LA-11233-T
Thesis

s
e
o A T HP. N
Cagreetlo e C ot v g tdes ol eghme e -
TR :
/S STy X Y S TRE Syt SRR VO TSP,
S T T (DY
BRI et L 1 e 1 T T L SR ey
L e
er
S
=
o . .
T
e GACYA 3§ Sy
o v
v -
A S AR M VIR PRI Sttt ¥ th
AR NG S AN T FHEr Tk NP NARES B - S FsBLlY
oS . e e e
T, L) i-f‘fi-—«e-,/v"m»m,.,n.w~ AR
Sl iR e R e R ety -
o A"
~ - B
ey 1 i A e
R REATRIHEL To vty Tl
Ala- 3. 8o b a 1.5 Nedhr gt R i b AT RN 60 o
. R 300
R T
) o
o [ N .
T
o~ . tad
= T
AT TR M R A3
T R R I L T et 2
L A A e L B
—_—
===
——00
== <
e
S=—=L0
_—

i

Theoretical and Experimental
Cross Sections for Neutron

. 64y
Reactions on Zinc

REPRODUCTION o
COPY -

Los Alamos

Los Alamos National Laboratory is operated by the University of California for
the United States Department of Energy under contract W-7405-ENG-36.




This thesis was accepted by the Chemical and Nuclear Engineering
Department, the University of New Mexico, Albuguerque, New Mexico,
in partial fulfillment of the requirements for the degree of Master of
Science in Nuclear Engineering. It is the independent work of the author
and has not been edited by the 1S-11 Writing and Editing staff.

This work was supported by the US Department of Energy,
Office of Basic Energy Sciences (Nuclear Physics).

An Affirmative Action/Equal Opportunity Employer

This report was prepared as an account of work sponsored by an agency of the

United States Government. Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United States Government

or any agency thereof. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the Linited States Government or any agency thereof.




LOS ALAMOS NATIONAL LABORATORY

I

Ll

il

il

3 9338 00322 5348

1

LA-11233-T
Thesis

UC-34C
Issued: March 1988

Theoretical and Experimental
Cross Sections for Neutron
Reactions on®Zinc

Debra Ann Rutherford

Los AlaRQ s Alamos National Laboratory



ACKNOWLEDGEMENTS

I would like to take this opportunity to thank all the people who
encouraged me and supported my efforts throughout this endeavor.
thank you to the late Professor J. Craig Robertson who gave me the
opportunity to perform this work, but did not have a chance to see its
fruitful outcome. Thank you for your faith in my devotion to scholar-
ship.

I could not have completed this work without the guidance of Dr.
Phillip Young, he was a source of inspiration at all times.

Thank you Kathy Brogan for your kindness, friendship and technical

expertise.

iv




Page
LIST OF FIGURES . ...ttt iitieinienoenonenesaeaeannsenassosasnannsnny viii
LIST OF TABLES . ...ttt ietninetneneesineesacananenssosotosenennnsnneas X
1. INTRODUCTION. . ...ttt it tnnoeaeronnnnnaesosososesssnnnnannnns 1
2. NEUTRON SOURCE AND MONITORING. .......citiieitnieininnnennsnennss 5
2.1 Introduction. ..o vttt i it e e e 5
2.2 General Description of the Texas Nuclear Neutron

- 4TS - . D 6

2.2. Ion Source and Gap Lens.......coiiiiriiiiireranannnnessn 6

2.2, Accelerating Tube.. ... ... ... ittt iiniinnns g9

2.2 Drift Tube and TAIrBeC......voureenenenenenanenneanaennns 11

2.3 NEUETON SOUTCE. . ettt vnnneseennnneesennneeeaanneeeannns. 11

2.3, The (D,T) Reaction.......cciiiiiiiniitensennsonencnsnnns 11

2.3. Monitoring the Neutron Flux.............. .. ... .o, 13

2.4 Radiation Detection System..........ciiviiveienneennnnn 15

2.4, Introduction. . c.. ittt i i e e e 15

2.4, Description. . . ittt it i i i i i i e it e 15

2.4, Initial Detector Preparation..........coieviiiineninnnn, 18

2.4, Correction Factors.........u.uiiiiieinnenanensinacnsnonns 19

TABLE OF CONTENTS



EXPERIMENTAL PROCEDURE AND ANALYTICAL METHODS.................. 26

3.1 Introduction. .. ittt i i e et et e 26
3.2 Calculations........ciiiiiiiiineiieninnenneetnaroananss 27
3.2.1 Saturated Activity Determination........................ 31
3.2.2 Cross Section Determination............ .. . iiiiiiiiii 33
3.2.3 Decay Scheme Determination............ ..ot 34
THEORETICAL CROSS SECTION ANALYSIS ........tivteeetncecnoraconnn 40
4.1 Introduetion. ...ttt i i i i e et 40
4.2 GNASH. ..ottt iiiiii it issssnsttiteesnsoananssnassanansnnns 40
ﬁ 3 Hauser-Feshbach Statistical Model....................... 45
4.4 Level Density Model........ ... . i, 51
4.5 Non-equilibrium Reactions.............iiiiieininnnnn 60
4,5.1 Preequilibrium Model..............ccvtiiiiiiiiiirerenns 62
4.5.2 Direct Reaction Cross Section Model..................... 62
4.6 The Optical Model and Parameter Determination

for the Neutron Optical Model...... I 63
4.7 The Optical Model and Parameter Determination

for the Proton and Alpha Optical Model.................. 74
4.8 Gamma Ray Transmission Coefficients................ .. ... 78
RESULTS AND CONCLUSIONS ., . .. ittt ittt ettt iienerarstonososennnn 79
S.1  INELOQUCELON. .\ ttttnveneenee et et aa e e e 79
5.2 Analysis of Experimental Results........................ 79
5.3 Analysis of Theoretical Results.............cooiiviinnn, 85
5.4 Comparison of Experimental and Theoretical.............. 85

