AUG 18 1968

ORNL/TM-10122
~Appiied

Dynamic Subcrltlcallty Measurements
Using the 2°2CF-Source-Driven
Noise Analysis Method

S MARTIN MARIETTA

J. T. Mihalczo
E. D. Blakeman
G. E. Ragan

E. B. Johnson

’?“UPERATED B
- MARTIN MARIETIA ENERGY SYSTEM
 FOR THE UNITED STATES
;%;;'DEPARTMENT nr ENERBY




Printed in the United States of America. Available from
the U.S. Department of Energy
Technica!l Information Center
P.O. Box 62, Oak Ridge, Tennessee 37830

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the U nited States Government nor any agency
thereof. nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy. completeness, or
usefulness of any information, apparatus,' product, or process disclosed, or
represents thatits use would notinfringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency
thereof.




ORNL/TM-10122
Dist. Category S-526
ceppmimineren

Consolidated Fuel Reprocessing Program

DYNAMIC SUBCRITiCALITY MEASUREMENTS USING THE
25 2CF-SOURCE-DRIVEN NOISE ANALYSIS METHOD

J. T. Mihalczo
E. D. Blakeman
G. E. Ragan

E. B. Johnson-

Instrumentation and Controls Division

Date Published - August- 1988

Research jointly sponsored under the
provisions of a Memorandum of Agreement
between the United States Department of
Energy and the Power Reactor and Nuclear
Fuel Development Corporation of Japan
for Criticality Data Development, dated
August 12, 1983. 7 ‘

NOTICE This document contains information of a preliminary nature.
It is subject to revision or correction and therefore does not represent a
final report.

Prepared by
OAK RIDGE NATIONAL LABORATORY B
Oak Ridge, Tennessee 37831
' operated by
MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the -
U.S. DEPARTMENT OF ENERGY
under Contract No. DE-AC05-840R21400



TABLE OF CONTENTS

LIST OF FIGURES .

LIST OF TABLES

ACKNOWLEDGMENTS

ABSTRACT

1.

2.

INTRODUCTION

DESCRIPTION OF THE EXPERIMENTAL SYSTEM AND THE AQUEOUS
URANYL NITRATE < .o .o

DESCRIPTION AND LOCATION OF THE 2%2Cf SOURCE
AND THE DETECTORS . . . . . . . . . . . . . ..,

DESCRIPTION OF THE DATA-ACQUISITION SYSTEM

EXPERIMENTAL APPROACH

STATIC MEASUREMENTS OF THE RATIOS OF SPECTRAL DENSITIES

AND NEUTRON MULTIPLICATION FACTORS

VARYING SOLUTION HEIGHT WITH CENTRAL SOURCE

6.1
6.2 VERTICAL VARIATION OF THE SOURCE HEIGHT WITH FIXED

SOLUTION HEIGHT e e e e e e e e
6.3 VARYING SOLUTION HEIGHT WITH THE SOURCE AT THE
BOTTOM OF THE SOLUTION

DYNAMIC MEASUREMENTS OF THE RATIOS OF SPECTRAL DENSITIES

AND NEUTRON MULTIPLICATION FACTORS

7.1 FILLING THE EXPERIMENTAL VESSEL

7.2 DRAINING THE EXPERIMENTAL VESSEL
7.2.1 Draining at a Rate of 3 cm/min
7.2.2 Draining at a Rate of 5 cm/min
7.2.3 Draining at a Rate of 23 cm/min

7.3 SOLUTION PERTURBED BY BUBBLES

BREAK-FREQUENCY NOISE ANALYSIS METHOD.

CONCLUSIONS AND RECOMMENDATIONS

REFERENCES

APPENDIX A. THEORY OF THE MEASUREMENT METHOD

APPENDIX B. ADDITIONAL DATA FROM STATIC MEASUREMENTS

iii

Page

X1i

XV

. xXvii

11

12

13

13

14

23

27
28
32
32
36
36
42
45
49
50
53

61



APPENDIX
APPENDIX
APPENDIX

APPENDIX
APPENDIX
APPENDIX
APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

TABLE OF CONTENTS (continued)

PARAMETERS FOR INTERPRETATION OF THE RATIO OF
SPECTRAL DENSITIES TO OBTAIN THE NEUTRON
MULTIPLICATION FACTOR .

CALCULATED NEUTRON MULTIPLICATION FACTORS
REACTIVITY EFFECT OF THE DETECTORS
ADDITIONAL DYNAMIC EXPERIMENTS

ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS
WITH THE EXPERIMENTAL VESSEL FILLING AT A RATE
OF 1 CM/MIN

ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS
WITH THE EXPERIMENTAL VESSEL DRAINING AT A RATE
OF 3 CM/MIN . . . . . . .

ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS
WITH THE EXPERIMENTAL VESSEL DRAINING AT A RATE
OF 5 CM/MIN

ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS
WITH THE EXPERIMENTAL VESSEL DRAINING AT A RATE
OF 23 CM/MIN

ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS WITH
SOLUTION PERTURBED BY BUBBLES

TYPICAL LEAST-SQUARES FITTING OF APSDs AND CPSDs

OTHER NOISE EQUIVALENT SOURCE FORMULATIONS

iv

Page

81
89
93

99

121

145

153

lol

169
177

187



10.

1i.

12.

13.

LIST OF FIGURES

Photograph of the experimental vessel . . . e e

Sketch of the system for filling and draining
the experimental vessel . . . . . . .. . . . e e

Sketch of the ?52Cf ion chamber attached to the
Lexan tubing . . . . . . . . . . . . . .. .. e

Location of the ’He detectors adjacent to the
experimental vessel for a solution height of 29.2 cm

Photograph of a scintillation detector, photomultiplier
tube, and tube base configuration

Location of the ‘Li-glass-plastic scintillators
for the dynamic measurements 2.5 cm from the
experimental vessel . . . . . . . .

Ratio of spectral densities at low frequernicy versus
solution height from static measurements with JHe
detectors and a central source . . e e e e e e

Neutron multiplication factor versus solution height
from static measurements with JHe detectors
and a central source . . . . . . e e e e e e e,

Ratios of spectral densities at low frequency as a
function of source height for solution heights of
15.2, 20.3, and 25.4 cm . . . . . . e e e e e e

Keff values as'a function of solution height
from measurements with the Cf source on the bottom of
the tank . . . . . . . . . . . e e e e e e e e

Ratios of spectral densities at low frequency as a
function of solution height for dynamic measurements

Neutron multiplication factor versus solution height
from measurements while the solution height was
increasing at a rate of 1 cm/min with the CF source
at the bottom of the solution

Coherence squared, Yfz and Y;;, at low frequency as a
function of solution height for experiments with
scintillation detectors and the Cf source at the
bottom of the solution

Page

10

16

18

22

26

30

31

33



Figure

14,

15.

LIST OF FIGURES (continued)

Neutron multiplication factor versus solution height
for dynamic measurements with the Cf source at the

bottom of

the tank

Comparison of neutron multiplication factors from BFNA
with those from ratios of spectral densities

Ratios of spectral densities as a function of frequency for

various solution heights with the source in the center
of the solution

APSDs'and CPSDs as a function of frequency for a

solution height of 10.2 cm with the source
center of the solution

APSDs and CPSDs as a function of fféqueﬁcy
solution height of 20.4 cm with the source
center of the solution

APSDs and CPSDs as a function of frequency
solution height of 30.5 cm with the source
center of the solution

Ratios of spectral densities as a function
of frequency for a solution height of 15.2

and various source heights

APSDs and
height of

APSDs and
height of

APSDs and
height of

APSDs and
height of

APSDs and
height of

APSDs and
height of

APSDs and
height of

CPSDs as a function of frequency

15.2 cm and a source height of 0.

CPSDs as a function of frequency

15.2° cm and a source height of 1.

CPSDs as a function of frequency

15.2 cm and a source height of 2.

CPSDs as a function of frequency
15.2 cm and a source height of 5

CPSDs as a function of frequency

15.2 cm and a source height of 7.

CPSDs as a function of frequency

in the

for a
in the

for a
in the

cm
for a
0 cm

for a
27 cm

for a
54 cm

for a

.08 cm

for a
62 cm

for a

15.2 cm and a source height of 10.2 cm

CPSDs as a function of frequency

for a

15.2 cm and a source height of 12.7 cm

vi

solﬁtion
solution
solution
solution
solution
solution

solution

Page

37

48

64

66

67

68

69

72

73

74

75

76

77

78



Figure

LIST OF FIGURES (continued)

APSDs and CPSDs as a function of frequency for a solution
height of 15.2 cm and a source height of 13.92 cm

APSDs and CPSDs as a function of frequency for a solution
height of 15.2 cm and a source height of 15.24 cm

Ratio of neutron importance I./I as a function of
height of uranyl nitrate solution in a 25.1-cm

ID cylindrical tank with the source at the bottom
of the tank

Ratio of importance I./I as a function of axial
location of the source for solution heights of 15.2,
20.3, and 25.4 cm

Global spatial correction factor R as a function of
height of uranyl nitrate solution in a 25.l-cm ID
cylindrical tank

Ratios of spectral densities as a function of frequency
as the experimental vessel was draining at a rate of
~12 cm/min with the source 2.5 cm from the bottom

of the tank

Ratios of spectral densities as a function of frequency
as the experimental vessel was draining at a rate of
~16 cm/min with the source 5.1 cm from the bottom

of the tank

Ratios of spectral densities as a function of frequency
as the experimental vessel was draining at a rate of
~17 cm/min with the source 7.6 cm from the bottom

of the tank

Coherence squared at low frequency as a function
of solution height with the source 2.5 and 5.1 cm
from the bottom of the tank

APSDs and CPSDs as a function of frequency for a
dynamic measurement with a filling rate of | cm/min,
average solution height of 6.46 cm, and a Cf source
located on the bottom of the tank

APSDs and CPSDs as a function of frequency for a
dynamic measurement with a filling rate of | cm/min,
average solution height of 6.61 cm, and a Cf source
located on the bottom of the tank

vii

Page
79

80

85

86

87

108

113

117

120

124

125



Figure

G.10.

G.1l1.

LIST OF FIGURES (continued)

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of

for a
1 cm/min,

average solution height of 7.36 cm, and a Cf source

located on the bottom of the tank

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of

for a
1 cm/min,

average solution height of 8.50 cm, and a Cf source

located on the bottom of the tank

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of

for a
1 cm/min,

average solution height of 9.88 cm, and a Cf source

located on the bottom of the tank

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of
average solution height of 11.44 cm, and a
located on the bottom of the tank

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of
average solution height of 13.08 cm, and a
located on the bottom of the tank

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of
average solution height of 14.75 cm, and a
located on the bottom of the tank .

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of
average solution height of 16.54 cm, and a
located on the bottom of the tank .

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of
average solution height of 18.36 cm, and a
located on the bottom of the tank

APSDs and CPSDs as a function of frequency
dynamic measurement with a filling rate of
average solution height of 20.17 cm, and a
located on the bottom of the tank

viii

for a
1 cm/min,
Cf source

for a
1 cm/min,
Cf source

for a
1 cm/min,
Cf source

for a
1 ecm/min,
Cf source

for a
1 cm/min,
Cf source

for a
1 ecm/min,
Cf source

Pége

126

127

128

129

130

131

132

133

134



LIST OF FIGURES (continued)

Figure Page

G.12. APSDs and CPSDs as a function of frequency for a
dynamic measurement, with a filling rate of | cm/min,
average solution height of 22.01 cm, and a Cf source
located on the bottom of the tank . . . . . . . . . . .. 135

G.13. APSDs and CPSDs as a function of frequency for a
dynamic measurement, with a filling rate of 1 cm/min,
average solution height of 23.84 cm, and a Cf source
located on the bottom of the tank . . . . . . . . . . . . . 136

G.l4. APSDs and CPSDs as a function of frequency for a
dynamic measurement, with a filling rate of 1 cm/min,
average solution height of 25.70 cm, and a Cf source
located on the bottom of the tank . . . . . . . . . . o 137

G.15. APSDs and CPSDs as a function of frequency for a
dynamic measurement, with a filling rate of 1 cm/min,
average solution height of 27.59 cm, and a Cf source
located on the bottom of the tank . . . . . . . . . e e 138

G.16. Ratios of spectral densities as a function of
frequency as the experimental vessel was filling :
at a rate of 1 em/min . . . . . . . . . . . . . . .. ... 139

H.1 Ratios of spectral densities as a function of
frequency for a draining rate of 3 cm/min at
various solution heights : 148

I.1. Ratios of spectral densities as a function of
frequency for a draining rate of 5 cm/min at
varied solution heights . . . . . . . . . . . . . e 156

J.1. Ratios of spectral densities as a function of
frequency for a draining rate of 23 cm/min at
various solution height . . . . . . . . . . . . . e e 164

K.1. APSDs as a function of frequency for the solution
unperturbed by bubbles (solution height = 29.5 cm) . . . . 172

K.2. Real and imaginary parts of the CPSDs as a function
of frequency for the solution unperturbed by bubbles
(solution height = 29.5cm) . . . . . . . . . . . e e 173

K.3 APSDs as a function of frequency for the solution
perturbed by bubbles (solution height = 29.5 em) . . . . . 174

K.4. CPSDs as a function of frequency for the solution
perturbed by bubbles (solution height = 29.5 cm) . . . . . 175

ix



LIST OF FIGURES (continued)

Ratios of spectral densities as a function
of frequency for a solution height of 29.5 cm

CPSDs, Gy, and G,3, as a function of frequency for
a solution height of 29.5 cm with the source on the
bottom of the tank and the scintillators located as
in Fig. 6. (Lines are fitted functions.)

CPSD, G;3, and APSDs, G,; and G;,, as a function of
frequency for a solution height of 29.5 cm with the
source on the bottom of the tank and the scintillators
located as in Fig. 6. (Lines are fitted functions.)

CPSDs, Gy, and G,;, as a function of frequency for
a solution height of 20.2 cm with the source on the
bottom of the tank and the scintillators located as
in Fig. 6. (Lines are fitted functions.)

CPSD, G,3, and APSDs, G,, and Gi,, as a function of
frequency for a solution height of 20.2 cm with the
source on the bottom of the tank and the scintillators
located as in Fig. 6. (Lines are fitted functions.)

CPSDs, Gy, and G;,, as a function of frequency for
a solution height of 13.1 cm with the source on the
bottom of the tank and the scintillators located as
in Fig. 6. (Lines are fitted functions.)

CPSD, G;3, and APSDs, G;; and G;;, as a function of
frequency for a solution height of 13.1 cm with the
source on the bottom of the tank and the scintillators
located as in Fig. 6. (Lines are fitted functions.)

Comparison of neutron multiplication factors obtained

from the ratios of spectral densities using various noise

equivalent source terms for spontaneous fission with

independent BFNA measurements and with calculated values

Page

176

180

181

182

183

184

185

190



Table

10.

11.

12.

LIST OF TABLES

Trace elements in the aqueous uranyl nitrate

Ratios of spectral densities, szGlg/Gllczg, at low
frequency for various solution heights from static
measurements with central source and JHe proportional
counters adjacent to the outer surface of the
experimental vessel

Neutron multiplication factors for various solution
heights from measurements with JHe proportional counters
and a central source

Ratios of spectral densities, GT2G13/G1|G23, at low
frequency as a function of source height for a solution
height of 15.2 cm

Ratios of spectral densities, GTZGIJ/G[[GZJ, at low
frequency as a function of source height from static
measurements for a solution height of 20.3 em

Ratios of spectral densities, Grzclg/GllGZ;, at low
frequency as a function of source height for a solution
height of 25.4 cm

keff values from ratios of spectral densities at low
frequency using point kinetic interpretation for solution
heights of 15.2, 20.3, and 25.4 cm for a variety of axial
heights of the source

Ratios of spectral densities at low frequency and neutron
multiplication factors from static measurements with the
source at the bottom of the solution

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while
filling the experimental vessel

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of ~3 cm/min

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of 5 cm/min

Ratios of spectral densities at low frequency and neutron

multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of 23 cm/min

xi

Page

15

17

19

20

2]

23

25

29

34

38

40



Table

13.

14.

F.3.

LIST OF TABLES (continued)

Page

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements with
solution perturbed by bubbles . . . . . . . . . . . . . .. 44

Break frequencies obtained from least-squares fitting
of APSDs and CPSDs and neutron multiplication factors
from the BFNA method as a function of solution height . . . 46

Parameters I./I and R used to interpret the ratio of
spectral densities as a function of solution height . . . . 84

I./I from Monte Carlo calculation as a function of
axial source position for solution heights of 15.2,
20.3, and 25.4 ecm . . . . . L L. .o e, 86

Sensitivity of kegff to parameters used in interpretation
of experimental data for various kggg values . . . . . . . . 87

Neutron multiplication factors from Monte Carlo
calculations with Hansen-Roach cross sections . . . . . . . 91

Summary of reactivity effects of the 6Li—glaés-—plastic
scintillators from several measurements . . . . . . . . . . 96

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while

filling the experimental vessel with the source 2.5 cm

from the bottom of the vessel . . . . . . . . . . . . . .. 102

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while

draining the experimental vessel at a rate of ~12 cm/min with

the source 2.5 cm from the bottom of the vessel . . . . . . 103

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while

draining the experimental vessel at a rate of ~16 cm/min

with the source 5.1 cm from bottom of the vessel . . . . . . 105

Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while

draining the experimental vessel at a rate of 23 cm/min

with the source 7.6 cm from the bottom of the vessel . . . . 107

xii



LIST OF TABLES (continued)

Table Page

G.l1. On-line ratios of spectral densities at low frequency
and neutron multiplication factors for dynamic
Mmeasurements while filling the experimental vessel
at a rate of 1 em/min . . . . . ., ., . . . e e e e e, 144

H.1. On-line ratios of spectral densities at low frequency
and neutron multiplication factors for dynamic
measurements while draining the experimental vessel
at a rate of ~3 em/min . . . . . . . . . e e e e e e e 151

I.1. On-line ratios of spectral densities at low frequency
and neutron multiplication factors for dynamic
measurements while draining the experimental vessel
at a rate of 5 em/min . . . . . . . . . . . e e 0L 159

J.1. Ratios of spectral densities at low frequency and neutron

multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of 23 cm/min . . 167

Xiii



ACKNOWLEDGMENTS

The work of R. W. Hayes, R. C. Kryter, and C. W. Ricker of Oak Ridge
National Laboratory, in the specification, procurement, assembly,
testing, and modification of the measurement system was essential to the
successful development of this system, without which this experiment
would not have been possible. Also essential to this measurement was
the work of R. A. Todd and M. §S. Emery in the design and modification of
the analog~to-digital conversion system; of M. M. Chiles and

V. C. Miller for the design, testing, and development of the high
efficiency scintillation detectors; of G. W. Allin in engineering
support; and of C. E. Murphy for technical assistance. For the use of
the 2520f, the authors are indebted to the Division of Chemical
Sciences, Office of Basic Energy Sciences, U.S. Department of Energy,
through the transplutonium element production facilities at Oak Ridge
National Laboratory (ORNL). ‘The authors acknowledge the support of the
Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC)
and the Department of Energy through the Consolidated Fuel Reprocessing
Program at ORNL. The work of Y. Hachiya and H. Yamana of PNC was
essential in planning experiments during their assignment at ORNL. The
thorough review of this report by H. Funabashi of PNC is gratefully
acknowledged.



ABSTRACT

Dynamic measurements of the subcritical neutron multiplication factor,
kefg, using the ?*2Cf-source-driven neutron noise analysis method, were
performed for an unreflected 25.1-cm-ID cylindrical tank containing
aqueous uranyl nitrate as the solution height was changed at rates of

l em/min to 23 cm/min, with corresponding rates of change of the neutron
multiplication factor of 4 x 107%/s to 0.0l/s.

