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THEORETICALAND EXPERIKENTALCROSS SECTIONS

FOR NEUTRON REACTIONS ON 64ZINC

DEBRA ANN RUTHERFORD

Abstract

Accurate measurementsof the 64Zn (n,2n)
63
Zn and 64Zn (n,p)64CU

cross sections at 14.8 MeV have been made using a Texas Nuclear Neutron

Generator and the activationtechnique. A NaI(Tl) spectrometer(using

two 6“ x 6“ NaI detectors/crystals)was used to measure the gammma

radiationemitted in coincidencefrom the positron-emittingdecay

products. The measurementswere made relative to
65
Cu (n,2n)64Cu and

63
Cu (n,2n)

62
Cu cross sections,which have simlar half-lives,radiation

emission, and were previouslymeasured to high accuracy (2 percent).

The value obtained for the (n,2n)measurementwas 199 A 6 millibars,

and a value of 176 ~ 4.5 millibars was obtained for the (n,p)measure-

ment. In concert, a theoreticalanalysis of neutron induced reactions

64
on Zn was performed at Los Alamos National Laboratoryusing the

Hauser-Feshbachstatisticaltheory in the GNASH code over an energy

range of 100 keV to 20 MeV. Calculationsincludedwidth fluctuation

corrections,direct reaction contributions,and preequilibriumcorrec-

tions above 6 MeV. Neutron optical model potentialswere determinedfor

zinc. The theoreticalvalues agree with the new 14.8 MeV measurements

approximatelywithin experimentalerror, with calculationsof 201 mil-

libars for the (n,2n)cross section and 170 millibars for the (n,p)

cross section. Results from the analysiswill be made available in

National EvaluatedNuclear Data Format (ENDF/B)for fusion energy ap-

plications.

xi



CNAPTER ONE

INTRODUCTION

Cross section data is fundamentalfor many types of research, rang-

ing from nuclear weapons testing to fusion research; consequentlyin

order to fulfill the needs for nuclear data, cross section analyseshave

been prioritizedby the Nuclear Data Committee [1]. In addition to this

committee’swork, in 1982 the Departmentof Energy initiateda program

entitled, “Coordinationof Magnetic Fusion Energy

Activities,” that not only determined the nuclear

prioritized these needs for magnetic fusion [2].

measurements should be the most applicableto the

Nuclear Data Needs and

data needs but

The requested

fusion blanket

also

and the

shield development. One of these highly prioritized interactionsis the

64
Zn (n,p)

64Cu cross section which provides dosfmetry and activation

data for the fission and fusion community. This cross section and the

64
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 interactwith a nucleus; thus, a cross

section can also be referred to as the effective interactionarea. This

latter definition of a cross section coincideswith the Democritan-

Lucretian view of “atomism”which states that there are certain ultimate

particles [arpos] that are indivisibleand interactwith everythingto

make life as it is 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

force whose keeness

thing is reduced to

remains with its body uninjured until assailedby a

is a ❑atch for its own structure. Therefore no

nothing, but all things change back into particles

1



of matter [3].” This research then, was generallyundertaken in the

spirit of philosophicaldeduction and experimentalresearch to provide

measurementsof cross sections as fundamentalsfor the scientificworld.

Specific steps, included remeasuringthe
64

Zn (n,2n) 63Zn interaction

as a standard for the University of New Mexico activationanalysis

64 64
system and the Zn (n,p) Cu cross section for use in the fusion

reactor program [4]. Although experimentaldata already exist for these

two isotopes at 14.8 MeV, these data have large error bars; consequently

the present

After these

compared to

work is an attempt to produce a more precise data base [5].

measurementswere performed, the data derived from them were

theoreticalcalculationsperformedby the GNASH code [6].

A primary purpose of this research is to develop a method for ex-

perimentallydeterminingthe cross sections through activationanalysis.

This process can best be described as the bombardmentof the test ele-

ment by neutrons within the 14.84 MeV +/- 20 keV range to produce

radioactiveisotopes [4]. Each isotopeproduced through the interaction

of the element and the neutrons has a characteristichalf-life and

emission spectrum. The half-life and the radiation emitted, then,

enables the researcherto determine the interaction (cross section) that

took place, through calculations. Thus, one measures the probabilityof

high energy neutrons interactingwith an element to form the radioactive

isotopes. This cross section can also be called the ‘activationcross

section.” Since the neutron’swavelength at this energy is less than

the size of the nucleus

self, the cross section

of the nucleus.

and approximatelythe size of the neutron it-

is approximatelyequal to the geometricalsize

2



Other intrinsicelements playing major roles in this research, are

the activationcross sections for two copper isotopes previously

measured by Ghanbari and Robertsonwho used the exact same experimental

setup [7]0 Their measurementsnot only serve as a standard but also

determine the neutron energy and flux. These reference foils analysed

by Ghanbari and Robertson were separated isotopesof
63
Cu and 6’CU. The

63
reactions that were previously analyzedwere: Cu (n,2n)

62
CU. and 6’CU

(n,2n) 64Cu. The foils were isotonically(99.99percent) pure.
.

