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ABSTRACT

Differential cross sections for neutrons elastically

scattered from an isotopically enriched sample of B have11

been measured for nine laboratory angles from 20' to 160°

at 17.5' increments for sixty incident neutron energies

from 4.0 MeV to 8.0 MeV. The data have been corrected for

incident neutron beam attenuation in the sample, air scat-

tering of neutrons, and finite geometry and multiple seat-

tering effects using a Monte Carlo code which included the

energy-dependence of differential cross sections of multiple

events necessary for light nuclei.

Comparison of the presenf data is made with data pre-

viously measured in this energy region and all known dif-

ferential neutron data on B have been integrated and com-
11

pared with recent high resolution total cross section

measurements to gain information on the neutron inelastic

scattering cross section.

All the neutron elastic differential cross section
11measurements on B have been analyzed with a new R-matrix

analysis program utilizing j-j coupling with most previous
12

assignments of J  in the compound nucleus B confirmed,

and new J" assignments made in the region of the present

measurements. Finally, based on the results of the present

measurements and analysis, recommendations for further neu-

tron cross section measurements on B are made.
11



A STUDY OF THE HIGHER EXCITATION STATES OF 12B

VIA THE 11B(n,n)11B REACTION

A Dissertation Presented to

The Faculty of the Graduate College of

Ohio University

In Partial Fulfillment

of the Requirements for the Degree

Doctor of Philosophy

by
'

Roger M. White

June, 1977



.. ,

This dissertation has been approved

for the Department of Physics

and the Graduate College by

e„,rp &. .R'--
Distinguished Professor of Physics

1,W"   D di I
Dean of the Graduate College



iii

              The financial support of the United States Energy Re-

ACKNOWLEDGEMENTS

search and Development Administration was essential for the

initiation and completion of this research and is greatly

appreciated.  My thanks go to Mr. Don Carter and Mr. Dave

Sturbois for their significant efforts in assisting with the

completion of data acquisition and for their valuable exper-

tise and that of the Physics Shop in keeping the Laboratory

operational. I would like to thank Dr. jerry Adams for his

help with the general scattering theory and R-matrix analysis

and Drs. Alan Smith and James Monahan of the Argonne National

Laboratory for their advice on the multiple scattering and the

angular momentum coupling theory.  My thanks go to Dr. George

Auchampaugh of the Los Alamos Scientific Laboratory for use

of his total cross section measurements.

I would like to thank Dr. Harold Knox for his many

hours of assistance on this project and for his patience.

A very special thank you goes to Dr. John Cox for his efforts

toward my education in experimental nuclear physics.

To my advisor, Dr. Ray Lane, I express my sincere

appreciation for the guidance, encouragement and unending

support provided to me throughout this project.

To my mother and to my wife, Linda, whose endurance and

support of this long project were continuous, I give my

thanks and love. Finally, in memory of my father, whose

interest in this effort was surpassed by none, I dedicate

this work.

1



iV

Table of Contents

Acknowledgements . . . . . . . . . . . . . . . . . . . . iii

List of Figures  . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . .  ix

Chapter 1  Introduction to the Problem . . . . . . . . .   1

Chapter 2  Data Acquisition and Reduction  . . . . . . .   4

2.1 Experimental Techniques . . . . . . . . . . . . .   4

2.1.1 Ohio University Tandem Accelerator  . . . .   5

2.1.2 Neutron Source  . . . . . . . . . . . . . .   6
2.1.3 Scattering Sample . . . . . . . . . . . . .   9

2.1.4 Neutron Detector and Shield . . . . . . . .  13

2.2 Scheme for Data Reduction . . . . . . . . . . . .  17

2.3 Electronic and Computer Systems . . . . . . . . .  30

2.3.1 Time-of-Flight Electronics  . . . . . . . .  31

2.3.2 Computer On-line/Off-line Analysis  . . . .  35

2.4 Data Corrections  . . . . . . . . . . . . . . . .  39

2.4.1 Attenuation Correction  . . . . . . . . . .  39

2.4.2 Air Scattering Correction . . . . . . . . .  42

2.4.3 Multiple Scattering Correction  . . . . . .  46

2.SError Analysis  . . . . . . . . . . . . . . . . .  48

2.6 System Calibration and Accuracy . . . . . . . . .  54

2.7 Experimental Results  . . . . . . . . . . . . . .  60

Chapter 3  Data Analysis . . . . . . . . . . . . . . . .  69
3.1 General Scattering Theory . . . . . . . . . . . .  69



V

3.1.1 Angular Momentum Coupling Schemes . . . . .  72

3.1.2 Partial Wave Expansion  . . . . . . . . . .  76

3.1.3 Transformation of the Scattering Matrix . .  84

3.2 R-Matrix Theory Formulation . . . . . . . . . . .  87

3.2.1 Derivation of the R-Matrix  . . . . . . . .  88

3.2.2 Relation Between the R-Matrix and
Scattering Matrix . . . . . . . . . . . . .  94

3.3 The Computer Program ORMAP  . . . . . . . . . . .  96

3.4 Results of R-Matrix Analysis  . . . . . . . . . . 100

3.4.1 Analysis of the Region from 0.0 MeV to
2.3 MeV . . . . . . . . . . . . . . . . . . 103

3.4.2 Analysis of the Region from 2.3 MeV to
4.0 MeV . . . . . . . 107

3.4.3 Analysis of the Region from 4.0 MeV to
8.0 MeV . . . . . . . . . . . . . . . . . . 110

3.5 Comparison of Data with other A=12 Experiments . 117

3.5.1 Comparison with other 118 + n
Measurements  . . . . . . . . . . . . . . . 117

3.5.2 The Integrated Nonelastic Cross Section
for 11 B +n. . . . . . . . . . . . . . . . 123

3.5.3 Other Reactions Leading to States in the
A=12 System . . . . . . . . . . . . . . . . 132

3.6 Comparison of Data with Shell Model
Calculations  . . . . . . . . . . . . . . . . . . 138

Chapter 4  Conclusions . . . . . . . . . . . . . . . . . 147

References . . . . . . . . . . . . . . . . . . . . . . . 153

Appendices . . . . . . . . . . . . . . . . . . . . . . . 156

1.  Finite Geometry Effects . . . . . . . . . . . . . 156

2.  Charge Normalization  . . . . . . . . . . . . . . 160



Vi

3.  Gas Cell Heating Effects  . . . . . . . . . . . . 163

4.  Tritium (p,n) Zero-degree Shape . . . . . . . . . 166

5.  General Scattering Formalism (j-j coupling) . . . 168

6.  Derivation of R-Matrix Surface Terms  . . . . . . 172

7.  Tabular Data of Differential Cross Sections . . . 176

8.  Legendre Expansion Coefficients . . . . . . . . . 181



F Vii

LIST OF FIGURES

2.1   Ohio University Tandem Van De Graaff Accelerator. .  7

2.2 Comparison of zero-degree neutron yields for
various source reactions...... . . . . . . . .  8

2.3   General experimental configuration includingtritium gas-handling system . . . . . . . . . . . .1 0

2.4   Tritium gas cell with cooling spray, scattering
sample and shadow bar . . . . . . . . . . . . . . .1 1

2.5   Cross sectional view of main neutron detector . . .1 4

2.6 General experimental configuration including main
neutron detector shield and shadow bar. . . . . . .1 6

2.7   Experimental geometry for data acquisition. . . . .2 0

2.8 Experimental geometry for relative efficiency
measurement                                          25

2.9   Block diagram of time-of-flight electronics . . . .3 2

2.10  Diagram for attenuation correction. . . . . . . . .4 1

2.11  Diagram for air scattering correction . . . . . . .4 3

2.12  Angular distribution corresponding to multiple
scattering corrections of Figure 2.13 . . . . . . .4 9

2.13  Multiple scattering correction factors vs.
laboratory angle..... . 50

2.14  Main neutron detector Compton spectra for 60Co. . . 57

2.15  Plot of comparisons of 12C + n from various
laboratories. . . . . . . . . . . . . . . . . . . .5 9

2.16  Typical time-of-flight spectra for both sample in
and sample out measurements . . . . . . . . . . . .6 4

2.17  Subtracted spectrum of the two spectra in
Figure 2.16 . . . . . . . . . . . . . . . . . . . .6 5

2.18  Plot of Legendre expansion coefficients vs.
laboratory neutron energy for L€5 . . . . . . . . .6 6

2.19  Coefficients BL and representative angular dis-
tributions of Gno(e) for 118 +n with L54 . . . . .6 8



Viii

3.1 General outline of data analysis scheme. . . . . .  70

3.2 Plot of backgrounds used in R-matrix analysis. . . 102

3.3 Plot of R-matrix fit for 0.0<En<2.4 MeV. . . . . . 104

3.4 Plot of R-matrix fit for 2.0<En<4.0 MeV. . . . . . 108

3.5 Plot of R-matrix fit for 4.0<En<8.0 MeV. . . . . . 111

3.6 Final plot of R-matrix fit to the data for
0.0 MeV<En<8.0 MeV . . . . . . . . . . . . . . . . 116

3.7 Plot of comparison of data of White, et al. and
Nelson, et al. for En=4.08 MeV . . . : . : . . . . 118--

3.8 Plot of comparison of data of White, et al. and
Porter, et al. for En=4.31 MeV . . . :.-7 . . . . 121

3.9 Plot of comparison of data of White, et al. and
Hopkins, et al. for En=7.52 MeV. . . 7-. . . . . . 122--

3.10  Plot of 11B + n total cross section vs. integrated
elastic cross section for 0.1<En<2.3 MeV . . . . . 124

3.11  12B and 11B energy levels diagram. . . . . . . . . 125

3.12  Plot of 118 + n total cross section vs. integrated
elastic cross section for 2.0 MeV<En<4.0 MeV . . . 127

3.13  Plot of 11B + n total cross section vs. integrated
elastic cross section for 4.0 MeV<En<8.0 MeV . . . 128

3.14  11B + n integrated nonelastic cross section for
4.0 MeV<En<8.0 MeV . . . . . . . . . . . . . . . . 130

3.15  Decay scheme of 12B* to excited states in 11 B. . . 133

3.16  Penetrabilities for 11B + n based on a nuclear
radius of 4.5 Fermis . . . . . . . . . . . . . . . 134

3.17  Energy level diagram of the A=12 system. . . . . . 136

3.18  Predicted levels from shell model calculations
on D . . . . . 140

120

3.19  Comparison of the T=1 isobars in 12B and 12C . . . 141

3.20  Cross sections predicted from shell model
calculations for 0.0 MeV<En<10.0 MeV . . . . . . . 143

3.21  Legendre expansion coefficients for cross sections
predicted from shell model calculations for
0.0 MeV<En<10.0 MeV. . . . . . . . . . . . . . . . 145



iX

                             LIST OF TABLES2.1  Analysis of Boron-11 scattering sample. . . . . . .  12
2.2  Comparisons of the integrated elastic scatteringcross sections for 12C +n. . . . . . . . . . . . .  61
2.3  Comparison of 12C + n elastic differential

cross sections measured in the present
experiment. . . . . . . . . . . . . . . . . . . . .  62

3.1  R-matrix parameters for best fit to experimentaldata. . . . . . . . . . . . . . . . . . . . . . . . 105

3.2  Comparisons of integrated elastic differentialcross sections for  1B +n. . . . . . . . . . . . . 119



1

CHAPTER 1

                           INTRODUCTION TO THE PROBLEMThe nucleus 12B is of interest to those who study

nuclear structure strictly for the interest in fundamental

physics as well as to those who are interested in nuclear

measurements for applied purposes.  Previous measurements

(La 70, Ne 73) of neutron differential cross sections for

neutrons scattered from 11B with energies of 0.1 MeV to 4.4

MeV, corresponding to excitation energies of 3.5 MeV to 7.4

MeV in 12B, have shown more pronounced resonance structure

in those cross sections than for any of the other nuclei

lighter than carbon and heavier than the isotopes of helium.

From such measurements important properties of states in the

compound nucleus 12B can be determined.  Neutron total cross

section measurements on 11B (Fo 61, Ca 71) have indicated

complex resonance structure to exist well beyond the energy

region of previously measured differential cross sections.

Therefore, the first objective of this experiment was to

extend the neutron elastic differential cross section mea-

surements from those previously made up to 4 MeV to the

limit (with the neutron source discussed below) of our

experimental capability of approximately 8 MeV (10.7 MeV

excitation in 12B).

These measurements were accomplished by utilizing the

Ohio University Tandem Van de Graaff Accelerator to accel-

erate a beam of monoenergetic protons to the energies

necessary to generate 4 MeV to 8 MeV neutrons via the
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tritium (p,n) nuclear reaction.  The neutrons so obtained

were then scattered from a cylindrical sample of 11B using a

neutron detector to count the number of neutrons scattered

  at various angles.  The pattern of scattered neutrons was

then analyzed as a function of the incident neutron energy.

It is from these scattering patterns that nuclear structure

information can be derived.

The second objective of this experiment was to develop

a practical computer program utilizing the R-matrix theory

of nuclear reactions in an attempt to make definitive as-

signments of angular momentum and parity (as well as widths,

level energies, etc.) of the various resonances expected to

be observed. In the process, it was also planned to use

this program to reanalyze the previously measured differen-

tial cross sections to verify both the validity of the

program as well as to verify previously assigned states in

the compound nucleus 12 B.

While the study of nuclear structure for its own sake

is interesting and rewarding, importance should be given to

practical application of such work for the benefit of soci-

ety who support it in the first place.  The interaction of

neutrons with 11B has been given highest priority for study

(Tw 76) along with several other light nuclei in terms of

the national fusion energy program.  Light nuclei are under

study as blanket materials for reflecting and shielding

I neutrons around the plasma generated in a fusion reactor.

r
With the ever-increasing shortage of the various forms of
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           potential

for fusion energy, with its fuel abundance and

fuel necessary for energy production in this nation, the

minimal harmful by-products, cannot and must not be ignored.

The kind of measurement and the type of study considered in

this experiment are vital to laying the foundation for a

' workable fusion reactor in the future.

Since the numbers generated from these measurements are

to be used both in an engineering sense, and in accurate

determination of basic nuclear parameters, it is necessary

to obtain the experimental data as precisely as possible.  A

neutron detector-spectrometer system with associated comput-

er support was developed for this experiment to provide neu-

tron differential cross section measurements to an uncer-

tainty of less than 5%.  The cdmputer support involved

extensive programming to analyze the data as it was taken

and provided immediate results so that an investigator could

continually monitor and keep track of the complex measure-

ments as the experiment progressed.

The following chapters will discuss in detail each as-

pect of the experiment, from equipment and procedures uti-

lized to the formulation and programming of the theoretical

analysis.  The final objective of this paper is to present a

technique of neutron physics and a method of nuclear data

analysis in a clear and easily readable manner both for the

experimentalist with interest in the methods of this exper-

iment and, very importantly, for the beginning student who

wishes to gain an understanding of some of the difficulties

involved in experimental neutron physics.
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CHAPTER 2

DATA ACQUISITION AND REDUCTION

2.1 Experimental Techniques

The philosophy of design of a neutron time-of-flight

(T.O.F.) spectrometer system is governed largely by the

physical space available and the financial resources of the

experimenter. The nature of neutron measurements requires        '

significant shielding of the neutron detector and a sizable

amount of electronic and computing apparatus to support the

system.  These factors, coupled with the large amount of

data to be taken on 11B and later on, several of the other

light nuclei, governed the decision to go with a single,

well-shielded detector system, the calibration of which

could be tightly controlled and the data so obtained easily

reduced by computer techniques.

Peculiar to these light nuclei is the problem of energy

loss of the elastically scattered neutrons due to the kine-

matics of scattering off very light nuclei.  For example, a

4.00 MeV neutron incident on 11B will have only 2.80 MeV of

energy after elastically scattering 160 degrees. Therefore,

a larger range of elastically scattered energies is encoun-

tered at various spectrometer angles even for a small range

of incident neutron energies. If the neutron detector

system is to be biased such that the lowest energy neutrons

are detected with good efficiency, a well shielded detector

is necessary.  Further, if data are to be acquired at a
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  reasonably rapid rate, a high current accelerator coupled to

a prolific source of monoenergetic neutrons, a neutron

detector of large solid angle, and a large size scattering

sample are desirable.  However, the large sample size then

requires that accurate computer codes be written to correct

for finite sample size effects. It is to these ends that

the neutron T.O.F. spectrometer and data reduction system

were developed for this experiment.  This chapter contains a

description of the entire neutron-producing and -detecting

system as well as the various support facilities and results

obtained.

2.1.1 The Ohio University Tandem Van de Graaff Accelerator

The Ohio University Tandem Van de Graaff was designed

and constructed by High Voltage Engineering Corporation

(HVEC). This T-11 accelerator employs the high-gradient

techniques developed by HVEC for the large tandem accel-

erators such as the Emperors.  The accelerator proper is

contained in a unique T-shaped pressure vessel.  The hori-

zontal accelerator tube passes through a central terminal

that is charged by a belt in a vertical column. The ter-

minal is continuously chargeable to voltages up to ap-

proximately 4.5 million volts.  Thus, the T-11 accelerator

is capable of producing beams of up to 9 MeV protons and in

a very short distance. These beams may also be unusually

intense at high voltage gradients since the instabilities

resulting from belts in conventional tandem accelerators
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have been minimized by moving the charging belt away from

the accelerator tubes to the vertical column. The T-11

accelerator is diagrammed in Figure 2.1. In this experi-

ment, the diode source, which will produce protons up to 80

kev of energy, was used to inject protons via an inflection

magnet into the low energy end of the T-11.  The proton beam

was pulsed by means of a beam-chopping and klystron-bunching

system at the pre-acceleration end of the accelerator. Fo r

this experiment, the accelerator routinely produced protons

pulsed and bunched with a pulse width of better than 1 nsec

FWHM at a repetition rate of 5 MHz and at an average current

in excess of 4 Yamps.

2.1.2 Neutron Source

One of the obvious difficulties of using high energy

neutrons as a probe in nuclear structure studies is that

since they do not carry a charge, they cannot be accelerated

and, therefore, must be produced through a nuclear reaction.

For the energy range of interest in this experiment (4 MeV

to 8 MeV) the most ideal reaction is the T(p,n)3He reaction,

as can be seen from Figure 2.2. This reaction provides a

prolific, monoenergetic source of neutrons to well beyond 8

MeV with a gas cell pressure of 18 psi of tritium.  This

pressure introduces an energy spread of t20 to 230 keV in

the neutron pulse.  As the Q value for this reaction is

approximately -0.764 MeV, a 5-MeV to 9-MeV proton beam from

the tandem Van de Graaff accelerator incident on a cell
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filled with tritium gas will yield approximately 4-MeV to 8-

MeV neutrons in the laboratory frame.  Further, this neutron

yield is peaked in the forward direction with the energy of

neutrons in other directions decreasing rapidly with in-

creasing angle.  The tritium gas-handling system and gas

cell, as shown in Figures 2.3 and 2.4 respectively, have

been described elsewhere (Ca 73).  The gas cell is based on

a design used at Los Alamos Scientific Laboratory and

perfected for these uses by J. D. Carlson (Ca 73a). The

system incorporates a uranium furnace in which the tritium

is stored in the form of a hydride and therefore is fully

recoverable.  The gas cell entrance window used was a 5 um

molybdenum foil with a 10 mil gold foil serving as a beam

stop. Pressure in the cell was monitored by a Wallace and

Tiernan differential pressure gauge with a sensitivity of

0.06 psi.  The problems of beam heating effect, density of

gas molecules, and cooling are described in Section 2.2 and

Appendix 3.

2.1.3 Scattering Sample

The scattering sample used in this experiment was

41.213 grams of boron isotopically enriched to 97.15

(atomic) percent boron-11.  Total boron content of the

           sample was 98.2% with the balance made up of carbon (1.23%)

and oxygen (0.10%).  The enriched boron-11 powder was

obtained from Oak Ridge National Laboratory (ORNL) Nuclear

Division and Table 2.1 gives the isotopic and spectrographic
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Table 2.1

Analysis of Boron-11 Scattering Sample

Oak Ridge National Laboratory
Nuclear Division

Sample Number 4700704

Isotopic Analysis
Isotope Atomic Percent

10                    2.85
11                   97.15

Total Boron 98.2 %
Carbon 1.23%
Oxygen 0.10%

H20 243 ppm

Spectrographic Analysis
Element Ppm Element Ppm

Ag      < 1       Mg       12
Al <10 Mn <1
Ba <1 Mo <1
Be <1 Pb        4
Ca       50       Si     5000
Cd <1 Sn <1
CO <20       Ti       10
Cr        2       V      <1
CU <10       W       <10
Fe       20 Zr <2
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           analysis made by ORNL on the sample.
The boron-11 powder was contained in a thin-walled

aluminum can 4.0 cm in height by 3.3 cm in diameter which

was machined to a thickness of 0.01 inch. An identical

empty can served for sample-out background measurements (see

Section 2.2).  Both cans were sealed air tight with epoxy

glue.  The mass of each can empty was 7.33 grams.  The

scattering sample was positioned accurately by hanging it

with a small diameter rod from a hook, the gas-cell-to-

sample distance being approximately 20 cm on a direct line

with the incident proton beam.  As the cross sections of 108

and 12C are both similar in magnitude to that of 11 B, the

isotopic correction for these two elements would be a small

fraction of the already small percent impurity in the

enriched 11B sample.  This effect was estimated to be

significantly less than 1% and, therefore, no isotopic

correction was made to the experimental data.

2.1.4 Neutron Detector and Shield

The neutron detector used in this experiment was NE-224

liquid scintillator housed in a 5 cm thick x 18 cm diameter

lucite container optically coupled to an RCA 4522 photo-

multiplier tube (see reference Li 75).  Figure 2.5 shows a

cross-sectional view of the neutron detector. As the ratio

of neutrons arriving from the source (gas cell) at the

detector compared to those scattered from the sample and

arriving at the detector is approximately 1000 to 1, and
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since it is the neutrons scattered from the sample we wish

to detect, it is obvious that the detector must be very well

shielded in order to block out the source neutrons. The

detector shield, shown in Figure 2.6, consisted of an 8-inch

inner diameter by 1-inch thick steel pipe around which was a

3-inch thick lead annulus 30 inches long in the region of

the scintillator and a 2-inch thick lead annulus 24 inches

long extending forward along the pipe.  This represents over

1000 pounds of steel and 2000 pounds of lead shielding.

Placed around the lead was 1750 pounds of steel shot and

outside of that 1000 pounds of paraffin (above 5 MeV the

inelastic scattering of neutrons by iron allows it to

compare well with hydrogen as neutron shielding material).

The total weight of the system neglecting the massive copper

shadow bar and support was over 7000 pounds.  Use of an air

pad system allowed movement of the shield by one person.

The massive copper shadow bar could be repositioned

accurately for different scattering angles.  Nine angles

(laboratory system) were measured from 20 degrees to 160

degrees at 17.5 degree increments.  A typical neutron flight

path from sample to detector was 3.6 meters.  A monitor,

which consisted of an NE-102 plastic scintillator 1/2-inch

thick by 1-inch in diameter coupled to an RCA 8575

photomultiplier tube, was employed to monitor the source

neutron flux (see Sections 2.2 and 2.3).  No shielding

(other than magnetic) was employed on the monitor because

the direct neutron count was so high compared to the gamma
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Figure 2.6  General experimental configuration including
main neutron detector shield and shadow bar.
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rays and general neutron background.

2.2 Scheme for Data Reduction
/

The standard use of a liquid scintillator-photo-

multiplier tube combination to detect neutrons has various

difficulties associated with it.  Two of the most important

are: 1) the combination does not, except in the very crudest

sense, discriminate with respect to the energy of the

neutrons--it simply counts them, and 2) the efficiency with

which it counts them is energy dependent.  Time-of-flight

techniques, with associated electronic circuitry described

in Section 2.3, help to solve the first problem.  The

problem of efficiency variation with energy, the associated

problem of absolute calibration of the neutron detection

system, and the technique of transforming neutron counts to

differential cross section are the subject of this section.

The final question in almost any nuclear data mea-

surement is how accurately the data taken represents the

real system one has set out to measure, and perhaps, this

question is the most difficult of all to answer. It becomes

a question of how accurately the neutron detector can be

calibrated and thereby how accurately one can transforni

measured neutron counts to absolute mb/sr, the units of

differential cross section. The answer to this for the

present experiment lies in the fundamental definition of

differential cross section, i.e., the ratio of neutrons
scattered from a sample in units of neutrons/sr to the
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neutrons incident upon the sample in neutrons/mb. Ideally,

one would count the neutrons scattered at a certain angle

and then place the detector at zero degrees with the sample

out and count the neutrons for the same length of time and

take the ratio of the two counts. In this experiment, a

problem with this procedure is that in scattering neutrons

off a light nucleus the resultant neutron energy at a large

angle of scattering is several MeV less than the incident

neutron energy and the efficiency with which the detector

detects neutrons is certainly energy dependent.