These experiments, which were the first test of this method of measuring
kofg while it is changing, showed that (1) this method has the
capability to measure subcriticality for a multiplying system to a kggg
as low as 0.30; (2) experimental Kkggf values can be obtained from the
ratio of spectral densities with as little as 6 s of data accumulation
and a small fraction of a second analysis time while the solution tank
is drained from 29.5 to 6.5 cm height in ~60 s with corresponding
changes in kggg from 0.95 to 0.30; (3) the measured kgogr values obtained
do not depend on the speed at which the solution height is changed or
whether it is filling or draining; (4) the results of the dynamic
measurements agreed with the static measurements; (5) as in previous
experiments, the ratios of spectral densities at low frequency were used
successfully to obtain kgoff values using point kinetics interpretation
of the data; (6) the neutron multiplication factors from independent
measurements using the break frequency noise analysis method agree with
the values of koff from the measured ratios of spectral densities down
to kogg values of 0.65; (7) this method's effectiveness for systems
where conditions are changing as demonstrated probably exceeds the
dynamic requirements of most nuclear fuel plant processing applications;
(8) calculated kgff values using KENO Monte Carlo code and Hansen-Roach
crcss sections compare well with the experimental values. Before the
dynamic capability of the method can be considered fully explored,
additional experiments are required for other geometries and fissile
materials.

xvii



1. INTRODUCTION

This report describes static and dynamic measurements of the subcritical
neutron multiplication factor using the 2?32Cf source-driven noise
analysis method!s? for an unreflected cylindrical tank containing uranyl
nitrate solution. These experiments are part of a program at Oak Ridge
National Laboratory, which is a collaboration between the U.S.
Department of Energy (DOE) and the Power Reactor and Nuclear Fuel
Development Corporation of Japan to study criticality safety related to
the development of fast breeder technology.?

The ?3?!Cf-source-driven noise analysis method for obtaining the .
subcritical neutron multiplication factor of a configuration of fissile
material from cross-power spectral densities (CPSDs) was developed to
"avoid difficulties inherent in other subcriticality measurement methods,
such as dependence on detection efficiency and need for a reference
measurement at some known reactivity state near delayed critical. This
method requires measurement of the frequency-dependent CPSD, G,;(uw),
between a pair of detectors (Nos. 2 and 3) located in or near the
fissile material and CPSDs G, ,(w) and G, ;(w) between these same
detectors and a source of neutrons emanating from an ionization chamber
(No. 1) containing ?52Cf, also positioned in or near the fissile
material. Also, the auto-power spectral density (APSD), G,;(w), of the
source is required. A particular ratio of spectral densities,

GY¥, G13/Gy1 Gy; (% denotes complex conjugation) is then formed, which

is independent of detector efficiency and can be related to the subcritical
neutron multiplication factor.

Some applications of this method for which experiments have been
performed are (1) initial fuel loading of reactors,* (2) refueling of
reactors,’ (3) fuel preparation facilities,® (4) fuel processing
facilities,” (5) fuel storage facilities,?® (6) zero-power testing of
reactors,’ and (7) verification of calculational methods for assemblies
with kggg <1.'° These previous measurements, performed with a wide
variety of systems, demonstrated the usefulness of the method. In these
previous experiments, this method was used to obtain the subcritical
neutron multiplication factor, kefs, for a variety of static systems
with koge values varying from ~0.5 to ~0.99.

If the capability of the method is demonstrated for situations in which
the value of kgff is changing as a result of changes in concentrations

or volumes of fissile material, the possible applications of the method
will be extended. The purpose of this experiment with a cylindrical

tank of aqueous uranyl nitrate was to demonstrate the capability of this .
method to measure subcriticality where koff is changing continuously.



2. DESCRIPTION OF THE EXPERIMENTAL SYSTEM. AND THE
AQUEOUS URANYL NITRATE

The experimental vessel was a right circular, 25.1-cm-ID acrylic
cylinder with a height of 53.3 c¢m and a wall thickness of 0.95 cm. The
bottom of the vessel was 0.63-cm-thick type 304 stainless steel plate.
The acrylic was sealed at the bottom against an O-ring recessed in the
base plate and compressed through four 0.63-cm-diam threaded steel tie
rods, equispaced around the circumference of the vessel, joining the
base and a stainless steel upper flange.  An 0.63-cm-thick acrylic plate
on top of the upper flange provided access for the source and minimized
evaporation of the solution.

The height of solution above the base plate was determined by an
ultrasonic device whose transducer was mounted on the acrylic cover of
the vessel over a circular opening. Every 0.125 s this device sampled
and stored in the computer the solution height to within 0.2 mm.
Figure 1 is a photograph of the experimental vessel showing the

mounted transducer and the ?5’Cf source ionization chamber at the top of
the solution. The arrangement of the system with the lines connecting
components and the pump for transferring solution are shown in Fig. 2.

The vessel was mounted on a 127-cm-square aluminum table 76 cm above a
steel grating covered with stainless steel sheet. This grating was

3.6 m above the concrete floor of the experiment cell. The cell in
which the equipment was assembled was about 9.1 x 12.2 x 9.1 m high with
thick concrete walls and roof. The experiment vessel was located 4.4 m
from the 9.1-m side of the cell, 3.0 m from the 12.2-m side, and 1.85 m
from a 2.9-m-diam empty steel tank also present in the cell.

The aqueous uranyl nitrate contained 482 g of uranium per liter and a
solution density of 1.643 g/cm®, with a free acid content <0.l wt % HNO,.
Uranium isotope content in wt % was %?9U = 1.02, ?3%U = 93.2,

236y = 0.41, and ?%%U = 5.37. Trace elements in the solution are listed
in Table 1. :
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Table 1. Trace elements in the aqueous uranyl nitrate

Element?® ContentP
(ppm)
Al . 2
As, Ca, Mo, Nb, Si, Sn, Zn <10
Au, Bi, Co, Cu, Ga, Ge, Na, Po, V <1
B, Be, Cd <0.1
Ba, Mg, Sb . <2
Cr 9
Fe 55
Li <0.2
Mn 1
Ni 4
P, W <100
Pb <5
Sr <20
Ti <4

8Each element listed has the content given in the
right-hand column.
Determined by spectrochemical analysis.



3. DESCRIPTION AND LOCATION OF THE ?°2Cf SOURCE AND THE DETECTORS

The ?52Cf was electroplated on one plate of a parallel-plate ionization
chamber, and the spontaneous fission rate was 60,000/s (~0.1 pg ?°'Cf).
The source ionization chamber was mounted at the end of a Lexan tube
(1.90 cm OD, 1.27 cm ID) with the signal cable from the chamber inside
the Lexan tube (Fig. 1). The source was sealed from the solution with
shrink tubing and epoxy as shown in Fig. 3. The Lexan tubing and the
signal cable protruded out the top of the solution through a central
hole in the 1id of the experimental vessel. The source could be located
anywhere along the axis of the cylindrical experimental vessel. In most
of the dynamic experiments, the source was located at the bottom of the
experimental vessel. 1In practical appiications involving cylindrical
tanks, the bottom of the tank would be a convenient location for the
source. For most static measurements at various solution heights, the
source was located on the axis at the vertical midplane of the solution,
but in some measurements its vertical location on the axis was varied.

Two types of detectors were used in these experiments: commercially
available ‘He proportional counters for static measurements and
specially assembled composite fLi-glass-plastic scintillators for
dynamic measurements. The 3He proportional counters (5.l-cm diam, 38-cm
active length Reuter Stokes Model No. RS-P4-1641-101) were located with
their axes parallel to the axis of the experimental vessel. The
location of these detectors is shown in Fig. 4. In some experiments, a
single ’He detector on each side of the vessel was used for each
detection channel. 1In other measurements the signals from two ’He
chambers on each side, adjacent to each other and the outer surface of
the tank, were summed prior to being amplified by the preamplifiers for
detection channel 2 of the noise analysis system. A similar pair of
detectors was used for detection channel 3.

The scintillation detectors were composite ®Li-glass-plastic
scintillators sensitive to fast and thermal neutrons and gamma rays.
Each scintillation detector consisted of a 15.2 x 15.2 x 0.5-cm-thick
8Li glass scintillator optically coupled to a 15.2 x 15.2 x 10.2-cm-thick
plastic scintillator sensitive to fast neutrons and gamma rays. The *Li
glass scintillator was located toward the experimental vessel with the
plastic scintillator behind it so that the plastic was almost
neutronically decoupled from the solution by the absorption of slow
neutrons in the ®Li. FEach detection channel consisted of two adjacent
15.2 x 15.2 x 10.7-cm-thick scintillators, each mounted in an aluminum
box (Fig. 5) which then formed a detection channel with overall
dimensions of 15.2 x 30.5 x 10.7 cm. The signals from each of the
scintillators were summed to form the signal for detection channel 2.
There were two detection channels of this type, one on each side of the
experimental vessel for the dynamic measurements. The location of the
scintillators 2.5 cm from the surface of the experimental vessel is
shown in Fig. 6 for the dynamic experiments.
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4. DESCRIPTION OF THE DATA-ACQUISITION SYSTEM .

The data-acquisition system!! consists of three main parts:

(1) detection systems and processing electronics, (2) an
analog-to-digital conversion (ADC) and Fourier analysis system, and

(3) a control computer. Detection system electronics is conventional
and has been described previously.!? The analog-to-digital sampling
system and the array processor (Signal Processing Systems, Inc.,
SPS-1000), used as a Fourier analyzer, are capable of real-time sampling
and processing of three channels of 1024 data points per data block at
sampling rates up to 200,000/s in each channel. For three-channel
operation the maximum sampling rate of the ADC system is 300,000/s in
each channel; the Fourier analyzer cannot process the data at this rate,
so the ADC system goes into a gapped operation mode during which the
signals are sampled whenever the array processor is capable of accepting
the data. For five-channel operation of the system, sampling and
processing rates are reduced. The array processor and ADC system are
controlled by a computer (VAX-750) that takes the average APSDs, Gjj,
and average CPSDs, Gji, from the array processor intermittently and
further averages them appropriately and stores them in data files. The
ratio of spectral densities and coherences are calculated from these
data files using the VAX-750.

11



5. EXPERIMENTAL APPROACH

In these experiments, as in those performed in the past,?
detector-source configurations were varied to find detector locations
for which the theory of the measurement (Appendix A) was applicable and
where a point kinetics interpretation of the ratio of spectral densities
yields meaningful results. The relevant equations for point kinetics
interpretation of the measured ratio of spectral densities are given in
Appendix A. From past experiments,? several criteria have been observed
that, in most cases, result in measurements that are interpretable using
point kinetics. 'Some of these criteria are consistent with experience
from pulsed neutron and other kinetic measurements. These criteria are
(1) central location of the source, (2) symmetric location of the
detectors with respect to the source; (3) detector location far enough
from the source to avoid events in the detector from particles directly
from the source and to ‘avoid higher spatial modal effects near the
source, (4) detectors located far enough from each other so that the
probability of detecting particles in each detector from the same
fission (inherent or induced) is small, (5) use of detectors that span
the full length of fissile material, and (6) use of the low-frequency
ratio of spectral densities to obtain the neutron multiplication factor
using point kinetics. However, even with these criteria, there is no
guarantee that the results will be interpretable using point kinetics.
If a point kinetics interpretation is not applicable, there are two
approaches to interpret the experimental results: (1) use a model that
treats spatial and energy modal effects, or (2) fit the data to sums of
spatial modes and subtract the contribution of higher modes from the
ratio of spectral densities. Previous experiments have been performed
with a cylindrical solution tank in which all criteria except

criterion 4 were satisfied. Those experiments were not interpretable
using point kinetics, and a modal correction factor was developed and
applied to satisfactorily obtain the subcriticality.!]?

In most of the experiments reported here, the source was located on the
axis of the experimental vessel of the solution, and measurements were
performed to meet the above criteria as far as practical. The solution
concentration for these experiments was selected so that if spatial
modal effects are important, the ability to fit data to sums of modes
would be improved. Also, measurements that did not satisfy the above
criteria were performed intentionally to emphasize modal effects so that
if a model with modal effects is used to interpret the results, the
model can be more fully tested and verified.

12



6. STATIC MEASUREMENTS OF THE RATIOS OF SPECTRAL DENSITIES
AND NEUTRON MULTIPLICATION FACTORS

Static measurements were performed in order to have reference
measurements to compare with the results of dynamic measurements. These
measurements were performed as a function of solution height with the
252Cf source located on the axis at the center of the solution; for
fixed solution heights of 15.2, 20.3, and 25.4 cm where the axial
location of the source was varied from the bottom to the top of the
solution; and with the source located at the bottom of the solution tank
and solution height varied. 1In all three types of static measurements,
the detectors were ’He proportional counters 180° apart, adjacent to the
outer surface of the vessel with their axes parallel to the axis of the
experimental vessel. In the third series of measurements the
‘Li-glass-plastic scintillators were also used and were located as shown
in Fig. 6.

‘6.1 VARYING SOLUTION HEIGHT WITH CENTRAL SOURCE

In the measurements with the source on the axis at the center, the
detectors were two ’He proportional counters (located as in Fig. 4).
The solution height was varied from 30.5 to 10.2 cm in steps, and the
position of the source was adjusted as the solution height changed so
" that the source remained in the center of the solution on the axis of
the tank. This location of source and detectors was chosen because in
all but one!? of the previous measurements spatial modal effects were
minimized. The length of the ’He detectors was more than the height of
the solution. Typical data from these measurements (APSDs, CPSDs, and
ratios of spectral densities) are shown in Appendix B (Fig. B.l) for
experiments with solution height varying from 10.2 to 30.5 cm.

The ratios of spectral densities as a function of frequency were
examined visually to determine the range of frequencies at low frequency
over which the ratio of spectral densities was constant. This range of
frequencies is generally greater for more subcritical systems because
the frequency response of the experimental system Hg(w) has significant
amplitude at higher frequency. The range of frequencies over which the
ratio was arithmetically averaged was then selected to eliminate
high-frequency points for which the statistical error is large and would
lead to high or low values of the ratio that would distort the average
value of the ratio. Thus, both of these criteria, constant ratio and
small statistical error, determined the upper frequency limit. The
lowest frequency point for the measurements was well above that
frequency for which delayed neutron effects are important. This
procedure was used to obtain the low-frequency ratio of spectral
densities. (This procedure could be automated for in-plant
applications). The frequency range over which the measurements were
performed was usually selected in order to measure Gyg2 or Gyi, which for
fundamental mode behavior fall off at a rate of one decade in amplitude

13
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for each full decade of frequency, while for fundamental mode behavior,
Gyy falls off at a rate of two decades in amplitude per decade in
frequency. Thus, G,, approaches zero before G;, and G133 and at the high
frequencies needed for the measurement of G,, or G;,;, the ratio of
spectral density loses statistical precision. Also, precision of the
spectral densities Grz, Gi3, and G,, generally decreases with
increasing frequency. - If the ratio of spectral densities was not
constant with frequency at low frequency, the ratio at the lowest
frequency of the measurement was used to obtain the subcriticality.
Better estimates of the ratio may be obtained by fitting the data and
‘taking ratios of fitted parameters at low frequency, especially where
statistical precision is low or where there is a strong frequency
dependence at low frequency. ' ’ '

The ratios of spectral densities at low frequency obtained from these
measurements are given in Table 2 and Fig. 7. The upper limits of the
frequency range for which the average ratio was determined are also
given in Table 2. The average ratio of spectral densities at low
frequency was used with the parameters given in Appendix C to obtain the
subcritical neutron multiplication factor, keff, using point kinetics
interpretation of the data. For the measurement with a solution height
of 10.2 cm, the value of the ratioc at the lowest frequency point was
used. The neutron multiplication factors obtained in this way are
compared with calculations in Table 3 and Fig. 8. The calculations were
performed using KENO Monte Carlo calculations with Hansen-Roach cross
sections (Appendix D, Table D.]l provides details of calculations).

6.2 VERTICAL VARIATION OF THE SOURCE HEIGHT WITH FIXED SOLUTION HEIGHT

To investigate the dependence of spatial modal effects on source
location, the axial location of the 252Cf source was varied from the
bottom to the top of the solution for solution heights of 15.2, 20.3,
and 25.4 cm. The *He proportional counters were located as shown in
Fig. 4. The ratios of spectral densities at low frequency for these
detector locations and these variations of source positions are given in
Tables 4, 5, and 6. These data are plotted as a function of the source
location shown in Fig. 9. The asymmetry with source height results from
neutron streaming effects up the Lexan tube (Fig. 3) supporting the
source. The ratios of spectral densities as a function of frequency are
plotted in Appendix B. The interpretation of these ratios of spectral
densities to obtain the subcritical neutron multiplication factors
(Table 7) without correction for spatial effects will yield estimates of
keff that vary with source position only as a result of the neglected
spatial modal effects or neutron streaming in the source tube. The
calculated kgfg values (Appendix D) for these three configurations are
0.721, 0.831, and 0.895 for solution heights of 15.2, 20.3, and 25.4,
respectively. Measurements with the source in the center of the tank
agree with the calculated kgpp values.



15

Table 2. Ratios of spectral densities, GTZG13/GIIG23, at low frequency
for various solution heights from static measurements with central
source and 'He proportional counters adjacent to the outer
surface of the experimental vessel

Upper
limit of
Number Ratios of frequency
Solution Bandwidth of of data spectral range for
height measurement samples densities? ratio
(cm) (kHz) (103) (10-?) (kHz)
30.5 20 80 100 ¥ 1 3
30.5 40 80 96 ¥ 1 3
27.9 40 80 139 ¥ ) 3
25.4 50 240 190 ¥ 1 3
22.9 20 40 248 * 3 5
20.3 100 160 304 % 3 8
20.3 100 40 303 ¥ 5 7
15.2 100 80 502 ¥ 15 6
15.2 50 840 465 ¥ 3 5
10.2 100 9360 525b 0.4b

8Uncertainties are one standard deviation of the mean.

PFor this measurement the ratio of spectral densities was not
constant at low frequency (Fig. B.l), so the value measured at 400 Hz
was used to obtain the neutron multiplication factor.

