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Abstract

Advancements in the Nuclear Data of Fission Yields
by
Eric Francis Matthews
Doctor of Philosophy in Engineering - Nuclear Engineering
University of California, Berkeley

Professor Lee A. Bernstein, Chair

Fission yields are an important set of nuclear data observables. They are used in a
number of important applications including reactor design, nuclear forensics and safeguards,
nuclear medicine, and stockpile stewardship. While great advancements have been made in
the understanding of fission since its discovery just over 80 years ago, there are still signif-
icant gaps and uncertainties in this knowledge. Fission yields are a prime example of an
area of understanding with such gaps and uncertainties. There is significant disagreement
in measured, evaluated, and theoretically predicted fission yields; a lack of standardization
and regularity in fission yield evaluation; and measured fission yields often exhibit large un-
certainties. To enable new developments in research and applications, improvements in the
nuclear data of fission yields are required. The work presented in this dissertation seeks to
improve the current understanding of the nuclear data related to fission yields.

Introductory material on nuclear data is offered, with a particular focus on the current
state of fission yield nuclear data. Then, a description of the fission process is provided to
establish a background on fission yield phenomenology. Finally, three chapters about three
projects on fission yields and their uncertainties/covariances are presented. These chapters
form the basis of this dissertation. First, an extensive review of fission yield measurements
and their associated sources of uncertainty is presented. Using this review, a series of tem-
plates for expected uncertainties in fission yield measurements is established, forming a guide
for experimentalists and evaluators. Second, a stochastic method for the estimation of fission
yield covariances is developed. The results of this method provide a basis towards closing a
crucial gap in fission yield nuclear data: a complete set of fission yield covariance information
was previously absent. Finally, a new measurement of short-lived fission product yields using
cyclical neutron activation analysis is discussed. The analysis of the resulting experimental
data offers a novel method for fission yield determination. Together, these results advance
the current understanding of fission yield nuclear data.



Contents

Contents i
List of Figures iv
List of Tables vi
1 Introduction 1
1.1 Nuclear Data . . . . . . . . . . . 1
1.1.1 Nuclear Properties . . . . . . . . . ... .. ... ... ... 1

1.1.2  Uncertainties and Covariances in Nuclear Data.. . . . . . . . . . . .. 2

1.1.3  The Nuclear Data Pipeline . . . . . . . ... ... ... ... ..... 3

1.1.3.1  Experiments . . . . . . . . . ... ... ... 3

1.1.3.2 Theory . . . . . . 4

1.1.3.3 Evaluation . . . . .. .. ... ... ... ... 5

1.1.3.4 Evaluated Libraries . . . . . . . . . . .. ... .. ... ... 6

1.1.3.5 Integral Benchmark Experiments . . . . . .. ... .. ... 6

1.1.3.6  Validation . . . .. . ... ... ... ... ... ..., 7

1.1.3.7 Applications . . . . ... ... 7

1.1.3.8  Sensitivity Studies . . . . .. ... 0oL 8

1.2 Fission Yield Nuclear Data . . . . . . . . . . . . .. .. ... .. ... ... 8
1.2.1 The Current State of Fission Yield Data . . . . . . .. .. ... ... 8

1.2.1.1 Experimental Data . . . . . ... . ... ... ... 8

1.2.1.2 Evaluations . . . . . . . . . . ... 10

1.2.2  Improving Fission Yield Data . . . . . .. ... ... ... .. .... 11

2 Background 14
2.1 The Process of Fission . . . . . . . . . . . . 14
2.1.1 Fission Observables . . . . . . . . . . . . . . ... 16

2.1.2 The History of Fission . . . . .. ... .. ... ... .. .... ... 16

2.2 Descriptions of Fission . . . . . . . . . . ... ... 18
2.2.1 The Liquid Drop Model . . . . .. .. ... ... ... ... 18

2.2.2 The Shell Model . . . . . . . . . 20



i

2.2.3 The Deformed Shell Model . . . . . . . ... ... ... ... ..... 23

2.2.4 Advanced Models . . . . . . . ... 25

2.2.4.1  Wahl Systematics . . . . ... ... oL 26

2.2.4.2 GEF . . . .. 26

2243 HF3D . . .. 27

2244 FREYA . .. . . 27

3 Expected Measurement Uncertainties in Fission Yield Measurements 31

3.1 Introduction . . . . . . . . .. 31

3.2 The Fission Yields Template . . . . . . .. .. ... .. L. 32

3.2.1 Measurement Types . . . . . . . .. 35

3.2.1.1 Activation Measurements . . . . . . .. ... .. ... ... 35

3.2.1.2 Irradiation Methods . . . . . . . .. ... .. ... ..... 37

3.2.1.3 Chemical Separations . . . . . ... .. ... ... ..... 41

3.2.1.4 Assay Methods . . . . ... ... ... .. ... ..., 43

3.2.1.5 The 2E-2v Method . . . . . . . . . . ... ... .. 50

3.2.2 Information Needed for Evaluations . . . . . . . . . ... ... .... 53

3.2.2.1 State of Current Evaluations . . . ... ... ... ... .. 53

3.2.2.2 Future Evaluation Needs . . . . . . .. ... ... ... ... 56

3.23 Template . . . . . . 57

3.2.3.1 EXFOR Review . . . . . . .. .. ... ... .. ...... 57

3.2.3.2 Irradiation Methods . . . . . . . . . .. ... ... .. ... 58

3.2.3.3 Chemical Separations . . . . .. ... ... ... ...... 62

3.2.34 Assay Methods . . . . .. ... ... ... ... ... ... 65

3.2.3.5 2E-2v Method . . . . . ... ... ... .. 70

3.3 Conclusions . . . . . . . . e 71

4 Estimation of Independent and Cumulative Fission Yield Covariances 73

4.1 Motivation . . . . . . . L 73

4.2 Method . . . . . ... 75

4.2.1 Independent Yields . . . . . . . . ... ... 75

4.2.2 Cumulative Yields . . . . . . . . . 78

4.2.3  Generation of Consistent P(v, A) Data . . . .. ... ... ... ... 79

4.2.4  Limitations and Benchmarking . . . ... ... ... ... ... .. 81

4.3 Results . . . . . . . 84

4.4 Conclusions . . . . . . . . e e 85
5 Short-lived Fission Product Yield Measurements Using the Fast Loading

User Facility for Fission Yields 91

5.1 Introduction . . . . . . . . . .. 91

5.2 Design and Construction . . . . . . . . . ... .. 92

5.3 Measurement of 238U Fission Yields . . . . . . . . . . . . ... ... 96



il

5.3.1 Gammarray Spectral Data Processing . . . .. .. .. ... ... .. 98
5.3.2  Detector Array Calibration . . . . ... ... ... ... .... ... 99
5.3.3 Neutron Energy Spectrum Characterization . . . ... ... ... .. 103
5.3.3.1 Neutron Time-of-Flight . . . .. ... ... .. ... .... 104
5.3.3.2 Foil Pack Activation . . . . .. ... ... L. 105
5.3.3.3 Estimate of Incident Neutron Energy Spectrum . . . . . .. 106
5.3.3.4  Spectrum-Averaged Fission Cross Section . . . .. ... .. 107

5.3.4 Data Analysis Using the Fission Induced Electromagnetic Response
Code . . . . . e 108
5.3.4.1  Minimization Method . . . . . .. .. ... ... ... ... 109
5.3.4.2 Benefits of the Method . . . . . . . ... ... ... .. ... 112
5.3.4.3 Benchmarking . .. .. ... ... ... oL 113
5.3.4.4  Uncertainty Estimation . . . . .. .. ... ... ... ... 114
5.3.5 Results and Discussion by Mass Number . . . . . . .. ... ... .. 114
5351 A =86 . .. .. . 115
5.35.2 A =098 . ... 119
5353 A =136 ... ... . . 121
5.3.6 Future Work . . . . . . .. .. ... 124
54 Conclusions . . . . . . . . e 127
6 Conclusions 129
Bibliography 131

A Appendix of Figures for Short-lived Fission Product Yield Measure-
ments Using the Fast Loading User Facility for Fission Yields 147

B Appendix of Detailed Irradiation Scheme for **U Target 166



List of Figures

1.1

1.2

1.3

1.4

1.5

2.1

2.2

An illustration of the feedback loop that forms the nuclear data pipeline. Appli-
cations inform experimental and theoretical development needs. New evaluations
are produced and validated. These new evaluations go into use in applications
and new needs are found. The stages of this pipeline and their interaction with
other stages are discussed in Secs. 1.1.3.1-1.1.3.8. The images used in this figure
are sourced from References . This figure is modified from Fig. 1 of Reference . .
Histograms of the quoted relative uncertainty values for EXFOR-~compiled fission
yields for 25U, 22U, and »Pu. Uncertainty values that were listed as being only
statistical or exceeded 100% were removed from the dataset. . . . . ... .. ..
The average quoted uncertainty for fission yield measurements as a function of
publication date. For each year on the abscissa, all values prior to and including
that year are used. The error envelope is the standard deviation of the values
reported. . . . . Lo
A histogram of the relative uncertainties of the independent fission yields in the
ENDF/B-VIIL.0 and JEFF-3.3 evaluations. Each histogram contains 100 bins.
The independent yields have an average uncertainty of 33.2% and 60.0% in the
JEFF-3.3 and ENDF/B-VIIL.0 evaluations, respectively. . . . . ... ... ...
A histogram of the relative uncertainties of the cumulative fission yields in the
ENDF/B-VIIL.0O and JEFF-3.3 evaluations. Each histogram contains 100 bins.
The cumulative yields have an average uncertainty of 23.2% and 44.7% in the
JEFF-3.3 and ENDF/B-VIIIL.0 evaluations, respectively. . . . .. ... ... ..

The chronology of fission, from deformation to fission product S decay. Timescale
based on Ref. . Atomic nucleus figure used from Ref. . . . . . . ... ... ...
Lower triangular matrix of simultaneous measurements of the fission observables
listed in Table 2.1 for neutron-induced fission of 2*®U. The indices on the axes
correspond to the matrix indices listed in Table 2.1. The diagonal is null as the
diagonal of this matrix only reflects the measurement of a single observable. Only
13.0% of all measurements for this compound system measured more than one
observable. . . . . ...

v



2.3

24

2.5

2.6

2.7

3.1

3.2

3.3

3.4

3.5

The first excited states of nuclei as a function of N and Z. Enhanced stability is
observed in even-even nuclei with a magic number of protons and/or neutrons;
their first excited states occur at significantly higher energies on average. The
color bar is truncated at 3 MeV to enhance the visibility of the effect in nuclei
with A > 20. The data in this figure were taken from RIPL .. . . . . . . .. ..
The Wood-Saxon potential as a function of nuclear radius. The “skin” of the
nucleus is shown between the red dotted lines. The thickness of the skin is
controlled by the parameter a. As a decreases, the skin becomes thinner.

The thermal-neutron mass yields for 22”Th, 23U, and 23°Pu and the spontaneous-
fission mass yields for 2*2Cf and ?*Fm. The shaded regions show mass yields
which are contributed to by at least one product with a magic number of protons
or neutrons. Note that in the doubly magic region, there is an enhancement
in the mass yield curve of all five nuclei. The low-mass centroid of each mass
yield curve increases with increasing nucleus mass. This occurs because the left
edge of the heavy-mass centroid is anchored near the doubly magic closure. The
independent mass yields were taken as the sum of the independent fission yields

with a given A using the data in the fission yield evaluation of ENDF /B-VIIL.O .

Energy levels for single neutrons in a prolate deformed potential as predicted
by the Nilsson model. As deformation goes to zero, the energies and (2j+1)
degeneracy of the spherical shell model are restored. This figure is reproduced
from Figure 5.29 of Ref. p. 155|Krane, which was produced from Ref. . . . . . .
An example of a fission barrier calculated with the Strutinsky Method. The
dashed line is predicted by the deformed liquid drop model. The thin dashed line
is a fission barrier that is typical when asymmetric fission is observed. The thick
dashed line is typical of asymmetric fission. This figure was reproduced from
Figure 3of Ref. . . . . . . . . . .

Generalized experimental chronology for activation experiments in fission yield
measurements. . . ... L L oL e e e
General schematic for chemical separation measurements. The fissionable/fissile
sample is irradiated by a neutron source. The irradiated sample undergoes some
chemical process that allows an element or set of elements to be separated. The
separated fission products are then assayed using [ or v spectroscopy. . . . . . .
General schematic for the 2E-2v method. Fission is induced in an actinide target
using a neutron beam. The energy and timing of the fission products from each
fission event are detected using a two-arm apparatus. This measurement approach
is also used for spontaneously fissioning actinides. . . . . . . . . ... ... ...
Histogram of quoted uncertainties as a function of fission yield type for 23°U. The
types of fission yields are defined in the introduction to this chapter. . . . . . .
Histogram of quoted uncertainties as a function of fission yield type for 233U. The
types of fission yields are defined in the introduction to this chapter. . . . . ..

22

23

o1



3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

5.1

5.2

9.3

vi

Histogram of quoted uncertainties as a function of fission yield type for 23°Pu.
The types of fission yields are defined in the introduction to this chapter. . . . . 60

Result of the minimization of x? in Eq. 4.9 for the A = 135 chain of the 23°U fast
fission ENDF/B-VIIIL.0 evaluation. The blue data are the evaluated yields and
the red data are yields generated using Eq. 4.7 and P(v, A) data that minimized
Ba. 4.9, o 80
Histograms of resampled yields for ¥*Te with different choices of P(v, A). Each
histogram contains 10000 entries. The evaluated yields are shown at the black
line, banded by red lines representing the evaluated uncertainty of that yield. . . 81
Correlations between the mass yields calculated from the model given by Eq. 4.10. 83
Correlations between the mass yields generated from this method with resampling

of half the model correlation matrix (Fig. 4.3). . . . .. .. ... ... ... ... 84
Comparison between the model correlation (Fig. 4.3) and method correlation
(Fig. 4.4). . .« o o o 85
Correlations between the mass yields generated from this method (without mod-
ifications to the method). . . . . . . . ... 86
Comparison between the model correlation (Fig. 4.3) and method correlation
(Fig. 4.6). . . . . o 87

The primary correlation matrix for the independent fission yields of the U fast
fission ENDF/B-VIIL.O evaluation. “FY Index” is an index assigned to each fis-
sion product and is sorted by atomic number, mass number, and isomeric number
in descending order. Thus FY Index 0 has the heaviest Z and A while FY Index
1016 has the lightest Z and A. . . . . . . . . . .. ... . 88
A plot of the covariance between the independent yield of '**Te and those of other
fission products as a function of Z and A for the ?*°U fast fission ENDF /B-VIIL.0
evaluation. . . . . . .. Lo 89

Schematic of the 88-Inch Cyclotron at Lawrence Berkeley National Laboratory.
FLUFFY was constructed in Cave 0, which is shown in the upper right-hand
corner of this figure. This figure was modified from the publication “The 88-Inch
Cyclotron: A One-Stop Facility for Electronics Radiation and Detector Testing”

by M. Kireeff Covoet al. . . . . . . .. . ... .. ... 92
Schematic of FLUFFY within Cave 0 of the 88-Inch Cyclotron at Lawrence Berke-
ley National Laboratory. . . . . . . . .. .. .. .. . 93

Three-dimensional model of the HPGe clover array used in FLUFFY. Labels 1 and
2 show the locations of the HPGe clovers, which are supported by an aluminum
frame. Label 3 shows the cuff that holds one end of the FLUFFY pneumatic tube
(not shown). When the capsule is at rest, the target is located in the middle of
the cuff. Figure courtesy of Dr. Joshua Brown of the University of California,
Berkeley. . . . . . 94



5.4

9.5

0.6

5.7
0.8
9.9

5.10

5.11

5.12

5.13
5.14

5.15

vil

The design of the capsule used in the FLUFFY pneumatic tube. Figure cour-
tesy of Dr. Jonathan Morrell of Los Alamos National Laboratory (formerly the
University of California, Berkeley). . . . .. ... .. ... ... ... ... ... 95
Graphical representation of the first five cycles of the 1 s-25 s irradiation scheme.
The dashed lines represent the time at which the capsule returned to the HPGe
array, illustrating the transport time for each cycle. . . . . . .. .. ... .. .. 98
An example fission product y-ray spectrum from the 1 s-25 s 23¥U data. Particu-
larly strong photopeaks from the decay of N, 24Na, and 2" Mg activation products
formed in the co-loaded sapphire disc can be seen at 843.76 keV, 1368.626 keV,
2754.007 keV, 6128.63 keV, and 7115.15keV. . . . . . .. ..o 99
Net efficiency calibration for the HPGe clover array system used in FLUFFY. . 102
Efficiency calibration for the single-crystal HPGe detector used for foil counting. 102
Count rate versus source activity on the HPGe clover array system. These data
were fit using the functional form given in Eq. 5.4.. . . . . . .. . ... ... .. 103
The initial guess of the incident neutron energy spectrum that was supplied to
STAYSL. The spectrum is normalized such that the sum of the bins in the spec-
trumis 1 n/em?/s. . .. 108

The incident neutron energy spectrum determined by STAYSL. The initial guess
of the spectrum is shown for comparison. The total neutron flux was determined
tobe 7.15 £ 0.20 x 103 n/em?/s. . . . .. 109
2387 (n,f) cross section as a function of incident neutron energy. The data in this
plot are taken from the ENDF/B-VIIL.O evaluation . . . . ... ... ... ... 110
Figure 5.12 zoomed to neutron energies above 0.1 MeV. . . . . . . . . . ... .. 111
The decay network of fission products connected to the A = 89 mass chain. The

fission yields for the nuclei to the immediate left of the dashed line were set as
cumulative in the benchmarking example presented in Sec. 5.3.4.3. The purple
arrows represent 5~ n decay and the branching ratio of that decay mode is written
below each arrow. Each nucleus is labelled with its independent fission yield in
units of percent from the **U fast fission ENDF/B-VIILO0 evaluation. Beneath
that yield is a percentage, which represents that total independent yield remaining
in the mass chain up to that nucleus. . . . . . . ... ... ... ... ...... 112
The decay network of fission products connected to the A = 86 mass chain. Nuclei
to the right of the dashed line did not have detectable ~v-ray signatures. The
purple arrows represent S~ n decay and the branching ratio of that decay mode
is written below each arrow. Each nucleus is labeled with its independent fission
yield in units of percent from the #%U fast fission ENDF/B-VIILO evaluation.
Beneath that yield is a percentage, which represents the total independent yield
remaining in the mass chain up to that nucleus. . . . . . . ... .. ... .. .. 116



5.16

5.17

Al

A2

A3

A4

A5

A6

A7

A8

A9

The decay network of fission products connected to the A = 98 mass chain.
Nuclei to the right of the dashed line did not have sufficiently detectable y-ray
signatures. The purple arrows represent 5~ n decay and the branching ratio of
that decay mode is written below each arrow. Each nucleus is labeled with its
independent fission yield in units of percent from the 23U fast fission ENDF/B-
VIIIL.O evaluation. Beneath that yield is a percentage, which represents that total
independent yield remaining in the mass chain up to that nucleus. . . . . . . . .
The decay network of fission products connected to the A = 136 mass chain.
Nuclei to the right of the dashed line did not have sufficiently detectable ~v-ray
signatures. The purple arrows represent 5~ n decay and the branching ratio of
that decay mode is written below each arrow. Each nucleus is labeled with its
independent fission yield in units of percent from the 23U fast fission ENDF/B-
VIIIL.O evaluation. Beneath that yield is a percentage, which represents that total
independent yield remaining in the mass chain up to that nucleus. . . . . . . ..

Minimizer Benchmarking: The number of 1031.92-keV + emissions from 3Rb as
a function of cycle number. . . . ... o000
Minimizer Benchmarking: The number of 3532.88-keV v emissions from ¥Kr as
a function of time since capsule arrival, t1. . . . . . . ... ... ...,
Minimizer Benchmarking: The number of 3231.3-keV ~ emissions from Br as a
function of time since capsule arrival, t. . . . . ... ... oo
An example of the fitted photopeak for 1564.60-keV ~ from 8¢Br in the fission
product y-ray spectrum from the 5 s-125 s irradiation scheme. The spectrum
shown in this figure includes all cycles and spans tg = 0stot; = 125s. . . . . .
An example of the fitted photopeak for 2660.0-keV ~ from #6Se in the fission
product y-ray spectrum from the 5 s-125 s irradiation scheme. The spectrum
shown in this figure includes all cycles and spans tg = 0stot; =100s. . . . . .
An example of the fitted photopeak for 4180.54-keV ~ from 8Br in the fission
product y-ray spectrum from the 5 s—125 s irradiation scheme. The spectrum
shown in this figure includes all cycles and spans to = 0stot; = 125s. . . . . .
Time separation of the 2660.0-keV photopeak into components from %¢Se and
an unknown contaminant. The black line is the total fit, the green line is the
component from %Se, and the blue line is the component from the contaminant.
Fit of the 1564.60-keV ~-ray emissions from %Br to FIER. It was determined the
independent fission yield of 8Br was 0.45%. . . . . . .. . ... ... ... ...
Fit of the 2660.0-keV ~-ray emissions from %Se to FIER. It was determined
the cumulative fission yield of ¥Se was 1.05% and the decay v intensity of its
2660.0-keV emission was 24.9%. . . . . ...

A.10 Fit of the 4180.54-keV ~-ray emissions from 8"Br to FIER. It was determined the

independent fission yield of 8"Br was 1.83%. . . . . . . .. ... ... ... ...

viii

148



A.11 An example of the fitted photopeak for 1024.4-keV ~ from **Nb (shown in curve
1, the blue line) in the fission product ~-ray spectrum from the 1 s—25 s irradiation
scheme. The spectrum shown in this figure includes all cycles and spans tg = 0 s
to t; = 12 s. This photopeak is small relative to the photopeaks near it, requiring
a complex photopeak fit. As a result, there is large uncertainty in this photopeak

A.12 An example of the fitted photopeak for 1222.9-keV ~ from Y (shown in curve 1,
the blue line) in the fission product y-ray spectrum from the 1 s-25 s irradiation
scheme. The spectrum shown in this figure includes all cycles and spans t5 = 0 s
toty = 3.08. . e

A.13 An example of the fitted photopeak for 724.4-keV ~ from °Y (shown in curve 1,
the blue line) in the fission product y-ray spectrum from the 1 s—25 s irradiation
scheme. The spectrum shown in this figure includes all cycles and spans tg = 0 s
toty = 0S. . e e e

A.14 Time separation of the 724.4-keV photopeak into components from Y and an
unknown contaminant. The black line is the total fit, the green line is the com-
ponent from Y, and the blue line is the component from the contaminant.

A.15 Fit of the 1222.9-keV v-ray emissions from ®Y to Eq. 5.16. It was determined
the cumulative fission yield of Y was 5.13 £ 0.39%. . . . . . .. .. ... ...

A.16 An example of the fitted photopeak for the 2077.9-keV ~ from 3¢Te (shown in
curve 1, the blue line) in the fission product y-ray spectrum from the 5 s-125
s irradiation scheme. The spectrum shown in this figure includes all cycles and
spans tg = 0stot; =40s. . . . . .o

A.17 An example of the fitted photopeaks for the 1313.02-keV v from !3%91 and 36™1
(shown in curve 1, the blue line) and the 1321.08-keV + from 3991 (shown in
curve 2, the orange line) in the fission product y-ray spectrum from the 5 s-125
s irradiation scheme. The spectrum shown in this figure includes all cycles and
spans tg = 0 s to t; = 104.2 s. The photopeak to the left (shown in curve 2, the
green line) is the 1324.0-keV photopeak from Y. . . . . .. ... ... ... ..

A.18 Fit of the 2077.9-keV ~-ray emissions from 13Te to FIER. It was determined the
cumulative fission yield of 13Te was 0.67%. . . . . . ... ... ... ... ...