Therefore, a slightly different approach is taken.  A

monitor is placed at an appropriate angle (discussed later)

with respect to the zero-degree neutron flux and, with the

main neutron detector at zero degrees, measurements are

taken with no scattering sample over the entire energy range

of neutrons to be detected for a given incident neutron

energy range.  This establishes the energy dependence

between the detector and monitor so that during the data

acquisition when the detector has been moved to a particular

scattering angle one effectively knows, through the monitor,

what the detector would measure at zero degrees.

The neutron yield from the tritium (p,n) source re-

action, as Figure 2.2 shows, is energy dependent.  How-

ever, since the monitor angle is not changed during the

course of the experiment, it will be shown in the mathe-

matical analysis to follow that one need only be concerned

with the change in the zero-degree yield of the neutron
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source reaction and furthermore, that only the relative

shape of the energy dependence of the zero-degree yield need          

be considered.  Appendix 4 will establish how accurately the

shape of the zero-degree yield of the tritium (p,n) reaction

is known.

For the actual measurement of angular distributions, we

consider the experimental geometry as shown in Figure 2.7

where:

RSS = source to sample distance

RDS = sample to detector distance

RMD = source to monitor distance

EP  = average proton energy at gas cell center

ENO = zero degree neutron energy

ENS = scattered neutron energy (at detector)

ENM = neutron energy at monitor

We consider first the neutron flux scattered by a

single scattering nucleus upon which is incident a plane

wave of neutrons of intensity I(ENO).

>
1 PLANE Sen,T€R.lue,

*7    </ Nuet£US
NENTRON  .& 9-- - -

.> .

W A V E
>

Afl
The neutron flux scattered from the single nucleus is given

by:
  '  (9, EuSJ = I(ENO) M (rls, ENO) (1-1)

3-e ATT

1
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6 where:      A)  1     (8 Ek) 5) = neutrons/sr/nucleus (/sec)ys e  ATT

L (EN 0) = neutrons/cm2 (/sec)
Ov (0, E No)  =  cm2/sr/nucleus

The flux scattered by N nuclei is then given by:

*                                    -fre.TriseATT (B, ENS)  =   N K
A

(O,ENS' 

= N x I(EUD) K ir'(0, ENO)  (2-z)

At this point, a number of finite geometry effects due to

the finite size of the scattering sample containing the N

nuclei and for which corrections must be made (or shown to

be insignificant) are considered in Section 2.4 and in

Appendix 1.

The incident intensity, I(ENO), can be written as:

I(END) = h'(Ewo)/A SAM

where:

N(END) = neutrons (/sec) incident upon the

sample

ASAM = area of the sample

Then we can write from Eq. (2-2):

 s n(9, ENS) r  4 5.".
V (8, ENO) (2-3)

N *N(END)
If we now consider the number of neutrons counted at the

detector we can write the following:

N 0*, (8, Ems)  , e (O,ENS)* 6-il DET . € f f (ENS)SCATT DATA Der

(2-4)
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6                w er,   A
n Der  = solid angle subtended by theDATA

detector with respect to the sample (during data taking) and

Eff(EN s )   = e fficiency  o f the detector  at the neutron
De T

  energy ENS.  If we solve Eq. (2-4) for ( ) (8, ENS) and.=-SeATT

substitute that value into Eq. (2-3) we obtain:

N16ir(€EN s J       11' X  ' C SAM

0-(9, END). _ (Z-S)

NIx N(END)„AIL Der K Ef<(ENS)
0.7. DeT

The problem now is to determine the number of neutrons

incident upon the sample, i.e., N(ENO).  This is given by

the expression:

N(E')01 = 0. (0,.END) x 6 ILSAM (2 -6-)

where 464 (0, EN = neutrons/sr at zero degrees from the

T (p,n) 3He reaction  and   2  Ll SAM = solid angle subtended
by the sample at the source. From the definition of the

differential cross section we know that the following ratio

holds:

4>.  (D,' ENA                 s·TCP. h) (  0',   E   P)
- 02

= : B;

0„  (7;  ENMj              TT(P.'1) (ip,  EP 

 21 (0'E No) = 40(ENMJ  57,1, (0.'119   (1-71
a<r cp, 4,01''E  P)

04(0",END) is the zero de gree flux from the neutron
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source, 0 
(0 'EP)  is

the zero degree T(p,n)3He reaction7(p,n) ,I cross section, and  < <1  ENM)  and   6-          ,(IP,EP)  areT(p,4

similarly defined for the monitor at angle 4.  The number of

neutrons counted by the monitor is:

NS (7, ENM} =  (.':ENM) , 6 :9: MoN X Eff(ENM
Me N

0-  9)

Solving for  ,('0)  ENM  in Eq. (2-8) and substituting this

value in Eq. (2-7) yields:

Al... Al,ENM)          01     (O,EP)I VMON. ' T(F,n)

(b  19· E No)
- X -

4 )

.LJJk Mokl x Eff(ENM) C, 101''EP)7-  C  F, 4,
DATA MO W

(2- 9)
Substitution of Eq. (2-9) into the expression for N(ENO),

Eq. (2-6), gives:
CL-'D)

A)erp(*ENNI) x Gr lp,.EF) x A -D-
I -MON   T(p,M) SAA

NCEAD J -

A.51 MON nv      ES<(ENM)   c      (i;r F.4)   (¥,  E P)
DATA MoU

We utilize this expression for N(ENO) in the expression for

a(e,ENO), Eq. (2-5), to give:

V (f, E N D     - <1- " 1

ASA M 8 fl Bok)
, \CTD,

OATA No„ le,Egr)      a; ttap)
E<*N M)(Rn)

-          X X   W Mok

W Ljf ·p*T 6-9. %1(7*
1\3MoN("ENMJ     ,„,(«P)    Eff(E NS)

DATA SAM
Del-



24

Eq. (2-11) represents an expression for the cross section in

terms of various solid angles, actual detector and monitor

counts, the tritium (p,n) cross sections, and the

efficiencies of the detector and monitor.

We now proceed to determine the ratio of efficiencies,

i.e., Ef#(ENM)»4(ENS). Let us consider the
MON D€r

experimental geometry for the efficiency measurements as
,-

shown in Figure 2.8 where:

RMR = source to monitor distance

RDZ = source to detector distance

ENM = energy of neutrons at monitor

ENO = energy of neutrons at detector.

In this orientation, the number of neutrons counted at the

detector is:

yeT (END) =   pos, ns  r„ „,CD,'EPJ A.Sl      Eff(Euo)/ Oe.-'r DET
E+* DET

(2-11)
Similarly, the number of neutrons counted at the monitor is

given by:

i /(TD I
7„.„(ENN) = >6'p,s) 11,04(,„,01,EP) LJ-fl   Eff(ENM}

EK M* MON

(2-13)
where:

yofes) = number of protons on source

 s   = number of tritium nuclei/cmz, along the beam

direction

6 SL off = solid angle subtended by the detector at source
€+f
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6
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RELATIVE EFFICIENCY MEASUREMENT

MONITOR
DETECTOR

MAIN
ENM DETECTOR

RMR
EP

 11 RDZ                 D

PROTON "        i     ENO
BEAM GAS CELL

RMR = 1.61 m
[Not to scale]

RDZ = 7.66 m

Figure 2.8



26

A SL MoN = solid angle subtended by monitor at source.
eff

However, for the ratio of efficiencies in Eq. (2-11) we

\/CTD /need.70eflENS3, i.e.,

L/CTD,/oc (ENS') = Y(,lp'os, n  r    (€EP') Lln Eff(ENs)2 T(BI) Del-
Eff DeT

where:
(1  -I Z a.)

Y(n p'os)= number  o f protons on source at energy  EP'

nl= number of tritium nuclei/cm2 at proton energy EP'.

Using Eq. (2-12a) and (2-13) to get the ratio

Eff(ENM)/fff(ENS)we obtain:
MoN OCT

Ef<(ENMJ/Eff(ENS)
MoN OeT

ycrp (ENM) Y(n poos) n; 67(p·.,(0', E P') A_fl DeT/ MON Ett
(1-/4)

VCT,
/ °+T (Ens)   1,1"fos)  45  d;(p..) (lt.EP)A 31 Mo•

E++

To get ENS at zero degrees requires a different EP (proton

energy) than to get ENS at angle e due to the pronounced

kinematic shift in energy of the scattered neutron (due to

the scattering of neutrons from a 'light' nucleus).  If,

during the efficiency run, we can do accurate charge

normalization, then Y(npos) = Y(np'os) and these two

quantities divide out in Eq. (2-14).  Further, it has been

shown (see Appendix 3) that if the pressure of the gas cell

can be held constant during beam-in conditions, the number

of tritium nuclei will remain constant in the gas cell
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                and 43- 4,.
Then these quantities also divide out and Eq.

1

(2-14) can be written:

Eff(ENM) Ver'(ENM) (r- An Oer/Mow\. TIP,n) 10,.E p.)
Mok

-- X - x   €*+

Eff (ENS) yer-D
(ENS)         6-T (R•) (9,  EF)        6

31 Mow/ Der
beT EL +

(2-151
It is shown in Appendices 2 and 3 that these two conditions

are in fact well satisfied.  Now, if we substitute this

expression for the ratio of efficiencies into Eq. (2-11),

the expression for the differential cross section becomes:

6-(€END)
45AM    Sl MON   .Sl otT DeTL ,ACTD  /8   Ews)

DATA *fi X

N    A 31 De.r  A .51 A-Sl N LTD  (9 E N M)M.N 344 Me w  '
DATA Ef4

1 (ron) CY,·EE)   x   YAI  (ENMJ   x (11,(p..)(D.EP') (2-/6)

6"      f00 EP\ Y 2(ENS) rTcp,„)(1, EP)
T(F, M) c 1               +

We see that 01  ' Ep  divides out of Eq. (2-16) because
T( P,M)    )

the monitor was not moved from angle 4 during either the

efficiency or the data run. Further, since the solid angle

is by definition the area (of the face of a detector or

monitor) divided by the square of the distance, i.e.,

/J Sl=AREA  and the ratio /,SIMON /2JSL Mow becomes:
= DATA E++

AnMON /LJSLMON R M R YRM  D 
DA,-4 e *4
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and

A .51 , ,T /Zl.SlDe-T ROS//RDL
E++ OATM

Also:

A s „„  /21 31 544 =R S S;

Making these substitutions into Eq. (2-16) yields:

RSS: RMRb RDS= INDL Tue" (e,ERS)
1*(B,ENO) = -               g

N· RMD=. RDE  N Vof (R E N M)

.   .eT D                                                r
x       Y. . „ (E N M J K TCP, H)

(O:  E  P J             (2- , 7.1
tTD

(Mrce 4  (00, E FjYoer (ENS)

where EP' is the proton energy necessary to give neutron

energy ENS at zero degrees when EP is the proton energy

which gives neutron energy ENS at scattering angle e.

Because there exists considerable background in a

neutron scattering experiment, it becomes advantageous to

run for a set period of time with the sample in and for an

equal period of time with the sample out.  Then a

subtraction of the two spectra obtained (sample-in minus

sample-out) should yield results which involve just the             I

neutrons actually scattered from the boron sample.  To make

sure that the sample-in run is equivalent to the sample-out

run a normalization to monitor counts is effected. Then the

  true counts measured at the detector are given by:
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CTD
NCT' (¥ENM) N

CTD
ao.3Aj eTOCO,Ews) = NoeT(€ENS)

--

IVDLT
Me"L' b·tr  

TRUE 5.r.
A) C'ro     (S 8. )I v MON

(2-/9)

where S.I. = sample-in run and S.0. = sample-out run.
A, CTO   , -Replacing Ivo.eT (V, ENS)   in  Eq.   (2-15)  by  the   NCTD (0'ENS)0 T

TRuE
of Eq. (2-18) yields:

RSS: 2 MR: RDSL N=D (DENS)
r(B, E No)  =

DeT L ,

N · RMD'-·ROE A \ C.r D
IVMOU (Y E N M)

.., rp                                                                          (r;            0,'f P' JN Dir(S. O.) YAI: (ENU) 7(En)
- I                      X                 -

A ) CTP CS 0.) ycro (ENSJ 0·-(p,„j<Pl  £  
I V  M O W L . oer

(2-'91
Eq. (2-19) represents the final expression for the absolute

differential cross section in terms of: (a) the various

distances of monitor and detector, (b) counts measured in

monitor and detector for sample in and sample out, (c) the

yields of the monitor and detector taken during the

efficiency run and finally, (d) the ratio of the zero degree

cross section for the tritium (p,n) neutron source reaction.

In the interest of clarity, it is well to point out

here, particularly for the casual reader, the salient points

of the here-to-fore described technique. (1) This method of

             reduction of neutron counts to absolute differential cross

section is derived, basically, from the definition of



charge normalization only during the relative efficiency
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differential cross section and thereby yields an absolute

result without normalization to hydrogen (n,p) scattering or

I any other calculated or measured result. (2) This method

does not depend upon normalization to the T(p,n)3He cross

section.  It does depend, because of the energy dependence

of the tritium (p,n) zero-degree yield upon the shape of

that yield which is quite another matter and is discussed

fully in Appendix 4. (3) This technique demands accurate

measurement (see Appendix 2). (4) This technique requires

that the gas cell pressure remain constant only during the

relative efficiency measurement (see Appendix 3).  An

estimation of the errors in this system of reduction of

counts to absolut  differential cross section is given in

Section 2.5 and the determined accuracy of this method is

given in Section 2.6.

2.3 Electronic and Computer Systems

The Ohio University Accelerator Laboratory is well

supplied with state-of-the-art electronics to satisfy almost

any nuclear data measurement need. In addition to standard

commercial- and laboratory-built modules, a very accurate

beam-current integrator has been designed and constructed by

the Laboratory's electronic technicians and, as discussed in

Section 2.2, was employed to obtain very accurate charge

normalization (Appendix 2) during relative efficiency .

measurements.
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                An in-house IBM 1800 computer with two tape drives, two

CRT's, two disk drives, three typewriters, one card reader,

one high-speed line printer, and one Calcomp plotter is

interfaced with a Nuclear Data 3300 multichannel analyzer

for storage and analysis of data.  On a time-sharing basis,

the 1800 is further available for background processing and

was used extensively in reducing the data of the present

experiment.

2.3.1 Time-of-Flight Electronics

Standard time-of-flight (T.O.F.) techniques were

employed in this experiment with pulse shape discrimination

utilized on the main detector signal to differentiate

between neutrons and gamma rays.  Figure 2.9 shows in block

diagram form the essential features of the system used.

The neutron detector (DET) was coupled to an Ortec 269

photomultiplier tube base (PRE) which provided a mechanical

assembly and resistive voltage divider network; with

appropriate capacity decoupling, for operation of the RCA

4522 photomultiplier tube.  The 269 provides two outputs;

the negative anode signal for timing applications and the

linear signal from the ninth dynode.  The anode pulse was

clipped (CLIP) and sent to an EG4G T140/N zero-crossing

discriminator (Z-X).  The fast-logic output of the T140/N

was then routed to the start-pulse input of an Ortec 437A

time-to-amplitude converter (TAC).
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System stop pulses were generated via a capacitive beam

pick-off (BPO) suspended in the proton beam.  The output

lead of the BPO was coupled directly to a buffer (BUF) which

reduced feed-line capacitance and served as a cable driver

to an Ortec 454 fast timing amplifier (AMP).  These ampli-

fied pulses were then routed to the T140/N discriminator (Z-

X) and the fast logic output sent to a fast coincident unit

(LRS-162) which regenerated the pulses and supplied multiple

outputs (FANOUT) to be used for system stop pulses.  These

stop pulses were suitably delayed in RG 213 cable and routed

to the stop-pulse input of the detector TAC.  This procedure

results in time being stored in inverted mode but since the

neutron counting rate is much less than the beam pulse

repetition rate this procedure greatly aids in reducing TAC

dead time. For the present experiment the detector and

monitor TAC dead times were monitored and always maintained

at less than one percent.  The detector TAC pulses (T.O.F.

signal) were then subjected to several gating requirements

as described below.

The detector dynode signal from the Ortec 269 photo-

multiplier tube base (PRE) was sent to an Ortec 460 delay

line amplifier (DLA) where the signal was shaped in an ap-

propriate manner and routed to both an Ortec 420 single

channel analyzer (SCA) and an Ortec 458 pulse shape analyzer

/discriminator (PSD). The detector bias was set with the

Ortec 420 (see Section 2.6) in integral mode such that a

logic pulse was generated only for dynode pulses that ex-
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ceeded a certain voltage level and the TAC (T.O.F.) signals

were first gated by these logic pulses.  The second gating

requirement came from the Ortec 458 (PSD) "window" output

which was set on the neutron peak of the neutron-gamma

spectrum of the PSD.  Therefore, the requirements for the

detector T.O.F. signals to be routed to an analog-to-digital-

converter (ADC6) were (1) that the signals be greater than a

minimum threshold (bias) setting and (2) that the pulses be
identified as neutrons by the PSD.

The monitor time-of-flight system, as seen in Figure          i

2.9, was similar to that of the detector except that since

the monitor observed the source neutrons directly and the

count rate of direct neutrons was so high relative to the

gamma rays, no pulse shape discrimination was employed on

the monitor system.  Final routing of monitor T.O.F. signals

was to ADC 7.

As a further check on the neutron-gamma discrimination

by the Ortec 458, the neutron-gamma spectrum from the 458

was continuously displayed in ADC 2 and the neutron gated

spectrum was similarly displayed in ADC 3.  This allowed

continuous monitoring of the neutron-gamma discrimination,

particularly for any drift of the 458 "window" set on the

neutron peak.  As can be noted in Figure 2.9, the actual

time-of-flight spectra from the detector and monitor had to

meet two further requirements before being accepted by ADC's

6 and 7.  A repetition-rate-discriminator (RRD) monitored

the proton beam's 5 MHz repetition rate (to within 0.10%)
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and a beam-current-integrator (BCI) run in differential mode

set limitations on beam current fluctuation. These require-

ments were set simply to allow data acquisition only when

the accelerator was operating in a stable, finely-tuned con-

dition.  If both these requirements were met, a final logic

signal was supplied to ADC's 6 and 7 and detector and

monitor T.O.F. signals were supplied to a Nuclear Data 3300

multichannel analyzer.  The signals routed via the dashed

lines in Figure 2.9 are explained in Section 2.6.

2.3.2 Computer On-line/Off-line Analysis

The use of a reasonably simple method for reduction of

counts to absolute cross section lends itself nicely to a

fully computerized data reduction system.  The on-line

analysis program created for this experiment provided the

investigator with final absolute differential cross sections

in units of mb/sr (with the one exception of multiple scat-

tering corrections discussed in Section 2.4) immediately

upon completion of a sample-out background run at a given

energy and scattering angle.

As discussed in Section 2.3, the neutron T.O.F. spectra

for both detector and monitor were accumulated in a multi-

channel analyzer and then transferred to disk on the Labora-

tory's IBM 1800 computer.  A panel of switches in the

accelerator control room allowed input to the computer the

following experimental parameters: the accelerator NMR

frequency used to determine accurately the energy of the

-                                                                                                                                                                                                                                                                                                                                                                          1
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proton beam, the tritium gas cell pressure as measured by

the Wallace and Tiernan differential pressure gauge and

monitored in the control room by television, the sample-in

sample-out run length in millicoulombs of charge as

integrated by the beam current integrator, the scattering

angle, and the scattering sample being analyzed.  The on-

line data reduction program then calculates from the NMR

frequency the energy of the proton beam, the energy loss in

the 5 um molybdenum foil entrance window of the tritum gas

cell, the average proton energy at the center of the gas
1

cell, and the average energy of the outgoing zero degree and

25 degree neutrons from the tritium (p,n) neutron source

reaction.  The monitor, discussed in Sections 2.2 and 2.3,

was placed at 25 degrees with respect ·to the incident proton

beam because the T(p,n)3He differential cross section does

not vary rapidly at this angle for the energies of interest

in this experiment and further, because there existed no

interference of neutrons scattered off the shadow bar of the

main neutron detector at this angle.  From the kinematics of

scattering off the boron-11 sample the computer also

calculates the neutron energy at the detector.  Recalling

Eq. (2-19):

I .1/TI

0'(8, END) = CON * 1 WNT (e.EAS) -  Noiks,9)   r  )C:(ENM) *  9;r,1.1 (Df E61
(Ale,O/1 ENMJ   A)(TD /50.)1     Yore;(Emsj    Glrip..1 (00 EP)IVIONI ' 1 I MOUL   .

1

(A' H E R E: 055:   RMR:   R O S=COM =
N ·   R M D z  ·   R O  2:
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we see that all the quantities in CON are easily measured to

good accuracy as they are simply the distances illustrated

in Figures 2.7 and 2.8, where N is the number of nuclei in

the scattering sample.  These numbers are fed into the data

reduction program initially.  The problem of evaluating the

counts inside the parenthesis of Eq. (2-19) is a bit more

subtle.  Basically each of the four T.O.F. spectra (from

which the integrated counts in the parenthesis of Eq. (2-19)

are obtained) are corrected for ADC dead-time and the

indicated subtraction of the spectra is performed.  The

computer then integrates the subtracted spectrum by fitting

each side of the peak from the 40 percent point (for 20

channels or less) until a minimum is obtained.  An average

background around that minimum is obtained and a least-

squares fit performed to the function exp(ax + b).  This

function is used to find three percent of the total peak

height and the cursor for integration limit is set to the

channel closest to this point.  This procedure is carried

out for both sides of the peak and then an integration

between the cursors is performed to give the total counts in

the T.O.F. peak.  This procedure is superior to a Gaussian

fit of the total peak, particularly if for some reason the

T.O.F. peak is slightly asymmetric, and it further gives a

highly consistent way of setting integration limits.  Just

how consistent is this procedure is one of the subjects of

Section 2.6.

The ratio of detector and monitor efficiencies which

reduces to the ratio of yields as explained in Section 2.2,
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is obtained from an energy-count mesh for both monitor and

detector already stored in the on-line program.  This mesh

was obtained prior to the actual data taking by using the

geometry shown in Figure 2.8.  With the monitor at 25

degrees with respect to the incident proton beam and the

detector-shield at zero degrees, short runs are made at

approximately  50  to  100 keV .intervals  over the entire energy

range of neutrons to be measured by both monitor and

detector. These runs are usually shorter than two minutes

and are repeated several (3-5) times for each energy.  The

results of these measurements are stored for use by the on-

line data reduction program.  Further explanation of this

procedure is found in Appendix 2.

Finally, the ratios of the zero degree cross sections

for the T(p,n)3He neutron source reaction are obtained from

a fine energy-cross section mesh like that of the effi-

ciencies. The sources for this data and other details are

discussed in Appendix 4. The on-line program then outputs

the laboratory and center of mass angles and cross sections

as well as other log information on the control room

typewriter.  Furthermore, a CRT displays all spectrum

analysis that the computer performs on a given energy-angle

measurement for visual inspection by the investigator.  All

information obtained by the on-line analysis program is

transferred to magnetic tape should further off-line

analysis be desired.  A very similar version of the on-line

program was written so that the original data (T.O.F.
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spectra) could be reanalyzed at any time.

2.4 Data Corrections

The differential cross section is defined as

 (8,EN o) =
42..,CO,ENSJ
I(EMo)

where the various quantities are as explained in Section

2.2, Eq. (2-1). The cross section'is defined per nucleus

but when the scattering experiment is performed, it must be

performed with a sample containing many nuclei and, of

course, the N nuclei will be of finite size relative to the

laboratory scale.  This finite size requires the implementa-

tion of several corrections when attempting to determine a

microscopic quantity (the differential cross section per

nucleus) by scattering neutrons off a macroscopic sample

containing a very large number (N) of nuclei.  Corrections

for these effects together with those of air scattering of

neutrons are the subjects of this section.  Other effects

for which the data were not corrected are considered in

Appendix 1.  Each of these effects was less than one

percent.

2.4.1 Attenuation Correction

One of the difficulties of scattering from a relatively        I

large size sample is that the incident neutron flux will be

attenuated (as neutrons are scattered by the sample) and the

1 1
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nuclei in the scattering sample farthest from the source

will see less incident neutron flux than those closest to

the source.  Refer to Figure 2.10.