RESULES . vttt eeeneeeaasoensesenonensnsnonennennencns 86
5.5 ConCluSiONS.eveeeerssssosssssassscoscatasnasnes ceessenaess 92

vi




6. RECOMMENDATIONS FOR FUTURE WORK.........ciieiitiiiirinneennnnns

REFERENCES

..........................................................

vii



P - -

P Y S R

.10
.11
.12

.13

LIST OF FIGURES

Page
Schematic Diagram of the Neutron Generator..................... 7
Diagram of the Gap Lens and Focusing Mechanism................. 10
Typical Output of Neutron Detector.............c.vvverunureeenn 14
Schematic of the NaI(Tl) Spectrometer..............ceovvevenne.. 16
Count versus Voltage for the NaI(Tl) Spectrometer.............. 20
Gamma Energy versus Channel Number............................. 21
Long Term Stability of the NaI(Tl) Spectrometer................ 22
Decay Curve of 6I‘Cu ............................................ 28
Decay Scheme of Ot 36
Decay Scheme of 64Cu ........................................... 37
Decay Scheme of 620u ........................................... 38
Complex Decay Scheme of 65Zn ................................... 42
Level Density Diagram ............c.ciuiiiiiiitiiinininennnnnnn, 4t
Schematic Illustration of GNASH Calculational Scheme........... 46
Schematic Illustration of Compound Nucleus Formation
And DeCaY. .. it ittt i i e it ettt e e 48
652n O 52
642n D O - 53
R 7 P 54
64Cu Levels... .................................................. 55
63Cu Levels. . ittt i it it e i i i s e e 56
61Ni 73 - 57
6oNi - - 58
Competing Processes in Compound Nucleus Formation.............. 61
Neutron + Zn Total Cross Sections............ .. .. iiiiianann 69

viii




> > > & &

14
.15
.16
.17

.18

64

Neutron + Zn Elastic Cross Sections (En- 3.4 MeV). . iiena.. 70
Neutron + 6“Zn Elastic Cross Sections (En- 8.05 MeV)........... 71
Neutron + 642n Elastic Cross Sections (En- 14.0 MeV) .o eveenenn 72
63Cu (p.n)63Zn Cross Sections. ... ...t iieirvennenaannnnnns 75
6SCu (p,n)6SZn Cross Sections......civtiieriuineeieeneonacnneens 76
6I‘Zn (n,2n)632n Cross Sectlons.......... it innnenns 87
6“Zn (n,2n)632n Cross Sections........veiiiieenrennenconnanenns 88
642n (n,p)saCu Cross Sections...... ot e teeeer et e 89
642n (n.p)64Cu Cross SecCtionS. ... . iiieeretensnroosnnnennnns 90
61‘.”.:\ (n,p)6ACu Cross Sections......cciii ittt oonseoncnnes 91



IR T T

—

N

LIST OF TABLES

Page
Q Values for Three Reactions...........covviiuneennennenennen.. 30
Final Neutron Optical Model ParametersS.............oceeeuueuennn 73
Average Resonance Parameters...........c.ccieveemuiuneeeeraronnnnns 73
Final Proton Optical Model Parameters............ceeeeeeeeeennn. 77
Final Alpha Optical Model Parameters.............c.ciiineuen.... 77
Previous 6I‘Zn (n,p)64Cu Cross Section Measurements.............. 81
Previous 64Zn (n,2n)632n Cross Section Measurements............. 83
Error Contributions in the Cross Section Measurements........... 84
Individual Data Sets used to Analyze the 6“Zn (n,2n)63Zn Cross
Section Measurements. . ... nnnnserssscrssocaooncannnans 94
Individual Data Sets used to Analyze the 64Zn (n,p)6aCu Cross
Section MeasUrementsS. ... . ucurueiueeoennnnnosesanoosesasananns 95




THEORETICAL AND EXPERIMENTAL CROSS SECTIONS
FOR NEUTRON REACTIONS ON 64ZINC

DEBRA ANN RUTHERFORD

Abstract

64Zn (n,2n)63Zn and 64Zn (n,p)640u

Accurate measurements of the
cross sections at 14.8 MeV have been made using a.Texas Nuclear Neutron
Generator and the activation techmnique. A NaI(Tl) spectrometer (using
two 6" x 6" Nal detectors/crystals) was used to measure the gammma
radiation emitted in coincidence from the positron-emitting decay
products. The measurements were made relative to 65Cu (n,2n)640u and
63Cu (n,2n)62Cu cross sections, which have simlar half-lives, radiation
emission, and were previously measured to high accuracy (2 percent).