For a solution height of 25.4 cm, the variation of the keff values
obtained using a point kinetics interpretation of the low-frequency
ratio of spectral densities was only 0.02 as the source height from the
bottom of the solution tank varied from 25.4 to 0. This indicated an
absence of significant modal effects for any axial location of the
source. However, for a solution height of 15.2 cm, this variation with
height was significant (Ak = 0.15) and indicated a strong dependence on
modal effects related to the location of the source. Because this
effect depends also on whether the source was above or below the center
of the solution, streaming effects in the Lexan tube were also
significant.
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Table 3. Neutron multiplication factors for various solution heights from

measurements with 3He proportional counters and a central source

Solution Neutron multiplication factor, kgff
height :
(cm) measurement calculation?
30.5 0.963,0.964 0.950
27.9 0.945 0.916
25.4 0.919 0.896
22.9 0.884 0.870
20.3 0.843,0.843 0.831
15.2 0.679,0.704b 0.721
10.2 0.570 0.547

’

aMonte Carlo using Hansen-Roach cross sections with the effects of
the source materials included.

bThe first entry in Table 2 for a solution height of 15.2 cm is not
included here because much better statistics on the ratio of spectral
densities are found for the second entry for this height in Table 2 and

the value in Table 4.
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e 4. Ratios of spectral densities, szGlg/Glleg, at low frequency
as a function of source height for a solution height of 15.2 cm

Upper

Ratio of limit of Number

Source spectral frequency of data

height densities?® for ratio . samples
(cm) (107%) (kHz) (10%)
15.2 2980 ¥ 46 8 480
14.0 3590 ¥ 80 8 400
12.7 4090 ¥ 60 7 280
10.2 4364 % 100 10 200
7.6 4h42 71 8 360
5.1 4128 ¥ 60 7 320
2.5 3680 ¥ 60 8 320
1.3 3180 ¥ 40 10 1160
0.0 r 20 10 5920

2725

is one standard deviation of the mean.
‘He detectors.

with

8The bandwidth of the measurements was 50 kHz. The precision given

All measurements were performed
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Table 5. Ratios of spectral densitiés, G?gGla/Glleg,
at low frequency as a function of source height from
static measurements for a solution height of 20.3 cm

Upper

Source Ratio of limit of Number

height spectral frequency  of data

(em) densities?  for ratio samples
(1074) (kHz) (10%)
20.3 1476 ¥ 22 3 160
19.1 2303 % 22 3 160
17.8 2648 ¥ 24 8 160
16.5 2843 ¥ 30 8 200
16.5 2804 * 28 4 120
15.2 2876 ¥ 18 2.5 200
12.7 3031 ¥ 19 4 200
10.2 3032 % 27 4 160
7.6 2969 ¥ 23 4 200
5.1 2685 ¥ 18 4 200
3.8 2452 ¥ 99 3 160
2.5 2169 19 2 200
1.3 1944 * 17 4 160
0.0 1578 £ 19 3 160

8The bandwidth of the measurements is 5.0 kHz
except for the measurements with a source height of
20.3, 19.1, 17.8, and 16.5 cm where it was 50 kHz.
The precision given is one standard deviation of the
mean. All measurements were with 3He detectors.



21

Table 6. Ratios of spectral densities, G¥yG;3/G,,Gy,, at low frequency
as a function of source height for a solution height of 25.4 cm

Upper
limit of
" Ratio of * frequency Number
Source spectral range for of data
height: densities? the ratio samples
- (cm) ' (1079) (kHz) (10?%)
25.4 654 ¥ 1 2.5 1200
24.1 857 ¥4 3.5 200
24.1 854 ¥ 4 2 200
22.86 1078 ¥ 5 3 200
22.86 1073 ¥ 9 2 160
20.32 1395 ¥ 9 3 160
17.78 1662 * 7 4 160
12.7 1842 * 3 1 160
7.6 1751 ¥ 5 4 280
5.1 1536 £ 6 4 280
2.5 1229 * 7 4 200

8The bandwidth of the measurement was 50 kHz. The precision given
is one standard deviation of the mean. All measurements were made with
JHe detectors..
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Table 7. keff values from ratios of spectral densities at low frequency
using point kinetic interpretation for solution heights of 15.2, 20.3,
and 25.4 cm for a variety of axial heights of the source

Source Kegf from ratio of spectral densities for solution heights
height? :

(cm) 25.4 cm 20.3 cm , 15.2 cm
25.4 0.896 - -
24,1 0.906, 0.906b - -
22.9 0.911, 0.912b - -
20.3 0.914 0.790 -
19.1 - 0.757 -
17.8 0.915 0.771 -
16.5 - 0.787, 0.791b -
15.2 - 0.817 0.597
14.0 - - 0.630
12.7 0.920¢ 0.832 0.636
10.2 - 0.843¢ 0.691

7.6 0.922 0.842 0.704¢

5.1 0.918 0.847 0.738

3.8 - 0.856

2.5 0.919 0.860 0.740

1.3 - 0.852 - 0.752

0.0 - 0.854 0.753
Calculatedd

keff 0.895 0.831 0.721

8Distance from the bottom of the solution. All measurements are
with the detectors and are given in Tables 4-6.

bRepeated measurements.

CSource at the center of solution.

dsee Appendix D for details.

6.3 VARYING SOLUTION HEIGHT WITH THE SOURCE AT THE BOTTOM OF THE
SOLUTION

These static measurements were performed with both *Li-glass-plastic
scintillators and JHe detectors located as they were for the dynamic
measurements as follows: The *Li-glass-plastic scintillation detectors
were located as shown in Fig. 6; the ’He detectors were located as shown
in Fig. 4, except that two ’He detectors were located on each side of
the tank and the signals summed for each detection channel in the noise
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analysis system. The scintillators were used in channels 2 and 3, while
the summed ’He detectors were used as channels 4 and 5 for noise
analysis. The ratios of spectral densities at low frequency for both
types of detectors are given in Table 8. For low solution heights

(<10 cm), statistically meaningful measurements with the JHe
proportional counters were not practical because of the low detection

efficiency of the He proportional counters. Where measurements with
'He detectors were practical, the keff values agreed with those from
measurements with the scintillators. Values of kefg from these static

measurements of the ratios of spectral densities at low frequency were
obtained using point kinetics interpretation of the data without
correction for modal effects. Values are plotted as a function of
solution height in Fig. 10, in which they are compared with the results
of calculations using the KENO Monte Carlo code with Hansen-Roach cross
sections (Appendix D). The calculations included the detectors as
located in the experiments. The change in kggf values from the
reflection effect of the detectors was evaluated experimentally, and the
results, given in Appendix E, show that the reflection effect of the
scintillators is about 0.015 in keff value. There is agreement between
the calculations and the experiment for all keff values, even as low as
~0.3. For this source-detector configuration, point kinetics
interpretation of the low-frequency ratio of spectral densities is
adequate although the source is at the bottom of the tank. The
scintillation detectors, because they are also sensitive to gamma rays
from fission, view a larger volume of the solution since the gamma ray
attenuation properties of aqueous solution are not as good as the
neutron attenuation. The location of the scintillators on the bottom of
the tank is also a favorable location for solution heights comparable to
or smaller than the scintillator height (15.2 cm). These two effects
enhance the applicability of point kinetics for interpretation of the
data.



Table 8. Ratios of spectral densities at low frequency and neutron multiplication factors

from static measurements with the source at the bottom of the solution

Ratio of spectral densities?

Neutron multiplication factors, keffb

Solution Number of

height JHe detectors Scintillators He detectors Scintillators data blocks
(cm) (1079%) (1074) (10%)
29.2 453 £ 12 (5) 436 ¥ 5 (2) 0.952 ¥0.002 0.954¢ ¥0.001 20
25.8 767 I 40 (5) 774 20 ( 2) 0.924 ¥ 0.005 0.923 £ 0.003 20
20.3 1590 £ 20 (5) 1616 £ 10 ( 6) 0.853 ¥ 0.005 0.850 £ 0.005 20
15.3 2896 £ 90 (5) 2843 ¥ 10 (10) 0.732 ¥ 0.015 0.738 ¥ 0.010 40
10.1 4508 ¥ 90 (5) 4477 £ 60 (10) 0.535 ¥ 0.030 0.540 £ 0.027 20
9.8 - 4723 £ 60 (10) -- 0.505 £ 0.030 7
9.0 - 4960 < 60 (10) - 0.472 £ 0.035 100
7.5 - 5293 £ 210 (10) -— 0.414 £ 0.055 40
6.5 - 5650 ¥ 60 (10) - 0.346 £ 0.049 60
5.7 - 5943 % 360 (10) - 0.278 £ 0.097 55

8Values in parentheses are the upper limit of
was averaged. The precision given is one standard

the frequency range in kHz over which the ratio
deviation of the mean.

bUncertainties are statistical precision of the ratio of spectral densities and uncertainties
The largest contribution to the uncertainty was from I./1 (e.g.,
All tables in this report other than
Tables 8 and 9 have uncertainties from the precision of the ratio of spectral densities only.

in the parameters of Appendix C.

80% of the uncertainty for a solution height of 6.5 cm).

Y4
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7. DYNAMIC MEASUREMENTS OF THE RATIOS OF SPECTRAL DENSITIES
AND NEUTRON MULTIPLICATION FACTORS

Dynamic experiments were performed while the experimental vessel was
drained at a variety of rates, while it was being filled, and also while
air bubbles were passing through the solution. For many of these
measurements, the *’2Cf neutron source was located on the axis of the
experimental vessel at the bottom. This source location is typical of
one which is practical for in-plant applications. The detectors were
identical pairs of ‘Li-glass-plastic scintillators located on opposite
sides of the vessel as shown in Fig. 6. The solution height was changed
at rates varying from ~1 cm/min to ~23 cm/min with corresponding changes
in the neutron multiplication factor, Akorf, varying from ~0.03/min to
~0.01/s. These experiments were performed with a variety of measurement
times varying from 102 to 6.4 s. After each measuring interval, the
average measured ratios of spectral densities at low frequency for the
measuring interval were interpreted and the resulting neutron ,
multiplication factor displayed on-line on the computer terminal (i.e.,
immediately after the data accumulation). Typical on-line data obtained
and the results of interpretation obtained during the dynamic
measurements are shown in the Appendix F. Listed are -the times,
solution heights, measured ratios of spectral densities averaged up to

5 kHz for all heights with the measured statistical uncertainty, and the
neutron multiplication factors and their statistical uncertainty.

The detector and source locations were chosen so that measurements for
all solution heights could be meaningfully interpreted using point
kinetics. Initially, the scintillation detector pairs were located with
one ‘on top of the other rather than side by side as shown in Fig. 6. 1In
this case the total height of the scintillation detector pair was

~31 cm, which was slightly greater than the solution height with the
center of one detector of the pair at 8 cm above the bottom of the
solution and the center of the top detector ~21 cm above the bottom of
the experimental vessel. In the upright location for low solution
heights (<15 cm) the top detectors of each pair had no solution between
them, and most particles arriving at the detectors came from the top of
the solution. When it was realized that the detection efficiency was
such that measurements at very low solution heights were possible, the
pairs of detectors were rotated 90° so that the centers of both
detectors of each pair were about 8 cm above the bottom of the solution-
rather than one at 8 cm and the other at 21 cm. The planes defined by
the front surfaces of the detector pairs were 2.5 cm from the outside of
the acrylic tank. Some measurements for limited heights were also
performed with 'He detectors located as shown in Fig. 4, except that a
pair of detectors was located on each side of the tank.

27
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7.1 FILLING' THE EXPERIMENTAL VESSEL

Measurements were performed with the ?52Cf source on the bottom of the
solution while the vessel was filled. Because of safety limitations on
the addition of solution to the exper1menta1 vessel, the solution
addition rate was a maximum of ~1 cm of solution height per minute. For
this experiment the vessel was filled from 6.5 cm to 27.6 cm, and the
data accumulation rates’ were such that 102 s of data,were accumulated by
the Fourier analyzer before uploading the data file to the VAX computer.
The data file consisted of APSDs and CPSDs from which the VAX computer
formed. the ratio of spectral densities and then 1nterpreted this ratio
.using a point kinetics model with prestored values of I./I and R as
functions of solution height and other parameters to obtain the neutron
multiplication factors. The APSDs, CPSDs, and'ratios'of spectral
densities from these measurements are given in Appendix G

(Flgs G.1-G.16).

At data accumulatlon intervals of 102 s, the measured ratlos of spectral
densities and the corresponding neutron mu1t1p11cat10n factors were
displayed as on-line computer output. Visual examination of the data
shows that the frequency range over which the ratios of spectral
densities-are -constant varies with solution height. This was expected
because modal effects vary with solution height, as does the frequency
response of ‘the system, H(w). Visual examination of the data showed
that for solution heights up to 20 cm, the ratio of spectral densities
was constant up to a frequency of ~10 kHz. For solution heights between
20 and 25 cm, the ratio is approximately constant up to 6 kHz; for
solution heights >25 cm, the ratio is approximately constant up to

2.5 kHz. The results of interpretation of the data, which was performed
on-line :during the measurement, are shown in Appendix G. The ratios of
spectral densities in Table G.l were averaged over frequencies up to

5 kHz independent of solution height.

The data from this experiment were re-evaluated using values of I./I, R,
and other parameters of Appendix € along with averaging over a frequency
range which varies with height. The results of these interpretations
are given in Table 9. The results of the interpretation with the A
re-evaluated parameters were only slightly different (less than 0.01 for
keff values >0.50) from the results obtained durlng the experiments’
(Table G.l1.). The ratio of spectral densities at low frequency is
plotted as a function of solution height in Fig. 11 and the Koff value
as. a function of solution height 'in Fig. 12. Measured values during the
filling of the vessel agree with those from the static measurements
described above. The calculated values are compared to the measured
values, also, in Fig. 12. The calculated values (Appendix D) agree with
those measured. The statistical uncertainty in the measured ratio of
spectral densities is sufficiently small that the statistical precision
in the measured neutron multiplication factor varies from ~0.0l at the
lowest kegfg (~0.31) to <0.001 at higher kggg values (0.93).
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Table 9. Ratios of spectral densities at low frequency and
neutron multiplication factors for dynamic measurements
while filling the experimental vessel

) Solution Ratio of Keff from ratio
Time? heightb spectral of spectral

(h:m:s) © (cm) densities® densitiesd -
14:47:04 6.45 0.566 ¥ 0.006 0.348 ¥ 0.049
14:48:46 6.46 0.571 ¥ 0.016 0.338 ¥ 0.059
14:50:29 6.46 0.559 ¥ 0.005 0.362 % 0.047
14:52:12" 6.61 0.562 ¥ 0.005 0.356 ¥ 0.047
14:53:53 - 7.36 0.551 ¥ 0.004 0.376 ¥ 0.048
14:55:34 . 8.50 0.513 ¥ 0.004 0.443 £ 0.038
14:57:16 9.88 0.462 ¥ 0.002 0.522 £ 0.027°
14:58:58 11.44 0.414 ¥ 0.002 0.588 ¥ 0.021
15:00:39 13.08 0.354 ¥ 0.002 0.662 ¥ 0.015
15:02:20 14.75 0.298 ¥ 0.001 0.723 ¥ 0.011
15:04:02 16.54 0.249 ¥ 0.001 0.771 ¥ 0.008
15:05:44 18.36 0.204 £ 0.001 0.812 * 0.006
15:07:25 20.17 0.167 ¥ 0.001 0.845 ¥ 0.005
15:09:06 22.01 0.135 ¥ 0.001 0.872 ¥ 0.004
15:10:47 23.84 0.107 * 0.001 0.896 £ 0.003
15:12:29 25.70 0.079 * 0.001 0.921 ¥ 0.002
15:14:11 27.59 0 * 0.001 0.940 ¥ 0.002

.058

3End of a measurement time interval of ~102 s over which
the data were averaged and then the interpreted results
displayed on the terminal. This time does not correspond to the
average height during the measurement interval, but rather to
the height at the end of the interval. The time that
corresponds to the average height can be obtained by averaging
the time listed with the time at the end of the previous
interval. :

Average height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

' CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to
a frequency of 10 kHz for heights <20 cm, 6 kHz for heights of
20 to 25 cm, and 2 kHz for heights of >25 cm. The number of '
points per data block was 1024, and 20,000 data blocks were
averaéed in ~102 s with a sampling rate of ~200 kHz.

The uncertainty in kggg is from the statistical
uncertainty in the ratio of spectral densities and uncertainties
in the parameters of Appendix C. The largest contribution to
the uncertainty was from I./I (80 and 55% of the uncertainty for
solution heights of 6.45 and 27.6, respectively). All tables in
this report other than Tables 8 and 9 have uncertainties in kegg
from the precision of the ratio of spectral densities only.
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The first three entries of Table 9 are for the same solution height.
Intercomparison of these three measurements (102 s of data accumulation
time) shows that the ratios and the resulting neutron multiplication
factors are reproducible even at kgff values as low as ~0.35.
Measurements with this precision are possible because of the high
detection efficiency of the scintillators, which detect thermal
neutrons, fast neutrons, and gamma rays from fission. This high
detection efficiency results in large coherence values and short
measurement times. The square of the coherences at low frequency
between one scintillator channel and the Cf source, Y{,, and that
between the two scintillator channels, Y}, are plotted in Fig. 13 as

a function of solution height. The squared coherence values at low
frequency at the lowest solution height of 6.5 cm are Y{, = 0.045 and
Yi, = 0.01, while those for a solution height of 27.6 cm are Yi, = 0.045
and’Y%; = 0.9. As in previous measurements,! Yfz is not as strong a

- function of subcriticality as Y;g. ‘

7.2 DRAINING THE EXPERIMENTAL VESSEL

The experimental vessel was drained at three different draining rates
with the source on the bottom of the tank. The fastest rate was such
that the height varied from 29.5 to 6.5 c¢cm in ~60 s. This limit on the
draining rate resulted from the l.27-cm-diam opening in the bottom of
the tank. Other draining rates were such that the height of solution
changed 3 and 5 cm per min.

7.2.1 Draining at a Rate of 3 cm/min

For this experiment the Cf source was at the bottom of the solution and
the draining rate resulted in‘a reduction in the solution height

of ~3 cm/min, which corresponded to'a change in kgfg of ~8 x.107?/min.
The solution height varied continuously from 29.2 to 6.5 cm. For this
draining rate, the data accumulation time before the Fourier processor
uploaded the data to the VAX computer for interpretation was ~13 s.
Thus, these data have a larger statistical error than data for filling
the experimental vessel because the data accumulation time is a factor
of 8 shorter. The results of data interpretation performed on-line
during the measurement are given in Appendix H (Table H.l). Typical
APSDs, CPSDs, and ratios of spectral densities as a function of
frequency are plotted in Appendix H (Fig. H.1). These data were
examined off-line to better select the upper limit of the frequency
range for averaging the ratios of spectral densities. The choice of
frequency range over which to determine the low-frequency ratio of
spectral densities is the same as for filling the vessel. The results
of the interpretation of the data using the parameters of Appendix C are
given in Table 10. The results differ slightly (less than 0.0l for keff
values >0.5) from those obtained during the measurements given in

Table H.1l. For this dynamic measurement, where only 12.8 s of data were
accumulated while the solution height changed ~3 cm/min, the statistical
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Table 10. Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while draining
the experimental vessel at a rate of ~3 cm/min

-Solution Ratio of keff from ratio
Time? heightP spectral : of spectral
(h:m:s) (cm) densities® densitiesd
14:22:32 29.25 0.043 ¥ 0.001 0.954 * 0.001
14:22:44 . . 29.26 - 0.041 ¥ 0.002 .0.957 ¥ 0.003
14:22:57 29.25 0.042 % 0.001 0.955 ¥ 0.001
14:23:10 28.96 0.048 ¥ 0.002 . 0.949 ¥ 0.002
14:23:22  28.36 0.055 ¥ 0.003 0.943 % 0.003
14:23:35 .. 27.67 0.058 ¥ 0.001 0.941 ¥ 0.001
14:23:48 27.00 0.070 * 0.009 0.929 £ 0.009
14:24:01 26.34 0.074 ¥ 0.001 0.926 % 0.001
14:24:13 25.62 0.080 ¥ 0.004 0.920 ¥ 0.005
14:24:26 24.88 0.094 * 0.003 0.908 ¥ 0.003
14:24:39 24.22 0.101 * 0.001 0.902 % 0.002
14:24:52 23.57 0.111 ¥ 0.003 0.893 ¥ 0.004
14:25:05 22.86 0.126 ¥ 0.005 0.879 ¥ 0.005
14:25:17 22.19 0.133 ¥ 0.002 0.874 * 0.002
14:25:29 21.54 0.150 ¥ 0.002 0.859 ¥ 0.003
14:25:42 20.85 0.155 * 0.005 0.855 ¥ 0.005
14:25:55 20.19 0.168 * 0.002 0.844 ¥ 0.002
14:26:07 19.56 0.187 ¥ 0.003 0.826 ¥ 0.003
14:26:20 18.87 0.194 % 0.002 0.822 * 0.002
14:26:34 18.19 0.219 ¥ 0.004 0.798 * 0.004
14:26:46 17.54 0.230 ¥ 0.003 0.789 * 0.004
14:26:58 - 16.92 0.252 ¥ 0.003 0.767 ¥ 0.003
14:27:11 ©16.28 0.261 £ 0.003 " 0.760 ¥ 0.004
14:27:23 15.66 0.284 ¥ 0.004 0.737 £ 0.004
14:27:36 15.05 0.294 ¥ 0.00a 0.728 ¥ 0.004
14:27:49 14.44 0.324 * 0.004 0.694 ¥ 0.004
14:28:02 13.78 0.343 % 0.005 0.674 = 0.006
14:28:15 13.12 0.358 ¥ 0.007 0.658 * 0.009
14:28:28 ©12.48 0.389 ¥ 0.007 0.620 ¥ 0.009
14:28:40 11.85 0.402 ¥ 0.003 0.605 ¥ 0.005
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Table 10 (continued)