To correct for this situation, we replace N(ENO), the

neutrons (/sec) incident upon the sample (neutron source

side), with N(ENO)ave, the average number of neutrons

incident on all the nuclei in the scattering sample.  We

relate N(ENO)ave to N(ENO) as follows:
ta-

N(ENOJ  = NOEND)   M (r-r (M +  VS;- Y' 1 )
AVE   - Q*JoSO. )

- a.or

N (END)4„ - f- NCENo)
where:

/7, = number of nuclei/cm3 and

eir = total cross section.

This integration can be solved in closed form (Co 67) to

give:

f  F               1                I, (2  4 0·, a )-    L,  (2  4,4 « ) j       Yl.4 a
where:

u

1,, Ar 12 f'«.
5

-
- modified Bessel function of

Z IC

k.o k! r(k+1) the first kind and

0
ZK

L. ,(417(%/')       -
- modified Struve function of

k=. r(kt 3,)r(K+41)
the first kind.

L
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x + /a2 - Y2

D                    dy
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--I                                                                                                      X

.

a

NEUTRON
BEAM

TOP VIEW OF CYLINDRICAL
SCATTERING SAMPLE

Figure 2.10

If radius a is such that the transmission is less than
approximately one, then nuclei in the right side of the
scattering sample will see an average neutron intensity
which is less than the left side due to the left side
scattering neutrons out of the incident beam.
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The correction factor, f, was calculated by the function

ATTEN, a subroutine of the on-line data analysis program.

It is clear that f is energy dependent as it is a function

of the total cross section.  An energy-total cross section

mesh, similar to those discussed in Section 2.3, was

employed by ATTEN so that the proper energy dependence of

the total cross section could be considered. For incident

neutron energies between 4 MeV and 8 MeV, the average value

of ATTEN, i.e., 1/f, was 1.15.

2.4.2 Air Scattering Correction

Inherent in the present experimental measurement is the

error incurred due to the attenuation or scattering of

neutrons by the.air between the scattering sample and the

detector.  This problem exists because the neutron flight

path is rather long and is changed during the experiment.

Consider the experimental geometry in Figure 2.11 which is a

superposition of Figures 2.7 and 2.8.  For the relative

efficiency measurement where YtZ (ENO)  and y2  (ENM)

are determined, the tritium gas cell pressure is reduced

from 18 psi to 2 psi.  This reduction in gas cell pressure

reduces the large zero-degree neutron flux and, with the

main detector at zero degrees and at a distance of 7.5 m,

the count rate in the detector is such that there exists no

electronic dead time problem as would be the case with

neutron flux from a cell containing 18 psi.  In order to

maintain a count rate similar to that of the detector in the
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DIAGRAM FOR AIR SCATTERING CORRECTION

MONITOR
Air scattering reduces the number DATA
of neutrons counted by the monitor
during data acquisition.
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of differential cross ing relative efficiency
section measurement. measurements.

0-permanent angle of neutron DATA-signifies position dur-
source monitor with re- ing actual data acqui-
spect to the zero degree sition.
line.

                                    Figure 2.11
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much smaller monitor, the monitor is moved toward the gas

cell (while carefully maintaining angle *).  Both these

changes of position (of monitor and detector) for the

  relative efficiency measurement introduce error into Eq. (2-

19) as can be seen in Figure 2.11.

The air contained in the hypothetical box between

MONITOR-R.E. and MONITOR-DATA attenuates the neutron flux

such that the number counted at the MONITOR-DATA position is

actually less than it should be. Similarly, the number             I

counted by the detector at position DETECTOR-R.E. is less

than it should be.  Recalling Eq. (2-19):

/(RENO) = cok), fs("E»:J -   *6; CS.'.)  , Yze"y ,0;n•,Piff'J

we see that N   (WENM),  NM.w(s.o.  J   ,  and   ye"CE Als)

lN"(,ENM)          NAZ,(5·*·11        72(Ev S)      al(ZIP:  EF)MeA)  '

CTD
8 O.er

are all reduced. Therefore. r(8, ENO) is greater
MeAS

than 0,(8, 6 N 0)   and a correction  must be applied  to
TR u f

O.Le, END)  0 We consider the following:
MEAG

- YL SI-T=e
where:

T-  = transmission

71   = number of nuclei/barn

0- = cross section in barns

-MT
Utilizing the expansion for €  .  yields:

-nrT= d =    | -  M r   +  Az-6-1-/2 1  +  . . . . .
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Then

F=  1- T -  nar - n=G-72 I  +  · . - , · ·   (2-Zoj

where R is the removal. For air we may write:

n r  =   n aw + 4 0 61-                        Nt NZ 1          %

where N,-  and 0% represent the corresponding factors

for nitrogen and oxygen respectively.  If we consider the

volume of a colunm of air as shown below:

-'-

10'FA -52: 4 Ar

l 0

where 6 E represents the chahge in distance  from R.E.

measurement to DATA measurement for either monitor or

detector, we can calculate the removal, R, for both monitor

and detector, i.e., ignoring higher order terms in Eq. (2-

20) because na is small in this case, we can write:

ROLT ==  ns-peT -- <Y|Nt ¢Atz  + Ylot 5.01)
DeT

1 MoN -  Yl d; oN  = (I'lN,  Q.   +-  Yle: re* )Mow

Therefore:

5/(79(ENSJ =<- I        /
eT P

/ De or \1 - p 1        DeT (ENSJ
TRRE DeT j ME4 s

N  IJ ('1' EN M)  , <
I -11

A,er, /ll' ENAI 1 l v M ow  l   ,  1
TRuff Cl   -   R Kew  j MEAS
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         On the average

< 1 -|R, T      6- R.„  
2 1.DlSI

and

av (B,E N  D)     2     D.  9  S   r  (  D,  END)
TRUE MEAS

Throughout the range of neutron energies measured in

this experiment, the correction due to air scatteri
ng was

approximately five percent.  The corrections were a
pplied

automatically to the data by the on-line data analy
sis pro-

gram utilizing function AIRSC.  AIRSC contained an
 energy-

cross section mesh for both nitrogen and oxygen and
, there-

fore, considered the energy-dependence of the total
 neutron

cross sections of both those elements.

2.4.3 Multiple Scattering Corrections

The multitude of problems normally existing with pr
oper

and accurate multiple scattering corrections are f
urther

complicated on the very light nuclei because the en
ergy of

scattered neutrons is considerably less due to the 
kinematic

shift and because significant resonance structure e
xists in

the neutron cross section to be corrected.   Also, the energy

resolution of the T.O.F. system changes from forwar
d to

:
backward angles for a fixed flight path and fixed i

ncident

energy.  Multiple scattering corrections are, of cou
rse,

sensitive to this energy resolution.  An excellent 
reference
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on multiple scattering utilizing the Monte-Carlo method is

Cashwell and Everett (Ca 59).

For multiple scattering corrections to the present

data, A.B. Smith's Monte-Sample Multiple Scattering Code (Sm

75) from the Argonne National Laboratory (ANL) was employed.

It was the only program known to exist that was practical,

reliable, and usable on our IBM 360 computer and fully

applicable to this problem.  This code was extensively

rewritten to speed up the long Monte-Carlo process and was

checked through more than 45 hours of IBM 360/44 computer

time. During this process, at each angle, plots of cor-

rection factors vs. the number of histories were made from

50Ok to 3M histories to assure convergence of the correc-

tions. Many test cases were run on this revised code.  The

code, as it lias been rewritten at Ohio University, executes

approximately five times faster than the original ANL

version.  While running times vary significantly with sample

size, transmission, etc., the code will execute for a sample

of 80 percent transmission approximately one million

histories in 45 minutes on an IBM 360/44.

The Monte-Sample Code will handle elastic and inelastic

scattering and reactions, and takes as input information a

total cross section library as well as an angular distri-

bution library, and therefore includes energy-dependence of

differential cross sections of multiple events necessary for

light nuclei.  The code further employs an energy resolution

quantity determined by the T.O.F. system as input informa-
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tion.  Figure 2.12 is a plot of the angular distribution of

neutrons scattered from 11B at an incident neutron energy of

6.25 MeV.  Figure 2.13 is a plot of the correction factors

(KI) vs. angle for this same angular distribution taken on

11B.  From this plot average multiple scattering corrections

for most of the data can be ascertained.  The data in this

experiment were corrected assuming a maximum of three possi-

ble collisions for a single incident neutron.  The overflow,

i.e., the number of neutrons scattered more than three times

in two million histories, was approximately 1000 or 0.05

percent of the total number of neutrons incident on the sam-

ple.  The multiple scattering code was executed for two

million histories for each angular distribution corrected.

From the statistics of neutrons scattered per angle (bin

count) and from convergence of correction factors vs. his-

tories, the uncertainty in the corrections was determined to

be approximately 1.5 percent.  The correction factors vs.

angle were obtained from the Monte-Sample Code and a program

written for the Laboratory's IBM 1800 computer then applied

automatically the corrections to the data and finalized

cards were then punched for printing tables.

2.5 Error Analysis

As stated previously, the final question in almost any

nuclear data measurement is how accurately the data taken

represent the real system one has set out to measure.  It is

the opinion of the author that the final error bars assigned
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ANGULAR DISTRIBUTION CORRESPONDING TO MULTIPLE
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MULTIPLE SCATTERING CORRECTION FACTORS VS. LAB ANGLE
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to the data should attempt, as far as possible, to answer

just that question.  That is, the error bars should repre-

sent the absolute and total uncertainly in the data, not

just statistical uncertainty or just systematic errors.  The

following procedure was employed to determine the absolute i

error in the data of this experiment.                      i

We wish to determine a quantity, x, which is a function

of at least' two other variables, say u and v, which are

actually measured.  The characteristics of x are determined

from those for u and v and from the functional dependence x

= f(u,v,...).  Bevington (Be 69) derives the standard

deviation  for  x,  l\ X , which  can be expressed  as:

..  .t

AX'L= Ljj-   J -, T= <Ax 1    +  /1'fax l.'.   2 „,/ax\/33)  +   ....
(2,4, (dv i (bujl AVJ

(2 -Zi)
The first two terms (averages of squares of deviations) will

presumably dominate.  The third term is the average of cross

terms of deviations in u and v simultaneously. If u and v

are uncorrelated, one would expect to find, on the average,

approximately equal positive and negative values for these

terms and their contribution would vanish. Therefore, if  1

the fluctuation in the observations of u and v are uncor-  1

related, the equation for  X , Eq. (2-21), can be      1

written:

7.

Ljx'= Zc /1-f \& . a.. Cax 3 + . .. . . (Z-Zt)
C j CA J (av/

If we now consider a form of Eq. (2-19) with no terms
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divided out, i.e., no simplifying assumptions made, we may

write:

q(RE NOJ =- '( <FSS: RMEt. EDS=   f Ns(QENS)
N   .     R  M  D i  ·      R D  £ '           (      N iI (111 E N M)

A,CTD 1           , 670                                                                                                                               /

_    iyo.TO.B.)      x    7Me.OEN M)   K   CY,yppl) (D=EPO            YCHF,06)             M
A l CTD                                                                                            

           X                               k --1 (2-23)
lvM..0,0.))         y;e   (ENS)         CT<84)(OQEP)             Y(,1  poS)          n  ,

To make Eq. (2-23) a bit more manageable, let us reassign

quantities in Eq. (2-23) as follows:

CON= ESS: RMRE R Dsl
W  ·  R M o t.  R o t  

A,cTD<
6 51  S  o  =        IV Oar C R EKIS ) N  :j (s. o. J

-

102,('EEN M ) N S:'  (s. 0.)

- C
)'M&  (E N M) //y

CTP ,
D-e T (Ews)

X   S       =         4-rp, M,  (O.,EP' 3/ <r (01 E p.)TCP.h)

YM P = YCAP'os) /y(npos)

Then: IVS =  ni /ns

6'(AERDl = CoQresiso* RE. )(5* YNP. WS   (Z-24j

From Eq. (2-22) and a little algebra we obtain:

40'1(8'ER'o) - 4CoN" ACS,Sot 4REt
.- ./ + . +-

71(e,ENOJ COD= CS,Sot RE r

  LJXsz   LJYNP'- + ANS=
X si Y N FL kl St-

(3-253



53

We now consider each term in Eq.  (2-·25). The first term

involves distances and the total number of nuclei in the

sample, all of which were measured to one percent or less.

The second term in Eq. (2-25) involves the counting

statistics which varied somewhat but were usually less than

two percent.  The statistics of the third term, involving

relative efficiency measurements, were always less than two

percent.  The uncertainty in the shape of the zero-degree

yield of the tritium (p,n) reaction was considered known to

about one percent (Appendix 4).  The fifth term in Eq. (2-

25), involving charge normalization, was assigned one

percent (Appendix 2) and finally, the last term in Eq. (2-

25) is discussed in Appendix 3 and the uncertainty of this

term was three percent.  Solving Eq.,(2-25) with the various

values discussed above yields:

A e( 9,€NOJ=  D. 046*  6-(D,E Moj

or an uncertainty in the measured differential cross section

of approximately 4.5 percent.  When the uncertainty in the

corrections due to multiple scattering are taken in to

account, we arrive at

6 e'(8, ENOJ z 8.047• =(e'Ewo J
or a total uncertainty of approximately 4.7 percent.  In

Section 2.6, where comparisons of angular distributions on

12C taken by the present system are compared with those of

several other laboratories, we will see that this error
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assignment for the total and absolute error of the differ-

ential cross sections of 118 + n measured in the present

experiment is indeed verified.  The statistical errors in

Eq. (2-25) are taken into account automatically by the on-

line data analysis program and, therefore, the error in the

data will reflect to some extent the counting statistics of

a given energy-angle measurement.

'                2.6 System Calibration and Accuracy

The present method of data reduction is dependent, as

are other methods, on the stability of the electronic

systems during the experiment. This section will first

address itself to the problem of setting the bias level of

the main neutron detector and monitor, and the associated

problem of system stability.  Comparisons of measurements by

this system with those of other laboratories will then be

discussed.

There exist two prime objectives when the detector (or

monitor) bias is set: 1) it should be set high enough to

eliminate background or unwanted "noise", and 2) it must be

set low enough to detect with good efficiency the lowest

energy neutrons one wishes to measure.  A standard rule-of-

thumb used in this experiment was to set the bias at one-

half the minimum neutron energy to be detected, e.g., if the

lowest energy neutron incident on 11B was 4.0 MeV, then at

160 degrees, the scattered neutron energy would be 2.8 MeV

and the bias would therefore be set at approximately 1.4
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MeV.

The procedure used in setting the bias was reasonably

simple.  Compton spectra of recoil electrons from gamma rays
from the radioactive isotopes 60Co and 137Cs were accumu-

lated in the Nuclear Data 3300 multichannel analyzer (MCA).

60Co and 137Cs gamma rays correspond to 1.04 MeV and 0.478

MeV maximum recoil electrons, respectively.  These two

points (half way points on the Compton edges) give a rela-

tively good electron-recoil-energy vs. channel-number cali-

bration. Using an electron vs. proton energy response curve

for NE224 liquid scintillator (Cz 64) and an extrapolated
response curve based on NE218 (Ma 70), one can determine the

channel corresponding to the electron-, and hence, proton-

recoil-energy corresponding to the neutron energy at which

the bias is to be set.

As described in Section 2.3 and illustrated in Figure

2.9, the detector dynode signal was routed to an Ortec 460

delay line amplifier (DLA) and on to an Ortec 420 single

channel analyzer (SCA).  The bias level or threshold was set
with the SCA in integral mode and displayed in the MCA so

that the proper cut-off channel could be verified. For this

application, a bias level set to within 50 keV of the desir-

ed level was satisfactory.

Significantly more important is the ability of the

electronic system to maintain a constant bias level without

drifting.  To insure that this was indeed the case, gated

and ungated spectra of 60Co and 137Cs were taken daily
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utilizing the dashed line circuitry shown in Figure 2.9.

First, ungated (total Compton spectrum) dynode pulses were

accumulated in ADC's 4 and 5 for the detector and monitor,

respectively.  Then, the same signals were gated by the SCA

(all signals greater than a cut-off or threshold level) and

again accumulated in ADC's 4 and 5. All this information

was stored on a computer disk.  The runs were precisely

timed and radioactive sources were maintained carefully at

the same geometry for each of these measurements.  These

gamma checks were made at least once a day for the duration

of data acquisition.  Figure 2.14 shows overlays of four

such checks throughout several days.  The advantage of this

kind of check is twofold: 1) it demonstrates the stability

of the SCA used, in this case, as an input discriminator and

2) it will certainly show up clearly any drift of electronic

system gain from the photomultiplier tube to the MCA.  As

can be seen from Figure 2.14, no discernable shift in either

input discriminator or overall system gain was observed.

Further, as can be seen from Figure 2.14, it is possible to

detect a drift of the discriminator as small as a fractional

part of a channel, but no change was ever observed in as

long as a two week period in either the input discriminator

or the electronic gain of the system.

With the neutron-producing and -detecting system as

described here-to-fore, with the relatively simple scheme

for data reduction, and with the demonstrated stability

described above, one should certainly expect to be able to
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measure absolute differential cross sections to within the

calculated uncertainty of 4.7 percent.  Therefore, we turn

now to comparisons of measurements taken by this system with

those of several other laboratories with entirely different

schemes of data acquisition and reduction.

It is clear that a good check of the total system is to

measure the elastic differential cross section on a nuclide

that is already well-established.  Carbon-12 is such a

nuclide with previous measurements by Galati,  et  al·  of  the
University of Kentucky (Ga 72) and Perey, et al. of the Oak

--

Ridge National Laboratory (Pe 69).  Energies selected for

measurement of 12C + n elastic differential cross sections

were subjected to three criteria: 1) cross section measure-

ments must have already been made at useful energies for

this experiment, 2) the energies must not lie in regions of

significant resonance structure, and 3) the energies should

be spaced throughout the energy range of measurements on

11 B.

Differential cross sections in this experiment were

measured for 12C + n at neutron energies (laboratory frame)

of 4.078 MeV, 5.048 MeV, and 6.940 MeV.  The 12C sample used

was machined from reactor grade graphite to a right circular

cylinder with a diameter of 3.00 cm, a height of 3.62 cm,

and a mass of 48.100 grams.  The sample contained 2.414x1024

carbon atoms and the multiple scattering corrections were

similar in magnitude to those for 11B discussed earlier.

Figure 2.15 shows a graphical comparison of the elastic
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differential cross section at these energies with those of

Galati, et al. and Perey, et al.  It is apparent that both
- --

the shape and absolute value of the data are in excellent

agreement with both Galati, et al. and Perey, et al.  Table
-- --

2.2 is a comparison of the integrated elastic cross sections

for the data shown in Figure 2.15.  Table 2.3 lists the

actual differential cross sections taken with this system on

12C and further, data taken by a repeat measurement two

months later at a different detector bias setting. The

agreement in absolute values of these two sets of data

establishes the consistency with which measurements can be

accomplished with this system.

It should be noted here that the experimental methods

and correction codes for each of the three laboratories were

entirely different.  The fact that the agreement is so good

demonstrates the accuracy with which these points can now be

             considered to be known.  The relative ease and straight-

forward nature of these measurements compared to the

hydrogen scattering measurement should certainly establish

these points as practical calibration standards for neutron

work in this enegy range.

2.7 Experimental Results

The data for this experiment were taken in four sepa-

rate measurements over a nine month period from June, 1975

to February, 1976.  The first measurements in June, 1975

covered the neutron energies from 4 MeV to 4.5 MeV.  The
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Table 2.2

Comparisons of the integrated elastic scattering cross
sections for 12C + n from the data shown in Figure 2.15.
All data were fitted via least-squares to a series Of
five Legendre polynomials.

Neutron Energy (Lab) Bo (mb) Gel = 4KBO (b)

4.078 MeV

White, et al. 1/76 152.7 1.92--

White, et al. 3/76 153.8 1.93

Galati, et al. Ky. 147.1 1.85

i 5.048 MeV

White, et al. 1/76 94.7 1.19

White, et al. 3/76 95.6 1.20

Galati, et al. Ky. 94.1 1.18--

Perey, et al. ORNL 86.8 1.14*

6.940 MeV

White, et al. 1/76 48.1 604 (mb)
White, et al. 3/76 48.6 611

Galati, et al. Ky. 48.9 614

Perey, 7. 03 MeV 45.6 601 *

*Values quoted from reference Pe 69.
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Table 2.3

12„Comparison of  L * n elastic differential cross sections
measured in the present experiment.  Angles and cross sections
are given in the center-of-mass system. Cross sections are in
units of mb/sr.  The errors in mb/sr for the 1/76 data are also
shown.

Neutron Energy (Lab) 4.078 MeV

Angle a(0) 1/76 a(e) 3/76 Error

21.6 362.4 368.1 15.9
40.4 209.7 213.0 9.2
58.9 95.6 97.5 4.5
77.1 61.9 60.1 3.0
94.8 82.6 78.2 3.8

112.1 113.6 113.5 5.4
128.9 155.8 163.5 8.1
145.4 245.7 242.2 12.2
161.6 312.9 319.5 14.5

Neutron Energy (Lab) 5.048 MeV

Angle 0(0) 1/76 c(0) 3/76 Error

21.6 263.5 264.1 12.5
40.4 157.5 161.3 7.7
58.9 85.2 86.4 4.2
77.1 66.0 65.4 3.1
94.8 78.4 78.7 3.7

112.1 81.0 79.9 3.8
128.9 65.7 64.0 3.2
145.4 49.9 51.9 2.7
161.6 56.7 58.3 3.1

Neutron Energy (Lab) 6.940 MeV

Angle 0(0) 1/76 a(e) 3/76 Error

21.6 104.1 104.7 5.2
40.4 66.5 67.8 3.4
58.9 41.8 41.4 2.1
77.1 41.8 43.9 2.0
94.8 50.8 51.9 2.5

112.1 51.0 49.6 2.4
128.9 34.8 34.8 1.7
145.4 21.5 20.1 1.2
161.6 20. 22.9           1.
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July, 1975 run extended these measurements to 5.5 MeV and

the September, 1975 run extended the measurements to 7.5

MeV.  In January, 1976 a remeasurement of the differential

cross sections for neutron energies from 4 MeV to 5 MeV and

from 6.5 MeV to 8 MeV was made. This series of measurements

(always overlapping with the previous measurements) and re-

measurement afforded numerous opportunities for comparisons
1

of consistency of the differential cross section measure-

ments.  The results on 12C + n, shown in Figure 2.15 and
t

Table 2.3, are typical of the consistency of measurements

also obtained on 11B + n.

The differential cross sections were measured for nine

laboratory angles from 20 degrees to 160 degrees at 17.5

degree increments.  Figure 2.16 is a plot of a typical time-

of-flight spectrum for both sample in and sample out for an         I
' incident neutron energy  of  6.25  MeV and scattering angle  of

125 degrees.  Figure 2.17 shows a normalized subtracted

spectrum of the two spectra in Figure 2.16.  Tabular results

for the differential cross sections are given in Appendix 7.

Each angular distribution (center of mass system) was least-

squares fitted to a series of Legendre polynomials, i.e.,

6- (9,END)    =    S   BIEND)   it  (Ces   e)
L

Figure 2.18 is a plot of the Legendre expansion coefficients

8,(ENO  as a function of laboratory neutron energy

             Figure 2.18 that partial waves up to and including  =2 (L=4)
for L values up to and including L=5. It is clear from
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are present in this experiment.  Figure 2.19 is a plot of

the Legendre expansion coefficients from a least-squares fit

with L=4.  The Legendre expansion coefficients for all the

data are given in tabular form in Appendix 8.  Also included

in Figure 2.19 are various angular distributions measured at

the indicated energies to show the changes in the relative

shape of those distributions with energy.  From this figure

several general features are clear.  The d-wave ( =2)

strength becomes significant about 4.5 MeV.  The large dip

at 5.5 MeV which has been seen previously (Fo 61, Ca 71) in

total cross section measurements is pronounced through all

f          of the Legendre coefficients and is therefore formed by d-

waves as partial waves with  =2 is the only way to reach the

B4 coefficient.  These resonance effects will be discussed

thoroughly in Section 3.4 on results of the R-matrix

analysis.
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A                           CEAPTER 3
  DATA ANALYSIS

3.1 General Scattering Theory

It is apparent from the previous chapter that a signif-

icant effort is involved in obtaining differential cross

sections to an uncertainty of less than five percent.  In

this chapter, it will be shown why this kind of measurement

is important, i.e., how actual nuclear structure information

is derived from the measurement of angular distributions of

neutrons scattered from light nuclei.  We first consider a

review of the general scattering problem with the various

angular-momentum coupling schemes.  We will derive the

relation between the scattering matrix and the differential

cross section in a given coupling scheme by partial wave

expansion and then consider the transformation of the scat-

tering matrix from one coupling scheme to another.

