
FISSION FRAGMENT MASS AND ENERGY DISTRIBUTIONS FOR NEUTRON

INDUCED FISSION OF 235U, 238U AND 239PU MEASURED WITH THE

NIFFTE TIME PROJECTION CHAMBER.

by

Joseph Latta



A thesis submitted to the Faculty and the Board of Trustees ofthe Colorado School of

Mines in partial ful�llment of the requirements for the degree of Doctorate of Philosophy

(Nuclear Engineering).

Golden, Colorado

Date

Signed:
Joseph Latta

Signed:
Dr. Uwe Greife
Thesis Advisor

Golden, Colorado

Date

Signed:
Dr. Mark Jensen

Professor and Program Director
Nuclear Science and Engineering Program

ii



ABSTRACT

Nuclear �ssion is a process vital to energy and defense applications. These applications

rely heavily on predictive models which are informed by nuclear data. In order to improve

the capabilities of �ssion models, new �ssion data is required with priorities including total

kinetic energy (TKE) measurements and �ssion product yields (FPY). The Neutron Induced

Fission Fragment Tracking Experiment (NIFFTE) collaboration developed a �ssion time

projection chamber (�ssionTPC) to measure �ssion cross section data with unprecedented

precision. In this work the NIFFTE setup was used to determine �ssion fragment energies

from neutron induced �ssion of 235U, 238U and 239Pu from in-beam data collected at the

Los Alamos Neutron Science Center, which represents the �rst analysis of this kind with

a TPC. Using the double energy (2E) analysis method on this data, �ssion fragment mass

distributions were calculated for235U and 238U and the average TKE (TKE ) was determined

for 235U, 238U and 239Pu at incident neutron energies from 0.1 to 100 MeV.

Combining the �ssionTPC data with available predictive �ssion codes, the 2E analysis

procedure is used to calculate pre- and post-prompt neutronemission �ssion fragment masses

and energies. This analysis expands upon previous 2E studies by accounting for fragment

energy loss through the target and backing material as a function of the fragment's mass

as well as by taking into account the recently measured partial linear momentum transfer

from neutrons to the target at high neutron energies. This isthe �rst determination of

pre-neutron emission TKE for239Pu above an incident neutron energy of 5.5 MeV. For all

three isotopes studied, theTKE shows an overall decrease with increasing incident neutron

energy with some structure inTKE and � TKE at multi-chance �ssion energy thresholds,

con�rming the observations of previous experiments. Fission fragment mass distributions

were determined with a mass resolution of� 7 amu, limited by the energy resolution of the

�ssionTPC.

iii



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

CHAPTER 1 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Context and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Fission Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

1.3 Models for Fission Observables . . . . . . . . . . . . . . . . . . . . . .. . . . . 6

1.3.1 Fission Fragment Energy . . . . . . . . . . . . . . . . . . . . . . . . . .. 6

1.3.2 Theoretical Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9

1.3.3 Phenomenological Models . . . . . . . . . . . . . . . . . . . . . . . .. . 9

1.3.4 GEF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3.5 CGMF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Nuclear Data Needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

CHAPTER 2 EXPERIMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Ionization Chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 16

2.2 �ssionTPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Data Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 21

2.4 Neutron Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.5 Actinide Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

iv



CHAPTER 3 ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 Incident Neutron Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 27

3.2 Data Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28

3.2.1 Dead Pads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.2 Polar angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.3 Data run selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Anode Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33

3.3.1 Pad to Pad Gain Correction . . . . . . . . . . . . . . . . . . . . . . . .33

3.3.2 Neutron Momentum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.3 Energy Loss in Target and Backing . . . . . . . . . . . . . . . . . .. . 40

3.3.4 Mass dependent energy loss . . . . . . . . . . . . . . . . . . . . . . .. 41

3.3.5 Volume to Volume Gain . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4 Energy Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 53

3.4.1 Pulse Height Defect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.4.2 Absolute Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . .55

3.4.3 Relative Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . .. 60

3.5 2E Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.5.1 Compound Nuclear Mass . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.5.2 Prompt Neutron Multiplicity . . . . . . . . . . . . . . . . . . . . . . . 64

3.5.3 Pulse Height Defect (2E) . . . . . . . . . . . . . . . . . . . . . . . . . .67

3.5.4 Iteration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.5.5 Model Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.6 Uncertainty Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 70

v



3.6.1 Anode Correction Uncertainty . . . . . . . . . . . . . . . . . . . . . .. 72

3.6.2 Calibration Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.6.3 2E Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.6.4 Energy and Mass Resolution . . . . . . . . . . . . . . . . . . . . . . .. 76

CHAPTER 4 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.1 Total Kinetic Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 Independent Fission Product Yield . . . . . . . . . . . . . . . . . . . .. . . . 87

4.3 Mass-TKE Relationship . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 90

CHAPTER 5 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

REFERENCES CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

APPENDIX A ELECTRONIC DATA FILES . . . . . . . . . . . . . . . . . . . . . . 113

APPENDIX B COPYRIGHT PERMISSIONS . . . . . . . . . . . . . . . . . . . . . . 115

vi



LIST OF FIGURES

Figure 1.1 An overview of the steps and the timescales in the �ssion process . . . . . . 3

Figure 1.2 Fission barriers as predicted by the liquid drop model and shell
corrected model . Reused with permission (Appendix B). . . . . .. . . . . 7

Figure 1.3 TKE versus Z 2

A 1=3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Figure 1.4 Lestone model prediction of the energy dependenceof the 235U(left)
and 239Pu(right) TKE sec . Reused with permission (Appendix B). . . . . 11

Figure 1.5 Charge yields calculated with a macroscopic-microscopic approach
compared to measured yields for240Pu, 236U and 234U . Reused with
permission (Appendix B). . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Figure 1.6 238U TKE distributions as a function of heavy fragment mass. Solid
line represents microscopic model predictions , dots represent
experimental data . Reused with permission (Appendix B) . . . .. . . . 14

Figure 2.1 A projection of a charge cloud onto the hexagonal readout pads. . . . . . 17

Figure 2.2 �ssionTPC half section showing details of inner chamber design. . . . . . 18

Figure 2.3 Micrograph of anode pad and MICROMEGAS support pillars. . . . . . . 20

Figure 2.4 Anode pad plane. Thermistors measure temperature of the pad plane,
preampli�er connectors connect to the readout electronics, air holes
release pressure di�erences between volumes, dowel pins are used for
alignment during installation, the o-ring surface on the pad plane
assures proper sealing of the chamber. . . . . . . . . . . . . . . . . . .. . 20

Figure 2.5 Parameters from �ssionTPC data reconstruction. .. . . . . . . . . . . . . 24

Figure 2.6 Neutron time of 
ight spectrum for �ssion from a 235U target. The
insert shows the photo�ssion peak. . . . . . . . . . . . . . . . . . . . . .. 25

Figure 2.7 U8U5 and P9U5 targets. . . . . . . . . . . . . . . . . . . . . . . . . . . .26

Figure 3.1 Carbon block induced features on neutron time of 
ight. . . . . . . . . . . 27

vii



Figure 3.2 Track length vs total track energy can be used to identify particle
types. Binning e�ects cause the vertical lines at low ADC. . . .. . . . . 28

Figure 3.3 Accumulated ADC by anode pad. . . . . . . . . . . . . . . . . . . . .. . 29

Figure 3.4 Fission fragment polar angle distribution. . . . . . .. . . . . . . . . . . . 30

Figure 3.5 Fragment angle of emission vs ADC. . . . . . . . . . . . . . . .. . . . . . 31

Figure 3.6 The three separate data collection periods are identi�ed by changes in
average alpha track energy in ADC. The red line is the average of the
�rst group, the green line is the average of the third group and the black
line is the average of the second group which is also the overall average. . 32

Figure 3.7 The average alpha track energies after the �rst andthird data groups
have been corrected to the overall average. . . . . . . . . . . . . . .. . . 33

Figure 3.8 Alpha track coordinate system for pad-to-pad gain calibration. . . . . . . 34

Figure 3.9 Pad-to-pad gain calibration factors. . . . . . . . . . .. . . . . . . . . . . 35

Figure 3.10 Alpha track ADC distribution before and after running pad-to-pad
calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Figure 3.11 The fraction of the total incident linear momentum transferred to the
�ssion fragments as a function of incident neutron energy . .. . . . . . . 38

Figure 3.12 Neutron momentum corrected ADC distribution. . . . .. . . . . . . . . . 39

Figure 3.13 A schematic representation of a �ssion event occurring in the target
material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 3.14 U235 average energy loss. . . . . . . . . . . . . . . . . . . . . .. . . . . . 42

Figure 3.15 U238 average energy loss. . . . . . . . . . . . . . . . . . . . . .. . . . . . 42

Figure 3.16 Pu239 average energy loss. . . . . . . . . . . . . . . . . . . .. . . . . . . 43

Figure 3.17 The SRIM stopping power curve is only informed by 4data sets with
limited data points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Figure 3.18 Approximate mass distributions for U235 and U238 formass dependent
energy loss correction determination. . . . . . . . . . . . . . . . . .. . . 45

Figure 3.19 Uncorrected energy versus approximate mass as a function of cos(� ) . . . 45

viii



Figure 3.20 Average uncorrected ADC versus approximate fragment mass. . . . . . . 46

Figure 3.21 The heavy peak mass region selected from Figure 3.20 projected onto
the y-axis to display the uncorrected fragment track energies that
produce� values in the range of 140-145 amu in Volume 0 of the U235
target. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

Figure 3.22 U235 uncorrected energy [ADC] versus 1 / cos� for Volume 0 (a) and
Volume 1 (b). The slope of each linear �t represents the rate of energy
loss for the associated mass range. . . . . . . . . . . . . . . . . . . . . .. 48

Figure 3.23 U238 uncorrected energy [ADC] versus 1 / cos� for Volume 0 (a) and
Volume 1 (b). The slope of each linear �t represents the rate of energy
loss for the associated mass range. . . . . . . . . . . . . . . . . . . . . .. 48

Figure 3.24 The magnitude of the energy loss slope b0;1 as a function of� elc for
U235 (a) and U238 (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Figure 3.25 The rate of energy loss through the235U target plotted against
fragment energy [keV/amu] shows a Bragg peak feature which
corresponds to �ssion fragments born in the symmetric �ssion region.
Mass and energy values are determined as described in Chapter 3. . . . . 50

Figure 3.26 Fission fragment track energy distributions after the mass dependant
energy loss corrections have been applied for U235 (a) and U238(b). . . . 50

Figure 3.27 A linear �t of the 235U volume 0 (target side) and volume 1 (backing
side) light and heavy fragment peak energies is used to correct for the
di�erence in the gain of the preamps between the two volumes.. . . . . . 51

Figure 3.28 Pre-calibration energy distributions in ADC for U235, U238 and Pu239. . 52

Figure 3.29 Pulse Height Defect . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 54

Figure 3.30 Pulse Height Defect (PHD) as a function of fragment mass for a.
90%Ar + 10%CH4 and b. CH4 . Reused with permission (Appendix B). . 55

Figure 3.31 A Length:ADC contour plot of data runs with the neutron beam OFF
superimposed with beam ON runs shows the beam-induced e�ects on
measured track energies of spontaneous alphas. . . . . . . . . . .. . . . . 56

Figure 3.32 The relBP:BV parameter space is utilized to make cuts that isolate
spontaneous alpha particle tracks from recoil ions and other beam
induced noise. The inset shows the alpha track region when cuts are
made on relBP and BV values. . . . . . . . . . . . . . . . . . . . . . . . . 57

ix



Figure 3.33 234U and 235U spontaneous decay alpha measured track energies [ADC]
from in-beam 235U target data with � 8.5% energy resolution after the
cuts in Figure 3.32 are applied. Each peak is �t with a Gaussian
function, shown in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Figure 3.34 Linear calibration from ADC to MeV using spontaneous alpha energies. . 59

Figure 3.35 Post neutron emission TKE distribution using absolute calibration from
ADC to MeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Figure 3.36 Linear calibration from ADC to MeV using light and heavy average
energies.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Figure 3.37 Fission fragment post neutron emission TKE distributions after
calibration for U235 (a) and Pu239 (b) at En = 0.5 MeV. . . . . . . . . . 63

Figure 3.38 GEF simulations for mean number of neutrons emitted from the 235U
(n,f) reaction by primary fragment mass as a function of incident
neutron energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 3.39 CGMF simulations for mean number of neutrons emitted from
235U(n,f) reaction by primary fragment mass as a function of incident
neutron energy. The scaling method is shown in (a), the energy
parametrization method is shown in (b). . . . . . . . . . . . . . . . . .. 66

Figure 3.40 A comparison of GEF and CGMF� (A) simulations for at En = 1 MeV
(a), 5 MeV (b), 10 MeV (c) and 15 MeV (d). . . . . . . . . . . . . . . . . 67

Figure 3.41 The post neutron emission mass distributions for235U, comparing
inputs from GEF and both implementations of CGMF. . . . . . . . . . . 70

Figure 3.42 The ADC distribution for average heavy �ssion fragments between Cos�
0.8-0.85, �t with a Gaussian function. . . . . . . . . . . . . . . . . . . . . 73

Figure 3.43 The ADC vs 1/Cos(� ) is �t with a linear function for the 235U heavy
fragment peak mass range in volume 0 and volume 1. Statistical errors
for each data point and �t parameters are shown in (a). The� 2

adjusted errors from Equation 3.27 are shown in (b). . . . . . . .. . . . . 74

Figure 3.44 A distribution in calculated light and heavy fragment mass values for
200 Monte Carlo samplings including error in fragment energy and � (A). . 75

Figure 3.45 A distribution in calculated light and heavy fragment mass values for
200 Monte Carlo samplings including error in only fragment energy (a)
or � (A) (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

x



Figure 3.46 The energy resolution is determined by �tting spontaneous decay
alphas with a Gaussian function. . . . . . . . . . . . . . . . . . . . . . . .77

Figure 3.47 A distribution in calculated light and heavy fragment mass values for
200 Monte Carlo samplings including an energy resolution e�ect where
the energy resolution is 8.5%. . . . . . . . . . . . . . . . . . . . . . . . . .78

Figure 3.48 The post neutron emission FPY for235U at En = 1 � 2 MeV
determined with GEF (black) and CGMF (red) � (A) inputs. The mass
distribution is compared to England and Rider (F) data smeared with 8
amu FWHM. F denotes �ssion neutron spectrum with additional
pooling from En = 0:5 � 2MeV . . . . . . . . . . . . . . . . . . . . . . . . 79

Figure 4.1 The post neutron emissionTKE as a function of neutron energy for
235U over the entire En range of this study with previous 2E
measurements and predictive models. . Uncertainties are statistical.
Add � 1% for systematic uncertainties on theTKE . . . . . . . . . . . . . 81

Figure 4.2 The pre neutron emissionTKE as a function of neutron energy for
235U over the entire En range of this study with previous 2E
measurements and predictive models . Uncertainties are statistical.
Add � 1% for systematic uncertainties on theTKE . . . . . . . . . . . . . 82

Figure 4.3 The post neutron emissionTKE as a function of neutron energy for
238U over the entire En range of this study with predictive models .
Uncertainties are statistical. Add� 1% for systematic uncertainties on
the TKE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Figure 4.4 The pre neutron emissionTKE as a function of neutron energy for
238U over the entire En range of this study with predictive models .
Uncertainties are statistical. Add� 1% for systematic uncertainties on
the TKE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Figure 4.5 The post neutron emissionTKE as a function of neutron energy for
239Pu over the entire En range of this study with previous 2E
measurements and predictive models . Uncertainties are statistical.
Add � 1% for systematic uncertainties on theTKE . . . . . . . . . . . . . 85

Figure 4.6 The pre neutron emissionTKE as a function of neutron energy for
239Pu over the entire En range of this study with predictive models .
Uncertainties are statistical. Add� 1% for systematic uncertainties on
the TKE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

xi



Figure 4.7 The post neutron emissionTKE as a function of neutron energy for
235U, 238U and 239Pu over the entire En range of this study. Arrows
point to regions where the trend inTKE (En ) changes which
correspond to threshold energies for multichance �ssion. .. . . . . . . . . 87

Figure 4.8 The pre- and post-neutron emission� TKE as a function of neutron
energy for235U plotted with predicted values of GEF . Uncertainties are
statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Figure 4.9 The pre- and post-neutron emission� TKE as a function of neutron
energy for238U plotted with predicted values of GEF . Uncertainties are
statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Figure 4.10 The pre- and post-neutron emission� TKE as a function of neutron
energy for239Pu plotted with predicted values of GEF . Uncertainties
are statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Figure 4.11 The post neutron emissionTKE at En < 30 MeV for 235U plotted with
the neutron-induced �ssion cross section,� n;f , previous 2E
measurements and the Lestone model . Uncertainties are statistical.
Add � 1% for systematic uncertainties on theTKE . . . . . . . . . . . . . 90