: ‘ Solution Ratio of keff from ratio
Time@ heightD spectral ‘ of spectral
(h:m:s) ‘ (cm) densities® densitiesd
14:28:52 11.26 0.432 ¥ 0.008 0.564 ¥ 0.012
'14:29:06 10.63 0.441 ¥ 0.009 0.554 ¥ 0.014
14:29:18 9.99 0.451 ¥ 0.008 - 0.542 ¥ 0.013
- 14:29:30 . 9.32 0.502 ¥ 0.011 0.460 ¥ 0.019
14:29:43 . 8.75 0.501 ¥ 0.011 - 0.465 * 0.019
14:29:55 8.25 0.511 ¥ 0.013 0.449 ¥ 0.015
14:30:08 7.63 0.525 ¥ 0.012 0.425 % 0.023
14:30:21 7.05 0.593 ¥ 0.012 0.291 % 0.027
14:30:34 6.63 0.584 % 0.020 0.311 * 0.046
14:30:47 6.46 0.557 ¥ 0.021 0.368 ¥ 0.045
14:30:59 6.45 0.538 ¥ 0.015 0.404 ¥ 0.029
S 14:31:11 6.45 0.562 ¥ 0.022 0.358 ¥ 0.047
14:31:24 6.45 0.587 ¥ 0.019 0.305 ¥ 0.042
14:31:37 ~ 6.46 0.594 * 0.032 0.289 ¥ 0.077

8End of a measurement time interval of ~12.8 s over which the
data were averaged and then the interpreted results displayed on a
terminal as the solution was drained. This time does not
correspond to the average height during the measurement interval,
but rather to the height at the end of the interval. The time
which corresponds to the average height can be obtained by
‘averaging the time listed with the time at the end of the previous
interval. = o

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to a
frequency of 10 kHz for heights <20 cm, 6 kHz for heights of 20 to
25 cm, and 2.5 kHz for heights >25 cm. The number of points per
data block was 256, and 10,000 data blocks were averaged in
12.8 s with a sampling rate of ~200 kHz.

dThe uncertainty in kegeg value is from the statistical
uncertainty in the ratio of spectral densities only.
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uncertainties in the ratios of spectral densities are quite low at high
values of the neutron multiplication factor (<0.0l1 down to heights of
~11 cm and kegg of ~0.5). The resulting uncertainties in keff values at
values of 0.32 are about 0.05, and this leads to the scdtter in the data
for the last five measurements of this set, which correspond to a
solution height fixed at ~6.45 cm.

The ratio of spectral densities at low frequency is plotted as a
function of solution height in Fig. ll1. The kgofg values obtained from
these measurements are in agreement with those from filling the vessel
(Fig. 14). The keff values obtained from KENO Monte Carlo calculations
with Hansen-Roach cross sections agree with the measured values and are
shown in Fig. l4.

7.2.2 Draining at a Rate of 5 cm/min

The solution height in this experiment was varied continuously from

28.8 to 7.5 cm at a draining rate which corresponded to a reduction in
solution height of 5 cm/min and with the Cf source at the bottom of the
solution. For this draining rate, data accumulation time was ~6.4 s
before the Fourier processor uploaded the data to the VAX computer for
interpretation. The results of the on-line interpretation of the data
during the experiment are given in Appendix I (Table I.1). Typical
APSDs, CPSDs, and ratios of spectral densities also are plotted as a
function of frequency in Appendix I. The results of the interpretation
of the data using the parameters of Appendix C are given in Table 1l and
differ only slightly (<0.01 for keff values >0.50) from the data
obtained during the experiment (Table I.1). The statistical uncertainty
in the keff values at a solution height of 7.5 cmis about 0.04. The
ratios of spectral densities and neutron multiplication factors are
plotted as a function of solution height in Figs. 1l and l4 and agree
with the values for draining at a rate of 3 cm/min and for filling the
vessel.

7.2.3 Draining at a Rate of 23 cm/min

For a draining rate which corresponds to a change in solution height of
23 cm/min (Ak per s = 0:0l); data accumulation time was 6.4 s

before the Fourier analyzer uploaded the data to the VAX computer for
interpretation. In this experiment the solution was drained
continuously from 28.9.to 5.7 cm, and the source was at the bottom of.
the tank. The draining rate was limited by the size of the hole

(1.27 cm) provided in the bottom of the tank. The results of the
on-line interpretation of the data during the experiment are given in
Appendix J. The APSDs, CPSDs, and ratios of spectral densities are also
plotted as a function of frequency in Fig. J.l. The results of the
interpretation of the data using the parameters of Appendix C are given
in Table 12 and are only slightly different (<0.0l for kefg values >0.5)
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Table 11. Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while draining the
experimental vessel at a rate of 5 cm/min

_ Solution Ratio of kegf from ratio
Timed =~ . heightb spectral of spectral
(h:m:s) "o (em) densities® ' densitiesd
16:10:36 28.88 0.046 £ 0.002 0.951 £ 0.002
16:10:42 28.88 0.051 ¥ 0.004 0.946 ¥ 0.004
16:10:49 28.88 0.046 ¥ 0.001 0.952 ¥ 0.001
16:10:55 28.88 0.044 % 0.001 0.954 ¥ 0.001
16:11:01 28.87 0.052 ¥ 0.003 0.946 ¥ 0.003
16:11:08 28.65 0.045 ¥ 0.004 0.953 ¥ 0.004
l6:11:14 - <  28.23 0.052 ¥ 0.002 0.946 ¥ 0.002
16:11:20 . 27.80 0.056 ¥ 0.003 0.942 * 0.003
16:11:27 -~ '27.36 0.065 ¥ 0.001 0.934 % 0.001
16:11:33 °  '26.91 0.061 ¥ 0.001 0.938 ¥ 0.002
16:11:39 ~ 26.45 0.072 ¥ 0.004 0.927 ¥ 0.004
16:11:46 ©  25.96 0.073 ¥ 0.002 0.927 ¥ 0.003
16:11:52 25.46 0.082 ¥ 0.001 0.919 ¥ 0.001
16:11:58 24.94 0.089 ¥ 0.001 0.912 ¥ 0.001
16:12:05 24.40 0.097 % 0.002 0.906 * 0.002
16:12:11 23.72 0.111 ¥ 0.002 - 0.892 ¥ 0.002
16:12:17 23.11 0.115 ¥ 0.001 0.891 ¥ 0.001
16:12:23 22.62 0.122 ¥ 0.002 0.885 % 0.002
16:12:29 21.95 0.126 ¥ 0.006 0.882 * 0.006
16:12:36 21.08 0.149 * 0.002 0.861 £ 0.003
16:12:42 20.41 0.149 % 0.004 0.863 ¥ 0.004
16:12:49 20.12 0.163 % 0.004 0.850 ¥ 0.004
16:12:55 19.72 0.172 ¥ 0.004 0.842 ¥ 0.005
16:13:02 19.14 0.187 ¥ 0.002 0.828 ¥ 0.002
16:13:08 18.50 0.202 ¥ 0.005 0.815 ¥ 0.005
16:13:14 . - 17.84 0.215 ¥ 0.004 - 0.804 ¥ 0.005
16:13:21 17.20° 0.238 ¥ 0.007 0.782 * 0.008
16:13:27 16.55 0.258 £ 0.003 0.763 ¥ 0.004
16:13:33 15.91 0.266 ¥ 0.003 0.756 ¥ 0.004
16:13:40 15.25 0 ¥ 0.004 0.737 ¥ 0.004

.285
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Table 11 (continued)

Solution Ratio of keff from ratio
Time?@ heightb spectral ' of spectral
(h:m:s) (cm) densities® densitiesd
16:13:46 14.48 0.314 ¥ 0.008 - 0.707 ¥ 0.009
16:13:52 13.83 0.332 £ 0.006 0.688 ¥ 0.008
16:14:59 12.97 0.360 ¥ 0.005 0.657 ¥ 0.007
16:14:05 12.13 0.368 ¥ 0.009 0.639 £ 0.012
16:14:11 11.82 0.411 ¥ 0.008 0.592 ¥ 0.011
16:14:18 11.38 - 0.415 ¥ 0.009 0.589 ¥ 0.014
16:14:24 10.74 0.439 ¥ 0.009 0.557 ¥ 0.014
16:14:30 10.13. 0.446 ¥ 0.007 0.548 ¥ 0.011
16:14:37 9.51 0.505 ¥ 0.010 0.455 ¥ 0.018
16:14:44 8.78 0.507 £ 0.023 0.454 * 0.042
16:14:50 8.06 0.522 * 0.017 0.429 ¥ 0.031
16:14:57 7.67 0.523 £ 0.013 0.428 ¥ 0.024
16:15:04 7.56 0.517 ¥ 0.016 0.442 * 0.030
16:15:10 7.54 0.525 ¥ 0.021 0.427 * 0.040
16:15:16 7.56 0.518 ¥ 0.017 0.440 * 0.031
16:15:22 7.54 0.549 ¥ 0.016 0.381.% 0.032
16:15:29 7.52 0.547 ¥ 0.021 0.385 ¥ 0.042
16:15:36 7.53 0.491 £ 0.011 0.486 * 0.018
16:15:42 7.54 0.549 ¥ 0.020 0.381 * 0.041

8End of a measurement time interval of ~6.4 s over which
the data were averaged and then the interpreted results
displayed on a terminal. This time does not correspond to the
average height during the measurement interval, but rather to
the height at the end of the interval. The time which
corresponds to the average height can be obtained by averaging
the time listed with the time at the end of the previous
interval.

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to
a frequency of 10 kHz for heights <20 cm, 6 kHz for heights of
22 to 25 cm, and 2.5 kHz for heights of >25 cm. The number of
points per data block was 256, and 5,000 data blocks were
averaged in ~6.4 s with a sampling rate of ~200 kHz.

The uncertainty in kefg is from the statistical
uncertainty in the ratio of spectral densities only.
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Table 12. Ratios of spectral densities at low frequency and neutron
multiplication factors for dynamic measurements while draining the
experimental vessel at a rate of 23 cm/min

I Solution Ratio of kefg from ratio
Time? heightb spectral of spectral
(h:m:s) (cm) densities® densitiesd
16:50:60 28.91 0.049 ¥ 0.001 0.948 ¥ 0.001
16:51:07 28.91 0.047 ¥ 0.002 0.950 ¥ 0.002
16:51:14 28.91 0.041 £ 0.002 0.957 ¥ 0.002
16:51:20 28.88 0.046 ¥ 0.003 0.951 ¥ 0.003
16:51:26 27.96 0.047 ¥ 0.002 0.952 ¥ 0.002
16:51:33 25.97 0.082 ¥ 0.003 0.918 ¥ 0.003
16:51:39 23.77 0.104 ¥ 0.003 0.900 ¥ 0.003
16:51:45 21.59 0.138 ¥ 0.003 0.871 % 0.002
16:51:51 19.42 0.173 ¥ 0.003 0.842 ¥ 0.003
16:51:58 17.30 0.224 * 0.003 0.796 * 0.003
16:52:04 15.22 0.295 ¥ 0.004 0.726 ¥ 0.005
16:52:10 - 13.49 0.347 ¥ 0.007 0.670 ¥ 0.008
16:52:16 11.81 0.432 £ 0.010 0.562 £ 0.015
16:52:23 9.49 0.470 £ 0.010 0.513 ¥ 0.017
16:52:30 6.93 0.502 ¥ 0.015 0.469 ¥ 0.026
16:52:36 5.69 0.602 ¥ 0.036 0.269 ¥ 0.086
16:52:42 5.68 0.566 ¥ 0.030 0.347 ¥ 0.066
16:52:48 - 5.71 0.574 £ 0.031 0.329 ¥ 0.068
16:52:55 5.73 0.615 ¥ 0.041 0.237 ¥ 0.104
16:53:01" 5.72 0.613 ¥ 0.032 0.243 * 0.080
16:53:07 5.72 0.620 ¥ 0.030 0.227 ¥ 0.075
16:53:14° 5.72 0.553 £ 0.020 '0.373 ¥ 0.042
16:53:20 5.72 0.639 £ 0.041 0.129 ¥ 0.112
16:53:26 5.72 0.571 ¥ 0.030 ° 0.336 ¥ 0.065
16:53:33 5.72 0 * 0.043 0.229 ¥ 0.111

.618
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Téble 12 (continued)

‘ . Solution Ratio of . keff from ratio
Time? . heightb. spectral . - of spectral
(h:m:s) ] (cm) - densities® : densitiesd
16:53:39 . 5.70 0.572 ¥ 0.022 0.332 % 0.047
16:53:45 5.70 0.518 ¥ 0.022 . 0.440 ¥ 0.042
16:53:52 5.70 0.602 ¥ 0.033 0.269 ¥ 0.080
16:53:58 5.73 0.616 ¥ 0.025 - 0.236 ¥ 0.063

8End of a measurement time interval of ~6.4 s over which the
data were averaged and then the interpreted results displayed on
computer terminal. This time does not correspond to the average
height during the measurement interval, but rather to the height
at the end-of the interval. The time which corresponds to the
average height .can be obtained by averaging the time listed with
the time at the end of the previous interval.

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

cAveragé value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to
frequency of 10 kHz for heights <20 cm, 6 kHz for heights of 20 t
25 cm, and 2.5 kHz for heights of >25 cm. The number of points
per data block was 256, and 5000 data blocks were averaged in
~6.4 s with a sampling rate of ~200 kHz.

dThe uncertainty in kgogg is from the statlstlcal uncertainty
in the ratio of spectral densities. only.
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from Table J.l obtained during the measurement. The precision of the
measured ratio of spectral densities is such that the precision in the
kegf value is 0.01% down to kefg values of ~0.60 (solution height of

12 ¢m) for the data collection time of 6.4 s and the draining rate of
23 cm/min.  For the last four entries of Table 12, the solution height
was fixed at 5.7 cm and the average Keff value obtained is 0.30. The
ratio of spectral densities and neutron multiplication factors are
plotted as a function of solution height in Figs. 11 and 14, where they
are compared with the other dynamic measurements. These values agree
with other dynamic experiments. s :

The rate of change of the neutron multiplicatidn factor in this
experiment was 0.0l in kgff per second (data collection was performed in
6.4 s with the source on the bottom of the tank). The neutron
multiplication factor from all dynamic measurements (filling at a rate
of 1 cm/min and draining at rates of 3; 5, and 23 ¢m/min) and the static
measurements are in agreement. Thus, over the range of filling and
draining rates investigated, the keff values measured ‘'do not depend on
the rate of change of kggg or whether the solution height is .increased,
decreased, or stationary. The dynamic capability of ‘the method may be
more than that required for most nuclear fuel processing. or reprocessing
plant applications. : B - -

7.3 SOLUTION PERPURBED BY BUBBLES

After the experimental vessel was filled to 29.5 cm, exploratory -
experiments were performed with air bubbles introduced into the bottom

“ of the tank by leaving the pump running with no fuel solution in the

drain tank. As a result, air was continuously added to the bottom of
the tank through a 1.3-cm-diam hole-at a radius of 7.6 cm. Air bubbles
moved vertically through the solution, displacing fuel solution from the
interior of the solution tank and also perturbing the upper surface of
the solution. This displacement of fuel solution frém the interior to
the upper surface decreased the reactivity. For this measurement, the
source was on the axis at the bottom of the tank.

"These exploratory experiments were the first experiments in which a

solution was perturbed during this type of measurement (a perturbed
solution tank may be typical of some tanks in in-plant applications).
Since these were exploratory~measurements,‘no«quantitative
characterization of the bubbling was performed other than the estimate
that the volume of air continuously introduced into the solution was
~500 cc/min. The data accumulation rates were such that 102 s of data
were accumulated by the Fourier analyzer before uploading the data file
to the VAX computer. The APSDs, CPSDs, and ratios of spectral densities
as a function of frequency are plotted in Appendix K, both with bubbles
passing through the solution and with the fuel solution stationary.
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The ratios of spectral densities at low frequency with and without
bubbles are given in Table 13 along with the kgff values obtained using
the same parameters with and without bubbles. This assumption that the
same parameters can be used is probably valid since the air introduction
was not a large perturbation and the air was added at a radius of 7.6 cm
with the Cf source at a radius of 0. With bubbles.passing through the
solution, the average ratio of spectral densities was 0.0421 ¥ 0.0013
while that for the solution stationary was 0.0408 ¥ 0.0010. This
indicates an increase in the ratio with the bubbles and a decrease in
keff- The neutron multiplication factor for this solution height is
~0.95; therefore, this change in the ratio of spectral densities implies
that the change in Ak associated with the bubbles is a small decrease
(~1.6 x 107%).
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Table 13. Ratios of spectral densities at;lbw}frequenc& and
neutron multiplication factors for dynamic measurements
with solution perturbed by bubbles o

“Solution .~ Ratio of ' keff from ratio
Time?2 heightb- spectral of spectral
(h:m:s) (cm) . densities¢,d ‘ densities®

"Solution perturbed by bubbles

. 15:15:54 - 0.0437 ¥ 0.001 0.953 % 0.001
15:17:38 - 0.0427 ¥ 0.001 0.955 £ 0.001
15:19:17 - 0.0419 ¥ 0.001 0.955 ¥ 0.001
15:20:59 - 0.0426 ¥ 0.001 0.955 ¥ 0.001
15:22:40 - 0.0394  0.001 0.958 ¥ 0.001
15:24:22 - 0.0427 ¥ 0.001 0.955 ¥ 0.001
15:26:05 - 0.0414 * 0.001 0.956 ¥ 0.001

No bubbles in solution
15:27:46 29.50 0.0401 % 0.001 0.958 ¥ 0.001
15:29:27 29.51 0.0399 ¥ 0.001 0.957 ¥ 0.001
15:31:10 29.51 0.0418 % 0.001 0.955 ¥ 0.001
15:32:52 29.51 0.0412 * 0.001 0.956 ¥ 0.001

4Fnd of a measurement time interval of 102 s over which the
data were averaged and then the interpreted results displayed on a
terminal. This time does not correspond to the average height
during the measurement interval, but rather to the height at the
end of the interval. The time which corresponds to the average
height can be obtained by averaging the time listed with the time
at the end of the previous interval. .

bAverage height of solution during the time interval of the
measurement. Where no entry appears, bubbles introduced into the
solution perturbed the upper surface of the solution.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to a
frequency of 2 kHz. The number of points per data block was 1024,
and 20,000 data blocks were averaged in 102 s.

dThe same parameters were used to interpret the ratio of
spectral densities with and without bubbles in the solution.

€The uncertainty in kegfg is from the statistical uncertainty in
the ratio of spectral densities only.