Section 3.2 will consider the R-matrix theory which is

a resonance theory suitable for application to the kind of

compound resonance reactions observed in the Legendre poly-

nomial expansion coefficients of the differential cross

sections taken on 11B via the 11B(n,n)11B reaction.  The R-

matrix theory is essentially a reparameterization of the

scattering matrix in terms of more physically meaningful

(measureable) quantities.  The outline of the data analysis

 
scheme, shown in Figure 3.1, will be fully discussed in

Sections 3.2 and 3.3.  A program to do the data analysis was
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written.  Salient points for this program are as follows: 1)

the various resonance parameters are assumed from an inspec-

tion of the experimental data, 2) a choice of either the j-j

or L-S coupling scheme is made and the R-matrix is formed,

3) the scattering matrix is formed from the R-matrix, 4) if

the coupling scheme used is j-j, the scattering matrix is

transformed to L-S coupling and 5) the Legendre polynomial

expansion coefficients of the differential cross sections

are calculated in the L-S coupling scheme and compared with

those obtained by least-squares fitting to the actual data.

From this comparison, definitive assignments of angular

momentum and parity for the various resonances of the com-

pound nucleus 12B may, in principle, be made.  We will see

however, that in very complicated spectra such as in the

present experiment, definitive assignments may not always be

possible, but probable assignments and relative strengths of

various partial waves contributing to the resonances may be

determined.

The reason for forming the R-matrix in j-j coupling

will be explained in the next section.  A question may arise

as to why, if the R-matrix is formed in the j-j coupling

scheme, the calculated Legendre expansion coefficients are

derived from the scattering matrix in L-S coupling.  The

answer is that simplified analytic expressions already exist

(Bl 52) to calculate, in an efficient manner, the Legendre

coefficients from the scattering matrix in L-S coupling.

While the expression for the differential cross section in
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terms of the scattering matrix in j-j coupling is not em-

ployed here, Appendix 5 derives the proper expression which

may be used as a working equation for future 2eference.

From this point an investigator needing this approach would

be able to work out a compacted formalism for the Legendre

expansion coefficients in terms of the scattering matrix in

j-j coupling similar to that already accomplished in L-S

coupling by Blatt and Biedenharn (Bl 52).

3.1.1 Angular Momentum Coupling Schemes

Let us consider the diagram below where a projectile

(neutron) is incident upon a target nucleus in its ground

state and is thereby scattered from that nucleus at some

angle e with respect to its incident direction.

1 ,--,

A  '   -1      ..cr ,  m s   'PROTECT I LE                                                     -
/

4                                                                        ...6
-,- A-r e   10             ,- 0--- --- C./ ----- - -- -- - --

S WI 1,41, s I,   ,1 x*  U-   TARGET

I, '1"I' (6;  r o  u  i  el     STATE J

The quantities      and I  represent the spins of the

projectile and target respectively, 41) and Mix are their

quantum projections. The quantum number ,  is the relative

orbital angular momentum of the projectile and the target

and     M/ i t s quantum projection.  The primed quantities

orbital angular momentum after scattering.  We are only

represent the outgoing channel, i.e., the spins and relative
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going to consider elastic scattering.  Therefore, the spin

of the projectile will not change, however, its projection

may.  Similarly, the spin of the target nucleus will not

change but its projection may.  As long as the total angular

momentum is conserved, the relative orbital angular momen-

tum and its quantum projection may change.  An uncoupled

wave function describing the system may be written as a

product wave function

Y oc lim,>| Sm,) 'Img>
where j. MA, 7, IS Ills>, and  IMMI> are the wave functions

describing the orbital, projectile spin, and target spin

angular momenta respectively.  To solve the general scat-

tering problem a coupled wave function must be written, and,

as there are several ways to vectorially couple the three

angular momenta, there are also several ways to couple the

wave functions.  We consider first the L-S coupling scheme

where the two spin vectors are coupled to yield an inter-

mediate "channel spin" vector and this vector is then

coupled to the orbital angular momentum, i.e.,

s  + -1 -,2  A.,   1. 7 -3
....j

where ,   is the channel spin and 3- is the total angular
momentum.  We may write for the wave function:

I S #I, ) 1 I MI>=   (s I m, MI | ARA ) I lAnA S I,>
(3-1)
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and

\3'Ml))LM,) 37 (Wfm,MAIT M) 13Mt,f) (3 -1)

The uncoupled wave function is represented by the coupled

wave function as follows:

15 -/44**Ad** lIM) BM UMK3Z
where      /JM /3> represents the coupled wave function and

(SIM.MLI '5) and (12014 MJ I I M)   are the vector coupling or

Clebsch-Gordan coefficients (Co 35) which tell, essentially,

how much of each of the new coupled wave functions is neces-

sary in the sum to represent the uncoupled wave function.  A

channel (either entrance or exit) is defihed in L-S coupling

as a set of good quantum numbers / ,M,  f, and  f in the
sense  that  IM //) is an eigenfunction  of the angular

.4 ..f

momentum operators IL , 3 , 11-,and A i.e.,
0%

   I IM -fJ> = 3-(I+I)ti'* I TM k. f> , e-rc..
Let us now consider the j-j coupling scheme where the

projectile spin is coupled to the orbital angular momentum

and this intermediate vector is then coupled to the ground

state spin of the target nucleus, i.e.,
-.0.-h --1-J -IJ -I_1 ...J

1 + S-4 4 4.,0 -I-+ 4--=P IJ
We may write for the wave function describing this system:

lf*1,>1 S'M,> R   C'fS,t,#1,  1 "'f  <1  i /' /   3-4J
4
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and

1 i Rl  > 'I * ) =   (j I Mi # MM )  1 I M i I >                0-s")

The uncoupled wave function is represented by the coupled

wave functions as follows:

3-4  - s us M..,3 14.1.)(d I pHi ms ITMJ l IM i I>   (3-6)
4I

where l'IMiI> represents the coupled wave function and

(«ISM/*514,Mij and (3Ild.I|IM) are the vector coupling

coefficients.  A channel is defined in j-j coupling as a set

of good quantum numbers  3- ,M,    and I i n a similar
sense to that given above.  For the reader who wishes to

delve further into angular momentum theory an excellent ref-

erence is Rose (Ro 57).  The reason the R-matrix is formed

with j-j coupling parameters is that we believe the j-j

scheme best represents the physical situation for the coup-

ling of 11B + n.  The shell model has been successful in

predicting some states from a neutron particle-proton hole

configuration where the neutron carries in the orbital and

spin (intermediate j) angular momentum and then couples this

with the ground state spin I of the nucleus 11B.  Since

118 always has the same spin I , the states 1 IM 4 I> have
more physical significance than ITM 1-J'>· We now proceed

to utilize the coupled wave functions developed here in the

next section (L-S coupling) and in Appendix S (j-j coup-

1,

ling).

-



76

3.1.2 Partial Wave Expansion

The purpose of this section is to define the scattering

matrix, which contains all the information of the scattering

process, and then, to develop the relationship between the

scattering matrix and the differential cross section (actu-

ally the Legendre expansion- coefficients of the differential

cross section).  Now the cross section can be calculated

from the scattering matrix in j-j coupling, or the scatter-

ing matrix can be transformed from j-j coupling to L-S coup-

ling and the cross section calculated in L-S coupling--it is

still the same cross section. We choose to calculate the

Legendre expansion coefficients of the differential cross

section in L-S coupling because efficient equations, from a

calculative point of view, have already been developed (Bl

52). Further, if one wishes to form the R-matrix parameters

in L-S coupling, then no transformation is necessary on the

scattering matrix before the differential cross sections are

calculated.

There are numerous articles (Bl 52, Bl 52a, La 58, Wi

63) in the literature on general scattering theory including

the relationship between the scattering matrix and the dif-

ferential cross section derived in L-S coupling.  It is more

difficult to find references for the same theory developed

in j-j coupling and therefore, Appendix 5 considers the

                       equation

for future reference.

theory in j-j coupling in detail, giving a final working

A
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We proceed here with the general scattering theory in L-

S coupling.  From orthogonality properties of the Clebsch-

Gordan coefficients, we can write the coupled wave function

in terms of the uncoupled wave functions from Eq. (3-2) as

follows:

CIM W.f> = I(f/"1, MA ITM) Ilm,>1 AMA > (3- 1)

814 IMA

We consider the total wave function as a sum of the incident

plane wave (which we will decompose into ingoing and out-

going spherical waves) and the scattered wave (which is

composed of an outgoing spherical wave). Then the ingoing

part of the total wave function must be equal to the ingoing

part of the incident wave and the outgoing part of the total

wave function must be the sum of the outgoing part of the

incident wave and the outgoing part of the scattered wave.

The most general form of the total wave function will

consist, at sufficiently large distances, of the super-

position of ingoing and outgoing spherical waves as follows:

- i (Kr- Ap) IM      + 1 (kr- 074)1

Y ts, I (AZ C .- 814 e )  IM14 P
144 L IM# (3- f)

where   IM.f.Z> is defined  in  Eq.  (3-7).    We  use  the

superscript 6  to imply that the channel spin is

 \, -            specified.  Proper summing over possible channel spins is

11  
outgoing waves, /1,  and 'Af,46

respectively, are not

carried out later.  The coefficients on the ingoing and
A IM p,IM
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independent because if the amplitudes of the ingoing waves

are known, the amplitudes of the outgoing waves are

determined uniquely by the wave equation.  It is the

relationship between these two coefficients which defines

the scattering matrix, i.e.,

SM                         I          A T"                             0-9)
B  -- 1S,1' 24       29)'12        JA

Because the Hamiltonian is invariant under rotation, the

scattering matrix cannot depend on M.  We may write for the

incident plane wave:

tf = P 1/9   ML >
ikgb

Cl-

We utilize the common procedure of expanding this plane wave

into a series of partial waves, i.e.,
I)

 'Itt  =  0'r },1·.fi' (21+15'..i,Ok.)  It 0> IN.5 >
where 1,fo> = > 0 (8) , the spherical harmonic with no  0

dependence.  At large distances

i (k r- MT'l=) -i(k,-1103
6(k,J - > e -C

r ---4 00 2£kr
We couple    0> and l*f"t/  to obtain:

I fo>  1'/'15>  =  S.(2,/0 *11 1 TM}   IMA»
IM

and we may write for the incident wave function:
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'16    *%14-  7-  (  1  j  o  Wt ,  IS M)    i'    (232,1)'"kr IMA

C   -1(kr-9117:)    +L (kr- 19-) 1

%       e                      -   e                  .   1   1.IM£  P)      8-",1

A comparison of the ingoing parts of Eq. (3-8) and Eq. (3-

10) yields:

f" =    'lu i'.(3   fo   t't:  13   Mj     21   (23  +   1.)  "-4                      (3 -,1  )
14

and from Eq. (3-9) that

IM                          I
8          =  £119"»Jo MJI TM) 2 1(21., f'= S (3-11)
f1, K 1 12,'  3  A

where no sum over g f' is included as the channel spin is

specified for the present.  Now Eq. (3-8) can be written

with primes on f and  and using Eq.  (3-11)  and  (3-12)  we

have:

11'   = ff S f (99;'%'IrM)21'1225'j'' e
4,     .    1,6 -t'(k r - /24)

TOTAL             1<  r
IM/'  i

' 1       *C I +2  (tr-·P $72-))   ·

- 7(.120,5 'IM) 1.FL,) -1  e    -   Irr M 03'2-1,4''   911
(3-13)

Of course, the first part of Eq. (3-13) is identical with

the first part of Eq. (3-10) with primes on gandl.
Therefore, adding and subtracting the following

/.       + i (K r -·0'MAJ

29'"=  L  (99' o MA  ITM)  21.6:.,'*,S- e lIM,l'/7
k r      IM A'
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80
9'          0.            0

to Eq. (3-13) yields 411' 4     =   194       + 11'4 or that
roTAL 1,061* 1  se ATT-      ,

0,

111      _   i (17)41. < F      ,      I         +2(kr-0'11 t)r  - - 1,>fl'J'oMAISM) 4(zl,ly'.-e
SeATT k r L IMA'

K rs M i'A' >   -   7  -(£J o  MJ  I T M )   EA  (2411",-    S  I
IM.#1' ALA),11

+ i  (K r  -297z)X d 'IM/'4'7 
or

+2(Kr-£44&)
N'1.#,=i2#4-  (1•IDMAITM)20/+Ii,=(E g- S-  ) e  I.SM 132' p

3/' Al'  27:JA94Tr       k  r 2,444' (3-14)Decomposing   IMfy'>gives:

< IM MY'> = f (Ak i'.5' lim) 13 1117,> 1./;,A.>     (3-,s)
/0/                p

'11'f,
-  iwmt      .-A,Using Eq. (3-15) and the fact that   -Z , Eq. (3-

14) yields:

0' Ikr
r.   'MA,1   viA8   L e

9  =--    1 (9,4)  1 #%,Mu,>  (3-,61Se47r A r
'2,

Op

(4*1'176 MI
where

i  (  P,  90 j             is
the form or scattering factor.  We are

interested in the differential cross section for the

process * 14 -1,419 2&M,   i.e.,  for the process from entrance
D*

channel/, , f   to exit channel *fl,  *64,. The differential
cross section can be represented for this scattering process

as

                                                                                        
                 6,5..  "f,J      -   '7

d r. -  c   ffI *,ga.fl  B-",.AX 24  1-
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where  9 // < is the de Broglie wave length divided by 2 v
O#      D

(4 MA''  4 44  .and the form factor or scattering factor, T te'*) is given

by:

C  XMA Am,       rr    ,  A   k'
t (859)   =  /  14-  1)41* (tiOMA\-SM\)

IM /J'*14,
,   'I,' (14'MA'MA' IMj (g E - SZ  \11.e;MA,  (3./,)

4, ./4 ,
A,1.'214

Ill   \where  104'/ = 16   (€f) .    Up to this point, the spin1 /1,
projections  '414, 04/   have been specified, hence the

dependence of f(PFR) on 0. For an unpolarized beam we

may average over the incident spin projections, 41*f ' and
sum over the final spin projections, * , , to get:

8 56= 2--2:;    ·E C' 544., A'.J             (30,914*11*14'
Finally, the differential cross section independent of

channel spin    (or   /) is obtained by averaging over the

possible values of   and summing over the possible
n,

values   of             ,   i.e. ,

& r   % 7 - do- (3-lo)
= 4,4 + I)

··37 (,ZI+ 1)(2 s+, ) A'A

Eq. (3-17) together with Eqs. (3-18), (3-19), and (3-20)

gives the final relation between the scattering matrix in L-

S coupling and the differential cross section.  The counter-

part to this relation is derived in Appendix 5 for j-j

coupling.
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Blatt and Biedenharn (Bl 52) have simplified Eq. (3-19)

in that they have carried out the evaluation of Eq. (3-19)

with the following results as they apply to elastic neutron

scattering:

 - t  -
d r  =   A    1 8 c./71 8(,ose) d.fl    (3-zo

4,4         13% f \ LS·o

L,   3

where

4-'2 r--- - /        A f -p

B,(A''J 1, c-4-,    2  2 (.l,-I, /3.,+PL) 2(2..S.:1
, ** J'LJ

:r,T, ·1, 11. 4/7/

.11.E   Cf, ,-   LI, )'(&,1   4-   SLjfij  >j              e.'.,% 1 4-9

The FL ( es e) are Legendre polynomials   and  R. P. stands   for

the real part of the expression in brackets.  It is

important to note that the Eq. (4.6) of Blatt and Biedenharn

is incorrect in the definition of the Z coefficients. The

correct expression for the Z coefficients is as follows (La

58):

26/, 3, 1 3.,AL) =   (22. + 1 )(21,+I)(ZI,+i) (ZI.+1 J  4

K  \,1/ U.3,1.3., *JL)  (f f. 00 IL 0)       9.23)
where W (f, I, #J.,IL) is the Racah coefficient as defined

in reference Ra 42.  These Z coefficients, as stated in Eq.

(3-23) are usually referred to as z-bar coefficients (2)

and differ from the Z coefficients of Blatt and Biedenharn
..f,-1=-  L

by a factor L
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As discussed in Chapter 2, the measured differential

cross sections are expanded in a series of Legendre

polynomials,

4

0»' (8,END)     =     8(END)   fL(e,3  9)MEAS
L= o

To make the calculated Legendre expansion coefficients

consistent with the experimentally fitted Legendre expansion

coefficients we redefine the Eq. (3-22) of Blatt and

Biedenharn (above) as follows using Eqs. (3-22), (3-21), and

(3-20):

P- 0 ./2+1) 4-4\4-1- rd- 0,  0 -

dc-    =      '                                                                   A                >     (_'          23   I, 43., Yl}1    ........

 36 (2r+I)(zst,J' (2*4+I) L-o 1  s'.szi,Q'.':Wl
L-

r 2(8'3,4'I„213. R. P. f(& & -    C 3,        )*
1/2, A'A t:  I       k.   i

r irl        \  1
1  (6%16 64 - :6 j  (       PL (ces   e       d| .f)_

'AJ J
or 4

0-   (8,  E A J O)     =   ---   BIEN 0)  P@ os  P)CALCULATED L=0
where

1'-,1

BiEND)
=

2 I. 0  (:S"  ,- .51: 1 IIJ.'4
'2 0/, 3.,  f. I.,  A  )

A- 1 F-(-)

3,.* r

, 20/''J, 4,1,11), e. P.f(f,&- 4.  .)(39€127  9.r.  )2,  49      /'.1#.4, 1 2 - 7,1:4/j

(3-54)
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Eq. (3-24) represents the final working expression for the

Legendre expansion coefficients calculated from elements of

the scattering matrix. It is this expression which was

utilized in the Ohio R-matrix Analysis Program, ORMAP, de-

scribed in Section 3.3.

3.1.3 Transformation of the Scattering Matrix

Since the study of different nuclei via the R-matrix

theory may include different coupling schemes, it is de-

sirable to be able to form the R-matrix in either the j-j or

L-S coupling scheme.  We have the necessary relations to

obtain the cross section from the scattering matrix in L-S

coupling so all that remains is to develop the transfor-

mation which will transform elements of the scattering

matrix in j-j coupling to the corresponding elements in L-S

coupling (Mo 76).  We seek the transformation:

5/ra .
'' I./51(AriAr ir Ad ,<d

where -3 ..  is defined in Appendix 5.  We can write for14,11
elastic scattering the total wave functions in L-S and j-j

coupling as follows:

L-1

1/»7,0  -  J l)(s.0.,6 IM] - E 3        ODY,I),4,3.,11r,24 14'823 JA
(3-Zs)

7$1=141      .     4  1[(fs)iI.IN,-7      s                 oic/,) 'I.I     3'.' 1·
1,·,       -  1 1    i1                        (3-ZQ

where J  represents an ingoing wave, / represents an
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outgoing wave, and SI represents the scattering matrix.  We
T T

want to find   , in terms of        .  Consider three
1,1',DA 14',3 1·

angular momenta and their total;    ,,   .fl ,   d',,  and  -f.707  and
.,

let     4   =   1,   +  3 1   and     4  •  = g.*.j, Then we may write (RO

57):

»'t = F R, 9 . // i

(3-Z7)

drer,M        ,,/     1  j,   J'ier< M  
1

where

' -·,1  \,11. ' , 91-    \A) /R  = CL:1 +13 (21'+Ij  vvld'f'•1,0,13, j'j'")  (3-28)
i "1

and  W'(4,4' <1'.re'l, ·f'  "  are  Racah  coefficients  (Ra  42).    If
we make the following correspondences:

11-                      4'         43                 17.T---

1 + S ---* T+I -= 3
4.      .4:            d "

4,            d Nor
--J --' --1

Str »,3+1-,J

we can write:

J[56)4. I,T'<] =   1[,(sz), , TM] R(JsTI,1,=13 (3-29)

and similarly:

OI(24 )6'I,JM-1=   0[2'(sr).f',TM1 R(2'slr, 5,1,
j (3 -30J

Substituting Eqs. (3-29) and (3-30) into Eq. (3-26) yields:

96<



86

6                                  yj;t,43    4%  f  .1  8/cs,0 Z IM]   R (g s  3  r,   1.2 )

- F  r J
L- -23       12-0 I.1,(sr),(1:.St<jR (1'sIr  .'51'j   (3.3,)

M.* a                                                DJ

19'      41, Ai    J'

Since R is unitary it can be shown (Ro 57) that:

S R,f Res  =  &49   L.e.
j

e

IR(ASJI,i·J)R(.#sJI,41"J» S (3-31)

d
41"

Using Eq. (3-32) on Eq. (3-31) we obtain:

." 1.1L-1

Yi,exTM,   .  I  R (lssr,i"to)   721-irs•.J=1-·1[:IBI,4 3,<7  S4                                4 )  144.

-  k       S          2-   R(1'sT,1,54')  091$') 4:3«1   R(firI,  i  J"  J
1'-i'        ri'·  ·t·S     A'·i 9-33)

If Eq. (3-33) is compared with Eq. (3-25) we find that

I

S   =T_R,(ls-si, 44) S=  Rtl's-Ir,i'.J' J
iwilA        do, Ai','1 1

(3-3¥j
Eq. (3-34) is the transformation we seek. It is the

expression which was utilized in the R-matrix program ORMAP,

described in Section 3.3, to transform j-j coupled elements

of the scattering matrix to the corresponding L-S coupled

elements.
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3.2 R-Matrix Theory Formulation

The R-matrix theory is a way of parameterizing so that

the energy dependence of the scattering matrix can be calcu-

lated.  It makes the approximation that many quantities are

energy independent, e.g., 72, Ro, and b, all of which are            I

explained in the next section.  It is most easily applied to

resonances which are distinct and well spaced in energy, but

also, as this paper will demonstrate, useful in obtaining

nuclear structure information where the compound spectra are

fairly complicated.  The R-matrix theory involves, essen-

tially, a reparameterization of the elements of the scat-

tering matrix.  While the elements of the scattering matrix

have a less direct physical meaning,'the elements of the R-

matrix are, in principle, more directly related to nuclear

properties obtainable from experiment, e.g., the energies

and widths of the states, etc.  The following discussion of

the R-matrix theory is separated into two parts: 1) the

derivation of the R-matrix and 2) the connection between the

R-matrix and the scattering matrix.  While there are numer-

ous erudite articles in the literature on R-matrix theory

(La 58, Vo 59, Vo 62, Wi 63), the details are carried out

here, in a hopefully consistent, readable manner which may

serve as a practical guide for future experimentalists in

neutron scattering experiments.
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3.2.1 Derivation of the R-Matrix Relation
-

In the R-matrix theory of nuclear reactions we consider

two  regions: the "internal" region where the nuclear poten-

tial is non-zero and the "external" region where the poten-

tial is zero.  We consider these two regions to be separated

by a definite boundary.  Let us consider a wave function 9,-

in the "internal" region, i.e., a wave function describing a
number of nucleons   in the volume   t   .     Then:

H P E 'Y,., (3-35)

We may expand this wave function ' ,w,in terms of some

internal orthogonal set, XA , where XA satisfies the same

Hamiltonian as 'P,wr and orthogonality is assured by the

appropriate choice of boundary condition, i.e.,

H XA = EA ><A (3 - 36)

0  J x,). (3 -37)-     = 0/
KA Cl F

fc= 46
Then from Eq. (3-36) and Eq. (3-37) we have that:

f X: x*, 41: =  SAA' (3-31)
t

where t is the volume of the internal region.  We can

expand' r as follows:

1

L                               g„,=  I CAXA (3-39)

r



89

6         where:

r    -   f 1     X l =1 zLA -   ..4   1 BJ T (3-40)
1-

We may proceed to solve  for  the CA as follows:

X  j   (HTE,.,   =    E 1,.,) (3-41.1

°P (H v* - c v*l
AA      -   L- A  A '1 J (3-416)

IMT,

Subtracting and integrating these two equations over the

internal region yields:

f(t.,HXA- XANT,-ld.t =CE,-E) t'3    X.
At (3-914)INT   Ai

From Eq. (3-40) we see that:

CA   =  (FA -E J- Il  ", w r n o d        X.  H .f'.r)  Cl 't (3-42 b)
,, V *_

1-
We assume that:

t(fINTVXA<- Xiv 9,wrj ·c, D
We integrate Eq. (3-42b) by parts (Green's Theorem) to get:

CA,(6-El-'Al(Xrv 1 -9 V Xt) ds 0 -43)-  2'0, 2 '1 4 1 UT twT   4

where the integral S is over the surface of the internal

region. The problem is now to find expressions for 9 I,wr
and 1,wr  on the surface (i.e., boundary between the internal

and external regions). We write  for '   in the external

region:

Iex·r L.Ue /L (3- 44)
d
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where:         = channel wave function, i.e., contains all

quantum numbers, etc. other than radial

function, and also the factor 1/r,

We   = radial part of the wave function.

