the spectral density derived by Gelinas

and Osborn(l7) for the gamma noise experiment.
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Taking the Fourier transforms of Equations (3-2) through (3-5)
and solving for the detector current we arrive at the Fourier transform

of the instantaneous detector output current.

. _ <N>TRe
A(w) = ?,Géﬂ" /{_hw)(fﬁoﬂ@EZ(wjv‘-S@(@J

f_.i;@z
C>ﬂb+«4@9 (3-9)
The spectral density from Equation (3-1) is then

2 (" Ln s
( Ge (AP ﬂf/z)(/f,-ﬂwa)

ooy (@) =

X <:j: 2%%9a4)1—fi?(kebquZf§?(3yy‘ééﬁ>1“3i§(%?3*0QZZL:>

i E%gggzjagﬁ?ﬁas <) <:j1:£?(;110Q) e 6446g237l; 6?6 <142:>

ot B ey < Sp(hw) L2 (yw) + 50, -4)])

7 Se (88 Sp (4. e (3-10)
e ) -
Using the definition of Z(W) and the fact that the correlation

among Z , the electron gain nolse source and the Cerenkov photon source

is zero,the spectral density becomes

Q.
g{ 6@) £E£Ei—lz:- 'ngﬁgi;i)cd?g+a¢ij Zijc;aﬁf(%Q)

<:§i9 () :is (4" uil:éj7+-7§;£g52235‘zj_ <:S;gi;;2:?iifzgazl:>

(3-11)
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<SS, rrnw)Slye)>
(3-11 Continued)

A (Ape + Aw) (Bo+w?)

A - = :
where Gﬂ"’éi (w) = 0977 <Z(/)e 60_) Z(’(y) -LO)>

Taking the statistics of production and losses of all particles
to be analogous to those for neutrons (fission and absorption) and apply-
. . o (h3,hh) :
ing the results of the Langevin's technique, the following trans-

formed correlation functions are

<S:6L(47‘U) S; (ﬁ;‘@> = ‘QW(M}/?’,% /%15;? (3-12)
{Se () S;L(’afw)) =7 e VA Sy (3-17)
Sptyw) Splpw> = SSEpw) o (4w))

# LSt w) Gy =20 [ e A M (529

where é;pg is the Kronecker delta. The large N's with a superscript o

denote average values as obtained from the steady state equations
9 0
Aoe e = A5 My (3-19)

Aol = e Mo <n> (3-20)

Using the steady state equations and the transformed correlation functions

evaluated abovesthe spectral density becomes
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(Ge/r‘) 2 o
@,&(w) = (/%\/}"?pr:) V\> //7;3 9) éx;o?( )
0}
2y — <2
T % <§;\> . ]@/gj (3-21)

When x=y the result is the single detector power spectral density and
if x%y the result is the cross power spectral density.
For frequencies of interest in a reactor noise experiment

W <L e #re » therefore (3-21) becomes

By (@) = (36NN Gy () 412 N

‘ N 2 n
x[ i <<hh)).:z 4 )]540’3} (3-22)

ny@U) can now be calculated by use of the Langevin's technique.

Fourier transforming Equation (3-6) and (3-7) we get

(ot 14w) Ay (W) = (W) (3-23)

(/Gf+/tw)/7¢(w)=<§ AF Ton (W) FSp (W) (3-24)

where ol = <\T>/F -

ZWw) is formed
2(w) = Az pw) +3&

BSOS, AGm) | To
= <;+Aw)(”ar+/(@ +(/ﬂvr'f'A'W/ + (@)

(3-25)

The spectral density is then
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1 [eXeph* ) Ty
G”"/g (W) = 277 @4"+w")éfav+w2) <S’“(47 ) S ))

oo | LSalyw) Suly ‘0)) <5r<”"“’) (”6‘"“’)2]

T Tl | GAw) (K+Aw)
2
—@—_—d;—@- <Sr 'FW)SJ» ("3'-“9> AW) <Sr—6)0w)5 (/0'1/'“’))

7 (5 +,w) <5 (%) Jr(’c‘r’f'“)) <5e (u«) 530(’5/ wj} (3-26)

The transforms of the correlation functions are evaluated as
before.

At this point we made an assumption concerning the gamma distri-
bution. We assume that the gamma distribution as viewed by each detector
is the same as in the neutron experiment. That is, that the gamma level
rises and falls at each detector location simultaneously. This is tanta-
mount to saying that the gammas diffuse as neutrons do and whenever more
than one gamma 1s formed per fission the spatial distribution is isotropic.
This results in a correlated component in the outputs of the separate

detectors due to the fluctuations in the number of gammas per fission.

o) 3ty > = 20 ) o, oy ST (5-2m)
(Sl 3> = -2y {E AN (3-28)

G )50 =20 <Oml, +<SIAN]  (3-29)
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<§,('¥'w)5 (4 W)} "’9~’7<§))/r /F S/MJ« (3-30)

&) 58(0) > = 6 Q7L NSy (331

The steady state equations for neutrons and gammas have been
used in the above to put the results in terms of the neutron steady state

values.

Substituting the above results into Equation (3-26) and simpli-

fying we get

e M A<
Gop) = | Sy + R

A LIV <P <>
X | T <o (%)

* (s ﬂm/"ﬁ i%ﬁ_]f (3-32)

In arriving at the above result it has been assumed that

w<</ﬂd, in the denominator of the multiplier of the term in the
square brackets.

For x=y , the single detector, this result is identical to
that obtained by Gelinas and Osborn(l7) using the doublet theory. This
is to be expected as it was shown by Akcasu and Osborn(uh) that both
approaches yield identical results.

For x\y , Equation (3-32)describes the two detector gamma ex-
periment and is strikingly different than the result for the same experi-

ment conducted observing neutrons. In the conventional two detector

neutron experiment, the usual uncorrelated term does not enter in, i.e.
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a term analogous to the first one in Equation (3-32). This term is also

zero in the two detector gamma experiment but according to the above
<8 —<§7
<57

same effect on the measured cross power spectral density as the uncorre-

theory, another term , Pplays a role and should have the
lated term has on the power spectral density.