The value obtained for the (n,2n) measurement was 199 + 6 millibarns,
and a value of 176 + 4.5 millibarns was obtained for the (n,p) measure-
ment. In concert, a theoretical analysis of neutron induced reactions
on 642n was performed at Los Alamos National Laboratory using the
Hauser-Feshbach statistical theory in the GNASH code over an energy
range of 100 keV to 20 MeV. Calculations included width fluctuation
corrections, direct reaction contributions, and preequilibrium correc-
tions above 6 MeV. Neutron optical model potentials were determined for
zinc. The theoretical values agree with the new 14.8 MeV measurements
approximately within experimental error, with calculations of 201 mil-
libarns for the (n,2n) cross section and 170 millibarns for the (n,p)
cross section. Results from the analysis will be made available in
National Evaluated Nuclear Data Format (ENDF/B) for fusion energy ap-

plications.
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CHAPTER ONE

INTRODUCTION

Cross section data is fundamental for many types of research, rang-
ing from nuclear weapons testing to fusion research; consequently in
order to fulfill the needs for nuclear data, cross section analyses have
been prioritized by the Nuclear Data Committee [1]. 1In addition to this
committee’s work, in 1982 the Department of Energy initiated a program
entitled, "Coordination of Magnetic Fusion Energy Nuclear Data Needs and
Activities," that not only determined the nuclear data needs but also
prioritized these needs for magnetic fusion [2]. The requested
measurements should be the most applicable to the fusion blanket and the
shield development. One of these highly prioritized interactions is the
6aZn (n,p) 6I‘Cu cross section which provides dosimetry and activation
data for the fission and fusion community. This cross section and the
6Z‘Zn (n,2n) 63Zn cross section were measured for this work.

A neutron cross section is defined as a measured or calculated
probability that a neutron will interact with a nucleus; thus, a cross
section can also be referred to as the effective interaction area. This
latter definition of a cross section coincides with the Democritan-
Lucretian view of "atomism” which states that there are certain ultimate
particles [arpos] that are indivisible and interact with everything to
make life as it i; known, In fact, Lucretius said in -~ 50 B.C.: "But
as it is, because the bonds between the atoms differ and matter itself
is eternal, a thing remains wich‘its body uninjured until assailed by a

force whose keeness is a match for its own structure. Therefore no

thing is reduced to nothing, but all things change back into particles



of matter [3]." This research then, was generally undertaken in the
spirit of philosophical deduction and experimental research to provide
measurements of cross sections as fundamentals for the scientific world.
Specific steps, included remeasuring the 64 Zn (n,2n) 63Zn interaction
as a standard for the University of New Mexico activation analysis
system and the 6l‘Zn (n,p) éACu cross section for use in the fusion
reactor program [4]). Although experimental data already exist for these
two isotopes at 14.8 MeV, these data have large error bars; consequently
the present work is an attempt to produce a more precise data base [5].
After these measurements were performed, the data derived from them were
compared to theoretical calculations performed by the GNASH code [6].

A primary purpose of this research is to develop a method for ex-
perimentally determining the cross sections through activation analysis.
This process can best be described as the bombardment of the test ele-
ment by neutrons within the 14.84 MeV +/- 20 keV range to produce
radioactive isotopes [4]. Each isotope produced through the interaction
of the element and the neutrons has a characteristic half-life and
emission spectrum. The half-life and the radiation emitted, then,
enables the researcher to determine the interaction (cross section) that
took place, through calculations. Thus, one measures the probability of
high energy neutrons interacting with an element to form the radioactive
isotopes. This cross section can also be called the "activation cross
section.” Since ghe neutron’'s wavelength at this energy is less than
the size of the nucleus and approximately the size of the neutron it-
self, the cross section is approximately equal to the geometrical size

of the nucleus.




Other intrinsic elements playing major roles in this research, are
the activation cross sections for two copper isotopes previously
measured by Ghanbari and Robertson who used the exact same experimental
setup [7]. Their measurements not only serve as a standard but also
determine the neutron energy and flux. These reference foils analysed

by Ghanbari and Robertson were separated isotopes of 63Cu and 65Cu. The

reactions that were previously analyzed were: 63Cu (n,2n) 62Cu, and 65Cu
(n,2n) 6(‘Cu. The fo%ls were 1sotopically (99.99 percent) pure.

Once activated, these foils were analyzed using the gamma-gamma
coincidence method which actually measures the beta-plus activity as-
sociated with the decay scheme of the product nuclide. This system was
established by Ghanbari and Robertson for this purpose [4]. Initially,
their cross sections were measured using the 4-pi beta gamma counter and
the gamma-gamma counter. For the purpose of the present experiment,
however, only the gamma-gamma coincidence system was used because of the
systematic error intrinsic to the 4-pi beta-gamma coincidence
system [7].

After the experimental section of the work was completed, the
measured cross section values were compared with the theoretical values
obtained using the GNASH code developed by Young and Arthur {6] . This
code, described in Chapter Four, calculates many different cross sec-
tions by theoretically "modeling" these interactions between particles
and 1sotopes. This technique was applied to the previously delineated
(n,2n) and (n,p) cross sections with energies from 100 keV to 20 MeV.

In this project the GNASH code provided the following calculations:

642n (n,2n) 63Zn, 6a2n (n,p) 6[‘Cu, 642n (n, na) 61Ni, 6a2n (n,np) 63Cu,
6I‘Zn (n,v) 642n, etc.



An advantage of the GNASH code is that it allows competing reactions
to be simultaneously calculated; therefore other cross sections that
are impossible to determine experimentally are calculated here. The
code permits dynamic modeling of the competing processes, with spin,
parity, level densities, all being simultaneously considered. Another
advantage of the GNASH code is that it has already been used to analyze
several other cross sections for elements and isotopes [8]. This pre-
viously established data shows that theoretical calculations are
important for areas where no experimental data exists or where there is
reasonable uncertainty in the data itself. A brief description of the
code enables the reader to become familiar with the details of the codes
capabilities and limitations, while actually working on the problem of
analyzing the reactions previously discussed. The experimental and
theoretical values provided by this research will provide other re-
searchers with a more accurate data base for the zinc istotopes.

The remainder of this thesis is divided into four chapters. Chapter
Two gives a detailed description of the neutron source and gamma
spectrometer used in the experimental section of this work. Chapter
Three explains the details of various physics for the cross section
determinations as well as discussing the method for experimentally
calculating cross sections through activation analysis. Chapter Four
discusses the GNASH code and describes the calculations used to
theoretically model interactions between particles. Chapter Five con-
cludes the thesis by discussing the results of the theoretical and
experimental sections and also a comparison of these results. Finally,

there is a section suggesting recommendations for future research.