If we consider a surface in configuration space made up'of    i

the intersection of incoming and outgoing channels, as seen

in the two-dimensional diagram below,

"Cha"*f/. LItg                    erTer,lat r<p,e.,
E wTernal r -7 ..
REG leao -r

;                                   ---

1                   +        f                        4,---
1    -     -  ---  - -1

IM TE, M  ,-1

8,u.Al y       -- r* 9 "*
su r Act =*

we  see  that  the    5 are orthogonal  IF  we  pick a boundary
-

surface equal to or larger than the surface formed by the

intersection of the incoming and outgoing channels. That

is, the overlap
,f(P: cP.,   A

s will be zero, or

,t42*.· As =E, (3-45)ce

Since  the 41 'S  form a complete  set of functions  on  a

boundary surface equal to or larger than the surface formed

by the intersection of the various channels we may use this

set  to find expansions for 9.72*, and 'TeR·ron the surface.    We

define the following "value" and "derivative" quantities

respectively:
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/1  _ /  tz   I'/ u  ta 1 (3-464)Vc --C v,Cl ej
C Zr,1 ca .   )

r,    -  /       A  '    1 4  r.  cl U.(r. )1-J
C < 2Mcat 

(#-466)
(31 rc

re, = el t

where    £1.c  is the value  of    YQ   at the channel surface.

These equations may be written in integral form as follows:

/   4- 1   1 /1-  r\'1 -/in
1 ¢12'  92.-    d  S

ve
-CZ,Heae  (3 -47.)

and

D. , / 1, 4 c (19 * g (r. 1,) cIs
11 9. I.

0-476)(2 1. J «Is ,
where ' „ = EU, CP,  CE!1 (211 thetile surface) may be used to show

equivalence  with  Eq.   (3-46a)  and  Eq. (3-46b). Now' c a and
94  e..r may be obtained  from Eq. (3-46a) and Eq. (3-46b) as

follows:

..F.„ 1     =  StET '1. C:52 1     .  f.(93*MC '· 1,· 11
(C, (8-414)

JEL J C·  ' C.    i
¥2=Qc re=ac-

9,(rt)1, 9  1+4,29  1 = E-du, ICA, ) 01<,„ 4   ·eleT
< 67/1 -re =a l 4:Qc- re : a .      e

r,-ae
9.(11'L,)1      =    ·F(51%t)'.(De-Vi)'p.                   63.496)

:de
Recall: and

9 1=2 11*T I ,UT j   1.,1   = U. 9/., 1

(3-49)
fesaL- fe at- fc=at rc=a L

Equations (3-48a) and (3-48b) substituted into Eq. (3-43)

yield:

r,   = (E. - E)- '4TCD,  14:  -  V.  D,#=  )         ('-F"1-,9
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where VA  and D,  are defined for  2 similarly to Eq.

(3-47a) and Eq. (3-47b).  Equation (3-50) is exact when the

boundary surface is equal to or larger than the surface

formed by the intersection of the various ingoing and

outgoing channels.  Recall from Eq. (3-36) that we had for

the orthogonal internal states:

H xA   =  EA XA
where:

,<Ax, a2= 8
AA'

From the general boundary condition (Eq. (3-37)):

*
©R.       DAt    ( =      6.    1    - b G-st)(t. 3:1= -- ---4 - L

Grac Vt  C
-

./
Eq. (3-50) becomes:

-15- V *(D„-bc-V.)(A  =  (EA -E j    t-   A,

= (EA-El-' E YA= D: (:3-51 )
C.

where:

0

,   = 109 - 6. V<D

Using this value  for  dA    in  Eq.   (3-39)  we  have:

12       -. 5-  fz  XA >SE. 1  DZ1#T 7 L A   EA-E J (3-53)

This equation relates the value of T, 9 r at any point    in    the

1.

volume 2 to its "derivatives" (actually derivative and

value) on the surface S.  Operating on Eq. (3-53) with
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b                    C z S.,)" f 4,  d s
yields:

(31  \'' f.p   €YAS    , /  11 /'GY,   D'/31  )44·' As
-                                              

                                                
7("A, J  j                 ,"

C J  A   C EA-E ( 24'60
5                                                            5                                                                                        (3-54)

Using Eq. (3-47a) in Eq. (3-54) we obtain:

V«'=FR r. 6c'e 'Ye (3-65)
C

where:

P ,      =   5-     YA*'  TiA
1\8 i     Z- - (3 -56)A EA-E

Equation (3-55) defines the fundamental R-matrix relation,

-            i.e., the value in any channel is related to the derivative

quantity Dc in all channels.  We may write Eqs. (3-55) and

(3-56) in matrix notation as follows:

V = RID' (3-57)

where:
- C YA  K 31)

ni = 1 (3-58)

A  EA-E
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3.2.2 Relation Between the R-Matrix and Scattering Matrix             

We have, from Eq. (3-55), defined the fundamental R-

Matrix relation and have further given (Eq. (3-56)) an

expression for R in terms of various "internal" parameters

C    A c.  and   E A  ) . The problem  is  now to develop a relation

between the scattering matrix and the R-matrix.  For an

            external wave function, in general, we can write (from Eq.

(3-8)):

9-
.-'

- 2  \4-"1- CA·Il-  8.0.) r-' fIM /, > (5-59)
C

where:

8«' = 2 46-Ae   eR-    B = SA (3-60}
C -

From Eq. (3-55) we have:

11 0
Vo,       =    F     Rec     u.

C

The "value" and "derivative" quantities for the external

wave functions can be written as follows:

1.     4
V    =/     41'-  1«    WCS) 1       =  Clit 1.15: ,u,(f,)1 (3-614)

C. \2'Meae) V.,  C Z J
4=€It 1=4 c.

/     t'.   \4' 1   D  cl (A13 =1 - , 1,4 1 c - 1 , Cf) e.."s (Acce,1 (3-616)t    £2*c dey v
61 e. Cl 9= fc =4 C.974 &

1,     where

A = k rc
Using Eq. (3-59) in Eqs. (3-6la) and (3-6lb) and
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              substituting into Eq.  (3-57) we have
(in matrix form) :

-                             4

f      /A-©18)=    119'.(IM  -0's}-be-,»-0,13)]
(S-61-)

Rearranging and factoring Eq. (3-62) gives:

-,-
(Cp-%  IR/44,1£boe-'.)8 »  (44-  121.F' , RLI<") tel

(3-63)

oe-'· (i-R(Rob-flb))  8   --  1[e-4(4 -12(91'116))  A
(3 -64)

Let:

Il- = e©'b-' = ./+ i P (3 -65.1

11:=91'i-1 =*2 -i p (3 -656)

and

11.2  -  L- 16   ( = 67- Ib 3 +2 F) (3-66a)

Ilf ,   r- 16    (  =  6/- 16)  -  i IP) (3 - 66 k)

where ..<5  is the shift factor and    the penetration

factor. The diagonal matrix Ib is the boutidary condition

from Eq. (3-37).  Then we may write for Eq. (3-64):

B = f"O-'(1-12,rl-'(i-EL')re-"A (3 - 611

If we compare Eq. (3-67) with Eq. (3-60) we find that:

S  , 9'"©-'  (i-121:J-'(i-R  13*)  lI- p-4, (3-68)
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Equation (3-68) gives the required connection between the R-

matrix as given in Eq. (3-58) and the scattering matrix as

defined in Eq. (3-9).  We define

/ 1/1-

(3-61_fl c   =    (rc  /0.  1 12.=ac

As can be seen in Appendix 6:

8  = (8/Lo c-          re= a 1- (3-70),

60  = CO6 1 c·Le W<.1
/·r _7-/A\ - 2£ (5-71)

re Za e
Then:

n     D "L  -   /  E3:   0      9'-      \:5.  =     f¢,-  CQI (3 -7z)
aL-c '6      -  f  0        Ic Oc.  1
0-4 C r t o e.      Ic   I        =      7-       P- 40

1-73)
41.

re      .Il c    =    l  - pe -J- el 1 0-EL )
and we can write:

fly 311.

e  -    fl P"o (ri- ILi ,j-,(f-lp4 1:4) P-'lfi (3 -7414==0-

f,  n (4£.2£p'·(f-IRT: j-'R P'z). 1     (,-,51
3'* ,

The  values  for the scalar matrices  J L  ,   P,  and   L   are
derived and summarized in Appendix 6.

3.3 The Computer Program ORMAP

The Ohio (University) R-Matrix Analysis Program, ORMAP,

was written for this experiment and programmed on the

Laboratory's IBM 1800 computer.  It is a multichannel,

multilevel program which, for the analysis of data in this

1
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experiment, utilized three channels and up to five levels of

the same total angular momentum and parity  ( I'r).    The  pro-
gram  takes as input information  the  J  and 11' of resonances,
the number of levels (of a given J#) with corresponding lev-

el energies EA, the number of channels, values of orbital,

channel spin, and intermediate j (j-j coupling) angular

momentum in those channels, the appropriate reduced widths,
J*

boundary conditions, and background   (or  Ro ) terms.     The
eg

program utilizes a format- free assembler-read routine with a

sophisticated analysis of the input parameter cards to de-

tect possible errors in the numerous input parameters. The

program further takes as input information the Legendre

expansion coefficients of the experimental differential

cross sections (see Section 2.7).

The program ORMAP formulates the R-matrix from the

various input parameters in accordance with Eq. (3-56),

I    r NLS

R    =  1  I    YA'' FrA(-   .   R„   2               0-7.,dE EA- E              etA=I
I fr

where Ro  is the so-called background term, i.e., the
02                                                 Icontributions to the cross section of resonance states far

3-·r,removed from the region of interest. Ro.  may be writtenet
as:

Ill· 00

'12, 0    =    Z       #2 ft    CONSTANT
d'e A=N+1 -E,-E

79We will see that fo = constant is a reasonable assumptionet
for the experimental data over a wide range of energies.
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Once the R-matrix is formed, the scattering matrix is cal-

culated via Eq. (3-75),

Ss,= -n. (f + 2, IP"' (4£ - R'al j-#ITZ'TP ")--0-

The R-matrix was formed with parameters in j-j coupling in

this analysis.  Therefore, when the scattering matrix is

calculated, its elements are in j-j coupling and must be

transformed to L-S coupling.  This is accomplished via Eq.

(3-34),

=Tr ilr

S':u  =  2'-R (1  s-II,i, )   S,,  .R(1's-SI,1.,j,)
01, Al J·Rl

and in the program by the transformation subroutine.  If the

user specifies j-j coupling, the program uses Eq. (3-34) to

transform the scattering matrix to L-S coupling before

proceeding to the calculation of the Legendre coefficients.

Of course, if the user specifies L-S coupling, no transfor-

mation is required.

The final step in the calculation involves Eq. (3-24),

A-L 4' A
   9   -  2 (.1,:r, 10-Ix, 4 LJ 2- (J I'.I: 1"A'Lj

BL(6 N DJ =  (zr+  (zs*;)J  I,3..1„4  414'

,  R.P  ) t' g  f.6,).( :  6-  6.2,,f  )j
Legendre expansion coefficients (13,(6 .0)) were calculated

from R-matrix parameters through L=4. A question might

1.

arise as to why these 136(ENo) are calculated and compared

to the 81*NO) obtained from least-squares fitting of the
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experimental data instead of comparing directly the experi-

mental cross sections. The reason for this is that over the

energy range from approximately 100 keV to 8 MeV neutron

energy there exist roughly two hundred angular distribution

measurements of from five to nine angles each.  This is a

significant amount of data and it is more manageable in the

form of Legendre expansion coefficients.  More importantly,

the nuclear structure information we seek is more evident in

these expansion coefficients as the partial waves contribu-

ting to particular resonances are many times evident direct-

ly by observing plots of the Legendre expansion

coefficients.

The output of ORMAP is on a Calcomp plotter with op-

tional listing of R 45:Noj coefficients. The program first
u'll

plots the expansion coefficients of the experimental data

and then the coefficients are calculated from the R-matrix

parameters.  A visual comparison between calculated and

experimental results is made and R-matrix parameters are

then adjusted accordingly to improve the fit to the data.

The computer execution time for one energy with nine pos-

sible values of angular momentum and parity, three channels

and five allowed levels per I'  is two minutes.

Mention should be made here of the use of an IBM 1800

computer for this type of calculation.  With only 13K of

memory and approximately SOK of disk space available to the

user, and with the 1800 computer roughly first generation

equipment, considerable effort was necessarily expended to
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make this program fit into the computer and to be efficient.

Since the laboratory's 1800 computer has no floating point

hardware, all angular momenta are doubled internally such

that all Racah and Clebsch-Gordan subroutines could be

written using integer arithmetic.  Further, Eq. (3-24) was

summed over channels instead of individual quantum numbers,

reducing the sum over eight quantum numbers to a sum over

six channel indices.  This same technique was employed in

Eq. (3-34), the transformation equation, and thereby

provided the most efficient scheme for the extremely large

number of calculations implied by Eqs. (3-24) and (3-34).

While a much larger, faster, and newer generation computer

is definitely more suited to this type of calculation, the

results considered in Section 3.5 demonstrate what can be

accomplished on difficult spectra with a smaller and slower

computer and some clever programming.

3.4 Results of R-matrix Analysis

The R-matrix analysis program ORMAP was used to analyze

the neutron elastic differential cross section data measured

in this experiment as well as earlier data of Lane, et al·

(La  70) and Nelson,  et  al·  (Ne  73). Both earlier sets  of

data have been previously analyzed with the R-matrix using L-

S coupling with certain restrictions on allowed channels,

i.e.,962 and no change of 1 between entrance and exit

channels.  The present work represents the first time data

On 118+n have been analyzed in j-j coupling and with a
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change allowed for the , -values between entrance and exit

channels.  Considering the ground state spin of 11B and the

fact that experimentally only Legendre coefficients through

L=4 were necessary to fit the data, thus implying the

incident neutron beam contains partial waves through,/=2,

nine possible values of angular momentum and parity can be

formed for compound states in 12B from neutron elastic

scattering.  Because of the large number of parameters

involved in fitting the experimental data, the boundary

condition in each channel was set equal to the energy

average of the corresponding shift factor for each channel

and was not varied.  While this choice is rather arbitrary,

making the boundary condition equal to zero makes the
3.Tr

background term,  Ro   , more energy dependent  (We  71).
C'C

Therefore, the present choice was made in an attempt to
Jfr

minimize the energy dependence    of       / o,
Ce

Itr
A considerable amount of background  C  o    ) and radius

e 'c-
parameter variation was carried out through ORMAP before the

final background terms and nuclear radius were selected.
Tlr

Figure 3.2 shows  a plot using  only  the Re terms  for  a
e'C

nuclear radius parameter of 4.5 Fermis.  These values were

used in the R-matrix analysis.  Once this general background

is established, the analysis can proceed with variations of

J'ir assignments, level energies and level widths as discussed
in the following sections.

1.
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3.4.1 Analysis of the Region from 0.0 MeV to 2.3 MeV

Figure 3.3 shows a plot of the R-matrix fit to the data

of Lane, et al. from 0.1 MeV to 2.3 MeV neutron energy.

Table 3.1 gives the possible Jlr combinations that can be

formed from neutrons elastically scattered from 11B with

partial waves up to and including f =2 along with the

various R-matrix parameters used in all the fits to data in

the present work. Much of the difference from 0.0 to 0.6

MeV between this plot and that of Figure 3.2 is from the

effect of two largely single-particle bound states, i.e.,

1- at Ex=-0.75 MeV and 2- at EA=-1.70 MeV.  The very narrow

3- (=3 eV) d-wave state at approximately 20 keV and a very

narrow 1- s-wave state at approximately 1.0 MeV have not

been included in this fit. The 3
-
state at 20 keV is so

narrow that its effect would be negligible until the d-wave

penetrability becomes larger (see Figure 3.16) and then any
Tlr

effect would be included in the trot 'ti
background term.  The

1- s-wave state at 1.0 MeV is narrow enough to be ignored in

the study of the major structure in this region.  The

2+state at 0.43 MeV neutron energy is well fitted in both

shape and magnitude and its previous assignment is

confirmed. The broad 2-state at 1.1 MeV and the 4-state

at 1.26 MeV neutron energy are fitted well in shape and

reasonably well in magnitude. The 1+state at 1.77 MeV is

well fitted in shape and slightly low in magnitude in the

Bo and 131 terms. It is likely that a readjustment of the

background parameters would solve this problem.  However,
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Table 3.1

R-matrix parameters for levels in 128 .used for final fit as shown in Figure 3.6.  The nuclear radius

parameter used in this R-matrix analysis was 4.5 Fermis.

Levels (MeV) Reduced Width Amplitudes Backgrounds Boundary Conditions

YAC
J      En(lab)  Ex(cm) EA(cm) C'C                     C(MeV,cm)1/2

Ro                       B

-

d-3/2 d-3/2
0- 4.60 7.59 4.10 0.3 0.25 (£=2) -0.500

+ p-3/2
0 -- 0.35 (2=l) -0.125

s-1/2 d-3/2 d-5/2 s-1/2  d-3/2  d-5/2
1-                 -- -0.75 0.70 0.00 0.00 s-1/2 0.00 0.30 0.00 (£=0) 0.000

4.58 7.57 4.12 0.30 0.20 0.45 d-3/2 0.30 0.25 0.00 (£=2) -0.500
4.75 7.73 4.22 0.30 0.45 0.20 d-5/2 0.00 0.00 0.15 (£=2) -0.500

+ p.1/2 p.3/2
1 1.77 4.99 1.60 0.10 0.25 p-1/2 p-3/2

3.53 6.60 3.17 0.20 0.20 p-1/2 0.35 0.00 (2=l) -0.125
3.88 -6.92 3.45 -0,28 0.28 p-3/2 0.00 0.35 (£=l) -0.125
5.85 8.73 5.30 0.20 0.00    -

s-1/2 d-3/2 d-5/2
2- -1.70 0.60 0.00 0.00 s-1/2  d-3/2  d-5/2

1.09 4.37 0.65 0.40 0.00 -0.65 s-1/2 0.00 0.30 0.00 (£=0) 0.000
2.85 5.98 2.05 0.00 0.65 0.65 d-3/2 0.30 0.25 0.00 (£=2) -0.500
4.80 7.77 4.26 0.00 0.40 0.25 d-5/2 0.00 0.00 0.15 (£=2) -0.500
6.25 9.10 5.65 0.00 0.25 0.25

+ p-1/2 p-3/2 p-1/2 p-3/2
2 0.43 3.76 0.30 0.12 0.40 p-1/2 0.35 0.00 (£=l) -0.125       j

p-3/2 0.00 0.35 (£=1) -0.125 Ul

.-
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Table 3.1 (continued)

Levels (MeV) Reduced Width Amplitudes Backgrounds Boundary Conditions

YAC
J      En(lab)  Ex(cm) Ex(cm) ROC'C                   B( MeV, cm) 1/2                                                                                                                                                                      C

d-3/2 d-5/2 d-3/2 d-5/2
3- 2.58 5.73 2.285 0.28 0.20 d-3/2 0.25 0.00 (2=2)  -0.500

5.31 8.24 4.77 0.35 0.35 d-5/2 0.00 0.15 (£=2)  -0.500
5.65 8.56 5.12 0.20 0.20

+ p-3/2 p-3/2
3 2.45 5.61 2.20 0.25 0.35 (£=l)  -0.125

d-5/2 d-5/2
4- 1.26 4.52 0.31 0.95 0.15 (£=2)  -0.500

H
0
0\
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these parameters were chosen to fit the entire region from

0.0 to 8.0 MeV and in the beginning it was not known that

the data of Nelson, et al. (2.3<En<4.0 MeV) were low by 10%

to 15% (see Section 3.5).  Therefore, the background

parameters should be readjusted to give slightly more

magnitude in the even polymomial terms.  However, the fit to

the data is certainly sufficient to confirm the assigmments

of Lane, et al. below 2.3 MeV neutron energy. It should be
--

pointed out here that the narrow 1- state at 1.0 MeV neutron

energy not included in this R-matrix analysis is not the

1- member of the [IP,  , lcle/11 particle-hole multiplet  (see

Section 3.6) as it is much too narrow to be formed by this

simple coupling.

3.4.2 Analysis of the Region from 2.3 MeV to 4.0 MeV

Figure 3.4 shows a plot of the R-matrix fit to the data

of Nelson, et al. from 2.0 MeV to 4.0 MeV neutron energy.

The two well-defined resonances at 2.45 MeV and 2.75 MeV

neutron energy have been previously assigned  3+ and  3-

respectively and those assignments are confirmed by th»e

present R-matrix fit which is in agreement with the data in

both shape and magnitude.  However, in the present R-matrix

analysis, the broad state reported at 2.65 MeV neutron

energy by Nelson, et al. could not be fitted assuming a

1- state as previously (tentatively) assigned.   A 2-

 
assignment to this broad resonance produced the solid curve

shown in Figure 3.4 while a 1- assignment produced the
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dashed line. It seems clear that the 2- assignment fits the

data better, particularly in view of the fact that the data

of Nelson, et al. appear to be approximately 10% low in this

region (see Section 3.5).  While there may be some support

from shell model theory for a 1- assignment here (see

Section 3.6) the experimental data do not necessarily

confirm its existence at this energy.  This is an important

assignment from the standpoint of nuclear structure and will

be considered further in Chapter 4.  The present R-matrix

fit from 3.0 to 4.0 MeV leaves something to be desired.

Hundreds of cases of angular momentum and parity assignments

with variations in R-matrix parameters were tried without

success in fitting this region. While  two 1+ assignments  as

previously (tentatively) assigned by Nelson, et al. are

shown in Figure 3.4, it is obvious that difficulty exists in

fitting the Bi and BI coefficients in this region.  Positive

parity assignments helped to fit the Bi terms and negative

parity assignments, the B2 terms, as expected.  However, no

combination could be found that would yield a respectable

fit to this region and it is concluded by the author from

hundreds of attempts to fit this region that either some

unusually complicated resonance phenomenon is occuring in

this region for which the correct R-matrix parameters yere

not found, or that the data are wrong.  Section 3.5 and

Chapter 4 will further discuss the problems of the data in

this energy region.
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3.4.3 Analysis of the Region from 4.0 MeV to 8.0 MeV

Figure 3.5 shows a plot of the R-matrix fit to the

present data from 4.5 to 7.5 MeV neutron energy. It is

apparent from the data and from the fit to the data that

this is a much more complicated region with which to deal.

First, the region from 4.5 to 5.0 MeV neutron energy is

composed of several narrow resonances which are only

partially resolved by recent high resolution total cross

section measurements (see Au 76 and Figure 3.13) and

resolved in the present differential cross section

measurements as only a broad composite resonance. The

magnitude of the Bl coefficient in this region is large with

the 83 and 84 coefficients showing only increasing trends.

Numerous combinations of positive and negative parity states

were tried, but lt was difficult to maintain the shape and

magnitude in Bo and B, while increasing the magnitude of the

Bl coefficients, and at the same time limiting the magnitude

of the B3 coefficients.  The final fit to this region is

only partially successful.  Because of the complexity of the

problem, it is doubtful that further effort is warranted or

would provide any more meaningful results since much of the

underlying finer structure here is not resolved in this

experiment or even in the higher resolution total cross

section measurement of Auchampaugh, et al. However, a--

  effort. First, in order to achieve a general shape fit to

certain amount of information has been obtained from this

this energy region in all coefficients, only states of
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negative parity gave agreement.  No combination of positive-

parity states or combination of positive- and negative-

parity states came even close to fitting the shape and

magnitude of the Legendre coefficients in this region.

Further, no success was achieved in the fitting with

negative parity states of angular momentum greater that 2.

The fit to the data in Figure 3.5 in this region consists of

0-, 1-, and 2- states (see Table 3.1).  While these param-

eters give the best fit to data, they are not to be

construed as new assignments.  They are undoubtedly not

unique and a different combination of 1- and 2- states may

give an improved fit to the data.  As will be seen in

Section 3.5, these values of Jlr in this region are consis-
tent with what is known in the analog energy region of 12C.

Another difficulty with trying to fit the region from 4.0 to

5.0 MeV is that resonance structure from 3.0 to 4.0 MeV will

certainly effect the present fit from 4.0 to 5.0 MeV and the

present analysis has been unable to fit the region from 3.0

to 4.0 MeV.  In spite of this difficulty, the numerous R-

matrix calculations with various combinations of states made

in this region suggest that this composite peak is made up

largely of 1- and some 2- strengths.