The origin of this term is the fluctuation in the number of
gamma rays per fission. In the experiments to be reported later the
effects of this term on the measured spectrum was not observed. The
reason being that the second term in Equation (3-32) is much larger than
the last. Compare

- 25
A LIV -KIp 2
(1R T LD (B
/&l

~ % (725) % @ X=w

o
2 < 2 '—< > . W Z
and acr /:w‘) Q—g_é__g—)—g'_g— ~ a5 @ << Mag

k 1s the prompt multiplication factor, k = keff (1 —K?eff) s

and at critical is approximately equal to 1 '/3eff . As a consequence
2

('377} (//—Z,;é)l 2> 0.28

and the effect of the additional term is hardly observable in an experi-
ment where the detection efficiency is low, i.e., small ratio of corre-
lated to uncorrelated signal as was the case in the experiments to be
discussed later. Since the observed 3? depends on the detector threshold,
an experiment in which the threshold is low (large observable éf ) and de-

tector efficiency high, should be able to measure the gamma-gamma correlations.
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Combining Equation (3-22) and (3-32) we arrive at the spectral

density as determined from the output of the GCD.

g MY
%g(W) (769 <n? Ct%ie//? g Spy

A LD LIy LA
+f%§,ﬁi (1~4)* P (#2Hw?)

/ﬁ? <§°7) \S)J
P KD
oo RS,

The term amenable to measurement in a fluctuation experiment

is the second term in Equation (3-33). opecifically the quantity of

interest ia o and it is inferred from the spectral shape of the Lorent-

<
zian ";A°+u11 . When delayed neutrons are taken into account (single

delay group) this term becomes, for a critical reactor(u6>

( 6)
) (B amm)"

and for a subcritical reactor

17
(€ ) W+ )

2 2
At midfrequencies such that 4/ )§>)? the expression for the

critical reactor reduces to

/
)7 +w
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As noted previously the results of a spectral density measure-
ment observing the gamma rays yields the same information as obtained
from a neutron experiment at low frequencies around &/ = % . At very
high frequencies one might derive information about the additional
spectral term in Equation (3-32), i.e., the term involving the statistics
of the number of Cerenkov photons per event.

The advantages in doing the gamma noise experiment arise not
from any additional information gained but from the fact that the detector
used in the experiment may be a threshold type device which is insensitive
to fission product gamma rays because of their lower energy. It is this
aspect of the experiment that enables the measurements to be done on

"dirty" reactors where present neutron detectors fail.

C. Discussion of Statistical Quantities in Noise Experiments

In the frequency range of interest C£/<f<,nag» , the total un-

correlated term becomes

a\ L ( C—
/ T < <<n/1ﬁa+<h>+ <§(<f§>/i> (3-34)

The contribution from the detector i1s the second term above

D =<wEely v, L
o M T (3-35)

where V is the variance and M 1is the mean.
This term has been estimated to be approximately two from a
pulse height distribution obtained with a similar type detector using an

16

N™" source. With a prompt fission gamma spectrum this term would be
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expected to be slightly larger due to the variance in the energy distri-
bution of the fission gammas.

In any case this term added to the constant term in G(OU) would
dictate an efficiency requirement of approximately two times the previously

(47)

estimated minimum of 5 x 10_5. An analogous term involving the dis-
tribution in charge per event was derived by Osborn and Nieto(h3) for a

BF3 detector. In this case the variance in the number of charges collected
per event is considerably less than in the case of the GCD, hence the pro-
blem is not as serious in these type detectors. Similar problems exist
with fission chambers when operated in the current mode.<h8)

The overall difficulty in the conduct of noise experiments

using neutron or gamma ray detectors can be qualitatively evaluated by

reference to the data in Table 3-1.

TABLE 3-1

STATISTICAL QUANTITIES IN NOISE MEASUREMENTS

Quantity Term Value Reference

Neutrons \T(_J‘D

Fiesion &2‘35:@ 0.785 ¢
Garmas 8->
Fission <§>3'
Cerenkov Photons <V_P)“<ﬂ>-}{ﬂ7 2.0

0.25 17

Fvent < Y\)& This work
BF3 - Charge Q?fa) —<%’Zf"<Z> 1
Event <%> v « 36
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Comparing the different quantities which enter into each experi-
ment it is immediately noted that regardless of the detector used the un-
correlated term in the gamma noise experiment is larger than in the neutron
experiment due to the term <: < ! which is inherent in the gamma
noise experiment. Also considering the statistics the Cerenkov detector
it is worse off than the BF3 detector. The effect of these statistical
quantities is to contribute to the uncorrelated term in the PSD. The
particular advantage of the two detector CPSD experiment is that these
uncorrelated components do not enter in because of the data processing
procedure, rather they contribute only to the statistical error in the
result.

The above discussion helps in part to explain the inability of
the present model of the GCD to isolate the 22{ breakpoint in a single
detector experiment. This is not meant to say that the experiment is
impossible but that it requires a slightly higher efficiency to obtain
the same information with comparable accuracy as in the neutron experi-

ment using conventional detectors.

D. Effects of a Reactivity Input

The theory developed in Section B of this chapter predicts the
spectral shape of the PSD and CPSD in a zero power experiment with the
only noise sources being due to variations in the fission, capture and
leakage rates. In this section the effect of an external reactivity
input, specifically reactivity fluctuations induced by heating is quali-
tatively revealed, to show the power dependence of the amplitudes and

effect on the zero power spectrums.
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Since contributions to the PSD from independent noise sources

(47)

add as squares in the output, the resultant spectral densities are

the sums of products of the input spectral densities and the square

(49)

modulus of the transfer function. Thus

Bo(w) = % %”f I%'Cw)}& (3-35)

f.
where 7@0(“0 is the output spectral density, ?ﬁh%ﬂd is the input

spectral density and G4(W) is the transfer function for inputs of
Fa

¢

type %

The type of reactivity fluctuations encountered in the experi-
ments to be discussed later are due to temperature variations in the
coolant, induced by steady fission product gamma ray heating. Heat is
formed directly in the coolant and fuel elements and is removed by nat-
ural circulation. This mode of cooling introduces large unsteady varia-
tions in the coolant density which affect the moderating and absorbing
properties and hence the neutron level. Fluctuations are also introduced
by uneven cooling and subsequent heating of the water in the core. Re-
activity fluctuations induced in this way through the temperature coeffi-
cient of reactivity are independent of reactor power and are reflected
in the spectral densities as a component which varies as the square of

(3,4)

the reactor power.