CHAPTER TWO
NEUTRON SOURCE AND MONITORING

2.1 Introduction

In order to understand the experimental set-up, one must first
understand the purpose that it serves. The purpose is to use an ex-
perimental technique called "activation analysis" to measure cross
sections. As the name implies, the experimenter took a sample that was
stable and irradiated it with neutrons until it became sufficiently
radioactive. The radicactive emission from the sample was then analyzed
by a radiation detector capable of determining the intensity and the
energy of the radiation emitted. Known principles along with the
measured parameters allow the experimenter to calculate fundamentals,
which determine the activation cross section. In this case, stable zinc
foils were irradiated to form isotopes of zinc and copper. The beta-
plus radiation emitted from these foils was measured along with the
radiation from a similar standard (63Cu or 65Cu) with a known cross
section which was irradiated at the same time. Since the known standard
was very similar, it was used as a reference to calculate the cross
section for the isotopes produced [7].

A more accurate reaction cross section was determined for production
of zinc and copper by applying correction factors. The measurements
conducted in this.tesearch used standard equipment including a Texas
Nuclear Neutron Generator and gamma ray spectrometer available at the
University of New Mexico Nuclear Engineering Laboratory. Activation
analysis, therefore, required a neutron source, a well measured stan-

dard, and a radiation detection system.



2.2 General Description of the Texas Nuclear Neutron Generator

The Texas Nuclear Neutron Generator (TNNG) was used as the source of
neutrons. It produced a high flux of neutrons through the continuous
bombardment of a tritiated-titanium target with deuterons. The 14.8 MeV

neutrons were produced by the well known D-T reaction [9]:
1
D + "H = He + oR (2.1)

In order to better understand the neutron generator, each of the
main components will be described in detail along with its function.
The main components of the generator itself were an ion source, an
accelerating tube, and the target. The supporting mechanisms of the
generator were the high voltage supply, the vacuum system, and the
remote control console. Since the generator provided a high flux of
high energy neutrons, it was also important to have adequate radiation
shielding.

The neutron generator was set up in the Nuclear Engineering
Laboratory Hot Cell. The controls for the generator were located out-
side of the cell which also included the control and diagnotic devices

for the plastic scintillator that was used to monitor the neutron flux.

2.2.1 Ion Source and Gap Lens

The ion source consisted of a serles of components as shown in

Figure 2.1. The deuterium gas (99.9 percent pure), palladium leak,
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Figure 2.1 Major Components of the Texas Nuclear Neutron Generator




pyrex bottle, r-f oscillator, solenoid, and the quartz sleeve were the
major components.

These components were operated in the following way: deuterium gas
was introduced into the system by activating the paladium leak. The
palladium allowed rapid diffusion of the deuterium molecules when it was
heated. The temperature was controlled by the heating coil surrounding
the palladium leak. As the temperature was increased, more deuterium
was admitted into the pyrex tube. Since the tube and the gas supply
were at different pressures, the gas naturally flowed into the tube
which was at a much lower pressure.

Once the deuterium was introduced into the pyrex tube, the radio
frequency field was used to ionize the deuterium gas. This ionization
was accomplished by activating the two excitor rings which fit around
the bottle, as shown in Figure 2.1. Electromagnetic energy was coupled
through the pyrex glass tube, thus exciting the deuterium gas. The
deterium gas was excited to the point where it disassociated and became
ionized emitting the characteristic deep reddish/purple light of the
deuterium spectra.

Next, these ions were forced into the exit canal by the positive
potential across the bottle. A solenoid which fit around the bottle,
produced an axial magnetic field; this, in turn produced a force in the
radial direction of the bottle due to the Lorentz force (F = v x B).
This restricted tﬂe ions path to the center of the bottle.

The quartz sleeve at the end of the aluminum exit canal prevented
the recombination of the ions. It also acted as a focusing agent for
the ions. The electric force, then, focused and directed the ions so

that they did not hit the canal walls.




The ion beam expanded due to space charge (repulsive) forces at the
exit of the canal since focusing was no longer applied. Therefore,
another focusing agent was needed to aid the ions on their path to the
accelerating tube. This apparatus was the gap lens. By applying volt-
age to the gap lens, the beam was focused into the accelerating tube.

This is shown schematically in Figure 2.2,

2.2.2 Accelerating Tube

Once the beam was produced and focused it then entered the ac-
celerating tube, as shown in Figure 2.1, designed for multi-stage
acceleration of the positive ions. As stated previously, the ions must
have enough energy to achieve the (d,t) reaction; consequently, they
must be accelerated to 150 kV. The accelerating tube on the neutron
generator was designed for up to 150 kV operation. The tube was divided
into 20 electrodes which were separated by porcelain insulators. This
division of the voltage insured that each time the ions passed the
electrode, they received a 7.5 kV increase in energy. 1Identical resis-
tors were placed between each electrode to insure equal voltage division
among the electrodes. The resistors were mounted in a lucite stack
holder alongside the tube. The total current drawn by the resistor
stack at 150 kV wés 750 micro-amps. There were twenty 10 mega-ohm
resistors in the stack. The tube also focused the ions as they were

accelerated.
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Figure 2.2 Schematic of Gap Lens

10




2.2.3 Drift Tube and Target

The Texas Nuclear Neutron Generator also had a drift tube section
located just after the ions came out of the accelerating tube. This
section held at vacuum (4 x 10-7 torr), so that foreign molecules did
not contaminate the ion beam. An lon pump provided a high vacuum.
Bellows in the middle of tﬁe drift tube allowed the experimenter to
adjust the tube for maximum beam transmission to the target. Finally,
the tritiated/titanium target was located at the end of the drift tube.