Figure 4.12 The pre neutron emissionTKE at En < 30 MeV for 235U plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E
measurements . Uncertainties are statistical. Add� 1% for systematic
uncertainties on theTKE . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Figure 4.13 The post neutron emissionTKE at En < 30 MeV for 238U plotted with
the neutron-induced �ssion cross section,� n;f , previous 2E
measurements and the Lestone model . Uncertainties are statistical.
Add � 1% for systematic uncertainties on theTKE . . . . . . . . . . . . . 92

Figure 4.14 The pre neutron emissionTKE at En < 30 MeV for 238U plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E
measurements . Uncertainties are statistical. Add� 1% for systematic
uncertainties on theTKE . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Figure 4.15 The post neutron emissionTKE at En < 30 MeV for 239Pu plotted
with the neutron-induced �ssion cross section,� n;f and previous 2E
measurements . Uncertainties are statistical. Add� 1% for systematic
uncertainties on theTKE . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

xii



Figure 4.16 The pre neutron emissionTKE at En < 30 MeV for 239Pu plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E
measurements . Uncertainties are statistical. Add� 1% for systematic
uncertainties on theTKE . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Figure 4.17 The post neutron emission� TKE as a function of neutron energy for
235U plotted with neutron-induced �ssion cross section and previous
data . Uncertainties are statistical. . . . . . . . . . . . . . . . . . . .. . 94

Figure 4.18 The post neutron emission� TKE as a function of neutron energy for
238U plotted with neutron-induced �ssion cross section and previous
data . Uncertainties are statistical. . . . . . . . . . . . . . . . . . . .. . . 94

Figure 4.19 The post neutron emission� TKE as a function of neutron energy for
239Pu plotted with neutron-induced �ssion cross section . Uncertainties
are statistical. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Figure 4.20 235U Post neutron emission TKE distributions compared to the GEF
model at EN = 0.4 MeV (a), 5 MeV (b), 10 MeV (c), 15 MeV (d), 20
MeV (e), 35 MeV (f). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Figure 4.21 The post neutron emission FPY for235U at En = 1 � 4 MeV (left) and
En = 14 � 15 MeV (right). England and Rider data sets are smeared
with 8 amu FWHM for comparison. F denotes �ssion neutron spectrum
with additional pooling from En = 0:5 � 2 MeV and HE denotes
En = 14 � 15 MeV with a majority of events at 14.7 MeV . . . . . . . . 97

Figure 4.22 The post neutron emission FPY for238U at En = 1 � 4 MeV (left) and
En = 14 � 15 MeV (right). England and Rider data sets are smeared
with 8 amu FWHM for comparison. F denotes �ssion neutron spectrum
with additional pooling from En = 0:5 � 2 MeV and HE denotes
En = 14 � 15 MeV with a majority of events at 14.7 MeV . . . . . . . . 97

Figure 4.23 The pre neutron emission FPY for235U at En = 0:4 � 0:6 MeV (a) and
En = 14 � 15 MeV (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Figure 4.24 The pre neutron emission FPY for238U at En = 1:8 � 2:2 MeV (a) and
En = 14 � 15 MeV (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Figure 4.25 235U Pre neutron emission mass and TKE distributions at various
incident neutron energies. . . . . . . . . . . . . . . . . . . . . . . . . . . .99

Figure 4.26 238U Pre neutron emission mass and TKE distributions at various
incident neutron energies. . . . . . . . . . . . . . . . . . . . . . . . . . . 100

xiii



Figure 4.27 A comparison of235U Pre neutron emission average TKE versus mass
relationship at various incident neutron energies. . . . . . .. . . . . . . 101

Figure 4.28 A comparison of238U Pre neutron emission average TKE versus mass
relationship at various incident neutron energies. . . . . . .. . . . . . . 102

xiv



LIST OF TABLES

Table 3.1 U235 Energy Loss Slope Values . . . . . . . . . . . . . . . . . . .. . . . . 47

Table 3.2 U238 Energy Loss Slope Values . . . . . . . . . . . . . . . . . . .. . . . . 47

Table 3.3 Volume-to-Volume Gain Correction and Relative Calibration Parameters . 62

Table 3.4 U235 Multichance Fission Probabilities . . . . . . . . . .. . . . . . . . . . 64

Table 3.5 U238 Multichance Fission Probabilities . . . . . . . . . .. . . . . . . . . . 64

Table 3.6 Pu239 Multichance Fission Probabilities . . . . . . . .. . . . . . . . . . . 65

Table 3.7 Impact of � (A) model inputs on 2E analysis output parameters for235U,
En = 0.5 MeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Table 3.8 Impact of � (A) model inputs on 2E analysis output parameters for235U,
En = 10 MeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Table 3.9 Impact of � (A) model inputs on 2E analysis output parameters for235U,
En = 15 MeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Table A.1 Total Kinetic Energy (TKE) Data File Description . . . . . . . . . . . . 113

Table A.2 U235 Fission Product Yield (FPY) Data File Description . . . . . . . . . 114

Table A.3 U238 Fission Product Yield (FPY) Data File Description . . . . . . . . . 114

xv



CHAPTER 1

BACKGROUND

1.1 Context and Motivation

Nuclear �ssion is the process in which a heavy nucleus splits spontaneously or after an

interaction with another particle, resulting in a release of energy. This process was discovered

in 1939 when Hahn and Strassmann performed experimental workto determine the isotopes

produced as a result of neutron bombardment of uranium [1]. During these experiments,

Hahn and Strassmann found what appeared to be isotopes of barium among the decay

products indicating that the uranium nuclei may be splitting into two or more smaller nuclei

instead of producing heavier isotopes or transuranic elements. Meitner and Frisch were

able to explain this phenomenon on the basis of the liquid drop model and concluded that

the splitting of the uranium nucleus should release approximately 200 MeV of total kinetic

energy [2]. They coined this process \nuclear �ssion" as it was analogous to the term \binary

�ssion" used to describe the division of biological cells. The predicted 200 MeV energy release

from �ssion was then con�rmed by Frisch experimentally by observing �ssion events in an

ionization chamber [3]. Soon after this discovery, Bohr andWheeler developed a detailed

theoretical framework to describe nuclear �ssion by treating the nucleus as a charged liquid

drop [4].

In the eight decades since its discovery, nuclear �ssion hasbecome a vital process to

applications including energy production, medicine and national defense. The Intergovern-

mental Panel on Climate Change (IPCC) indicates that rapid and signi�cant changes to

energy systems will be necessary to prevent the global average temperature increase of 2.5

� C to 7.8 � C that is predicted without mitigation e�orts [5]. As a low-carbon energy source,

nuclear power can play a major role in mitigating the severe consequences of global climate

change. A recent International Energy Agency (IEA) report [6]determined that without in-
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vestment in nuclear technologies, achieving a sustainableclean energy system would require

extraordinary e�ort.

Nuclear power currently provides about 20 percent of the total U.S electricity demand

and 10 percent globally. In service since the 1970's, previous generations of reactors are

being phased out of service and a new generation (generationIV) are being developed to

take their place. This next generation of reactors is being designed to avoid some of the

problems with current reactors such as the generation of highly radioactive, long-lived waste

products [7]. Of the six reactor systems chosen to be pursued, four are fast neutron reactors.

In contrast, nearly all currently operating reactors utilize moderated neutrons.

In addition to energy production, nuclear physics researchis applied to nuclear non-

proliferation technologies and policy as well as maintaining the U.S nuclear weapons stock-

pile [8]. The Comprehensive Nuclear-Test-Ban Treaty, whilenot fully rati�ed, prohibits State

Parties from carrying out any nuclear explosion. This limitation as well as other nuclear

agreements such as the Strategic Arms Reduction Treaty (STARTI) and New START have

informed the Stockpile Stewardship and Management programsince its inception. Common

to each of these nuclear applications is the need for high �delity, predictive models capable

of a quantitative analysis of the complex phenomena of nuclear �ssion. It has been found

that current models and theoretical approaches do not achieve the required accuracy or

scope of capability to meet the needs of the nuclear community [9]. In order to meet these

needs, a deeper understanding of �ssion is necessary. Speci�cally, �ssion product yields

(FPY) and total kinetic energy (TKE) measurements have been determined to be priority

needs within the nuclear data community [9]. This work describes the �rst measurement

and analysis of the �ssion fragment mass distribution, energy distribution, and total kinetic

energy from neutron induced �ssion of235U, 238U and 239Pu based on an experiment with

a Time Projection Chamber (TPC). These values are determined via the double energy

analysis method which will be described in detail in Chapter3. Data was taken with the

�ssion time projection chamber (�ssionTPC) built by the Neutron Induced Fission Fragment
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Figure 1.1: An overview of the steps and the timescales in the �ssion process [10].

Tracking Experiment (NIFFTE) Collaboration. The operating principles of the �ssionTPC

are described in Chapter 2.

1.2 Fission Theory

In neutron induced �ssion, a heavy nucleus such as235U absorbs an incoming neutron

resulting in an excited compound nucleus. The excited nucleus proceeds through scission

within about 10� 20 seconds at which point two distinct �ssion fragments are formed and re-

pelled from each other by Coulomb forces. These primary �ssion fragments then emit prompt

neutrons and prompt gammas (timescales shown in Figure 1.1).After prompt neutron emis-

sion, the fragments are known as secondary �ssion fragments. These nuclei release delayed

neutrons and undergo further radioactive decay until stability. After the initial � decay of

the fragments, the nuclei are referred to as �ssion products. Due to the timescales involved,

only secondary �ssion fragments and �ssion products have been observed experimentally.

The classical description of nuclear �ssion extends from the liquid drop model. Within

this framework, the �ssioning nucleus is treated as a spherical drop that is deformed into an
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ellipsoid when excited. As the shape deforms, the potential energy of the system changes

based on the short-range charge independent nuclear forcescreating surface tension and the

repulsive Coulomb forces between protons. The energy of thenucleus in this approach can

be described with three terms.

ELDM = Evolume + Esurface + ECoulomb (1.1)

The lowest order term is the strongly attractive volume term, whereE / A. This linearity

comes from electronic scattering experiments where it has been shown that each nucleon has

roughly the same number of neighbors and interacts only withits closest neighbors, thus

having approximately the same contribution to binding energy as every other nucleon. The

second term is the slightly repulsive surface term which accounts for the fact that nucleons

on the surface do not share the same number of neighbors as inner nucleons and thus have a

smaller binding energy. Since each proton repels all others, the third term accounts for this

Coulomb repulsion which makes the nucleus less tightly bound.

Following this approach, one considers the spherical nucleus as it undergoes deforma-

tion. Assuming conservation of volume, the stability of the nucleus against deformation is

dependant on the surface and Coulomb terms. As the sphere deforms to an ellipsoid with

eccentricity � , the surface area increases and the Coulomb term is modi�ed by (1 � 1
5 � 2 + :::)

[11]. Thus, the di�erence in binding energy between a spherical nucleus and the deformed

nucleus becomes

� ELDM = ( �
2
5

asA2=3 +
1
5

acZ 2A � 1=3)� 2 (1.2)

This shows that as deformation occurs, potential energy increases as a function of the

deformation parameter up to what is called the \saddle point". If deformation causes further

stretching past this point, the potential energy decreasesresulting in a \neck" in the middle

of the nucleus. Due to the Coulomb forces between protons, excitation energy added to

the system could be enough to overcome the �ssion barrier resulting in the splitting of the

nucleus.
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If the liquid drop model were a complete description of �ssion the mass distribution of the

�ssion fragments would be symmetric. Also, as the mass of the �ssioning nucleus increases,

the liquid drop model predicts both the light and heavy peaksof the mass distribution would

shift to maintain a symmetric distribution. However, the predictions of the liquid drop model

do not match experimental observation. For varying �ssioning nuclei, the peak of the heavy

fragment distribution stays relatively constant while only the peak of the light fragment

distribution changes signi�cantly showing that nearly allof the additional available nucleons

go into the lighter �ssion fragment [12] [13] [11].

In order to account for these di�erences, shell e�ects must be applied to the liquid drop

model. Utilizing quantum mechanical descriptions of �ssion[14] [15], Strutinsky made these

corrections by combining the global e�ects of the liquid drop model with the local e�ects of

the shell model [16]. Strutinsky's macroscopic-microscopic approach adjusts the total energy

of the nucleus from equation 1.1 by applying shell (� S) and pairing (� P) corrections.

E = ELDM +
X

p;n

(�S + �P ) (1.3)

The shell corrections are functions of the nuclear deformation and tend to lower the

ground state of nuclei with magic or near-magic numbers of protons and neutrons. Applying

these corrections incorporates the contribution due to symmetry energy as governed by the

Pauli principle. This prevents the occupation of a certain orbital by more than two identical

nucleons with opposite spin orientations. Also, to account for the short range nucleon-

nucleon attractive force between protons and neutrons the contribution due to pairing energy

is included. This contribution acknowledges the tendency for like nucleons to preferentially

form pairs.

The Bethe-Weizs•acker semi-empirical mass equation can beused to describe the complete

binding energy of the nucleus [11]. This semi-empirical approach characterizes the binding

energy (B) as a function of atomic mass (A) and charge (Z) by using a few generalized

parameters, then determining coe�cients to those parameters by �tting to experimental

data.
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B(Z; A) = avA � asA2=3 � ac
Z(Z � 1)
A (1=3)

� asym
(A � 2Z )2

A
+ � (1.4)

� =

8
<

:

apA � 3=4 Z even; N even
0 A odd
� apA � 3=4 Z odd; N odd

(1.5)

Another important consequence of Strutinsky's approach was the prediction of a double

humped �ssion barrier. As seen in Figure 1.2, this is in disagreement with the single hump

predicted by the liquid drop model. For heavier nuclei, the �rst barrier is predicted to be

much larger than the second barrier which makes heavier nuclei behave as though there was

only a single, high barrier to �ssion. For nuclei lighter than uranium the predicted �ssion

barrier often has three humps.

While the addition of shell corrections to the liquid drop model provides a framework

capable of reproducing some of the main features of the �ssion fragment mass and energy

distributions, it does not produce a general description predictive enough to be used for

nuclear applications.

1.3 Models for Fission Observables

Fission experiments allow for the direct or indirect measurement of a plethora of physics

data. The observables relevant to this work are discussed brie
y in this section. These

experimental observables are vital to provide informationfor developing and benchmarking

theoretical and empirical models. In this section, an overview of �ssion models developed

since the shell corrected liquid drop model are discussed inthe context of �ssion product

yields and total kinetic energy release (TKE).

1.3.1 Fission Fragment Energy

Before proceeding to an overview of current �ssion models itwill be useful to analyze

the partitioning of energy through the �ssion process. In binary �ssion, which makes up

greater than 99% of all �ssion events, the target nucleus splits into two �ssion fragments [10].

Conserving charge, baryon number and energy, this process can be shown by the following
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Figure 1.2: Fission barriers as predicted by the liquid drop model and shell corrected
model [17]. Reused with permission (Appendix B).

generalized steps for a stationary targetA� 1
Z X which absorbs an incoming neutron of su�cient

kinetic energy to overcome the �ssion barrier.

n + A� 1
Z X ! A L

ZL
L �

pri + A H
ZH

H�
pri (1.6)

For the primary light (L) and heavy (H) fragments, AL + A H = A and Z L + Z H = Z.

These excited fragments then de-excite by neutron and gammaemission.

L �
pri + H �

pri ! L sec + � (Apri ) + L sec + � (Apri ) + E L sec

 + E H sec


 (1.7)

On the order of 80% of the approximately 200 MeV of energy released from �ssion is in

the form kinetic energy carried by the �ssion fragments. Theremaining 20% is primarily
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going into gamma and neutron emission as the fragments de-excite. The post n-emission

total kinetic energy of the �ssion reaction (TKE) is equivalent to KEL;sec + KE H;sec and the

total excitation energy (TXE) is the di�erence between TKE and the total energy release of

the reaction (Q). This excitation energy depends on the neutron separation energy Sn , and

on the energy of the incoming neutron En . If En is large enough, the compound nucleus will

be able to emit a neutron and still have enough energy to undergo �ssion. This is called

second chance �ssion. For higher En , su�cient energy may allow for multiple neutrons to be

emitted from the compound nucleus leading to higher orders of multi-chance �ssion (third,

fourth, etc.).

The energy of the light and heavy fragments is roughly determined by the mass split.

Because this is a quantum mechanical process based on individual nucleon-nucleon interac-

tions, there are multiple �ssion exit channels resulting inthe fragment masses being split

over a distribution. Since the fragment masses vary according to a probability distribution,

so too does the TKE. The average total kinetic energy (TKE ) is the average over all mass

splits for a given �ssion reaction.

Experimentally, the kinetic energies KEL;sec and KEH;sec can be measured using an ion-

ization chamber and correlating pulse height to energy. Thefragment masses can then be

calculated by considering conservation of energy and momentum which will be discussed in

Chapter 3. The distribution of fragment masses is known as the �ssion product yield (FPY).