CHAPTER IV

DESCRIPTION OF THE EXPERIMENTS AND INSTRUMENTATION

A. Experiments

The object of the initial experiments was to measure the PSD
of the FNR. A determination of f%é% from the spectral shape would
serve to accomplish the overall goals of this study, that is to prove the
detection concept applied to reactor measurements and to verify the pre-
dictions of the theory, i.e., the feasibility of the gamma noise experi-
ment.

During the course of these early experiments a sharp rise in
the PSD below 2.5 cps was observed which was totally unexpected. The
preliminary results as presented in Figure 5-1 show a change in amplitude
from natural to forced convection. The different nature of the known
flow patterns in the two cases suggested that the observed fluctuations
were caused indirectly by temperature variations in the coolant water.
This further suggested fluctuation experiments observing the output of
a thermocouple placed above the core. In order to better understand the
relationship between the temperature and gamma ray PSD's, fluctuation
experiments were done as a function of power level with forced and nat-
ural convection. The cross correlation function between the two sig-
nals was measured from data records taken simultaneously.

Because the efficilency of this model of the GCD was rather low,
a series of CPSD measurements were made to isolate the ;é%{'breakpoint.
Also an experiment was done to determine the effect of the fission pro-

duct gamma level in the reactor. For this, the center six elements were

-61-
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replaced by new fuel and the rest of the core was made up of fuel that had
cooled at least sixty days.

In addition to the reactor experiments, a series of experiments
were done to test equipment response and determine correction factors to
be applied to the measured spectra. These were the analysis of white
noise records obtained by placing a CO6O source against the pressure

vessel endwindow and measurements of the output of a test oscillator

into various detecting circuits.

B. Equipment

1. Reactor.

The experiments were done on the Ford Nuclear Reactor at the
University of Michigan. The FNR is a swimming pool type reactor having
fully enriched BSR type fuel elements. A DoO  tank covers the north
face of the reactor core. Its purpose is to enhance the thermal neutron
flux at the beam ports. Prior to the experiments the reactor was operated
for 25 days at 2MW. The experiments were done on the second day after
shutdown. The majority of the fuel had a longer operating history than

6

25 days. Surface gamma dose rates were between 10° and 10 R/hr., as
measured with a Victoreen Roentgen-Rate Meter.

Most of the experiments were performed with the core configura-
tion shown in Figure L4-la, the fuel in which had an operating history
described above. Shown in Figure L-1b is the core configuration used in
one series of CPSD measurements. The center six elements were new fuel,
pPreviously unirradiated and the remainder of the core consisted of ele-

ments which had decayed at least 60 days. The background for this latter

core was ~v 1/ that measured on Core loading I.
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The reactor-detector configuration is shown in Figure 4-2.
Refer also to Figure 2-8. Shown in a plan view is the arrangement for the
single-detector and two-detector experiments. The actual distance between
the fuel and detector was ~~ 1 inch. This, added to the 1-1/4 inch
end plate, places the Cerenkov radiator at 2—1/& inches from the fuel. The

reactivity worth of the detector was negligible.

2. PSD Data Collection.
A block diagram of the data collection equipment for the gamma
ray noise experiments and the temperature experiments is shown in Figure
4-3. Data for all the experiments were recorded on tape for subsequent

data processing.

Tape Recorder

The FM tape recorder, a Hewlett Packard Model 3907, was operated
at 1-7/8 ips for data collection. The quoted noise is 39 db down from a
nominal input of + 2.5 volts p-p. This value was verified by a measurement.

The bandwidth at this speed is dc to 312 cps.

Pico-ammeter

The Keithly Model 417 pico-ammeter has a range from 10-13 to
3 x 10-5 and rise times, on the scales used, of less than 0.001 seconds.
Dc drift is less than one percent for eight hours. The instrument has
provisions for suppressing the dc level of the input signals so that
only the ac component appears in the output which is + 3 volts full
scale. The ac component was amplified sufficiently for direct recording

on tape.
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Cerenkov Keithly HP 3907
Detector Model 417 Tape
Recorder
GAMMA NOISE DATA
Thermocouple
Tektronix Dana HP 3907
Type 1A7 Model 3520 Tape
Plug-in DC- Amp Recorder
Ty T,
TEMPERATURE DATA
Figure 4-3. Gamma and Temperature Power Spectral Density

Data Collection Schemes.
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Thermocouple

A copper-constantan thermocouple was used which had a time
constant of less than 10 msec (upper frequency cutoff ~~ 17 cps). The
hot junction was formed from 20 mil wire which was flattened and trimmed
into a very thin ribbon. The time constant was determined from photo-
graphs of the oscilloscope trace obtained by rapidly inserting the hot
Junction into warm water. The time required for the couple output to
relax by approximately a factor of e was taken as the time constant.
The thermocouple hot Jjunction was placed beneath the bail of the center
fuel element in the second row of elements from the south face of the
core, while the cold Jjunction was held at a constant temperature in an

ice bath.

Tektronix Type 1A7 Plug-in Unit

The temperature fluctuations were separated from dc level with
a Type 1AT plug-in used in conjunction with a Tektronix 531A oscilloscope.
The unit has a dc offset control to suppress the dc component and has
an output of 34 mv/cm of deflection. Input sensitivities range from 10

microvolts/em to 20 volts/cm.

DC Amplifier

The output of the 1A7 unit was amplified with a Dana Model
3520 dc Amplifier. The upper cutoff frequency is variable from 0.0l to
10 ke; 0.1 kc was used here. The frequency response is flat to within

+ 1 percent from dc to upper cutoff frequency.