A.19 Fit of the 1321.08-keV 7-ray emissions from %1 to FIER. It was determined the
independent fission yield of ¥%9T was 0.78%. . . . . . ... ... ... ... ...

A.20 Fit of the 1313.02-keV ~-ray emissions from %I and 31 to FIER. It was
determined the independent fission yield of 3% was 0.78% and the independent
fission yield of ™1 was 0.59%. . . . . . . . ...

X

165



List of Tables

1.1

2.1

2.2

3.1
3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

All of the methods found in EXFOR-compiled measurements of fission yields of
235U, 238U, and 239Pu. The method codes and their descriptions are taken from
Dictionary 21 of the EXFOR manual [41]. . . . . .. .. ... ... ... .... 13

Observables matrix indices and number of measurements listed in NSR for the
300 measurements reviewed. . . . .. ..o 29
Terms of the semi-empirical mass formula (Eq. 2.1) calculated for U and two
symmetric fission fragments, '8Pd. The difference between these terms indicates
approximately 235 MeV should be released from such a symmetric fission event. 30

List of uncertainty sources for mass spectrometry. . . . . . . .. . ... ... .. 46
Evaluations of fission product yields included in the most current version of in-
ternational nuclear data libraries. . . . . . . . . . ... 53

List of uncertainty sources associated with the irradiation methods detailed in
Sec. 3.2.1.2. ¢ denotes relative uncertainties given in % and A notes absolute

uncertainties with units. Uncertainties are relative to each source listed. . . . . . 63
Recommended correlations for the uncertainty sources in Table 3.3. These corre-
lations are between fission yields of products measured in the same experiment. 64

List of uncertainty sources associated with chemical separations in fission mea-
surements as detailed in Sec. 3.2.1.3. Uncertainties are relative to each source
listed. “~” indicates an upper bound is not recommended due to lack of informa-
TIOM. . . . o 65
List of uncertainty sources associated with the 7 assay methods detailed in
Sec. 3.2.1.4. Uncertainties are relative to each source listed. “~” indicates an

upper bound is not recommended due to lack of information. . . . . . . .. . .. 68
Recommended correlations for the uncertainty sources in Table 3.6. These corre-
lations are between fission yields of products measured in the same experiment. 69
List of uncertainty sources associated with the [ assay methods detailed in
Sec. 3.2.1.4. Uncertainties are relative to each source listed. . . . . . . ... .. 70
Recommended correlations for the uncertainty sources in Table 3.8. These corre-
lations are between fission yields of products measured in the same experiment. 70

List of uncertainty sources associated with the 2E-2v method detailed in Sec. 3.2.1.5.
Uncertainties are relative to each source listed. . . . . . . . . . . . . . ... ... 72



4.1

5.1

5.2

9.3

5.4

9.5

0.6

5.7

5.8

5.9

5.10

X1

The target nuclei and energy groups in the ENDF/B-VIIL.0 and JEFF-3.3 eval-
uations. This method was successfully applied to all of the systems listed in this
table. . . . 90

Calibration sources used in the calibration of HPGe detectors used in this exper-
iment. . . . . L 100
Foil pack activation products and activities. The produced activities are given
in units of atoms of the product per atom of the target per second as these are
the units that are required for use in STAYSL. All of the foils had a circular disk

geometry with a 1 cm diameter. . . . . . . . .. ..o 106
Free parameters used in the minimizer benchmarking test and their default and
fitted values. . . . . . 113

Free parameters and nuclear data properties used in the analysis of the A = 86
mass chain. Fission yield free parameters that are marked with an asterisk are
cumulative rather than independent. Default values are taken from ENDF /B-
VIII.O File-8 and the ENDF/B-VIIL.0 23U fast fission yield evaluation. . . . . . 117
Comparison of the fission yields measured for the A = 86 mass chain in this work
and the ENDF/B-VIIL.O [28] and JEFF-3.3 [29] evaluations. All values in this
table are in units of %. Note: the yields for ®Br are taken as the sum of the yield
to the ground state and isomeric state in the ENDF/B-VIILO evaluation. . . . . 118
Comparison of the fission yields measured for the A = 86 mass chain in this work
and EXFOR-compiled measurements by Pierson et al. [105], Roshchenko et al.
(193], Gudkov et al. [194], and Filatenkov et al. [195]. The errorbars on the
average incident neutron energy represent the full width at half maximum of the
neutron energy spectrum where given. All property values are in units of %. . . 118
Comparison of the fission yields measured for the A = 98 mass chain in this work
and the ENDF/B-VIIL.O [28] and JEFF-3.3 [29] evaluations. All values in this
table are in units of %. The yield listed for Y is the sum of the ®9Y and %®™Y
yields in each evaluation. . . . . . . . .. ... Lo o 122
Free parameters and nuclear data properties used in the analysis of the A = 136
mass chain. Fission yield free parameters that are marked with an asterisk are
cumulative rather than independent. Default values are taken from ENDF/B-
VIIL.0 File-8 and the ENDF/B-VIIL.0 33U fast fission yield evaluation. Values
with a { are set differently than their evaluation. . . . . . . . . . ... ... ... 123
Comparison of the fission yields measured for the A = 136 mass chain in this
work and the ENDF/B-VIIL.O [28] and JEFF-3.3 [29] evaluations. All values in
this table are in units of %. . . . . . ... ... 124
Comparison of the fission yields measured for the A = 136 mass chain in this
work and EXFOR-compiled measurements by Pierson et al. [105], Wilson et al.
[165], Campbell et al. [199], and Lhersonneau et al. [200]. The errorbars on the
average incident neutron energy represent the full width at half maximum of the
neutron energy spectrum where given. All values in this table are in units of %. 125



Xil

Acknowledgments

As I reflect on the conclusion of my studies, I am honored by the community that has
enabled my accomplishments. The adage, “it takes a village,” holds true. It is impossible
to imagine being here today without the support of my colleagues, friends, and family. T am
so grateful for that support, and I hope that I will be able to pay it back to the community.
Some specific acknowledgements are due:

To Bethany: Thank you for giving me my start in this field! Your early support enabled
my success and brought me to where I am today. Your mentorship has improved my critical
thinking and scientific ability; I am a better scientist because of you. I hope there are many
years of collaboration and friendship ahead of us!

To Lee: You changed my life the moment that I stepped into NE101 some seven years
ago. Your passion for nuclear physics and nuclear data was infectious. Not only have I
been blessed by your abilities as a teacher and mentor, but I have been touched by your
friendship and personal generosity. Your deep concern for the happiness and well-being of
your students is extraordinary. Magnus and I cannot thank you enough for all your support!

To My Committee: Dr. Bernstein, Dr. Goldblum, Dr. Vujic, Dr. Arnold: Thank you
very much for taking the time to review my work. Your feedback significantly improved the
quality of this dissertation.

To Josh: I greatly appreciate the mentorship and help you have provided me throughout
my studies. I have always been in awe of how much I can learn from you and I hope that I
can continue to do so.

To Jon: You are an incredible scientist and I am very glad I was able to benefit from
your technical expertise! I know that you are destined for great things and I wish you all
the best at Los Alamos!

To Dan: You were the best fellowship supervisor that I could have asked for! The space
and flexibility that you gave me during my NNSA Fellowship allowed me to explore new
topics while continuing research that was essential to my degree.

To Denise: Thank you for giving me the honor of writing a chapter in the templates
paper! It was an incredibly enriching project that allowed me to delve deeper into nuclear
data evaluation. I am inspired by your dedication to improving nuclear data and I hope we
will continue to collaborate in the future!

To Amanda: T am very glad our paths crossed; no peer has had such a profound impact
on my career, interests, and studies! I contracted your passion for evaluation and statistics.



xiii

You are an amazing friend, colleague, and housemate. Trips to plant nurseries, movie nights,
sickeningly sweet Chablis at La Val’s, and that poor pulverized chiclet are all special mem-
ories that I will cherish for the rest of my life.

To Mitch: You are truly one of the kindest people that I have ever met. Being around
you has always brightened my day and I have been so glad to have had you as a friend
throughout my studies!

To Franziska: The laughter and friendship we shared always made me very happy! I wish
we had had more time together over the last two years. I know you are doing great things
in Los Alamos and I miss youl!

To Tan: Your friendship has meant so much to me! It has been very important to have
another queer friend in nuclear science. From obsessing about plants together to going out
to the Castro, you have helped keep me sane throughout my studies and the pandemic. I
am very impressed by your accomplishments and wish you all the best as you start your
graduate studies!

To Sunniva: My academics and research were both deeply enriched by the international
collaboration that you have given me. My exchange at the University of Oslo not only grew
my network but also my family. Your support made it possible for me to be with Magnus
when it would have otherwise been impossible because of the pandemic. I cannot thank you
enough for that support; it is difficult to imagine what my life would have been like without
it. I hope for many more years of friendship and collaboration!

To Dorthea: Thank you for being my twin fission fragment! You are a great friend and
I have greatly enjoyed our academic exchanges. I am always impressed by your work and
look forward to continuing our shared love of fission!

To Vala: Thank you for being a trusted confidant and source of advice! I appreciate all
the help and advice you have given me with career decisions; your independent viewpoints
have been invaluable. You are an amazing friend and I am so happy that you were my best
man!

To Masha: I have always been amazed by both your academic brilliance and complexity
as a person. I am so happy to have you as a friend!

To Magnus: Thank you for bringing so much happiness to my life! You have taught me
so much and have expanded my mind. You help me enjoy more of life and save me from
living it too monotonously. I am very content that we are now family and I look forward to
the many journeys that lie ahead in our new life together!



X1v

To Dad, Mom, Stephen, Michael, and Mommom: Thank you for fostering my interests
and offering guidance over the years. I love you all very much and I hope that when the
pandemic ends that we will be able to see each other more often!

To Baba and Grandma: You both were incredible influences in my early life. You taught
me the value of an education and gave me the confidence to always aspire for something
better. I miss you both dearly and wish you could be here.

Special thanks to the entities that have funded my research:

This material is based upon work supported by the Department of Energy National Nu-
clear Security Administration through the Nuclear Science and Security Consortium under
Award Numbers DE-NA0003180 and DE-NA000097, Lawrence Berkeley National Labora-
tory under Contract Number DE-AC02-05CH11231 for the United States Nuclear Data Pro-
gram, the Office of Counter-Proliferation Research and Development through the Nuclear
Data Interagency Working Group managed by the Department of Energy - Nuclear Physics,
and the National Nuclear Security Administration Graduate Fellowship Program.



Chapter 1

Introduction

This dissertation will present original research that is focused on the improvement of the
nuclear data related to fission yields. This section provides an introduction to nuclear data
as a field of research, an overview of the state of nuclear data related to fission yields, and a
review of the motivation for the research that will be presented in this dissertation.

1.1 Nuclear Data

As a field of research, nuclear data is broadly defined as the study, compilation, and produc-
tion of a recommended set of values and uncertainties for the properties of atomic nuclei.
Nuclear data research is driven by both basic scientific curiosity and the needs of applica-
tions. This research is particularly important for certain applications that play a critical role
in society, such as nuclear energy and stockpile stewardship.

Because of critical application needs, research in nuclear data has evolved into a coor-
dinated, international effort. National and international organizations, such as the Interna-
tional Atomic Energy Agency (IAEA), the United States Nuclear Data Program (USNDP),
the Japan Atomic Energy Agency (JAEA), and the Nuclear Energy Agency (NEA) contin-
uously review application needs and coordinate research efforts to maximize efficiency and
output. Coordinated research together with steady feedback from applications has led to
the development of a scheme for the production of nuclear data called the “nuclear data
pipeline” [1, 2].

1.1.1 Nuclear Properties

Understanding these properties furthers the basic understanding of nuclear physics and en-
ables applications, which provide the societal benefits listed above. Some nuclear properties
can be observed directly, while some can only be observed or inferred indirectly. Nuclear
properties are generally placed into two categories: structure and reactions. Nuclear struc-
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ture properties are those that describe the intrinsic properties of an atomic nucleus and its
excited states. Some examples of nuclear structure properties are:

® Mass,
e half-lives,

e decay modes and branching ratios,

e cxcited state energies, spins, parities, and magnetic moments,
e relative v ray intensities, types, and multipolarities, and

e average quantities for ensembles of excited states where individual properties are not
known, such as level densities and gamma-emission probabilities.

Nuclear reaction properties are those that describe how atomic nuclei interact with sub-
atomic particles and other atomic nuclei. Some examples of nuclear reaction properties
are:

e reaction cross sections,
e energy and angular momenta of outgoing particles,
e angular distributions of outgoing particles, and

e fission yields.

1.1.2 Uncertainties and Covariances in Nuclear Data

The vast majority of nuclear properties generally cannot be accurately calculated ab initio.
Therefore, experimental measurement is the primary means by which nuclear properties are
determined. Each experimental measurement of a nuclear property will have some degree of
uncertainty associated with it, and therefore nuclear data will always carry uncertainty.

There are two types of uncertainties that users of nuclear data are likely to encounter: ex-
perimental uncertainties and evaluated uncertainties. Experimental uncertainties are those
that result from the process of the nuclear property measurement itself. Evaluated uncer-
tainties are those that result from the process of evaluation (further detailed in Sec. 1.1.3.3).
Evaluated uncertainties are related to experimental uncertainties as they are derived using
data from multiple measurements together with a theoretical model to produce a recom-
mended value. The vast majority of nuclear applications use evaluated nuclear data and
their associated uncertainties.
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Covariance arises when there is a correlation between two measured or deduced nuclear
properties. These properties can be two points in a differential measurement (e.g., a cross
section at two different energies) or two distinct properties (e.g., beta decay level feeding
and decay 7 intensities). Numerous correlations exist between nuclear properties, making
covariance information an important part of complete uncertainty estimation.

Accurate and fully-characterized uncertainties and covariances in nuclear data are as
important as the values themselves. Users require uncertainties and covariances to determine
what level of confidence they can have in their calculations and simulations. This information
enables decision-making and planning for applications requiring nuclear data as input.

1.1.3 The Nuclear Data Pipeline

The process of producing evaluated nuclear data from experimental measurements is often
referred to as the “nuclear data pipeline.” The pipeline takes the form of a feedback loop
between applications and measurement /evaluation [1, 2, 3]. The needs of applications are
determined through sensitivity studies. Information from these sensitivity studies informs
experimental activities and the development of nuclear theory. Differential and integral
measurements together with nuclear theory and modeling are combined to produce consensus
values for nuclear properties in a process called “evaluation.” The results of an evaluation are
entered into specially formatted libraries. Before these libraries are released to the public,
they are checked against the results of integral benchmarks in a process called “validation,”
if such benchmarks are available. Finally, the evaluated libraries are published and go into
use in applications, closing the loop. Figure 1.1 shows an illustration of the nuclear data
pipeline.

1.1.3.1 Experiments

Experimental measurement of nuclear properties is the first step in the nuclear data pipeline.
As there exists no complete theory of nuclear physics, nuclear theory cannot accurately pre-
dict most nuclear properties. Therefore, experimentation is required to determine nuclear
properties. Experimentation is also important in guiding theoretical developments. Most
theoretical capabilities in nuclear physics have been informed by previously-made experi-
mental observations. An example of this is the Shell Model of Nuclei, which was developed
to describe the observed enhancement in binding in nuclei with “magic” numbers of protons
and /or neutrons [11, p. 117]. Theorists may need specific nuclear properties to be measured
in order to benchmark or further develop their theories. As such, a feedback loop between
experimental measurements and nuclear theory forms, as shown in Fig. 1.1.

There exist two categories of nuclear experiments: differential and integral. Differential
experiments measure a nuclear property as a function of one or more variables. For example,
the measurement of the fission cross section of 23°U as a function of incident neutron energy
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Figure 1.1: An illustration of the feedback loop that forms the nuclear data pipeline. Ap-
plications inform experimental and theoretical development needs. New evaluations are
produced and validated. These new evaluations go into use in applications and new needs
are found. The stages of this pipeline and their interaction with other stages are discussed
in Secs. 1.1.3.1-1.1.3.8. The images used in this figure are sourced from References [4, 5, 6,
7, 8,9, 10]. This figure is modified from Fig. 1 of Reference [1].

is a differential experiment. Integral experiments measure a nuclear observable that depends
simultaneously on several different nuclear properties. For example, the measurement of the
effective neutron multiplication factor in critical assemblies (which will be further discussed
in Sec. 1.1.3.5) is an integral measurement. Many measurements are differential with respect
to one nuclear quantity and integral with respect to others, playing different roles in different
evaluation processes.

Experimentalists publish their results in peer-reviewed journals, conference proceedings,
academic theses, and laboratory reports. These publications are indexed in the Nuclear
Science References (NSR) database [12]. The results from these publications are compiled
into two unevaluated, formatted databases: the Exchange Format (EXFOR) database [13]
for nuclear reaction data and the Experimental Unevaluated Nuclear Data List (XUNDL)
database [14] for nuclear structure data. The process of entering published experimental
results into NSR, EXFOR, and XUNDL is referred to as “compilation.” Evaluators use the
information compiled in these databases to produce an evaluation.

1.1.3.2 Theory

Nuclear theory is the physics-based modeling of nuclei, their properties, and their interac-
tions. As previously mentioned, nuclear properties predicted from pure nuclear theory are
generally not sufficiently accurate for use in applications. Instead, several theoretical mod-
els and tools have been developed to help explain observed phenomena. These models and
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tools are tuned on experimental measurements, providing a semi-empirical understanding of
nuclear properties.

Among these theoretical tools are “reaction codes,” which provide theoretical predictions
of properties of nuclear reactions (e.g., reaction cross sections). Examples of reaction codes
include TALYS [15] and CoHjy [16]. The EMPIRE code [17] incorporates several different
models and codes to provide a broad suite of theoretical tools. These codes are based on the
optical and statistical Hauser-Feshbach theories of nuclear cross sections [18].

A number of theoretical tools exist for predicting and describing nuclear structure and
decay properties. The Gamma to Level (GTOL) code uses a least-squares method to de-
termine nuclear level energies from observed v-ray energies [19]. The RULER code is used
to calculate reduced transition probabilities for nuclear level schema [20]. The GABS code
calculates the absolute intensities and normalization constants of « rays [21]. The Brlcc
database tabulates internal conversion and electron-positron pair conversion coefficients for
decaying nuclear levels [22]. The LogFT code is used to calculate properties of 5 and electron-
capture decays, such as log(ft) values, average [ energies, and capture fractions [23]. The
ALPHAD, ALPHAD-RadD, and RadD codes are used to calculate the properties of o de-
cay and nuclear radii [24]. Together with experimental measurements, these codes form a
standard basis for nuclear structure evaluation.

1.1.3.3 Evaluation

Nuclear data evaluation is the process of combining experimentally measured nuclear prop-
erties and nuclear theory to produce consensus values that can be used in applications.
Experimental approaches do not currently exist to measure every differential nuclear prop-
erty; its domain falls short of the needs of many applications. Theory cannot currently
predict most properties without strong guidance from experimental data. Thus, evaluation
expands the domain of knowledge about nuclear properties far beyond the sum of the indi-
vidual domains of experiment and theory.

Evaluation is a complex process that must be conducted by an expert with good knowl-
edge of both experiment and theory. This expert is called an “evaluator” and an inter-
national network of evaluators work continuously to incorporate new experimental data
and theoretical capabilities into updated evaluations. The evaluator combines information
from differential experiments and theoretical tools to produce an evaluation. An evalu-
ation is validated against integral benchmark experimental data (as will be discussed in
Secs. 1.1.3.5 and 1.1.3.6). Evaluations usually undergo peer review and are published in
journals. The primary journal for the publication of evaluations is Nuclear Data Sheets
(NDS), which is managed by the United States National Nuclear Data Center (NNDC).
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1.1.3.4 Evaluated Libraries

Once an evaluation has been published, it is compiled into specially formatted libraries for
distribution to users. Two numerical database formats are used: the Evaluated Nuclear
Data File (ENDF) for nuclear reaction data [25] and the Evaluated Nuclear Structure Data
File (ENSDF) for nuclear structure data [26]. ENDF and ENSDF are based on the 80-
column format that was required for use in punch-card computers. The Generalized Nuclear
Database Structure (GNDS) is a newer Extensible Markup Language (XML) based format
that is more appropriate for modern computing needs [27]. These three formats and their
structure are regulated by committees of users and experts to ensure consistent implemen-
tation.

These formats are used in the general-purpose nuclear data libraries that are published by
nuclear data centers around the world. As of early 2021, the major nuclear reactions libraries
are ENDF /B-VIIL0 from the USNDP [28], the Joint Evaluated Fission and Fusion Nuclear
Data Library (JEFF-3.3) coordinated by the NEA [29], the Japanese Evaluated Nuclear
Data Library (JENDL-4.0) from the Japanese Nuclear Data Committee [30], the Chinese
Evaluated Nuclear Data Library (CENDL-3.2) from the Chinese Nuclear Data Center [31,
32], and the Russian Evaluated Nuclear Data Library (BROND-3.1) from the Institute of
Physics and Power Engineering in Russia [33]. In addition to these, the TALYS Evaluated
Nuclear Data Library (TENDL) is based on evaluator-reviewed predictions from the TALY'S
reaction code [34]. The USNDP maintains and continuously updates the primary ENSDF-
formatted nuclear structure library.

Additional nuclear data libraries with specific uses also exist. The Reference Input Pa-
rameter Library (RIPL) contains input parameters to reaction codes that are used in evalua-
tions [35]. The Evaluated Gamma-ray Activation File (EGAF) contains thermal production
cross sections for prompt and delayed v rays [36]. There are processed libraries for use in
neutronics codes such as the Monte Carlo N-Particle transport (MCNP) code [37] and the
Standardized Computer Analyses for Licensing Evaluation (SCALE) code [38].

1.1.3.5 Integral Benchmark Experiments

Integral measurements are conducted to provide benchmark data. These integral benchmark
data are used to validate evaluated nuclear data libraries. In these experiments, a bulk quan-
tity that is dependent on many differential nuclear properties is measured. In general, these
experiments measure the effective multiplication factor (k.sr) [39, p. 74] with high precision
for a critical assembly with a carefully calibrated and documented geometry and composition.

Conducting, detailing, and reporting these measurements is an internationally coordi-
nated effort. The International Criticality Safety Benchmark Evaluation Project (ICSBEP)
and International Reactor Physics Experiment Evaluation Project (IRPhEP) work to com-
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pile databases of critical and subcritical integral benchmark experiments that can be used
to validate nuclear data libraries for the purposes of criticality safety and reactor physics
[40]. In addition to their compilation efforts, these projects also seek to identify gaps in
the databases and guide future experiments to fill these gaps. These review efforts form an
important part of the feedback loop in the nuclear data pipeline.

1.1.3.6 Validation

When a new evaluated library is compiled, it is first compared against data from integral
benchmark experiments before release. This is done by inputting the new evaluated library
into neutronics codes (namely MCNP [37]). Geometries and compositions of integral bench-
mark experiments (such as those in the ICSBEP and IRPhEP databases) are input to the
neutronics code and the effective multiplication factor is calculated from the simulation re-
sults. If simulations using the new evaluated library do not match the integral benchmark
data with sufficient precision, then the evaluation needs adjustment before release.

1.1.3.7 Applications

Once an evaluated nuclear data library is validated, it is published and enters into use in
applications. The applications that rely on nuclear data are broad. Some applications may
only use a handful of nuclear data properties (e.g., production of a specific medical isotope),
while others use many (e.g., reactor design). The applications that use evaluated nuclear
data include, but are not limited to:

e advanced reactor design,

e medical isotope production,

e nuclear forensics,

e nuclear safeguards,

e stockpile stewardship,

e detector response modeling,

e fusion reactor design,

e criticality safety,

e nuclear waste management,

e medical physics and radiation therapy,

e radiation shielding,
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e dosimetry,
e radiological dating, and

e clectronics hardening.