The target was a 1-1/4" diameter disk. The tritium gas was occluded
in a very thin layer of titanium, which had been evaporated onto copper.

In this research the tritium activity upon insertion into the TNNG was 5

Curies.

2.3. Neutron Source
2.3.1 The (D,T) Reaction

It i{s well documented that the Q value of the D-T reaction is +17.6
MeV [10]. Since the deuteron energy at the interaction point is small
compared with the Q value of the reaction, the neutrons produced are
essentially monocenergetic. The product energy varies inversely with the
product mass; consequently, the neutron carries off the majority of the
reaction energy. For this experiﬁent, the Texas Nucle;r Neutron

Generator, produced neutrons at approximately 14.8 MeV [4}.

11



The D-T reaction is an excellent source of high energy neutrons.

It was chosen over a D-D source for several reasons. First, the yield
from the D-T reaction is much greater than that of the D-D reaction.

26 cmz/atom, as compared to

The D-D cross section at 150 keV is 3.0 x 10~
the D-T cross section of 4.55 x 10'24 cmz/ atom [l1]). The neutron
output for a thin D-T target compared to a D-D target is approximately
300 times greater. Since activation analysis depends upon a prolific
neutron flux, the D-T reaction is the one chosen for the generator at
14.8 MeV. The D-D reaction is better for lower energy reactions.

The target must be thin enough so that it will not interfere with
the outgoing neutrons, yet it must be thick enough to actually stop the
incoming deuterons. If the target thickness is increased too much, the
flux actually decreases.

Also, as noted by Ghanbari, the neutron energy is a weak function of
laboratory angle [4]. However, this observation was not important for
this research because all of the experiments were done at O degrees.

Once the neutron flux has been satisfactorily established, the
distribution that the samples see must be examined, so that a minimum of
interference can be established between the neutron flux and the foils.
Since the tritium target must be cooled, the TNNG has an outlet and a
water jacket for target cooling. Because the water would thermalize the
neutrons, high pressure air emitted from a copper nozzle was chosen to
cool the target. fhis would provide a minimum amount of interference in
the neutron flux. Ghanbari and Robertson also showed that the neutron
flux followed a l/r2 behavior {4]. This was done by irradiating Fe

foils and measuring that cross section as a function of distance (r).

12




It is also important to note that the target lasts approximately 10

hours of operation before it depletes substantially.

2.3.2 Monitoring the Neutron Flux

The flux monitor used in this experiment was a plastic scintillator.
This is a fast neutron detector mounted on the wall of the hot cell
approximately 2 meters from the target. The plastic slows down the
neutrons so that they can be detected by the LiI(Eu) scintillation
detector. The scintillator light is converted into an electrical signal
that can be amplified by a photomultiplier tube. A typical output
recorded by the plastic scintillator can be seen in Figure 2.3,

A fast neutron detector works on the principle that it first slows
down the neutron with sufficient moderating material so that it can
detect the neutrons with reasonable efficiency. The incoming 14.8 MeV
neutrons lose most of their energy in the moderator before they are
counted. However, the moderator must not be too thick; otherwise the
neutron will be slowed to a point that it will not even reach the detec-
tor. This large plastic scintillator fulfills each of the above

requirements.

13
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2.4 Radiation Detection System

The NaI(Tl) Spectrometer

2.4.1 Introduction

The radiation detectiop system that was used to determine the ac-
tivity from the irradiated samples was a gamma-gamma coincidence system
[4}. The system consists of two 6 inch diameter by 6 inch long Nal
scintillation detectors, placed exactly 180 degrees from each other and
accompanied by electronic diagnostics. The scintillation crystals are
surrounded by lead shield to keep the gamma ray background radiation as
low as possible. The NaI(Tl) Spectrometer or gamma-gamma coincidence
unit as seen in Figure 2.4 is located in a room next to the Hot Cell to

insure low gamma ray background.

2.4.2 Description

Each of the crystals is hooked up to a preamplifier, amplifier,
single-channel analyzer, and finally in concert to a coincidence unit.
Figure 2.4 shows a schematic of the gamma-gamma coincidence system.
Power is provided to the two photomultiplier tubes by a Fluke 415B high
voltage power supﬁly.

The detection system chosen for this work had to be one that
measured the characteristic radiation emitted from the sample; in this
case gamma rays were produced through annihilation radiation of

positrons emitted from the radiocactive product nuclei in the experiment.
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A positron is defined as a particle with the same mass as an electron
and with an electric charge equal in magnitude but opposite in sign to
that of the familiar electron. It is produced by the following means:
a photon of sufficient energy can raise an electron from a state of
negative energy to that of positive energy. When the electron disap-
pears from its negative energy state, it leaves a "hole", which means
that a positron appears. Therefore, a pair of particles are created:
the electron-positron pair. The reverse process is defined as annihila-
tion radiation. Once the positron is formed, it interacts with other
particles until it is almost at rest. It then interacts with an
electron in the same energy state. They "annihilate" each other and
simultaneously two gamma-rays with 0.511 MeV energy are emitted in
opposite directions. These two gamma rays energies are equal to the
rest mass of an electron.