3. PSD Data Reduction Equipment

To obtain the PSD of both the GCD and thermocouple outputs,
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the signals were processed with the equipment shown in Figure 4-4%. The

amplifiers marked P are those contained in the Pace Model 16-31R-4
Analog Computer in the Computer Laboratory of the Nuclear Engineering De-
partment. Because of the limited frequency response of the Pace equip-
ment, a Hewlett Packard 3400A True RMS Voltmeter was used to obtain the
ingstantaneous power in the bandwidth defined by the band pass filters.
For the lower freqguencies below 10 cps, the HP3400A was removed because
of the adequacy of the amplifiers in this range. All PSD measurements
were done with a tape speedup factor of 32. This extended the lower fre-
quency range of all the equipment and reduced the time required for data
processing. The Krohn-Hite filter was used over the whole frequency range
and the HP302A Wave Analyzer was used only to supplement and verify the
results of the Krohn-Hite filter. It has the disadvantage of having a

fixed bandwidth of 3.5 cps.

Krohn-Hite Filter

The K. H. Model 330M is an adjustable band pass filter useful
over the frequency range from 0.02 to 2000 cps. The gain in the pass
band is unity,0 db. The lower frequency limit was extended by a factor

of 32 by using tape speedup as mentioned previously.

RMS Voltmeter

The voltmeter used in the high frequency PSD measurements was
a Hewlett Packard 3400A. The meter measures the true root mean square
value of the input by the heat produced in a thermocouple. The sensitiv-
ity can be varied from 0.0001 to 300 volts, full scale. The output is
-1.0 volt dc at full scale deflection and its frequency range is 10 to

10 Mc, flat to within + 1 percent.
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Multiplier
The multiplier is an Applied Dynamics Model 166-2 solid state

multiplier operating on the quarter square principle. The maximum input
is x| + ly| = 200 volts and the output is proportional to xy . The
output applied to the summing junction of an operational amplifier with a
0.1 megohm feedback resistor is —XY/lOO. The unit was powered using the
+ 100 volt supplies on the patchboard of the Pace Analog Computer. The
frequency response of unit is governed by the frequency characteristics

of the output amplifier which was flat, + 1% to 800 cps.

4. Cross Correlator.

The cross correlation function and correlation coefficients
were measured using an Instrument for Statistical Analogue Computation
(ISAC). The ISAC was first designed and built by the Automatic Control
Laboratory, Norwegian Institute of Technology, Trondheim and was made
available for this work by Dr. C. W. Ricker.* The device is a multispeed
tape recorder equipped with a tape loop. The signals to be correlated
are multiplied and integrated over the length of the loop. The delay
time 1s achieved by a movable head which reads one track. Results are
printed on an x-y recorder. A clear, compute, printout, and head ad-
vance sequence are initiated and resequenced by relays activated by photo-
cells, which sense the beginning and end of the loop by light shining
through appropriately placed holes. The head can be moved in increments
of 0.25 or 1 mm up to 100 mm. Recording times are varied from 5 seconds

to 85 minutes for the short tape loop and from 15 seconds to 4 hours and

Manufacturer's representative in U.S. is the Sterling Instrument Co.,
Southfield, Michigan.
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56 minutes for the long loop in 10 steps. The instrument will also
calculate the PSD over bandwidths which can be varied from essentially

de to 0.2 cps and dc to 200 cps in 10 steps.

5. CPSD Experimental Arrangement.

Data for the CPSD experiments were collected with equipment shown
in Figure 4-5. In these experiments the fluctuations were isolated from
the dc level with the use of high pass filters having time constants of
0.3 sec_l . This was necessary because the large amplitude fluctuations
at the lower frequencies used most of the dynamic range of the tape re-
corder and the higher frequency fluctuations were very close to tape re-
corder noise. This "prewhitening" operation was corrected for in the data
processing procedure. This system was also more stable in that the dec
level was continuously eliminated.

Shovn also in Figure 4-5 is the schematic diagram of the equip-
ment used for data processing. The outputs of the tuned bandpass filters
are amplified and multiplied to yield the CPSD.

All the equipment used for these experiments has been described
previously with the exception of the Tektronix Type O Operational Ampli-
fiers.

These amplifiers used in conjunction with a Tektronix Type 531
oscilloscope have bandwidths from dc to 14 Mc with rise time of 25 ms.

The maximum output is <+ 50 volts and noise is typically less than 0.5

mv p-p.

6. Equipment Response.
Corrections to the measured PSD were made for irregularities

in filter response. The response curves were determined in the conventional
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manner using a sinusoidal oscillator and the detection circuits des-

cribed above. Overall system response was determined by recording the
output of the detector with a CO6O source placed near the endwindow. The
Cerenkov light induced by the 0060 gammas in the endwindow (n = 1.5) is
a white noise source whose frequency dependence is flat. The source was
not quite strong enough to duplicate the detector output at all power
levels used in the experiments. However it did approximate the output
equivalent to a reactor power of 100 watts. The PSD of this signal was
flat above 1 cps using the HP 302A Wave analyzer and indicated only minor
corrections in the frequency response of the Krohn-Hite Filter in this
range. In the range below 2.5 cps. the combined oscillator and CO60 source
tests showed a falling off of the Krohn-Hite filter response below 0.025
cps which necessitated correction. Again the correction was not excessive.
The flat response obtained with the HP 302A Wave Analyzer showed no cor-
rections were necessary due to the picoammeter, tape recorder and other
equipment in the data collection and processing system.

Two-detector experiments of the type done here require finely
tuned filters to eliminate phase shifts introduced by them. The filters
were tuned over the frequency range 0.5 to 50 cps by applying the output
of the test oscillator to both filters and observing thelr outputs on a
dual trace oscilloscope. At each frequency one of the filters was adjusted
by dial changes so that both outputs were in phase. This procedure was
facilitated by choosing the upper and lower cutoff frequencies of each
filter to be the same. After the tuning procedure, the filter response

was determined with the oscillator and the CPSD detection circuit. Overall

corrections for the "prewhitening'" mentioned previously were determined
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using CO6O white noise sources recorded with identical equipment settings as
used in the actual experiments. Again the filter corrections in the higher

frequency ranges showed that only minor corrections were necessary.