The FPY can be broken down into four types:

ˆ Independent: the probability that a given product of mass number is produced by a

�ssion event immediately after scission (described in thiswork as primary fragment

FPY) or after neutron emission (described as secondary fragment FPY),

ˆ Cumulative: the probability that a given product of mass number will exist at some

point in time after a �ssion event, either from direct production from the �ssion event

itself or from the decay of another �ssion product,

8



ˆ Charge: the probability that a product with a given atomic number will be produced

in a �ssion event, this can be either independent or cumulative,

ˆ Chain: the probability that a product with a given mass number will be produced in

a �ssion event after beta-delayed neutron emission has occurred.

1.3.2 Theoretical Models

There are two primary categories of modern approaches to modelling �ssion, macroscopic-

microscopic and microscopic. Macroscopic-microscopic models combine bulk behaviors with

quantum e�ects. Current models in this category develop multi-dimensional potential energy

surfaces [18] as a function of deformation for a large set of �ssion shapes, then execute physics

calculations while performing a random walk along the potential energy surfaces [19]. This

method provides the capability to predict the mass, charge and kinetic energy distributions

as well as provide detailed insight into �ssion barriers andshapes [20]. As can be seen

in Figure 1.5, this approach is capable of fairly accurate predictions of �ssion observables.

The most re�ned microscopic only models utilize the time-dependant generator-coordinate

method [21] which has similar predictive capabilities as macroscopic-microscopic approaches

but is computationally intense and has only explored a smallnumber of �ssioning systems

at a few excitation energies.

1.3.3 Phenomenological Models

Methods for modellingTKE and FPY are predominantly phenomenological approaches.

Early models predicted a linear correlation of the Coulomb potential between two fragments

with the TKE [22]. Assuming symmetric �ssion, this potential can be written:

Vc =
ZL ZH e2

RL RH
/

Z 2

A1=3
(1.8)

Because this correlation relies on the assumption that the fragments are spheroidal, later

models applied correction factors to the Coulomb parameterbased on �ts to existing data [23]

as shown in Figure 1.3. However, these models also predicted that there was not a strong
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Figure 1.3: Plot ofTKE versus Z 2

A 1=3 of �ssioning nucleus. The solid line represents the
�t [23]. Reused with permission (Appendix B).

correlation between excitation energy andTKE which experimental results have since proven

false.

As new measurements ofTKE have been performed for multiple isotopes at varying

excitation energies, new models were created to describe the data in order to provide pre-

dictability for TKE at excitation energies where measurements do not exist. Using data

from [24] [25] [26] for235U, [27] for 238U and [28] for 239Pu, Madland developed linear

descriptions ofTKE as a function of En for 235U and 239Pu and a quadratic �t for 238U [29].
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Figure 1.4: Lestone model prediction of the energy dependence of the 235U(left) and
239Pu(right) TKE sec [30]. Reused with permission (Appendix B).

In his work, Madland acknowledges that there appears to be some structure in the TKE

trend at multi-chance �ssion thresholds but the data was toosparse and the error bars are

too large to account for this structure. Lestone later used predictions for the multi-chance

�ssion thresholds to develop a new model (Figure 1.4) which takes this into account and

extrapolates theTKE prediction to higher incident neutron energies [30].

In addition to the trends discussed above, there are multiple models that have been de-

veloped utilizing Monte Carlo techniques to simulate �ssion quantities on an event-by-event

basis. These include (but are not limited to) GEF (GEneral description of Fission observ-

ables) [31], CGMF(CGM+FFD) [32], FREYA (Fission Reaction Event Yield Algorithm) [32]

and FIFRELIN (Fission Fragment Evaporation Leading to an Investigation of Nuclear Data)

[33]. In this work, CGMF and GEF are explored to provide inputfor FPY and TKE calcu-

lations as described in Chapter 3. Also, the output of GEF is compared to the experimental

results of this work.

1.3.4 GEF

A detailed description of the GEF model is provided in [31]. In order to understand the

basics of the model inputs used in this thesis a brief summaryis presented here.
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GEF is a semi-empirical Monte Carlo model capable of predicting a large variety of �ssion

observables. More so than any of the other codes listed, GEF includes an explicit modeling of

�ssion. To do this, GEF combines available empirical information with several general �ssion

theoretical models. Starting from the formation of the compound nucleus, �ssion barrier

heights are predicted from theoretical macroscopic saddle-point and ground-state masses

and experimental ground-state masses. An entropy-driven energy sorting method [34] is

then used to determine the partitioning of the energy in the �ssioning system. This method

for determining the initial conditions of the �ssioning system di�erentiate GEF from other

�ssion codes in that experimental FPY and (TKE )(A,Z) distributions are not relied upon

as input. Instead, GEF parameters are adjusted by a global �tprocedure to minimize

discrepancies with experimental data.

GEF calculates the excitation energies of the light and heavy fragments and determines

the total excitation energy (TXE) of the �ssioning system. TKE is then the di�erence

between the Q-value and TXE. Fission fragment de-excitation is calculated with a statis-

tical model. At this point, the physics parameters for the system are �xed and the �ssion

observables can be extracted.

1.3.5 CGMF

CGMF is a code that has been developed (and is under further development) at Los

Alamos National Laboratory based on a Monte Carlo implementation of the Hauser-Feshbach

model [35] for the de-excitation of nuclides [32] [36]. The primary output of this code includes

information about the prompt neutrons and
 -photons that occur immediately after scission.

Unlike GEF, CGMF uses experimental data for �ssion fragment mass distributions as an

input. This is done by using a 5-Gaussian �t with the parameters for each Gaussian function

determined based on the �ssioning system. The charge distribution is determined based on

Wahl systematics [37]. Along with the initial mass distribution, experimental data for TKE

as a function of fragment mass is used as an input.
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Figure 1.5: Charge yields calculated with a macroscopic-microscopic approach compared
to measured yields for240Pu, 236U and 234U [19]. Reused with permission (Appendix
B).

After a selection is made for the �ssion fragment mass and charge, the TXE is calculated

as the di�erence between Q and TKE. Because the nascent fragments are not necessarily

in thermal equilibrium with each other, a scaling factor is used to distribute the excitation

energy between the two �ssion fragments.

Now, the Hauser-Feshbach statistical theory is used to model the de-excitation of the

�ssion fragments. Monte Carlo histories are recorded and analyzed for each step and the

physics parameters are extracted.

1.4 Nuclear Data Needs

In a paper analyzing plutonium �ssion product yields [39], the physics necessary to pre-

dict FPY for neutron induced �ssion is described as \exceedingly complex and poorly un-

derstood". Indeed, it can be seen in Figure 1.5 and Figure 1.6 that even advanced modern

models have di�culty reproducing experimental data. Independent FPY and TKE data are

of particular importance for:
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Figure 1.6: 238U TKE distributions as a function of heavy fragment mass. Solid line
represents microscopic model predictions [21], dots represent experimental data [38].
Reused with permission (Appendix B)

ˆ Testing, constraining and benchmarking �ssion models [40][39]

ˆ Reactor calculations: modeling rapid changes in conditions during events such as a

loss of coolant [41], calculating decay heat and burnup [42]

ˆ Nuclear forensics: identifying fuel composition after a �ssion event [43]

A single experiment cannot possibly measure all of the characteristics of �ssion simul-

taneously, therefore multiple experiments must be devisedin order to develop correlations

between individual characteristics of �ssion into a cohesive model. Current nuclear data eval-

uations rely heavily on mass-chain yield data generally acquired by radiochemical methods.

This requires detailed knowledge of �ssion fragment decay properties such as half-lives and

branching ratios in order to calculate cumulative and independent yields. While this allows

for very high resolution in mass yields the need for knowledge of decay properties introduces

signi�cant error in the �nal FPY distribution. Thus, even low resolution independent FPY

measurements can provide important benchmarking points aswell as information on the

energy dependence of the FPY.
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While important isotopes such as235U, 238U and 239Pu have been studied previously,

areas remain where experimental data is lacking. Madland points out that more complete

and accurate measurements are needed over large incident neutron energy (En ) ranges for

even these well studied isotopes [29]. In particular,239Pu FPY and TKE data are sparse or

nonexistent for En above 2 MeV.

In addition to the need for more experimental data, an analysis of current evaluated

nuclear data �les has demonstrated the need for a re-evaluation of uncertainties used in the

evaluation process [44]. Current uncertainties reported in literature are generally thought

to be unrealistically small which can have a signi�cant e�ect on the nuclear data evaluation

process. These pitfalls in reported uncertainty are thought to be primarily from poor esti-

mates of speci�c systematic error components and overlooked known error sources [45]. The

�ssionTPC was speci�cally designed to address these uncertainties in the context of �ssion

cross section measurements. Extending the cross section uncertainty analysis methods to

FPY calculations could provide much needed insight into speci�c systematic uncertainties

inherent to the 2E analysis method (described in Chapter 3).
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CHAPTER 2

EXPERIMENT

2.1 Ionization Chambers

Ionization chambers are used to detect ionizing radiation in a number of �elds including

nuclear medicine, nuclear physics, reactor applications as well as its principle being widely

applied in smoke detectors. The details and design of a givenionization chamber depend on

the speci�c application for the detector. In general, an ionization chamber is an enclosed, gas

�lled volume with two electrodes [46]. An applied voltage potential produces an electric �eld

in the �ll gas. When ionizing particles pass through the gas, ion-electron pairs are created.

Typically, about 25 - 35 eV is needed to create an ion-electron pair which is slightly higher

than the ionization energy of the �ll gas. Due to the applied electric �eld, free electrons are

accelerated toward the cathode while ions are accelerated toward the anode. This moving

charge generates an electrical signal with the accumulatedcharge proportional to the number

of ion pairs created which is proportional to the energy lostby the ionizing particle within

the detector volume.

Time Projection Chambers (TPC) have historically been usedfor applications in high

energy physics. These systems were very large and ideally suited for very high precision,

high data rate experiments. One example is the STAR detector at Brookhaven which is used

to study the formation and characteristics of the quark-gluon plasma [47]. As computational

and data acquisition capabilities have both improved and the necessary systems decreased in

size, TPCs have been able to also scale down in both size and cost allowing the detector type

to be used in a wider variety of physics experiments includinglow energy nuclear physics

applications.

A TPC consists of a pressurized chamber with a central cathode and two parallel anode

planes on each end of the chamber. The pad planes each includea number of channels which
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Figure 2.1: A projection of a charge cloud onto the hexagonal readout pads.

are arranged on the pad for radial resolution. As ion pairs arecreated by ionization particles

traversing the detector volume, the applied electric �eld between the target and the readout

anode pad planes accelerates ionization electrons toward the pad planes (see Figure 2.1).

In order to produce a measurable charge, an ampli�cation system multiplies and further

accelerates the ionization electrons toward the anode. In addition to the ability to detect

particle energies with high precision and at very high data rates, one of the primary bene�ts

of using a TPC is the ability to reconstruct three dimensional particle tracks. The position

where the ionization electrons impact the anode provides x-and y-coordinates for the track.

By using the speed of the electron cloud as it moves through the drift medium and projecting

it back in time from where the cloud started the z-coordinatecan be obtained providing a

full 3D track.

2.2 �ssionTPC

The Neutron Induced Fission Fragment Tracking Experiment (NIFFTE) collaboration

designed and built the Fission Time Projection Chamber (�ssionTPC) speci�cally to measure

energy-di�erential neutron-induced �ssion cross sectionratios with total uncertainties less

than 1%. The �ssionTPC has several advantages over standardionization chambers, most

17



Figure 2.2: �ssionTPC half section showing details of inner chamber design.

notably when it comes to providing insight into sources of systematic errors. An extensive

description of the �ssionTPC can be found in [48]. In this section, an overview of the design

and operation of the �ssionTPC is provided.

2.2.1 Hardware

The �ssionTPC consists of two volumes surrounding a target with a common cathode

on which the target is located (Figure 2.2). The pressure vessel is an aluminum cylindrical

chamber with a length of 11 cm and radius 7.5 cm with two end caps. The central chamber

houses the central cathode and two parallel anode detector planes on each end of the cylinder

are sealed between the central barrel and the end caps. The vessel was designed to operate

with pressures from vacuum to 5 bar. Fill gas and operating pressures are chosen in order

to ensure particles of interest such as spontaneous alphas or �ssion fragments are stopped

within the detector volume.
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The �eld cage consists of copper wire rings inside the pressure vessel with step down

resistors in order to gradually reduce voltage along the length of the chamber. The central

ring has the highest applied voltage and connects to the cathode. The �eld cage is insulated

from the pressure vessel, providing a uniform electric �eldover the active volume of the

detector.

The cathode is made of the same material as the �eld cage and isdesigned to hold a

target in its center to be held in place by copper tape dots. Four additional mounts are

located on the cathode to hold \witness" targets which are located outside the beam area

and can be used to measure background e�ects by loading them with 235U. The cathode is

connected to the �eld cage as well as an ampli�er to read out the cathode fast signal.

Each anode plane is highly segmented, consisting of 2976 hexagonal readout pads. The

readout pads are arranged into sextants on a printed circuitboard. Each pad plane is covered

by a MICROMEGAS (MICRO MEsh GAseous Structure) layer to amplify the signal read

by the anode plane. This 1000 wire/inch electroform mesh layer is 3 � m thick and sits on

approximately 75� m tall pedestals which are placed at every pad corner as seen in Figure 2.3.

Signals from the anode pad are fed through the pad plane with each pad connected to custom

readout electronics.

Each of the nearly 6000 hexagonal detector pads is instrumented with a preampli�er,

an analog-to-digital converter (ADC) and a digital readout.A photo of the anode plane is

shown in Figure 2.4. Custom readout electronics, called EtherDAQ cards, are connected to

the detector pads with each EtherDAQ card servicing up to 32 pads [49]. The EtherDAQ

cards determine if the raw signal from the pad is above threshold and if so converts that

signal to a digital readout to be sent as an Ethernet packet todata storage. A special

EtherDAQ card with high-speed cathode readout (HiSCaR) is used for an accelerated pulse

indicating neutron production with the cathode signal to ensure the measured neutron time

of 
ight (nToF) is acquired with timing resolution on the order of 1 ns.
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Figure 2.3: Micrograph of anode pad and MICROMEGAS support pillars.

Figure 2.4: Anode pad plane. Thermistors measure temperatureof the pad plane,
preampli�er connectors connect to the readout electronics, air holes release pressure
di�erences between volumes, dowel pins are used for alignment during installation, the
o-ring surface on the pad plane assures proper sealing of thechamber.
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Each EtherDAQ card has four connectors: one to read in signals from the anode pads

to the preamps, one supplies 24V power as well as clock and triggering, one connects the

preamp board to the digital electronics and one connects to the data storage hardware. The

clock input allows synchronization of all ADCs which makes data reconstruction possible.

2.3 Data Reconstruction

In order to extract useful information about the ionizing particles detected in the �s-

sionTPC, the signals that are read out from the anode pads andthe cathode must be

reconstructed. This process starts by forming digits whichrepresent the uncalibrated charge

arriving at a channel during one clock tick. To do this, the signals from each pad are passed

through a �ve point derivative �lter to determine the slope of the signal at each time step.

This process is done by convolving the signals with a derivative �lter kernel which converts

the signals to charge over time data. Due to known timing o�sets in the data, a timing cor-

rection adjustment is used to shift the timestamps of signals by an integral number of clock

ticks depending on the selected card. The results of this \digit-�nding" are stored as digit

values by position in three-dimensional hexagonal-prism voxel space containing positional

(x,y,z) and charge information. This data structure allowsfor fast lookup of digit values

which are used in building individual charged particle tracks.

Individual particle tracks are developed utilizing the distribution of voxels generated

from the digit-�nding process. \Tracking" is the process of de�ning an individual particle's

measured digits charge cloud. This can be complicated due tothe possibility of having

multiple particle tracks overlapping one another within a single recorded event due to charge

clouds overlapping in anode arrival times. Due to their relative infrequency, it is assumed

that �ssion fragment tracks rarely overlap one another. Fission fragments are separated

from overlapping tracks of lighter particles by providing apreferential treatment to larger

groupings of charge. In addition to this, even when there aremultiple tracks within a single

event, they are generally not overlapping in three dimensions. By separating the charge

cloud for each event into individual groups of mutually connected digits in three dimensions,
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individual particle tracks can be identi�ed and �t separately from one another.

In reconstructing the data for use in this work, a Principle Components Analysis (PCA)

method was used to take a list of weighted vector points whichrepresent the amount of charge

at various voxel locations, and compute the center-of-massmean and three orthonormal

vectors indicating the direction of spread of the cloud. Foreach event, grouped charge clouds

are �t using PCA to produce eigenvalues and eigenvectors corresponding to individual tracks

within the event. The �rst parameter estimated by this PCA analysis is the direction of the

charge cloud. For a simple, straight track it is assumed thatthe eigenvector with the largest

eigenvalue corresponds to the long axis pointing along the track direction. Small di�usion

based corrections are made to the track direction dependingon the shape and total amount

of charge in the track's charge cloud.