1.1.3.8 Sensitivity Studies

The process of validation reveals issues with evaluated libraries that are then corrected prior
to their release. However, the process of validation cannot reveal every problem with an
evaluated library, as integral benchmarks are only sensitive to certain properties of certain
nuclei (e.g., materials that are present in the critical assemblies in sufficient quantities).
Moreover, as applications evolve, new nuclear data needs emerge. Sensitivity studies are an
important method for identifying and prioritizing nuclear data needs.

The results of sensitivity studies primarily inform experimentalists of what differential
measurements need to be conducted or repeated. These results may also inform the de-
velopment of new integral benchmark experiments; sensitivity to specific nuclear properties
can be incorporated so that issues do not pass validation in the future. Finally, the results
of sensitivity studies can influence the development of theory. Sensitivity studies close the
feedback loop that forms the nuclear data pipeline.

1.2 Fission Yield Nuclear Data

This dissertation is focused on nuclear data related to fission yields. Below is a review of the
current state of fission yield nuclear data and needs for improvements. Together, these pieces
of information motivate the work presented in this dissertation; this work seeks to address
fission yield nuclear data needs by expanding the current state of knowledge on fission yields.

1.2.1 The Current State of Fission Yield Data
1.2.1.1 Experimental Data

A review of the neutron-induced fission yield data stored in EXFOR was conducted to as-
sist the development of the template of expected measurement uncertainties in fission yield
nuclear data that is presented in Chapter 3. The review covered the three major actinides:
25U, 28U, and #?Pu. A total of 812 EXFOR entries were reviewed, and these entries con-
tained a total of 18214 individual fission yield values and uncertainties. The entries spanned
the years 1943 to 2019 and thus the review provides a suitable overview of the current state
of experimental fission yield data. Some norms and trends in the experimentally measured
fission yields covered by this review are discussed below and some trends are further dis-
cussed in Sec. 3.2.3.1.
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The information compiled in this review is useful in assessing the current state of fission
yield nuclear data and the representative uncertainties in that data. Figure 1.2 displays the
distribution of the quoted fission yield uncertainty values for each of the three target nuclei
reviewed. A number of values in the dataset quoted uncertainties in excess of 100%. This
is because some reports quoted constant experimental uncertainties that exceeded the value
of some of the lower fission yields that were claimed to be observed. These values have been
removed from the dataset as a measured value with uncertainty greater than the value itself
does not provide much useful information. In the process of the EXFOR review, uncertainty
values that were listed as being only statistical were excluded as these values under-represent
the measurement uncertainty. It should be kept in mind only 6.8% of the subentries found in
this review self-reported their uncertainties as statistical. The majority of entries/subentries
list no information about what sources contribute to the quoted uncertainty. Therefore, it is
very likely that more than 6.8% of the measurements quote only their statistical uncertainties.
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Figure 1.2: Histograms of the quoted relative uncertainty values for EXFOR-compiled fission
yields for 23°U, 238U, and ?*°Pu. Uncertainty values that were listed as being only statistical
or exceeded 100% were removed from the dataset.

Figure 1.3 displays the average quoted uncertainty for each target nucleus as a function
of publication date. For each year on these plots, the quoted uncertainty values used to
calculate the mean are cumulative (i.e., all values prior to and including that year are used).
The error envelope on these plots is taken as the standard deviation of the cumulative values.
Two notable trends can be observed: the average quoted uncertainty tends to decrease until
approximately 1960 and thereafter the average quoted uncertainty slowly increases. This
may be due to enhanced contemporary focus on the characterization of various systematic
sources of uncertainty.

A large variety of experimental methods are used in the measurement of fission yields.
Table 1.1 tabulates all of the experimental methods found in the review and their correspond-
ing EXFOR codes. The description of each of these codes was taken from Dictionary 21 in
the EXFOR manual [41]. Of these methods, those that were cited particularly frequently
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Figure 1.3: The average quoted uncertainty for fission yield measurements as a function of
publication date. For each year on the abscissa, all values prior to and including that year
are used. The error envelope is the standard deviation of the values reported.

included: activation, chemical separation, y-ray spectroscopy, and mass spectrometry. These
methods and the sources of uncertainty commonly associated with them are detailed in the
template of expected measurement uncertainties presented in Chapter 3.

Figure 1.2 demonstrates the large average uncertainty in measured fission yield data.
Despite these large uncertainties, Figure 1.3 shows that the precision of measured fission
yields has not improved over time. However, this trend may be attributable to enhanced
uncertainty reporting. Table 1.1 lists the large number of experimental techniques that are
associated with fission yield measurements. Taken together, these figures show the current
state of fission yield data; there remains significant uncertainty in the experimental data
even with the wide variety of measurement techniques available.

1.2.1.2 Evaluations

As of early 2021, there exist three major evaluations of fission yield data: the ENDF/B-
VIIL.O evaluation from the USNDP [28], the JEFF-3.3 evaluation from the NEA [29], and
the JENDL-4.0 evaluation from the JAEA [30]. Table 3.2 of Sec. 3.2.2 summarizes the
original sources for each of these evaluations and the years they were conducted. These
evaluations and how they were conducted is discussed in greater detail in Sec. 3.2.2.

Figures 1.4 and 1.5 display histograms of the relative uncertainties in the independent
and cumulative fission yields of the ENDF /B-VIIIL.0 and JEFF-3.3 evaluations. These figures
show the large average relative uncertainties in evaluated fission yield data. This state of
uncertainty in fission yield data is problematic to certain applications. Both improving the
mean and width of the distributions of fission yield uncertainties shown in Figs. 1.4 and 1.5
is important to enabling applications.
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Figure 1.4: A histogram of the relative uncertainties of the independent fission yields in
the ENDF/B-VIIL.0 and JEFF-3.3 evaluations. Each histogram contains 100 bins. The

independent yields have an average uncertainty of 33.2% and 60.0% in the JEFF-3.3 and
ENDF/B-VIIL0 evaluations, respectively.

1.2.2 Improving Fission Yield Data

Given the current uncertainty in fission yield data, there is great room for improvement. To
improve this uncertainty, advanced experimental techniques are required. Combining new,
state-of-the-art experimental techniques with conventional measurement methods is one po-
tential path to reducing average uncertainties. As legacy measurements did not always fully
consider all sources of experimental uncertainty (as discussed in Sec. 1.2.1.1), careful char-
acterization of uncertainties is a crucial detail in any new experiment.

One particular issue with evaluated fission yield data is that none of the existing fission
yield evaluations contain information on fission yield covariances. This gap has been identi-
fied as a critical need [1, 42]. This covariance information could be useful to any calculation
where fission yields are involved, but its importance to reactor antineutrino emission rate
calculations [43, 44, 45, 46] and reactor decay heat calculations [47] has been specifically
noted. To address this issue, a method for the estimation of fission yield covariances was
developed. This method is presented in Chapter 4 as a part of the work that contributes to
this dissertation.

The primary means by which uncertainties in fission yields can be improved is experimen-
tation. To this end, two projects that seek to improve fission yield data through experimenta-
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Figure 1.5: A histogram of the relative uncertainties of the cumulative fission yields in
the ENDF/B-VIIL.0 and JEFF-3.3 evaluations. Each histogram contains 100 bins. The

cumulative yields have an average uncertainty of 23.2% and 44.7% in the JEFF-3.3 and
ENDF/B-VIIL0 evaluations, respectively.

tion are presented in this dissertation. The template of expected measurement uncertainties
for fission yields is presented in Chapter 3. This template provides a guide to help experi-
mentalists fully consider their experimental uncertainties when using common fission yield
measurement methods. The development of and preliminary results from the Fast Loading
User Facility for Fission Yields (FLUFFY) at the 88-Inch Cyclotron at Lawrence Berkeley
National Laboratory are presented in Chapter 5. The technique of cyclical activation analy-
sis is used with FLUFFY to measure short-lived fission product yields. The measurement of
fission yields has been predominately focused on the cumulative yields of longer-lived fission
products. Therefore, the information provided by FLUFFY on short-lived fission product
yields has the potential to improve yield data in this region of the fission product distribution.

The work that is presented in Chapters. 3, 4, and 5 makes contributions at several
stages in the nuclear data pipeline. The template of expected measurement uncertainties in
Chapter 3 contributes to the Experiment and Evaluation stages of the pipeline by providing
a guide that can be used by both experimentalists and evaluators. The work on estimating
fission yield covariances in Chapter 4 contributes to the Theory, Evaluation, and Sensitivity
Studies stages of the pipeline. The experimental measurement of fission yields using FLUFFY
in Chapter 5 contributes to the Experiment stage of the pipeline.
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Table 1.1: All of the methods found in EXFOR-compiled measurements of fission yields of
235U, 238U, and 239Pu. The method codes and their descriptions are taken from Dictionary
21 of the EXFOR manual [41].

Method Code ‘

Description

ABSFY
ACTIV
AMS
ASEP
BGCT
BSPEC
CHSEP
COINC
EDE
EXTB
FISCT
FNB
FPGAM
GSPEC
HATOM
HEJET
INTB
JET
MASSP
MOMIX
OLMS
PHD
PLSED
PSD
RCHEM
REAC
REC
RELFY
RINGR
RVAL
SITA
SLODT
STTA
TOF

Absolute fission yield measurement
Activation

Accelerator mass spectrometry
Separation by mass-separator
Beta-gamma coincidence technique
Beta-ray spectrometry

Chemical separation

Coincidence

Particle identification by E/Delta E measurement
Irradiation with external beam
Absolute fission counting

Filtered neutron beam

Direct gamma-ray spectrometry
Gamma-ray spectrometry
Hot-atom method

Collection by He jet

Irradiation with internal beam
Collection by gas jet

Mass spectrometry of a product
Mixed monitor

On-line mass separation
Pulse-height discrimination

Pulse die-away

Pulse-shape discrimination
Radiochemical separation
Reactivity measurement
Collection of recoils

Relative fission yield measurement
Ring ratio method

R-value measurement

Single target irradiation
Slowing-down time

Stacked-target irradiation
Time-of-flight
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Chapter 2

Background

In order to understand fission yields, an understanding of the process of fission must be
developed first. This chapter focuses on providing a background on fission, its observables,
its discovery, its theoretical descriptions, and the experimental methods used to measure it.

2.1 The Process of Fission

Fission is the process by which an atomic nucleus undergoes a change in the configuration of
its nucleons that results in its division — or “scission” — into two or more fragments. Fission
can be induced by imparting excitation energy to a nucleus via an external particle or it can
happen as a spontaneous decay process. A typical fission event produces two fission frag-
ments; this is called “binary fission.” Ternary and quaternary fission have been observed [48,
49], and occur in less than one in every hundred fission events. Ternary and quaternary fis-
sion fragments are typically significantly smaller than their binary counterparts with A < 10.

The binary fission fragments produced in fission are born with high excitation energy
(tens of MeV). These fragments are neutron-rich and at such high excitation energies, the
preferred de-excitation pathway is neutron emission. The fragments proceed to emit neu-
trons until their excitation energy has fallen below the neutron separation energy, after which
neutron emission is energetically forbidden. After neutron emission has ceased, the fission
fragment is now called a fission “product” and ~-ray emission begins. Gamma emission
proceeds until the fission product is fully de-excited. From scission to de-excitation, several
neutrons and several v rays are emitted from each fission fragment. This de-excitation occurs
in less than a nanosecond, and thus the particles resulting from it are described as “prompt.”

The fission product that results after prompt de-excitation is usually itself unstable and
will undergo radioactive decay. As fission products are on the neutron-rich side of the line
of stability, the overwhelming majority undergo S~ decay. The most neutron-rich of these
fission products have 5~ decays that populate states in their daughter nucleus that are above
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the neutron separation energy, allowing for further neutron emission. In addition to these
neutrons, the 5~ decays result in the emission of v rays from the daughter nuclei. The
neutrons and v rays that are emitted due to these 5~ decays are called “beta-delayed” or
“delayed.” A handful of fission products exhibit 8T, electron capture, and o decays. The 5+
and electron capture decays also result in the emission of antineutrinos and neutrinos. In
all, the process of fission results in the emission of fission fragments/products, neutrons,
rays, BT particles, antineutrinos and neutrinos, and « particles. Each fission event releases
an average energy of roughly 200 MeV. Figure 2.1 shows the chronology of the fission process
and its resulting emissions and decays.

U Y S
ISR |
Y e Ba B
| EAR NS

‘ 1 1 ' 1
~~ e |
M BN X
A
Deformation to Scission Prompt Prompt Beta and Beta Decay
(10%°-10%5) Neutron Gamma  Beta-Neutron (555 - 00)

Emission Emission Decays
(10%-10%s) (104-103s) (103-555)

Figure 2.1: The chronology of fission, from deformation to fission product § decay. Timescale
based on Ref. [50]. Atomic nucleus figure used from Ref. [51].

As will be further discussed in Sec. 2.2.1, fission occurs when the repulsive Coulombic
force between the protons overcomes the attractive residual strong (nuclear) force between
the nucleons. The strength of the nuclear force is considerably greater than that of the
Coulombic force. Thus, in order for fission to occur, deformation to the nucleus must occur
that allows the Coulombic force to overcome the nuclear force. This deformation can exist
naturally, as is the case in super-heavy nuclei where spontaneous fission occurs, or it can
be induced by adding excitation energy to the compound system. The energy required to
induce a deformation that allows fission to proceed is called the “fission barrier.”

Fission occurs in heavy nuclei. Fission is most commonly associated with actinides but
has been observed in compound nuclei with A as low as 197 through the ¥!Ta(*60,f) re-
action [52]. With increasing nuclear mass, the fission barrier tends to lower, and thus the
probability of spontaneous fission tends to increase. In some nuclei, the fission barrier is low
enough that fission can be induced by a neutron with thermal kinetic energy. The excitation
energy left in the compound nucleus by the absorption of the neutron (the neutron separa-
tion energy) is sufficient to cross the fission barrier and allow fission to proceed. Such target
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nuclei are referred to as “fissile.” In the mass region near uranium, this effect causes target
nuclei with odd neutron numbers to be fissile. This is because nucleon pairing results in a
boost to the energy imparted to the compound nucleus by the absorption of a neutron that
completes a pair with the odd neutron of the nucleus [11, p. 488].

In some nuclei, induced deformation can create an isomeric state. The deformation is
severe enough that fission becomes possible, but not so severe that fission proceeds imme-
diately. Because a significant change in deformation is required to either proceed to fission
or revert to the ground state, the state exhibits a non-zero lifetime. These states are called
“fission isomers.” Fission isomers have been observed from thorium to berkelium and have
lifetimes ranging from nanoseconds to tens of milliseconds [53].

2.1.1 Fission Observables

Fission is a complex process that results in the generation of several different particles in
each fission event. Because of this, fission has many different observables. To generate a
comprehensive list of fission observables, 300 publications in NSR on fission observables from
238U (n,f) were reviewed. These publications spanned the years 1977 to 2019. In total, 32
different fission observables were found. Of these, the most commonly reported observables
were the (n,f) cross section and fission yields. A list of the fission observables that were
found and the number of times they were found is provided in Table 2.1.

Because the particles emitted from fission and their corresponding observables result from
the same nuclear event, fission observables have strong correlations between them. These
correlations can be determined experimentally or estimated from theoretical modeling. The
number of times that multiple fission observables were measured in a single experiment was
recorded during the review of NSR. These experiments are important because they have the
potential to give information on the correlation between fission observables. Unfortunately,
experiments involving fission do not often report more than one observable, making infor-
mation on fission observable correlations scarce. Only 13.0% of all measurements for this
compound system measured more than one observable. Figure 2.2 shows a matrix that tabu-
lates the number of times that the fission observables listed in Table 2.1 were simultaneously
measured.

2.1.2 The History of Fission

The existence of a process whereby an atomic nucleus would be split into fragments was
initially posited by Ida Noddack in 1934 [54]. Between 1937 and 1938, Irene Joliot-Curie
published papers that noted the presence of several chemical elements in a uranium sample
that had been irradiated with neutrons [55, 56, 57]. This work prompted Lise Meitner to
request additional experiments from Otto Hahn and Fritz Strassmann. The existence of
the process of fission was confirmed by Hahn and Strassmann by bombarding uranium with
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Figure 2.2: Lower triangular matrix of simultaneous measurements of the fission observables
listed in Table 2.1 for neutron-induced fission of 2*¥U. The indices on the axes correspond
to the matrix indices listed in Table 2.1. The diagonal is null as the diagonal of this matrix
only reflects the measurement of a single observable. Only 13.0% of all measurements for
this compound system measured more than one observable.

neutrons in December 1938 [58]. In this experiment, chemical analysis was used to confirm
that barium was produced as a result of bombarding the uranium with neutrons. The first
theoretical description of fission was offered by Meitner and Frisch in January 1939 [59]. The
existence of fission was further confirmed by a team of physicists at Columbia University
in late January of 1939 [60]. A uranium target was placed in an ionization chamber and
bombarded with neutrons, allowing the energy released by each fission event to be measured.

Soon after its discovery, the details on the emissions from fission were clarified and the
average number of neutrons emitted from each fission event was assessed [61]. A key ob-
servation was that the average number of neutrons emitted from fission was greater than
one. This immediately raised the possibility that fissile actinides could be configured in a
geometry that would allow a chain reaction to proceed. A controlled chain reaction, where
the number of neutrons produced by fission and the number of neutrons inducing fission
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remain constant in time, was recognized as a possible source of energy. An uncontrolled
chain reaction, however, was recognized for its potential to create a very destructive release
of energy [62].

Both controlled and uncontrolled systems were designed and tested by scientists in short
order. On December 2, 1942, a research team led by Enrico Fermi achieved the first con-
trolled nuclear chain reaction in the Chicago Pile-1 reactor at the University of Chicago [63].
Less than three years later, on July 16, 1945, the first uncontrolled nuclear chain reaction
was initiated by a team of researchers led by J. Robert Oppenheimer with the Trinity nuclear
test near Socorro, New Mexico [64]. The first nuclear reactor designed to produce electrical
power, the Experimental Breeder Reactor I at the National Reactor Testing Station, became
operational on December 20, 1951 [65].

Since these early developments, both nuclear reactors and nuclear weapons have been
extensively developed and have become integral parts of society. Nuclear reactors are re-
sponsible for approximately 10% of global electricity production [66], are critical in radioiso-
tope production, and aid basic research. Nuclear weapons are possessed by at least eight
sovereign states and are a major concern for national and global security. As these two
critical technologies have developed, the interest in nuclear fission — which is at their core —
has continued to grow.

2.2 Descriptions of Fission

To describe the fundamental origin of fission and observed fission phenomena, a number of
semi-empirical and theoretical descriptions of fission have been put forth. As time has pro-
gressed, more and more complex models have been developed, each offering more advanced
descriptions of particular observables. Nevertheless, even the most simplistic model — the
liquid drop model — can provide basic insights into the nature of fission. This section will
review a series of fission models that are particularly useful to evaluation and applications.

2.2.1 The Liquid Drop Model

The first model that can be used to describe fission was developed in 1930, before the discov-
ery of fission itself. This model, often referred to as the “liquid drop model”, was first posited
by George Gamow in order to describe empirical trends in nuclear binding energies [67]. In
1935, Carl Friedrich von Weizsacker further developed this theory to give the formulation
that is most commonly used today [68].

The model treats the nucleus as a drop of charged liquid. The charge of the liquid has
a single polarity that is uniformly distributed across the volume of the drop. This creates a
repulsive force within the drop that tends to drive it towards disintegration. Countering this
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repulsive Coulombic force is the nuclear force that attracts the matter of the drop together.
Equation 2.1 gives the Semi-Empirical Mass Formula which represents the liquid drop model
[11, p. 68]:

Z(Z —1) (A—22)?

A Ty
where F is the binding energy of the nucleus, A is the mass number of a particular nucleus,
Z is the proton number of the nucleus, ay is the volume term parameter, ag is the surface
term parameter, ac is the Coulomb term parameter, ay is the asymmetry term parameter,
and 0 is the pairing term which is given by:

E:aVA—aSA2/3—aC +5<N,Z) (21)

+ap A — Zand N even
A, Z)=<0 Aodd (2.2)
—ap A— Zand N odd

where ap is the pairing term parameter.

This model has five terms and five parameters, each with an underlying physical basis:

e volume term — ay A — this term scales with A which is directly proportional to the
volume of the nucleus. The term is positive and therefore represents an attractive force
that holds the nucleus together. Physically, this term represents the nuclear force: the
more volume per nucleon, the greater the attractive nucleon-nucleon interactions in
the nucleus.

e surface term — —agA?/® — this term is a correction to the volume term; it accounts
for the fact that nucleons on the surface of the nucleus have fewer attractive nucleon-
nucleon interactions as they are not surrounded by other nucleons on all sides. There-
fore, this term is negative.

e Coulombic term — —ac% — this term accounts for the repulsive force between
the protons of the nucleus and is therefore negative. It is analytically derived from the
energy required to add an infinitesimal shell of charge to a sphere of charge assuming

Gauss’s law.

e asymmetry term — —a A% — this term accounts for the fact that nuclear con-

figurations with an uneven number of proton and neutron pairs are less bound than
those with an even number of proton and neutron pairs. Except when the number of
protons and neutrons is equal, this term is negative and thus destabilizing.

e pairing term — §(NV, Z) — this term accounts for the observed enhancement in stability
when all nucleons are paired. The term is positive when all are paired, zero when there
is one odd nucleon, and negative when there is both an odd neutron and odd proton.



CHAPTER 2. BACKGROUND 20

While different sources list different values for the parameters of the model, commonly
used values are: ay = 15.5 MeV, ag = 16.8 MeV, ac = 0.72 MeV, ay = 23 MeV, and ap =
34 MeV [11, p. 68].

The utility of this model lies in its simplicity: while the model only contains five terms
and parameters, it has a remarkable ability to reproduce many observed trends in nuclear
binding energies. And while the model was developed to describe nuclear binding energies,
it also provides insights about the energetics of fission. Consider the example of fission of
the 235U(n,f) compound nucleus, ?*U. In the case of symmetric fission, 26U splits to form
two 18Pd fragments. Table 2.2 shows values of the individual terms of the semi-empirical
mass formula and how they change after the 23U fissions into symmetric fission fragments.
It can be seen that the semi-empirical mass formula accurately predicts the energy release
from fission. It also explains the mechanism by which fission occurs: the shape change that
occurs in fission reduces the number of attractive nucleon-nucleon interactions, allowing the
Coulombic force to take over and split the nucleus. This is seen in the reduction of the
surface term and the increase of the Coulombic term. While the liquid drop model provides
important insights about the energetics and forces that drive the fission process, it falls short
of describing more advanced fission phenomena.

2.2.2 The Shell Model

In 1949, the shell model of atomic nuclei was developed by Maria Goeppert Meyer [69]. The
model was developed to address the observed “magic numbers” in atomic nuclei. Nuclei
with a magic number of protons or neutrons were observed to have enhanced stability and
low nuclear level density. This was especially true for nuclei with both a magic number
of protons and a magic number of neutrons. While this behavior had been observed in the
1930s and 1940s [70], a physical model that successfully predicted all of these magic numbers
had been elusive. Figure 2.3 shows an example of enhanced stability in nuclei with a magic
number of protons or neutrons.

The nuclear shell model was inspired by the atomic shell model, which had done an ex-
cellent job of describing shell effects in atoms. However, applying the atomic shell model
directly to the nucleus cannot work; there is a single force that holds an atom together
(the Coulombic force), whereas a nucleus has nucleons that attract each other through the
nuclear force and protons that repel each other through the Coulombic force. Moreover, an
atom has a central, immobile potential that is created by the charged nucleus. The potential
of a nucleus is created by the nucleons themselves and is thus non-central. As a result, a
multi-termed potential is required to describe a nucleus in the Schrodinger equation and that
is difficult to solve analytically.