C. Error Analysis

The error in the measured PSD can be obtained from(ll)

Z 2f T (b-1)

where A £ 1s the filter bandwidth and T 1s the record length. The
—1 (50)
£ . .ok .
actor \C&q;f1 is the statistical error and X i1s a constant to
account for any associated frequency independent errors due to equipment.
The constant K was determined by first calculating the standard devia-

tion from a series of PSD measurements from adjacent sections of a tape

record at several frequencies. After calculating the error (variance)l/g/

mear K was taken as the average of /ﬁq AT at the several dif-
ferent frequencies used and was found to be 1.18 for the data shown in
Figure 5-2 to be presented later.

The error in the CPSD density can be calculated from the

formula(23>

_éi_): K+ Q' + C?i'Jr@/C?z)-/J/‘i
g 7 AFT

This result has been verified independently by Kryter et al.<lo)

The difficulty in this procedure is the need to know the ratio
denoted by Q , the quotient of the correlated and uncorrelated components
in the PSD. Since no indication of this ratio was available from the PSD

experiments, the CPSD experiment was repeated and the error bars shown are
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determined from the variance and mean as calculated from six independent

experiments.

D. Experimental Procedure.

All the data for the experiments were taken at the FNR and re-
corded on tape. The detector was placed in position near the core and
after the initial background had stabalized, the reactor was brought
critical, as indicated by the existing reactor instruments. The power
level was then raised in increments and the output current of the detector
was recorded. Relative power levels were determined from fission chamber
counts and from the compensated ion chamber output. In the later CPSD
experiments both the output current and the peak to peak value of the
fluctuations were noted. For core loading I the signal to noise ratio was
2.5/1 to 3/1 and for core loading II at the same power the ratio was 10.
After determination of the "optimum" power level the equipment was adjusted
to separate and amplify the fluctuations and the data were recorded.
Optimum power level in these experiments was defined as the power which
gave a signal to noise ratio of at least 2.5/1. Continuous monitoring
of the tape recorded signal was done with a dual beam oscilloscope.

All data were taken with the reactor operating manually. This
method affordeé the greatest degree of stability against drift and large
reactivity changes.

After -data recording, the tape recorder was moved to the Computer
Laboratory, where the data were reduced. The time averaged data were then

plotted and compared after the appropriate corrections were applied.
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Consistent with the theory discussed in Chapter III a function

of the form

$(w) = ¢T(w//@,cw)/a+ go“?w)/Gscw//°2

was fitted to the CPSD data by a least squares method outlined in Appendix
A. The analysis was done on the Ford Computer in Dearborn, access being
through a teletype terminal in the Nuclear Engineering Department's Computer
Laboratory.

In order to obtain optimum signal level (2 to 2.5 volts p-p)
for recording, the high voltage was varied, particularly in those experi-
ments in which the power level was varied. Corrections were made to the
measured PSD so that meaningful comparisons could be made. Data were nor-
malized to one phototube voltage Vo , by a factor (Vb/V)gO . The justi-
fication for this is the observation made previously in Chapter II that
the output current varies as V1O . This enters into the PSD as the square,

hence the exponent is 20.



CHAPTER V

RESULTS AND DISCUSSION

A. Introductory Remarks

In this chapter the results of the measurements will be presented
along with a discussion of them. The results of the single detector, tem-
perature PSD and cross correlation function measurements will be presented
and discussed first and then the results of the two detector measurements.

Since this particular model of the GCD was not able to isolate
the fzz breakpoint, using a single detector, the discussion of these
single detector experiments will be restricted to the low frequency region
where the temperature effects predominate. PSD measurements on the out-
puts of two detectors in parallel in the frequency range around the

breakpoint will be presented and discussed with the results of the CPSD.

B. Low Frequency PSD and Temperature Measurements

Figure 5-1 shows the results of the PSD measurements on the
output of the GCD with the primary coolant pump off and on. Figure 5-2
shows the relationship between the gamma ray PSD and the PSD of the tem-
Perature fluctuations. Figure 5-3 1s a plot of the measured gamma ray
PSD's at several power levels, while Figure 5-4 presents the temperature
PSD's at these same powers. The temperature and gamma data were taken
simultaneously at each power level as were the data shown in Figure 5-2.

The following observations are made from the data thus far pre-
sented. The PSD of the power level fluctuations is larger with the coolant
punp off than with the pump onj; there is a strong similarity in the spec-
tral shape at lower frequencies between the gamma and temperature fluctua-
tions; and the amplitudes of the temperature fluctuations are independent

of power level.

_77_



RELATIVE UNITS

POWER SPECTRAL DENSITY

100

1.0

-78-

-
Reactor Power 500 Watts
O Primary Coolant Pump Off
O D " " " On
(@]
- 0]
T 2
- (]
O
= 0
(]
o
é a] ©
0
[ (@]
| o]
[ o]
(o
) O
0 o o 0
O 0o o
w}
0.0i 0.1 1.0
FREQUENCY - CPS
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Figure 5-2. Power Spectral Densities of Gamma Ray and Temperature
Fluctuations.
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The mean values of the low frequency gamma ray PSD's were
calculated and Figure 5-5 shows these mean values plotted versus reactor
power. The agreement with the reference curve QQYQ)°C1ﬁ>Q'is good.

Shown in Figure 5-6 is the measured cross correlation function
between the GCD and the thermocouple outputs. The same data records were
used for this measurement as were used to compute the PSD's shown in
Pigure 5-2. It is to be noted that a correlation exists and that a con-
tinuity is noted from curve a to b to c¢ . The amplitudes in each
curve have no relation to one another as each was obtained from a differ-
ent record and slightly different equipment settings.

Different records were used because the delay time is governed
by the recording speed of the IASC and three such records were used to
cover the range from O to 5, 0 to 20, and O to 163 seconds total delay
time. The main feature is that a correlation does exist between the thermo-
couple output and fluctuations in the power level. The correlation coef-
ficient determined from the average of five trials for the 80 second delay

peak was 0.132 + .009 . The coefficient is defined as

Gy C7)
€= [\Cr(c) Cr(O)J&

where C%q.(Zj is the measured cross correlation function and C}f(a)
and C%{@Qare the values of the auto correlation function of the gamma and
thermocouple signals at zero time delay respectively. The coefficient
varies between <+ 1 depending on the degree of correlation.