A gamma ray is uncharged and does not to any extent ionize the
material that it passes through. Therefore, it is imperative that a
detector for the gamma rays enables it to transfer all of its energy to
an electron in an absorbing material. Since a scintillation detector
must be able to convert the radiation detected into light, a crystal
detector was chosen that has several outstanding capabilities. Nal (Tl)
was chosen because of its excellent light yield and because it has an
excellent response in the energy range of interest, in this case 0.511
MeV [10]). The coﬁversion of radiation into light pulses should also be
linear with increasing energy. The 6 inch by 6 inch crystal also had to
be big enough to catch all or most of the radiation emitted from the
sample. Of course, the detectors must be stable over a long period of

time; this has been established from prior experiments. This detector
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fulfills all of the above requirements for measuring the radiation
emitted from samples.

Although other detectors fulfill some requirements, they did not
fulfill all the requirements for the research. For example, if only one
Ge(Li) detector were available, coincidence capability would be
sacraficed, and this is the essential part of the detection system.
Thus, there had to be two detectors large enough to catch all of the
emmitted radiation surrounding the sample. Even though the Ge(Li)
detector is more sensitive to gamma rays at lower energies, it was not
practical for this measurement. Therefore, the germanium lithium detec-
tor which is generally used for analyzing more complex spectra was used

in the present experiment.

2.4.3 Initial Detector Preparation

As with any detector certain procedures must be followed to insure
that it is set up properly. For this system, the steps were as follows:
1) measuring the voltage plateau, 2) determining the linearity, 3)
determining the resolution, 4) determining the detection efficiency,
and finally 5) determining the long term stability of the system.

The operating voltage of the detectors was found by measuring the
voltage plateau. .Since Na-22 emits the same radiation as the irradiated
samples, a Na-22 source was used to perform this experiment. The source
was placed between the detectors and the count rate was noted as the

experimenter slowly increased the photomultiplier tube bias voltage. As

18




in any detector system there is a point where the count no longer in-
creases; this is called the "counting plateau", which determines the
operating voltage for the system. In this case, it was 995 volts. See
Figure 2.5. These steps were followed for both detectors.

Next, the linearity of the system was determined by placing various
gamma emitters between the detectors and recording their channel number
on th; multi-channel analyz;r. The isotopes which were used are avail-
able in most laboratories; Na-22, Co-59, Co-60, Cs-137, etc. See
Figure 2.6. This was also checked with an oscilliscope to see that the
pulse -height was linear as a function the gamma ray energy.

Next, the resolution was determined by using the isotopes to produce
a measurable peak on the multi-channel analyzer. This peak was then
read to fulfill the equation:

R = FWHM/H (2.2)
where, R is the resolution, FWHM is the full width at half maximum
height of the pulse, and H is the pulse height of the peak.

The detector efficiency was determined to be 90 percent. A measure-
ment of the long term stability of the system is shown in Figure 2.7. In
summary since the choice of this gamma-ray spectrometer met all criteria
for the experiment, and it had been calibrated properly. The

spectrometer was stable for the life of the experiment.
2.4.4 Correction Factors
As with every detection unit certain correction factors must be

applied to the data that is measured because of inherent difficulties in

the system itself. Since the experimenter cannot be sure that all of
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the radiation emitted is actually being measured, certain corrections

have been developed to establish the accuracy of the measurement. The
resolving time and the chance coincidence rate are two that had to be

applied in this detection system.

The resolving time or dead time is the amount of time after an event
during which the detector will not respond to another signal. Since the
detector cannot always read the pulses as fast as they are emitted, a
method was devised to correct for this factor. Although there were
several methods for determining the resolving time in a coincidence
unit, the method described in Knoll was used in this research [10].

The same Cs-137 source was used for calculating the resolving time.
It was placed between the two detectors and the chance coincidence was
measured. The Cs-137 emits a characteristic gamma ray at 0.66 MeV.

Only one gamma ray is emitted. The source strength was measured for a
certain period of time and the single channel count rates and the
coincidence count rates are recorded. The resolving time was determined
by:

Teh © 2 TresT1 T2 (2.3)

where, Toh is the recorded chance coincidence rate, I, is the recorded
channel 1 count rate, r, is the recorded channel 2 count rate and Tres
is the calculated resolving time.

By using these calculatlions, the chance coincidence and the resolv-
ing time have been.accounted for as correction factors in the gamma-
gamma coincidence system. However, the difference in what the detector
sees and what radiation is actually emitted must also be accounted for
since no system is 100 percent efficient. 1In order to do this, each

detector must first be analysed individually for its efficiency and then
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the two together must show some relation in order to find the overall
detector efficiency.

Since the radiation emitted from the source occurs simultaneously,
the operator has the information needed to establish the absolute source
activity or the efficiency of the system. One of the 0.511 MeV photons
emitted is recorded by NaI(Tl) number 1, while the other photon emitted
in the exact opposite direction at the same time is seen by NaI(Tl)
number 2. Since the resolving time is r, the count rate in number 1 and
number 2 can be related as:

R1 - Efficiency1 x No (2.4)

and

R2 - Efficiency2 X No (2.5)

where, N° is the true disintegration rate.
Therefore the true coicidence rate measured by the system for this
sample is
R, = Efficiency1 Efficiency2 X No (2.6)
Since the coincidence rate can be measured, then the true and the chance
coincidence rate can be calculated by:
R - R. + R

CM c Ch

It was also shown that RC can be calculated with another equation.