Once the direction of a track's charge cloud is established,the ionization pro�le of the

track is built. Ionization pro�les are built using a vector parallel to the track �t that passes

through the digit center and begins and terminates on digit faces. A projection of charge

along the track is made onto this vector and binned in units of length. Track end points are

determined based on a threshold parameter applied to the ionization pro�le which depends

on the electron di�usion, track orientation and gain levels. The threshold parameter is set

manually and is tuned by spatially focusing track vertices of alpha decay particles on the

target.

From the track �ts, the track start and end vertices as well asthe track length and

direction can be extracted. Using these parameters, track polar and azimuthal angles are

calculated. The amount of energy deposited in a single trackis calculated in uncalibrated

analog to digital converter units (ADC) by integrating the total amount of charge associated

with the track. Bragg parameters can be extracted by projecting the charge onto the track

�t producing a curve of energy deposited per unit length (dE=dx) as a function of distance,

known as a Bragg curve. These parameters are shown in Figure 2.5.
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While the absolute values for the x and y plane positions for each digit can be determined

based on the pad location on the anode plane, the z position must be calculated. This requires

knowledge of the electron drift speed,� drif t , through the gas.

z = t rel � � drif t ; (2.1)

where t rel is the time relative to the start of the event. Drift speed is determined using

an iterative procedure based on the e�ect it has on the polar angle of particle tracks [50].

First, the reconstruction steps previously described are performed using an estimated drift

speed. Then the proper drift speed is determined based on a value that produces a 
at

cos� distribution from spontaneous alpha tracks. Drift speed a�ects a track's polar angle by

changing the track length in the z direction,

4 Znew =
� meas

� 0
(zend � zstart ); (2.2)

Lnew =
p

4 X 2 + 4 Y 2 + 4 Z 2
new ; (2.3)

cos�new =
Znew

Lnew
; (2.4)

where � meas is the new drift speed,� 0 is the initial drift speed and Lnew is the recalculated

track length based on4 Znew . By this geometric relation between the drift speed and the

track polar angle, the slope of thecos� distribution can be changed by adjusting the drift

speed. Once the correct drift speed is determined it is entered into a database corresponding

to the data set that it was determined for and the reconstruction process is then run again

to produce �nal values.

2.4 Neutron Source

The Los Alamos Neutron Science Center (LANSCE) facility houses an 800 MeV linear

proton accelerator which produces neutrons at two di�erent spallation targets. The �s-

sionTPC is operated at the Weapons Neutron Research (WNR) 90L beam line. Neutrons

produced by impinging protons upon a tungsten target are collimated into the 90L 
ight
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Figure 2.5: Parameters from �ssionTPC data reconstruction.

path with energies ranging from about 100 keV to hundreds of MeV. The beam pulse consists

of macropulses at a rate of 100 Hz, with approximately 275 micropulses per macropulse.

The nToF is determined by generating a start time with a pulsecorresponding to when

the proton beam impinges on the tungsten target and a stop time when a signal is induced

on the cathode. When a �ssion event occurs in the target mounted in the �ssionTPC

central cathode, the �ssion fragments produce high electron density clouds which create an

image charge inducing the stop signal on the cathode. By measuring the distance between

the tungsten target and the �ssion target (described in Chapter 3), the relativistic kinetic

energy of the incident neutrons can be determined by

En = mnc2(
1

p
1 � � 2

� 1); (2.5)

where� = v
c= L

ct with velocity v, speed of light c, time of 
ight t and 
ightpat h length L.

In addition to the spallation neutrons, gammas are producedwhen the high energy

protons hit the tungsten target. These gammas can induce �ssion in the target producing a

photo�ssion peak in the nToF spectrum as seen in Figure 2.6. Because the speed of light is

known, this photo�ssion peak can be used together with additional features to calibrate the
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Figure 2.6: Neutron time of 
ight spectrum for �ssion from a 235U target. The insert
shows the photo�ssion peak.


ight path length and determine the resolution of the nToF.

2.5 Actinide Targets

The targets developed for the NIFFTE collaboration were manufactured at Oregon State

University [51] [52]. Targets are fabricated by depositing actinide material on a backing

material. If the backing is thick, �ssion fragments can onlyescape into the �ssionTPC

volume adjacent to the target, this allows placing back to back targets in the �ssionTPC

which is ideal for cross section ratio measurements. However, in order to analyze coincident

�ssion fragments to determine mass and energy as is necessary for the current work, a thin

backing must be used which will allow fragments from one target to be detected in both

volumes. Since the fragments lose energy as they travel through material, it is ideal to have

the thinnest backing possible.

Actinide material is deposited in one of two ways: vapor volatization and molecular

plating. In vapor deposition, the sample material is placedin vacuum and vaporized. The

vaporized material travels in a line of sight to the deposition site. While this method creates

a very uniform deposition, it wastes a signi�cant amount of sample material. Molecular

plating out of solution is not as precise and leads to large spatial variation in target material

25



Figure 2.7: U8U5 (left) and P9U5 (right) targets. The plots show the X and Y start
positions of �ssion fragments on the cathode plane.

deposition.

For this work, two targets were used. A238U/ 235U (U8U5) target includes semi-circle

vapor deposits of each isotope. A235U/ 239Pu (P9U5) target includes a vapor deposited235U

semi-circle and a molecular plated semi-circle deposit of239Pu. Each of these targets have

thin carbon backings. The U8U5 target was oriented within the detector such that the

backing faced the incoming neutron beam (target in downstream volume) while the P9U5

target was oriented such that the target faced the neutron beam (target in upstream volume.
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CHAPTER 3

ANALYSIS

3.1 Incident Neutron Energy

In order to calculate the neutron energy from Equation 2.5, the 
ight path length must be

determined. This measurement is performed by exploiting two spectral features in the raw

time of 
ight spectrum. The �rst feature, the photo�ssion peak, was discussed in Chapter

2. In order to get a second exploitable feature, a block of graphite is placed in the neutron

beam path. The presence of the carbon in the beam path createsa \notch" feature in the

time of 
ight spectrum (see Figure 3.1). This notch is correlated to the known resonance

peak in the carbon neutron scattering cross section atEn = 2078:0 � 0:3keV [40].

Figure 3.1: On the left, the inelastic neutron scattering cross section for Carbon-12
shows a strong resonance feature at 2.078 MeV. On the right, the notch in the neutron
time of 
ight spectrum shows the location of the Carbon-12 resonance.

Using the known neutron energy at the location of the \notch" as well as the photo�ssion

peak location, Equation 2.5 can be solved for L resulting in a
ight path length of 8 :060� 0:011

m. Using this length, the photo�ssion peak can be used to calibrate the time of 
ight by

t 
 = L
c .

Once the time of 
ight spectrum is calibrated, incident neutron energies can be calculated

from their associated time of 
ight by
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En = 939:6
MeV

c2
c2(

1
q

1 � ( 8:060
nT oF � c)2

� 1); (3.1)

3.2 Data Selection

One of the advantages of the �ssionTPC compared to other ionization chambers is its

particle identi�cation capabilities. Because the �ssionTPC measures a large number of track

parameters, multiple parameter spaces can be examined which allows for the representation

of many di�erent aspects of the data. One such parameter space is shown in Figure 3.2

which can be used to easily discriminate between particles of di�erent types. By making

cuts on track length and energy (in arbitrary ADC units), it is simple to examine speci�c

types of particles. Because fragments detected in Volume 1 lose energy in both the target

and backing (for the U8U5 target), a lower ADC threshold is used compared to fragments

in Volume 0 (and the opposite is done for the P9U5 target).

Figure 3.2: Track length vs total track energy can be used to identify particle types.
Binning e�ects cause the vertical lines at low ADC.
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Figure 3.3: Accumulated ADC by anode pad for Volume 0 (left) and Volume 1 (right)
during U8U5 data collection. Accumulated ADC is plotted during data collection to
identify dead or malfunctioning anode pads.

3.2.1 Dead Pads

During the data runs with the U8U5 target in the �ssionTPC, a number of dead anode

pads caused regions where ionization electrons reached theanode but were not recorded. In

addition to this, a few full EtherDAQ cards were dead during the runs but these did not

signi�cantly impair data collection as they were generallyconnected to anode pads outside

the range of �ssion fragments as determined by plotting the x- and y-coordinate track end

points. The dead anode pads and EtherDAQ cards are clearly visible when the accumulated

ADC is plotted over the anode pad planes as shown in Figure 3.3. These dead pads not only

a�ect charge collection at their speci�c location but can reduce the total accumulated charge

for a track which deposits charge on pads adjacent to the deadones. In order to minimize

the contribution of such tracks, geometric cuts have been made on the track start and end

coordinates to remove data collected by dead pads and their neighbors.

3.2.2 Polar angle

After selecting only �ssion fragments based on track length and energy and cutting out

tracks a�ected by dead pads, another cut is made based on the fragment emission angle. At

steep angles the fragments lose so much energy in the target and backing material that the
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amount of charge produced by the fragment's track is no longer representative of its kinetic

energy. This is demonstrated by the sloping region of the angular distribution displayed in

Figure 3.4. Because of this only fragments with angles more forward than 60 degrees are

used in analysis. In addition to this, it has been determinedbased on analysis of fragments

in the cos(� ) vs energy space that fragments emitted normal or near normal to the target

saturate the pad plane due to depositing their entire chargecloud on a small number of pads.

This is shown in Figure 3.5 where the pad saturation causes themeasured amount of charge

to decrease for tracks that have emission angles nearly normal to the cathode plane. A cut

of cos(� ) < 0.95 was used to account for this e�ect.

Figure 3.4: The �ssion fragment polar angle distribution shows the e�ect of energy loss
in the target and backing. Cuts are made at cos(� ) � 0.5 in order to avoid analyzing
fragments that have lost a signi�cant amount of their energyin the target or backing
material.

3.2.3 Data run selection

The TPC stores data in sequential \run" numbers, with each run accounting for a man-

ually set time frame, generally around 20 minutes. If there are issues during data collection
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Figure 3.5: Fragment angle of emission vs ADC. The decrease in total track energy for
fragments emitted normal to the target (i.e cos(� ) � 1 shows the e�ect of pad saturation.
A cut at cos(� ) < 0.95 removes these fragments from analysis.

such as etherDAQ card malfunctions, the data collection canbe stopped until troubleshoot-

ing is complete and any runs that were degraded due to hardware or other issues are labeled

as poor quality. Each run is quality checked in-situ and labelled by quality, eg. poor, fair,

good, etc. Good runs may still be considered poor in the quality control process if the

neutron beam is o� or intermittent because these runs are notuseful for analysis of �ssion

fragment energies.

During data collection for the U8U5 data three separate groupsof runs were collected

over the course of 2 months. Between these groups, changes tothe beam intensity as well

as tuning of the detector gain caused changes in the measuredtrack energies between run

groups. This was corrected for by taking the average alpha energy within each group and

correcting it to the overall average shown graphically in Figure 3.6 and Figure 3.7. The 1st

group's average alpha track energy (red) and the 3rd group'saverage alpha track energy

(green) are corrected to the 2nd group's average (black) which was equal to the overall

average across all runs.
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During the analysis process for this work it was found that even within the list of only

\good" runs, run-to-run variations in measured particle track energy exist. These 
uctu-

ations occur for a variety of reasons. Primarily, temperatures within the TPC as well as

etherDAQ card temperatures can experience large swings throughout a day. Air condition-

ing units turning o� and on throughout the day can cause rapidchanges in temperature in

the room in which the �ssionTPC is housed. Also, the fans whichdirectly cool �ssionTPC

electronics are located on the beam side of the apparatus causing a temperature gradient

across the detector. An analysis of decay alpha energies for the U8U5 target data was done

to determine the magnitude of these variations. Figure 3.6 shows how the measured track

energy for alpha particles can 
uctuate from run-to-run. The statistical error in these mean

alpha track energies within a run is about 1% (1� ) and within a group of runs only a few

exceed a 1� variation from the group's average.

Figure 3.6: The three separate data collection periods are identi�ed by changes in
average alpha track energy in ADC. The red line is the average of the �rst group, the
green line is the average of the third group and the black lineis the average of the second
group which is also the overall average.
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Figure 3.7: The average alpha track energies after the �rst and third data groups have
been corrected to the overall average.

3.3 Anode Corrections

3.3.1 Pad to Pad Gain Correction

Variations between the gains of each channel on the pad planemust be normalized in

order to e�ectively determine a track's total energy. Thereare many factors that lead to

these \pad-to-pad" gain variations. The primary cause of this is the fact that each EtherDAQ

channel has its own preampli�er. In addition to this, the physical proximity of a channel to

electrical power and manufacturing defects of the pad planeand/or � mesh vary from pad to

pad contributing to the gain di�erences across the pad plane. Without correcting for these

gain variations, it would be impossible to measure �ssion fragment energies due to charge

clouds of the fragments being collected on multiple channels.

Early work to implement a pad-to-pad gain correction was done by J. Bundgaard [53]

which attempted to �nd ideal alpha tracks and compare their Bragg curve parameters to

one another. This was built upon by M. Mendenhall [54] with the implementation described

here. To make this correction, the amount of charge deposited by alpha particles on each

individual pad is compared to the average amount of charge deposited over the entire anode

pad plane. First, alpha tracks are selected based on charge cloud ADC, length and shape.
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Then the alpha charge clouds are gridded in a local coordinate system which bins digits by

local position and polar angle as depicted in Figure 3.8. The major axis is determined by PCA

track analysis on the charge cloud. Positionsxa; xt ; xr are described in a local coordinate

frame along with an axial coordinate ^� a, a tangential coordinate ^� t = ( �̂ a � ẑ)=j�̂ a � ẑj, and

a radial coordinate ^� r = �̂ a � �̂ t . Bins are divided by the charge cloudscos� = ẑ � �̂ a due to

the charge cloud shape varying as a function of polar angle.

Figure 3.8: Alpha track coordinate system for pad-to-pad gaincalibration.

Statistics are stored in pad-by-pad and whole volume tallies for digits falling in each

xa; xt ; xr ; cos� bin. Each individual pad's accumulated values per bin are compared against

the whole-volume average for each data run. Bin-by-bin gainratios are combined to produce

each pad gain estimate with an estimated uncertainty based on the variance between bin-
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by-bin ratios. Each pad's gain is compared to the pad plane average to determine individual

pad gain ratios. Figure 3.9 shows the gain maps for a single runin the U8U5 data set.

Figure 3.9: Pad-to-pad gain calibration factors.

This procedure is iterated upon until the di�erences between calibration rounds are< 1%

which generally only takes two rounds. Once the pad-to-pad gains are determined for a run

they are stored in a database to reference when building a data set. Figure 3.10 shows

the energy resolution improvement by comparing track energies in the alpha particle region

before and after pad-to-pad corrections were made.

This process was performed for every run in the two data sets used in this work (U8U5

and P9U5). This is the �rst time that pad-to-pad corrections have been implemented in

�ssionTPC data, providing a signi�cant improvement to the detector's capabilities.
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Figure 3.10: An example alpha track ADC distribution before (blue) and after (red) the
pad-to-pad correction has been applied shows the improved energy resolution.
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3.3.2 Neutron Momentum

The determination of primary (pre neutron emission) �ssionfragment properties from

secondary (post neutron emission) �ssion fragment energies requires calculations based on

conservation of mass and momentum. This makes it necessary to account for the transfer of

momentum of the incoming neutron to the target nucleus. To account for this momentum

transfer it is necessary to convert from the laboratory reference frame to the center of mass

frame. Prior to prompt neutron emission, the fragment masses are related to the compound

mass of the target nucleus after the neutron has been absorbed by,

mpri
0 + mpri

1 = mcn; (3.2)

where 0,1 refer to the volume the fragment is detected in. Thefragment masses can be

related to their energy by the relationships:

mpri
0 =

E pri
1 mcn

E pri
0 + E pri

1

and mpri
1 =

E pri
0 mcn

E pri
0 + E pri

1

: (3.3)

At this point, the energies and masses of the fragments are not known so approximations

can be made to determine provisional masses based on the the ratio of fragment energies in

ADC units which are referred to as P0;1.

� 0 =
P1mcn

P0 + P1
and � 1 =

P0mcn

P0 + P1
: (3.4)

Using these provisional quantities, the neutron momentum correction is applied by trans-

forming the fragment energies to the center of mass (CM) frame as described in [55].