In order to form a potential that describes a nucleus in a mathematically tractable way,
the assumption that the nucleons form a nearly central potential is made. This potential is
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Figure 2.3: The first excited states of nuclei as a function of N and Z. Enhanced stability
is observed in even-even nuclei with a magic number of protons and/or neutrons; their first
excited states occur at significantly higher energies on average. The color bar is truncated at
3 MeV to enhance the visibility of the effect in nuclei with A > 20. The data in this figure
were taken from RIPL [35].

described with the Wood-Saxon potential [71], the mathematical form of which is shown in
Eq. 2.3. This potential, which is a modified form of the three-dimensional harmonic oscillator
potential, describes the nuclear potential as a well with a finite depth and a smooth edge
or “skin.” Figure 2.4 shows the Wood-Saxon potential as a function of nuclear radius and
demonstrates its smooth edge.

_ -V

1+ capl(r — Rja)
where Vj is the depth of the well (strength of the potential) and is commonly given the value
Vo = 50 MeV, R is the nuclear radius and is commonly given by R = 1.25AY3[fm], and a

describes the “thickness” of the skin at the edge of the potential and is commonly given the
value a = 0.524 fm [11, p. 122].

Vivs(r) (2.3)

The Wood-Saxon potential begins to describe the shell structure of atomic nuclei, how-
ever, it falls short of accurately predicting the experimentally observed magic numbers. The
Wood-Saxon potential predicts magic numbers of 2, 8, 20, 34, 58, 92, and 138, whereas the
experimentally observed magic numbers are 2, 8, 20, 28, 50, 82, and 126 [11, p. 123].
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Figure 2.4: The Wood-Saxon potential as a function of nuclear radius. The “skin” of the
nucleus is shown between the red dotted lines. The thickness of the skin is controlled by the
parameter a. As a decreases, the skin becomes thinner.

To further modify the nuclear potential and finally describe the experimentally observed
magic numbers, Mayer introduced a term to account for the interaction between the spin of
the nucleons with the orbital potential — the so-called “spin-orbit” coupling. This results in
the nuclear potential that is given in Eq. 2.4, where the term, V;,(r) £- s, is the modification
for the spin-orbit coupling. The form of V,,(r) is not particularly important [11, p. 124].
What is important is the factor, £ - s, which breaks the spin degeneracies from the Wood-
Saxon levels.

V(r)=Viws(r) + Vi(r) £ - s (2.4)

where V (r) is the total radial nuclear potential, Viys(r) is the Wood-Saxon potential given
in Eq. 2.3, and V,,(r) £ - s is the modification for the spin-orbit coupling.

With the introduction of the spin-orbit coupling term to the nuclear potential, the exper-
imentally observed magic numbers are reproduced exactly. This significant development in
the description of the nuclear potential allows the origins of the shell structure in atomic nu-
clei to be understood. This shell structure is very important for understanding the dynamics
of fission as well. At low excitation energies, binary fission produces two fragments with un-
equal mass; binary fission rarely produces two fragments of equal mass. This is explained by
the shell model: fission preferentially produces one fragment near the doubly magic A = 132
(Z = 50, N = 82). The other fragment receives the remainder of the mass. Figure 2.5
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demonstrates the important effect that shell structure has on the process of fission. Mass

yields in low-energy fissioning systems are anchored near the doubly magic A = 132. Shell
effects give low-energy fission its characteristic asymmetry.
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Figure 2.5: The thermal-neutron mass yields for 22" Th, 2°U, and ?*?Pu and the spontaneous-
fission mass yields for 2°2Cf and ?*Fm. The shaded regions show mass yields which are
contributed to by at least one product with a magic number of protons or neutrons. Note
that in the doubly magic region, there is an enhancement in the mass yield curve of all five
nuclei. The low-mass centroid of each mass yield curve increases with increasing nucleus
mass. This occurs because the left edge of the heavy-mass centroid is anchored near the
doubly magic closure. The independent mass yields were taken as the sum of the independent
fission yields with a given A using the data in the fission yield evaluation of ENDF/B-VIII.0
[28].

2.2.3 The Deformed Shell Model

In the early 1950s, experimental evidence emerged that suggested the existence of static
deformation in atomic nuclei [72, 73, 74, 75]. These statically deformed nuclei exhibited
rotational bands in their excitation spectra. The shell model that had been proposed by
Maria Goeppert Mayer in 1949 had a spherical potential and therefore described spherical

nuclei. This model was not sufficient for the description of deformed nuclei and could not
predict the observed rotational phenomenology.

In 1955, Sven Nilsson modified the shell model potential to account for deformation in the
nuclear shape [76]. Because a non-spherical, deformed potential was used, £ ceases to be a
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good quantum number. Instead, the projection of 3 onto the symmetry axis of the nucleus,
Q, becomes a good quantum number. This means that the (25 + 1) degeneracy of the
spherical shell model is broken as the result of a non-zero deformation. As the deformation
increases, the greater the energy splitting. Figure 2.6 shows energy levels for single neutrons
in a deformed nucleus as a function of deformation.
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Figure 2.6: Energy levels for single neutrons in a prolate deformed potential as predicted by
the Nilsson model. As deformation goes to zero, the energies and (2j+1) degeneracy of the
spherical shell model are restored. This figure is reproduced from Figure 5.29 of Ref. [11, p.
155], which was produced from Ref. [77].

While this deformed shell model was successful at describing trends at small deformations,
its accuracy at large deformations was poor [78]. This had made theoretical calculation and
prediction of fission barrier values in heavy nuclei (which have high deformation) difficult. In
1967, Velin Strutinsky proposed a method that uses the Nilsson model to calculate a “shell
correction” for the liquid drop model [79]. A deformed version of the liquid drop model was
used [80]. The method suggests that this shell correction, dU, is given by Eq. 2.5:
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oU=U-U (2.5)

where U is the sum of the energies of the nucleons as calculated by the Nilsson model and
U is the sum of the energies of the nucleons as calculated by the deformed liquid drop model.

In addition to allowing the accurate calculation of fission barrier values, this method
also provides the first theoretical description of fission isomers. The deformation energy
calculated using this method as a function of deformation showed two to three minima. The
ground state of the nucleus exists in the first minimum. The fission isomer exists in the next
minimum. Depending on the energy surface, the fission isomer can either tunnel back to the
ground state or can tunnel to even higher deformation where fission will proceed. Figure 2.7
shows an example of a fission barrier calculated with this method.

——  left-right symmetric
------ left-right asymmetric
LDM

potential energy .

L4

-ground state

deformation .

Figure 2.7: An example of a fission barrier calculated with the Strutinsky Method. The
dashed line is predicted by the deformed liquid drop model. The thin dashed line is a fission
barrier that is typical when asymmetric fission is observed. The thick dashed line is typical
of asymmetric fission. This figure was reproduced from Figure 3 of Ref. [81].

2.2.4 Advanced Models

There exist many advanced models of atomic nuclei and some of these models can be used
to investigate fission phenomenology. An extensive number of advanced models of fission
have been reviewed in Refs. [82, 83]; these include statistical models, microscopic models,
and ab initio calculations. While many models of fission exist, only a handful are useful for
applications and evaluations. As this dissertation is focused on the nuclear data of fission
yields, only models that are useful to fission yield evaluation and applications will be dis-
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cussed specifically.

Four models, in particular, are useful to applications that use fission yield information
and evaluations of fission yields: the Wahl Systematics, the General Description of Fission
Observables (GEF) code, the Hauser-Feshbach Fission Fragment Decay (HF?D) model, and
the Fission Reaction Event Yield Algorithm (FREYA). Each of these models and their uses
will be briefly discussed in Secs. 2.2.4.1-2.2.4.4.

2.2.4.1 Wahl Systematics

The Wahl systematics provide a set of mathematical equations that describe the charge
distributions (including even-odd effects), mass distributions, and delayed-neutron yields of a
fissioning system [84, 85]. The relative simplicity and limited number of parameters featured
in this model make it a good candidate for use in evaluations. The model parameters can be
tuned to experimental data with tractable regression methods. Because of this, the model
was particularly useful in the most recent USNDP evaluation of fission yields conducted
in 1994 [86]. The model was complemented with the Madland isomeric yield ratio tables
[87, 88] to produce a complete evaluation. While this model has been useful to evaluation,
advancements in computational resources have made the use of even more descriptive models
in fission yield evaluation possible.

2.2.4.2 GEF

The General Description of Fission Observables (GEF) code is a model developed to describe
the observables of fission from any compound nucleus with a given excitation energy and
angular momentum [89]. Like the Wahl systematics, GEF is able to reproduce expected
fission yield distributions and their even-odd effects. However, GEF not only models fission
yield distributions, but it also predicts several other fission observables including prompt
neutron and ~v-ray distributions, fission barrier values, fission probabilities, isomeric yield
ratios (a notable improvement over the Wahl systematics), and fragment kinetic energies.
To accommodate such a broad range of predictive results, the model underlying the GEF
code has 50 model parameters.

While GEF predicts a broad range of fission observables, it is not recommended for
evaluations [89]. The GEF code and its model parameters are meant to be used to predict
fission observables for several hundred fissioning systems from Z = 80 to Z = 112. Thus,
by comparison to the large amount of experimental data covering this range of fissioning
systems, the 50 model parameters are relatively restrictive. Therefore, at this time, GEF is
only recommended for the validation of evaluations, not for the production of evaluations
themselves.
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2.2.4.3 HFD

The Hauser-Feshbach Fission Fragment Decay (HF?D) model has been implemented as a
package inside of BeoH [90, 91] — a statistical Hauser-Feshbach code developed at Los Alamos
National Laboratory (LANL). HF3D is a deterministic model. This makes HF®D ideal for
fission yield modeling as the yields to all fission fragments/products are calculated with the
same precision. Moreover, the calculations performed by HF3D require significantly less
computational power than Monte-Carlo models of fission, making it an ideal evaluation tool
[92].

Together with the Cascading Gamma-ray and Multiplicity for Fission (CGMF) code [93],
HF3D is being used by researchers at Los Alamos National Laboratory to generate evalua-
tions of fission observables that are physically consistent with each other [92]. CGMF will be
used for some fission observables, such as average neutron multiplicities and prompt neutron
energy spectra, while HF?D will be used for others, such as fission yields. The underlying
models in CGMF and HF®D are nearly identical, allowing the same parameters to be used
for both codes. Because of this, there is a high degree of consistency between evaluations of
fission observables generated using CGMF and HF3D. This addresses an important problem:
existing evaluations of fission observables have been conducted independently. Correlations
between the observables are therefore missed and this results in the evaluations being incon-
sistent [94].

2.2.4.4 FREYA

As previously mentioned in Sec. 2.2.4.3, inconsistencies between fission observable evalua-
tions exist. A similar issue was identified in event generators for nuclear transport codes: the
conservation of physical quantities and correlations between observables were not properly
handled. To address this problem, the Fission Reaction Event Yield Algorithm (FREYA)
was developed to provide an event generator for Monte-Carlo transport codes that simulated
fission events with physically consistent observables [95, 96]. FREYA has been integrated
into standard Monte-Carlo transport codes such as MCNP and the Geometry and Tracking
(GEANT) code [97].

While the previously mentioned models — the Wahl Systematics, GEF, and HF3D — are
particularly useful for evaluation efforts, FREYA is focused on use in applications. The
model underlying FREYA generates a complete and fully correlated set of fission observ-
ables for individual fission events, starting from pre-fission neutron emission, following the
fission event all the way through to prompt y-ray emission from the fission products. Because
FREYA is an event generator it is more appropriate for radiation transport applications than
evaluation itself. This is particularly true for fission yield evaluations where an intractable
number of events would need to be generated to assess the full range of fission products
(which have yields ranging 21 orders of magnitude [86]).
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While advanced models of nuclear fission exist, none can describe the process of fission
and all of its observables with sufficient accuracy. As such, experimental measurement, of fis-
sion observables is required to determine the properties of nuclear fission and to complement
and inform theoretical models of fission. This dissertation focuses on the improvement of
the nuclear data related to one category of fission observable: fission yields. The background
presented in this chapter is complemented by the material that follows in Chapter 3, which
offers a review of experimental methods used in fission yield measurements, with a particular
focus given to measurement uncertainties. Together, these chapters provide a foundation for
fission yield evaluation by detailing theoretical and experimental capabilities.
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Matrix Index Observable No. Measurements
0 (n,f) Cross Section 41
1 Product Cumulative Yields 32
2 Mass Yields 12
3 Fragment Angular Correlations 12
4 Prompt Fission n Spectrum 10
5 Average n Multiplicity 10
6 Fragment TKE 8
7 Charge Yields 7
8 Product Independent Yields 6
9 Average n Energy 6
10 Fragment Mass Yields )
11 Fragment Yields 4
12 Delayed n Group Numbers 4
13 Average TKE 4
14 Prompt n Angular Correlation 3
15 Prompt v Spectrum (Low Res.) 3
16 Delayed n Energy Spectra 3
17 Average v Multiplicity 3
18 Isomeric Ratios 2
19 Fragment Mass 2
20 Fragment Angular Momenta 2
21 Delayed n Yield 2
22 Average Total v Energy per Fission 2
23 Prompt X-ray Spectra 1
24 Prompt v Spectrum (High Res.) 1
25 Fragment Excitation Energy 1
26 Fragment v Emission 1
27 Fractional Cumulative Yields 1
28 Average v Energy 1
29 (nf) Cross Section Correlations 1
30 ~v — 7 Coincidence 1
31 v — v — 7 Coincidences 1

Table 2.1: Observables matrix indices and number of measurements listed in NSR for the
300 measurements reviewed.
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Table 2.2: Terms of the semi-empirical mass formula (Eq. 2.1) calculated for 23U and two
symmetric fission fragments, 1®®Pd. The difference between these terms indicates approxi-
mately 235 MeV should be released from such a symmetric fission event.

Term (MeV) [ #9U | 2 x '®Pd | Difference (MeV)

Volume 3658 3658 0
Surface -641.6 | -808.3 -166.7
Coulombic -975.4 | -607.7 367.7
Asymmetry | -263.5 | -263.5 0
Pairing 34 68 -34
Total 1811.5 | 2046.5 235
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Chapter 3

Expected Measurement Uncertainties
in Fission Yield Measurements

The basis of this chapter is formed by “Templates of Expected Measurement Uncertainties”
— Chapter IX — “Fission Yields” which was previously submitted to Nuclear Data Sheets
[98]. Chapter IX — “Fission Yields” reviews the current state of experimental fission yield
nuclear data and provides a useful guide to assist experimentalists and evaluators in their
research. In particular, this work details what uncertainties should be quantified for a given
measurement and what information should be provided for nuclear data evaluation purposes.
This publication advances the current state of fission yield nuclear data.

3.1 Introduction

The templates of expected measurement uncertainties are a series of guides — or “tem-
plates” — which review common experimental techniques that are used for the measurement
of a particular type of nuclear property. This review process generates templates on what
measurement, uncertainties should be reported for each of these techniques; reviewing the
sources of uncertainty associated with them and, where possible, providing estimated mini-
mum, mean, or maximum values for those uncertainties.

The need for these templates was first outlined by Dr. Denise Neudecker of Los Alamos
National Laboratory [99, 100]. Since this need was identified, Neudecker has led a project
to compile templates of expected measurement uncertainties for multiple measured nuclear
properties. The initial efforts of this project have culminated in the aforementioned publi-
cation “Templates of Expected Measurement Uncertainties.”

Each template is compiled from a variety of sources. Peer-reviewed literature and EXFOR
reports are the primary sources for the templates. As these two sources have community-
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wide recognition, they are preferred. However, peer-reviewed literature and EXFOR reports
do not always provide enough information to compile a template. In this situation, the tem-
plate in question is supplemented by consultation with experts on particular experimental
methods.

The templates have a dual purpose: providing a guide for experimentalists and a guide
for evaluators. As a guide for experimentalists, the templates provide a tabulation of the
uncertainty sources associated with common experimental techniques and their expected
values. The templates can assist experimentalists in the planning of their experiments; us-
ing the information in the templates, experimentalists can configure their experiments to
appropriately track all sources of uncertainty and to minimize those sources as much as is
reasonably achievable. In addition to this, the templates provide a listing of further informa-
tion, beyond uncertainties, that is useful for evaluators. The templates also assist evaluators
when they conduct their evaluations. As the templates provide a comprehensive listing of
uncertainty sources and their expected values, evaluators can use them to assess the quality
of various published measurements. As a last resort, evaluators can also use the suggested
template uncertainty values to fill in missing sources of uncertainty in legacy measurements
that did not fully account for all sources of uncertainty.

While the templates provide a list of uncertainty sources and their expected values, it
should be clear that these values should not be viewed as immutable. Advances in tech-
nology or the implementation of existing technology can render the values in the template
obsolete. It is intended that the templates will be continuously updated so that they remain
current. It should also be noted that the values in the templates should not be viewed as
targets; experimentalists should strive to achieve the lowest uncertainties that are reason-
ably possible for the techniques and technology they use. Similarly, evaluators should not
use the templates in place of the uncertainties detailed in publication as the details of each
individual experiment are unique.

3.2 The Fission Yields Template

In this section, neutron-induced fission yield measurements will be reviewed. Neutron-
induced fission yields are measured using a number of experimental techniques that will
be discussed in Sec. 3.2.1. In Sec. 3.2.2, a review of current neutron-induced fission yield
evaluations is conducted and this review guided the identification of needs for future evalu-
ations. Sec. 3.2.3 outlines the template of expected uncertainties for neutron-induced fission
yields and details a review of EXFOR that was conducted to help guide the values in the
template.

Fission is the process by which a nucleus crosses its fission barrier and splits into at
least two fragments. These fission fragments then de-excite by the emission of neutrons and
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~v rays. A fission fragment that has completed neutron emission is called a fission prod-
uct. This chapter will focus on the assessment of fission product yields. A fission yield
is the probability that a given fission product will be produced as the result of a fission event.

Each fission event will create two macroscopic (A>60) fission fragments/products and
will occasionally also create one or two light charged particles (A<10). The yields to the
macroscopic fission products are called binary fission yields and the yield to light charged
particles are referred to as ternary or quaternary fission yields. The probability of pro-
ducing ternary or quaternary fission products is small compared to binary fission, and as
a result, experimental measurements have focused predominately on binary fission yields.
Thus, this chapter will focus on the assessment of binary fission product yields.

Fission can occur spontaneously or it can be induced. Spontaneous fission is the decay
of a nucleus via fission; it occurs in certain heavy actinides where the fission barrier is suffi-
ciently low to allow the fission process to proceed without an external source of excitation.
Fission can be induced by imparting sufficient energy to a nucleus to allow it to cross the
fission barrier. Any particle can induce fission including photons, neutrons, and charged
particles. Because of the importance of neutron-induced fission to applications, both mea-
surements and evaluations have focused on neutron-induced fission yields. Therefore, this
chapter will only discuss neutron-induced fission product yield measurements.

Fission yields can be measured as a function of mass number, atomic number, and iso-
meric state. Evaluations of independent and cumulative yields report fission yields as a
function of these three quantities. There are several different types of fission product yields
that are measured. There are five definitions of fission yields that will be discussed in this
chapter:

e Independent - the probability that a given product is produced by a fission event
immediately after scission and neutron emission,

e Cumulative - the probability that a given product will exist at some point in time
after a fission event, either from direct production from the fission event itself or from
the decay of another fission product,

e Chain - the probability that a product with a given mass number will be produced in
a fission event after beta-delayed neutron emission has occurred,

e Mass - the probability that a product with a given mass number will be produced in
a fission event before beta-delayed neutron emission has occurred,

e Charge - the probability that a product with a given atomic number will be produced
in a fission event.
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It should be noted that chain and mass yields are sometimes used interchangeably in
literature, however, they are different.

In general, the specificity and immediacy of a fission yield type correlate with the uncer-
tainty with which it can be measured. Specificity describes whether the yield is specific in
mass/atomic number alone (such as mass, chain, and charge yields) or whether it is specific
to atomic number, mass number, and isomeric state (such as independent and cumulative
yields). Immediacy describes the time scale on which the yield must be measured. Fission
yields of short-lived fission products (either independent or cumulative) require greater im-
mediacy in the assay of the fissionable sample in measurements and thus tend to have larger
uncertainty due to decay corrections.

This behavior is confirmed by the EXFOR review that is conducted in Sec. 3.2.3.1. For
example, Fig. 3.5 in Sec. 3.2.3.1 shows that the measured independent yields of 28U exhibit
the highest average uncertainty as they are the most specific and require the greatest experi-
mental immediacy. Cumulative yields exhibit a lower average uncertainty than independent
fission yields; while they are specific in both atomic and mass numbers, they do not require
the same experimental immediacy. Chain yields exhibit the lowest average uncertainty as
they are specific only in mass number and allow for long periods of radioactive decay between
irradiation and assay.

In addition to the above definitions of fission yield types, each type can be measured as
three different quantities:

e Absolute - the total probability that a given fission product will be produced by a
fission event,

e Relative - the probability that a given fission product will be produced relative to a
reference fission product yield of the same type,

e Fractional - an independent or cumulative fission yield relative to a chain or mass
yield.

Two fundamental equations define the determination of relative versus absolute fission
yield measurements. In the case of an absolute fission yield measurement, the experimental
data analysis process ultimately seeks to determine the fission yield using Eq. 3.1:

Ny
where Yfi is the absolute fission yield of the *" fission product, N; is the number of the

i" fission product produced in the experiment, and N; is the total number of fissions that
occurred in the experiment.

Y} (3.1)
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In a relative fission yield measurement, the experimental data analysis process ultimately
seeks to determine the fission yield using Eq. 3.2:
N;

Nref

Yy = (3.2)
where y} is the relative fission yield of the i*" fission product, N; is the number of the i*"
fission product produced in the experiment, and N,.s is the total number of a reference
fission product that was produced in the experiment.

The templates that are presented in Sec. 3.2.3 are established using a combination of
information taken from an EXFOR review of fission yield measurements (Sec. 3.2.3.1), peer-
reviewed literature, and private communication and consultation with experts on various
techniques used in fission yield measurement. The template for activation-type fission yield
measurements relied on all three of these sources. Due to its relative novelty, limited useful
information on the “2E-2v” method for fission yield measurement was found in the EX-
FOR review. Therefore, that template only relies on peer-reviewed literature and expert
consultation.

3.2.1 Measurement Types

A large number of experimental techniques have been used to measure neutron-induced
fission product yields [101, 102, 103]. While some of these techniques involve unique and
specialized procedures and equipment, many others — namely activation measurements — are
all closely related and often only differ by assay method, neutron source, and whether a
chemical separation was performed. Section 3.2.1.1 will detail the methods and techniques
associated with these activation-type measurements. Section 3.2.1.5 will discuss the “2E-2v”
method for fission yield measurements. This is a specialized technique that has yielded a
series of important results in recent years.

3.2.1.1 Activation Measurements

Activation-type experiments for fission yield measurement employ several different exper-
imental techniques depending on the needs and goals of the experimentalist. Figure 3.1
summarizes a generalized experimental chronology of such activation-type experiments in
fission yield measurements. There are three possible stages to these experiments: irradia-
tion, separation, and assay. The neutron source and irradiation method used to activate the
sample introduces a number of uncertainties that are discussed in Sec. 3.2.1.2. The fission
products from the activated sample may or may not then be separated using a chemical pro-
cess. The uncertainties introduced by these separation processes are discussed in Sec. 3.2.1.3.
Finally, the number of fission products produced must be assayed. Most experiments per-
form this assay using one or more of the following three techniques: mass spectrometry,
~ spectroscopy, and [ counting. The uncertainties introduced by these assay methods are
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discussed in Sec. 3.2.1.4.

Irradiation

Relative Absolute

Separation

Are the fission
products separated?

Time

Chemical
Separation

y

Mass Spec. y Spec. B Counting

v

Figure 3.1: Generalized experimental chronology for activation experiments in fission yield
measurements.