(2.7)

Substituting RC into 2.7, the true coincidence is solved by:
No- R1R2/(RCM- RCh) (2.8)
Therefore the true disintegration rate of the sample has been deter-
mined, along with the efficiency of the detector system. 1t has also

been established that the gamma-ray spectrometer meets all of the
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criteria for a good detection system to analyze the characteristic

radiation emitted from the zinc and copper foils after irradiation.
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CHAPTER THREE

EXPERIMENTAL PROCEDURE AND ANALYTICAL METHODS

3.1 Introduction

Since the experimental setup for activation analysis has been
delineated in Chapter Two, the analysis of results is the next step in
this work. The natural zinc foils were placed at varying distances (5
cm., 10 em., 15 cm., and 20 cm.) from the target, perpendicular to the
beam along with the reference foils. Next, the foils were irradiated
for a predetermined length of time, with 14.8 MeV neutrons from the
generator. The angle with respect to the beam for the foil placement
was zero degrees. In order to measure the 6aZn (n,2n) 63Zn cross
section (since 632n has a characteristic half 1ife of 38.1 minutes),

63

the reference was the Cu (n,2n) 62Cu cross section, where 62Cu has a

9.78 minute half-life, which is reasonably similar to 63Zn for this type
experiment. To measure the 6l‘Zn (n,p) 64Cu cross section the 65Cu
(n,2n) 64Cu cross section was used as the reference. These two
reference cross sections were measured by Ghanbari and Robertson with
the exact same experimental set-up [7]. In all cases the foils were not
irradiated to saturation because the neutron flux deteriorated severely
after a limited amﬁunt of time.

Following irradiation, the foils were measured for their radiocactive
content in the gamma-gamma coincidence system. In addition, to make

certain that no impurities contributed to the radioactive content of the

isotopes being measured, the decay curves were also plotted and examined
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in order to extract the characteristic half-life. Since the 6l‘Cu half-

life is 12.71 hours, the researcher needed to wait until the Zn63 had
decayed away in order get an accurate radioactive content without any
63Zn contributions. This is shown in Figure 3.1, where the two com-
ponents of the decay curve can be clearly distinguished. Once the
saturated activities were dgtermined, the cross sections were calculated
by ratioing the saturated activities and multiplying by the reference
foil cross section. All other corrections were applied by using the
technique developed by Robertson and Ghanbari. The neutron flux was
calculated by using the separated isotope as a reference. Since the
neutron flux of the Texas Nuclear Neutron Generator was calibrated
previously by Ghanbari and Robertson, that step was not repeated for
every experiment [4]. Finally, Robertson and Rowland have already shown

there is no neutron contribution from scatter within the laboratory

[12].

3.2 Calculations

Before performing the experiments, it was first necessary to make
several calculations, including both macro and microscopic analyses.

To understand the actual cross section calculations, it is impera-
tive to conceptualize the underlying physics of the reactions involved.
In general, a nuclear reaction, has the following form:

A+B=C+ D+ delH (3.1)
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This equation takes into account the well known conservation of energy.
Here, A and B are the reactants, C and D are the products of the reac-
tion and the del H is the energy change of the system. In this
experiment, for example, A was the target nucleus, B was the incoming

particle, C was the product nuclei, D was the outgoing particle and the

change in energy of the system was expressed as Q. In fact, there is a
transition system known as the compound nucleus that is the intermediate
step between the reactants and the products. This intermediate state
exists for 10-16 seconds and must be taken into account in any com-
prehensive nuclear model. With this in mind, then, the reactions that
are involved in this experiment can be written:

6 65 63

aZn + neutron = “Zn = Zn + 2 neutrons + Q(n (3.2)

,»2n)

and

6l‘Zn + neutron = 652n - 6l‘Cu + proton + Q(n p) (3.3)

where 65Zn is the compound nucleus.
Here the neutron produced by the TINNG is the incoming particle and the

642n is the target nucleus. The outgoing particles in 3.2 are two

neutrons which characterize the reactions that occur at 14.8 MeV. 63Zn
is the radiocactive product in the first reaction, and 6l‘Cu is the
product of the second reaction.

In nuclear physics an important term in determining the energetics
of a reaction is the energy change or Q of the reaction expressed in

MeV. Q is determined by the mass difference between the initial and

final systems, as follows:

del Mass (amu) = M(target) + M(i.p.) - M(product) - M(o.p.) (3.4)

and,

29



Q (MeV) = del Mass (amu) x 931.4 MeV/amu (3.5)

The Q values for the reactions are shown in the following Table 3.1:

Table 3.1

Q Values for the Reactions of Interest

4
T(d,n) He 14.1
6420(n,20)32n -11.8480
84 20(n, p)®4cu 0.204

Two of the reactions are exothermic; that is, they have a positive
Q. There is a net increase in the kinetic energies of the particles.
On the other hand, the 642n (n,2n) reaction is endothermic (negative Q)
and there is a decrease in the energies of the pariticles. These are
important concepts because in the exothermic reactions, the nuclear mass
is converted into kinetic energy, while in the endothermic reaction the
opposite occurs; that is, the kinetic energy is converted into mass.

The threshold énergy can be defined as the minimum energy of an
incident particle required to produce a nuclear reaction. It is well
known that in a exoergic (exothermic) reaction the threshold energy is

64

zero. On the other hand the threshold for the endothermic Zn

(n,2n)%3Zn reaction is 12.048 MeV.
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3.2.1 Saturated Activity Determination

Once it has been established that the reaction can take place at a
given neutron energy, the next step is to examine what happens when a
target is irradiated by 14.8 MeV neutrons.