One of the main purposes for an R-matrix analysis of

the present data was to determine the cause of the large dip

in the total cross section at 5.5 MeV neutron energy.  This

dip has been observed by all total cross section measure-

ments in this energy region. Such a dip is normally a
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characteristic effect of the interference between two states

of the same angular momentum and parity having roughly the

same probability for formation and decay in the same

channels.  The fact that this dip is seen in all the higher

Legendre expansion coefficients is significant because it

imposes limits on the angular momentum and parity of the

resonance states which cause this effect. Sum rules of the

angular momentum coupling coefficients (Bl 52) limit the

states to 2-, 3-, or 4- assignments.  With 2- assignments at

5.30 and 5.65 MeV neutron energy the magnitude of the fit

was too small to begin to give the significant increase and

interference effect seen in the Bl and B* coefficients.

With 3- assignments and equal reduced widths in both d-3/2

and d-5/2 channels (see Table 3.1) the fit in Figure 3.5 was

obtained.  While 4- assignments gave a better fit to the

data than 2- assignments, they still did not produce as good

a fit as the 3- assignments.  As can be observed in Figure

3.5, the most difficult feature of these data to reproduce

via the R-matrix was the sudden and significant increase in

the B4 coefficient around 4.5 MeV followed by the large dip

at 5.5 MeV.  It can be seen that the fit to the B4

coefficients is good in both shape and magnitude. It is

interesting to note that the best fit with 3- assignments

was obtained with equal reduced widths in both d-3/2 and d-

5/2 channels (see Table 3.1) even though the shell model

predicts mainly d-3/2 strength in this region (see Section

3.6).
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Beyond the pronounced interference dip there exist two

resolved resonances at 5.84 and 6.21 MeV neutron energy,

respectively. The resonance at 6.21 MeV shows evidence of

being a composite pedk made up of two resonances but this

was not clearly resolved in either total cross section

measurements or in the present data. For the resonance at            I

5.85 MeV neutron energy the R-matrix analysis yielded a best

fit with a 1+ assignment.   It is not clear from the Legendre

expansion coefficients of the differential cross section

whether this peak is present or not in the B, term.

Negative parity assignments greatly increased the magnitude

of the B4 terms while the positive parity assignment gave

resonable shape and magnitude agreement in Bo, Bi, and

B3 coefficients while not affecting the B4 coefficients, as

would be expected from the aforementioned sum rules.

Therefore, this state has been tentatively assigned 1+.

The state at 6.21 MeV neutron energy has been assigned

a very tentative 2- and may well indeed be an unresolved

composite of two resonances.  While the shape and magnitude

of the fit to this resonance are reasonable in most of the

coefficients the key factor for this negative parity

assignment comes in the B 4 coefficient which is the least

well-fit.  In order to get the correct shape of the fit to

the 84 coefficients above 5.5 MeV it was necessary to

postulate a negative parity (d-wave) state to interfere with

          the

3- (d-wave) state, thus "forcing" the shape of the fit

to conform to the data. There can be no doubt that a
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reasonably strong d-wave state exists in this region.  The

problem of the magnitude of the fit in the Ba and Bl

coefficients above approximately 5.6 MeV is due to this

interference of the 2- d-wave state with the 3- d-wave state

at 5.66 MeV neutron energy. It is clear from Figure 3.5
that not exactly the correct parameters have been found and

this may further be compounded if the resonance at 6.21 MeV

neutron energy is indeed two unresolved resonances.

A final interesting feature in this region is the broad

structure at 7.0 MeV neutron energy. No success whatsoever

was enjoyed in attempting to fit this structure with R-
matrix parameters. From the data of Figure 3.5, it appears
to be composed of d-waves, but it is not seen in the recent

total cross section work of Auchampaugh, et al. (Au 76 and--

Figure 3.13). Several very narrow resonances have been

observed in this region (Aj 75, Au 76) and it is conceivable
that they are narrow d-wave states, the unresolved composite

of which is seen in the present work.  As the terms which

make up the even Legendre polynomial coefficients contain
squared as well as cross terms, while the odd Legendre

polynomial coefficients only contain cross terms, perhaps,

on the average, the effect seen in the present data is

reasonable.  However, no solid explanation of this

phenomenon is available at this time.  Figure 3.6 shows the

final R-matrix fit to the data of 11B+n for neutron energies

from 0.075 to 8.00 MeV.

-
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b 3.5 Comparison of Data with other A=12 Experiments

There exists a very limited number of measurements of

neutron differential scattering cross sections on 11B in the

4 MeV to 8 MeV region (Ne 73, Po 70, Ho 69). Section 3.5.1

will make graphical and numerical comparisons with what is

known from the literature. Recent total cross section

measurements (Au 76) are compared with the present inte-

grated elastic data and the integrated nonelastic cross

section is inferred in Section 3.5.2. Comparisons of re-

sults obtained in other reactions leading to states in 12B

and to T=1 states in 12C are also discussed.

3.5.1 Comparison with other 118 1 n Measurements

Nelson, et al. (Ne 73) have measured differential

elastic cross sections from 2.4 MeV to 4.4 MeV. A com-

parison of that measurement at 4.09 MeV with the present

elastic results is shown in Figure 3.7 and Table 3.2. The

curve in Figure 3.7 is a least-squares fit of five Legendre

polynomials to the present data. Table 3.2 is a comparison

of the integrated elastic cross sections for various sets of

data.  While the shape agreement is generally satisfactory,

Nelson's measurements at 3.99, 4.09, 4.19, 4.29, and 4.39

MeV average 7 to 15 percent low in absolute value of the

integrated elastic cross section when compared to the

present work.  As the 4.08 MeV measurement was also a 12C+n

check point which demonstrated the accuracy of the present

work, it is concluded that Nelson's measurements are 7 to 15



118

0
0-
Lf) 118 + N

0 & WHITE. EN=4.08 MEV0-
rt

8 NELSON. EN=4.09 MEV

\
00
EO
0-
CO

Ill.

CE
»-
LLI
I
1-0
&.'-,0 -

CICV

fi
40
CO

0
0-
-4                                                                                                 El

0        1       1               1
1.0 0.5 0.0 -0.5 -1.0

COS(THETA) C.M.

Figure 3.7  Plot of comparison of data of White, et al.
and Nelson, et al. for En=4.08 MeV.--

 6



119

Table 3.2

Comparisons of the integrated elastic differential cross sec-
tions (ael=4 80) of other measurements with the present data.

Neutron (Lab) Energy Gel=4180 Difference

White, et al. 4.00 MeV 1374 mb
--

Nelson, et al. 3.99 1131 17.7% low

White, et al. 4.08 1196

White, et al. 4.10 1202Il -                   1
Nelson, et al. 4.09 1112 7.3% low

White, et al. 4.21 1221
--

Nelson, et al. 4.19 1171 4.1% low--

White, et al. 4.31 1235

Nelson, et al. 4.29 1098 11.1% low

White, et al. 4.41 1260
--

Nelson, et al. 4.39 1066 15.4% low

White, et al. 4.31 1235
--

Porter, et al. 4.31 1199

Porter, et al. 4.34 1403 17.0% high

White, et al. 4.82 1475

Porter, et al. 4.82 1761 19.4% high

White, et al. 7.52 1106
--

Hopkins, et al. 7.55 1270 14.8% high
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percent low in the 4.0 to 4.4 MeV region.  Section 3.5.2

will discuss Nelson's measurements from 2.4 to 4.0 MeV. The

only other differential scattering cross section

measurements in this region are those of Porter, et al. (Po

70).  Figure 3.8 shows a comparison of the present elastic

data with two elastic measurements of Porter at 4.31 MeV and

4.34 MeV. Table 3.2 gives the integrated elastic cross

section for these two measurements which are only 30 keV

apart in a region where the cross section is known to be

slowly varying (see Section 3.5.2), yet there exists a 16

percent difference in these two measurements. It can

further be seen that Porter's 4.31 MeV measurement is not

consistent (within error bars) in shape with his 4.34 MeV

measurement and it is still further obvious that significant

difficulty exists with the forward angle measurement of that

work.  This difficulty has been confirmed in correspondence

with the group of researchers who performed that work (La

72).  The only other measurement in this region is one at

4.82 MeV, also by Porter, et al.  The shape and absolute

value of that measurement at 4.82 MeV also differ in a

similar way from the present measurement at 4.31 MeV and

suggest Porter's elastic measurements to be approximately 18

percent high in the 4 MeV to 5 MeV region.

There exists one measurement of the neutron

differential elastic scattering cross section at 7.55 MeV by

Hopkins and Drake (Ho 69).  The comparison with the present

data at 7.52 MeV is shown in Figure 3.9.  While the shape is
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in general agreement, the absolute values of Hopkins' data

points are approximately 15% higher than those of the

present work.  There exist some very narrow resonances in

this region and the 30 keV difference in the measurements

could contribute to the difference seen in the plot. The

excellent agreement in shape and absolute value of the 12C

check point at 6.94 MeV for the present results compared

with those of other laboratories, and the consistency of

remeasurement of the present data lend credence to the

measurement at 7.52 MeV reported here.

3.5.2 The Integrated Nonelastic Cross Section for 118+n

Recent high resolution total cross section measurements

of 118+n by Auchampaugh, et al. (Au 76) at Los Alamos

Scientific Laboratory are compared in this section with the

integrated elastic scattering cross section measurements of

Lane, et al. (La 70) from 0.1 to 2.3 MeV neutron energy,

Nelson, et al. (Ne 73) from 2.3 to 4.0 MeV and the present

work from 4.0 to 8.0 MeV. Figure 3.10 shows the comparison

of Lane, et al. with Auchampaugh, et al.  It can be seen
--

that the agreement of the two measurements is quite good as

should be expected since the first inelastic group from the

first excited state of 11B is not reached below 2.32 MeV

neutron energy.  As can be seen in Figure 3.11, the next

inelastic groups are reached at 4.85, 5.48, and 7.35 MeV

respectively.  The (n,a) channel is reached at 7.24 MeV.

Other than the (n,y) channel discussed in the next section
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there exist no other reaction channels below 8.0 MeV.

Figure 3.12 shows  the  work of Nelson,  el il· compared

to that of Auchampaugh, et al. Even though the first
--

inelastic group is reached at 2.32 MeV, it is unlikely that

the magnitude and energy dependence of the inelastic cross

section can make up the difference between the total and

integrated elastic scattering cross section as shown in

Figure 3.12. In the work of Lind and Day (Li 61) the

excitation function for the 2.14 MeV gamma-ray excited by

neutron inelastic scattering in 11B was measured from

threshold to approximately 3.2 MeV neutron energy.  With the

exception of a narrow resonance at 2.6 MeV with a peak

height of approximately 40 mb, the cross section up to 3.2

MeV averaged less than 20 mb, an order of magnitude less

than that indicated by the difference between the total and

integrated elastic scattering cross section in Figure 3.12.

Porter, et al. (Po 70) have measured the inelastic

differential scattering cross section at 3.18 and 3.74 MeV

neutron energy and have given for the integrated inelastic

cross sections 11 mb and 45 mb, respectively, while the

difference between the total and integrated inelastic cross

sections for these same energies from Figure 3.12 give

approximately 200 mb and 250 mb, respectively.  Further

discussion of these and related measurements in this energy

range are considered in Chapter 4.

Figure 3.13 is a comparison of the present work with

that of Auchampaugh, et al.  Several general features are
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immediately clear. First, the structure agreement of the

two sets of data indicate a close agreement in the energy

calibration of the two experiments.  Second, the change in

the inelastic cross section is significant at approximately

4.5 MeV where significant resonance structure is seen in

both the total and integrated elastic cross sections.

Figure 3.14 shows a plot of the integrated nonelastic cross

section obtained by subtraction of the present data from a

computer average,of the data of Auchampaugh, et al. which--

 

took into account the difference in resolution of the two

experiments.  The error bars on the data points in Figure

3.14 were assigned a value of 10% based on the absolute

error stated for the total cross section work of

Auchampaugh, et al. and for the error on the integrated--

elastic cross sections from the present measurements.  It

should be noted that while the average error on each data

point in the present differential cross section measurements

is approximately 4.7%, the average error on the integrated

cross section of an angular distribution is only about 1. 7%.

Since the (n,a) channel is not open below 7.23 MeV, Figure

3.14 represents the total integrated inelastic cross section

up to 7.23 MeV.  This plot may be compared to measurements

of the inelastic cross section of Porter, et al. at 4.31 and

4.82 MeV.  Porter, et al. obtained 70 mb for the integrated

inelastic cross section at 4.31 MeV which agrees almost

exactly with that obtained in Figure 3.14 at 4.31 MeV.

Porter, et al. obtained 162t10 mb for the integrated
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inelastic cross section at 4.82 MeV while the present work

inditates that quantity to be 350t35 mb.  The reason for

this factor of two discrepancy between these two sets of

data is not clear, and such a large disagreement indicates

clearly that careful measurement of the inelastic cross

sections should be made directly for 4.0 to 8.0 MeV.  The

uncertainty in the data of Auchampaugh, et al· is 1.5% and

that of the present integrated work approximately 1.7%.  The

4.82 MeV point is only 230 keV from a measured 12C+n

distribution at 5.05 MeV, the results of which are shown in

Figure 2.15. Remeasurement of the 12C+n distribution at
\

5.05 MeV showed consistency of the present work to be within

3% and in excellent agreement with that of Galati, et al.

(Ga 72). It is therefore concluded that the plot in Figure

3.14 is a more accurate representation of the integrated

inelastic cross section than that of Porter, et al.

The only other inelastic scattering measurement on 11B

has been made by Hopkins, et al. (Ho 69) at 7.55 MeV.  They

obtained 52t16 mb and 168t25 mb for the integrated inelastic

cross sections from the first and second inelastic groups,

respectively. Estimation of contributions from higher

levels was 70t40 mb for a total of 290&50 mb for the

integrated nonelastic cross section at 7.55 MeV.  That value

from the present work is 380t40 mb.  While the plot in

Figure 3.14 should never be considered to be a substitute

  does provided valuable information on the average magnitude

for direct measurement of the inelastic cross sections, it
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of the integrated nonelastic cross section from 4.75 MeV to

7.75 MeV. In addition, it clearly shows the prominent

interference dip at 5.50 MeV.  This is significant because,

as discussed in Section 3.4, the second best R-matrix fit to

this interference region in the data was with two 4- states.

However, as can be seen in Figure 3.15, a 4- state can only

decay by d-waves to the second excited state of 118 (5/2-),

and further, cannot decay to the first excited state of 11B

(1/2-) for f less than 4. As Figure 2.18 indicated, there

exists no evidence that partial waves greater than f =2 are

present. Figure 3.16 shows the penetrabilities for s-, p-,

and d-waves. The outgoing neutrons for the second excited

state of 118 (4.45, 5/2-) would have only 420 keV of energy

and Figure 3.16 clearly shows the d-wave penetrability for

this energy to be essentially zero.  Therefore, since the

interference from the two resonances at Ex=8.24 MeV and 8.56

MeV is seen in the total integrated inelastic cross section,

4- assignments can be ruled out.  On the other hand, as can

be seen in Figure 3.15, the 3-assignments allow decay to

both excited states,  the 4 -values being consistent with both

the penetrabilities and experimental measurement.

3.5.3 Other Reactions Leading to States in the A=12 System

Related to the present measurements and R-matrix

analysis are studies of several reactions leading to states

 
in 12B and 12N as well as T=1 analog states in 12C.  The

first to be considered is the 11B(n,y)12B or neutron capture
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reaction. Imhof, et al. (Im 62) have measured the cross--

section for this reaction from 0.14 MeV to 2.33 MeV (neutron

' energy) and at thermal energy.  The measured value of this

cross section for thermal neutrons is 5£3 mb. In the

neutron energy range from 0.14 MeV to 2.30 MeV there exists

some resonance structure but the cross section is in the

microbarn region throughout.  Therefore, this channel was

neglected in the R-matrix analysis.  There exists no known

(n,y) measurement above 2.30 MeV on 11B.

Recent measurement of the 9Be(7Li,a)128 cross section

has been made at E(7Li)=20 MeV (Aj 75) and 37 states of 128

with excitation energies less than 14 MeV were observed.

However, no new assignments of angular momentum or parity

were made.  States in 12B at excitation energies of 8.24,

8.58, 8.70, and 9.03 MeV seen in both the present work and

that of Aj 75 have been discussed in Section 3.4.3.  While a

-           great deal of study has been made on the A=12 system, there

exist few measurements on any of these nuclei in the energy

region corresponding to the present study on 12B where

direct comparison of states can be made.

States in 12B are also of interest in the study of the

structure of 12C.  The region of the present data on 12B

corresponds to excitation energies of approximately 22 MeV

to 26 MeV (c.m.) in 12C (see Figure 3.17).  The states

observed in B are pure T=1 states and have their isobaric
12

analogs in 12C.  However, the corresponding energy region of

12C Contains both T=0 and T=1 states and therefore, the

--                                                                                      1
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          study of 128 should help to clarify the complex level
structure of 12C.  Much of the work in this region of 12C

(the so-called giant dipole resonance region) has been

carried out via the 12C(e,e')12c, 11B(p,y)12c, 12C(y,n)llc,

12C(Y,p)11B and 11B(p,n)11C reactions.  Of approximately ten

levels identified in 12C in this energy region, four have

been  assigned  1-, T=l states, three  have been tentatively

assigned 1-, T=l states, one tentatively assigned 2-, T=l

and two have no assignment (Aj 75a).  At this point there

appears to exist no correspondence between the pure T=1

states in 12B identified in Section 3.4.3 and the T=1 states

identified so far in the corresponding region in 12C.

However, it should be noted that most of the experiments to

measure states in 12C ((p,Ya), (y,po) and (y,no)) in this

region will "select" 1-, T=l states due to selection rules

(T change-self conjugate nucleus, parity change, and angular

-            momentum change by one unit) and therefore states (such as

the pair of 3- states) of higher angular momentum will not

be seen in these reactions.

Finally, recent measurement of the 12 C(3He,t) 12N

reaction at E(3He)=49.3 MeV by Maguire, et al. have been
1

reported (Ma 76).  States confirmed or new states reported

in 12N in this measurement are at excitation energies of

2.42, 6.10, 7.13, 9.42 and 9.90 MeV.  This work concludes,

basically, that by comparison with the analog region in the

1.

mirror nucleus 12B, the structure of 12N remains poorly

known.
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3.6 Comparison of Data with Shell Model Calculations

' Most of the lower lying states in 12B can be reasonably

explained by simple shell model theory (La 70, Sh 63, Pa 56,

Gi 64, Gu 68, Mo 71, and Bi 74).  Considering the five

protons and six neutrons in 11B, we expect to see simple

particle-hole couplings between the p-3/2 proton hole of the

target and a lp-1/2, ld-5/2, 25-1/2, or ld-3/2 incoming

neutron which would manifest themselves as broad resonances

in the excited structure of 12B.  The splitting within the

various multiplets formed by the couplings stated above is a

result of the residual interaction between the proton hole

and the last neutron. Calculations of the this type, using

various residual interactions, are in agreement with

experiment, in particular the 11B(d,p)12B reaction (Mo 71)

for the first four levels of 12B (Gu 68, Gi 64), i.e., the

ground state and first excited state (1+,2+) arising from

the splitting of the [1 P,-,1,1 pit'..] particle-hole multiplet

and the second and. third excited states (2-,1-) arising from

the splitting of the [IP,It, 2 5 ,/J particle-hole multiplet.

In the states (unbound) observed from neutron elastic

scattering experiments, we are mainly concerned with the

' structure arising from the coupling to the ground state of

11B the ld-5/2 and ld-3/2 neutrons.  The proximity of the ld-

5/2 and 2s-1/2 single particle states causes configuration

mixing with some of the particle-hole states, as shown

below.

Lane, et al. (La 70) have made shell model calculations
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which included configuration mixing of the 2- states arising

from the DP,/1,25,/11 and [IP,A'' 135/z] particle-hole
multiplets with the results shown in Figure 3.18.  The

arrows indicate the displacement of the 2- levels as a

result of configuration mixing. R-matrix analysis by Lane,

et al. have identified the 3-, 2-, and 4- states of the-

[1  F< ' '   I  cl f,J multiplet.  From Figure 3.18 it can be seen

that the 1- member of this multiplet is predicted from the

calculation to be at approximately 5.8 MeV excitation

energy.  This predicted state is within 200 keV of the broad

resonance seen in the total cross section measurement of

Auchampaugh, et al. shown in Figure 3.12 at 2.85 MeV, and

provided the impetus for the measurements of Nelson, et al·

in search of this state. From their R-matrix analysis they

concluded that this broad state is 1-.  It is clear from the

present data and R-matrix analysis as well as those of

Nelson, et al. that this broad state at 2.85 MeV neutron

energy is of negative parity and angular momentum of either

1 or 2.  As suggested by the present analysis and shown in

Figure 3.4, this state is most probably a 2- state,
particularly when it is considered that the data of Nelson,

et al. are at least 10% low in this region. If this is
--

indeed the case then where is the 1- broad resonance final

member of the [I P,;4 , Ids,J multiplet, or at least where is

most of its strength?  Figure 3.19 shows the comparison of

the T=1 isobars in 12B and 12C along with the various

particle-hole configurations calculated by Gillet and Vinh-



140

9.0

8.0

7.0

6.0                                1-

5.0
4-

E
  /1 n-r. V _1_2-

3-

3.0
1-

2.0
1-2-

1.0
2+

0.0 1+

(14·1" i (i'-i,2,;) (1'i·"i)2 2/
Figure 3.18  Predicted levels from shell

model calculations on 12B
from reference La 70.

1,



141

             EXPERIMENT
0- [pi'd3 ]

12   12

[p,d]  GILLET  21 Ql. 1-    [pQI d 3.]
72 '2p-h CALCULATIONS

23.2  -      it, .,2 }
777 ,0                   Ip42(,3/21

(7.66 ._ 22.57.54 >3

6.8          1+

1-   [pE'd5   16.6      1+  j' 21.4 (|-). 72 /2
5.8 F     /

5.73 3-
20.6 (3+)

5.61                      3+
'   5.0          :+

20.3 (2+)

4.54 4- 19.6 (4-)

D                24.37 4.3 1- --19.3
2--    [P   d s    ]3.76     2+     18.84:9.2 1-2+    72

3.39 3-            D                                    [PE' ds  ]
18.36 3- 72 72

2.72           0+             17.79         0+
2.62                1

17.23              1

1.67                  2
16.58            2-

0.95                 2+                    1 6.1 1                  2+

0.0          1+          15.11         1+

12                     12
B               C

Figure 3.19  Comparison of the T=1 isobars in
12B and 12C taken from reference
Ne 73.



142

Mau (Gi 64) which suggest the 1- member of the D P,X, 1 4 f/J

-            multiplet lies somewhat higher than that predicted by Lane,

et al.  Birkholz and Heil (Bi 74) also predict the 1- member

of that multiplet to lie somewhat higher than predicted by

Lane, et al.  Calculated cross sections for elastic

scattering of neutrons from 11B as calculated by Birkholz

and Heil as a function of neutron laboratory energy are

shown in Figure 3.20. They state: "The 1- member of the

(lds/ML ,"81.s.) multiplet  does not appear  in the spectrum  (Ex< 6

MeV). It is shifted to higher energies and is spread over

broad resonances in the region Ex=7-9 MeV".  A careful

observation of the total cross section data of Auchampaugh,

et al. in Figure 3.12 suggest that the broad resonance at

3.55 MeV neutron energy could be the missing 1- state in

question.  This possibility is based on the fact that the

data of Nelson, et al. appear to be incorrect in both shape

- and magnitude in this region and that great difficulty was

experienced in the present R-matrix analysis in trying to

fit the data from 3 to 4 MeV (as well as the data from 4.0

MeV to 4.5 MeV).  A broad 1- state in this region would have

d-wave strength probably mixed in both d-3/2 and d-5/2

channels and by the sum rules (Bl 52) would be observed in

- the Bl coefficients thereby perhaps improving the fit from

4.0 MeV to 4.5 MeV in the present data.

On the other side of the question one could equally

well ask the origin of a broad 2- state at 2.85 MeV neutron

energy since the 2- member of the  IP,X, Id,/  multiplet is

---
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predicted 2 MeV or so higher. It is important to the

development of the nuclear model that properties of states

in this region be determined as accurately as possible

experimentally.  This should serve as strong motivation for

a remeasurement of the differential elastic scattering cross

section from 2 to 4 MeV neutron energy. From these results

it may then be possible to test the model more fully and

more critically.