Many activation measurements involve a single irradiation of a sample followed by assay
without chemical separation. Often the experimentalists will manually transport the irradi-
ated sample to the detection apparatus (e.g., [104]), however, a mechanical /pneumatic device
can be used to transport the sample (e.g., [105]). Depending on the method of transport
and safety regulations at the facility used, the delay between the end of irradiation and the
start of counting can be between seconds and hours. Usually, cumulative and chain yields
are observed with these measurements, but if transport times are rapid enough, independent
yields can also be observed. The transport time between the irradiation apparatus and the
detection apparatus can be a source of uncertainty in these measurements, however, it is
rarely a dominant source.

In recent years, cyclical neutron activation analysis (CNAA) has become a promising
method for neutron-induced fission yield measurements [105, 106]. CNAA employs a me-
chanical /pneumatic device to rapidly and repeatedly transport the irradiated sample be-
tween the irradiation apparatus and the detection apparatus. The rapidity of the transport
allows for short-lived fission products to be observed and the repeated nature of the mea-
surement allows the counting uncertainties related to the short-lived fission products to be
reduced. This ultimately allows for independent, cumulative, and chain yields to be mea-
sured. Like standard activation measurements, the transport time between the irradiation
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apparatus and the detection apparatus can be a source of uncertainty in these measurements.

Because fission produces around one thousand fission products, each with their own 3/
radiations, chemical separations are often used to increase the sensitivity to products with
a particular atomic number and/or mass number. Because of this increased sensitivity,
the total uncertainty in fission yield measurements that employ chemical separations may
be reduced relative to methods and techniques without chemical separation. Nevertheless,
because they involve the alteration of the target sample, chemical separation processes in-
troduce additional uncertainties that are not present in other methods.

3.2.1.2 Irradiation Methods

A number of neutron sources have been used to irradiate fissionable material to create fission
products. Virtually any neutron source with energy sufficient to induce fission in the target is
acceptable and has been used. Past measurements have focused heavily on reactor-generated
thermal neutrons, fission-spectrum neutrons, and 14-MeV DT fusion neutrons. These three

neutron energy spectra form the basis of all three major fission yield evaluations discussed
in Sec. 3.2.2.

Any neutron source has uncertainty in its energy spectrum. Unless a monitor foil is
used to determine the fluence on the target, uncertainty in the neutron energy spectrum
has not traditionally contributed directly to the reported uncertainty of the measured fission
product yields due to the use of the energy groupings discussed above. However, as will be
discussed in Sec. 3.2.2, uncertainty in the neutron energy spectrum is potentially important
information that will allow assessments of fission yield energy dependence in future nuclear
data evaluations.

Two common methods for determining the incident neutron energy spectrum are neutron
time-of-flight (nTOF) and foil activation spectral unfolding. In nTOF measurements, one
or more neutron detectors are placed at a fixed distance from a neutron source and the time
between the generation of a neutron at the source and arrival in the detector (time-of-flight)
is measured. The energy of the neutron is then inferred from its time-of-flight. The major
sources of uncertainty that contribute to the neutron energy spectrum resulting from nTOF
include the time-of-flight length, the neutron detection system timing resolution, and count-
ing statistics [107]. In foil activation measurements, multiple monitor foils with well-known
energy-dependent cross sections are irradiated by the neutron source in question [108]. The
measured activities are used in regression analysis to determine the neutron energy spectrum
using their respective monitor reaction cross sections. The uncertainties in neutron energy
spectra from foil activation are primarily reflective of the monitor reaction product activity
uncertainties and the uncertainties in the evaluated monitor reaction cross sections.
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As demonstrated by Eqs. 3.1 and 3.2, relative fission yield measurements do not need
to determine the total number of fissions that occurred in the experiment, unlike absolute
fission yield measurements. Relative fission yield measurements only require the number of
two fission products that are produced, both of which can often be determined with the
same experimental techniques. As relative fission yields are ratio values, some experimental
uncertainties cancel. Absolute fission yield measurements require the total number of fis-
sions that occurred in the experiment to be known. Determining the total number of fissions
usually requires additional experimental techniques and/or the incorporation of additional
nuclear data. This results in absolute fission yields having more sources of uncertainty and
thus larger total uncertainties on average.

Actinide targets are required for fission yield measurements. Often these actinide targets
have undergone some level of enrichment to increase the presence of the target nucleus of
interest. Similarly, in the cases of Th and U, the natural abundance of a particular isotope
is of importance. Both enrichment and natural isotopic abundance can contribute to the
uncertainty in the number of target nuclei irradiated in a given experiment.

In absolute fission yield measurements, the total number of fissions must be determined.
One common way to determine the total number of fissions in a sample is to use the neutron
flux of the neutron source if this quantity is known a priori. Equation 3.3 gives the calculation
of the total number of fissions in a sample as a function of neutron flux:

where ¢ is the (time-averaged) neutron flux, oy(E;,.) is the fission cross section, N is the
total number of target atoms in the irradiated sample, ¢; is the irradiation time, and P(F,.)
is the incident neutron energy spectrum. This equation assumes a thin sample with negligi-
ble neutron attenuation across its geometry.

When the neutron flux of the neutron source is not known a priori, another method for
determining the total number of fissions is the use of a monitor foil. In this method, a sample
of material with an energy-dependent cross section that is well-known across the incident
neutron energy spectrum is co-loaded with the actinide target and exposed to the same
neutron source. The resulting activity of the monitor foil is determined using some assay
method, often 7 spectroscopy, and this is used to determine the neutron flux. This neutron
flux is then used in Eq. 3.3 to determine the number of fissions that occurred. Equation 3.4
gives the (time-averaged) neutron flux that is determined with a monitor foil:

A

where A is the activity of the product produced in the monitor foil reaction of interest at the
end of irradiation, N is the number of monitor foil nuclei present, A is the decay constant

¢ = (3.4)
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of the monitor reaction product, ¢; is the irradiation time, o(FE;,.) is the monitor reaction
cross section, and P(E;,.) is the incident neutron energy spectrum.

Similar to the use of a monitor foil, the number of fissions may sometimes be determined
using a “monitor” fission product yield. In this case, the number of fissions that occurred in
the target sample is determined from the measured activity of one particular fission product
that has a well-known fission yield for the incident neutron energy spectrum used in the
irradiation. When this is done, Eq. 3.4 becomes modified to be the form presented in
Eq. 3.5:

A
where A is the produced activity of the monitor fission product at the end of irradiation,
N is the number of target nuclei present, A is the decay constant of the monitor fission

product, ¢; is the irradiation time, Y is the monitor fission product yield, o;(E;,.) is the fis-
sion cross section of the target nucleus, and P(F,.) is the incident neutron energy spectrum.

o=

(3.5)

The cross sections for monitor foils are generally known to within a few percent. Monitor
reaction cross sections and covariance matrices can be found in specialized databases, such as
the International Reactor Dosimetry and Fusion File [109], where special attention is given
to their characterization. In general, the uncertainty from the use of a monitor foil will be
driven by the evaluated nuclear data uncertainties in the cross section and the uncertainty
in the incident neutron energy spectrum.

As thermal and fission-spectrum neutron-induced fission is of special interest to applica-
tions, many fission yield measurements have been performed using reactor beam ports as a
neutron source. When this neutron source is used, the burnup of the reactor at the time of
irradiation may be used to correct the neutron flux from the beam port [110]. If this is done,
additional uncertainty is introduced.

Another common way to determine the total number of fissions induced is the use of a
fission chamber. This technique places a target sample in a gas detector which is co-loaded
with one or two thin reference samples of the same fissionable/fissile material [111, 112,
113]. The number of fissions in the target sample is then proportional to the product of the
ratio of the mass of the target and the reference mass(es) and the number of high-energy
pulses created by the fission fragments, as described in Eq. 3.6. Sometimes the number of
high-energy signals produced is adjusted by a geometric correction factor that represents the
probability that the fission fragments are emitted parallel to the plane of the target sample
and thus do not produce a sufficiently large signal in the gas chamber due to Coulombic
stopping. As can be seen from Eq. 3.6, the uncertainty introduced by the use of fission
chambers can usually be determined from uncertainties in masses and counting statistics.
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N,
e e (3.6)

Myey €

Ny =

where m; is the mass of the target sample and m,.s is the total mass of the reference sam-
ple(s), N, is the number of high-energy signals created in the gas chamber by each fission
event, and ¢ is an optional geometric correction factor that represents the probability that
the fission fragments are emitted parallel to the plane of the target sample and thus do
not produce a sufficiently large signal in the gas chamber. Often it is assumed all fission
fragments escape the target such that € is equal to one.

Yet another method for determining the number of fissions that occurred in a target
sample is fission fragment track counting. In this method, a target sample is placed in di-
rect contact with a material (often CR-39 plastic) that will produce microscopic tracks for
each fission fragment that travels through it. The tracks created by fission fragments in this
material are then counted under magnification, either manually [114] or using an automated
optical detection scheme [115]. The number of fissions that occurred in the target sample
is proportional to the number of tracks seen in the tracking material scaled by a fragment
escape probability/track detection efficiency. This is similar to the operation of a standard
fission chamber. The uncertainties arise primarily from counting statistics and uncertain-
ties/biases from the track detection method.

Uncertainties in the geometry of the irradiation apparatus can contribute to the net un-
certainty of any of the sources listed above. This includes, but is not limited to time-of-flight
length, the solid angle coverage of the target sample, the shape of the incident neutron field,
fission chamber geometric correction factors, and self-shielding in thick target samples. It
is difficult to broadly characterize sources of geometric uncertainty as each experiment uses
different experimental apparatuses. However, geometric sources of uncertainty are gener-
ally fixed units of length /area/volume and their effect on the total experimental uncertainty
can be minimized by setting the scale of the dimension in question to be much larger than
its geometric uncertainty. For example, a time-of-flight length will generally have a fixed
uncertainty in units of mm/cm dictated by the measurement device used, but the relative
effect of this uncertainty is reduced by choosing a large time-of-flight length that is orders
of magnitude larger than this fixed uncertainty.

Tables 3.3 and 3.4 in Sec. 3.2.3.2 present the template for irradiation methods in fission
yield measurements. Due to the wide variety of irradiation methods that can be employed
in fission yield measurements, assigning mean and/or maximum expected values to the un-
certainty sources is not reasonable. Rather, only minimum expected uncertainties for each
of these sources will be enumerated based on literature review and expert opinion.
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3.2.1.3 Chemical Separations

The main goal of chemical separations in fission yield measurements is to separate fission
products of a given element or elements with similar chemical properties for subsequent assay.
Fig. 3.2 shows a general schematic for chemical separations in fission yield measurements.
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Figure 3.2: General schematic for chemical separation measurements. The fissionable/fissile
sample is irradiated by a neutron source. The irradiated sample undergoes some chemical
process that allows an element or set of elements to be separated. The separated fission
products are then assayed using [ or 7 spectroscopy.

The chemical separation of fission products meets one or both of the following goals:
separate fission products of a given element for yield determination via direct activity mea-
surement (3 counting) or separate fission products to allow detailed mass or -y spectroscopy
of lower-yield products by reducing background and interference from high-yield products.

There is a wide variety of chemical separation techniques and methods that can be em-
ployed in fission yield measurements, each comes with its own sources of uncertainty and
bias. Cumulative and chain yields can be determined using 8 counting of separated products
for total activity determinations. Some independent fission product yields can be determined
using rapid separations and on-line separators. Resin column separations can be employed to
obtain high-quality elemental separations. Isotope dilution mass spectrometry can be used
to determine the total number of fissions in a sample with high precision [111]. A compre-
hensive review of the techniques used for chemical separations in fission yield measurements
is difficult due to this wide variety, however, a review article by Prakash et al. [111] offers a
detailed review of some common techniques.

A review of uncertainties in radiochemical neutron activation analysis was conducted by
Kucera et al. in the year 2000 and offers insight into the standard sources of uncertainty that
are associated with activation-type experiments [116]. This review article acknowledges that
each experiment has different sources of uncertainty but identified three commonly observed
sources of uncertainty: mass determination of the stable carrier and/or radiotracer, chem-
ical yield determination, and isotopic exchange between the radiotracer and stable carrier.
This review suggested that the relative uncertainty of the radiotracer/stable carrier mass
determination should be between 0.02% and 0.5%, but that if the mass was determined



CHAPTER 3. EXPECTED MEASUREMENT UNCERTAINTIES IN FISSION YIELD
MEASUREMENTS 42

gravimetrically this uncertainty value should be near 0.075%. The chemical yield of the
process should have uncertainty between 0.3% and 0.5%. Finally, the review asserts that
isotopic exchange should be negligible when a homogenous system is obtained by sample
decomposition.

Gravimetric mass uncertainties with modern scales could be as low as 0.001%. Oxidation
of metallic targets can be particularly problematic for mass determinations in the case of
fission yield measurements, where metallic actinide targets are often used. This oxidation
can create a bias in the measurement mass. The upper bound of this bias is determined by
the stoichiometry of the oxidation reaction. For example, the upper bound of this oxidation
bias for a uranium target is 17% (if the target is fully oxidized to produce UO3). However,
the degree of oxidation of a target varies due to a number of factors such as the target
geometry and amount of exposure to oxygen or other reactive gases, thus determining this
bias can be difficult. Metallic targets should be acid dipped and then massed to ensure the
effects of oxidation bias are minimized. Further oxidation after massing can be avoided by
flame sealing the target in quartz that is back-filled with inert gas or press-sealing the target
in aluminum. Quartz sealing targets can introduce bias itself as a fraction of the fission
products will be embedded in the quartz and thus are lost during dissolution.

The chemical yield of the separation process can be affected by the ability to fully dis-
solve the target. In the case of high-fired oxide targets, in particular, as much as 3% of the
original target mass may fail to be dissolved. The chemistry of the separation should ideally
be performed in triplicate in order to estimate the uncertainty of the chemical yield and to
test the consistency of the process. Additionally, if possible, tracer and reagent blank control
experiments should be performed in tandem to further test the reliability of the process. Ex-
periments that do not execute these tasks will have uncharacterized sources of uncertainty
that the evaluator will need to take into account.

There are several places where unintended uncertainty/bias can be introduced in ra-
diochemical processing. Experimentalists need to fully document and openly publish the
radiochemical methods they use so that an evaluator can assess the reliability of their mea-
surement. A potential remedy to this issue is discussed in the following paragraph where
standards for uncertainty quantification in chemical separations are discussed.

A number of community-recognized standards exist to guide uncertainty quantification
in chemical separations. These documents have a broad scope and are applicable to most
radiochemical separations. The most notable of these standards, ISO/TS 21748, was pub-
lished by the International Organization for Standards (ISO) in 2004 and was subsequently
revised in 2010 and 2017 [117]. A review of chemical separation uncertainties by Saffaj et
al. recommended this standard and a number of other suitable standards [118]. Saffaj notes
that while these standards exist, many laboratories have not adhered to them, due in part
to their complexity. Nevertheless, experimentalists should make every reasonable effort to
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follow these guidelines and fully characterize their uncertainty. Similarly, evaluators with
detailed knowledge of chemical separations need to review whether proper standards on un-
certainty estimation in radiochemical separations were used. While chemical separations are
highly regarded in fission yield measurements due to their ability to decrease total measure-
ment uncertainties by increasing sensitivity to selected fission products, it should be kept in
mind that many legacy measurements did not fully characterize the uncertainties introduced
by the chemical separations used, as noted by Saffaj.

Table 3.5 in Sec. 3.2.3.3 presents the template for chemical separations in fission yield
measurements.

3.2.1.4 Assay Methods

A number of diverse assay methods have been used in fission yield measurements. While
these methods differ in the tools and techniques that they employ, many of the sources of
uncertainty associated with them are the same and thus they will be considered together in
this section. In some measurements, assay of the fission products begins immediately after
the irradiation of the target sample. In other measurements, the fission products undergo
some separation process immediately after irradiation before proceeding to assay, namely
measurements that include chemical separation.

Methods that undergo some separation stage tend to offer the advantage of lower assay
backgrounds as the fission products have been separated from each other. However, the
separation stage introduces additional sources of uncertainty and/or bias as discussed in
Sec. 3.2.1.3. The separation stage will also introduce a delay between irradiation and assay,
preventing the observation of short-lived fission products. Methods that do not undergo
some separation stage often require less complex experimental capabilities and have the po-
tential to observe short-lived fission products. However, these methods observe all of the
fission products at once and therefore tend to have higher assay backgrounds.

Regardless of the amount of delay between the irradiation stage and assay stage of a given
experiment, three assay methods appear often in fission yield measurement experiments:
mass spectrometry, v spectrometry, and  counting. Indeed, these three methods appeared
most often in the EXFOR review of fission yield measurements (presented in Sec. 3.2.3.1)
that was performed as a part of the background research for this chapter. The sources of
uncertainties associated with each of these three methods will be detailed in the following
sections:

Mass Spectrometry Mass spectrometry has been commonly used in fission yield mea-
surements either with or without chemical separations [119]. Several mass spectrometry
techniques and configurations exist. Among these techniques, the following have appeared
commonly in fission yield measurements: accelerator mass spectrometry (AMS) [120], time-
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of-flight mass spectrometry (TOFMS) [121], isotope dilution mass spectrometry (IDMS)
[122], thermal ion mass spectrometry (TIMS) [123], inductively coupled plasma mass spec-
trometry (ICPMS) [124], and recoil mass spectrometry (RMS) [125].

The mass spectrometry methods that commonly appear in fission yield measurements
are selected because they feature ion sources that are able to break molecular bonds that
may have formed between the fission products and the medium that they were born into;
mitigating multiplets in mass spectra that are commonly seen in other mass spectrometry
methods that are optimized for analysis of molecules and chemical compounds. Each of these
mass spectrometry techniques has particular advantages and disadvantages that are balanced
when they are selected for use in a particular fission yield measurement. In general though,
all mass spectroscopy methods seek to produce data that separate particles of different mass
and/or charge. In most mass spectrometry methods, this is achieved by ionizing individual
atoms of fission product nuclei, accelerating these ions through a magnetic field, and mea-
suring their deflection through this field using a position-sensitive detector. In TOFMS, the
mass of a particle is determined not by its deflection, but rather by its measured velocity
and energy with a “start” and “stop” detector [121].

Depending on the mass/charge selectivity of the mass spectrometry technique used and
the time delay between irradiation and assay, all five types of fission yields discussed in this
introduction to this section can be measured. Mass spectroscopy features high sensitivi-
ty/low backgrounds allowing for mass/charge assignment with low uncertainty compared to
other assay methods used in fission yield measurements. AMS in particular is known for its
superior mass sensitivity and resultantly low uncertainties, as mentioned in Reference [121].
Together these factors have made this technology a staple in assay methods for fission yield
measurements.

Mass spectrometry most often produces information on isotopic ratios, thus, mass spec-
trometry in fission yield measurements is usually used to determine the relative presence of
fission products. A normalization may be used to determine absolute yields, which carries
its own uncertainty (see Sec. 3.2.1.2).

Several publications have been produced on uncertainty quantification in mass spec-
troscopy measurements in order to reduce measurement inconsistencies between different
facilities [126, 127, 128]. In recent years, enhanced focus has been placed on the “Guide to
the Expression of Uncertainty in Measurements” (GUM) ISO standard [126, 127, 129]. This
standard seeks to identify individual sources of uncertainty that contribute to a measured
value (commonly called “forward propagation”). The uncertainty from these sources is de-
termined where possible and propagated forward to the measured value. A second method of
uncertainty quantification is the “integrated” or “repeatability” method where an identical
sample is analyzed multiple times and the uncertainty in the measurement is taken from
the standard deviation between these trials [126, 128]. In this way, sources of uncertainty
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in the measurement are integrated together in the trial deviation rather than having their
values assessed individually. This method is attractive in its simplicity and generally low
uncertainty, however, it does not properly account for sources of systematic uncertainty /bias
and thus does not allow for valid comparison between different facilities and experiment ap-
paratuses.

The integrated method appears often in legacy fission yield measurements that used mass
spectroscopy. Evaluators will need to be aware of this issue, which harkens back to the lack
of standards in the uncertainty quantification of chemical separations that was discussed in
Sec. 3.2.1.3. A strong background in or discussions with experimentalists on mass spectrom-
etry is important to properly incorporate measurements that used the integrated method
into future evaluations.

The work of Essex et al. [126] lists a number of common sources of uncertainty that can
arise in these different mass spectrometry techniques including electronics gain and baseline,
Faraday cup efficiency, Schottky noise, counting statistics, yield calibrations, linearity cali-
brations, and filament geometry. There is little published research on forward propagation
uncertainty analysis in mass spectrometry as used in fission yield measurements. Reference
[130] discusses forward propagation of uncertainties when measuring uranium isotope ratios
with TIMS. This publication lists the electronics baseline, mass peak shaping (such as tailing
and flatness), and linearity calibrations as sources of uncertainty.

Table 3.1 lists the sources of uncertainty for the two mass spectrometry uncertainty
methods that were discussed above. There likely exist many additional sources of uncer-
tainty associated with mass spectrometry depending both on the type of mass spectrometry
used and the specifics of each experiment. Therefore, it is noted that this table is not exhaus-
tive and experimentalists and evaluators need to carefully consider sources of uncertainty on
a case-by-case basis.

For the “integrated” / “repeatability” uncertainty quantification method, a minimum un-
certainty value of 1% is suggested. This value is taken to be consistent with the minimum
value suggested for the repeatability uncertainty of AMS that was detailed in Chapter IV
of “Templates of Expected Measurement Uncertainties.” AMS was selected from the six
methods of mass spectrometry commonly used in fission yield measurements to represent
the minimum uncertainty due to its reputation in literature for producing results with low
uncertainty [121]. It is stressed that this value is a minimum and that the integrated/re-
peatability uncertainty quantification method is discouraged over the use of the forward
propagation method.

There is very limited information in currently published literature on the forward prop-
agation/GUM method of uncertainty quantification in mass spectrometry. This is because
this method has only gained traction relatively recently. Further still, there is even less in-
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formation published on the forward propagation/GUM method as it applies to fission yield
measurements and the specific types of mass spectrometry used in them. The EXFOR review
revealed no reports of mass spectrometry uncertainty sources. Therefore, a template will not
be recommended for mass spectrometry in Sec. 3.2.3. Rather this discussion is presented in
order to stimulate further progress in this area of fission yield assay methods.

Table 3.1: List of uncertainty sources for mass spectrometry.

Symbol \ Description
Forward Propagation (GUM):

g electronics gain

bl electronics baseline
EpC Faraday cup efficiency
ng Schottky noise

Y yield calibrations

l linearity calibrations

f filament geometry
Smass mass peak shaping

c counting statistics
Integrated Quantification:
Onie | standard deviation of repeated trials

~v Spectroscopy Several v detection methods are employed in fission yield measurements.
These detection methods can generally be grouped into two categories: energy-resolved and
energy-unresolved. Energy-resolved detection is the detection of v rays with sufficient en-
ergy resolution such that source identification and quantitative activity determination are
possible using at least one photopeak. Energy-unresolved detection is the detection of ~
rays with limited to no energy information and is commonly used in coincidence methods
for Compton scatter rejection.

Both energy-resolved and energy-unresolved detection seek to determine the number of
a fission product produced, N;, using Eq. 3.7:

C(E!)

N;= —— :
e(B)) I(E}) [,

(3.7)

where C' is the number of counts from the detector, e(E;) is the detector efficiency for v rays
with energy E!, I (E!) is the decay intensity of the v ray with energy E!, X is the decay
constant of the v emitter, and ¢y and ¢; are the start and stop times of the detector counting,
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respectively.

Commonly-used detectors in the energy-resolved category include:

e Ge - Germanium solid-state detectors
HPGe - high-purity Germanium
Ge(Li) - lithium drifted Germanium

e Nal - sodium iodide scintillator

e LaBrs - lanthanum bromide scintillator

These detectors are used in experiments in fundamentally the same way, the key difference
between them in fission yield measurements is their efficiency and energy resolution. High
energy resolution (such as that possible with HPGe detectors) allows for improved ability to
identify and separate photopeaks emitted by individual fission products. Lower energy res-
olution makes individual photopeak identification increasingly difficult; however, decreased
energy resolution typically comes with improved timing resolution, decreased dead-time, and
increased detection efficiency. The specific detector used in any given fission yield measure-
ment will be selected to balance these factors. For example, an experiment looking for -~
coincidences to determine fission yields might choose a LaBrs detector for its high timing res-
olution and detection efficiency, accepting its moderate energy resolution. Whereas, another
experiment that seeks to determine fission yields from individual photopeaks in a singles
spectrum might choose an HPGe detector for its high energy resolution.