8. . BREAK-FREQUENCY NOISE ANALYSIS METHOD

The various spectral densities as a function of frequency can be
least-squares fitted to obtain the fundamental mode break frequency, fy.
The reactivity at a given subcritical state is related to the
fundamental mode break frequency at that subcritical state, fp (or to
the prompf—neutron;decay constant, a = 2nfp) and to the fundamental mode
break frequency at delayed criticality, fpq. (or prompt neutron decay
constant, edgc = B/%) as follows:!®

O -k .
— = = +1 . (1)
ode  fphde kg

Equation (1) must be corrected for the changes in the neutron lifetime
~and in the effective delayed-neutron fraction from the delayed critical
state to the subcritical state of interest as follows:

1 -k , 11= fb Q Bdc 2
kR fhde tde B T :

For the reactivity changes in these experiments, corrections for neutron
lifetime and effective delayed neutron fraction changes were made. The
ratios of prompt neutron lifetimes and the ratios of effective delayed
neutron fractions were obtained from calculations of these quantities as
a function of solution height, which used fixed-source forward fluxes
and k-eigenvalue adjoint fluxes from Sy transport theory calculations.

The break frequency for each solution height was obtained by fitting the
various CPSDs and APSDs as functions of frequency w to functional forms
with (1) a single pole in the transfer function [H(w) = ag/(ag + jw)],
and (2) two poles in the transfer function [H(w) = ay/(ag + ju) +

ar/(a; + jw)] to determine whether spatial modal effects are significant.
The APSDs and CPSDs (real and imaginary parts), after correction for the
frequency response of the instrumentation, were simultaneously -
least-squares fitted to obtain the values of fp for both single-mode and
two-mode fittings. The fundamental mode break frequencies used to
obtain the subcriticality were the lowest break frequency from the
two-mode fitting. The results of this fitting for the experiments are
given in Table 14, and typical fitted functions are plotted with the
data in Appendix L.

The break frequency at‘delayed criticality was obtained from the
measured subcritical reactivity from the ratio of spectral densities for
a solution height of 29.5 cm with the source at the bottom of the
solution and the *Li-glass-plastic scintillators located as in Fig. 6.
For this solution height the neutron multiplication factor obtained from
the measurements in Table 13 is 0.956, t 0.000,, which for a Beff value
of 0.0075 corresponds to a subcritical reactivity of -6.13 dollars. The
break frequency obtained for this solution height was 1340 % 13 -1,

The break frequency at delayed criticality, obtained from this known
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Table 14. Break frequencies obtained from least-squares fitting of APSDs and CPSDs and neutron
multiplication factors: from the BFNA method as a function of solution height
Fundamental Percentage koff?
mode break change in
Solution frequency (s™!) t Bgc Reactivity Ratio of
height _ from BFNA spectral
(cm) One-mode Two-mode Lic B (dollars) BFNA densities
29.5 1369 * 7D 1328 ¥ 12 0 6.13¢ 0.9564 ¥ 0.003  0.956¢ ¥ 0.001
29.5 1385 £ 7 1357 % 24 0 6.13¢ 0.9564 ¥ 0.003 0.956¢ % 0.001
29.5 1375 ¥ 7 1336 ¥ 16 0 6.13¢ 0.9564 £ 0.003  0.956c * 0.001
27.6 1819 f 13 1776 £ 21 1.1 8.6 0.939 ¥ 0.004 0.940 % 0.002
25.7 2320 ¥ 9 2265 % 15 2.4 11.3 0.921 * 0.004 0.921 * 0.002
23.8 2889 % 12 2850 % 15 3.7 14.7 0.899 ¥ 0.005 0.896 % 0.003
22.0 3563 £ 14 3503 .18 5.3 18.6 0.875 * 0.006 0.872 % 0.004
20.2 4327 £ 4308 % 30 6.5 23.4 0.845 % 0.007 0.845 % 0.005
18.4 5175 £ 20 5117 % 36 9.7 28.8 0.814 ¥ 0.009 0.812 % 0.006
16.5 6218 % 13 6280 * 75 13.5 36.9 0.772 * 0.010 0.771 % 0.008
14.7 7468 18 7760 % 85 18.5 47.9 0.720 ¥ 0.011 0.723  0.011
13.1 8955 £ 30 9629 % 164 24.6 62.8 0.659 ¥ 0.013 0.662 * 0.015
11.4 10537 £ 31 11196 £ 313 32.3 77.8 0.605 ¥ 0.009 0.588 % 0.021
9.9 12325 % 98 12849 X 75 44.3 97.7 0.543 * 0.0l 0.522 *0.027
8.5 14388 ¥ 143 14825 I 100 56.1 122.2 0.478 ¥ 0.01&4 0.443 < 0.038
7.3 16414 £ 197 16750 ¥ 200 71.3 152.7 0.418 ¥ 0.014 0.376 < 0.048
- AUncertainties are taken from Tables 9.-and 14.
byncertainties are one standard deviation of the mean from the least-square flttlng of data.

helght of 7.3 cm was a factor of 2.1.

CAverage of values from Table 13 'unperturbed by air bubbles.

dassumed equal to the average value from the ratio of spectral densities. :
€The change in neutron lifetime for a change in solutlon height from 29.5 cm to a solution

9%
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subcritical reactivity and break frequency at a solution height of

29.5 cm, is 187.9 ¥ 1.9 s~!. The prompt neutron decay constant at

delayed criticality is 1180 + 12 s7!, resulting in a prompt neutron
lifetime of 5.2 pus, which is in fair agreement with the calculated

neutron lifetime of 5.7 ps at delayed criticality.

The ratio of break frequency at delayed criticality to break frequency
for other solution heights was used to obtain the reactivity and the
subcritical neutron multiplication factor using Eq. (2) with corrections
for changes in the neutron lifetime and effective delayed neutron
fraction. These corrections, which varied up to as much as 71% with
solution height, are given in Table 14 along with the neutron
multiplication factors obtained from the break frequency noise analysis
(BFNA) method. The neutron multiplication factors obtained by the two
independent measurements are plotted in Fig. 15. These kgff values
agree within ~0.005% with those values obtained from the ratios of
spectral densities down to solution heights of ~13 cm or kggg = 0.657.
For lower solution heights the Kkgff values from the BFNA method, which
involve large corrections for changes of prompt neutron lifetime (as
large as a factor of 2.1) and delayed neutron fractions, are higher than
those from the ratios of spectral densities. 1In previous experiments
the validity of the BFNA method was usually limited to kgff values down-
to ~0.8. : .
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9. CONCLUSIONS AND RECOMMENDATIONS

The results and conclusions of these experiments are as follows:

(1) the capability to measure the subcriticality for a multiplying
system to kgopf as low as 0.3 was demonstrated; (2) experimental kggg
values were obtained from the ratio of spectral densities in times as
short as 6 s of data accumulation and a small fraction of a second
analysis time as a solution tank was drained from 29.5 to 6.5 cm height
in ~60 s with corresponding changes in kggg from 0.95 to 0.30; (3) the
measured kgofg values obtained did not depend on the speed at which the
solution height was changed or whether the ‘tank was filling or draining;
(4) the results of the dynamic measurements agreed with the static
measurements; (5) as in previous. experiments, the ratios of spectral
densities at low frequency were used successfully to obtain the kgff
values using point kinetics interpretation of the data; (6) the neutron
multiplication factors from independent measurements using the BFNA
method agree with the values of k,ff from the measured ratios of
spectral densities down to k,¢f values of 0.65; (7) this method's.
effectiveness for systems where kgef is changing, as demonstrated,
probably exceeds the dynamic requirements in most nuclear fuel plant
processing applicatiéns; and (8) the calculated kggf values using KENO
code and Hansen-Roach cross sections agree with the experimental values
for all solution heights. : ‘.

Before the dynamic capability of the method can be considered fully
explored, additional experiments are required for a variety of dynamic
situations. These experiments should include changes in fissile volume
for several cylinders with different height-to-diameter ratios, changes
in fissile volume for a cylinder with a variety of fuel solution
concentrations, changes in fuel solution concentration for a fixed
volume cylinder, dissolution of fuel, and situations in which the fuel
solution in a tank is perturbed by physical agitation such as
introduction of air to the bottom of the tank. These experiments should
first be performed with uranyl nitrate solution to understand the
physics before a more limited set of experiments is done with
plutonium-uranium solutions. Dynamic experiments should also be
performed with slab geometry and interacting tanks.

Since the low-frequency values of the ratio of spectral densities are
sufficient to obtain the kggg value, a measurement system that rapidly
obtains these ratios (at low frequency) can and should be developed for
in-plant applications.
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APPENDIX A. THEORY OF THE MEASUREMENT METHOD

The !52Cf-source-driven neutron noise analysis method for the
determination of subcritical reactivities requires the measurement in
the frequency domain of four statistical quantities. These quantities
are G, ,, the cross-power spectral density (CPSD) between the Cf source
(designated by subscript 1) and a detector (designated by subscript 2)
of particles from the fission chain multiplication process; G,3;, the
CPSD between the Cf source and another detector (designated by

subscript 3) of particles from fission; G,,, the CPSD between both
detectors; and G;,, the auto-power spectral density (APSD) of the Cf
source (Eq. A.l). The pair of detectors (2 and 3) are assumed to detect
particles emitted by induced fission chains initiated by (1) neutrons
from the spontaneous fission of ?52Cf, (2) neutrons from inherent
sources, and (3) delayed neutrons, but not particles directly from the
spontaneous fission of ?352Cf. In experiments this is practical to
achieve because detectors can be located far from each other, far from
the 252Cf source, and external to the system. 1In this case the
probabilities of detecting particles directly from the ?%!Cf source and
of detecting particles in each detector from the same inherent, induced,
or Cf fission are very small. If this is not possible, a white noise
source (constant amplitude at all frequencies) term must be added to the
spectral densities, G,;, Gy, Gi3, and G,3 [Eqs. A.2-A.4 (G,; is given
by the expression of Eq. (A.3) with subscript 2 replaced by subscript 3
and G;; by replacing subscript 2 of Eq. (A.2) with subscript 3)]. The
absence of this white noise source from particles directly from ?52Cf
fission can be verified experimentally by examination of the CPSD at
high frequency w > fy to assure that the white noise source term is zero.
Since the detectors are usually far from each other adjacernt to the
outer surface of the system, the probability of detecting a particle in
each detector from the same fissjon is very small. Under these
conditions the point kinetics expressions for these spectral densities
for detectors 2 and 3 located external to the system of fissile
material, as well as the APSD of a detector (Eq. A.2), have been derived
previously and are as follows:!

2 _ —
Gy, (w) =2 ‘hl(w) ;Q%Aché + chéi y (A.1)
2 W3 (q,) 2
G,,(u) ‘hz(w) 2W,Fql + —— lH (w) Cop o (A.2)
v
. _ W,q, vF I
Gy (w) = 2hl(m)h2(w)qC — Hs(w) -1 and (A.3)
v
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Y,q, Wiq,

H (w)
s

2 . .
c. T (A
v v : ’

where * designates complex conjugation, and

hl(w))

hy;(w), h3(w) = response of the electronic components of
o detection systems 1, 2, and 3, respectively,
at frequency w;
Eé, Ea = average charge produced in detector 1 per 252Cf
A spontaneous fission, and average charge
produced per a-decay respectlvely,
a;, a: = average charge produced per interaction in
' detectors 2 and 3 respectively;
W2, Wy = detection efficiency of detection systems 2 and
3, expressed as counts per reactor fission;
Wy = efficiency for detecting ?°2Cf fission.

(assumed =1)

Gg = APSD of the reactor noise-equivalent source.

For frequencies much larger than delayed neutron decay constants

Gy

where

7 42 7 2
v Fll1 v  F I*w

= 2(V)2 XFR {1 + — + . sy L€ ¢ , (A.5)

Ve

XR  FI? XR(V)!  FI? XR(v)?

v(v-1)/(v)?;

factor that corrects point kinetics for global

spatial effects; R = I? /(I)?

average importance of a neutron from reactor fission,
252Cf fission, and inherent source fission respectively;

reactor fission rate, ?%2Cf fission rate, and
inherent source fission rate respectively;

average number of prompt neutrons per reactor fission, per
?52Cf fission, and per inherent source fission
respectively;
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Ge=2wr xR ;46

X} = modifiéd,neutfon dispérsipn hpmber défiﬁéd by
Eqs. (A.5) and (A.6); '

v o (28 -p)
(1 - B)v

B = effective total delayed;neutronifraction;

(k - 1)

p = reactivity = m ;

k = neutron multiplication factor;

e

Hg(w) = response of the reactor productlon rate to the
source at frequency w; and : -
Hg(w) = L (0> Xj for all i) for fundamental mode;
juA + (B - p)
i= |
A = neutron generation time;

Aj = delayed group i precursor decay constant.

The noise equivalent source, Eq. (A.5), was obtained using the Schottky
formalism as applied by Cohn.? The third and fourth terms in Eq. (A.5)
can become significant at low neutron-multiplication factors where the
denominator of each term (i.e., FI?); proéportional to the fission rate
in the system,. becomes: comparable to the value of F]_I1 or FCIC, the.
inherent and 2%2Cf source fission rates.respectively. If the ?%!Cf
source intensity is larger than the inherent source in the fissile-
material (such as 29%Pu); the third term will be small compared to the
fourth term. If the third term:of Eq. (A.5) becomes .significant, a
factor Ry, similar to R but for inherent source neutrons, should
multiply the numerator of this term. The validity of the-'noise
equivalent:-source based on the Schottky method as applied by Cohn has
been demonstrated by these experiments.. These experiments have shown
that the use of v ? in the fourth term on the right side-of Eq (A. 5)
results in keofg values that agree with calculations and independent
measurements (see Appendix M and Sect. 8).

The expression for G,;(w) is similar to Eq. (A.3). Using these spectral
densities, the ratio of spectral densities G¥,G;1/G,1G,3 is formed
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(* denotes complex conjugation).. For an ionization chamber and its
associated electronics detecting all of the fissions of 152Cf, and each
fission contributing the same to the total .signal wh11e rejecting the
pulses produced by a decay, then

Gl‘l = 2 l hl(w) FC ’
% —_ I ]
12 oY% Te 1 -k)
11Gyy fo s 5— TRX ko e

where X' ~ X.

With other inherent neutron sources (i),

F, = JRight side | sp
" |Eq. (A.7)

g, = Multiplication of all neutrons 1 _ Y (A.8)
R ™ Multiplication of Cf neutrons A _ A , . )

or

ccc FiIivi g
S = — . (A.9)
FIvA
ccec

The factor Y accounts for the effect of fissions induced by neutrons
from the inherent source contributing to G;; but not to Gyy or Gy,. If
not all of the !5!Cf fissions are counted in the detection system
electronics, then the fraction of Cf fissions counted, A, must be
introduced in the denominator of SR to account for the undetected
fissions of Cf producing neutrons which induce fissions in the system
that contr1bute to G237 but not to Gy, and G, ;.

When a multiplying system is far subcr1t1cal the power spectral density
of the noise equivalent source, Gg, must be modified to include X', a
modified form of the neutron dispersion number given by Eqs (A.5) and
(A.6). Then, (1 - k)/k is of the form

Cl G;(ZGIE/GIIGZJ (A 10)
I - c, GTZGIJ/GIIGZj




59

instead of

fee .
1 - k 12 “13 ‘
-c LA 3 | (A.11)
k Gy Gay _

where C, C,; and C, are constants involving parameters which are defined by
Eqs. (A.l1 — A.11), some of which depend on solution height.

If spatial modal effects are significant, the ratio of spectral
densities can be multiplied by a calculated spatial modal correction
factor M., which is the ratio of G¥3G13/G11Gy5, obtained from
fundamental mode only to that obtained with all modes present. This
factor can be calculated according to the methods of Verdu Martin

et ‘al.? and Verdu Martin for unreflected cylindrical geometries. An
alternate approach, which has been demonstrated,®:>® is to fit the data
to sums of modes and obtain the fundamental mode ratio directly from the
experimental data. R :
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APPENDIX B. ADDITIONAL DATA FROM STATIC MEASUREMENTS

This appendix presents some additional data from the static measurements.
The ratios of spectral densities for the various solution heights in the
static measurements as a function of frequency with a central source, as
well as some APSDs and CPSDs, are plotted in Figs. B.1-B.14. 1In some of
the plots, the upper limit of the frequency range for the ratio is
limited to eliminate extremely high points at very high frequency
(resulting from statistically low values of G23); the inclusion of

these data was not practical if the graphs were to meaningfully display
the data at 'low frequency. These statistically low values of G,; result
from the fact that the amplitude of G,, falls off faster with frequency
than that of Gy; or Gy; and the frequency range of the measurement
usually was chosen to measure G;;, or G;; to as high a.frequency as
possible. This effect can be seen in the CPSDs of Fig. B.3. All APSDs
and CPSDs are given in arbitrary units. : :
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APPENDIX C. PARAMETEkS FOR INTERPRETATION OF THE RATIO OF SPECTRAL
DENSITIES TO OBTAIN THE NEUTRON MULTIPLICATION FACTOR

Several parameters that appear in Appendix A Eqs. (A.1) through (A.11)
and that are used for interpretation of the ratio of spectral densities
to obtain the neutron multiplication factor can be independently
measured or obtained from measurements of others. The origins of these
parameters and their values are described below. Also, the sensitivity
of the interpretations to variations in these parameters is presented as
a function of kegf value.

The value of qa = 0. This results from the electronics associated with
the ?5Cf jonization chamber, which discriminates against the
contribution to the signal from alpha particle decay in the ionization
chamber. The value of q. is unity because the contributions to the
signal from all ?52Cf fissions are the same.

Since there is no significant inherent neutron source in the uranyl
nitrate solution comparable to the size of the ?51Cf source, the third
term in Eq. (A.5) is zero, and since more than 99.5% of the t52cf
spontaneous fission produces signals in channel 1 that are counted,
Y=A=SR=1.

The average number of neutrons per uranium fission was obtained by using
the fluxes from transport theory calculations and the ENDF/B-IV data! to
calculate the total number of neutrons per uranium fission. This
averaging accounts properly for the dependence of the average number of
heutrons per fission on the energy of the neutron inducing the fission.
Changing solution height resulted in less than a 0.2% change in the
value of the number of neutrons per fission, and the resulting average
number of neutrons per uranium fission was 2.426. The value of the
average number of prompt neutrons per fission, ¥, is 2.408

and was used for interpretation at all solution heights.

The number of delayed neutrons per uranium fission was calculated from
the delayed neutron yields, the delayed neutron effectivenessrfactors
obtained using the forward and adjoint fluxes from transport theory,?
and the delayed neutron spectra of Batchelor and McKhyder.?

The effective delayed neutron fraction calculated in this way is 0.0075.

The value of the Diven factor (X = v(v - 1)/v?) was obtained from the
measurements of prompt neutron multiplicities for uranium. Its value
does not depend significantly on the energy of the neutron inducing
fission, and varies only from 0.796 to 0.809 when the neutron energy
varies from thermal to 2 MeV.% The value of X used was 0.80.

The value of the number of prompt neutrons per ?%2Cf fission and its mean
square (V. and v.?) are from the measurements of prompt neutron
multiplicities of Spencer, Gwin, and Ingle,’® ve = 3.773 and ve? = 15.818.
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The neutron importance ratios I./I used for interpretation of the data
were obtained from the KENO®! code, which calculated the ratios directly.
The values of I./I are given in Table C.1 and plotted in Fig. C.1 as a
function of solution height with the source in the center and at the
bottom of the solution. Values of I./I, obtained from Monte Carlo
calculations, as a function of axial source position for solution
_heights of 15.2, 20.3 and 25.4 cm are given in Table C.2 and plotted in
Fig. €C.2. These calculations were done with the source ionization
chamber and the Lexan tube included in the geometry. of the calculation.