All the data presented above were taken on core loading I which

was the "dirtiest" of the two.
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It was first supposed that the sharp rise in the PSD at low
16

frequencies was due to N decays and any power level fluctuations were
filtered through the Nl6 reaction which would be expected to have a
breakpoint in the PSD curve at 0.0149 cps. However a calculation of the
6.13 Mev gamma ray source from Nl6 showed this to be negligible compared
to the prompt gamma ray source above 5.0 Mev from fission. See Appendix B

Considering the apparent similarity of the gamma and temperature
spectra and the above observations, a more logical explanation of the low
frequency behavior is that the power level fluctuations are temperature
induced by fission product heating. The heat source is the intense gamma
ray flux being absorbed in the fuel and coolant. It has been estimated
that the fraction of the reactor operating power generated in the reactor
due to fission product decay is approximately 5 x 10'3 of full power at
two days after shutdown after an operating period of 30 days,(39) Apply-
ing this to the FNR which operated at 2 MW during a 25 day cycle, the
fission product heat source is approximately 10 kW

(51)

As has been pointed out the amplitudes of the ftemperature
fluctuations are expected to be larger under conditions of free convec-
tion than under forced cooling and can have frequencies possibly as high
as 10 cps. The amplitudes of the fluctuations can be as large as 1/3 the
temperature difference between the fuel plates and the mean pool tempera-
ture. The origin of the fluctuations is different in the two cases;
under natural convection, the flow rates and flow patterns are induced
by the heating of the coolant by conduction from the fuel plates which

consequently induces large buoyant forces because of the temperature dif-

ferences within it. Flow patterns and flow rates are very unstable and
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therefore '"moisy." With forced convection the temperature fluctuations
would be due to variations in pool water temperature which is drawn through
the reactor. The above arguments would account for the larger PSD observed
with the primary coolant pump off.

The facts that the temperature PSD is independent of reactor
power and the gamma ray PSD below 2.5 cps varies as power squared, fix
the origin of the fluctuations as not being dependent on reactor operation
or power level. While the portion of the PSD which is due to fluctuations
in the capture, leakage and fission rates is proportional to reactor power,
any portion of the PSD due to fluctuations in reactivity is proportional
to the square of the reactor power.(s’h) Since fluctuations in the temper-
ature of the water give rise to reactivity fluctuations through the temper-
ature coefficient of reactivity, these should give rise to contributions
to the PSD which vary as the square of the power. Reactivity fluctuations
coupled linearly to reactor power result in a component of the PSD which
varies as power to the fourth.(3)

The measured value of the correlation coefficient 0.132 is not
considered to be a very large value. The fact that it is significantly
different from zero suggests a definite correlation exists. Since a single
thermocouple measures only local effects and the temperature driving func-
tion would be the sum of many local perturbations, the correlation between
the temperature fluctuations and power level fluctuations would be expected
to be small as measured by only one thermocouple.

The gamma PSD (constant term subtracted) was divided point by

point by the temperature PSD. This is shown as the bottom curve in Figure

5-2,
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If the observed PSD was due to reactivity fluctuations which
were accurately described by the thermocouple output, one would expect

the following to hold(3’u9)

Bo) = dicw) | Gy

where 9é°6W) is the output PSD, QéxC&Z) is the PSD of the reactivity
driving function and G%Qg) is the reactor reactivity transfer function.

The transfer function derived in this manner from the experi-
mental data does not agree with the expected zero power transfer function
in that the amplitudes at lower frequencies are larger than predicted.

This fact, along with the small value of the correlation co-
efficient, indicates that the temperature induced reactivity driving func-
tion is not adequately described by a measurement at a single point. A
local measurement would be accurate only in two extreme cases. The first
being when the reactor temperature rises and falls uniformly throughout
the whole core and a measurement at one point samples the whole reactor.
The second case being when the fluctuations occur in independent ''cells";
the reactor being made up of many such cells; each cell having the same
frequency dependence. The sampling of one cell would then accurately
describe the whole system.

From the above one can tentatively conclude that the reactor
constitutes more than one cell, several cells or groups of cells fluctu-
ating in some correlated fashion. Under these conditions one would not

expect a local measurement to adequately describe the driving function.
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Another possibility for the discrepancy exists in that, fuel
temperature fluctuations induce reactivity changes. A thermocouple sam-
pling the coolant temperature may or may not accurately describe the fre-
quency dependence of the fuel temperature oscillations.

To summarize, the low frequency fluctuations in the reactor
Power level are caused by fission product gamma heating which induce
reactivity changes through the temperature coefficient of reactivity. All
Observations made to date support this contention. While each observation
cannot by itself be taken as conclusive proof to support the above state-
ment, the following six observations taken collectively are offered as
proof to support the above contention.

1. The spectral shape of the temperature and power level fluctua-
tions show the same general behavior in the low frequency region.

2. The temperature fluctuations are larger in the pump off
condition.

3. The temperature fluctuations are independent of reactor power.

L. The power level fluctuations show a power squared dependence,
indicative of an external reactivity driving function.

5. A finite correlation coefficient exists between temperature
and power level.

6. The CPSD measurements on a "cleaner" FNR core showed lower
amplitudes in the low frequency region. These measurements are discussed
below in this chapter.

Low frequency PSD measurements under conditions of convective

(52)

cooling were made by Yamada et al. with very similar results. However,
they attributed the measured PSD to control rod vibration, in that the

rods were suspended by wires. This effect is discounted in the FNR due to
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the more rigid construction of the rod suspension and driving system.
However it might become important under forced convection at higher power

(&)

levels.

C. CPSD Measurements

The results of the two detector CPSD experiments on core load-
ing I are shown in Figure 5-7 while Figure 5-8 shows the results of the
experiments on core loading II. The background for core loading IT was
down a factor of four from core 1. This was reflected in higher signal
to noise ratios obtained with core II. Because of the difference in
fission product contamination and consequently heating, the amplitudes
of the lower frequency components, i.e., temperature induced components,
are smaller in the data obtained from core loading IT.