Detectors in the energy-resolved category usually require an energy-dependent photopeak
efficiency calibration. This efficiency calibration carries uncertainty with it, which will vary
with the detector type used. Nuclear decay data relevant to the calibration source used
(e.g., half-lives and 7 intensities) contribute to this uncertainty. In a limited number of
experiments, the « ray(s) of interest also belong to a standard calibration source. In this
situation, the detection efficiency for the 7 ray(s) of interest can be obtained directly from
the measurement of a calibration standard in what is often called an “internal calibration.”
Internal calibrations tend to have lower uncertainty than energy-dependent calibrations as
they avoid model-parameter covariance and interpolation and/or extrapolation biases. The
efficiency data points used for both energy-dependent calibration and internal calibration
are calculated with Egs. 3.8 and 3.9.

C 7
“(5) = 2 58)

where C'(E!) is the number of 4 rays of energy E! counted by the detector and N(E!) is
the number of v rays of energy E; emitted by the calibration source. The uncertainty in
the number of v rays counted by the detector will rarely follow Poisson statistics alone due
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to background subtractions and photopeak fitting uncertainty. It should also be noted that
strong correlations between efficiencies determined using different ~ rays from the same cal-
ibration source will exist.

The number of v rays emitted by a calibration source between times to and t; is deter-
mined with:

t1

N(E.) = I(E.) AO/t e Mdt (3.9)
0

where I, is the intensity of calibration « ray with energy Ef/, Ap is the initial activity of the

calibration source, and A is the decay constant of the calibration source, which is inversely

proportional to its half-life 7' ;.

In addition to the uncertainties that accompany the variables in Eqs. 3.8 and 3.9, there
will be fit/model uncertainty and covariance associated with energy-dependent efficiency
calibrations. Fit/model uncertainty in energy-dependent efficiency calibration can be par-
ticularly troubling when extrapolated to high ~-ray energies. Standard calibration sources
do not usually have ~ rays with energies above the 2.7-MeV ?*Na photopeak, thus calculating
efficiencies above that energy (or the highest y-ray energy in a particular calibration) will
introduce non-trivial extrapolation bias/uncertainty.

The energy resolution of a detector and its uncertainty can be important when a dense ~-
ray spectrum results from a particular measurement. In experiments where fission products
are not separated and all of the fission products are observed simultaneously, the energy res-
olution of the detector governs the ability of photopeaks to be separated. This is important
to photopeak fitting in y-ray spectroscopy, where background subtraction and photopeak de-
convolution are needed to determine the true number of events in a photopeak. These fitting
processes introduce uncertainty beyond standard Poisson counting statistics and energy res-
olution uncertainty is generally included as a part of that v spectroscopy fitting uncertainty.
When count rates from the measured sample are high, pile-up will occur in the detector.
This effect needs to be accounted for, otherwise, the photopeak area will be underestimated.

Commonly-used detectors in the energy-unresolved category include:

e BGO - bismuth germanate scintillator
e Bal'; - barium fluoride scintillator
e Liquid scintillators

e Nal - sodium iodide scintillator
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These energy-unresolved detectors are commonly used in coincidence with energy-resolved
detectors for the purposes of Compton rejection. Because of this, often the efficiency of
energy-unresolved detectors is not calculated directly. In this situation, their efficiency
is folded into the efficiency calibration for the greater coincidence detection system and
Egs. 3.8 and 3.9 remain applicable. For example, an HPGe detector is surrounded by a
BGO shield for Compton suppression. The signals from the BGO are used to veto coinci-
dent signals from the HPGe. The efficiency calibration for the system is determined using
a calibration source, effectively folding together the efficiencies of both the HPGe and BGO
detectors into one net efficiency.

There are uncertainty sources that affect both resolved and unresolved detection systems.
The total dead time of the detection system must be assessed and corrected. When a de-
tector array is used there may need to be a correction for correlations due to the angular
distribution of v emissions from the same nucleus.

Uncertainties in the counting geometry of the detection system may need to be accounted
for. This is particularly true when Monte-Carlo simulations are used to assist the efficiency
calibration. Another aspect of geometry that must be considered is self attenuation of v rays
by the source. While v attenuation through the detector dead layer is usually captured in
the efficiency calibration, v attenuation through the source itself will not be accounted for.
Thus this self attenuation must be corrected and this will impart additional uncertainty.

When observing y-v coincidences, accounting for angular correlation between ~ rays is
important. There exists limited experimental information about angular correlation between
~ cascades, making accurate correction for this phenomenon difficult. Nevertheless, both ex-
perimentalists and evaluators should keep this factor in mind when assessing measured data.

Tables 3.6 and 3.7 in Sec. 3.2.3.4 present the template for v assay in fission yield mea-
surements.

£ Counting Beta counting is a commonly used method in fission yield measurements.
Beta particles are emitted with a broad spectrum of energies and 3 detectors often have low
energy resolution. Because of this, 5 detectors are used primarily to assess the total activity
of a sample by counting the total number of emissions rather than any energy-dependent
behavior. Thus, § counting is usually used only after a chemical separation has been per-
formed so that the observed 3 activity only describes one or a few fission products.

Similar to Eq. 3.7, 8 counting seeks to determine the number of a fission product pro-
duced, N;, using Eq. 3.10:

B C
e BRg[—e*’\t]ié

(3.10)

%
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where C'is the number of counts from the detector, ¢ is the detector efficiency for § particles,
BRg is the beta decay branching ratio of the 8 emitter, A is the decay constant of the 3
emitter, and ty and ¢; are the start and stop times of the counting, respectively.

Commonly-used detectors for S counting include:

Gas-filled Detectors (e.g., ionization chamber)

Silicon Detectors

Solid-state Scintillators

Liquid Scintillation Counter

Gas-filled detectors, silicon detectors, and solid-state scintillators are all used in similar
ways in fission yield measurements; they are placed near the fission product sample to deter-
mine its activity. Liquid Scintillation Counting (LSC) involves the placement of the fission
products directly into the active volume of the scintillator for counting, entailing additional
sources of uncertainty.

Gas-filled detectors, silicon detectors, and solid-state scintillators are placed near the
sample of fission products. The absolute efficiency of the detector will be a source of un-
certainty. Due to the short range of g particles in matter, the absolute efficiency is largely
dependent on the solid angle coverage of the detector. As with other detectors, 5 counters
experience dead time which must be corrected for and this introduces additional uncertainty.
The physical form and shape of the fission product sample will determine if a self attenuation
correction is required. Again due to the short range of § particles in matter, this correction
will need to be applied to most geometries.

While liquid scintillation counters can be used for beta counting, there is a lack of lit-
erature on their application to fission yield measurements. Therefore, liquid scintillation
counters will not be considered in this chapter.

Tables 3.8 and 3.9 in Sec. 3.2.3.4 present the template for S assay in fission yield mea-
surements.

3.2.1.5 The 2E-2v Method

The “2E-2v” method for fission yield measurements has gained importance due to its abil-
ity to accurately measure mass yields with several results and facility updates published in
recent years [131, 132, 133, 134, 135]. This method was developed in the 1980s at the Laue-
Langevin Institute (ILL) [136]. The name of the method is derived from its measurement of
both the energy and velocity (through time-of-flight) for two fission products emitted from
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a single fission event.

Figure 3.3 illustrates the experimental apparatus for a typical 2E-2v measurement. An
actinide target is located in the center of the apparatus and fission is induced with a neutron
beam. Some fission product pairs will be emitted into the solid angle of the arms of the
apparatus. When a fission occurs, a “start” signal is generated. This start signal can be
taken as the prompt y-ray flash from the fission event, the sputtering of electrons from the
target when a fragment is generated, the start time of a finely pulsed neutron beam, or can
be determined through the use of timing detectors. The products from the fission event
travel along the flight path and reach the E detectors at the end of each arm. The energy
of the fission product is taken as the total energy deposited in each F detector.

Because each arm of the 2E-2v detector covers a non-trivial solid angle, the flight path
that the fission products transverse from each individual fission event has variability. To
correct the flight path for each fission event, each arm of the apparatus may be lined with
electronics to detect the trajectory of the fission product. This trajectory is then used to
correct the nominal path length to obtain the true path length for each event.

timing dftectors
’ \
‘ ( ' ‘ ‘ ' ‘fission product path ‘ (j ]

energy detector

weaq uoJinau

fission source

Figure 3.3: General schematic for the 2E-2v method. Fission is induced in an actinide target
using a neutron beam. The energy and timing of the fission products from each fission
event are detected using a two-arm apparatus. This measurement approach is also used for
spontaneously fissioning actinides.

With the energy and timing information, the mass of each fission product can be deter-
mined using the non-relativistic mass-energy-velocity relationship given by Eq. 3.11:

2E 2Bt

2 2
where FE is the measured energy of the fission product, v is the velocity of the fission prod-
uct, t is the time-of-flight of the fission product, and L is the flight path length of the fission

(3.11)
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product.

Because Eq. 3.11 is linear, the mass resolution of the 2E-2v detection system can be
determined by standard uncertainty propagation as shown in Eq. 3.12:

am:m\/(%)2+4<%>2+4<%>2 (3.12)

Mass yields are determined by normalizing the total number of observed events to 200%.
The distribution of measured yields is fitted to a functional form that describes their physical
behavior [137]. Because of its limited number of measurement parameters and experimental
techniques that allow for relatively precise measurement of these parameters (as will be dis-
cussed in Sec. 3.2.3.5), the 2E-2v method offers one of the most precise capabilities for the
measurement of mass yields.

While evaluated mass yields have not been directly published in the most recent fission
yields evaluations, they serve as an important piece of information for both modeling fission
product distributions and benchmarking evaluations of independent and cumulative yields.
Because the 2E-2v method measures mass yields (before § decay) it has the potential to
improve consistency between cumulative and independent fission yields. This is because
independent fission yields are often inferred from cumulative yields using decay corrections.
These inferred independent yields can be benchmarked using the precise mass yields mea-
sured using the 2E-2v method.

The 2E-2v method also has the potential to help address inconsistencies between eval-
uated fission product yields and evaluated prompt-neutron yields and distributions. The
inconsistency between these two pieces of evaluated data has been noted in peer-reviewed
literature [94]. The 2E-2v method has the potential to address this because the number of
prompt neutrons emitted in a given fission event can be inferred from the mass difference
between the compound fissioning system and the measured masses of the two fission prod-
ucts. This experimentally measured prompt neutron distribution could help to constrain
future fission yield evaluations. However, it should be noted that non-trivial deviation from
the assumption of isotropic neutron emission in the center-of-mass frame, which leads to
near (but not exact) conservation of the average values of fission product velocities, has been
found [132]. This does not affect the measured mass of the post-neutron-emission products,
but it does alter inferred quantities such as the pre-neutron-emission mass. Corrections for
this are possible [132] but will result in the inflation of reported uncertainties.

Similar to the 2E-2v method, but not included in this template, is the 2E method for
fission yield measurements. In the 2E method, a pair of particle spectrometers are used to
measure the total energy deposited by each fission product, and this information is used to
infer the mass of the fission products. The 2E method has a mass resolution of 2-5 a.m.u.
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[138, 131], approximately twice that of the 2E-2v method. Therefore, this template will
focus on the 2E-2v method.

Table 3.10 in Sec. 3.2.3.5 presents the template for the 2E-2v method in fission yield
measurements.

3.2.2 Information Needed for Evaluations
3.2.2.1 State of Current Evaluations

Unlike many other nuclear data quantities, fission yields have been reviewed rather infre-
quently and there is limited standardization in their evaluation methodology. As a result,
the most current evaluations that have been conducted for three nuclear data libraries will
be reviewed individually to determine what information was important to them and to infer
what information will be useful to future evaluations. A fourth evaluation by M. N. Nikolaev
exists for the BROND-3.1 nuclear data library, however, a report on that evaluation is not
available. Table 3.2 lists these three evaluations, and the experimental data and theoretical
tools required for these evaluations are detailed in the following sections.

Table 3.2: Evaluations of fission product yields included in the most current version of
international nuclear data libraries.

Library Reference(s) Year(s)
ENDF/B-VIILO | [86], [139] 1994, 2010
JEFF-3.3 [140], [141] 1995, 2004
JENDL-4.0 [142], [143], [144] | 2001, 2011, 2016

ENDF/B-VIIL.0 The last complete evaluation of fission product yields for the United
States Nuclear Data Program was published in 1994 by T. R. England and B. F. Rider [86].
In 2010, an evaluation for fission yields from fission-spectrum neutrons on plutonium was
performed by Chadwick et al. to update the 1994 evaluation [139].

The 1994 evaluation incorporated measured fission yield data from 1989 and prior. Inde-
pendent yields were determined from a Gaussian charge distribution that was fit to match
uncertainty-weighted averages of experimental independent yields. These modeled indepen-
dent yields were normalized to ensure their sum along each A chain equals the chain yield.
Cumulative yields were taken to be the weighted average of two different methods. One
method calculated the cumulative yields by summing the independent yields along an A
chain. The other method calculated the cumulative yields by subtracting independent yields
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along an A chain from the chain yield.

Experimental uncertainties on the yields used in the evaluation were tabulated by the
evaluators. Relative yields were converted to absolute yields using the value of a reference
yield. The uncertainties of relative yield measurements were combined statistically with the
uncertainty of the relevant reference yield. Absolute yield measurements were assumed to
have at least 2% systematic uncertainty and the measurement uncertainties were updated
to meet this minimum. Reported uncertainties were adjusted to a minimum set of values
based on the detection method and year of publication. For example, Ge(Li) radiochemical
measurements made after 1965 were all assigned a minimum uncertainty of 5%. This en-
forcement of minimum uncertainties based on the detection method is similar in philosophy
to what this template seeks to foster. However, this was not undertaken at the level of partial
uncertainty sources as is the case in the templates.

Light ternary fission yield data were incorporated from Madland [145] and Wahl [84, 85].
A model by Madland [87] was used to assign the isomer-to-ground state splitting of inde-
pendent fission yields in cases were experimental data were not available. These calculated
splittings were assigned uncertainties of £50%. When the angular momentum of a isomeric
state of a fission product was not known, the yield to that nucleus was split evenly across
the ground state and isomeric states. Pairing effects were added to the Gaussian charge
distribution model using a model by Madland [88].

The decay data considered in this evaluation include half-lives, decay chains, and decay
modes and branching ratios. In particular, delayed neutron emission probabilities were im-
portant to this evaluation as these probabilities were used to convert independent yields to
cumulative yields. These delayed neutron probabilities were obtained from the ENDF /B-VI
decay library.

The 2010 evaluation of plutonium yields was focused on improving evaluated fission yields
that are important in reactor burnup calculations. Because of this goal, the evaluation was
focused on relative yield quantities (so-called K-factors, Q-values, and R-values) which tend
to have lower systematic uncertainty than absolute measurements. This update made the
important contribution of adding energy dependence in fission yield evaluations, whereas
evaluations before this update focused on fission yields in three energy-averaged groups.

JEFF-3.3 The JEFF-3.3 fission yield evaluation is based on the 1995 “UKFY3” evalu-
ation by R. W. Mills [140]. A 2004 update to this evaluation [141] featured an updated
experimental database and modifications to isomeric splitting, cumulative yield calculation,
and uncertainty analysis.

The 1995 evaluation fit a five Gaussian model of chain yields [146] to statistically com-
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bined experimental chain yield data. This fit was then used to calculate chain yields for
A chains where experimental data were not available. This combined set of modeled and
experimental chain yields were normalized and used to fit the parameters of a model similar
to the Wahl Zp model [84]. Fractional independent yields were then modeled using this
Wahl Zp model. Because of large discrepancies in the measured fractional independent yield
data, the model was used to generate all of the fractional independent yields used in the
evaluation, not just to fill in missing data. Independent yields were calculated by summing
the modeled fractional independent yields. These independent yields were then used to cal-
culate cumulative yields using the decay modes and branching ratios of the parents of each
fission product. Finally, the chain yields were calculated to be the sum of the cumulative
yields to the stable fission products in each A chain. Mills notes that some fission products
undergo « decay with long half-lives and that the resulting diversion of yield into different A
chains as a result of these decays is not corrected in measurements. As a result, corrections
to cumulative and chain yields as a result of o decaying fission products were not made.

JENDL-4.0 The JENDL-4.0 fission yield evaluation is based primarily on the evaluations
of J. Katakura, et al. The original evaluation was published in 2001 [142] with an update
in 2011 [143] and revisions to the 2011 update performed in 2016 [144]. These documents
do not detail the process followed to combine experimental fission yield data to produce the
evaluation, however, they do detail the decay data that were used.

The 2001 evaluation primarily used the 1992 ENSDF library from Bhat [147] to obtain
decay data for fission products in the evaluation. The report lists decay modes, branching
ratios, half-lives, Q-values, and emission types, energies, and intensities as necessary quan-
tities. The report also makes explicit mention of the “Beta Pandemonium” [148] problem
as present in decay data relevant to numerous fission products with high g Q-values. The
Beta Pandemonium problem affects nuclei with high ()3 values. These highly unstable nu-
clei populate the continuum or quasi-continuum of their daughter upon decay. As the decay
daughter de-excites out of the continuum, many low-intensity + transitions occur. These
low-intensity transitions are not able to be detected over the signal produced by higher in-
tensity transitions, and this results in the systematic underestimation of g feeding at high
energies. These inaccuracies in the measured 3 feeding are then propagated forward when ~
decay intensities are determined. Knowing these decay v intensities accurately is vital to the
determination of fission yields in activation-type experiments (see Eq. 3.7). As most fission
products have high ()3 values, many fission product v decay intensities may be affected. In
this evaluation, nuclei with a maximum observed energy level that is small compared to their
()3 value were identified as nuclei that were potentially impacted by the Beta Pandemonium
problem.

When the decay data of a certain nucleus were suspected to be deficient or when decay
data were absent for a given nucleus, the evaluators used a theoretical estimation of the
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decay data. The “Gross Theory of Beta Decay” [149] was used to estimate half-lives and
average emitted  and «y energies. The Brink-Axel hypothesis [150, 151] was used to estimate
the ~ strength function, and the Gilbert and Cameron model [152] was used to calculate the
nuclear level density.

3.2.2.2 Future Evaluation Needs

Experimental Fission Yields and Supporting Data Experimentally measured fission
yield data are the central input for an evaluation. These data must include absolute in-
dependent, cumulative, and chain yields. The evaluation should also incorporate relative
independent and cumulative yields as these can be converted to absolute values given a
sufficiently well-known reference yield. In addition, the following supporting information is
needed for each experiment: details on the uncertainty analysis, the incident neutron energy
spectrum, and a record of the evaluated nuclear data values that were used in the data
analysis. The uncertainty sources that should be provided for experimental results obtained
with a particular measurement type are listed in the template tables in Sec. 3.2.3.

Decay Data All three of the current fission yield evaluations demonstrate the need for
accurate decay data. These data are vital to ensuring the consistency between independent
yields and cumulative/chain yields. These decay data are also important in the review of
measured data by the evaluator; previous measurements may need to be adjusted when
decay data values in the relevant experimental analysis have changed. Specific decay data
quantities required are decay modes, branching ratios, half-lives, Q-values, and emission
types, energies, and intensities with special attention required for delayed neutron emission
probabilities and decay v intensities.

ENSDEF can provide a considerable portion of these data. However, as discussed in
Sec. 3.2.2.1, the Katakura evaluation highlighted the non-trivial effect of the Beta Pandemo-
nium problem [148] on decay + intensities for short-lived, high Q-value fission product yields.
Indeed, the Beta Pandemonium problem has been previously demonstrated as problematic
for decay heat calculations [153, 154], for which fission product yields are crucial input data.
Therefore, updated and improved decay + intensities are of use to future evaluations. Due
to limitations in experimental techniques and the large expanse of the issue, this problem
cannot be addressed in the near future solely experimentally. Thus, improved predictive
capabilities are also of use to future evaluations.

Neutron Energy Spectra The incident neutron energy spectrum used in a particular
experiment is an important detail for any fission yield measurement. Previous evaluations
have grouped measurements and their resulting yields into thermal, fast, and DT fusion
energy-averaged groupings. Future evaluations may seek to capture the energy dependence
of fission yields. In order to extract this dependence from literature, the incident neutron
energy spectrum and its uncertainty must be analyzed and published. This information
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has often been excluded from publication as it does not usually have a direct effect on the
reported fission yield (unless a monitor foil is used). However, it is important information
for future fission yield evaluations.

Covariances As none of the current fission yield evaluations include covariance data be-
tween fission yields, there is currently great interest in providing covariances for the first time
in upcoming evaluations. Fission yield covariances have been identified as critically needed
information for a number of applications, such as decay heat and reactor antineutrino rate
calculations [44, 47]. To address this, several methods have been developed to estimate cor-
relation/covariance matrices for existing fission yield libraries [47, 155, 156, 157, 158]. These
estimated covariances are a useful starting point for applications but validating the results of
these methods is important. To that end, empirical information on the covariance between
experimental uncertainty sources and between fission product yields would be of great use
to future evaluations. Having this information could validate fission covariance estimation
methods and enhance the consistency between experimental data and evaluations. However,
very few experiments provide fission yield covariance data currently.

3.2.3 Template
3.2.3.1 EXFOR Review

To help guide the assignment of uncertainty values that follow in the templates presented in
Secs. 3.2.3.2, 3.2.3.3, 3.2.3.4, and 3.2.3.5, a review of the entries in the Experimental Nuclear
Reaction Data library (EXFOR) for neutron-induced fission yields of #°U, 23U, and ?*Pu
was conducted. This review covered 812 entries spanning the years 1943 to 2019. Within
these entries were 1433 subentries which contained 18214 quoted fission yield uncertainty
values. The ERR_ANALYS section of an EXFOR entry details sources of uncertainty that
contribute to the uncertainty budget of a given measurement. This section was particu-
larly useful in guiding uncertainty assignments for the templates. However, it should be
noted that an overwhelming majority of the entries in EXFOR contain no information in
the ERR_ANALYS section about the sources of uncertainty in the measurement due to none
being reported in the relevant publication. This includes 6.8% of entries self-reporting that
their quoted uncertainties only detailed statistical uncertainties. Because of this, a broader
literature review and expert consultation were needed to supplement the information found
in the EXFOR review. A total of 25 sources of uncertainty were found in this EXFOR review
and these are discussed in the relevant templates listed below.

As mentioned in the introduction to this section, different types of fission yields can be
measured with varying degrees of uncertainty. Figures. 3.4, 3.5, and 3.6 show histograms of
the quoted uncertainties for the three predominant fission yield types found in this review
(independent, cumulative, and chain) for the three fissioning systems that were covered. In
all three cases, it can be seen that the mean quoted uncertainty for each fission yield type
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ranks in descending order from independent, to cumulative, to chain.
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Figure 3.4: Histogram of quoted uncertainties as a function of fission yield type for #°U.
The types of fission yields are defined in the introduction to this chapter.

This EXFOR review also revealed an absence of covariances between different sources of
uncertainty. Due to this lack of data, covariances between these sources of uncertainty will
not be discussed in this chapter. Future updates to these templates may include recommen-
dations on covariances between sources of uncertainty if subsequently published literature
begins to offer more insight into these values.