The value of the factor R, which is introduced into the point kinetics
equations to account for global spatial effects, was obtained from
fluxes obtained from transport theory calculations. The values are
tabulated in Table C.1 and plotted in Fig. C.3 for a variety of solution
heights with the source at the vertical center of the fuel solution and
also on the bottom of the solution. For a fixed solution height the
value of R does not depend significantly on the location of the

252Cf source. The largest dependence in the value of R on the source
location for a fixed solution height was a change in R of 0.35%; while
the values of R varied from 1.063 to 1.149 as the solution height varied
from 4 to 30.5 cm, which is a total variation of -8%.

Table C.1. Parameters I./I and R used to interpret the ratio of spectral
densities as ‘a function of solution height

Importance ratio, I./I? for

“Solution source locations at Spatial effects factor, Rb
height Height (cm) for source locations at
(cm) Bottom Center 2.5 5.1 7.6 Bottom  Center
30.5 0.511 1.74 0.904 1.186 1.43 - " 1.149
27.9 0.595 1.72 - - - 1.149 -
25.4. 0.615 1.67 0.980 1.250 1.570 1.145 1.143
20.3 0.698 1.55 1.096 1.330 1.490 1.135 1.135
15.2 0.789 1.43 1.184 1.437 1.432 1.122 1.124
12.7 0.814 - - - - 1.114 -
10.2 . 0.842 1.28 1.242 1.285 1.044 1.103 1.104
6.5 0.862 - - - - 1.082 -
4.0 0.806 - - - - 1.063 -

8Values of I./I are from Monte Carlo calculations. Monte Carlo
results have a precision of ~3%. Heights are distance above bottom of the
tank.

bcalculated using transport theory.
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Fig. C.l1. Ratio of neutron importance I./I as a function
of height of uranyl nitrate solution in a 25.1-cm ID cylindrical
tank with the source at the bottom of the tank.

The sensitivity of the neutron multiplication factor obtained from the
ratio of spectral densities to the various parameters, P;, used in the
equations was determined by calculating the percentage change in kggf
for a 10% increase in the various parameters. The sensitivity
coefficients, (Ak/k)/(AP;/P;), along with estimates of the uncertainty
in the parameters, are given in Table C.3. At high values of kgfg
(0.95), a 10% change in any parameter changes the Ak/k values by ~0.004
at most. At low kegf values (0.35), a 10% increase in the parameter
changes the Ak/k values from 0.021 to 0.143. The higher the keff values
the less precisely the parameters have to be known to determine the keff
values to a given precision. Conversely, to obtain the keff value at
very low values, the parameters have to be known more accurately. 1In
practical applications of this method the accuracy requirements of the
method are less at lower kegf values.
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Table C.2. 1I./I from Monte Carlo calculation as a function of axial
source position for solution heights of 15.2, 20.3 and 25.4 cm

Axial
position
of Cf Importance ratio, IC/I,b for solution height of
source? -
(cm) 15.2 cm 20.3 cm 25.4 cm
25.4 - - 0.375
24.1 - - 0.555
22.9 - - 0.770
20.32 - 0.432 1.064
19.1 - - 0.641 -
17.8 - 0.832 , 1.340
16.5 - - -
15.2 0.499 _ 1.208 1.519
14.0 0.743 - -
12.7 . 0.951 1.430 1.675
10.2 1.280 1.550 1.626
7.6 1.432 1.490 1.566
5.1 1.437 1.330 1.254
2.5 .1.184 1.096 0.980
1.3 0.984 0.894 0.836
0 -0 0.698 0.615

.789

8Height above bottom of tank.
bAll values from Monte Carlo calculations. Precision on the
ratios is ~3%. ‘
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Fig. C.2. Ratio of importance I./I as a function
of axial location of the source for solution heights
of 15.2, 20.3, and 25.4 cm.
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Fig. C.3. Global spatial correction factor R as
a function of height of uranyl nitrate solution in a
25.1-cm~-ID cylindrical tank.

Table C.3. Sensitivity of kgff to parameters used in interpretation
of the experimental data for various keff values

Sensitivity coefficient? in percent for keff
values of

Parameter, (PD) 0.95 0.90 0.81 0.72 0.53 0.35
Ratio -0.42 -1.03 =-2.70 -4.97 -14.80 -36.10
I./1 0.42 1.00 1.85 3.04 6.27 11.50
R, X, v -0.42 -1.00 -1.84 -2.62 -4.56 -6.02
Ve 0.42 1.23 2.83 5.45 16.50 41.00
ve? 0 -0.11  -0.62 -1.66 -7.79  -23.50
Boff <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

8Calculated assuming a 10% increase in the parameter P. Values
tabulated are the percentage change in Ak/k for a 10% change in the
parameter P.
bThe estimates of the actual uncertainties in the parameters are
0.25% for X, 1% for R, 1.7% for B, 0.1%Z for v, |7 for Ic/1, 0.4% for v,
and 0.2% for v.'.
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APPENDIX D. CALCULATED NEUTRON MULTIPLICATION FACTORS

The neutron multiplication factors were calculated using the Monte Carlo
method with the KENO code and Hansen-Roach!:? and.ENDF/B-IV) cross
sections. The calculations included the source and its-Lexan tube and
the reflection effect of the scintillation detectors as located in the
measurements. The results of these calculations are given in Table D.1.
The calculated reflection of the scintillation detectors is a slight
increase (~0.005) and is approximately equal to the .statistical error in
the calculations. The kgff values using the ENDF/B-IV data were
consistently higher than those from Hansen-Roach cross sections by an
average of 2% in kgfgg. The calculated kgee values with the Hansen-Roach
cross sections are in better agreement with the experimental values.

Table D.l. Neutron multiplication factors from Monte Carlo
calculations with Hansen—-Roach cross sections

Calculated neutron multiplication factors®

ENDF/B-IV
Solution Hansen-Roach cross sections 27 group.
height Source and Source No source, No source,
(cm) scintillatorsP only® no scintillatorsd no scintillatorsd
30.48 0.949 | 0.950 0.963 0.982
27.9 0.939 - 0.916 - -
25.4 0.894 0.896 0.902 0.938
24.0 0.897 - - -
22.9 0.867 0.870 - -
22.0 0.862 - - -
20.4 0.844 0.831 0.841 0.868
15.2 0.721 0.721 0.741 0.763
10.2 0.553 0.547 0.544 0.574
5.08 - 0.241 0.249 0.256

8Statistical error is ~0.005. All calculations included the
bottom, sides, and top of the tank. Where the source was included in
the calculation, the 2.54-cm-0OD Lexan tube was included in the
calculation. As a result, with the source located at any height of
solution the Lexan tube displaced solution on the axis of the cylinder
above the source position.

bSource located at the bottom of the tank and the scintillators as
in Fig. 6 were included in the calculation.

CSource at the center of solution height on the axis of the tank
was included in the calculation. \
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APPENDIX E. REACTIVITY EFFECT OF THE DETECTORS

The reactivity effect of the scintillation detectors as positioned in
the dynamic measurements was estimated from experiments, and the results
are given in Table E.]l. The reactivity effect of the scintillators was
obtained experimentally from changes in the neutron count rate and from
measured ratios of spectral densities obtained from He proportional
counters as the scintillators were added. Measurements were also
performed with the scintillators upright in contact with the surface of
the tank (in this case, one 15.2 x 15.2 x 10.7 cm scintillator in each
pair was above the other and in contact with the experimental vessel).
This location of detectors is similar to that of Fig. 6 (p.10) but with
each adjacent pair of detectors rotated 90°. These results are given in
Table E. 1.

The change in neutron count rates in external ’He proportional counters
before and after the scintillators were in place was measured when the
scintillators were added to a system with a central source and a
solution height of 25.4 cm. The average increase in the neutron count
rates was 24%. Since the kggf value for this solution height is 0.91,
then from this change in the count rate, the increase in keff resulting
from the addition of the scintillators is estimated to be 0.018 with the
detectors upright and in contact with the experimental vessel. This
evaluation assumes that the detection efficiency of the 3He proportional
counters used for this measurement is not changed by the addition of the
scintillators. The reactivity effect of the scintillators upright and
in contact with the experimental vessel can also be obtained from the
change in the ratio of spectral densities when the scintillators are
added to a system with a solution height of 25.4 cm. This change in
ratios was 17% and indicates that the change in kegr is 0.015.

The low-reflection effect of these scintillators, which contain
considerable plastic, is due to the location of the °Li glass adjacent
to the experimental vessel with the plastic scintillator part of the
detector separated from the experimental vessel by the ®*Li glass.
Thermal neutrons leaking from the experimental vessel are absorbed by
the ®Li glass. Most of the fast neutrons leakingbfrom the experimental
vessel pass through the fLi glass and are slowed down in the plastic.
The slow neutrons that are reflected back toward the experimental vessel
are absorbed in the ®Li. These estimates are for the scintillation
detectors upright and in contact with the experimental vessel.

In the dynamic noise analysis measurements, the fLi~glass-plastic
scintillators were 2.54 cm from the experimental vessel and were located
as shown in Fig. 6, with their centers 8 cm above the bottom of the tank.
For this configuration with solution heights lower than 15 cm, the
thermal neutrons reflected back to the solulion were absorbed by the fLi.
However, for solutions with heights greater than the height of the
detectors, thermal neutrons reflected back toward the vessel and above
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Table E.l1. Summary of reaétivity effects of the *Li-glass-plastic
scintillators from several measurements

Detector-source—-system Without With Ak?2
configuration scintillators scintillators
Detectors upright against Count rate Count rate 0.018

experimental vessel with = 4644 cps = 5785 cps

solution height of 25.4 cm
with source height of

12.7 cm
Detectors upright against Ratiob = Ratio = 0.015
experimental vessel with 0.197 0.164

solution height of 25.4 cm
with source height of
12.7 cm

Detectors as shown in Ratio Ratio = 0.015
Fig. 6., 2.5 cm back from 0.178 0.148

the experimental vessel

for a solution height of

25.4 cm and source height

of 7.62 cm i

Detectors as shown in Ratio Ratio = . 0.014
Fig. 6., 2.5 cm back from 0.158 0.134

the experimental vessel

for a solution height of

25.4 cm and source height

of 5.1 cm

Detectors as shown in Ratio Ratio = 0.013
Fig. 6., 2.5 cm back from 0.162 0.142

the experimental vessel

for a solution height of

20.3 cm and source

height of 0 cm

8A11 estimates based on keff of 0.91 for a solution height of
25.4 cm.
bRratio designates the ratio of spectral densities.
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the *Li glass of the front face of the detectors could reenter the
solution and produce fissions. 1In this case, the change in keggg due to
the location of the scintillators, obtained by comparing how the ratios
of spectral densities measured with ’He detectors changed when the
scintillators were located as shown in Fig. 6, was 0.014, which was an
average of three measurements (0.015, 0.014, and 0.013).

The reactivity effect of the ’He proportional counters was negligible
since they are thin-walled aluminum, filled with ’He gas.
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Dynamic measurements were also performed with the Cf source at axial
positions other than on the bottom of the tank, namely 2.5, 5.1, and

7.6 cm from the bottom of the tank and on the axis of the cylinder.
Experiments were performed while the vessel was filled and drained, and
the results are presented in Tables F.1 through F.4. The keff values
given in the tables assumed a point kinetics interpretation of the data.
For low solution heights, the source locations for these experiments
produce modal effects in the measurements, and modal corrections must be
included to obtain the proper Kkeofg values. These modal effect
corrections have not been included in this interpretation of the data.
Thus, the differences in kegf values obtained from those given
previously in this report are estimates of the magnitude of modal
effects on the ratio of spectral densities and kgff values. As in the
measurements with the source at the bottom of the solution, the results
do not depend on whether the vessel was filled or drained. The ratios
of spectral densities are also plotted as a function of frequency in
Figs. F.l through F.3. The squares of the coherences, Y{, and

Y}s, at low frequency are plotted in Fig. F.4. The values of

Y{, at low frequency are generally larger with the source closer to the
center while those of Yi; do not depend significantly on source position.
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Table F.l. Ratios of spectral densities at low frequency and
neutron multiplication factors for dynamic measurements
while filling the experimental vessel with the source
2.5 cm from the bottom of the vessel

o Solution Ratio of keffg from ratio
Time? heightb spectral - of spectral
(h:m:s) (cm) - densities® » densitiesd

17:01:36  10.92 0.489 * 0.002  0.606 * 0.003
17:03:18 12.17 0.446 ¥ 0.002  0.659 ¥ 0.002
17:05:00 13.58 0.404 ¥ 0.001 0.704 ¥ 0.002
17:06:42 14.93 0.360 ¥ 0.001 0.747 * 0.001
'17:08:24 16.33 0.320 ¥ 0.001 0.782 ¥ 0.001
17:10:06 17.75 0.280 % 0.001 0.814 £ 0.001
17:11:48 19.19 0.243 ¥ 0.001 0.841 ¥ 0.001
17:13:30  20.63 0.207 ¥ 0.001 0.866 % 0.001
17:15:12 22.02 0.179 ¥ 0.001  0.884 * 0.001
17:16:53 23.55  0.152 £'0.001  0.900 * 0.001
17:18:35 25.01 0.123 ¥ 0.001 0.918 % 0.001
17:20:17 26.48 0.100 % 0.001 0.933 ¥ 0.001
17:21:59 27.93 0.080 % 0.001 0.946 ¥ 0.001
17:23:40 28.78 0.070 ¥ 0.001 0.952 ¥ 0.001
17:25:21 28.78 0.068 ¥ 0.001 0.953 ¥ 0.001

aEnd of a measurement time interval of ~102 s over which the
data were averaged and the interpreted results displayed on a
computer terminal. This time does not correspond to the average
height during the measurement interval, but to the height at the
end of the interval. The time which corresponds to the average
height can be obtained by averaging the time listed with the time at
the end of the previous interval. The number of points per data
block was 1024, and the number of data blocks averaged in ~102 s was
20,000 with a sampling rate of ~200 kHz. ‘

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation of
the mean. The ratio of spectral densities was averaged up to a
frequency of 10 kHz for heights <20 cm, 6 kHz for heights between 20
and 25 cm, and 2 kHz for height of >25 cm.

dThese values are not corrected for modal effects. Estimates of
the correction can be obtained by comparing these values with those
for the source at the bottom of the tank. The uncertainty in kggf is
from the statistical uncertainty in the ratio of spectral densities
only.
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Table F.2. Ratios of spectral densities at low frequency and.
neutron multiplication factors for dynamic measurements while
‘draining the experimental vessel at a rate of ~12 cm/min
with the source 2.5 cm from the bottom of the vessel

Solution Ratio of . keffg from ratio
Time?2 heightP spectral of spectral
(h:m:s) (cm) densities® densitiesd
17:27¢26  28.78 0.072 ¥ 0.001 0.950 ¥ 0.001
17:27:32 28.78 0.063 ¥ 0.002 0.957 ¥ 0.002
17:27:38  28.78 0.063 £ 0.002 0.957 ¥ 0.002
17:27:44 28.78 0.063 £ 0.003  0.957 ¥ 0.002
17:27:50 28.78 0.068 ¥ 0.001 0.954 ¥ 0.001
17:27:57  28.78 0.068 ¥ 0.001 0.953 £ 0.001
17:28:05 28.78 0.067 £ 0.003  0.954 % 0.002
17:28:08 28.78 0.066 ¥ 0.006  0.955 ¥ 0.005
17:28:14 28.04 0.077 * 0.000 0.948 ¥ 0.001
17:28:21 26.85 0.097 ¥ 0.005 0.934 ¥ 0.003
{
17:28:27 25.54 0.115 ¥ 0.001 0.923 ¥ 0.001
17:28:33 24.24 0.136 ¥ 0.003  '0.911 ¥ 0.002
17:28:40 22.76 0.167 ¥ 0.003 0.892 ¥ 0.002
17:28:46 21.49 0.185 % 0.003 0.881 ¥ 0.002
17:28:52 20.43 0.208 * 0.003 0.866 ¥ 0.002
17:28:59 19.19 0.240 * 0.003 0.844 * 0.003
17:29:05 17.96 0.257 ¥ 0.005 0.833 ¥ 0.004
17:29:12 16.55 0.310 % 0.004 0.791 * 0.003
17:29:18 14.55 0.344 * 0.004 0.765 % 0.004
17:29:24 12.95 0.388 £ 0.002  0.724 * 0.002
17:29:30 12.17 0.410 ¥ 0.006 0.701 ¥ 0.006
17:29:37 11.20 0.455 ¥ 0.007 0.650 ¥ 0.009
17:29:43 10.44 0.462 * 0.009 0.643 ¥ 0.011
17:29:49 10.20 0.515 ¥ 0.010 0.569 ¥ 0.015
17:29:56 10.12 0.506 ¥ 0.010 0.582 ¥ 0.016
17:30:03 10.12 0.510 ¥ 0.011 0.578 ¥ 0.017
17:30:10 10. 14 0.519 * 0.007 0.563 ¥ 0.010
17:30:17 10. 14 0.548 ¥ 0.012 0.517 ¥ 0.021
17:30:21 10.15 0.513 ¥ 0.017 0.572 * 0.026
17:30:27 10.16 0.495 ¥ 0.008 0.599 ¥ 0.012
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Table F.2 (contihued)

Solution Ratio of keff from ratio ’
Time? heightP spectral - of spectral
(h:m:s) - (cm) densities® densitiesd
17:30:34 10.16 0.521 ¥ 0.008 0.561 ¥ 0.012
17:30:41 10.15 0.517 ¥ 0.015 0.567 £ 0.023
17:30:48 10. 14 0.494 ¥ 0.009 0.600 ¥ 0.014
17:30:55 10. 14 0.523 ¥ 0.007 - 0.558 ¥ 0.012

3End of a measurement time interval of ~6.4 s over which
the data were averaged and the interpreted results displayed on
a computer terminal. This time does not correspond to the
average height during the measurement interval, but to the
height at the end of the interval. The time which corresponds
to the average height can be obtained by averaging the time
listed with the time at the end of the previous interval. The
number of points per data block was 256, and the number of data
blocks averaged in ~6.4 s was 5000 with a sampling rate of
~200 kHz

Average helght of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

cAverage value during the time interval of the measurement.
The statistical uncerta1nty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to
a frequency of 10 kHz for heights <21 cm, 6 kHz for heights of
22 to 25 cm, and 2.5 kHz for heights of >25 cm.

dThese values are not corrected for modal effects.
Estimates of this correction can be obtained by comparing these
values with those for the source at the bottom of the tank. The
uncertainty in kegg is from the statistical uncertainty in the
ratio of spectral densities only.
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Table F.3. Ratios of spectral densities at low frequency and
neutron multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of ~16 cm/min
with the source 5.1 cm from bottom of the vessel

Solution Ratio of kegg from ratio
Timed height? spectral , of spectral
(h:m:s) (cm) densities® densitiesd
11:00:53 29.21 0.077 ¥ 0.003 0.962 ¥ 0.0018
11:00:59 29.21 0.082 ¥ 0.004 0.959 ¥ 0.0019
11:01:05 29.21 0.078 ¥ 0.000 0.962 ¥ 0.0003
11:01:11 29.21 0.076 ¥ 0.003 0.963 ¥ 0.0017

11:01:17 29.21 0.083 ¥ 0.001  0.959 ¥ 0.0006
©11:01:23 29.21 0.072 ¥ 0.001 0.965 * 0.0004
11:01:29 29.21 0.085 ¥ 0.004 . 0.958 ¥ 0.0021
11:01:35 29.21 0.077 ¥ 0.002 0.962 ¥ 0.0012
11:01:42 29.17 0.086 * 0.002 0.958 ¥ 0.0012
11:01:49 28.80 0.078 £ 0.001 0.962 ¥ 0.0004
11:01:56 27.75 0.089 ¥ 0.002 0.957 ¥ 0.0008
11:02:02 26.03 0.115 * 0.006 0.944 ¥ 0.0035
11:02:08 24.42 0.158 ¥ 0.002  0.921 * 0.0014
11:02:14 22.83 0.189 ¥ 0.003 0.904 ¥ 0.0018
11:02:20 20.93 0.229 ¥ 0.005 0.882 * 0.0033
11:02:27 - 18.73 0.291 ¥ 0.004 0.843 ¥ 0.0027
11:02:34 16.57 0.325 ¥ 0.005 .0.823 ¥ 0.0042
11:02:40 15.06 0.410 ¥ 0.008 0.753 * 0.0079
11:02:46 13.26 0.422 * 0.005 0.736 ¥ 0.0046
11:02:52  11.23 0.504 ¥ 0.012 0.632 * 0.0162
11:02:58  10.10 0.509 ¥ 0.011 0.617 ¥ 0.0149
11:03:04 9.80 0.541 T 0.009 0.570 ¥ 0.0139
11:03:10 9.77 0.517 * 0.020 0.605 ¥ 0.0299
11:03:16 9.75 0.534 % 0.010 0.580 ¥ 0.0148
11:03:22 9.77 0.542 ¥ 0.007 0.568 ¥ 0.0110
11:03:28 9.75 0.518 ¥ 0.019 0.603 % 0.0281
11:03:35 9.77 0.499 ¥ 0.011 0.630 ¥ 0.0145
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Table F.3 (continued)

Solution Ratio of ’ keff from ratio
Time? heightb spectral of spectral

(h:m:s) (cm) densities® densitiesd
11:03:41 '9.78 - 0.531 ¥ 0.008 0.584 ¥ 0.0120
11:03:47 9.78 0.541 * 0.009 0.569 ¥ 0.0136
11:03:52 9.78 0.529 ¥ 0.009 0.587 ¥ 0.0133
11:04:08 9.78 0.537 ¥ 0.013 0.576 ¥ 0.0206
11:04:14 9.78 0.553 ¥ 0.007 0.551 ¥ 0.0118
11:04:21 9.78  0.538 * 0.011  0.574 ¥ 0.0168

8End of a measurement time interval of ~6.4 s over which the
data were averaged and the interpreted results displayed on a
computer terminal. This times does not correspond to the average
height during the measurement interval, but to the height at ‘the
end of the interval. The time which corresponds to the average
height can be obtained by averaging the time listed with the time
at the end of the previous interval. The number of points per data
block was 256, and the number of data blocks averaged in ~6.4 s
was 5000 with a sampling rate of ~200 kHz.