Finally, there exists the question of the energy and

ordering  of the members  of  the  l p,;i, I Cl,41 multiplet.  This

ordering, as calculated by Gillet, et al., is shown in--

Figure 3.19. It is interesting to note that the 3- member

of  the (I p'I  , Id ,/1] multiplet falls within 100 keV of the

interference dip caused by the two 3- states in the actual

data.  Of course, this high in excitation energy one would

not expect to observe the pure d-3/2 single particle

resonance but instead considerable configuration mixing as

evidenced by the equal d-3/2 and d-5/2 reduced width

amplitudes used to obtain the best fit in the R-matrix

analysis. It is encouraging to note the similarities

between the actual data and the calculation of Birkholz, et-

al. in this region. It is clear from Figure 3.20 that the

calculated partial cross section for channels with total

angular momentum and parity of  3- show the interference

effect at approximately 6.25 MeV neutron energy that is seen

in the data at approximately 5.5 MeV caused by the inter-

ference of two 3- states. Figure 3.21 shows the Legendre
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expansion coefficients as calculated by Birkholz, et al.

The relative agreement of those calculated coefficients,

particularly in the 83 and 89 terms, with the present

results shown in Figure 3.6 is good.  Both structure and

reaction theory calculations are very difficult for these

light nuclei at excitation energies above the neutron

separation energy, and are usually hampered by a lack of

experimental measurements  of J ,  EA,  etc. of states  for  them

to use as a guide in fixing values of some of the many

parameters of the theory.  That, of c6urse, is one of the

objectives of this work.  It is hoped that the data and

analysis in the present work will encourage further

theoretical model calculations on this nucleus similar to

those already completed by Birkholz and Heil.

1,
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CHAPTER 4

CONCLUSIONS

The differential elastic scattering cross sections for

neutrons scattered from an isotopically enriched sample of

11B have been measured for sixty incident neutron energies

from 4.00 MeV to 8.00 MeV.  These cross sections provide a

significant contribution to the neutron data base needed on

11B for fusion reactor designs employing boron compounds as

shielding material.  These cross sections have been measured

by a neutron time-of-flight spectrometer system utilizing a

c6mputerized data reduction program developed for this ex-

periment which was independent of the usual normalization to

some known scattering cross section and which had a deter-

mined absolute accuracy of better than 5%. This accuracy

was determined by error analysis, measurement of several

well-known 12C+n cross sections, and numerous remeasurements

of both 11B+n and known 12C+n cross sections in the energy

range of interest.  While the mathematical error analysis

yielded standard deviations of the data, remeasurements of

the data and comparison of the 12C+n data with other

measurements together with the error analysis yielded the

absolute errors assigned to the data in Appendix 7.

While considerable resonance structure in the compound

nucleus 12B was known to exist in the region of the present

experiment from total neutron cross section measurements on

11B, the present measurements represent the first time that

data have been obtained from which significant nuclear
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structure information for 12B could be derived at these

energies.  In order to verify nuclear states already

assigned and to explore the possibility of new state assign-

ments in 12B, an R-matrix analysis program was written and

used to analyze all the known neutron elastic scattering

data for neutron energies of 0.1 MeV to 8 MeV.  Further, all

known neutron differential elastic scattering data as well

as all available total cross section (using an enriched 11B

sample) and inelastic neutron scattering data on 11B+n was

compared to determine, along with the R-matrix analysis,

consistency of the data and possible new structure

information.

Several conclusions have been drawn from this analysis.

First, the neutron differential elastic scattering data of

Lane, et al. from 0.1 MeV to 2.3 MeV neutron energy is in--

excellent agreement with recent total cross section measure-

ments of Auchampaugh, et al., and further, the present R-

matrix analysis using j-j coupling is entirely consistent

with the older R-matrix analysis in L-S coupling of Lane, et

al.  The state assignments in this region are therefore

considered to be verified and the data are considered to be

an accurate representation of the neutron elastic differ-

ential scattering cross section in this region.

For the region from 2.0 MeV to 4.0 MeV neutron energy

it is concluded that new measurements of the neutron elastic

differential scattering cross sections, i.e., remeasurements

of the data of Nelson, et al., are required.  There are
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several facts to substantiate this conclusion. As discussed

in Section 3.5.2, there is a 10% to 15% disagreement in

  magnitude between the total and integrated elastic cross

section in this region.  While the first inelastic channel

is open here the difference between the total and integrated

elastic cross section is an order of magnitude different

from several measurements of the inelastic cross section in

this region. In the region of overlap with the present

measurements, those same data are low in magnitude by 10% to

15%. In the work of Ajzenberg-Selove, et al. (Aj 75) in--

which the states of 128 were studied via the 9Be(7Li,a)128

reaction they state: "In the region of overlap with other

measurements, principally studies of 11B+n, the agreement is

very good.  All the states reported in 11B+n are observed

here with the exception of 128*(6.6,6.8).  The latter is

broad and could have easily been missed above the

multiparticle background.  It is not clear why 128*(6.6)

CJ1=(1) , 41.=140 keV) is not populated. A careful search

at eLAS=11' to 410 reveals no indication of it".  It is in

this region that significant difficulty existed in trying to

fit the data of Nelson, et al. with R-matrix parameters in

both that analysis and in the present analysis. In varying

R-matrix parameters in the present analysis, it appears

there may indeed be negative parity (d-wave) states in this

region from 3.0 MeV to 4.0 MeV instead of the presently

assigned positive parity (p-wave) states.  Further, the 1-

state previously assigned at Ex=5.8 MeV has been shown in
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the present work to be fitted better with a 2- assignment,

and higher resolution cross section measurements show that

this broad resonance is closer to Ex=5.98 MeV than to

Ex=5.80 MeV as presently listed in the literature. It is

concluded from the present analysis that this state is

definitely either 2- or 1-, but a definitive assignment to

this state as well as the other questions raised herein must

await a remeasurement of the neutron elastic differential

cross section from 2.0 MeV to 4.0 MeV.

R-matrix analysis of the present data from 4.0 MeV to

8.0 MeV has yielded new definitive assignments of 3- to two

states in 128 at excitation energies of 8.24 MeV (5.31 MeV

neutron energy) and 8.56 MeV (5.66 MeV neutron energy),

respectively.  The 3- assignments to these two levels
explains the prominant dip long seen in the total cross

section at 5.5 MeV neutron energy.  The resonance observed

at 8.73 MeV excitation (5.85 MeV neutron energy) has been

tentatively assigned angular momentum and parity of 1+ and

the resonance observed at 9.07 MeV excitation (6.22 MeV

neutron energy) has been assigned a very tentative angular

momentum and parity of 2-.  The possibility exists that the

resonance at 9.07 MeV excitation is a composite of two

unresolved resonances. In the region from 7.55 MeV to 7.90

MeV excitation (4.55 to 4.95 MeV neutron energy) the

resonance'structure resolved by the present measurement

           consisted

of states with angular momentum no greater than 2

and only negative parity.  This is consistent with what is

1

*
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known in the isobaric analog region of 12C.  A broad

resonance centered at 9.8 MeV excitation (7.00 MeV neutron

energy) and clearly observed in the even polynomial terms Of

the Legendre expansion coefficients of the differential

cross section has not been observed in the total cross

section measurements and little success was achieved in

fitting this structure with R-matrix parameters.  Whether or

not this structure is a composite of several unresolved

narrow resonances is not known at this time.

Subtraction of the present integrated elastic data from

the total cross section data of Auchampaugh, et al. indi-

cates that there exists resonance structure in the inte-

grated nonelastic cross section (total integrated inelastic

cross section below 7.25 MeV neutron energy) above 4.5 MeV

neutron energy and that the inelastic cross section beyond

this energy is roughly twice that measured from an earlier

inelastic measurement at 4.85 MeV by Porter, et al.  A

comparison of the integrated nonelastic cross section at

7.52 MeV from the present work with that of Hopkins, et al.

at 7.55 MeV showed somewhat better agreement with about a

25% difference between the two results.  It is clear from

the present work that roughly 20% of the total scattering

cross section from 4.5 to 8.0 MeV neutron energy consists of

inelastic scattering.  Because of the significant

discrependies between previously measured inelastic cross

sections and the present work and because the inelastic

cross sections are important in the use of boron compounds
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for shielding purposes, new measurements of the inelastic

\
neutron cross section for 11B need to be made. While no

inelastic channels were considered in the R-matrix analysis

(because virtually no inelastic data exists on 11B+n at

these energies) it is not expected that the basic

conclusions of the R-matrix fitting will be affected.

The relative agreement of very difficult shell model

calculations on 12B up to 10 MeV excitation energy with the

neutron scattering data is encouraging. Further accurate             I

neutron scattering data and accompanying R-matrix analysis

would be most useful to encourage further model development

and calculations of this type. To improve the neutron

scattering data base for 11B as well as to acquire new

nuclear structure parameters for the compound nucleus 12B

from the corresponding analysis of those data, it is

recommended that the first effort in the future be directed

toward measurement of the neutron differential elastic

scattering cross section from 2.0 MeV to 4.0 MeV neutron

energy. From such a measurement,,with subsequent comparison

of the integrated elastic scattering cross section with

available total cross section measurements, an indication of

the magnitude of the integrated inelastic cross section from

threshold to 4.0 MeV neutron energy could be obtained.

This, with the present work, would serve as a guide to

further measurement, recommended as the next priority, of

the neutron differential inelastic scattering cross

sections.
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APPENDIX 1

FINITE GEOMETRY EFFECTS

We consider here the finite geometry effects not

discussed in Chapter 2.  These effects derive from the

finite-sized neutron source (gas cell) and the (relatively)

large scattering sample. These effects cause an increase in

the energy spread of the neutron time-of-flight pulse, an

anisotropy of the incident neutron intensity on the face of

the sample, and an increase in the angular spread about the

scattering angle e as shown in the following exaggerated

diagram:

SCATTERIA K
RA M PLE         \ ./-

--

1

9+9

GASCELL 6/0         1
+0 ENO         I

D-0          1 8

4*86'

1
-

1  --4 -

9-4
0·le¥4,

r (e)

C.(8-f)
DE 72FC To R_

ENO is the zero degree neutron energy and ENO' is the

neutron energy at angle 0.  The average angular spread in

this experimental set-up is approximately f3.5'.  This is

based on the assumption that the full width at half maximum

or average angular resolution is approximately half the

maximum possible angular deviation obtained from the
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dimensions of the scattering sample, the source-to-sample

distance, the detector size, and the sample-to-detector

distance.  While this is a relatively large spread,

experimental factors dictated this geometry and for the

cross sections measured in this experiment this spread in

angle has little effect on the data as is discussed below.

From the kinematics of the T(p,n)3He reaction the

neutron energy may be calculated for 0=3.5' and compared to

the energy at 0=00 to obtain the average energy spread

caused by the finite geometry of the source and sample. The

average spread in energy throughout the neutron energy range

in this experiment was approximately f9 keV.  This is to be

compared with the t20 keV to £30 keV absolute spread caused

by the proton energy loss in the gas cell and therefore,

does not significantly increase the width of the neutron

pulses.

Using the Legendre expansion coefficients of the

differential cross sections for the T(p,n)3He reaction from

reference Li 73, the cross sections for angles between 0'

and 3.5' may be calculated.  The change in the differential

cross section for this reaction is very small (less than 1%)

up to 4'.  The neutron flux from the source is, of course,

proportional to this cross section and therefore the flux

change is also small to 4'.  Therefore, the intensity in               

neutrons/cm2 on the sample is essentially uniform and no

correction for nonuniformity of the incident neutron

intensity was made.
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Finally, the effect of the f3.5' average angular spread

on the value of 0(e) must be considered. The effect of this

angular spread might be significant only where the

differential cross section is rapidly varying and for the

present data that occurs only for the first two or three

angles at most (see Figure 2.19). Consider the following

diagram where the angular resolution of the experimental set-

up    i s    # .t a p:

C'(e-58) -il

u,                                  1»t»C.(0 + tie)
1 l i

8-66 p 0+AO

The following question arises:  for a speci fied angle  0  (with

angular resolution fAe) by how much does the measured cross

section C'(et AD) differ from 0'(# ) ? It can be seen from
MEAS TRUE

the diagram above that if the cross section is linear in the

interval P-de to 0+69 then the mean value measured for the

cross section will in fact be the same as the true value at

angle e.  For the cross section data measured in this

experiment, the linearity of the cross sections over fS' for

the first three angle measurements of all angular

distributions varied no more tlian 1% from a straiglit line.

This was verified for the data in Appendix 7 by using the

Legendre expansion coefficients in Appendix 8 to expand the
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cross sections around the first three angles of each angular
.-

distribution for each degree up to f5' , and then comparing

the average of these cross sections with the mean cross

section measured in the experiment. The results agreed in

all cases to better than 1%. Therefore, no further

corrections, other than those already discussed in Chapter

2, were made to the data of Appendix 7.

 6
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APPENDIX 2

CHARGE NORMALIZATION

As discussed in Chapter 2 on the data reduction scheme,

the relative efficiency runs were charge normalized.  The

charge normalization was carried out by a very accurate and

sophisticated beam-current-integrator (BCI) designed and

constructed by R. L. Young, formerly of this laboratory.

The accuracy of the current integration was completely in-

sensitive to accelerator tuning and beam focusing. Consider
1

the following diagram of the gas cell apparatus:

INSUlATOR_
I...... SAA M  Mo  FeLLi i l

RSAM L I 06  1  :- 1 ID*LL Au BEA*A SToe
1 .\»         1 »„%.1-  1

\-7 / \ 1*

                                                                      1  l_                 - ,     TY/T/w# RAS CELL

-

1... /

/4\L#i,Atty TA WTAL£4*1                           <k»\ F»
dOLL,MIT,0,2                   \.A

LOLLINAT.2 TO   u  RAP t U ;AL
tuRREL,T F 1-1  R A,  Ac g

C_Ner Te reALE - ELEcTeoN KU PPRES'Stod R,MG Fo 12 (AS eeLL
NOT SHOwwl

This diagram is intended to show schematically how the charge

collection operated.  The 1/8-inch collimator was such that

all protons in the incident beam passing through the colli-

mator were collected irrespective of the focusing conditions

of the beam leg.  As can be seen from Figure 2.4, the gas cell
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\

was cooled by a jet spray of air and water.  Measures were

taken to keep all apparatus except the actual gas cell dry.

Leakage current between the gas cell and supporting apparatus

was held to less than 0.1 nanoampere, with the jet spray

working and a 300 volt potential on the electron suppression

ring.  Many tests were performed to measure the detector and

  monitor counts vs. accumulated charge for various modes of

beam tuning, focusing and defocusing, and varying currents.

In no mode of operation could the ratio of detector or

monitor counts to accumulated charge be affected.  Of course,

considerable effort was expended during the relative effi-

ciency measurements to make sure that the beam was in a well

focused, stable mode.  It is important to note that even

though the beam-current-integrator is definitely accurate

enough to do absolute charge normalization, it is only neces-

sary for the data analysis scheme used in this experiment to

be able to do relative charge normalization.  That is, a

leakage current or other difficulty which was consistent

throughout the relative efficiency measurement would not

affect the accuracy of the result.

For the relative efficiency measurements, the following

table gives a random sampling of detector and monitor counts

vs. an accumulated charge of 0.2 millicoulombs in each case.

Each run was repeated at least three times and the on-line

relative efficiency program then took a simple average of

           the detector (and monitor) counts for each energy (to beused in the on-line data reduction program).
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DATA FROM JAN. 76 HIGH ENERGY RELATIVE EFFICIENCY MEASUREMENT

Detector Monitor
'           Neutron Energy Counts Neutron Energy Counts

4.335 MeV 80906 4.040 MeV 27583
81103 27592
80238 27903
80276 27875

5.407 MeV 55794 5.047 MeV 20405
55553 19989
55685 20135
56160 20336

6.323 MeV 40900 5.907 MeV 14990
40923 15169
41009 15100
41326 15040

7.388 MeV 30707 6.907 MeV 11097
30512 10914
30590 11041
30625 10845

1                 7.994 MeV 27506 7.457 MeV 8571
27324 8694
26947 8737
26888 8613

The values in this table are consistent with all relative

efficiency measurements and it is clear that the one per-

cent error assigned to charge normalization in Section 2.5

is conservative.
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APPENDIX 3

GAS CELL HEATING EFFECTS

The scheme for data reduction requires that the number

of tritium nuclei per cm2, ns of Section 2.2. remains con-

stant during the relative efficiency measurement.  The reader

is referred to reference Mc 72 for an experiment performed on

beam heating in gas targets at Los Alamos Scientific Labora-

tory.  Basically, let us assume the initial gas pressure and

temperature to be Po and To respectively.  We designate the

gas cell volume by VT and that of the external reservoir Vo.

Assuming an ideal gas we have:

P.  VI     +      P.  V.       =       k   (N T   +   No)                                    ( ' )
TI     T.

where k is Boltzmann's constant and NT and No are the number

of molecules initially enclosed in the cell and external

reservoir respectively.  As the beam heats the gas in the

cell the pressure will increase and we may write:

p VT  +    p vo
- i    k (N r 4  Mo 3                          (1)-T-         TI

But

   T k NT'                      (3)
T

where NT' is the number of molecules in the cell at tem-

perature T.  Using (3) in (2) yields:

k WT,     +   P V. k (A, + 10. j                eJ
To

Rewriting (1) gives:
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RU                    ··
-   H   k  (NT +  AJ. )  -  R_10                               (5,
To                       To

Rewriting (4) gives:

P V=
--.- k INT + W.) - k NT'            (6)
To

Subtracting (1) from (6) gives:

(.P-   Fl j   5       =      R  V T    -    k  N T'                                         (7)-                         1-0
Multiplying (7) by To/Po VT gives:

(- F .P.j  '     ,     1   -     lf'. 7.                                  "'
T          0  r

But:

5 47-  T

k To
Therefore:

loT/ 1-h a p                     (9)
A) 7-                UT      0

where
i.

"             Ap = CP- Pol

Equation (9) has been verified experimentally (Mc 72) and we

see that if the change in pressure, AP, is zero, then NT'=NT.

It should be understood that this does not mean for beam-on

and beam-off conditions but that the pressure must not be

allowed to vary during beam-on conditions during the relative

efficiency measurement.  The pressure was monitored by a

Wallace and Tiernan differential pressure gauge with a sen-
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sitivity of 0.06 psi.  It was never observed to vary during

the relative efficiency measurements mainly because the cool-

ing spray mixture of air and water was very efficient at re-

moving the heat from the gold beam stop.

In the error analysis, a 0.06 psi change was assumed

even though the consistency of remeasurements of the differ-

ential cross section indicated that the pressure did not

actually vary 0.06 psi during the relative efficiency measure-

ments.  Therefore, the three percent uncertainty assigned to

this term in the error analysis section is very conservative.
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APPENDIX 4

TRITIUM (p ,n) ZERO DEGREE SHAPE

The data reduction scheme utilized in this experiment

requires a knowledge of the shape of the T(p,n)3He zero de-

gree cross section.  This requirement follows from the ne-

cessity to calculate the ratio

tr.
te, E  P.J     / (r (0' EP)T(F, M) T( f, M)

in Eq. (2-19).  The data from several experiments (Pe 60,

Mc 72a) and an evaluated data set (Li 73) were compared with

the results plotted on the following page.  The curves through

the various data sets are drawn only to guide the eye.  While

there exists small normalization differences between the data

sets, it can be seen that the overall shape agreement is quite

good.  The data set used for the actual calculation was from

reference Li 73.  The required ratio above calculated from

any of the data sets gives the same results to one percent or

i less, justifying that value for the assigned uncertainty in

Section 2.5.

16
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APPENDIX 5

GENERAL SCATTERING FORMALISM (j-j coupling)

This development in j-j coupling will essentially par-

allel that of Section 3.1.2 and the reader is referred to

Sections 3.1.1 and 3.1.2 for an explanation of the terms

used in this Appendix.  The most general form of the total

( wave function will consist, at sufficiently large distances,

of the superposition of ingoing and outgoing spherical waves

as follows:

1.':t.'i-'-    ;   (Aij:  8,-4.(Kr-'67*)    D
IA

+i(Kr-,%) |TMiI7   0' 'AL-  r V'" L. - 13,1. e
where

IA4

t= 3- S 3.-   4 4
1,i,                       LIT            1      1A,   Di                  21                                                                                                                                                                          1)

For purposes of this derivation we shall specify the projec-

tion spins ms and mI in the incident channel.  Proper

summing over these quantum numbers will be carried out later

on.  We may write for the incident plane wave:

416 441 ikat =e /SMil IIMI>             (31
We utilize the common procedure of expanding this plane wave

into a series of partial waves, i.e.,

-   ''4; *41
00

.T-- »31'St'.3 --29,41)   1.Y."  110-7 IsMO Ilgo   c»,
AL  , C

=0
Proceeding in a fashion similar to Section 3.1.2 we may write:

1  
4 6 -

YL  2   229' g jt-#Q i+,14  (7 50"wil i *3)  (i I Ms'43   3 AA)
k r    33.i

' -i(k r -A#z) +i  (Ar- 97,lt  )\     .
Jr Ce -le

11-5Mi17 (S)

1.1
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If (1) and (5) are written with primed quantities t'and ;
a comparison of the ingoing parts of (1) and (5) yields:

A TM                  4

/\95, z '. 2' -0 '50 HMS'&'Ms)G'IM, MAL IJM)2'9,4,)4= (,)
and from (2) that:

  A    =    i/V ils,'a.  (/sam,  IJ·*, ( irm,•trl)M} 'OA,Ji   ty)
J'd

'
44                  1  4        .Er.3.Jl

Rewriting (1) with (6) and (7) yields:

5.1,  '"19     '39"   91     ili,ki  <'"    (P  S«•4,1.i  '•A,*·i'Ifs,•,11  NA)   6(,     It2   i· I)7574L Kr f
JI'i'

I..... +2 (kr-1'1111.,    1''-
-  >    15&-  s    L w.'j'·- i,6,2,4,/i,w,)(f'IM,*x /3,w)e * /IM j''r>j ls)
3,42'4,    1  -i:'1
Since the first part of (8) is identical with (5), adding

and subtracting the following

. 4- I
t07)   -   I     '-9'       ' I +i(k r.·fML)

kr      Z_,   9'1* 'J     (3-6*'sli'N,)(ikAI,dir
ISM)6 .     g*411)

' =Ed, *s<I     26 VERr       r, i  44, Mrto (8) yields    = , ..,-_  + Yicazr   , or that
'D'*L

34.'4.1  231'42.   20, ,}'. #,sew,li'.JG'IM,••Ils•.,)6 t"t Ni·*>Sc477 k r
Sk' 4

7

3-
*; (* r 1 411 3

-gi   SA'.,  '.  L (2$,14'»1350.A,liz,)(.iI u,IMI IJU'l)€       1  /1040£.r>i- 2,-3 /

-04 2'8'                                                                                                                                                                      0). Recognizing that we can write
i Af

r (23 '+ 1 ) '= 61'90 04,13'4,)(i'I 4 Mic )3*45 =

3 2.,622+1)46    (-#g©*4,1  4,us)(irN,•Mz   1   3DKA)      Si"    604'

we may write (9) (after factoring out common parts):
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Y' ,  ,-- ik.4  1.it»lf'. (290 *4,1*iMs,(3IM,•4I liM j
5247T    kr

I.lil'i'

K £6, idi, - ST   le.'rk.-'.4.)A                     , /TIM3''I>         6°J
-< 1 ,   -j  A
- L .0'lr/1- .-4,,-             Using the fact that 6 1 6 and that the decom-

position  of    / IM j ' l >is

\.I  Mi' 1,   =    7   -(k'r mi N;  |  'i'Wt-i,  j(i,I  N '.MJ   'JM  j  I  W,'113*1£)  1r Ki'7
41 5, MI'

we may write for (10):

As'MT -ikr - rksM:''MI vAI,
f    = 0-   3  f ce 4113 /5  42 7II  MI' 7
SCATr r -

Ms'   MI'where

*s Mils,   Mi 41'       .         1,       -

f  cB t i _      £(7/)'L
-

7     2-393¥1 4.,-   (fsoN,)-2*44(fL snr  ISMJk Di."i,
*,

-                               *  11'IM.i'=1'  liM)  (.1' s.,45   1%44')  (S'*.RiE'-    C'  .,A  Y.t'o          "7, 1
Eq. (11) represents the final expression for the scattering

factor in j-j coupling.  Finally, since our detector is not

sensitive to spin projections we average over the incident

projections and sum over the outgoing projections to get:

0 1 -

"  Ats  .4  1   ,,   641   I   .Ar        .    7-
AW - --I

1   1  +ce.*)   j/L (" 1or v _
(25+1)(1 It,) 'Sts  'k &  64 I MI'

For any two scattering amplitudes having all their spin

projections reversed in sign, by Clebsch-Gordan coefficients

and spherical harmonic properties, one can show that:

-AG/-'Ws'-'w.r,-"41' .  &45 IU  4  IMZ IUI'

p)          e        (-11    i t»,9 1-liNG* 41 1

                      where /8/, = *s + HI  - 43'  -
44, and therefore, we can write:
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_  4; Ms; -AlI,-MI'
r   "fs  M/13'    *1 I  tH  I '             l--

1 f (81 9, IL-- If- ce.  , 1

  Utilizing these expressions reduces the number of terms in

the sum (12) by a factor of two.
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APPENDIX 6

DERIVATION OF R-MATRIX SURFACE TERMS

For a free particle wave function V=0 (for neutrons)

and we may write:

HY=EY' '

where:

 

...