3.2.3.2 Irradiation Methods

As discussed in Sec. 3.2.1.2, due to the wide variety of irradiation methods that can be
employed in fission yield measurements, assigning mean and/or maximum expected values for
the uncertainty sources discussed in Table 3.3 is not yet reasonable. Rather, the template for
irradiation methods presented in this section will enumerate minimum expected uncertainties
for each of these sources based on literature review and expert opinion. The EXFOR review
was able to inform the lower bound estimates of a number of the uncertainty sources listed
in Table 3.3. Recommended correlations between the fission yields of products measured
within a single experiment are given for selected uncertainty sources in Table 3.4.

e incident neutron energy spectrum (P(E;,.)) - A recommendation for the min-
imum uncertainty in the incident neutron energy spectrum is not offered due to the
wide variety of neutron sources used in fission yield measurements. The correlation
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Figure 3.5: Histogram of quoted uncertainties as a function of fission yield type for #8U.
The types of fission yields are defined in the introduction to this chapter.

between fission yields measured in the same experiment due to the incident neutron
energy source is an active area of research. Both positive and negative correlations are
expected.

e geometry (@), solid angle (£2), time-of-flight length (L) - With the use of
modern measurement devices, namely those that use laser positioning technologies,
various dimensions can be measured to very high precision [159]. Therefore, quanti-
ties such as time-of-flight length, L, can be measured with uncertainty much less than
0.1% uncertainty. This also applies generally to other geometric measurements. How-
ever, for dimensions that are particularly small, the measurement uncertainty could
be non-negligible. Therefore, the minimum geometry uncertainty, @, and solid angle
uncertainty, €2, assigned in the template below has been set at less than 0.1%. Evalu-
ators should remain aware of the particulars of each experiment and acknowledge that
some experiments may have geometric uncertainties that are much larger than this. In
nTOF measurements, the uncertainty on the time-of-flight length can be inflated by
the spatial distribution of the neutron source and the neutron detector(s). Neutron
time-of-flight lengths have been measured with absolute uncertainties as low as 1 mm.
Therefore, the minimum uncertainty in nTOF time-of-flight length has been set to 1
mm for this template. The correlation between fission yields measured in the same
experiment due to geometry depends on the specifics of each experiment and thus a
recommended correlation is not offered. There is no expected correlation between fis-
sion yields measured in the same experiment due to solid angle. This is because solid



CHAPTER 3. EXPECTED MEASUREMENT UNCERTAINTIES IN FISSION YIELD

MEASUREMENTS 60
BZ# Cml., Mean = 6.4%
200 4 EX3J Chn., Mean = 3.4%
IO Ind., Mean = 10.8%
o 150
9]
C
g
5
o
O 100 A
o
=
I
50 1 \
|
\
oL il

40 60 80 100
Quoted Uncertainty (%)

O3
NP
o

Figure 3.6: Histogram of quoted uncertainties as a function of fission yield type for 2?Pu.
The types of fission yields are defined in the introduction to this chapter.

angle simultaneously increases both the number of products produced and the number
of fissions (see Eq. 3.1).

e timing resolution (At) - The timing resolution of detectors used in neutron time-
of-flight measurements can be very small in absolute terms. In most cases, the timing
resolution can be measured to less than 1 ns [160, 107]. The timing resolution can be
inflated by the width of the neutron pulse from the neutron source.

e monitor reaction product activities (A,,,,) - The uncertainty in the monitor re-
action product activity from a foil irradiation can come from several different sources.
Counting statistics, v spectroscopy uncertainties, and detector efficiency often domi-
nate this quantity. In an idealized case (where v spectroscopy and efficiency calibration
uncertainties are minimal), counting statistics represents the lower bound for this un-
certainty. As mentioned below, counting statistics will follow a Poisson distribution at
a minimum. Therefore, the minimum uncertainty for this quantity is set as a Poisson
distribution. However, it should be noted this uncertainty will likely be larger than
this.

e number of fissions (/N;) - The number of fissions that occurred in a target sample
can be affected by one or more of the sublisted quantities in Table 3.3, depending on
the measurement methodology. Therefore, taken together, the minimum values for the
sources of uncertainty that contribute to the number of fissions/fission rate suggest that
the lower bound for the net uncertainty on that quantity should be 1%. Equation 3.1
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indicates that the correlation between fission yields measured in the same experiment
due to the number of fissions should be fully correlated.

e neutron flux (¢) - Without regard to its measurement methodology, the uncer-
tainty in the neutron flux experienced by the target material was reported in 17
measurements in the EXFOR review. The lowest such value was listed as 1% [161].
Therefore, the minimum value for this uncertainty source has been set at 1%. Equa-
tions 3.1, 3.3, 3.4, and 3.5 indicate that the correlation between fission yields measured
in the same experiment due to the neutron flux should be fully correlated.

e fission cross section (o) - The fission cross section is generally taken from evaluation
and therefore its uncertainty should be taken from the corresponding evaluation. Equa-
tions 3.1, 3.3, 3.4, and 3.5 indicate that the correlation between fission yields measured
in the same experiment due to the fission cross section should be fully correlated.

e number of atoms/mass (N) - As was discussed in Sec. 3.2.1.3, the number of
atoms/mass present in a sample can be determined using gravimetric scaling with un-
certainties as low as 0.001%. Therefore, the minimum value for this uncertainty source
has been set at 0.001%. However, other methods of mass/number determination may
be less accurate. Equations 3.1, 3.3, 3.4, and 3.5 indicate that the correlation between
fission yields measured in the same experiment due to the number of atoms/mass of the
target should be fully correlated. If different targets are used for the two measurements,
a strong correlation is still expected.

e isotopic abundance (w) - Databases of isotopic abundances and their uncertain-
ties are maintained by various scientific institutions such as the National Institute of
Standards and Technology (NIST) [162] and the International Union of Pure and Ap-
plied Chemistry (IUPAC) [163]. These database values should be used in calculations
where relevant. For non-natural sources, isotopic abundance is often the result of an
enrichment process. These uncertainties should be given by the manufacturer and are
expected to be relatively small (< 0.1%).

e irradiation time (¢;) - Modern computers and electronic stopwatches can be used
to track intervals of time, such as irradiation time, with a precision of less than 1
ms. Therefore, it is often acceptable to treat the uncertainty on those time intervals
as negligible relative to other sources of uncertainty. Equations 3.1 and 3.3 indicate
that the correlation between fission yields measured in the same experiment due to the
irradiation time should be fully correlated.

e reactor burn-up (B,) - The EXFOR review found a single fission yield measurement
that reported the uncertainty on the reactor burn-up value, B,, included in their
calculations as 1.3% [110]. Therefore, the minimum value for this uncertainty source
has been set at 1%. When reactor burn-up increases, the calibrated neutron flux of a
beam port will need to be decreased; making these two quantities strongly correlated.



CHAPTER 3. EXPECTED MEASUREMENT UNCERTAINTIES IN FISSION YIELD
MEASUREMENTS 62

As the correlation between fission yields measured in the same experiment due to
neutron flux should be fully correlated, the correlation due to reactor burn-up should
be strongly correlated.

e fission fragment track counting (cr) - Track counting uncertainties were found
twice in the EXFOR review, with the lowest reported uncertainty being 1.5% [164].
Therefore, the minimum value for this uncertainty source has been set at 1.5%. As the
number of fission fragment tracks counted in an experiment increases, the number of
fissions in the target increases (within counting statistics uncertainty); making these
two quantities strongly correlated. As the correlation between fission yields measured
in the same experiment due to the number of fissions should be fully correlated, the
correlation due to fission fragment track counting should be strongly correlated.

e fission chambers (F) - Uncertainties due to the use of fission chambers were found
twice in the EXFOR review, with the lowest reported uncertainty being 1.5% [164].
Therefore, the minimum value for this uncertainty source has been set at 1.5%. Equa-
tions 3.1 and 3.6 indicate that the correlation between fission yields measured in the
same experiment due to fission chamber counting should be fully correlated.

e counting statistics (c¢) - In general, counting statistics will follow a Poisson distri-
bution at a minimum. However, some counting systems/methodologies may introduce
non-Poisson elements to their counting statistics, increasing their counting uncertainty.
In general, the correlation between data points due to counting statistics is expected
to be uncorrelated.

3.2.3.3 Chemical Separations

Table 3.5 lists the expected range of values for the sources of uncertainty for chemical separa-
tions that were discussed in Sec. 3.2.1.3. The chemical separations discussed in this chapter
are used to separate fission products, not to directly assay the quantity of those fission
products. Therefore, correlations between fission product yields that result from chemi-
cal separations will vary from experiment to experiment. Thus, recommended correlations
between fission yields as a result of chemical separation are not offered.

e number of atoms/mass (N) - As discussed in Sec. 3.2.1.3, the number of atoms/mass
can be determined gravimetrically to within uncertainties as low as 0.001%. The
publication by Kucera et al. [116] suggests the upper limit for these uncertainties to
be 0.5%, however, this could be larger if oxidation bias is not corrected.

e isotopic abundance (w) - Section 3.2.3.2 discussed the uncertainties present in sam-
ple enrichment /isotopic abundance. The uncertainty in the isotopic abundance in a
sample is given by databases for a natural sample or given by the manufacturer when
using an enriched sample.
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Table 3.3: List of uncertainty sources associated with the irradiation methods detailed in
Sec. 3.2.1.2. 0 denotes relative uncertainties given in % and A notes absolute uncertainties
with units. Uncertainties are relative to each source listed.

Symbol ‘ Minimum o
Relative and Absolute:

nTOF

-AL 1 mm

-At 1 ns

-0c Poisson dist.

Foil Act.

-0 Amon Poisson dist.

-0c Poisson dist.

-00mon given by evaluation
Absolute Only:
Ny 1

-0¢ 1

-0 ¢ given by evaluation

-ON 0.001

- dw abundance: See databases
or given by enrichment

-0B, 1

—5CT 1.5

-0F¢ 1.5
% <0.1
ON 0.001

- dw enrichment: given by manufacturer

abundance: See databases

02 <0.1
oc Poisson dist.

e oxidation bias (0) - Section 3.2.1.3 gives the upper limit for oxidation bias in num-
ber/mass is determined by stoichiometry, but could be negligible if proper chemical
protocols are followed.

e chemical yield (y) - The publication from Kucera et al. [116] suggests the lower limit
for chemical yield uncertainty to be 0.3% and the upper limit to be 0.5%. However,
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Table 3.4: Recommended correlations for the uncertainty sources in Table 3.3. These corre-

lations are between fission yields of products measured in the same experiment.

Symbol \ Correlation

Relative and Absolute:

‘ _

Absolute Only:

Ny
o
of

N

t;
B,
cr

Fe
%)
Q
c

Fully Correlated
Fully Correlated
Fully Correlated
Fully Correlated
(strongly if different targets)
Fully Correlated
Strongly Correlated
Strongly Correlated
Fully Correlated
Uncorrelated
Uncorrelated

a higher upper limit of 3% is possible if full dissolution of the target sample is not

achieved.

e isotopic exchange (x) - Kucera et al. assert that uncertainty induced by isotopic
exchange should be negligible if a homogenous system is achieved. However, there is

insufficient literature material to assign an upper limit for this uncertainty.

Finally, the importance of adherence to established chemical uncertainty protocols is
stressed. The use of these standards is encouraged in the publication by Saffaj et al. [118].
This publication also notes that these standards are often ignored. This will impact legacy
fission yield measurements that include chemical separations in untold ways. An evaluator
with experience in radiochemistry is needed to assess the quality of each publication. The list
of sources of uncertainty presented in Table 3.5 only seeks to detail common and predominate
sources of uncertainty and thus is not exhaustive. The judgment of a qualified evaluator is
needed to properly incorporate fission yield measurements with chemical separations into

future evaluations.
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Table 3.5: List of uncertainty sources associated with chemical separations in fission mea-
surements as detailed in Sec. 3.2.1.3. Uncertainties are relative to each source listed. “-”
indicates an upper bound is not recommended due to lack of information.

Symbol \ Min. o (%) \ Max. o (%)
ON 0.001 0.5

- dw abundance: See databases

or given by enrichment
- 0o ~0 stoichometry
(N].7 for OQ)

oy 0.3 3
ox ~0 —

3.2.3.4 Assay Methods

~v Spectroscopy Table 3.6 lists the expected range of values for the sources of uncer-
tainty in ~ assay methods that were discussed in Sec. 3.2.1.4. Recommended correlations
between the fission yields of products measured within a single experiment are given for
these uncertainty sources in Table 3.7.

e 7 detection efficiency (¢) - The EXFOR review found 43 reports of efficiency un-
certainties with the mean of these values equaling 5%. Energy-resolved v spectroscopy
produced lower uncertainty values on average than energy-unresolved spectroscopy.
The largest uncertainties in efficiency calibration values generally result from energy-
unresolved measurements before the wide-spread adoption of Ge-based detectors in
the late-1960s. Energy-resolved detection efficiency values ranged from 0.51% [113]
to 20% [165]. Energy-unresolved detection efficiency ranged from 1.9% to 50% both
in Reference [166]. The lower and upper bounds for efficiency uncertainty values in
energy-resolved and energy-unresolved spectroscopy were set to these values. Equa-
tions 3.1 and 3.2 with Eq. 3.7 indicate that the correlation between fission yields
measured in the same experiment due to the v detection efficiency should be fully
correlated.

e v decay intensity (/,) - The uncertainty in a decay 7 intensity is generally taken from
evaluation. Equations 3.1 and 3.2 with Eq. 3.7 indicate that the correlation between
fission yields measured in the same experiment due to the v decay intensity should be
fully correlated.

e half-life (7} /,) - The uncertainty in a half-life is generally taken from evaluation. 77,
appears in the exponential term of Eq. 3.7 (through \). Therefore, the correlation
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between fission yields measured in the same experiment due to the half-life should be
strongly (not fully) correlated, as indicated by Eq. 3.7 with Eqs 3.1 and 3.2.

e calibration source activity (Ag) - The uncertainties in the activity of calibration
sources are generally given in the calibration certificate provided by the manufacturer.
For most standard calibration source isotopes, the associated activity will have un-
certainty between 1-2%. Equations 3.1 and 3.2 with Egs. 3.7, 3.8, and 3.9 indicate
that the correlation between fission yields measured in the same experiment due to the
calibration source activity should be fully correlated.

e gamma spectroscopy (g) - Gamma spectroscopy fitting methods are often used in
fission yield measurements to separate overlapping photopeaks in dense fission product
~v-ray spectra. These methods introduce uncertainty in the extracted photopeak area
that is beyond standard Poisson counting statistics. The EXFOR review found four
reports for 7 spectroscopy uncertainties, ranging from 0.18% [113] to 5% [124]. Refer-
ence [113] could represent a reasonable lower bound for v spectroscopy uncertainties
(in spectra where counting statistics are high and photopeak shapes are well defined).
However, in 7-ray spectra with low counting statistics and/or poor photopeak shaping,
these 7 spectroscopy uncertainties could be larger than 5%. Because of this, an upper
limit for the uncertainty in v-ray spectroscopy is not set in this template. The corre-
lation between fission yields measured in the same experiment due to 7 spectroscopy
fitting could be positive or negative depending on the specifics of the spectrum being
analyzed. Therefore, a recommendation on this correlation is not offered in Table 3.7.

e dead-time (7) - Uncertainties in assay counting related dead-times were found in
the EXFOR review in only one publication, with values ranging from 0.5% to 2.0%
[105]. Several dead-time models predict that given the correct conditions, the dead-
time uncertainty can be equal to or less than the uncertainty given by Poisson counting
statistics [167]. Thus, it is theoretically possible to obtain negligible dead-time uncer-
tainty if the counting system used is well-optimized and sufficient counting statistics
are obtained during the calibration. This also suggests dead-time uncertainty could
be very large if the counting system is unoptimized and low counting statistics are
obtained during the calibration. Therefore, the lower limit for dead-time uncertainty
has been set near zero and an upper limit is not suggested for this template. As a
dead-time correction can be seen as a correction to the v detection efficiency, and as
the correlation between fission yields measured in the same experiment due to the ~
detection efficiency should be fully correlated, the correlation due to dead-time is also
expected to be fully correlated.

e geometry (@, ) and solid angle (2) - As discussed in Sec. 3.2.3.2, with modern
measurement technologies, geometry uncertainties can often be very small in relation to
their respective dimensions (<0.1%). It is difficult to assign a reasonable upper bound
to geometry uncertainties as some experimental apparatuses may have dimensions that
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are small relative to their uncertainty. Therefore, an upper limit is not assigned in this
template. The correlation between fission yields measured in the same experiment
due to geometry depends on the specifics of each experiment and thus a recommended
correlation is not offered. The correlation between fission yields measured in the same
experiment due to counting geometry/solid angle is expected to be uncorrelated as
both of these quantities simultaneously increase the number of products produced and
the number of fissions (see Eq. 3.1).

e self-shielding (&) - Closely related to geometry and of particular concern to fission
yield measurements (where high-Z actinide targets are used) are self-shielding/self-
attenuation corrections. The EXFOR review found 11 reports of self-shielding correc-
tion uncertainties, ranging from 0.18% [168] to 10% [105]. These values have been set
as the lower and upper bounds for the template. As a self-shielding correction can
be seen as a correction to the v detection efficiency, and as the correlation between
fission yields measured in the same experiment due to the v detection efficiency should
be fully correlated, the correlation due to self-shielding is also expected to be fully
correlated.

e counting statistics (¢) - As discussed in Sec. 3.2.3.2, counting statistics will at a min-
imum follow a Poisson distribution. However, some counting systems may introduce
non-Poisson elements to their counting statistics, increasing their counting uncertainty.
In general, the correlation between data points due to counting statistics is expected
to be uncorrelated.

Section. 3.2.1.4 discussed that throughout this publication it has been noted that there are
limited data available about « angular correlation shapes. Moreover, these angular correla-
tions only become important when observing ~-v coincidences in fission yield measurements.
While observing these coincidences is a powerful tool that can limit backgrounds, it is not
often used. Given this and the lack of detailed information about ~ angular correlations,
this template will not make a recommendation about lower or upper bounds for angular
correlation uncertainties.

£ Counting Table 3.8 lists the expected range of values for the sources of uncertainty in
~ assay methods that were discussed in Sec. 3.2.1.4. Recommended correlations between the
fission yields of products measured within a single experiment are given for these uncertainty
sources in Table 3.9.

e [ detection efficiency () - Of the 43 efficiency values that were found in the EXFOR
review, none were related to 8 counting. Because of the short range of 3 particles in
matter and the fact that § counting does not require energy deposition information,
the efficiencies of § counters are very closely related to their solid angle coverage.
A correction to solid angle is usually required to account for stopping of low-energy
[ particles in the dead layer/air between the source and the counter. Also, some 3
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Table 3.6: List of uncertainty sources associated with the 7 assay methods detailed in

Sec. 3.2.1.4. Uncertainties are relative to each source listed.

«w.

indicates an upper bound

is not recommended due to lack of information.

Symbol | Min. o (%) | Max. o (%)
Resolved Only:

de 0.5 | 20
01, given by evaluation
-0T1 /5 | given by evaluation
-0Ag | calib. certificate
-0g 0.2 -
-0c Poisson dist. | —

0g 0.2 -

Unresolved Only:

oe | 2 | 50

Unresolved and Resolved:

or ~0 —

on/Q <0.1 -

o0& 0.2 10

oc Poisson dist. | —

counters may have limited ~ efficiency. In this case, if a 5 emitter that also emits 7 rays
is counted, a correction for signals produced by v rays will need to be applied. Because
of the issues related to energy-dependent corrections and ~y sensitivity, an upper bound
for 8 counting efficiency uncertainty is not recommended in this template. The lower
limit for this uncertainty is set to match that of counting geometry /solid angle at 0.1%.
However, it should be noted that most g counters will have uncertainty greater than
this and that this value is only a lower limit. Equations 3.1 and 3.2 with Eq. 3.10
indicate that the correlation between fission yields measured in the same experiment
due to the § detection efficiency should be fully correlated.

dead-time (7) - The lower limit for dead-time uncertainty has been set near zero and
an upper limit is not suggested for this template. This lower limit is based on the
assay template as dead-time uncertainties should be similar for v and 3 detectors. As
a dead-time correction can be seen as a correction to the § detection efficiency, and as
the correlation between fission yields measured in the same experiment due to the (8
detection efficiency should be fully correlated, the correlation due to dead-time is also
expected to be fully correlated.

e counting geometry () and solid angle (£2) - As discussed in previous sections,
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Table 3.7: Recommended correlations for the uncertainty sources in Table 3.6. These corre-
lations are between fission yields of products measured in the same experiment.

Symbol \ Correlation

Resolved Only:
€ Fully Correlated
-1, Fully Correlated

-T2 | Strongly Correlated
-Ag Fully Correlated

g _
Unresolved Only:

€ ‘ Fully Correlated
Unresolved and Resolved:
T Fully Correlated
n/Q Uncorrelated

19 Fully Correlated

c Uncorrelated

counting geometries and solid angles can often be determined with very low relative
uncertainty. The lower bound for counting geometries and solid angles is thus set
to the previously suggested lower limit of 0.1%. However, it should be noted that (3
counting geometries often feature small dimensions as 3 particles are highly attenuated
in matter and air. Therefore, relative geometric uncertainties in g counting experiments
are likely to be larger on average than in the other assay methods detailed in this
template. The correlation between fission yields measured in the same experiment
due to counting geometry/solid angle is expected to be uncorrelated as both of these
quantities simultaneously increase both the number of products produced and the
number of fissions (see Eq. 3.1).

e self-shielding (§) - The self-shielding/self-attenuation correction in 3 counting is
almost certainly present in any [ counting experiment due to the very low range of
[ particles in matter and the high-Z of actinide targets. These corrections are closely
related to those for v spectroscopy that were discussed in Sec. 3.2.3.4. Therefore, the
lower limit for these uncertainties is set equal to those of  spectroscopy at 0.2%.
However, because [ particles are much more quickly attenuated in matter than v rays,
an upper bound is not set for this uncertainty. As a self-shielding correction can be
seen as a correction to the 8 detection efficiency, and as the correlation between fission
yields measured in the same experiment due to the § detection efficiency should be fully
correlated, the correlation due to self-shielding is also expected to be fully correlated.
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e counting statistics (¢) - As discussed in previous sections, counting statistics is at a
minimum described by a Poisson distribution, and no upper limit for this is set in this
template. In general, the correlation between data points due to counting statistics is
expected to be uncorrelated.

Table 3.8: List of uncertainty sources associated with the [ assay methods detailed in
Sec. 3.2.1.4. Uncertainties are relative to each source listed.

Symbol | Min. o (%)

o€ 0.1
oT ~0
dn/oQ 0.1
0& 0.2
oc Poisson dist.

Table 3.9: Recommended correlations for the uncertainty sources in Table 3.8. These corre-
lations are between fission yields of products measured in the same experiment.

Symbol \ Correlation

€ Fully Correlated
T Fully Correlated
n/Q Uncorrelated
£ Fully Correlated
c Uncorrelated

3.2.3.5 2E-2v Method

Because of the relatively recent popularity of the 2E-2v method and the new construction
of 2E-2v devices, only minimum values for the uncertainty sources for this method will be
suggested in this template. The 2E-2v method determines the masses of fission products on
an event-by-event basis; each product mass is measured independently of others. Therefore,
recommended correlations between fission yields measured using the 2E-2v method are not
offered.

e fission product energy (F) - The energy detectors usually used in the 2E-2v method
are ionization chambers, though Si detectors can be used. The energy resolution for the
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fission products varies with mass. For ionization chambers, it is estimated that 0.5%
energy resolution can be achieved for the lightest fission products, while 1% can be
achieved for the heaviest. For Si detectors, peer-reviewed publications have indicated
that an energy resolution of 0.3% can be achieved for the lightest fission products [135].

e fission product time-of-flight (¢) - For the SPIDER 2E-2v spectrometer, the timing
electronics have a resolution of 150 ps for each arm. This timing resolution needs to
be added in quadrature for each arm, for a total uncertainty of 210 ps. With a flight
path length of approximately 70 cm, this would amount to a timing resolution of 0.5%
for the lightest fission products. This value is consistent with the timing resolution
claimed by the VERDI spectrometer [135]. In the case that sputtered electrons from
the target are used as the start signal in the time-of-flight determination (as is done
with the VERDI spectrometer), there will be a plasma delay time that results from the
bending of the sputtered electrons through an electrostatic mirror into a micro-channel
plate (MCP) detector.

e fission product flight path length (L) - The flight path length of each arm of the
apparatus is often calibrated using an a-emitting source with a known energy. This
allows the flight path to be determined to within approximately 1 mm. For the SPIDER
spectrometer, this would be a relative uncertainty of approximately 0.1%. However, it
should be noted that the flight path of the fission products from each fission event will
be different. This is due to both the angle that the products are emitted at and the
extended geometry of the target sample. Corrections for these factors can be made if
electronics are implemented to track the trajectory of the fission products, however,
these corrections will inflate the uncertainty in the flight path length.

e counting statistics (c¢) - As discussed in Sec. 3.2.1.5, the uncertainty in the number
of fissions observed is determined by counting. At the very minimum, this uncertainty
will be given by Poisson counting statistics.