P cm
0;1 = P lab

0;1 � 2

q
� 0;1mcnP lab

0;1 E lab
n

mcn
cos�lab

0;1 +
mn � 0;1

m2
cn

E lab
n : (3.5)

In this transformation, addition is used for the upstream volume and subtraction for the

downstream volume for the U8U5 target and opposite for the P9U5 target. The fragment

emission angle can also be transformed to the CM frame by

cos�cm
0;1 =

s

1 �
P lab

0;1

P cm
0;1

(1 � cos2� lab
0;1) (3.6)
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These equations all assume a total transfer of momentum fromthe incident neutron to

the target nucleus. However, the work of Hensle [50] showed that similar to �ssion induced

by protons, deuterons and alphas, only partial momentum transfer occurs at high incident

neutron energies. This is shown in Figure 3.11. Previous TKE measurements assumed full

momentum transfer at all incident neutron energies. In thiswork, the partial momentum

transfer was accounted for by multiplying the momentum correction from Equation 3.5 by

the measured fraction based on the isotope and En using Figure 3.11. For En < 2 MeV, full

momentum transfer is assumed. Because the neutron momentumtransfer has an opposite

e�ect in Volume 0 compared to Volume 1, accounting for partial momentum transfer has a

negligible e�ect on the TKE calculation.

Figure 3.11: The fraction of the total incident linear momentum transferred to the
�ssion fragments as a function of incident neutron energy [50].

The e�ect of energy loss through the carbon backing materialcan be clearly seen in

Figure 3.12 where the volume associated with the backing sideof the target (Volume 1 for

U8U5 and Volume 0 for P9) has lower measured fragment track energies than the target
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(a)

(b)

(c)

Figure 3.12: Neutron momentum corrected ADC distributions for235U (a), 238U
(b) and 239Pu (c).
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side volume. Also notable is the low peak to valley ratio seen in the 239Pu target due to the

target thickness being greater than that of the235U and 238U targets.

3.3.3 Energy Loss in Target and Backing

As the fragments travel through the target material and the carbon backing they lose

energy depending on how much material they must pass throughbefore they reach the �ll

gas within the �ssionTPC. The magnitude of energy lost is also a function of the fragment's

mass, energy and charge (dE=dx(E; A; Z )). This results in the charge cloud associated with

a fragment track only representing the energy the fragment still has after losing energy within

the fragment and sample material.

Figure 3.13: A schematic representation of a �ssion event occurring in the target mate-
rial.

Fragments emitted normal to the target lose a minimal amountof energy while fragments

at steep angles can potentially lose all of their energy and be stopped within the target and/or

backing material and not even escape into the active detector volume. Figure 3.13 shows

that the distance a fragment must travel through the sample d0 or through the sample and

backing d1 depends on the angle of emission with respect to the normal ofthe cathode.
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For each of these quantities, it is assumed that the �ssion event occurs halfway through the

thickness of the target which has a total thickness 2t0. Therefore, the distance a fragment

must pass through sample or backing material is

d0 =
t0

cos�sample
or d1 =

t0 + t1

cos�backing
: (3.7)

Assuming the energy lost by a fragment, Pl , is proportional to the distance it traverses a

material, this energy loss quantity can be calculated with aconstant of proportionality b

such that

Pl =
b

cos�
: (3.8)

Now, the energy loss corrected energy, Pelc of the fragment can be calculated by adjusting

the measured energy by the amount of energy lost.

Pelc(0;1) = P0;1 �
b0;1

cos�
: (3.9)

To do this, the constant b must be determined. By plotting theaverage measured energy

P0;1 versus 1/cos� and applying a linear �t, the constant b is simply the slope ofthe �t.

This is shown in Figure 3.14 and Figure 3.15 where the �t is only applied to angles in the


at region of Figure 3.4.

3.3.4 Mass dependent energy loss

It was previously noted that energy loss is a function of a particle's energy, mass and

charge. However, the method just described only determines the energy loss for the average

fragment through the target and backing. In previous FPY analyses this had been considered

a suitable approximation of energy loss, ignoring the variation between heavy and light

fragments.

It can be seen from Figure 3.17 that a limited amount of data exists as input to the

commonly used, semi-empirical ion stopping power code SRIM(The Stopping and Range of

Ions in Solids) for a uranium target [56]. It is thus desirable to utilize the �ssionTPC data to

test whether or not light and heavy �ssion fragments have similar rates of energy loss through
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(a) (b)

Figure 3.14: Linear �ts applied to the average ADC vs 1/Cos� for Volume 0 and Volume
1 provide the energy loss correction factor for calculatingthe amount of energy lost in the
target and backing material of U235 (a). The resultant energyloss corrected �ssion fragment
energy distribution in ADC (b).

(a) (b)

Figure 3.15: The energy loss correction factors for U238 (a) and the resultant energy loss
corrected �ssion fragment energy distribution in ADC (b).
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(a) (b)

Figure 3.16: The energy loss correction factors for Pu239 (a)and the resultant energy loss
corrected �ssion fragment energy distribution in ADC (b).

a uranium target. By using the average fragment energy loss as an initial approximation, it

is possible to calculate approximate �ssion fragment masses and determine the energy loss

of the fragments as a function of their mass.

First, the energy loss constants from Figure 3.14 and Figure 3.15 are applied to the data,

then it is possible to determine approximate fragment masses similar to the approximation

used in the neutron momentum correction.

� elc;0 =
Pelc;1mcn

Pelc;0 + Pelc;1
and � elc;1 =

Pelc;0mcn

Pelc;0 + Pelc;1
: (3.10)

The approximate mass distribution is shown in Figure 3.18 which provides enough �delity

to at least pick out �ssion fragment tracks for closer examination by mass range.

These� elc values are then plotted as a function of neutron momentum corrected energy

in ADC to determine the average non energy loss corrected track energy (in ADC) which

produces fragments in a given mass range. This is done in increments of 0.05 cos(� ) in

order to determine the values as a function of 1/cos(� ) as done in the average energy loss

method. The general trend of energy versus mass for the di�erent cos(� ) bins can be seen

in Figure 3.19.
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Figure 3.17: The SRIM stopping power curve is only informed by4 data sets with
limited data points [56].
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(a) (b)

Figure 3.18: Approximate mass distributions for U235 (a) and U238 (b) for mass dependent
energy loss correction determination.

(a) (b)

Figure 3.19: U235 target uncorrected energy [ADC] versus approximate mass as a function
of cos(� ) for Volume 0 (a) and Volume 1 (b).
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Figure 3.20: Average uncorrected ADC versus approximate fragment mass.

Figure 3.21: The heavy peak mass region selected from Figure 3.20 projected onto the
y-axis to display the uncorrected fragment track energies that produce � values in the
range of 140-145 amu in Volume 0 of the U235 target.

46



� elc ranges are selected to determine energy loss functions for fragments that are very

light, average light, light symmetric, very heavy, averageheavy and heavy symmetric which

are determined from Figure 3.18. To do this, the selected� elc ranges are sliced on the 2-

dimensional ADC vs� elc plot, then projected onto the Y-axis. An example of this process

is shown in Figure 3.21 for fragments in the Volume 0 average heavy region of the 235U

target. This produces a distribution of non energy loss corrected average fragment energies

that are associated with fragment masses in the selected range. The mean energy value and

associated uncertainty are taken from a Gaussian �t to this distribution and plotted as a

function of 1/cos(� ) for each mass range.

The slopes taken from linear �ts to ADC versus 1/cos(� ) for each mass range represent

the rate of energy loss constant, b, from equation 3.8. Uncertainties in the energy loss

correction are discussed in section 3.6.

Table 3.1: U235 Energy Loss Slope Values

Mass Region b0 � b0 b1 � b1

Very Light -1098 31.3 -2600 81.3
Light Peak -1194 30.4 -2792 75.6

Light Symmetric -1351 48.9 -2953 84.7
Heavy Symmetric -1271 25.1 -2630 76.4

Heavy Peak -839 21.3 -2584 71.2
Very Heavy -643 30.1 -2423 76.1

Table 3.2: U238 Energy Loss Slope Values

Mass Region b0 � b0 b1 � b1

Very Light -1010 50.2 -2551 82.1
Light Peak -1179 54.1 -2729 79.6

Light Symmetric -1328 58.3 -2931 98.7
Heavy Symmetric -1190 58.6 -2688 99.3

Heavy Peak -833 54.1 -2490 73.1
Very Heavy -741 52.1 -2404 72.2
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(a) (b)

Figure 3.22: U235 uncorrected energy [ADC] versus 1 / cos� for Volume 0 (a) and Volume
1 (b). The slope of each linear �t represents the rate of energy loss for the associated mass
range.

(a) (b)

Figure 3.23: U238 uncorrected energy [ADC] versus 1 / cos� for Volume 0 (a) and Volume
1 (b). The slope of each linear �t represents the rate of energy loss for the associated mass
range.

It is clear from this analysis of mass dependant energy loss that light and heavy fragments

di�er in their rate of energy loss through material. The energy loss slopes summarized in

Table 3.1 and Table 3.2 indicate that average heavy �ssion fragments lose energy at� 70%

the rate of average light �ssion fragments. Plotting the magnitudes of the energy loss slope

b0;1 as a function of ion energy [keV/amu] (Figure 3.25) shows a Bragg peak like structure
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expected also from the SRIM energy loss curve in Figure 3.17.

(a) (b)

Figure 3.24: The magnitude of the energy loss slope b0;1 as a function of� elc for U235 (a)
and U238 (b).

The �nal energy loss correction is applied by utilizing an interpolation function to process

the value b0;1 from Figure 3.24 based on the� elc(0;1) as calculated in equation 3.10. Once

this is complete, �ssion fragment track energies are corrected for energy loss by equation 3.9.

The energy loss corrected �ssion fragment energy distributions are shown in Figure 3.26.

3.3.5 Volume to Volume Gain

During �ssionTPC operations, the gain for the backing side volume (volume 1 for U8U5

and volume 0 for P9) is tuned such that particle tracks in the alpha region overlap those

in the opposite volume in length versus energy space. This allows for similar length and

energy cuts to be used in each volume to isolate alpha particles and other low energy ions

for analysis. However, it results in a mismatch in measured track energy for higher energy

particles like �ssion fragments. This di�erence can be seenin the lack of overlap between

volume 0 and volume 1 in the energy loss corrected track ADC distributions. This volume

to volume variation must be accounted for prior to calibrating track energies from ADC to

MeV.
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Figure 3.25: The rate of energy loss through the235U target plotted against fragment en-
ergy [keV/amu] shows a Bragg peak feature which correspondsto �ssion fragments born
in the symmetric �ssion region. Mass and energy values are determined as described in
Chapter 3.

(a) (b)

Figure 3.26: Fission fragment track energy distributions after the mass dependant energy
loss corrections have been applied for U235 (a) and U238 (b).
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Figure 3.27: A linear �t of the 235U volume 0 (target side) and volume 1 (backing side)
light and heavy fragment peak energies is used to correct forthe di�erence in the gain
of the preamps between the two volumes.

This correction is made by �tting the light and heavy �ssion fragment peaks of the

energy loss corrected ADC distributions with a Gaussian function, recording the mean, then

applying a linear correction to calibrate the backing side mean values to the sample side

(Figure 3.27).

Pcorr = GaPelc + Gb: (3.11)

The energy loss corrected ADC peaks from the U235 target were used to determine the

volume-to-volume gain correction which was applied to boththe U235 and U238 data. The

same procedure was used to determine a linear correction forthe Pu239 target. After these

corrections are applied, the �nal ADC distributions show good agreement between Volume

0 and Volume 1 as seen in Figure 3.28.

While all of the anode corrections discussed so far were analyzed and implemented at low

incident neutron energies, the same process was applied to each target at incident neutron

energies (En ) in the range of 14 to 16 MeV to test if the anode correction process can be
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(a)

(b)

(c)

Figure 3.28: Fission fragment track energy distributions after neutron momentum, en-
ergy loss, and volume-to-volume corrections have been applied for U235 (a), U238 (b)
and Pu239 (c).
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extrapolated across En . The resulting �ssion fragment energy distributions were similarly

overlapping in volume 0 and volume 1.

3.4 Energy Calibration

Ideally, the �ssion fragment track energies could be calibrated from ADC to MeV by

determining a calibration function based on the known alphaenergies from isotopes present

in the target with well known radioactive decay schemes. However, even though such a

calibration can be done, it is not known whether or not the calibration function would remain

valid when applied to tracks with much greater energy. In this section, an absolute calibration

function is attempted using alpha track information but is found to result in �ssion fragment

energies that are higher than those previously reported in literature. Because of this, a

relative calibration is also performed by comparing U235 �ssion fragment track energies at

En = 0.5 MeV to literature values at the same En .

3.4.1 Pulse Height Defect

Pulse Height Defect (PHD) is the term used to describe a combination of e�ects that

cause the amount of charge collected to not be exactly proportional to the energy of the

particle inducing the charge. These e�ects include recombination, electron trapping and

electron loss. Recombination is the loss of electrons due toinstantaneous recombination

with positive ions. Electron trapping occurs when electrons form negative ions with neutral

atoms of gas during their drift. Electron loss refers to those collisions between the �ll gas and

the ionizing particle which do not cause ionization. The combination of these e�ects results

in some amount of energy not being accounted for in the chargecollection at the anode. PHD

is a function of the ionizing particle mass, energy and charge as well as detector properties

such as the type of gas, pressure and applied potential.

In order to obtain the actual post neutron emission kinetic energy of the fragment, the

PHD must be added to the measured energy. While this correctionis actually made within

the 2E iteration described in 3.5, PHD also a�ects the calibration of fragment energies from
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ADC to MeV and it's role in calibration is described in 3.4.2 and 3.4.3.

PHD has only been analyzed for a few gases in ionization chamber experiments [57] [58]

[59] [60]. These include 90%Ar + 10%CH4 (P10), pure CH4 and CF4. The only one of these

to have been measured absolutely is P10. In the absolute measurement [57], a twin frisch-

gridded ion chamber was used to measure the detector response to various ion beams which

represented the mass and energy range of common �ssion fragments of U235 and Cf252.

Figure 3.29 shows the PHD from this measurement as a function of�ssion fragment post

neutron emission mass with� 15% uncertainty [57] [61].

Figure 3.29: Pulse Height Defect (PHD) as a function of fragmentmass [57] [61].

Other methods were used to empirically calculate the PHD. These were done primarily

by determining an absolute calibration function using the relation between the measured

spontaneous alpha pulse heights and comparing them to the known alpha energies in MeV.

This calibration function was then extrapolated to measured Cf252 �ssion fragment pulse

heights and compared to the known Cf252 �ssion fragment energy distribution. Because
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the PHD for alpha particles is nearly zero, the� between the calculated fragment energy

from the absolute calibration function and the literature value is taken as the PHD. This is

an iterative procedure which utilizes well known features of Cf252 �ssion fragment energies:

light and heavy peak energies and theTKE to determine the PHD that will best reproduce

the known energy distribution. PHD values as a function of �ssion fragment post neutron

emission mass from this method are shown in Figure 3.30 [59].

Taken together, these studies demonstrate that the PHD for P10 is relatively insensitive

to gas pressure and applied voltage. The magnitude of the PHD for P10 ranges from� 3 to 5

MeV and thus has a signi�cant impact on the calculated fragment energies from ion chamber

experiments. This has the follow-on consequence of a�ecting the calculated fragment masses.

The �ll gas used in the �ssionTPC during data collection for this work was 95% Ar +

5% C4H10. Analyzing the di�erence in PHD between P10 gas and pure CH4 shows little

appreciable di�erence in magnitude or trend. It is assumed in this work that the PHD for

P10 is a reasonable approximation for the PHD in the �ssionTPC�ll gas.

Figure 3.30: Pulse Height Defect (PHD) as a function of fragmentmass for a. 90%Ar
+ 10%CH4 and b. CH4 [59]. Reused with permission (Appendix B).

3.4.2 Absolute Calibration

In this section, the U235 target is isolated by geometric cutson X and Y track start

vertices in order to only examine the alpha particles from U234and U235 decay from the

U235 target. In order to minimize the e�ects of energy loss, only volume 0 tracks are
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investigated and an angle of emission cut is made from cos(� ) 0.9-0.95.

By operating the �ssionTPC with the LANSCE WNR neutron beam turned o�, it is

possible to detect only the spontaneous alphas with minimalnoise contribution from other

beam induced ions. An absolute calibration function could bedetermined by correlating the

ADC peaks to the well known energies of the alpha particles emitted by 234U and 235U decay.

Assuming a linear calibration over the entire ADC spectrum, that function could be applied

to �ssion fragment energies.

However, this correlation from data taken with the beam o� cannot be applied to data

taken with the beam on due to beam-induced e�ects on the �ssionTPC. These e�ects include

a shift in current on the �eld cage due to beam induced recoil ions (X(n,n')X) from inelastic

scattering on higher mass gas atoms and materials within the�ssionTPC resulting in a shift

of the ADC distribution. These e�ects are seen in Figure 3.31, where alphas from235U decay

(4.3978 MeV) and234U decay (4.7746 MeV) have signi�cantly di�erent ADC values in the

beam-on versus beam-o� data.