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to a
frequency of 10 kHz for heights <20 cm, 6 kHz for heights of 20
to 25 cm, and 2.5 kHz for heights of >25 cm. ' '

dThese values are not corrected for modal effects. Estimates
of this correction can be obtained by comparing these values with
those for the source at the bottom of the tank. The uncertainty in
keff is from the statistical uncertainty in the ratio of spectral
densities only.
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Table F.4. Ratios of spectral densities at low frequency and
neutron multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of 23 cm/min
with the source 7.6 cm from the bottom of the vessel

Solution Ratio of keff from ratio
Time? heightb spectral of spectral
(h:m:s) (cm) densities® densitiesd
11:36:40 29.24 0.092 ¥ 0.002 0.959 * 0.001
11:36:50 29.24 0.087 ¥ 0.002 0.960 % 0.001
11:37:00 29.24 0.091 % 0.002 0.958 ¥ 0.001
11:37:10 29.24 0.091 % 0.002 0.958 £ 0.001
11:37:20 28.41 0.104 % 0.002 0.952 ¥ 0.001
11:37:30 26.29 0.153 ¥ 0.003 0.931 ¥ 0.002
11:37:40 23.38 0.216 £ 0.003 0.898 ¥ 0.002
11:37:50 19.90 0.291 ¥ 0.003 0.844 ¥ 0.002
11:38:00 16.80 0.368 ¥ 0.004 0.779 % 0.003
11:38:10 14.07 0.421 ¥ 0.005 0.728 ¥ 0.005
11:38:20 11.68 0.480 ¥ 0.008 0.663 £ 0.010
11:38:30 10.47 0.510 ¥ 0.012 0.624 ¥ 0.017
11:38:40 10. 14 0.465 ¥ 0.008 0.682 * 0.010
11:38:50 10. 14 0.481 * 0.008 0.662 ¥ 0.010
11:39:00 10.14 0.517 * 0.010 0.615 ¥ 0.014
11:39:10 10. 14 0.495 ¥ 0.008 0.645 £ 0.010
11:39:20 10.14 0.487 ¥ 0.009 0.654 ¥ 0.012
11:39:30 10.14 0.540 £ 0.011 0.581 ¥ 0.017
11:39:39 10. 14 0.507 ¥ 0.009 0.628 ¥ 0.013

8fnd of a measurement time interval of ~10 s over which the
data were averaged and the interpreted results displayed on a
computer terminal. This time does not correspond to the average
height during the measurement interval, but to the height at the
end of the interval. The time which corresponds to the average
height can be obtained by averaging the time listed with the
time at the end of the previous interval. The number of points
per data block was 256, and the number of data blocks averaged
in ~10 s was 1000 with a sampling rate of ~50 kHz.

Average height of solution during the time interval of the
measurements, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to
a freguency of 5 kHz.

These values are not corrected for modal effects.
Estimates of this correction can be obtained by comparing these
values with those for the source at the bottom of the tank. The
uncertainty in kggf is from the statistical uncertainty in the
ratio of spectral densities only.
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APPENDIX G. ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS WITH THE
EXPERIMENTAL VESSEL FILLING AT A RATE OF 1 CM/MIN

This appendix presents some additional data from dynamic measurements
with the experimental vessel filling at a rate of 1 cm/min. The ratios
of spectral densities as a function of frequencies for various heights
in this filling as well as some APSDs and CPSDs are plotted in

Figs. G.1 through G.16. Table G.l lists the interpretation of the
dynamic measurement performed on-line during this filling of the vessel.
The values in this table are different from those in Table 9

(Sect. 7.1), since the parameters used in the interpretation were
slightly different and average ratios of spectral densities up to 5 kHz
were used for all solution heights in the on-line interpretation.
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Table G.1. On-line ratios of spectral densities at low
frequency and neutron multiplication factors for dynamic
measurements while filling the experimental vessel at
a rate of 1 cm/min

Solution Ratio of . koff from ratio
Time? heightb spectral of spectral

(h:m:s)’ (cm) densities® densitiesd
14:47:04 6.45 0.572 * 0.009 0.300 ¥ 0.020
14:48:46 6.46 0.560 £ 0.010 0.325 ¥ 0.020
14:50:29  6.46 0.553 £ 0.006 0.339 ¥ 0.013
14:52:12 6.61 0.558 £ 0.009 0.326 ¥ 0.018
14:53:53 7.36 0.552 ¥ 0.006 0.345 ¥ 0.013
14:55:34 8.50 0.517 * 0.006 0.417 ¥ 0.011
14:57:16 9.88 0.462 ¥ 0.002 0.511 ¥ 0.006
14:58:58 11.44 0.414 * 0.002 0.586 ¥ 0.003
15:00:39 13.08 0.357 ¥ 0.002 0.657 ¥ 0.002
15:02:20 14,75 0.298 * 0.001 0.723 ¥ 0.001
15:04:02 16.54 0.247 ¥ 0.001 0.774 ¥ 0.001
15:05:44 18.36 0.202 ¥ 0.001 0.815 ¥ 0.001
15:07:25 20.17 0.167 ¥ 0.001 0.845 * 0.001
15:09:06 22.01 0.134 % 0.001 0.872 * 0.001
15:10:47 23.84 0.106 % 0.001 0.896 ¥ 0.001
15:12:29 25.70 0.082 % 0.001 0.917 £ 0.001
15:14:11 27.59 0.061 ¥ 0.001 0.935 ¥ 0.001

8End of a measurement time interval of ~102 s over which
the data were averaged and the interpreted results displayed
on a terminal. This time does not correspond to the average
height during the measurement interval, but to the height at
the end of the interval. The time that corresponds to the
average height can be obtained by averaging the time listed
with the time at the end of the previous interval.

bAverage height of solution during the time interval of
the measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measure-
ment. The statistical uncertainty given here is one standard
deviation of the mean. The ratio of spectral densities was
averaged up to a frequency of 5 kHz. The number of points per
data block was 1024, and 20,000 data blocks were averaged in
~102 s with a sampling rate of ~-200 kHz.

dThe uncertainty in kggg is from the statistical
uncertainty in the ratio of spectral densities only.
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APPENDIX H. ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS WITH THE
EXPERIMENTAL VESSEL DRAINING AT A RATE OF 3 CM/MIN

This appendix presents additional data from dynamic measurements with
the experimental vessel draining at a rate of 3 cm/min. Typical ratios
of spectral densities as a function of frequencies for various heights
in this draining are plotted in Fig. H.l. Table H.l lists the
interpretation of the dynamic measurement that was performed on-line
during this draining of the vessel. The values in this table are
different from those in Table 10 (Sect. 7.2) since the parameters used
in the interpretation were slightly different and average ratios of
spectral densities up to 5 kHz were used for all solution heights in the
on-line interpretation.
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Table H.1l. On-line ratios of spectral densities at low frequency
and neutron multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of ~3 cm/min

Solution Ratio of keff from ratio

Time? heightb spectral of spectral
(h:m:s) (cm) ‘ densities® densitiesd
14:22:32 29.25 0.047 * 0.002 0.947 * 0.003
14:22:44 29.26 0.044 ¥ 0.001 0.951 ¥ 0.002
14:22:57 29.25 0.045 ¥ 0.001 0.949 * 0.001
14:23:10 28.96 0.050 £ 0.002 0.945 ¥ 0.002
14:23:22 28.36 0.058 ¥ 0.002 0.936 ¥ 0.002
14:23:35 27.67 0.060 ¥ 0.002 0.936 ¥ 0.003
14:23:48 27.00 0.073 ¥ 0.003 0.923 ¥ 0.003
14:24:01 26.34 0.075 ¥ 0.000 0.923 ¥ 0.001
14:24:13 25.62 0.081 % 0.001 0.918 ¥ 0.002
14:24:26 24.88 0.091 * 0.002 0.910 ¥ 0.002
14:24:39 24.22 0.099 * 0.001 0.902 ¥ 0.001
14:24:52 23.57 0.109 * 0.002 0.895 ¥ 0.002
14:25:05 22.86 0.124 % 0.005 0.881 ¥ 0.005
14:25:17 22.19 0.132 ¥ 0.002 0.874 * 0.002
14:25:29 21.54 0.148 £ 0.003 0.859 ¥ 0.003
14:25:42 20.85 0.152 ¥ 0.005 0.858 ¥ 0.005
14:25:55 20.19 0.169 ¥ 0.002 0.843 ¥ 0.002
14:26:07 19.56 0.185 ¥ 0.005 0.828 ¥ 0.005
14:26:20 18.87 0.193 ¥ 0.003 0.822 ¥ 0.003
14:26:34 ~18.19 0.212 * 0.003 0.805 % 0.003
14:26:46 17.54 0.233 ¥ 0.001 0.796 * 0.002
14:26:58 16.92 0.253 £ 0.004 0.766 ¥ 0.005
14:27:11 16.28 0.266 ¥ 0.003 0.754 * 0.003
14:27:23 15.66 0.290 ¥ 0.002 0.730 % 0.003
14:27:36 15.05 0.298 £ 0.004 0.724 * 0.005
14:27:49 l4.44 0.323 ¥ 0.004 0.696 £ 0.006
14:28:02 13.78 0.344 * 0.008 0.671 ¥ 0.010
14:28:15 13.12 0.359 ¥ 0.007 0.655 ¥ 0.010
14:28:28 12.48 0.392 * 0.011 0.613 ¥ 0.01l6

0.397 * 0.006 0.609 * 0.008

14:28:40 11.85
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Table H.1l (continued)

Solution Ratio of keff from ratio

Time? heightP spectral of spectral
(h:m:s) ~ (cm) densities® densitiesd

14:28:52 11.27 0.421 ¥ 0.015 0.577 ¥ 0.022
14:29:06 10.63 0.444 ¥ 0.014 0.545 ¥ 0.021
14:29:18 9.99 0.445 £ 0.006 0.544 * 0.009
14:29:30 9.32 0.476 £ 0.006 0.493 ¥ 0.010
14:29:43  8.75 0.480 * 0.016 0.483 * 0.028
14:29:55 8.26 0.509 ¥ 0.013 0.431 £ 0.023
14:30:08 7.63 0.554 ¥ 0.011 0.341 ¥ 0.024
14:30:21 7.05 0.599 ¥ 0.009 0.242 ¥ 0.022
14:30:34 6.63 0.574 £ 0.027 0.296 £ 0.061
14:30:47 6.46 0.526 £ 0.031 0.393 £ 0.062
14:30:59 6.45 0.583 ¥ 0.011 0.275 ¥ 0.024
14:31:11 6.45 0.550 ¥ 0.022 0.344 * 0.046
14:31:24 6.45 0.568 ¥ 0.020 0.307 % 0.045
14:31:37 6.46 0.549 ¥ 0.027 0.347 ¥ 0.056

8FEnd of a measurement time interval of ~12.8 s over which
the data were averaged and the interpreted results displayed on
a computer terminal as the solution was drained. This time
does not correspond to the average height during the
measurement interval, but rather to the height at the end of
the interval. The time which corresponds to the average height
can be obtained by averaging the time listed with the time at
the end of the previous interval.

bAverage height of solution during the time 1nterval of
the measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard
deviation of the mean. The ratio of spectral densities was
averaged up to a frequency of 5 kHz. The number of points per
data block was 256, and 10,000 data blocks were averaged in
~12.8 s at a sampling rate of 200 kHz.

dThe uncertainty in kgoff is from the statistical
uncertainty in the ratio of spectral densities only.
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APPENDIX I. ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS WITH THE
EXPERIMENTAL VESSEL DRAINING AT A RATE OF 5 CM/MIN

This appendix presents additional data from dynamic measurements with
the experimental vessel draining at a rate of 5 cm/min. Typical ratios
of spectral densities as a function of frequencies for various heights
in this draining are plotted in Fig. I.l. Table I.l lists the
interpretation of the dynamic measurement that was performed on-line
during this draining of the vessel. The values in this table are
different from those in Table 11 (Sect. 7.2) since the parameters used
in the interpretation were slightly different, and average ratios of
spectral densities up to 5 kHz were used for all solution heights in the
on-line interpretation.

155



t
Ratio of Spectral Denaiues.lc,, Gys/Gyy Gas |

~

. 4
Ratio of Spectral Densities.‘l(},z G,3/Gyy G,-,j

B.15[ Tt T TTUTTTYTTTTTUTT T T T T TrTTTT T T ITTITTIT O
Draining Rate = 5 cu/min
Solution Height = 28.88 ca
Time = 16:10338
8. 10+ 4
B.25) 'flw \ /
[ N .| SRS NS U SR SN UURD VAN [ (SN (POouunas IS RSN S R P S P
187 104 1a°
Frequency (Hz)
8.25 T T T T T T T T T T T T
Draining Rate = 5 cm/min
Solution Height = 26.45 cm )
8.20 Time = 16:11:39- —
8. 15} -
9.18 .
8.05— .
0.00 ! TR R S B B B | 1 1 R S
103 104 189

Frequency (Hz)

Fig. I.l. Ratios of spectral densities as a function of frequency

Frequency (Hz)

draining rate of 5 cm/min at various solution heights.

—..-020—‘_ T T T 1T T T U T 11
L. .

© Draining Rate = 5 cm/min

ot Solution Height = 28.65 cm

2 Time = 16:11:08

-

o 0.15 —
~
*s

o

[ 1)

-l

8 o.19F .
a

<

[

[=]

-

o

5

g 0.05- —
Q.

(7]

L2

°

o Ty

wd

4 .08 1 [ N S A 11
= 100 w0 109

Frequency (Hz)

- 8.5 T — T T T T T T
o~

)

ot Draining Rate = 5 cm/min

Q Solution Height = 23.72 cm

o 0.4F Time = 16:12:13 7]
o .

> .
*S

o 0.3 -1
)

-t

o

-d

[/]

b

@ .

a o.21- _
-

]

1 9

Fed

[4]

[

& 8.1 -
L7

o

o

be)

o 0.9 1 [ A | 1
3 104 10°

96T



[~]
.
w

T TTTTg

Draining Rate = 5 cm/min
Solution Height = 20.41 cm
Time - 16:12:47

8
-~
T

]

.

w
!

s
N
T

—_—

<]
[
T

*
Ratio of Spectral Densitiea.lc,, G,,/Gyy G,,|
(]
=

[ B B A |

) I S I '}
183 104 18°
Frequency (Hz)

no.ST T T T T T T

o~

o

o . Draining Rate = 5 cm/min

. a4 Solution Height = 17.84 cm ]
S : Time = 16:13:14

~
x® -

O

o 8.3 -
]

-l

FS]

-4

] e

s - . ~——

Q p.2 ~ -
—-

o

1 9

>

[+

[

& e -
—

[e]

o

ot

ﬁﬂ.ﬂL_-__J____J__J 1l 1 [ S T A
= g3 104 18°

Frequency (Hz)

Fig. I.1

[

.

w
—

(]
.
N
!

5]
—
T
i

#*
Ratio of Spectral Denslties,IG,2 G,3/G,, Gas I

-
QQ
W

]

.

Lo
T

[

;

N
l

T 1 rr
Draining Rate = 5 cm/min
Solution Height = 19.72 cm
Time = 16:12:55
VA
1 1 I N O S | J
) 104 19°
Frequency (Hz)
2.8 T 1 T 1T T T T T
Draining‘Rate = 5 cem/min
,Solution Height = 14,48 cm
Time = 16:13:48 .
L1l 1
2).153 | I | W | g 165

*
Ratio of Spectral Densitiesj Gyz2 G13/Gia G,,I
()
»
T

Frequency (Hz)

(continued)

LST



#*
Ratio of Spectral Denslties.lc., G,4/Gyy Gz!l

-
S

L L R R B R R AR | T T T T _.' 1.2 T T T T T T
S
- Draining Rate = 5 cm/min
Draining Rate = 5 cm/min o . Solution Height = W cm
Solution Height = 8.06 cam S 1.0L ' i Tg:e - 12;?5321
2.8l Time = 16:14:51 N ey
o
*5 0.8
o
1)
o ) .
B.6F- ] 2.6 .
N 5 - J
\A -“3 2. 4 ’ :
b .
0.4 4 ©
y- -
D g2
Gt
(<]
. o
. ~t N
0.2l N S T B 1 1 1111 “;" g.oL__ 1 1 1 Lo 1l ! i t
103 10* 10° e 197 ‘ ‘ 104
Frequency (Hz) Frequency (Hz)
-2 T T TUT T T T T T Tl
~N
(&)
ol Draining Rate = 5 cm/min
Q .Solution Height = 7.55 cm
- 1.ar Time = 16:15:46 7
o

*
12

Ratio of Spectral Densities,IG

T T T

LI I B )

.\.

B2l Lo Ll

—
S
w

o1 1

Fre

Fig. I.