Also shown on each graph is the PSD of the outputs of both
detectors added. Considerably more structure is evident in the two
detector experiments than in the PSD plot. In fact no evidence of a

EZ? breakpoint can be inferred from the PSD but is clearly evident
in the CPSD measurement. The two detector CPSD measurement is obviously
superior in this instance and has resulted in a well defined breakpoint
in spite of the presence of the temperature induced spectrum which merges
with the regular zero power correlated component. These results clearly
demonstrate the advantages of the CPSD method when efficiency is marginal
and the correlated to uncorrelated ratio is small. They also appear to
contradict the statement by Seifritz et al.(23) that the allowed lower

limit to the correlated to uncorrelated ratio is about 0.1.
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The data were fitted to the model depicted by an equation of

the form

Bew) = ¢7(W)/Gpaa//°2+ 55"’(60)/65 (WJ/Q

where/ﬂg%>ﬁﬂiy/ﬂis the square of reactivity transfer function which is of
the form ‘—ﬁfi—a , and contains a factor proportional to the square of
the average power level.

/Ggg(Zgb/Qis the source transfer function also of the form
;Zziz;a and is constant with respect to power level.

gﬁ%%yis the input spectral density of the inherent fluctua-

tions in neutron leakage, absorption and fissions. It is proportional
to reactor power and independent of frequency, i.e., a flat spectral
distribution.

¢JQQQ)is the spectral density of the temperature input re-
activity fluctuations and is assumed to have a spectral shape that varies
as-zzé:'and to be independent of reactor power.

The least squares fitting procedure is discussed in Appendix A.

The fits to the data taken for the different core loadings are;

s
3 868)(/0 INIT o .04
Loading I §£C w) = (//50/7‘60&7 (//\5"0/7‘5(/9
/48 xs07 J,A?X/O\sv
Losding 11 BCw) = [2%0 5270108 T (22 F 0%

The variance in the value of oK as determined from the six

independent experiments on core loading 2 was used with the standard error

(37)

propagation formulas to yield a value of 78 + 15.2 usec for the

prompt neutron lifetime, based on an effective delayed neutron fraction
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of 0.0075. The value of the lifetime obtained from the single measurement
on core loading I was 70 psec, well within the experimental uncertainty.
It is not expected that the lifetime of the two different core loadings be
very different. The fact that these data on the different core loadings
were taken one month apart is an indication of the reproducibility.
Previous measurements of the prompt neutron lifetime in the FNR
have yielded the following; Albrecht(go) - 80 + 10, Boennighausen(22) -

110 + 15 and Plutal®l)

- 130 + 20 pseconds, based on the same effective
delay fraction above. The best agreement is with Albrecht's result, how-
ever, because of the wide discrepancy in the previous results only a quali-
tative comparison is possible. The prior measurements were also made on
small clean, graphite reflected cores while the cores here were larger and
water reflected.

(9)

Ricker has measured neutron lifetimes of 68 psec in the Pool
Critical Facility at Oak Ridge on cores made up of similar type fuel
elements as used in the FNR.

Another aspect of the cores used in these experiments make a
quantitative comparison impossible. They are the large fission product
gamma ray source and the D20 tank on the north face of the present core.
Because of these the photoneutron source is very large and as a result the
effective delayed neutron fraction is increased. No attempt has been made
to take this into account here.

The results obtained are indicative of neutron lifetimes expected

in the FNR and show that useful noise measurements are possible observing

the gamma distribution.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The overall conclusion of this work is that parameter measure-
ments can be done on reactor systems by observing the gamma distribution
by use of the detection concept conceived here. In addition, the predic-
tions of Gelinas and Osborn have been verified in that a successful measure-
ment of —:Zf’ by gamma observation has been done on the FNR. EFqually
important is the fact that the experiments were done on a reactor core
which had surface gamma dose rates comparable to those found in power
reactors. The fZ? value measured here is in agreement with rough esti-
mates as calculated by simple diffusion theory and is in qualitative
agreement with previous experiments on similar core configurations.

The temperature noise source uncovered in this investigation
will play a very important role in fluctuation experiments on reactors
with large fission product inventories. Types of experiments in which
the effect will be important are in shutdown margin measurements and

;2%% measurements, particularly in: reactors which have :2%: values
such that the breakpoint is at frequencies where the temperature effects
are still important. The temperature induced reactivity oscillations
preclude the possibility of directly observing delayed neutron effects
in "dirty" reactors.

It is possible that in other reactor types with smaller tempera-
ture coefficients the fluctuations observed here might not be as important.

At low reactor power these effects are smaller and so it should be possible

-9&—
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to minimize them by conducting the experiments at reduced power levels.
This, however, would require a redesign of the present detector to achieve
lower backgrounds and consequently higher signal to noise ratios at the
lower power levels.

A detector based on the GCD concept could be used as a multi-
decade power level monitor. The advantages of simplicity of construction,
freedom from radiation damage, and virtually instant response are obvious.
A properly designed detector could, in principle, monitor reactor power
from the source range to full power with level changes made through photo-
tube voltage control. In certain situations the detector could prove
superior to existing reactor instruments. For instance, in systems where
fast response is required, the Cerenkov concept based on light transmission
would have a much smaller response time (several nanoseconds) than an ion
chamber whose response is governed by ion collection times, which are
typically several microseconds.

Freedom from radiation damage is exemplified by the fact that
the detector portion near the reactor does not require any radiation
damage susceptible material such as insulators. Burnup problems as evi-
denced with other detectors are not present. The radiator gas can be
easily replaced.

The two detector noise measurements done here appear to be a
most powerful technique for extracting useful information from low level
signals. In fact, the results reported above appear to extend the lower
limit of the correlated to uncorrelated ratio, at which CPSD measurements
may be done successfully, below the previously estimated minimum of O.l1.

The method does not give anymare information than a PSD measurement, but
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it might be the only way to obtain the information due to small values

of the C/U ratio.