Figure 3.31: A Length:ADC contour plot of data runs with the neutron beam OFF
superimposed with beam ON runs shows the beam-induced e�ects on measured track
energies of spontaneous alphas.
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In order to isolate the decay alpha tracks from other ions of similar energy, the unique

speci�c ionization, dE=dx, along the track is exploited. The parameters used to do thisare

the

ˆ Bragg value (BV): the maximumdE=dx value along the tracks ionization pro�le [AD-

C/mm].,

ˆ Bragg position (BP): the position of the maximumdE=dx value, relative to the length

of the track [mm].

ˆ Relative Bragg position (relBP): Track Length [cm] / 0.1 x Bragg position [mm].

Examining in-beam particle tracks in the parameter space relBP:BV, cuts can be made

to isolate the spontaneous alpha particle region as shown inFigure 3.32.

Figure 3.32: The relBP:BV parameter space is utilized to makecuts that isolate spon-
taneous alpha particle tracks from recoil ions and other beam induced noise. The inset
shows the alpha track region when cuts are made on relBP and BVvalues.

After selecting alpha tracks based on the relBP:BV cuts, spontaneous alphas from234U

and 235U are further isolated by making cuts in Length:ADC space, then projecting the
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distributions to the ADC axis. A Gaussian function is �t to each distribution to extract the

mean alpha track energy (Figure 3.33).

Figure 3.33:234U and 235U spontaneous decay alpha measured track energies [ADC] from
in-beam 235U target data with � 8.5% energy resolution after the cuts in Figure 3.32
are applied. Each peak is �t with a Gaussian function, shown in red.

The energy lost by the alphas through the target material must be accounted for to

appropriately match the alpha track energy in ADC to the knownspontaneous alpha energy

in MeV. SRIM is used to approximate this energy loss value for alphas emitted at cos(� )

= 0.925, born at the half-thickness of the U235 target. The 4.7746 MeV 234U alpha loses

0.0562 MeV and the 4.3978 MeV235U alpha loses 0.0593 MeV. The resultant alpha energies

of 4.7184 MeV and 4.3385 MeV are calibrated to the associatedmean alpha track energies

in ADC by a linear �t, Figure 3.34.

The resulting linear calibration function,

E sec
dep0;1

= Cabs
a Pcorr 0;1 + Cabs

b (3.12)
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Figure 3.34: Linear calibration from ADC to MeV using spontaneous alpha energies.

can be applied to the measured �ssion fragment energies to convert from ADC to MeV. With

Cabs
a = 0.0042 andCabs

b = 0.4075 from Figure 3.34, the U235 post neutron emissionTKE

can be determined, with the TKEsec distribution shown in Figure 3.35.

TKE sec = E sec
0 + E sec

1 (3.13)

Fitting a Gaussian to the TKE and extracting the mean, theTKE sec is found to be

170.4 MeV. While this compares reasonably well to the literature value of 169 MeV [29] [25],

recall from the discussion on Pulse Height Defect (PHD) that absolute calibration TKE sec

is expected to be less than the fullTKE sec. This indicates that either the �ssionTPC has

no discernible PHD, or the calibration is not linear over the entire ADC range. Based on

the signi�cant amount of evidence for the existence of a PHD insimilar detectors and the

likelihood of non-linearity in measured energy from alpha energies to fragment energies, a

relative calibration is performed instead.
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Figure 3.35: Post neutron emission TKE distribution using absolute calibration from
ADC to MeV.

3.4.3 Relative Calibration

Although 235U is a well studied isotope, data on post neutron emission �ssion fragment

energies is scarce. Early studies of235U total kinetic energy (TKE) only published pre

neutron emission values [24] [25] [26] [62] [63]. These pre neutron emission energies can be

converted to post neutron emission quantities by accounting for the kinetic energies of the

prompt neutrons [29].

TKE sec(En ) = TKE pri (En ) � [1 �
� p(En )

2A
(
AH

AL
+

AL

AH
)]: (3.14)

This approach results in about a 2% correction in kinetic energy compared to pre neutron

emission quantities and compares well to recent work measuring 235U TKE sec(En ) using a

Frisch Grid Ion Chamber [64] and using Si PIN diode detectors[65].
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To calibrate the �ssionTPC, the 235U post neutron emission light and heavy average

energies from [66], measured atEn = 0:5 MeV are used. After the calibration function

is developed, theTKE sec is determined for �ssionTPC data and compared to the value

calculated by Madland described above in order to validate the calibration function.

From [66], the average light and heavy post neutron emissionenergies were Esec
L;lit =

99.8 � 0.3 MeV and Esec
H;lit = 70.1 � 0.3 MeV. Before a calibration can be made from ADC

to MeV, the PHD must be accounted for. The ADC values for average light and heavy

fragments only represent the energy deposited in the detector and are missing some amount

of energy from the PHD as described in 3.4.1. To account for this, the PHD is subtracted

from the Esec
L;lit and Esec

H;lit values. Using the most probable masses from the ENDF mass

distribution [41] and the PHD(m) values from Figure 3.29 the PHDvalues were determined

to be 3.6� 0.54 MeV for msec
L;lit = 95 amu and 4.4� 0.66 MeV for msec

H;lit = 134 amu. Thus,

EL;cal = ( E sec
L;lit � �E sec

L;lit ) � (PHD L � �PHD L ) (3.15)

EH;cal = ( E sec
H;lit � �E sec

H;lit ) � (PHD H � �PHD H ) (3.16)

Uncertainties for the calibration energies are added in quadrature with PHD uncertain-

ties. EL;cal = 96.2 � 0.72 MeV and EL;cal = 65.7 � 0.62 MeV. The calibration is a linear �t

between the light and heavy fragment values.

E sec
dep0;1

= Crel
a Pcorr 0;1 + Crel

b (3.17)

Here, Esec
dep is the amount of energy measured in a post neutron emission �ssion fragment

track. The calculation of the full �ssion fragment energiesrequires adding the PHD to the

Esec
dep which requires knowledge of the fragment mass.

For the 239Pu data, a similar calibration process was used. The235U data from the P9U5

target was used to get light and heavy fragment energy peaks in ADC. However, because the

239Pu energy resolution is so poor, a direct calibration to the literature values for Esec
L;lit and

Esec
H;lit were used without accounting for PHD. The PHD is mass dependantand the masses

calculated from the239Pu data are unreliable due to the poor energy resolution. Because the
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Figure 3.36: Linear calibration from ADC to MeV using light andheavy average ener-
gies..

calibration is to the actual full fragment energies, some portion of the PHD is accounted for

simply via the calibration function but the mass dependencyis ignored.

The �nal parameters for the volume-to-volume gain correction and the relative calibra-

tion, taken from Figure 3.27 and Figure 3.36, are listed in Table 3.3. The y-intercept at 3

and 4.39 MeV for the relative calibration provides further indication that the ADC to MeV

calibration is not linear from 0 to > 10,000 ADC.

Table 3.3: Volume-to-Volume Gain Correction and Relative Calibration Parameters

Ga Gb Crel
a Crel

b

U8U5 0.968 200 0.0038 4.39
P9U5 0.971 170 0.0050 3.00

As a check on the calibration process, the post neutron emission TKE is determined

as described in the next section and shown in Figure 3.37. These values are compared to

measuredTKE from data not used in the calibration. At En = 0.5 MeV, the TKE sec
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is determined to be 168.9� 1.6 MeV for 235U and 175.7� 2.1 MeV for 239Pu, where the

uncertainties are the total systematic plus statistical uncertainties as calculated in 3.6. These

TKE sec values are each within 0.5% of the values from [29].

(a) (b)

Figure 3.37: Fission fragment post neutron emission TKE distributions after calibration for
U235 (a) and Pu239 (b) at En = 0.5 MeV.

3.5 2E Analysis

With the post neutron emission �ssion fragment energies now determined (minus PHD),

conservation of mass and energy can be applied using the double energy (2E) analysis method

to determine primary fragment masses and energies as well asthe secondary fragment masses

and energies.

3.5.1 Compound Nuclear Mass

The 2E method is an iterative analysis which begins by assuming symmetric �ssion,

mpri
0 = mpri

1 = mcn=2 (3.18)

The compound nuclear mass depends on the incident neutron energy (En ) due to multi-

chance �ssion probabilities increasing with increasing En . The probability for multi-chance

�ssion is determined by performing �ssion simulations in the General Description of Fission

Observables (GEF) code [31]. GEF executes semi-empirical simulations utilizing scaling
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factors and theoretical models based on existing data sets.Based on these simulations, a

Monte Carlo sampling is performed to select the compound nuclear mass mcn.

Table 3.4: U235 Multichance Fission Probabilities

En [MeV] 236(%) 235(%) 234(%) 233(%) 232(%) 231(%) 230(%) 229(%)

0 - 6 100 - - - - - - -
6 - 13 65 35 - - - - - -
13 - 20 33 43 24 - - - - -
20 - 30 16 37 37 10 - - - -
30 - 40 7 22 33 28 10 - - -
40 - 55 5 16 24 27 22 6 - -
55 - 100 2 7 10 13 18 19 18 13

Table 3.5: U238 Multichance Fission Probabilities

En [MeV] 239(%) 238(%) 237(%) 236(%) 235(%) 234(%) 234(%) 232(%)

0 - 6 100 - - - - - - -
6 - 13 50 50 - - - - - -
13 - 20 35 49 16 - - - - -
20 - 30 15 34 27 24 - - - -
30 - 40 8 18 23 28 20 4 - -
40 - 55 6 13 18 20 24 16 3 -
55 - 100 2 7 10 13 18 19 18 13

3.5.2 Prompt Neutron Multiplicity

Calculating the mass of the secondary �ssion fragments requires knowledge of the number

of neutrons emitted by the primary �ssion fragments which isa function of their mass

� (A). Some experimental data exists for� (A) but only at a few speci�c incident neutron

energies [67]. Both GEF [31] and CGMF [32] simulations were used to produce� (A) spectra

at neutron energies from 0.5 MeV to 20 MeV from CGMF and up to 85MeV from GEF.

Figure 3.38 shows the mean� (A) values from simulations at 0.2, 1, 5, 10, 15, and 20 MeV

for 235U using the GEF code.

The sawtooth shape of the� (A) curve is due to nuclear shell structure. Atmpri =

132 amu, a drastic dip occurs due to the doubly magic �ssion fragment 132Sn which is

64



Table 3.6: Pu239 Multichance Fission Probabilities

En [MeV] 240(%) 239(%) 238(%) 237(%) 236(%) 235(%) 234(%) 233(%)

0 - 6 100 - - - - - - -
6 - 13 79 21 - - - - - -
13 - 19 48 42 10 - - - - -
19 - 30 16 37 37 10 - - - -
30 - 40 7 24 34 26 9 - - -
40 - 55 6 18 25 27 20 4 - -
55 - 100 2 8 11 15 19 17 18 10

Figure 3.38: GEF simulations for mean number of neutrons emitted from the 235U (n,f)
reaction by primary fragment mass as a function of incident neutron energy.

unlikely to evaporate any prompt neutrons. As the total excitation energy of the �ssioning

nucleus increases with increasing incident neutron energy, the shell and pairing e�ects are

overcome and fragments withmpri = 132 amu also emit neutrons [26]. While experimental

data for � (A) is sparse, many experiments have determined� (En ), the average number of

neutrons emitted in �ssion over all mass splits at a given incident neutron energy [11]. These

experiments determined that as En increases, more neutrons are emitted from the primary

fragments. It has also been observed that a large fraction ofthese additional neutrons

are emitted from the heavy fragment while the number of neutrons emitted from the light

fragment stays relatively constant [26] [68]. This trend istaken into account in the GEF
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simulations where the mean� (A) values do not change appreciably as a function of En up

to primary fragment masses of about 110 amu.

Originally, the CGMF computation used a simple scaling method to approximate � (A)

values at increasing En by multiplying the � (A) value at thermal neutron energies by a scaling

factor and forcing the � (En ) to match experimental data. This resulted in a symmetric

distribution of the additional emitted neutrons between the light and heavy fragments as

seen in (a). Recently, CGMF has implemented a theory-based energy parametrization to

more e�ectively model the � (A) behavior at higher excitation energies [69] [70] [71]. The

new CGMF simulations are shown in Figure 3.39(b). While the newmethod has not been

tested extensively, a comparison to GEF simulations shows similarities in how the additional

neutron emissions are skewed to originate from the heavy fragments. This is shown for

simulations of238U neutron emission as a function of incident neutron energy in Figure 3.40.

(a) (b)

Figure 3.39: CGMF simulations for mean number of neutrons emitted from 235U(n,f) reaction
by primary fragment mass as a function of incident neutron energy. The scaling method is
shown in (a), the energy parametrization method is shown in (b).

Depending on the incident neutron energy,msec is calculated by interpolation of the

selected� (A) plot based on thempri calculated in that iteration. The impact that the � (A)

model choice has on the output values from the 2E analysis is discussed in 3.5.5.
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(a) (b)

(c) (d)

Figure 3.40: A comparison of GEF and CGMF� (A) simulations for at En = 1 MeV (a), 5
MeV (b), 10 MeV (c) and 15 MeV (d).

msec
0;1 = mpri

0;1 � � (mpri
0;1; En ): (3.19)

3.5.3 Pulse Height Defect (2E)

The �ssion fragment energies at this point do not represent the full kinetic energy carried

by the fragment because some amount of the fragment's energygoes undetected as described

in 3.4.1. This PHD is added back in here as it is dependent onmsec
0;1. Each iteration, the

PHD is determined by interpolation of Figure 3.29 for each fragment, then added to the

deposited energy by,
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E sec
0;1 = E sec

dep0;1
+ PHD 0;1(msec

0;1) (3.20)

3.5.4 Iteration

The �rst two steps of the 2E method simply assume anmpri and use that assumption to

determinemsec based on the incident neutron energy using model based inputs for neutron

evaporation. At this point, conservation of mass and energyare used to determine a new

mpri using the post neutron emission fragment kinetic energies from 3.20. The steps for this

are described below and a full derivation can be found in [61].

First, a ratio of the masses is calculated,

B =
mpri

1 � msec
0

msec
1 � mpri

0

: (3.21)

Then mpriNew is calculated

mpriNew
0 =

mcnE sec
1

E sec
0 =B + E sec

1
; (3.22)

mpriNew
1 =

mcnE sec
0

E sec
1 =B + E sec

0
: (3.23)

The pre neutron emission fragment kinetic energies are thencalculated,

E pri;lab
0;1 =

mpri
0;1

msec
0;1

E sec
0;1 : (3.24)

This process is iterated upon until an established convergence criterion is reached. In

this work, the iteration stops whenjmpriNew
i (af ter ) � mpriNew

i (before)j � 0:1. When this

criterion is met, values formpri
0;1; msec

0;1; Epri
0;1andEsec

0;1 are considered set.

The TKE for each �ssion fragment pair is calculated based on the energies of the frag-

ments after the 2E iteration is complete,

TKE pri = E pri
0 + E pri

1 : (3.25)

TKE sec = E sec
0 + E sec

1 : (3.26)
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3.5.5 Model Comparison

In this section, the output parameters from the 2E analysis of 235U data are determined

using each of the three� (A) models discussed in 3.5.2 at incident neutron energies of En =

0.5 MeV, 10 MeV and 15 MeV. These values are chosen so that the models can be compared

prior to the onset of multi-chance �ssion as well as after thesecond- and third-chance �ssion

thresholds.

From Figure 3.41, the impact of the� (A) model choice is evident at low En and even

more clearly seen at higher excitation energies. While the high yield point in the symmetric

�ssion region produced with the CGMF input can be ignored as an anomaly due to the

expected low yield in the symmetric �ssion region at these neutron energies, the location of

the light and heavy secondary fragment mass peaks is clearlydi�erent between the models.

These di�erences may be exaggerated some due to the mass databeing binned at 1 amu

even though single amu mass resolution is not achieved in this experiment (discussed in

3.6). However, the results are not surprising based on the signi�cant di�erences in � (A)

calculated by each model and similar results would be expected for higher resolution data.

Using the GEF model for� (A) produces unexpectedly high mass yields in the symmetric

�ssion region, particularly at low incident neutron energies. It also introduces structure in

the mass yield curve between� 120-124 amu where it is expected to be smooth based on

previous FPY measurements [41] [72]. This may indicate that the Hauser-Feshbach statistical

decay model [35] used to determine� (A) in CGMF provides a better description of neutron

emission from the excited fragments than the GEF model. However, due to the fact that the

GEF code has been tested more extensively against data at excitation energies above the

second-chance �ssion threshold, this model is used for all of the output information discussed

in Chapter 4 unless speci�ed otherwise.