2'Me -2 *10       rl =    e ral           YE   j        2 &r.

A --119: - -1-t 1 2- Cr,= 2 )- S  A,
If we write:

7 -   R.Cr)   7,  C".IL)    0    22-  Y,"W»)--  42-ly,T,6,=   NO.,Jti  l,t-91-,,

then:

-lit  1  8.-Crz 8 2,(r, 3,20*,).r 02*,  =  E Prcr,   *2  Mc     r'- art br 2 Merl.

1  1 /rz- 3 e.(r, )  _ ..,15,) &24 (r,  + kil 2 #(r,  =D,rz Brl 57 J
where:

1< r =  2._9   .
lie..

-            Then:

-                            C =  +1   -A   +  kz-  1(J+,)\D  r          0
- j   A 4 \r j   -

r 3.r r'- J

If we let p = kr we have Bessel's equation:

15.R.le, 2- (£R
------ + Lcp '  4.(i-261+1))R #cp,  = 0,

4 P.- 9    6 9             TF

 
the linearly independent solutions of which are  (for r.-) :
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4,4, -= R,- e.,1 (f -7 1 C·'0')3

4, Ce J       -,-    'di*,   (  p  -  1   C Q+'  33

or combinations thereof, i.e.,

Dt -t ,'(f-Y CA+A)
11,pte ,  7-  .j,ce J  1   2  rl''e )  »   t- e

We choose our
1,(0,  and    0, p,

solutions as:

\ /1-
1 99) = -,9*ce, = -C

'e C in'cp ,-en#ce ,)

.  D+
oX(Q) =  L e11 (21  T  £0 t, 19') + i n<(P) 

Regular and irregular solutions are chosen as follows:

=toct,  =  e  1,(pl    °Aa   «41)*(e,  =-en,(0 1
.

Then it is obvious that:

I, 9,   =   A)'-  i<,
03 le, -* 4  + t 1-A4/4 . «

'fc.              s      C/3  0  '/O   3  (      a   -    ,  '.  4
1                       0

=    9 -€5  + i g(        -
6/ 12  »  :-t K

=      9  (46',«   ,  ff'.   1  (CriLLL/1.95 Kt.i,j)8 9-
/1£

where:

4. ,  4    ,   i e,96
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*
Then:

-J  '  =    Le C 45( ':16   .trk.  31/1 0
/72             L

74 +                                  /             /

19  - fe/9/„J ':... 1,4 -- 14 'f
where (+) stands for positive energy solutions.  Further,

-a== (I,/63'. , (014 -2343". -(A,-6-'9'. ) 4.LC-
4,2 +17* LA,e-,4 3

=   d -  '.95
It can be shown (Mo 50) that:

\

Px  -R-     e     141.         .    A.  --      ,/le<i     <1) euk

A=  b Ag re
-Z

n,          'Lipt.=      \      9          (13,   ce,     i      1       A.        J    e0

where:

-                                  Al"_    _ (Ji.(L  ((act'  1'1 \

nl  Ce,            4  - e    tk  '   J=  (1 -'(3  1  CR  e)
2 oC

Then:

(P.tej--  e

4),   te)     1       e   -   *Ak'-'Ce,

<Aw, -- e- 7*Ar' /-3p  \
,   3-e·L  j

,*-    '                   A        D   -   b
490 -03f -

8     &       c /p i, 1-
'P   ,       s         -     ..»*  1

11   -    P.PS£. 9 Mt, 3=1,9_
F Y, 3/1 4  + 9



175

If we consider only orbital angular momentum values  = 0, 1,

and 2 we have, for example, for the matrices ft, /P, and
60, for 118 + n and Jlr = 1- the following:

( €' 40        0          0

-Sh-t                  O               6- i 40        0

- 24)0    )0          0         0

p "6    0       0
84-    0-                 '                      4.0                  P&                   0                             4*vo

O 26'/6

2.-6„   + i  k           O                  o
.A

.-  6                                                                       0                                             ··d ,-      -   U L    4      4    lul-                CO

0               0       J  -4L,i  10ov L
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APPENDIX 7

TABULAR DATA OF DIFFERENTIAL CROSS SECTIONS
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6                               
        118 + NCROSS SECTIONS AND ERRORS, C.M. (MB/SR)

ENERGY ANGLE, C.M. (DEG)
LAB
(MEV) 21.8 40.7 59.3 77.5 95.2 112.5 129.3 145.7 161.8

4.00 312.1 220.2 124.5 58.1 41.5 54.5 83.1 105.8 114.9
13.7 9.7 5.8 2.7 1.8 2.5 3.8 4.7 5.5

4.08 265.1 175.3  95.3  51.4  40.7  52.8  79.4 101.7 116.5
11.6 7.7 4.4 2.4 1.8 2.4 3.6 4.5 5.6

4.10 262.6 181.0 99.0 48.8 39.0 53.4 77.1 105.4 118.2
11.2 7.8 4.4 2.2 1.8 2.3 3.5 4.7 5.7

4.21 256.8 176.0 97.3 46.1 36.4 53.1 87.9 121.8 139.1
11.1 7.7 4.3 2.2 1.6 2.4 3.8 5.4 6.6

4.31 253.0 172.1 86.9 43.8 37.7 57.0 94.6 135.3 159.8
10.8 7.5 3.9 2.0 1.7 2.5 4.1 6.0 7.5

4.41 256.5 175.4 89.3 44.1 36.3 57.0 96.3 141.3 169.7
10.8 7.6 4.0 2.0 1.6 2.5 4.3 6.2 7.9

4.52 269.4 181.6 91.0 44.2 40.0 64.4 101.7 148.7 177.8
11.3 7.8 4.1 2.1 1.7 2.8 4.6 6.6 8.3

4.57 306.1 191.0 99.2 52.7 40.0 58.1 101.7 147.6 186.1
12.7 8.3 4.5 2.5 1.9 2.6 4.6 6.7 8.8

4.62 322.7 205.4 109.9 56.5 40.7 52.5 93.3 141.5 181.9
13.2 8.9 4.9 2.6 1.8 2.4 4.3 6.4 8.5

4.64 345.4 216.0 109.9 55.7 39.6 52.4 90.8 138.2 166.4
14.3 9.4 4.9 2.5 1.9 2.4 4.2 6.4 8.0

4.67 344.7 218.7 115.9 58.0 42.6 57.1 95.2 146.1 183.5
14.2 9.4 5.1 2.7 2.0 2.6 4.3 6.7 8.7

4.72 376.9 218.1 113.7 55.3 42.9 59.9 92.2 145.4 182.1
15.6 9.6 5.1 2.6 2.1 2.9 4.4 6.9 8.8

4.77 357.0 203.6 104.4 51.5 44.6 57.8 99.9 153.5 202.8
14.9 8.8 4.8 2.4 2.1 2.8 4.8 7.2 9.7

4.82 371.3 209.3 99.4 50.6 41.5 55.1 91.8 149.8 206.2
15.5 9.1 4.6 2.4 2.0 2.7 4.4 7.1 9.9

 2

4.87 379.0 200.0  84.9  48.1  45.7  53.3  81.1 135.4 188.5
16.0 8.6 4.0 2.3 2.3 2.7 3.9 6.5 9.0

4.93 361.8 196.8 83.9 47.9 50.4 56.3 76.5 117.1 168.6
15.2 8.6 3.9 2.3 2.4 2.7 3.8 5.7 8.2
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118 + N
CROSS SECTIONS AND ERRORS, C.M. (MB/SR)

ENERGY ANGLE, C.M. (DEG)
LAB

(MEV) 21.8 40.7 59.3 77.5 95.2 112.5 129.3 145.7 161.8

4.98 364.5 182.5 76.4 51.5 56.1 62.9 81.3 122.5 173.9
15.4 7.9 3.5 2.4 2.5 2.9 3.8 5.8 8.4

5.03 352.6 180.7 73.4 53.0 59.4 63.3 80.2 123.5 174.6
14.9 7.8 3.3 2.5 2.7 3.0 3.7 5.9 8.5

5.08 354.0 186.0 72.4 52.3 63.2 69.6 81.7 130.1 183.7
14.8 8.0 3.3 2.4 2.8 3.2 3.8 6.1 8.8

5.13 383.5 180.9 70.7 51.2 62.3 64.6 74.9 120.8 172.1
16.4 8.0 3.3 2.4 2.8 3.1 3.7 5.8 8.4

5.18 398.0 182.9 68.4 51.8 63.4  63.1  75.0 118.9 175.5
17.0 8.1 3.1 2.4 2.9 3.0 3.7 5.8 8.5

5.23 411.8 190.6 66.8 54.7 64.5 60.9 71.6 120.4 190.5
17.4 8.5 3.1 2.5 3.0 2.9 3.6 6.0 9.3

5.28 421.8 184.7 64.9 55.2 73.4 70.7 77.2 128.8 200.2
17.7 8.3 3.1 2.5 3.3 3.4 3.8 6.4 9.7

5.34 445.7 194.2 59.4 55.0 88.5 88.1 86.1 127.3 193.5
18.6 8.7 2.9 2.5 3.9 4.1 4.3 6.2 9.4

5.39 417.3 177.5 53.2 51.1 93.4 99.6 87.6 106.8 141.0
17.4 8.0 2.6 2.4 4.1 4.7 4.2 5.2 7.1

5.44 344.9 162.6 51.1 46.8 83.0 92.5 78.1 80.5 97.0
14.6 7.1 2.5 2.1 3.6 4.3 3.7 4.0 5.1

5.49 287.9 140.1 54.3 42.0 64.7 79.5 76.5 72.1 75.1
12.4 6.0 2.5 1.9 2.9 3.8 3.6 3.6 3.9

5.54 256.0 139.3 60.6 37.0 52.4 70.2 84.1 106.5 118.1
11.0 6.2 2.7 1.7 2.4 3.2 4.0 5.1 5.9

5.59 320.4 157.2 62.0 41.5 61.5 78.6 93.2 136.4 178.2
13.8 7.0 2.9 1.9 2.7 3.7 4.6 6.6 8.7

5.64 367.2 169.8 53.8 44.4 77.2 92.3 101.4 139.0 184.6
15.6 7.5 2.5 2.1 3.3 4.3 4.9 6.7 9.0

5.69 370.3 177.6 56.8 46.9 77.2 95.1 100.3 127.5 161.4
15.6 7.9 2.7 2.1 3.4 4.4 4.8 6.1 8.1

5.74 353.3 178.3 58.0 49.3 78.3 91.5 90.1 108.6 130.9
14.7 8.0 2.7 2.3 3.5 4.2 4.4 5.3 6.7
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6                     
                 1,8 +

 NCROSS SECTIONS AND ERRORS, C.M. (MB/SR)

ENERGY ANGLE, C.M. (DEG)
LAB

(MEV) 21.8 40.7 59.3 77.5 95.2 112.5 129.3 145.7 161.8

5.79 370.7 183.0 60.0 47.9 79.2 94.0 89.6 96.9 116.8
1 15.5 8.1 2.8 2.2 3.5 4.3 4.4 4.9 6.1

5.85 387.0 194.4 61.8 45.8 75.6 94.2 93.6 93.7 103.2
16.4 8.5 2.9 2.2 3.4 4.3 4.4 4.7 5.4

5.90 385.7 193.9 62.9 38.6 72.0 91.1 95.1 92.3 99.0
16.5 8.4 3.0 1.9 3.2 4.2 4.5 4.7 5.2

5.95 369.7 184.6 61.5 36.2 65.6 85.2 90.4 92.5 103.1
15.8 8.1 2.9 1.7 2.9 4.0 4.4 4.6 5.3

6.00 361.1 183.7 59.4 36.3 63.9 82.2 84.2 90.5 105.3
15.4 8.1 2.8 1.7 2.9 3.8 4.1 4.5 5.5

6.05 333.6 169.7 57.6 34.4 63.6 83.4 79.2 91.7 104.9
14.4 7.5 2.7 1.6 2.8 3.8 3.8 4.5 5.4

6.10 338.6 167.9 53.7 34.1 63.7 77.7 79.8 92.5 110.3
14.7 7.3 2.5 1.6 2.8 3.6 3.8 4.5 5.6

6.15 367.4 174.4 57.8 36.2 65.3 79.1 82.6 90.0 106.5
16.0 7.6 2.7 1.7 2.9 3.7 3.9 4.5 5.5

6.20 437.8 216.2 71.8 34.8 64.6 80.6 79.9 80.0 95.5
18.9 9.6 3.4 1.7 3.0 3.7 3.9 4.2 4.9

6.25 460.0 230.6 76.6 34.0 54.9 77.7 77.0 76.8 83.9
19.7 10.3 3.6 1.7 2.5 3.6 3.8 3.9 4.5

6.30 430.7 223.5 67.0 33.0 50.1 73.2 73.2 75.1 80.4
18.4 10.0 3.2 1.7 2.4 3.5 3.6 3.7 4.2

6.36 436.8 213.9 65.1 29.0 48.9 68.9 67.3 72.4 78.5
18.6 9.6 3.2 1.5 2.3 3.2 3.3 3.7 4.2

6.41 407.6 207.2 64.6 26.8 45.4 65.0 66.4 71.4 79.2
17.6 9.3 3.1 1.3 2.2 3.1 3.2 3.6 4.2

6.46 412.2 190.3 61.2 30.2 44.3 63.7 66.0 73.5 77.2
17.8 8.6 2.9 1.6 2.1 3.0 3.2 3.6 4.1

6.51 376.2 192.1 62.3 27.4 46.7 67.3 66.7 69.8 83.7
16.2 8.5 2.9 1.3 2.0 2.9 3.0 3.4 4.2

6.58 379.6 186.6 58.4 25.7 46.3 63.2 63.4 70.6 83.8
16.2 8.2 2.8 1.3 2.1 2.8 2.9 3.5 4.2

6                              -                      3
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6                                   
    1,8 + NCROSS SECTIONS AND ERRORS, C.M. (MB/SR)

ENERGY ANGLE, C.M. (DEG)
LAB

(MEV) 21.8 40.7 59.3 77.5 95.2 112.5 129.3 145.7 161.8

6.66 398.8 186.6 54.9 22.4 46.8 60.7 60.2 69.5 83.8
17.0 8.2 2.6 1.1 2.0 2.7 2.7 3.3 4.1

6.74. 378.5 182.1 50.3 23.7 46.3 59.9 65.9 69.8 88.7
16.2 8.0 2.4 1.1 2.1 2.7 3.0 3.3 4.3

6.81 394.5 183.1 47.9 25.0 43.1 52.7 55.4 71.1 90.0
16.8 8.1 2.3 1.2 1.9 2.4 2.5 3.4 4.4

6.89 392.2 179.4 46.8 23.6 43.6 52.2 55.9 76.0 107.9
16.9 7.9 2.2 1.1 1.9 2.4 2.5 3.5 5.2

6.94 404.5 187.1 45.9 21.7 45.3 52.9 54.4 79.3 117.7
17.4 8.2 2.3 1.0 2.0 2.4 2.5 3.8   5.7

7.03 415.1 195.8 46.7 21.9 45.4 54.7 52.5 77.6 116.5
17.8 8.6 2.2 1.1 2.0 2.4 2.4 3.7 5.6

7.10 404.2 198.3 47.9 21.2 44.3 51.4 46.5 70.9 103.8
17.7 8.7 2.3 1.1 1.9 2.4 2.2 3.4 5.1

7.18 411.2 188.1 49.4 21.4 40.8 51.4 45.4 55.8 78.6
18.0 8.5 2.5 1.2 1.9 2.4 2.2 2.8 3.9

7.29 396.3 185.4 50.1 22.7 41.1 53.1 46.4 45.7 62.0
17.2 8.2 2.4 1.1 1.8 2.3 2.2 2.3 3.1

7.40 395.1 190.3 56.2 25.4 46.0 52.7 46.9 46.7 65.2
17.1 8.4 2.7 1.3 2.1 2.3 2.1 2.2 3.3

7.52 411.3 190.3 51.6 30.2 50.6 53.4 39.8 44.5 58.8
18.1 8.7 2.6 1.6 2.4 2.5 2.1 2.4 3.1

7.73 372.0 171.6 43.2 24.8 46.6 52.9 38.2 43.8 72.1
16.4 7.6 2.1 1.3 2.2 2.4 1.8 2.3 3.6

8.03 '421.8 195.6 42.7 19.5 48.0 52.8 35.4 25.9 34.3
18.7 8.7 2.2 1.1 2.1 2.4 1.8 1.5 1.8

 6
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APPENDIX 8

LEGENDRE EXPANSION COEFFICIENTS

 
3

"                                  -
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118 + N
ENERGY LEGENDRE COEFFICIENTS AND ERRORS, C.M.
LAB (MB/SR)
(MEV)       BO         Bl         82         83         84

4.00 109.36 83.56 132.81 35.45 -3.03
1.85 4.17 4.94 4.96 4.98

i

4.08 95.20 58.02 114.15 31.42 6.11
1.56 3.51 4.26 4.32 4.52

4.10 95.67 58.91 117.48 31.27 3.93
1.54 3.47 4.17 4.17 4.47

4.21 97.19 47.50 125.00 24.67 1.51
1.55 3.53 4.26 4.21 4.53

4.31 98.30 35.55 131.49 25.55 8.59
1.54 3.53 4.29 4.14 4.64

4.41 100.26 34.62 136.98 22.47 8.14
1.57 3.59 4.35 4.17 4.69

4.52 105.36 34.12 143.14 29.64 9.83
1.64 3.75 4.56 4.40 4.95

4.57 110.89 46.30 154.30 24.58 16.79
1.76 4.05 4.99 4.81 5.30

4.62 113.44 60.39 158.54 22.47 19.73
1.81 4.16 5.11 4.90 5.27

4.64 114.47 71.00 162.83 32.16 19.18
1.87 4.35 5.31 5.02 5.34

4.67 119.13 67.20 166.60 29.33 19.84
1.91 4.40 5.41 5.20 5.55

4.72 120.68 73.38 175.31 41.50 27.40
1.99 4.64 5.72 5.44 5.78

4.77 118.30 57.35 175.68 35.50 34.21
1.93 4.50 5.59 5.24 5.83

4.82 117.39 62.87 182.97 38.44 41.75
1.95 4.58 5.75 5.29 5.71

4.87 111.68 66.34 176.59 51.25 57.41
1.88 4.42 5.62 5.21 5.54

1.

4.93 108.31 69.72 162.03 58.55 55.85
1.82 4.24 5.36 5.05 5.37

4.98 109.27 60.26 156.67 60.79 62.83
1.79 4.14 5.34 5.09 5.34
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118 + N
ENERGY LEGENDRE COEFFICIENTS AND ERRORS, C.M.
LAB (MB/SR)

(MEV) BO         81         82         83         84

5.03 108.70 57.02 152.78 59.81 66.82
1.77 4.06 5.28 5.07 5.30

1

#

5.08 111.93 55.43 157.21 64.98 71.56
1.80 4.11 5.32 5.12 5.39

5.13 109.98 64.16 159.41 70.94 78.04
1.84 4.25 5.51 5.27 5.45

5.18 110.88 66.49 163.65 74.01 84.36
1.87 4.32 5.63 5.32 5.48

5.23 113.42 69.60 172.91 73.65 96.81
1.93 4.45 5.87 5.45 5.62

5.28 118.01 64.45 174.08 81.56 104.06
1.98 4.51 5.95 5.64 5.83

5.34 125.56 68.37 176.17 110.11 113.95
2.09 4.69 6.13 5.96 6.09

5.39 118.29 66.48 146.04 126.43 96.76
1.98 4.31 5.51 5.66 5.58

5.44 102.53 63.00 113.78 115.35 71.78
1.71 3.68 4.62 4.89 4.77

5.49 88.78 52.32 92.02 90.64 40.65
1.47 3.19 3.90 4.23 4.20

5.54 89.12 33.99 107.67 61.59 27.90
1.43 3.23 3.94 4.02 4.40

5.59 105.76 34.21 144.77 68.67 56.90
1.72 3.93 4.97 4.85 5.30

5.64 115.77 39.90 156.18 96.34 79.15
1.88 4.24 5.40 5.32 5.57

5.69 115.69 48.44 148.82 103.27 73.26
1.89 4.24 5.33 5.35 5.56

5.74 110.47 56.53 132.54 104.18 68.74
1.82 4.02 5.04 5.15 5.25

5.79 111.17 65.95 132.75 114.99 67.36

1.

1.85 4.10 5.08 5.24 5.27

5.85 112.33 73.49 136.73 123.88 60.57
1.89 4.25 5.20 5.37 5.26

1                                                                -- -
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118 + N
ENERGY LEGENDRE COEFFICIENTS AND ERRORS, C.M.
LAB (MB/SR)

(MEV) BO         Bl         82         83         84

5.90 110.25 74.58 140.76 126.12 53.27
1.88 4.25 5.10 5.27 5.24

5.95 105.42 69.90 138.85 115.69 50.46
1.80 4.10 4.91 5.00 5.05

6.00 103.04 69.63 137.93 111.41 54.01
1.76 4.02 4.87 4.92 4.94

6.05 98.66 61.66 129.44 104.34 50.93
1.67 3.77 4.58 4.67 4.71

6.10 97.95 60.59 132.25 103.34 56.45
1.65 3.77 4.61 4.65 4.68

6.15 101.82 68.42 136.89 110.09 57.74
1.74 3.98 4.86 4.91 4.90

6.20 111.91 101.43 164.13 134.49 62.21
2.01 4.66 5.56 5.52 5.31

6.25 112.18 112.68 170.54 135.58 54.03
2.05 4.85 5.75 5.53 5.14

6.30 105.19 103.84 160.48 126.95 52.04
1.94 4.58 5.46 5.28 4.81

6.36 102.30 105.36 162.46 128.20 55.74
1.90 4.52 5.36 5.12 4.70

6.41 98.03 99.25 156.91 119.51 49.95
1.83 4.33 5.10 4.84 4.54

6.46 95.26 92.37 147.45 111.47 47.97
1.77 4.22 5.08 4.86 4.44

6.51 94.78 89.01 146.38 112.17 48.56
1.68 3.99 4.76 4.50 4.25

6.58 92.67 88.00 147.09 111.74 52.58
1.66 3.93 4.70 4.48 4.24

6.66 92.51 92.45 154.61 119.24 60.21
1.67 3.96 4.72 4.43 4.13

 
6.74 90.49 83.26 147.24 112.50 57.64

1.62 3.85 4.61 4.35 4.18

6.81 88.49 86.95 150.84 107.23 65.51
1.62 3.87 4.73 4.36 4.00

L
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118 + N
' ENERGY LEGENDRE COEFFICIENTS AND ERRORS, C.M.

LAB (MB/SR)
(MEV)       BO         81         82         B3,        84

6.89 89.47 83.14 157.79 104.75 71.92
1.62 3.84 4.77 4.31 4.10

6.94 92.25 87.31 169.42 111.43 80.90
1.68 3.97 4.93 4.41 4.27

7.03 94.06 93.02 173.99 116.69 84.01
1.71 4.04 5.06 4.53 4.25

7.10 91.33 97.69 170.09 116.58 82.17
1.70 4.02 4.99 4.48 4.09

7.18 87.15 101.19 156.47 117.70 70.11
1.69 4.01 4.88 4.50 3.94

7.29 84.71 101.51 144.17 118.31 62.22
1.61 3.83 4.58 4.26 3.67

7.40 87.88 104.87 145.96 118.18 64.33
1.66 3.89 4.72 4.44 3.84

7.52 88.02 107.65 141.77 120.93 74.01
1.73 4.07 4.99 4.80 3.98

7.73 81.75 94.85 137.76 113.79 76.77
1.56 3.60 4.49 4.30 3.67

8.03 83.44 118.90 145.74 143.62 76.95
1.68 3.90 4.64 4.50 3.38
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