First, it is important to recognize that when the neutrons interact
with the target 642n a cerﬁain amount of the 63Zn or 6Z‘Cu is produced as

a function of time. This production is defined as the reaction rate,

RR = de /4t (3.7)
where, Np is the number of nuclei produced in the change of the time dt,

or in terms of the neutron flux produced by the generator by:

RR=no ¢ (3.8)
where, o is the reaction cross section (cmz), n is the number of atoms
in the target, and & is the flux of the neutrons (particles/cmz-second).
It is well known that the rate of change of the product nuclei during
the irradiation is the difference between the production rate and the
decay rate. Even though the main concern of the experiment is to
produce radioactive nuclei, it should be remembered that even as nuclei
are being produced some are decaying at the same time. The simultaneous
phenomena may be expressed by:
‘np = M = RR(L - ™M) (3.9)
where, Dp is the decay rate of the product nuclei, Np gs the number of

nuclei produced, and ) is the decay constant for the isotope of inter-

est.
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The saturated activity is obtained when the decay rate approaches

the production as a limiting value, essentially when the decay rate is
equal to the production rate. This is usually assumed to occur after
irradiation for approximately 5 half-lives. In the case of the TNNG the
flux is reasonably constant for a limited period of time. Therefore,
the analyst must choose a happy medium between good irradiation time and
statistically valid flux variation. Along with the irradiation time,
another important factor in determining the saturated activity is the
fact that for long-lived product radionuclides irradiation time is
essentially a linear function of the mimimum amount of radioactivity
desired. Therefore, saturated activity which has importance for this
research depends upon three factors, 1) the half-life, 2) statistical
accuracy and 3) neutron flux steady state operating time of the Texas
Nuclear Neutron Generator. The results of the applications of these
three factors are presented in Chapter Three.

Not only does the saturated activity play an important role in the
irradiation time, but it also plays the key role in the determining the
cross section, because the ratio between the saturation activity in the
reference foil and the target foil multiplied by the reference cross
section determines the product nucleil cross section.

Because it was not possible to irradiate the foils to full satura-
tion, an alternative method was used to determine the saturated
activicy. The satﬁrated activity was calculated by the same method used
by Robertson and Ghanbari [4]:

A /(1-e”* Cirr) (3.10)

sat = Pirr

and the activity of each foil was calculated using the measured ab-

solute activity at the end of irradiation period:
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A tw e-A (tw + tc)]

-A
irr -~ A*No/[e (3.11)
where, tw is the time period recorded between the end of the irradiation
period and the beginning of the counting period, A is the decay constant
of the product isotope, tc is the counting period, and No is the calcu-

lated total count for the counting period denoted by tc.

3.2.2 Cross Section Determination

The target material for this experiment was natural zinc metal in
the form of a foil. Natural zinc metal is composed of three separate .

isotopes: 642n, 662n and 682n. For the purpose of this experiment, only

6aZn was analyzed. The isotopic abundance of 6aZn is 48.6 percent.

As presented in the last chapter, the No or the true disintegra-
tion rate corresponds to the saturation rate. Consequently, the true
disintegration rate can be determined once the saturation rate is known
because, essentially, one depends upon the other. It has already been
evaluated that the basis of the true disintegration rate is obtained
from the expression [7]:

N, - [Nl NZ/NC] (& + 02/[(1 + Ql) 1+ Qz)]) (3.12)
where,
N1 is the number of counts in channel one, N2is the number of counts in
channel two, and Né is the number of counts in the coincidence channel.
°1 and ¢2 are the relative efficiencies of the individual Nal crystals
to the gamma radiation being measured. Since both of the crystal detec-

tors receive the same energy gamma radiation (0.511 MeV), the

efficiencies are equal. Therefore, the above equation becomes
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N, =N N, /N (3.13)

As was stated previously, the angular correlation and the source
detector geometry factor do not enter into the calculations because the
previous conditions apply [7]. These are a) the two gamma rays have the
same energy and are emitted in exactly opposite directions; and b) the
distance between the source and the detector are equal and this distance
is very much smaller than the radius and the thickness of the Na(Tl)
crystals; and c) the angle between the longitudinal axes of the detec-
tors is 180°.

In this research the above equation was modified for the background,
dead time and the previously calculated resolving time. The equation

then becomes

(Ny - N LN, - N, ) N.N
_ 1 b1’ ‘2 2b 1+ )(12

o res ———)

2 (NC- Ncb) Nc (3.14)

N

where Nlb is the background in channel one, N2b is the background in

channel two, and NCb is the background in the coincidence channel.
The previously delineated saturated activity is calculated by

accounting for the correct matrix percentage, isotopic mass and mole

fraction in that sample.

3.2.3 Decay Scheme Determination

Once the saturated activity has been determined, certain correction

factors must be considered to find the real activity. First, the




branching ratio must be considered because the nuclear constants that
are determined by it are the decay scheme and the half-life and are of
primary importance here. Decay schemes played an important role in this
work because the decay scheme affects the quantitative determination of
positron emission with subsequent annihilation radiation. Since a
radioistope source can decay in many ways, the decay scheme becomes a
diagnostic tool for the exferimenter. Because of the correlation be-
tween the energies of the positron particles and the gamma rays, it is
possible to construct a nuclear energy diagram for the radioisotope of
interest. This is called the decay scheme.

The decay schemes for 63Zn, 640u and 62Cu are shown in Figures
3.2, 3.3, and 3.4. The diagonal lines represent the different beta
particles and the vertical lines represent the gamma rays that are also
experimentally determined. However if no gamma ray is emitted, then the
beta transition is directly to the ground state. It is interesting to
note that the 64Cu decay scheme exhibits all three types of beta decay:
electron capture, positron emission, and electron emission. It should
also be noted that without accurate determination of the branching the
cross section could not accurately be determined since it depends upon a
very accurate branching ratio. In contrast to 64Cu, 63Zn does not
exhibit a variety of beta decay, because it exhibits only electron
capture and positron emission. In 1983 Christmas and Reyes reexamined
the decay scheme for 6I‘Cu with confidence limits in the 99 percentile
[13). Thus, the decay scheme is known very accurately. On the other

hand, the decay scheme for 63Zn has not been accurately reevaluated for

forty years. Therefore, the error in this determination i{s ten times
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