The impact of di�erent parameter inputs to the 2E analysis are discussed in detail in

Section 3.6. Here, the di�erences in output parameters usingthe three � (A) model inputs

are summarized in Table 3.7, Table 3.8 and Table 3.9 with the following de�nitions: m̂: The
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(a) (b)

(c)

Figure 3.41: The post neutron emission mass distributions for 235U, comparing inputs from
GEF and both implementations of CGMF.

most probable mass is simply the mass bin with the most counts. m: The average mass is

mean of a Gaussian �t to the mass distribution between m̂� 0.75(m̂). These tables show

that the choice of model for� (A) has a negligible impact onTKE determination but can

have large di�erences in calculated fragment masses.

3.6 Uncertainty Analysis

From the starting point of two �ssion fragment charge cloudsto the output of primary

and secondary �ssion fragment energies and masses there areseveral sources of uncertainty to
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Table 3.7: Impact of � (A) model inputs on 2E analysis output parameters for235U, En =
0.5 MeV

Parameter GEF CGMF (scale) CGMF (E n dependant)
(GEF - CGMF) (GEF - CGMF)

TKE pri [MeV] 170.6 +0.2 +0.2
� T KE pri

[MeV] 11.04 -0.02 -0.02
TKE sec [MeV] 168.9 0 0
� T KE sec

[MeV] 10.89 +0.01 0
m̂L;pri [amu] 99 -3 -3
mL;pri [amu] 97.4 -0.8 -0.8
m̂L;sec [amu] 98 -3 -3
mL;sec [amu] 96.3 -1.5 -1.5
m̂H;pri [amu] 138 +3 +3
mH;pri [amu] 138.6 +0.8 +0.8
m̂H;sec [amu] 135 +5 +5
mH;sec [amu] 136.6 +1.9 +1.9

Table 3.8: Impact of� (A) model inputs on 2E analysis output parameters for235U, En = 10
MeV

Parameter GEF CGMF (scale) CGMF (E n dependant)
(GEF - CGMF) (GEF - CGMF)

TKE pri [MeV] 169.4 +0.1 -0.1
� T KE pri

[MeV] 11.22 +0.01 -0.01
TKE sec [MeV] 167 0 0
� T KE sec

[MeV] 11.01 -0.01 +0.01
m̂L;pri [amu] 98 -1 -2
mL;pri [amu] 97.7 -1.5 -1.2
m̂L;sec [amu] 99 -6 -3
mL;sec [amu] 96.8 -3 -1.9
m̂H;pri [amu] 137 +4 +2
mH;pri [amu] 137.9 +1.6 +1.0
m̂H;sec [amu] 135 +5 +2
mH;sec [amu] 135.2 +2.6 +1.7
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Table 3.9: Impact of� (A) model inputs on 2E analysis output parameters for235U, En = 15
MeV

Parameter GEF CGMF (scale) CGMF (E n dependant)
(GEF - CGMF) (GEF - CGMF)

TKE pri [MeV] 168.7 0 -0.4
� T KE pri

[MeV] 11.58 0 -0.05
TKE sec [MeV] 166.1 0 0
� T KE sec

[MeV] 11.01 +0.01 +0.02
m̂L;pri [amu] 98 -1 -1
mL;pri [amu] 97.6 -1.5 -1.4
m̂L;sec [amu] 99 -5 -5
mL;sec [amu] 96.7 -3.1 -2.7
m̂H;pri [amu] 137 +4 +2
mH;pri [amu] 137.4 +1.8 +1.4
m̂H;sec [amu] 135 +4 +2
mH;sec [amu] 135 +2.8 +2

investigate. In this section, the uncertainty investigation is broken down into four categories:

anode corrections, calibration, 2E analysis sensitivities and detector resolution.

3.6.1 Anode Correction Uncertainty

The energy loss correction is the dominant source of error inthe anode corrections. As

described in 3.3.3, the magnitude of energy loss is dependant on the angle of emission of the

�ssion fragment. In order to determine the uncertainty in this calculation, a� 2 minimization

procedure is used based on the statistical uncertainties ofeach data point used as well as

the goodness of �t through the data. Each data point in Figure 3.22 and Figure 3.23 is

taken from a Gaussian �t of an ADC distribution for a speci�c cos(� ) range. An example

of this is shown in Figure 3.42. In this example, the ADC distribution is taken for the 235U

heavy peak region at cos� from 0.8 - 0.85. With the mean ADC as the data point and the

statistical error on the mean as the uncertainty for that point, a linear �t is performed as

shown in Figure 3.43(a) to each data point which represents a given cos(� ) range. Using the

� 2/ndf (ndf = number of degrees of freedom) value from this initial �t, a new error can be

determined by [73],
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� 02 = � 2
i � � 2=ndf: (3.27)

where� i is the original uncertainty for each data point and� 0 is the new uncertainty. Apply-

ing these uncertainties to each data point and performing a new �t provides the �t parameter

uncertainties as seen in Figure 3.43(b). The uncertainty in the slope of the linear �t is used

as the energy loss uncertainty as tabulated in Table 3.1 and Table 3.2.

Figure 3.42: The ADC distribution for average heavy �ssion fragments between Cos�
0.8-0.85, �t with a Gaussian function.

The uncertainty in the energy loss slope (b0;1) ranges from 2 to 5 % of b0;1. To quantify

the error in Pcorr , b0;1 was varied� 1� and 3.9 was re-calculated for235U data set at En =

0.5 MeV. This resulted in an average� Pcorr; 0 = 0.3% and � Pcorr; 1 = 0.4% for 235U.

3.6.2 Calibration Uncertainty

In order to determine the uncertainty in the �nal �ssion fragment energy, the uncertainties

in the literature values as well as the PHD uncertainties must be accounted for. This was

done in 3.4.3 in determining the light and heavy fragment energies to calibrate to for the ADC
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(a) (b)

Figure 3.43: The ADC vs 1/Cos(� ) is �t with a linear function for the 235U heavy
fragment peak mass range in volume 0 and volume 1. Statistical errors for each data
point and �t parameters are shown in (a). The� 2 adjusted errors from Equation 3.27
are shown in (b).

to MeV conversion. Finally, the� Pelc and � Ecal were incorporated into the linear calibration

and the �nal uncertainty in energy can be calculated from the�t parameter uncertainties

by,

� 2
E = � 2

Ca
P2

corr + � 2
Cb

� 2Pcorr

q
� 2

Ca
� 2

Cb
: (3.28)

This results in � E = 0.7%E. This is comparable to other ionization detectors which

report between 0.5 to 1% uncertainty for heavy ions in the energy range of �ssion fragments.

Propagating this energy uncertainty toTKE , � T KE = 1% using,

� T KE =
q

� 2
E0

+ � 2
E1

: (3.29)

3.6.3 2E Uncertainty

In order to quantify the uncertainty in mass calculated fromthe 2E iteration, a Monte

Carlo approach is utilized. In this method, each input to the2E calculation (E,� ) is paired

with their associated uncertainty (� E = 0.7%E, � � = 5%� ). Instead of simply using the

input parameter, a Gaussian function is randomly sampled each Monte Carlo iteration.

The Gaussian distributions are de�ned by (E,� E ) and (� ,� � ). Each Monte Carlo sampling
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outputs values for mpri
0;1 and msec

0;1. This provides a distribution of mass for which the mean

and standard deviations can be determined.

The output for post neutron emission masses of a single �ssion fragment pair after 200

Monte Carlo samplings in (E,� E ) and (� ,� � ) is shown in Figure 3.44.

Figure 3.44: A distribution in calculated light and heavy fragment mass values for 200
Monte Carlo samplings including error in fragment energy and � (A).

One of the bene�ts of this technique is that each uncertaintycan be \turned o�" in order

to analyze the e�ect of the uncertainty of each individual parameter. In Figure 3.45, this is

demonstrated where only the uncertainty in energy is considered (a) and only uncertainty

in � in (b).

This analysis was performed on 10000 �ssion fragment pairs.The average� msec = � mpri =

0.54 amu for light and heavy fragments. The discussion in 3.5.2 demonstrated the signi�cant

e�ect � (A) has on the �ssion fragment mass distributions. This analysis shows that for a

given � (A) model, the 2E method is relatively insensitive to variations in � (A) within the

error of a speci�c model.
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(a) (b)

Figure 3.45: A distribution in calculated light and heavy fragment mass values for 200
Monte Carlo samplings including error in only fragment energy (a) or � (A) (b).

3.6.4 Energy and Mass Resolution

Assuming a Gaussian distribution in the output of the Monte Carlo analysis, the mass

resolution can be determined by,

FWHM = � m0 � 2:355; (3.30)

and

Resolution =
FWHM

m
; (3.31)

The previous section showed that if the input fragment energies are known with � E

= 0.7%, the mass resolution would be� 1.3 amu (� 1%). However, this does not take

into account the energy resolution of the detector which is necessary to determine the mass

resolution. Because there is no single energy feature to analyze in the �ssion fragment

energy range, the �ssionTPC energy resolution is estimatedbased on the spontaneous alpha

energies. With the same cuts applied as discussed in 3.4.2 except cos(� ) = 0.5-0.95, the

alpha track energies in ADC are shown in Figure 3.46.

The 8.5% resolution seen in the235U alpha energy is applied to the Monte Carlo analysis

by using,
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Figure 3.46: The energy resolution is determined by �tting spontaneous decay alphas
with a Gaussian function.

� E =
0:085E
2:355

; (3.32)

With the energy resolution accounted for, Figure 3.47 shows the output for the same

fragment pair discussed in the previous section. The average � msec after 10000 fragment

pairs were analyzed was 2.69 amu for light fragments and 2.91amu for heavy fragment.

This indicates a 6 to 7 amu resolution in the �ssion fragment masses calculated by the 2E

method with �ssionTPC data. To check this, the post neutron emission mass distribution

for 235U was compared to the data sets developed by England and Rider(E&R) [41] as

shown in Figure 3.48. In this comparison, the E&R data is \smeared" to introduce mass

resolution e�ects until the di�erence between the 2E mass distribution and E&R data is

minimized. The smearing is performed by �tting each individual mass yield point with a

Gaussian function with a speci�ed full width at half maximum(FWHM), then plotting the

summation of all individual Gaussians. Based on a� 2 analysis of the �t between the two

data sets, the minimal di�erence occurred at a smearing of 8 amu which is in reasonable
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agreement to the calculated 7 amu resolution from the detector resolution considered alone.

Figure 3.47: A distribution in calculated light and heavy fragment mass values for 200
Monte Carlo samplings including an energy resolution e�ect where the energy resolution
is 8.5%.
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Figure 3.48: The post neutron emission FPY for235U at En = 1 � 2 MeV determined
with GEF (black) and CGMF (red) � (A) inputs. The mass distribution is compared
to England and Rider (F) data smeared with 8 amu FWHM. F denotes �ssion neutron
spectrum with additional pooling fromEn = 0:5 � 2MeV [41].
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CHAPTER 4

RESULTS

In this chapter, the results obtained from applying the 2E analysis procedure on235U,

238U and 239Pu data are presented. The incident neutron energy dependant average total

kinetic energy (TKE ) is discussed in 4.1. Fission fragment mass distributions are discussed

in 4.2. In 4.3, the relationship between fragment kinetic energy and masses is explored. The

uncertainties in these results are discussed in 3.6. Unless speci�ed otherwise, error bars in

the �gures presented in this chapter represent statisticalerror.

4.1 Total Kinetic Energy

The average post neutron emission total kinetic energy (TKE sec) as a function of incident

neutron energy (En ) over the entireEn range of this study are shown for235U in Figure 4.1,

for 238U in Figure 4.3 and for239Pu in Figure 4.5. The pre neutron emission values (TKE pri )

are shown in Figure 4.2, Figure 4.4 and Figure 4.6 for235U, 238U and 239Pu respectively.

For each of these, theTKE measured in this work is compared to the models of GEF [31],

Madland [29] and Lestone [30] (Lestone is only modelled for post neutron emission values).

In addition to this, previous experimental data forTKE are included for experiments which

measuredTKE at incident neutron energies of above the threshold for fourth-chance �ssion

(� 20 MeV) [64] [74] [65]. For all three isotopes, the magnitude and trend of TKE with

En tracks well with previous measurements as well as the Lestone model which is described

in Chapter 1. The discrepancies between this data and the calculated values of GEF are

discussed later. Unique to this study compared to previous 2Eanalyses, data for all three

isotopes was taken at very similar conditions using the samedetector. In Figure 4.7, the

post neutron emissionTKE is shown for the three isotopes simultaneously in order to make

comparisons between �ssioning systems of di�erent A and Z.
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Figure 4.1: The post neutron emissionTKE as a function of neutron energy for235U
over the entire En range of this study with previous 2E measurements and predictive
models. [64] [31] [29] [30]. Uncertainties are statistical.Add � 1% for systematic uncer-
tainties on the TKE .

There is very little data available forTKE (En ) of 239Pu. Here, results from this analysis

are compared to a recent study of239Pu fragment energies using a double Frisch-gridded

ionization chamber [74] for post neutron emission values. The only pre-neutron emission

TKE measurement found in a literature review was from [28] whichmeasured values up to

En = 5.5 MeV. In [74], the target is of similar thickness to the target used in this work and

therefore has similar issues with energy resolution. This data set was calibrated by using

the 235U half of the P9U5 target and did not consider any239Pu data or model, meaning the

agreement with other data sets is not driven by calibration.However, it would certainly be

bene�cial to perform more measurements of239Pu TKE with a thinner target. Due to the

particle discrimination capabilities of the �ssionTPC, alpha pile-up from 239Pu decay is less

impactfull than in other studies. This allows the 2E method to be utilized to produce, for the

�rst time, 239Pu TKE pri data at incident neutron energies above 5.5 MeV. Unfortunately,

due to low statistics, these were not able to be studies in thesame �ne En bin structure as
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Figure 4.2: The pre neutron emissionTKE as a function of neutron energy for235U over
the entire En range of this study with previous 2E measurements and predictive models
[64] [31] [29]. Uncertainties are statistical. Add� 1% for systematic uncertainties on
the TKE .

the U8U5 data limiting the ability to observe structure in theTKE (En ) trend.

The trend in TKE as a function of neutron energy provides several insights into the

physics of the �ssioning system. First, for all three isotopes the TKE decreases with in-

creasing neutron energy. While the neutron inducing �ssion increases in energy from 0.1

to 100 MeV, the TKE decreases by� 8 MeV. The partial neutron momentum transfer

discussed in 3 accounts for a portion of this missing energy since all of the neutron's energy

is not necessarily being absorbed into the �ssioning system[50]. In addition to this, multi-

chance �ssion allows some energy to be released in the form ofpre-scission neutron emission

which is also accompanied by photon emission. Common to all three isotopes, the rate of

TKE decrease slows substantially after En = 30 MeV with � 80% of theTKE decrease

having occurred by that point. In addition to this, all three isotopes show structure in the

TKE (En ) trend at � 6 MeV, 12 MeV and 20 MeV. These commonalities point to a similar-

ity in the way the �ssioning systems energy is partitioned that is independent of the initial
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A,Z of the system.

Figure 4.3: The post neutron emissionTKE as a function of neutron energy for238U
over the entire En range of this study with predictive models [31] [29] [30]. Uncertainties
are statistical. Add � 1% for systematic uncertainties on theTKE .

While the TKE represents the amount of energy released by the �ssioning system in

the form of �ssion fragment kinetic energy, the width of the TKE distribution ( � TKE ) is

an important quantity because in principle (if the instrumental resolution is good enough)

it represents the number of �ssion channels available at di�erent incident neutron energies.

� TKE as a function of neutron energy over the entireEn range of this study are shown in

Figure 4.8, Figure 4.9 and Figure 4.10 for235U, 238U and 239Pu respectively.

An overall trend of increasing� TKE with E n is seen with each isotope studied, indicating

the opening of more �ssion channels as the excitation energyof the compound nucleus

increases. In the next section, this will be examined for theimpact it has on the �ssion

fragment mass distribution where the opening of additional�ssion channels corresponds to

an increase in symmetric �ssion compared to asymmetric �ssion.
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Figure 4.4: The pre neutron emissionTKE as a function of neutron energy for238U
over the entire En range of this study with predictive models [31] [29]. Uncertainties
are statistical. Add � 1% for systematic uncertainties on theTKE .

Having discussed some of the general trends ofTKE with E n , it is worth looking more

closely at this relationship at neutron energies between 0 and 30 MeV. The TKE sec(En )

for En = 0 to 30 MeV for 235U, 238U and 239Pu are shown in Figure 4.11, Figure 4.13 and

Figure 4.15 respectively.TKE pri (En ) quantities are shown in Figure 4.12, Figure 4.14 and

Figure 4.16. Each of these �gures includes an overlay of the cross section for neutron induced

�ssion (� (n,F)) as a function of neutron energy. The En values where� (n,F) changes rapidly

indicate thresholds for multi-chance �ssion.