3.3 Conclusions

This work provides a summary of the current state of fission product yield measurements.
In providing this summary, the above set of templates provides a number of benefits to
the scientific community: a general guide to help develop an understanding of experimental
fission yield data, a guide to help experimentalists fully document their uncertainties, and
a guide to help evaluators appropriately compile experimental fission yield data into their
evaluations.

The templates are a community-based effort and the community can continuously use,
critique, and update the templates. In the near future, NNDC will host a condensed version
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Table 3.10: List of uncertainty sources associated with the 2E-2v method detailed in
Sec. 3.2.1.5. Uncertainties are relative to each source listed.

Symbol \ Min. o (%)
oF
Ion. Cham. | 0.5
Si 0.3
ot 0.5
oL 0.1
oc Poisson dist.

of the templates on its homepage, providing quick access to the templates for the scientific
community. Journal editors are being engaged in the hopes that reviewers can be provided
with the templates for use in their peer-review process. Subgroup 50 of the Working Party
on International Nuclear Data Evaluation Cooperation at the Organization for Economic
Cooperation and Development (OECD) at the NEA, has been assembled with the goal of
developing a comprehensive and machine-readable database of experimental reaction data
(similar to EXFOR). Such an advancement would enable the uncertainty sources listed in
the templates and their expected values to be more consistently and easily updated.

Again it should be noted that these templates are not an immutable set of rules. The
templates serve as a guideline based on the state-of-the-art at the time of their publication.
As new technologies or the employment of existing technologies advance, the values listed in
the templates may become obsolete. For this reason, the templates should only be viewed
as a guide; the expected values in the templates can be exceeded. Similarly, the templates
should not discourage further advancements in experimental methods by setting an “ac-
ceptable” level for uncertainties that no one endeavors to surpass. Experimentalists should
always strive to produce measurements with uncertainties that are as low as is physically
achievable. As experimental methods advance, the templates will need to be updated and it
is planned that future publications will be released to continuously update the templates.

The presented template of expected measurement uncertainties in fission product yields
improves the overall understanding of experimental fission yield data. As the template
comes into use by the scientific community, it will improve the quality of future fission yield
evaluations and experiments.
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Chapter 4

Estimation of Independent and
Cumulative Fission Yield Covariances

As was discussed in Sec. 1.2.2, no existing fission yield evaluation includes information on
the covariance between fission product yields and this information has been identified as a
critical need. To address this need, a Monte-Carlo method for the generation of correlation
and covariance matrices for independent and cumulative fission yields has been developed.
The method uses a constrained Monte-Carlo resampling structure in order to vary evalu-
ated fission yield libraries in a way that meets basic conservation principles. This results in
the generation of correlation/covariance matrices with limited model bias and uncertainty;
the matrices are primarily reflective of the evaluated fission yield uncertainties and corre-
lations that arise from the evaluation process. This method has been applied to generate
correlation and covariance matrices for all of the fissioning systems of the ENDF/B-VIII.0
and JEFF-3.3 evaluations, marking the first time such matrices have been generated for
all of these systems. These covariance matrices have been published online for immediate
public use. These correlation and covariance matrices can be used to improve uncertainty
estimation in calculations of reactor antineutrino emission rates, decay heat problems, and
nuclear forensics. This method, and the results thereof, were published as a peer-reviewed
article “Stochastically Estimated Covariance Matrices for Independent and Cumulative Fis-
sion Yields in the ENDF/B-VIII.0 and JEFF-3.3 Evaluations” in Atomic Data and Nuclear
Data Tables [169].

4.1 Motivation

In fission, a nucleus undergoes a deformation that leads to the scission of the nucleus into
at least two fragments. These fragments have high excitation energy and undergo prompt
neutron and photon emission. When the prompt neutron emission has ceased, the fragments
are referred to as “products.” The probability that a particular fission product will be pro-
duced directly from a fission event is called an “independent yield.” The probability that a
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particular fission product will exist at some point in time after fission, either due to direct
production from fission or due to production from the decay of a parent fission product, is
called a “cumulative yield.”

The measurement and evaluation of independent and cumulative fission yields is the
result of decades of exceptional research by scientists from across the globe. Continued re-
search in this area is needed to meet the ever-advancing needs of users. Neither the fission
yield evaluation (based on Refs. [86, 139]) in the ENDF/B-VIIL.O (Evaluated Nuclear Data
File) evaluated library [28] nor the fission yield evaluation (based on Refs. [140, 170]) in
the JEFF-3.3 (Joint Evaluated File for Fission and Fusion) evaluated library [29] contain an
estimation of correlation/covariance between fission product yields. These covariance and
correlation matrices for independent and cumulative fission product yields have been identi-
fied as a pressing nuclear data need [1, 42, 28]. These matrices are needed for applications
in reactor antineutrino rate calculations [43, 44, 45, 46], decay heat calculations [47], and
any other calculations that incorporate fission yield data such as nuclear forensics.

Nuclear data libraries that are used in applications, such as those listed above, are pro-
duced by scientists with specialized skills in a process called “evaluation”. The evaluation
process brings together experimental measurements of nuclear properties, nuclear physics
modeling, and the expertise of the evaluator to produce these nuclear data libraries. There-
fore, there are three keys sources where correlation arises from in evaluated nuclear data
libraries: physics, experiment, and evaluation.

Each of these three sources introduces a unique set of errors and correlations and all
three of these sources are present in all evaluated nuclear data libraries to some degree. In
an ideal case — if experimental capabilities and measurements were perfect and errorless and
the evaluation was conducted flawlessly with exact modeling capabilities — the correlation
between the values in a nuclear data library would be purely physical (i.e., those that arise
from the underlying physics of the measured property). However, this ideal case does not
occur in reality and consideration of correlations arising from experimental and evaluation
sources is required in order provide users of nuclear data libraries with realistic uncertainties
and covariance matrices.

Ideally, fission yield covariances would be generated with the evaluation in order to max-
imize consistency. In the interim, methods for estimating fission product yield covariance
matrices have been proposed [47, 171, 155, 172, 156]. These methods rely on an underlying
model of the fission process to determine correlations between fission products and there-
fore give an estimation of the physical correlations that are discussed above. For example,
the works of Rochman et al. [171] and Leray et al. [155] use the GEF code [173, 174] to
generate their matrices. These methods require that the model of fission is reliably accurate
and that model parameters exist for a compound system of interest. Often parameters for
these models have been determined for only a small number of well-known compound sys-
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tems [155, 172], limiting their scope to be less than that of the compound systems currently
listed in the ENDF/B-VIIL.0 and JEFF-3.3 evaluations. These model-based methods are
an important component of determining fission yield covariance matrices; they estimate the
physical component of correlations in evaluated nuclear data libraries. Nevertheless, these
only provide a part of the correlation information that users need and must be complemented
with estimations of the experimental and evaluation components.

The fact that these model-based methods do not take experimental correlations fully into
consideration has been previously noted in literature [175]. It should also be noted that the
evaluation process and its potential to introduce additional error and correlation into eval-
uated fission yield libraries has been previously observed through inconsistencies between
evaluated fission yields and fission neutron multiplicity distributions [94]. This observed in-
consistency, and the evaluation correlation introduced by it, is captured by the new method
presented in this publication, as will be detailed in Sec. 4.2.3.

In order to address the topics discussed above, the method presented was formulated. It
seeks to limit model dependence and focuses primarily on correlations that arise from the
ENDF/B-VIIL.0O and JEFF-3.3 evaluations and the experimental data that underlie them.
In addition to this, this publication also seeks to ensure open access to the correlation
and covariance matrices resulting from this method. While the alternative methods listed
above for covariance/correlation matrix generation exist, the results of these methods have
not been made publicly available. To address this issue, the matrices that result from the
method presented have been made immediately available to the nuclear science community
at nucleardata.berkeley.edu/FYCoM. In the interest of reproducible science, a workflow
for the calculation of these matrices has been preserved in Ref. [158].

4.2 Method

4.2.1 Independent Yields

Independent fission yield libraries should obey a number of conserved relationships. The
following Monte-Carlo resampling method is structured to conserve the five conditions given
below. These conditions are modified from similar conditions proposed by Fiorito et al. [47].

In a fission event, at least two fission products must be produced. Therefore, binary
fission yields should sum to two:

> vi=2 (4.1)

where Y; is the independent yield of nuclide .
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The total charge must be conserved, therefore the total charge of the compound system,
Zcon, should be recovered:

> YiZ = Zoy (4.2)
where Z; is the atomic number of nuclide 7.

The total baryon number must be conserved, therefore the total baryon number of the
compound system, Acy, less the average number of fission neutrons emitted, 7, should be
recovered:

Y YiAi=Acy v (4.3)
where A; is the mass number of nuclide 3.

Assuming charged particle emission from fission fragments is negligible, the net yield to
products with a particular atomic number, Z, should be equal to the net yield to products
with the complementary atomic number, Zoy — Z:

Y Y(Z,A) =) Y (Zey — Z. Ay) (4.4)

For a given fission yield library there should exist some midpoint mass number, A4,
such that yields on either side of this midpoint should sum to one:

YY) = ) V(A =1 (4.5)
Ai>Amid Ai<Anmid

Equation 4.5 determines which nuclei are heavy (A > A,,;4) and which are light (4 <
Apiq) in the resampling method. It also states the midpoint of the fission product dis-
tribution is constant. This is expected even in the extreme case of symmetric fission as
changing this midpoint also changes the total mass distributed to the fission fragments from
the compound nucleus. In reality, Eq. 4.5 may only be approximately true due to mass
number being an integer and not a continuous variable. However, exploiting this condition
allows the Monte-Carlo resampling method to be structured such that the conditions in
Eqgs. 4.1, 4.2, 4.3, and 4.4 are also conserved. In this method, A,,;q is selected by finding the

A in each fission yield library that best reproduces Eq. 4.5.

The following steps give the method that is used to produce resampled fission yield
libraries that meet the conditions given in Eqs. 4.1, 4.2, 4.3, 4.4, and 4.5:

1. Select a random number, X, between 0 and 1. If X is less than 0.5, the yields on the
‘light’ side (A < A,q) will be resampled. Otherwise, yields on the ‘heavy’ side (A >
Apnia) will be resampled.
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2. For each A chain on the selected side, randomly select a fission product yield to be
resampled. The probability that a given product is selected should be set such that
high-yield, low-uncertainty products are preferentially selected. Resample that yield
about a normal distribution with a centroid equal to its evaluated yield and width
equal to its evaluated yield uncertainty.

3. Scale the other fission product yields in the A chain by the same percent change realized
for the product yield in Step 2.

4. Normalize the yields on the selected side such that their sum equals 1.

5. Generate fission yields on the complementary side using the fission neutron multiplicity
distribution, P(v, A):

Yirae(Zon — Z,Acn — A —v) = P(v,A)Y (Z, A) (4.6)

Y(Z, A) = Z nyrac(ZCN - Z7 ACN —A- V)

A v
Y(2,4=3%" [P(y, Aen — A—v)
A v
XY(ZCN — Z, ACN —A-— V)

6. Repeat Steps 1-5 N times. Select NV such that statistical noise is minimized.

7. Calculate the resulting correlation and covariance matrices from the N trials.

Conservation of Eq. 4.5 is a given of the method. The conservation of Eq. 4.1 and Eq. 4.4
can be proven analytically. Equations 4.2 and 4.3 are numerically verified to be conserved
to within 0.01% for the ENDF/B-VIIIL.0 evaluation and to within 0.05% for the JEFF-3.3
evaluation. In principle, one can combine Steps 2 and 3 and simply resample each fission
product yield about its evaluated yield and yield uncertainty. However, the ENDF/B-VIII.0
evaluation assumed a Gaussian distribution of yield in Z for each A chain [86]. Therefore,
Step 3 is justified as it introduces the positive correlation between product yields within a
given A chain that the ENDF/B-VIIIL.0 evaluation process would have introduced. Step 5
relies on the accuracy of the P(v, A) data used, and Sec. 4.2.3 will address how P(v, A) data
are obtained for all of the compound systems in the evaluations. For Step 6, this study
used N = 10000 to produce the presented matrices. The Mersenne Twister pseudo-random
number generator with a seed of 0 was used for each matrix generated.

As will be detailed in Sec. 4.2.3, the fission yield evaluations did not take into consid-
eration the consistency of fission neutron multiplicity distributions with independent fission
yields. Because of this, the covariance matrix that is directly obtained from Step 7 gives
variances in the yields that are larger than their corresponding evaluated variances. The
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correlation and covariance matrices obtained from Step 7 will be called “primary” matrices
throughout this publication as they are the matrices that are obtained directly from the
method presented.

The covariance matrices that result from this process exhibit variances in the indepen-
dent yields that are larger than those in the evaluations. In order to address this, a pair of
“normalized” correlation and covariance matrices are calculated. The fission yield variances
in the normalized covariance matrix are equal to those in the evaluation. The normalized
covariance matrix is calculated as the product of the primary correlation matrix and the
evaluated fission yield uncertainties. In order to conserve total yield, the sum of the normal-
ized covariance matrix must be zero (as it is in the primary covariance matrix). For all of the
compound systems considered, the sum of the covariance matrix obtained by simply taking
the product of the primary correlation matrix and the evaluated fission yield uncertainties
was greater than zero. To enforce that the sum of the normalized covariance matrix is zero,
the negative correlations in the primary correlation matrix were scaled slightly. This scaling
was less than 2% in all cases. Both the primary and normalized correlation and covariance
matrices are presented to the user at nucleardata.berkeley.edu/FYCoM.

4.2.2 Cumulative Yields

Correlation and covariance matrices can be generated for cumulative yields using the covari-
ance matrices generated for the independent yields. In order to do this, the transformation
of independent yields into a given cumulative yield must be known. Evaluations make spe-
cific adjustments to these transformations. For example, the ENDF/B-VIIL.0 evaluation
obtained cumulative yields from independent yields by taking a weighted average of two
different methods [86]. Replicating these adjustments would enhance the consistency of this
method with the evaluations, however, a full tabulation of these specific adjustments is not
readily available. Instead, this method transformed the independent yields to cumulative
yields directly using evaluated decay data. The cumulative yields were obtained by calcu-
lating the probability that an independent product will follow a decay path leading to a
cumulative product using Eq. 4.8:

Yo(Z,A) = Z [YI(Zi,Ai) Hﬁk—ﬂc-&-l} (4.8)

)

where Yo (Z, A) is the cumulative yield being calculated, Y;(Z;, A;) are the independent
yields that contribute to the cumulative yield, and [[,_, Bx—k+1 represents the probability
that product (Z;, A;) follows a decay path to product (Z, A) where each fj_x1 is the decay
branching ratio of the k* product into the (k + 1) product in the decay chain.

The decay chains required for Eq. 4.8 are generated using the Fission Induced Electromag-
netic Response code (FIER) [176]. The decay chains generated by FIER include all possible
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decay paths for each fission product. FIER also provides a table of decay branching ratios
parsed from ENDF/B-VIIIL.0 File 8 [28]. The independent yields are statistically resampled
about a multivariate normal distribution using their evaluated values and their covariance
matrices generated from the process in Sec. 4.2.1. Cumulative yields are then calculated
from these resampled independent yields using Eq. 4.8. This is repeated N times such that
statistical noise is minimized and the correlation and covariance matrices are calculated from
the resulting V trials. In this study, N = 10000 was used to produce the presented matrices.

It was again seen that the covariance matrices that result from this process exhibit
variances that are larger than those of the evaluated variances in the cumulative yields.
This is because the cumulative yield covariance matrices are generated from the primary
independent yield covariance matrix. Evaluated independent yields generally have larger
evaluated uncertainties than cumulative yields and, as mentioned in Sec 4.2.1, the primary
independent yield covariance matrix has larger variances than the evaluation. Therefore, a
normalized cumulative yield covariance matrix is also produced using the correlation matrix
and the evaluated variances in the cumulative yields. This normalized covariance matrix
is simply the product of the correlation matrix and the evaluated uncertainties. Both the
primary and normalized cumulative yield covariance matrices are presented to the user at
nucleardata.berkeley.edu/FYCoM.

4.2.3 Generation of Consistent P(r, A) Data

Neither the ENDF/B-VIIL.0 nor JEFF-3.3 evaluations enforced consistency between fission
neutron multiplicity distributions and independent fission yields. Because of this, there is
no evaluated or experimental dataset that gives P(v, A) values that are fully consistent with
the independent yields in the evaluation, nor is there complete P(v, A) data that cover all
of the compound systems in the evaluation. In order to address this issue, a procedure was
developed to obtain P(v, A) data that have the greatest degree of consistency possible with
evaluated yields. Perfect consistency would be achieved if each independent fission yield
in the library could be reproduced using Eq. 4.7. This is the basis for the y? metric in
Eq. 4.9 which judges the consistency between evaluated independent fission yields and those
generated using P(v, A) data and Eq. 4.7; perfect consistency would result in x? = 0.

2 D@val(Zia A) - nen<Zi7 A>]2
X Z }/eval(Zh A)

(4.9)
where Y,,q are the evaluated independent yields in a given A chain and Y, are those same
yields that are generated using P(v, A) data using Eq. 4.7.

The x? metric in Eq. 4.9 was minimized for each A chain in each of the fissioning systems
in the evaluations in order to generate a set of P(rv, A) data for use in the method presented
in Sec. 4.2.1. An example of this minimization technique is shown in Fig. 4.1 which shows
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the result of minimizing x? in Eq. 4.9 to obtain P(v, A) data for the A = 135 chain of the
2357 fast fission ENDF /B-VIIL.0 evaluation.

A =135, J = 2.18, x2 = 1.49E+00
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Figure 4.1: Result of the minimization of y? in Eq. 4.9 for the A = 135 chain of the 23°U
fast fission ENDF/B-VIIL.0 evaluation. The blue data are the evaluated yields and the red
data are yields generated using Eq. 4.7 and P(v, A) data that minimized Eq. 4.9.

In order to conserve mass, P(v, A) should ideally obey the physical condition that
P(v,A) = P(v,Acy — A — v). An attempt was made to introduce a term to minimize
the differences between P(v, A) and P(v, Acy — A — v) in Eq. 4.9, however, this introduc-
tion made the minimization of Eq. 4.9 intractable. An iterative normalization method was
developed in an attempt to force P(v, A) = P(v, Acy — A —v), however, this resulted in the
x? metric becoming unacceptably large. Future work could include attempts to improve the
minimization method and metric such that P(v, A) = P(v, Acn — A — 1) is met.

It should again be noted that inconsistency between the evaluated yields and those gen-
erated using the P(v, A) data results directly from the evaluation itself and the fact that
it did not take fission neutron multiplicity data into consideration. This inconsistency has
been previously noted by Jaftke et al. [94]. These P(v, A) data are generated to mitigate the
effects of this inconsistency on the method presented in Sec. 4.2.1. An example of how these
generated P(v, A) data improve this method is presented in Fig. 4.2. It can be seen that a
simplistic choice of P(v) creates a bimodal distribution when resampling fission yields: one
peak is seen when the heavy side of the fission product distribution is chosen in Step 1 of
the method and another when the light side is chosen. Using these generated P(v, A) data
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yield much-improved results.

The use of these generated P(v, A) data for other applications is not recommended.
Certainly ensuring consistency between fission neutron multiplicity data and independent
fission yields would add to the complexity of an evaluation and may very well be impracti-
cal. Future evaluations could attempt to address this by reporting “event” yields rather than
independent yields. The “event” yields would report the probability that a given pair of fis-
sion products and number of prompt fission neutrons are produced from a given fission event.
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(a) The independent yield of '32Te resam- (b) The independent yield of '32Te resam-
pled 10000 times using this method. Here pled 10000 times using this method. Here
the choice of the P(v) distribution used in the P(v, A) distributions used in the method
the method was an A-independent distribu- are the generated distributions described in
tion for 25U(n,f) taken from Ref. [177]. Sec. 4.2.3.

Figure 4.2: Histograms of resampled yields for 1¥2Te with different choices of P(v, A). Each
histogram contains 10000 entries. The evaluated yields are shown at the black line, banded
by red lines representing the evaluated uncertainty of that yield.

4.2.4 Limitations and Benchmarking

This method is able to capture fission yield correlations within a given A chain through
Step 3 and correlations between complementary fission products through the use of P(v, A)
data in Step 5. However, this method does not fully capture correlations between A chains
on the same side of the fission product distribution. This is because those yields are resam-
pled independently of each other. As a result of this deficit, the correlations calculated using
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this method are expected to be somewhat underestimated.

Without an underlying model of fission, it is difficult to conceive how these correlations
would be introduced. This method should be viewed as complementary to the model-based
methods mentioned in Sec. 4.1. Where this method offers the capability to focus on cor-
relations from the evaluation itself, model-based methods offer the ability to see physical
correlations, such as those existing between A chains.

In order to assess the efficacy of the method and the effect of the limitations that are
acknowledged above, a benchmarking of the method was performed with a model of mass
yields. This simple model is detailed in Eq. 4.10 and consists of two Gaussians, one for the
heavy peak and one for the light peak of the fission product distribution.

1 2 2 1 =))2 2
VI(A) = p(A—n)*/20% | eA—(Acn—p=7))*/20 4.10
(A =7 o (4.10)
where p is the centroid of the heavy-product Gaussian, Agy is the mass of the compound
nucleus, v is the average neutron multiplicity of the fissioning system, and o is the width of

both Gaussians.

The neutron multiplicity distribution in this model was set to be a Poisson distribution
with a mean of 2.0 for each mass number. This ensures the important condition discussed
in Sec. 4.2.3 that P(v, A) = P(v, Acy — A — v) is met.

This model of fission has three parameters: pu, o, and v. Reasonable selections for the
values of these three parameters are p = 132 £ 0.5, o =5 £+ 0.1, and ¥ = 2.0 4+ 0.1. Using
the model in Eq. 4.10, the mass yields for each A were calculated. A Monte-Carlo resam-
pling of the covariances between the mass yields was then performed: the model parameters
were varied about their uncertainties 10000 times, the mass yields were recalculated on each
of these trials, and the correlations between the mass yields were assessed from these trial
results. Figure 4.3 shows the correlation matrix between the mass yields calculated from the
model given in Eq. 4.10.

To benchmark the efficacy of the method presented, the yields from Eq. 4.10 were input
to the method to see if their known correlations could be reproduced. In the first test, Step 3
was modified such that the mass yields on the selected side of the fission product distribu-
tion were varied using their respective half of the correlation matrix shown in Fig. 4.3. This
was done because of the above-stated limitation that correlations between mass chains are
underestimated. By using half of the model correlation matrix in this test, this known lim-
itation is compensated for, thus offering a more direct comparison for benchmarking. The
correlation matrix that results from this test is shown in Fig. 4.4 and the difference between
this correlation matrix and the model correlation matrix is shown in Fig. 4.5. The average
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Figure 4.3: Correlations between the mass yields cal<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>