104
quency (Hz)

1 (continued)

86T



159

Table I.1. On-line ratios of spectral densities at low frequency
and neutron multiplication factors for dynamic measurements
while draining the experimental vessel at a rate of 5 cm/min

Solution Ratio of keff from ratio
Time? heightb spectral of spectral
(h:m:s) (cm) densities® densitiesd
16:10:36 28.88 0.049 % 0.002 0.945 ¥ 0.002
16:10:42 28.88 0.051 ¥ 0.002 0.944 ¥ 0.002
16:10:49 28.88 0.047 ¥ 0.001 0.948 ¥ 0.001
16:10:55 28.88 0.047 ¥ 0.002 0.948 ¥ 0.002
16:11:01 28.87 0.049 * 0.002 0.945 ¥ 0.002
16:11:08 28.65 0.051 ¥ 0.003 0.944 % 0.004
16:11:14 28.23 0.055 ¥ 0.003 0.940 * 0.004
16:11:20 27.80 0.063 ¥ 0.004 0.933  0.004
16:11:27 27.36 0.064 ¥ 0.001 0.932 ¥ 0.001
16:11:33 26.91 0.067 ¥ 0.003 0.930 ¥ 0.003
16:11:39 26 .45 0.074 * 0.003 0.924 ¥ 0.003
16:11:46 25.96 0.082 ¥ 0.004 0.916 ¥ 0.004
16:11:52 25.46 0.091 % 0.004 0.908 % 0.005
16:11:58 24.94 0.089 ¥ 0.002 0.911 ¥ 0.002
16:12:05 24.40 0.096 ¥ 0.002 0.906 ¥ 0.003
16:12:11 23.72 0.111 * 0.002 0.892 ¥ 0.002
16:12:17 23.11 0.115 ¥ 0.001 0.889 % 0.001
16:12:23 22.62 0.123 ¥ 0.002 0.883 ¥ 0.002
16:12:29 21.95 0.122 ¥ 0.006 0.885 ¥ 0.006
16:12:35 21.08 0.147 £ 0.003 0.862 ¥ 0.003
16:12:42 20.41 0.149 % 0.005 0.862 * 0.005
16:12:49 20.12 0.163 * 0.005 0.849 * 0.005
16:12:55 19.72 0.165 * 0.004 0.848 * 0.004
16:13:02 19.14 0.187 ¥ 0.002 0.827 ¥ 0.002
16:13:08 18.50 0.216 ¥ 0.004 0.799 % 0.004
16:13:14 17.84 0.209 ¥ 0.006 0.810 % 0.006
16:13:21 17.20 0.221 * 0.006 0.800 % 0.006
16:13:27 16.55 0.254 ¥ 0.004 0.767 £ 0.004
16:13:33 -~ 15.91 0.265 ¥ 0.005 0.757 ¥ 0.006
16:13:40 15.25 0.286 ¥ 0.004 0.737 ¥ 0.005
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Table I.1 (continued)

Solution Ratio of keff from ratio

Time2 heightb spectral .of spectral
(h:m:s) (cm) densities® densitiesd

16:13:46 14.48 0.302 ¥ 0.00a ©0.721 ¥ 0.005
16:13:52 13.83 0.334 ¥ 0.003 0.684 £ 0.004
16:14:59 12.97 0.346 £ 0.007 0.673 £ 0.009
16:14:05 12.13 0.378 % 0.007 0.634 ¥ 0.010
16:14:11 11.82 0.421 ¥ 0.008 - 0.574 ¥ 0.012
16:14:18 11.38 0.429 £ 0.004 - 0.564 * 0.006
16:14:24 10.74 - 0.427 ¥ 0.007 0.570 ¥ 0.010
16:14:30 10.13 0.447 ¥ 0.011 0.543 ¥ 0.018
16:14:37 9.51 0.523 ¥ 0.012 0.411 £ 0.027
16:14:44 8.78 0.465 * 0.017 0.508 * 0.029
16:14:50 8.06 0.532 ¥ 0.027 0.386 ¥ 0.055
16:14:57 7.67 0.509 ¥ 0.012 0.429 ¥ 0.023
16:15:04 7.56 0.559 ¥ 0.016 0.330 ¥ 0.034
16:15:10 7.54 0.542 * 0.009 0.365 ¥0.018
16:15:16 7.56 0.493 £ 0.030 0.457 £ 0.055
16:15:22 7.54 0.510 ¥ 0.016 0.426 £ 0.030
16:15:29 7.52 0.597 ¥ 0.027 0.249 ¥ 0.065
16:15:36 7.53 0.480 ¥ 0.014 - 0.479 £ 0.024
16:15:42 7.54 0.550 ¥ 0.027 0.349 ¥ 0.056

aEnd of a measurement time interval of ~6.4 s over which
the data were averaged and thé interpreted results displayed on
a computer terminal. This time does not correspond to the
average height during the measurement interval, but rather to
the height at the end of the interval. The time which
corresponds to the average height can be obtained by averaging
the time listed with the time at the end of the previous
interval. ’ -

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to
a frequency of 5 kHz. The number of points per data block was
256, and 5000 data blocks were averaged in ~6.4 s with a
sampling rate of ~200 kHz.

The uncertainty in kegg is from the statistical
uncertainty in the ratio of spectral densities only.
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APPENDIX J. ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS WITH THE
EXPERIMENTAL VESSEL DRAINING AT A RATE OF 23 CM/MIN

This appendix presents some additional data from dynamic measurements
with the experimental vessel draining at a rate of 23 cm/min. Typical
ratios of spectral densities as a function of frequencies for various
heights in this draining are plotted in Fig. J.1. Table J.l1 lists the
interpretation of the dynamic measurement that was performed on-line
- during this draining of the vessel. The values in this table are
different from those in Table 12 (Sect. 7.2) since the parameters used
in the interpretation were slightly different and average ratios of
spectral densities up to 5 kHz were used for all solution heights in the
on-line interpretation.
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Table J.1. Ratios of spectral densities at low frequency and
neutron multiplication factors for dynamic measurements while
draining the experimental vessel at a rate of 23 cm/min

Solution Ratio of keff from ratio

Time?d heightb spectral of spectral
(h:m:s) (cm) densities® densitiesd

16:50:60 28.91 0.049 % 0.001 0.945 % 0.001
16:51:07 28.91 0.045 ¥ 0.002 0.950 ¥ 0.003
16:51:14 28.91 0.047 £ 0.003 0.948 X 0.004
16:51:20 28.88 0.048 ¥ 0.002 0.947 £ 0.002
16:51:26 27.96 T 0.049 ¥ 0.001 0.947 ¥ 0.002
16:51:33 25.97 0.079 ¥ 0.002 0.920 * 0.002
16:51:39 23.77 0.103 ¥ 0.003 0.900 ¥ 0.003
16:51:45 21.59 0.138 ¥ 0.003 0.870 ¥ 0.003
16:51:51 19.42 0.171 ¥ 0.003 0.843 ¥ 0.003
16:51:58 17.30 0.221 * 0.005 0.800 * 0.005
16:52:04 15.22 0.288 ¥ 0.003 0.734 ¥ 0.004
16:52:10 13.49 0.353 £ 0.006 0.661 ¥ 0.007
16:52:16 11.81 0 0.423 ¥ 0.004 0.571 ¥ 0.006
16:52:23 9.49 0.446 £ 0.009 0.541 £ 0.015
16:52:30 6.93 0.502 ¥ 0.029 0.439 * 0.055
16:52:36 5.69 0.629 ¥ 0.031 0.162 ¥ 0.083
16:52:42 5.68 0.502 ¥ 0.005 0.433 ¥ 0.008
16:52:48 5.71 0.607 ¥ 0.036 '0.215 ¥ 0.090
16:52:55 5.73 0.675 ¥ 0.078 0.037 * 0.259
16:53:01 5.72 0.622 ¥ 0.055 0.178 £ 0.147
16:53:07 5.72 0.601 * 0.022 0.230 ¥ 0.054
16:53:14 5.72 0.586 ¥ 0.021 0.263 % 0.049
16:53:20 5.72 0.559 £ 0.046 0.323 ¥ 0.101
16:53:26 5.70 0.537 ¥ 0.023 0.368 £ 0.047
16:53:33 5.32 0.536 £ 0.043 0.367 ¥ 0.090
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Table J.1 (continued)

Solution Ratio of keff from ratio
Time?2 heightb spectral of spectral
(h:m:s) (cm) densities® densitiesd
16:53:39 5.70 0.547 £ 0.029 0.345 ¥ 0.062
16:53:45 ©5.70 0.514 ¥ 0.027 0.411 £ 0.053
16:53:52 5.70 0.595 £ 0.035 0.243 ¥ 0.085
16:53:58 5.73 0.577 £ 0.039 0.283 ¥ 0.091

aEnd of a measurement time interval of ~6.4 s over which the
data were averaged and the interpreted results displayed on a
computer terminal. This time does not correspond to the average
height during the measurement interval, but rather to the height
at the end of the interval. The time which corresponds to the
average height can be obtained by averaging the time listed with
the time at the end of the previous interval. ‘

bAverage height of solution during the time interval of the
measurement, which ends at the time given in Col. 1.

CAverage value during the time interval of the measurement.
The statistical uncertainty given here is one standard deviation
of the mean. The ratio of spectral densities was averaged up to a
frequency of 5 kHz. The number of points per data block was 256,
and 5000 data blocks were averaged in ~6.4 s with a sampling rate
of ~200 kHz.

dThe uncertainty in keff is from the statistical uncertainty
in the ratio of spectral densities only.
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APPENDIX K. ADDITIONAL DATA FROM DYNAMIC MEASUREMENTS WITH
SOLUTION PERTURBED BY BUBBLES

This appendix presents some additional

with the solution perturbed by bubbles.

densities as a function of frequencies
as some APSDs and CPSDs are plotted in

171

data from dynamic measurements
The ratios of spectral

with and without bubbles as well

Figs. K.l through K.5.
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APPENDIX L. TYPICAL LEAST-SQUARES FITTING OF APSDs AND CPSDs

After correction for the frequency response of the detection systems,

the APSDs and CPSDs were fitted using nonlinear least-squares techniques.
All APSDs and real and imaginary .parts of the CPSDs were fitted
simultaneously to find the two break frequencies for the fits to a model
consisting of two modes, H(w) = [a,/(ay + jw) + a;/(a; + jw)]. For the
one-mode fits the functional form fitted was H(w) = ay/(ay, + juw).

Typical results of the fitting are shown in Figs. L.l through L.6 for a
solution height of 29.5 cm and for solution heights of 20.2 cm and

I3.1 cm while the experimental vessel was being filled at a rate of
1 cm/min.

179



Real G,,

Real G,

3.3 T T TTTTT T T 1 lllll'l T T T 1TT 71771
a.2+— —
.1 —
B.Bﬂ S| Lo Lol '
102 103 10
FrReauency (Hz)
A. 4 T T lr||||! T T llllll! T T T 1TT1IT
3.3 -
B2 e NG e e e ]
B. L~ —
2.8 L RN 1 )
102 18 124
Freauency (Hz)
Fig. L.1.

fitted functions.)

Imaginéry Gz

Imaginary G,,

.00

.28

.oe

.20

15—

TTTTT] T T 1T TTTTT]

Lo Lo ool

192

183 104 ' 18°

Freauency (Hz)

o5 -

15

TTTTT I T TT7T11T
! !

111l

Lot 11l L1

Lol

102

183 19 , 18°

Freouency (Hz)

CPSDs, G,, and G,;, as a function of frequency for a solution height of 29.5 cm
with the source on the bottom of the tank and the scintillators located as in Fig. 6.

(Lines are

08T



Real G,,

APSD G,,

10°

3 T T 1 l_FIITT T T 1 rll1Tr T T T TT1UVTTT
2._

1_ .......
) [ IILIJli’\ L1

182 103 104

FrReauency (Hz)

3 LB S e R T T T T TTTTT
2k _
l.__. —
a | JIIALHi 1 ul Lllllli 1 1 JJIII.I
182 193 194

FrReauency (Hz)

18°

Imaginary G,,

B.@1

[

Q

=
I

+ 1 T T1T7TTT

-8.02

APSD G,,

IR

T T TTT1TT

L1 111}

192

183

Freauency (Hz)

184

10°

I LIRS

T T U TTT7TT

13 byl

Pl

Lo 1l

102

103

104
Freauency (Hz)

10°

Fig. L.2. CPSD, G;3, and APSDs, G,, and Gys,as a function of frequency for a solution héight

of 29.5 cm with the source on the bottom of the tank and the scintillators located as in Fig. 6.
(Lines are fitted functions.)

18T



Real G,,

Real G,

B.15 T T T T T1TTT] T T T TTT7TT] T T T 11000 a.00 1T T TTT11I] T T T TTTTT] T T T TT17TT
: : : : +
Yo+ -
: : , o L - ¥
B 1B - e e TP IN — - -B.B2 N ce o .
>
[
]
o]
: : w0 B : o
B.BSH - e s e © _g.g4_ ............... )
: : : £ : y
H
: : , C "‘.;ﬁ
[7]1] Lt il [ N N L1 b1l -0.86 o1l Lo Y 41 oraaly
182 123 124 10° 102 12° 18* 18°
Freauency (Hz) FrReauency (Hz)
B.15 T II‘III|I| T T 1T TTIT1TT] T T U 11111 .00 T T T TTITT] T T 1T TTTT1T] T T T 11T
H ' ! ! !
+ : .
{
: B _.GZ_ ............................................ —]
@18 . T R G — @
(@]
oy .
BB~ e N e A _
|
; : c
. . ol
B.05 - P e e ()
: : 8
= —B.BB— e -
H
B.020 ] 1 Ll 1t ||u||i N N A -B.@8 Lol 4’1|u|||i 1 |'||||||V
102 103 10% 189 122 103 124 12°
FrReauency (Hz) FrReauency (Hz)

Fig. L.3. CPSDs, Gy, and G;3, as a function of frequency for a solution height of 20.2 cm
with the source on the bottom of the tank and the scintillators located as in Fig. 6. (Lines are
fitted functions.)

¢81



Real G,,

APSD G,,

g.15 L N R R T T T TTrrTg T T T TTTTT ?2.901 T T T TTTTT T T TTTTT] T T TTTTT
+ .
E‘“’T .................. P VU [ e — - 0.000
: : o~
o
>
<
: g : + 1t
B.85— - ] Ty m.BOLf IR RO e —
: + -
g X + 4 L+
+
a.00 Lo L1 1 ||‘||A|JA -0.0082 Lol Ll g
102 108 104 10° 102 13 104 187
Freouency (Hz) Freauency (Hz)
B.28 T T 1T TTTIT] T 1T T TTrrrf T T T TTT1TT 2.20 T T T T T T~ T T 111171
: : . : :
m
m
(]
[a)
w0 : o
8.85 Lo a0 oy v L)1 1t 8.@5 Ll I T N ni 14,1 111l
102 183 194 18° 122 123 ‘ 184 189
Freouency (Hz) Freouency (Hz)

Fig. L.4. CPSD, G;3;, and APSDs, G;, and G;;, as a‘function of frequency for a solution height
of 20.2 cm with the source on the bottom of the tank and the scintillators located as in Fig. 6.
'Lines are fitted functions.)

€8T



Real G,,

Real G,

a.

.08 T T T TTTTT] T T T T T TTTIT 2.20 T T T T T T 11T T
.
@5} - _—L%
-0.01—
[\
-
. (&}
04— Sy
S
o
o
—  -0.02
o'}
.2 g
—
.Y 1 |||||||i Lol 1 1'|||||1 —»IZLE!:B” | lJJlIIllr ) |1||||1i [N RSB
182 103 ' 104 199 102 107 104 19°
Freouency (Hz) FrReouency (Hz)
@R T T TTTTIT | S e 1 A ER N R B AR N B.20 T T T TTT1T1T] T T T T 1T11T] T T 1T T1T1T
S+ +  ! ’
N —_if";qi*ﬁﬂiim N
' ‘ » -0.01-
@)
>
@4 by
@©
o]
®W  -g.p2b
g .
Lz =
.10 Lty TR T U I 1 Y OOV o A W | i -, 83 Lol bl Lt 1 L1l
= 8 =)
194 193 104 1Y 192 103 104 1e°

Freaquency (Hz) Freouency (Hz)

Fig. L.5. CPSDs, Gy; and G,3, as a function of frequency for a solution height of 13.1 cm-
with the source on the bottom of the tank and the scintillators located as in Fig. 6. (Lines are
fitted functions.)

781



Real G,,

APSD G,,

@415 T T TTTTT TTTTTITTT TTTTUTTTTTTTITT T gr1m-4 T T TTTrT] T T TTTIT] T T TTTTT
+ 4¢107 4 : ¥ T * + 7 + -
oAty
o +
0.810(— - o o4l . e L e
' S o o
£ 4 i
> + Ty +:§'ﬁ++ b B
. 4
9 o b ML Y.~ 2
ol u—‘_-hTT*“‘T——¢1$+4+
o . + o+ 4 f‘h:;ﬁ_’_f &
.t + + R R ST
@. B3~ = g’o _;1*18‘4—— : : + ++ +-& +;§“:
(2 + + H
E + P A
+ . +H
—ax1g - : -
+
. . + .
IZM@E‘]@;_‘ Lol Lo L1l S RN —E;ﬂ(a"4 Lol Lo a1l I NN
- 5 2
182 193 * 19° 102 103 10 ‘ 12°
FrReQUENCY (Hz) FrReauency (Hz)
@.1245 T~ T T TTTTT] T T T 11 TT7] T @.0845 ror T T T T T T
. T |
——"44_5%\ +0
+ b
N .04
A.040—
™
o 2.935—
[
o o
29—
@.335 <1
a.3z0r
@,BBB" 8 N O T I Y R B Wt i i i ) @.825L. Lol Lol [ Ll
12% T 184 105 182 183 18* 197
Freauency (Hz) Freauency (Hz)

Fig. L.6. CPSD, G;3, and APSDs, G;; and Gi;, as a function of frequency for a solution height
of 13.1 cm with the source on the bottom of the tank and the scintillators located as in Fig. 6.
(Lines are fitted functions.)

.

681



APPENDIX M

OTHER NOISE EQUIVALENT SOURCE FORMULATIONS



APPENDIX M. OTHER NOISE EQUIVALENT SOURCE FORMULATIONS

Various theories of the noise equivalent source term for spontaneously
fissioning isotopes such as ?°2Cf and ?“°Pu have been formulated. The
approach we have used results in the quantity vl in Eq. (A.5) of
Appendix A. Other theories, such as that of Verdu Martin et al.,!
result in the expression

_ v 'FiI; v.(vi—l) FCIé vc(vc—l)
Gg = 2(v)? XFR {1 + — + e + —
XR = FI?  (v)? FI? (v)?

(L

The difference between Eq. (A.5) of Appendix A and the above is
significant only at low neutron multiplicationt factors. For this
experiment the use of v.(v. - 1) instead of GZ results in higher neutron
multiplication factors which do not agree as well those with values
obtained from independent break-frequency noise analysis measurements or
with calculated neutron multiplication factors. A comparison of both
interpretations and calculations is given in Fig. M.l. Above koff of
0.8 the difference is not significant. As kegs decreases, the use of the
term v (v.-1) yields significantly higher kg¢f values. For a solution
height of 6.5 cm, a kggg of 0.49 is obtained as compared to a value

of 0.35 obtained by using v% and a calculated value of 0.33.

The kofr values obtained from BFNA are also shown in Fig. M.l. The use
of an alternative noise equivalent source (to that given in Appendix A)
with point kinetics to interpret the ratio of spectral densities results
in values of kggf that do not agree with the independent BFNA
measurements (Sect. 8). For example, for a solution height of 13.08 cm,
the koff value from the BFNA measurements, 0.659 * 0.013, agrees with
that from the ratio of spectral density measurements, 0.662 * 0.015,
while that for interpretation of the ratio of spectral densities using
the alternative noise equivalent source is 0.705 ¥ 0.015, which does not

agree with the BFNA measurements.
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