B. Recommendations

The most obvious thing to do in the opinion of the author is to
strive to reduce the size and background and increase the efficiency of
the present device. For only then can the full potential of the detec-
tion concept be realized. The efficiency can be increased by putting
the detector in core or in closer proximity to the fuel. This requires
a smaller size device. The reduced size results in restricted electron
path lengths, and as a result, reduced photon production. This reduced
photon production can be more than offset by increasing the radiator
pressure. For instance, the author has calculated that a 2.5 inch OD
in core, CO, Cerenkov detector, operating at ~J 400 psia would be approxi-
mately 8 to 10 times more efficient than the present model and still
produce sufficient numbers of Cerenkov photons. As shown in Chapter II,
the effect of lowering the threshold by increased pressure does not result
in any sizeable contribution to the net output from delayed gammas. Along
with work to improve efficiency and light production, efforts should be
made to reduce the background. This can be accomplished by either making
the vertical or horizontal sections longer (in smaller diameter version)
or by incorporating one or more 90° bends to reduce the scattered gamma
flux on the pressure vessel endwindow and phototube envelope. In certain
applications (pulse operation) the background can be significantly re-
duced by coincidence counting techniques. To accomplish the above recom-

mentdations on efficiency improvement, the following should be considered.
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A search for g more suitable radiator gas with the following properties
should be instituted:

1. Must not scintillate.

2. Must transmit in the wavelength region covered by the re-
sponse of the photomultiplier.

3. Must be stable in a radiation field and any reaction products
should readily recombine without interacting with structural materials
and mirror surfaces.

4. Should have high refractive index at low pressures without
heating.

A further study of phototubes should be undertaken to select a
reasonably priced tube that has low noise, high quantum efficiency, and
a wide range of spectral sensitivity.

Optical and light collection systems could be possibly improved
by considering focusing mirrors and/or lenses, thinner pressure vessel end
windows and improved reflecting surfaces.

Gamma to electron conversion schemes should be studied. Since
the conversion is dependent on surface area, a large surface to volume
ratio is desirable. A method of increasing surface area is to rule the
surface with very closely spaced grooves. Materials with higher intrinsic
efficiencies could also be used to line the pressure vessel as could a
gas with a large macroscopic cross section for electron conversion.

With an improved detector, efforts should be made to do other
reactor experiments and to test the device as a power level monitor from
its lower limit to full power. A monitoring channel based on this con-

cept is entirely feasible.
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Other experiments one might do are PSD and CPSD with varying
values of the correlated to uncorrelated ratio. The idea being to esta-
blish a lower limit of the ratio using practical record lengths. Along
with this a more thorough theoretical and experimental study of the ef-
fects of this and other detectors should be made.

Along with the above, a series of experiments designed to meas-
ure shutdown margins might be conducted. The problem is especially impor-
tant in "dirty" reactors which multiply a large source due to the photo-
neutrons caused indirectly by the fission product gammas. In these systems
the critical state is next to impossible to determine.

A further study, both theoretical and experimental, of the
temperature fluctuations is recommended. Things which warrant investiga-
tion are both the amplitude and frequency dependence of this noise source
and their effect on the regular zero power spectrum.

Finally, it might be very desirable to undertake a further study
to calculate detection efficiencies for a device of this type. At the
present time this calculation is very difficult. For instance, little
is known about the energy and angular distribution of electrons ejected by
higher energy gamma rays from a surface. The efficiency and response
of the detector could be studied experimentally by using various energy
gamma ray sources. To cover the range from 2 Mev to 6 Mev (no long lived
gamma, sources exist in this energy range) a solution containing a suitable
isotope could be passed through the reactor in a closed loop to form the

active gamma emitter.
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Also, since the shape of the count rate versus pressure has
been established from a plausible theoretical model, the possibility
exists of developing suitable spectrum stripping techniques to enable

the device to be used as a high energy gamma ray spectrometer.



APPENDIX A

MULTIPLE LINEAR REGRESSION TECHNIQUE

The equation to which the CPSD data is to be fit is

p .8
¢(W) = w2 rew?) (da*wa) (A-1)

It is required that the best fit to the data be obtained by
adjusting A, B, Y  and ol .

Since the normal equations for this problem are nonlinear and a
linearization by a suitable transformation is impossible, we procede by
expanding Equation (A-l) in a Taylor series about some suitable point on
the contour defined by A, B and ol . 'V was not included as a para-
meter to be fit by the regression analysis. It was instead determined
by finding the best fit to the data with V~ fixed. The residues be-
tween the values predicted by the regression equation and the data points
were calculated and totaled. Vv~ was then varied systematically to yield
a minimum value of the sum of the residues. This value which yielded
the minimum was then used in the final regression equation.

A Taylor's expansion gives

/

A, _ B
¢OU :'<wWCX'ﬂdv + G¥A+wﬂ
=)
r &5 +€z§z§é +é}é%%/ Fo(pe2)
b=p' B=RB' K=ot/

where the E's denote suitable deviations of the respective parameters

from their true values.
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/ :
Supposing we can guess A, Bj, and 2 quite accurately,

we are justified in neglecting the higher order terms, as (El)g, (EQ)Z,

and (E3)2 will be small.

The Equation (A-2) is then linear in the E's and the standard
techniques of multiple linear regression analysis can be applied to deter-
mine them. These are then used to correct the original estimates and the
procedure is repeated to a desired precision.(sh)

This problem has been programmed in the Basic Language for
solution on the Ford Computer in Dearborn, access being through the

Time Sharing Terminal in the Nuclear Engineering Computer Laboratory.



APPENDIX B

v'0 SOURCE CALCULATTION

The Nl6 source is due to the 016(n,p)Nl6 reaction in the
coolant water. The reaction threshold is approximately 10 Mev. The
number of Nl6 atoms formed per fission is proportional to the ratio of
absorption cross section of O16 and the scattering cross section of
hydrogen, which is the most important reaction at high energies. The
effect of neglecting the other competing reactions is negligible.

The number of neutrons per fission is obtained from the Watt

spectrum

/V(E) = ﬁ/ié/j/’?/( )@E‘ e_i/E (B-1)

N16

The number of atoms formed per fission is

W= [ )&

-4 - /9.-97
where &4 = /.9 x/0 barns(39) and 6s~ £+/ 66 barns.(39) Evaluat-

Nl6 = 3.5 x 10'6 Nitrogen atoms/fission.

ing we get
This number is insignificant compared to 0.047, the number of
prompt gammas per fission above 5 Mev. On this basis the observed low
frequency PSD cannot be attributed to the filtering effect of the Ol6
Lo

(n,p) reaction.
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