Structure is seen inTKE (En ) for both the pre and post neutron emission distributions at

the multi-chance �ssion thresholds. For235U and 239Pu, this structure is seen as a 
attening

in the TKE (En ) while for 238U, the TKE actually increases at the second- and third- chance

thresholds. Recall that in multi-chance �ssion, an excitedcompound nucleus may emit one

or more neutrons prior to scission. Because the pre-scission nucleus is losing some energy to

neutron emission, the �ssioning system has a lower excitation energy at scission resulting in
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Figure 4.5: The post neutron emissionTKE as a function of neutron energy for239Pu
over the entire En range of this study with previous 2E measurements and predictive
models [74] [31] [29] [30]. Uncertainties are statistical. Add � 1% for systematic uncer-
tainties on the TKE .

less energy being carried away by neutrons and photons allowing more energy to go into the

�ssion fragments similar to �ssion just below the multi-chance threshold. As neutron energy

increases further, this is overcome and the TKE continues todecrease.

Similar to TKE (En ), the onset of multichance �ssion also produces structure in the

� TKE (En ) trend. The � TKE sec(En ) for En = 0 to 30 MeV for 235U, 238U and 239Pu are

shown in Figure 4.17, Figure 4.18 and Figure 4.19 respectively.The generally increasing

� TKE values stabilize or decrease at� 6 MeV, 12 MeV and 20 MeV for all three isotopes.

Again, the structure is most evident in 238U. These results agree well with the data of

Duke [64] but the structure is less obvious in this work. The magnitude of � TKE for the

239Pu target is larger than the uranium isotopes due to the additional energy loss in the

thicker target causing worse energy resolution. There is noprevious experimental data to

compare the239Pu � TKE values to.
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Figure 4.6: The pre neutron emissionTKE as a function of neutron energy for239Pu
over the entire En range of this study with predictive models [31] [29]. Uncertainties
are statistical. Add � 1% for systematic uncertainties on theTKE .

Di�erences between theTKE and � TKE magnitudes and trends were seen between the

results of this work and those calculated by the GEF model. Looking at the TKE distri-

butions allows another way to examine these di�erences. Each TKE data point represents

the mean of a normal distribution of individual �ssion eventTKE values for a given incident

neutron energy range with a standard deviation� TKE . Such distributions are shown for

235U post neutron emission data in Figure 4.20, where the �ssionTPC data is compared

to TKE distributions from the GEF model code. From these distributions, it can be seen

that the �ssionTPC data is well represented by a Gaussian �t across this large range of En .

With increasing excitation energy, the GEF model introducessome skew to the distribution

compared to the �ssionTPC. Also, the GEF model increases the variance of the TKE at a

faster rate than is seen in the �ssionTPC data. Comparing these di�erences with the trends

shown in Figure 4.1 and Figure 4.8 indicates that the GEF model does not properly handle

the partitioning of energy for �ssioning systems particularly beyond the energy threshold for
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Figure 4.7: The post neutron emissionTKE as a function of neutron energy for235U,
238U and 239Pu over the entire En range of this study. Arrows point to regions where
the trend in TKE (En ) changes which correspond to threshold energies for multichance
�ssion.

third-chance �ssion.

4.2 Independent Fission Product Yield

The post neutron emission independent �ssion product yields (FPY) at distinct En ranges

are shown in Figure 4.21 and Figure 4.22. Pre neutron emission quantities are shown in

Figure 4.23 and Figure 4.24. While it is possible to calculateTKE from the 239Pu data set,

the very poor energy resolution precludes a meaningful analysis of FPY. These yields are

normalized to 200% since there are two �ssion fragments for each �ssion event.

The post neutron emission FPYs are compared to England and Rider [41] data sets. These

data sets are a compilation of radiochemical chain yields and FPY data. The contribution

of radiochemical data allows the England and Rider data setsto have approximately 1 amu

mass resolution. However, the inclusion of radiochemical mass yield data requires the use

of half life and branching ratio information for many isotopes which induces large errors in
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Figure 4.8: The pre- and post-neutron emission� TKE as a function of neutron energy
for 235U plotted with predicted values of GEF [31]. Uncertainties are statistical.

Figure 4.9: The pre- and post-neutron emission� TKE as a function of neutron energy
for 238U plotted with predicted values of GEF [31]. Uncertainties are statistical.
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Figure 4.10: The pre- and post-neutron emission� TKE as a function of neutron energy
for 239Pu plotted with predicted values of GEF [31]. Uncertainties are statistical.

some mass chains. Also, the the E&R yields are normalized suchthat their sum equals the

chain yields.

As described in 3.6, the E&R data has been "smeared" to introduce resolution e�ects

in order to better compare with these results. The un-smeared E&R data is also shown in

Figure 4.21 and Figure 4.22 to compare 1 amu features in the massdistributions. Resolution

e�ects are clearly present in the FPY data, where the symmetric �ssion region shows higher

yields than expected. Still, features such as preferentialmass peaks are seen in the 2E

calculated mass yields and closely match the structure of the England and Rider data sets.

Comparing the structure of the post neutron emission FPY to that of the pre neutron

emission shows that the cause of these features is the structure of the� (A) curve (Figure 3.38)

which is discussed in Chapter 3. From a relatively normal distribution prior to neutron

evaporation, the structure in the light and heavy peaks forms due to the sawtooth shape of

the � (A) data which is used to determine how many neutrons each fragment emits based on

its pre neutron emission mass.
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Figure 4.11: The post neutron emissionTKE at En < 30 MeV for 235U plotted with the
neutron-induced �ssion cross section,� n;f , previous 2E measurements and the Lestone
model [64] [30]. Uncertainties are statistical. Add� 1% for systematic uncertainties on
the TKE .

4.3 Mass-TKE Relationship

The net decrease in TKE with increasing neutron energy is investigated by examining

the relationship between �ssion fragment masses and the measured TKE. In Figure 4.25, the

235U fragment masses are plotted against TKE. The same is plotted for 235U in Figure 4.26.

The progression from a bimodal distribution at low neutron energy to a 
atter distribution

in mass at higher neutron energies is shown in these �gures. Also, as the symmetric �ssion

region is �lled in, it appears that the fragment pairs in this region add up to a lower TKE

than the asymmetric fragment pairs.

To examine this more closely, the average TKE is taken for each mass bin then plotted

against the fragment mass in Figure 4.27 and Figure 4.28. Due tothe symmetry in the plot,

only the heavy fragments are shown. Up to the highly asymmetric mass region, the average

TKE for a given fragment mass split is lower for higher incident neutron energies. At masses
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Figure 4.12: The pre neutron emissionTKE at En < 30 MeV for 235U plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E measurements [64].
Uncertainties are statistical. Add� 1% for systematic uncertainties on theTKE .

greater than � 140 amu, this dependency gets weaker. These �gures show thatthe average

TKE for a given fragment pair is highly dependant on the masses of the fragments. The

maximum average TKE occurs for heavy fragment between 128-132 amu.

As the probability for symmetric �ssion increases with increasing En , this leads to more

�ssion fragments with lower Coulomb repulsion compared to the asymmetric fragments which

contributes to the net decrease inTKE with increasingEn as seen in 4.1.
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Figure 4.13: The post neutron emissionTKE at En < 30 MeV for 238U plotted with the
neutron-induced �ssion cross section,� n;f , previous 2E measurements and the Lestone
model [64] [30]. Uncertainties are statistical. Add� 1% for systematic uncertainties on
the TKE .

Figure 4.14: The pre neutron emissionTKE at En < 30 MeV for 238U plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E measurements [64] [75].
Uncertainties are statistical. Add� 1% for systematic uncertainties on theTKE .
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Figure 4.15: The post neutron emissionTKE at En < 30 MeV for 239Pu plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E measurements [74]. Un-
certainties are statistical. Add� 1% for systematic uncertainties on theTKE .

Figure 4.16: The pre neutron emissionTKE at En < 30 MeV for 239Pu plotted with
the neutron-induced �ssion cross section,� n;f and previous 2E measurements [28]. Un-
certainties are statistical. Add� 1% for systematic uncertainties on theTKE .
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Figure 4.17: The post neutron emission� TKE as a function of neutron energy for
235U plotted with neutron-induced �ssion cross section [40] and previous data [64] [76].
Uncertainties are statistical.

Figure 4.18: The post neutron emission� TKE as a function of neutron energy for238U
plotted with neutron-induced �ssion cross section [40] andprevious data [64]. Uncer-
tainties are statistical.
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Figure 4.19: The post neutron emission� TKE as a function of neutron energy for239Pu
plotted with neutron-induced �ssion cross section [40]. Uncertainties are statistical.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.20:235U Post neutron emission TKE distributions compared to the GEF model
at EN = 0.4 MeV (a), 5 MeV (b), 10 MeV (c), 15 MeV (d), 20 MeV (e), 35 MeV(f).
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(a) (b)

Figure 4.21: The post neutron emission FPY for235U at En = 1 � 4 MeV (left) and En =
14 � 15 MeV (right). England and Rider data sets are smeared with 8amu FWHM for
comparison. F denotes �ssion neutron spectrum with additional pooling from En = 0:5 � 2
MeV and HE denotesEn = 14 � 15 MeV with a majority of events at 14.7 MeV [41]

(a) (b)

Figure 4.22: The post neutron emission FPY for238U at En = 1 � 4 MeV (left) and En =
14 � 15 MeV (right). England and Rider data sets are smeared with 8amu FWHM for
comparison. F denotes �ssion neutron spectrum with additional pooling from En = 0:5 � 2
MeV and HE denotesEn = 14 � 15 MeV with a majority of events at 14.7 MeV [41]
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(a) (b)

Figure 4.23: The pre neutron emission FPY for235U at En = 0:4 � 0:6 MeV (a) and
En = 14 � 15 MeV (b).

(a) (b)

Figure 4.24: The pre neutron emission FPY for238U at En = 1:8 � 2:2 MeV (a) and
En = 14 � 15 MeV (b).
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(a) (b)

(c) (d)

Figure 4.25: 235U Pre neutron emission mass and TKE distributions at variousincident
neutron energies.
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(a) (b)

(c) (d)

Figure 4.26: 238U Pre neutron emission mass and TKE distributions at variousincident
neutron energies.
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Figure 4.27: A comparison of235U Pre neutron emission average TKE versus mass
relationship at various incident neutron energies.
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Figure 4.28: A comparison of238U Pre neutron emission average TKE versus mass
relationship at various incident neutron energies.
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CHAPTER 5

CONCLUSION

In this work, the double energy (2E) analysis method was applied to data sets taken with

the �ssionTPC at the LANSCE facility of LANL to determine the pre and post neutron

emissionTKE for neutron induced �ssion of235U, 238U and 239Pu. FPYs were also deter-

mined for 235U and 238U. This represents the �rst such study of �ssion fragment energy and

mass distributions using a TPC. Using the WNR white neutron source, these measurements

were made over a large range of incident neutron energies.

For the �rst time in this type of analysis, energy loss corrections were determined with

mass dependency. It was found that heavy �ssion fragments lose energy at about 70% of

the rate of light �ssion fragments through a UF4 target material. This con�rms the general

shape of the SRIM ion stopping power curve for uranium and theenergy loss measurements

made in this work provided good agreement with the Bragg peakof those curves where the

energy loss is at a maximum based on the ion's velocity [56].

The TKE measurements presented here con�rmed the trend of net decrease in TKE

with increasing neutron energy found in previous experiments. Structure is observed in

TKE (En ) at the threshold energies for second- and third-chance �ssion similar to previous

measurements as well as the predictions of the GEF model. These results extend the available

body ofTKE data for 238U beyond En = 30 MeV. The TKE measurements for239Pu extend

the availableTKE data beyond En = 5.5 MeV.

ComparingTKE and � TKE results to the predictions of the GEF model [31] show that

the rate of decrease inTKE and increase in� TKE are overestimated by GEF, particularly

at high incident neutron energies.

Pre and post neutron emission �ssion fragment masses were calculated and compiled

at various neutron energies to determine the FPY of neutron induced �ssion of 235U and
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238U. These mass distributions were compared to the data sets of England and Rider [41].

Despite the poor mass resolution of� 7 amu, these distributions were able to replicate some

previously seen FPY features such as preferential mass yields of 99 amu and 134 amu for

fast neutron induced �ssion of235U and 238U.

A speci�c need in the nuclear data community is the analysis of uncertainties for the

methods which provide nuclear data to evaluators. The �nal systematic uncertainty in

measured �ssion fragment energy for this analysis was determined to be � E = 0.7%, with

energy loss corrections contributing 0.4% and the calibration from ADC to MeV contributing

0.3%. Also, a Monte Carlo uncertainty analysis method was utilized to determine the impact

of energy and� (A) uncertainties on the fragment mass calculated in the 2E iteration. This

method also allowed for an absolute mass resolution determination to be made based on the

energy resolution of the detector. This mass resolution wasdetermined to be 7 amu from an

8.5% energy resolution. It would be bene�cial for previous measurements made with di�erent

types of detectors to perform this same analysis to better understand the mass and energy

resolution in their reported results. This is an area that could be signi�cantly improved

upon in future experiments. Some of the improvements could be: a thinner target and

backing material, a lower number of independent anode channels, and better temperature

and pressure control across the volume of the detector. Current work is underway by Kristina

Montoya to utilize a plutonium target prepared via vapor deposition in a Frisch gridded ion

chamber which may provide better energy and mass resolutionfor a 2E analysis of239Pu.

In addition to the improvements that could be made in energy resolution, a pulse height

defect analysis speci�c to the �ll gas being used in a given study should be performed to

more accurately calculate �ssion fragment energies. Also, current models that predict � (A)

only have experimental data at thermal incident neutron energies to benchmark against.

Comparing the predictions of the CGMF and GEF models show signi�cant disagreement in

� (A). Increasing the body of experimental� (A) data would be bene�cial to improve such

models.
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APPENDIX A

ELECTRONIC DATA FILES

Table A.1: Total Kinetic Energy (TKE) Data File Description

TKE data �les for U235,
U238 and Pu239

TKE �les contain pre and post neutron emission av-
erage TKE (TKE ) and � TKE as a function of inci-
dent neutron energy (En ). Read as: En (MeV), post
neutron emissionTKE (MeV), post neutron emis-
sion TKE statistical uncertainty (MeV), post neu-
tron emission� TKE (MeV), post neutron emission
� TKE statistical uncertainty (MeV), pre neutron
emissionTKE (MeV), pre neutron emissionTKE
statistical uncertainty (MeV), pre neutron emission
� TKE (MeV), pre neutron emission� TKE statisti-
cal uncertainty (MeV)

TKE U5.csv U235 TKE data.
TKE U8.csv U238 TKE data.
TKE P9.csv Pu239 TKE data.
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Table A.2: U235 Fission Product Yield (FPY) Data File Description

U235 FPY data �les FPY �les contain pre and post neutron emission
FPY data at several incident neutron energies. Read
as: post neutron emission mass (amu), post neutron
emission yield (%), post neutron emission yield sta-
tistical uncertainty (%), pre neutron emission mass
(amu), pre neutron emission yield (%), pre neutron
emission yield statistical uncertainty (%)

FPY U5 200keVto1MeV.csv En = 0.2 to 1 MeV.
FPY U5 1to4MeV.csv En = 1 to 4 MeV.
FPY U5 9to11MeV.csv En = 9 to 11 MeV.
FPY U5 14to16MeV.csv En = 14 to 16 MeV.
FPY U5 23to27MeV.csv En = 23 to 27 MeV.
FPY U5 45to55MeV.csv En = 45 to 55 MeV.
FPY U5 70to90MeV.csv En = 70 to 90 MeV.

Table A.3: U238 Fission Product Yield (FPY) Data File Description

U238 FPY data �les FPY �les contain pre and post neutron emission
FPY data at several incident neutron energies. Read
as: post neutron emission mass (amu), post neutron
emission yield (%), post neutron emission yield sta-
tistical uncertainty (%), pre neutron emission mass
(amu), pre neutron emission yield (%), pre neutron
emission yield statistical uncertainty (%)

FPY U8 1to4MeV.csv En = 1 to 4 MeV.
FPY U8 9to11MeV.csv En = 9 to 11 MeV.
FPY U8 14to16MeV.csv En = 14 to 16 MeV.
FPY U8 23to27MeV.csv En = 23 to 27 MeV.
FPY U8 45to55MeV.csv En = 45 to 55 MeV.
FPY U8 70to90MeV.csv En = 70 to 90 MeV.
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APPENDIX B

COPYRIGHT PERMISSIONS
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Figure 1.4: Reprinted from Nuclear Data Sheets, 118, J.P. Lestone,T.T. Strother, Energy

Dependence of Plutonium and Uranium Average Fragment Total Kinetic Energies, 208-210,

Copyright (2021), with permission from Elsevier.

Figure 1.5: Reprinted with permission from Jorgen Randrup andPeter Moller, Physical

Review Letters, 106, 132503, 2018. Copyright (2021) by the American Physical Society.

Figure 1.6: Reprinted with permission from H. Goutte et al., Physical Review C, 71,
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