Once activated, these foils were analyzed using the gamma-gamma

coincidencemethod which actually measures the beta-plus activity as-

sociated with the decay scheme of the product nuclide. This system was

establishedby Ghanbari and Robertson for this purpose [4]. Initially,

their cross sections were measured using the 4-pi beta gamma counter and

the gamma-gammacounter. For the purpose of the present experiment,

however, only the gamma-gammacoincidencesystem was used because of the

systematic error intrinsic to the 4-pi beta-gamma coincidence

system [7].

After the experimentalsection of the work was completed, the

measured cross section values were compared with

obtained using the GNASH code developedby Young

code, described in Chapter Four, calculatesmany

the theoreticalvalues

and Arthur [6] . This

different cross sec-

tions by theoretically“modeling”these interactionsbetween particles

and isotopes. This technique was applied to the previously delineated

(n,2n) and (njp) cross sections with energies from 100 keV to 20 MeV.

In this project the GNASH code provided

64 63Zn 64Zn (n,2n) , 64CU 64znZn (n,p) ,

64
Zn (n,~)

64
Zn, etc.

the following calculations:

(n,na) 61Ni, 64
63CU

Zn (n,np) ,

3



An advantage of the GNASH code is that it allows competing reactions

to be simultaneouslycalculated; thereforeother cross sections that

are impossibleto determine experimentallyare calculatedhere. The

code permits dynamic modeling of the competingprocesses,with spin,

parity, level densities,all being simultaneouslyconsidered. 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 establisheddata shows that theoreticalcalculationsare

important for areas where no experimentaldata exists or where there is

reasonableuncertainty in the data itself. A brief descriptionof the

code enables the reader to become familiarwith the details of the codes

capabilitiesand limitations,while actuallyworking on the problem of

analyzing the reactionspreviously discussed. The experimentaland

theoreticalvalues provided by this researchwill provide other re-

searcherswith a more accurate data base for the zinc istotopes.

The remainder of this thesis is divided into four chapters. Chapter

Two gives a detailed descriptionof the neutron source and gamma

spectrometerused in the experimentalsection of this work. Chapter

Three explains the details of various physics for the cross section

determinationsas well as discussing the method for experimentally

calculatingcross sections through activationanalysis. Chapter Four

discusses the GNASH code and describes the calculationsused to

theoreticallymode”linteractionsbetween particles. Chapter Five con-

cludes the thesis by discussing the results of the theoreticaland

experimentalsections and also a comparisonof these results. Finally,

there is a section suggestingrecommendationsfor future research.



GHAPTERTWO

NEUTRON SOURCEAND MONITORING

2.1 Introduction

In order to understand the experimentalset-up, one must first

understand

perimental

sections.

stable and

the purpose that it serves. The purpose is to use an ex-

technique called “activationanalysis” to measure cross

As the name implies, the experimentertook a sample that was

irradiated it with neutrons until it became sufficiently

radioactive. The radioactiveemission from the sample was then analyzed

by a radiation detector capable of determiningthe intensity and the

energy of the radiation emitted. Known principles along with the

measured parameters allow the experimenterto calculate fundamentals,

which determine the activation cross section. In this case, stable zinc

foils were irradiatedto form isotopes of zinc and copper. The beta-

plus radiation emitted from these foils was measured along with the

63
radiation from a similar standard ( Cu or65 Cu) with a known cross

section which was irradiatedat the same time. Since the known standard

was very similar, it was used as a reference to calculate the cross

section for the isotopesproduced [7].

A more accurate reaction cross section was determined for production

of zinc and copper by applying correction factors. The measurements

conducted in this research used standard equipment includinga Texas

Nuclear Neutron Generator and gamma ray spectrometeravailable at the

University of New Mexico Nuclear EngineeringLaboratory. Activation

analysis, therefore,required a neutron source, a well measured stan-

dard, and a radiation detection system.

5



2.2 General Descriptionof 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-titaniumtarget with deuterons. The 14.8 MeV

neutrons were produced by the well known D-T reaction [9] :

2
D + 3H -4He + in (2.1)

In order to better understand the neutron generator,each of the

main componentswill be described in detail along with its function.

The main components of the generator itselfwere an ion source, an

acceleratingtube, and the target. The supportingmechanisms of the

generatorwere the high voltage supply, the vacuum system, and the

remote control console. Since the generatorprovided a high flux of

high energy neutrons, it was also important to

shielding.

The neutron generatorwas set up in the

have adequate radiation

Nuclear Engineering

LaboratoryHot Cell. The controls for the generatorwere located out-

side of the cell which also included the control and diagnotic devices

for the plastic scintillatorthat was used to monitor the neutron flux.

2.2.1 Ion Source and Gap hms

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

Figure 2.1. The deuterium gas (99.9 percent pure), palladium leak,



cob2!(nO
i

xw

7



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

major components.

These componentswere operated in the followingway: deuterium gas

was introduced into the system by activatingthe paladium leak. The

palladium allowed rapid diffusion of the deuteriummolecules when it was

heated. The temperaturewas controlledby the heating coil surrounding

the palladium leak. As the temperaturewas 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 deuteriumwas introducedinto the pyrex tube, the radio

frequency field was used to ionize the deuterium gas. fii.sionization

was accomplishedby activating the two excitor rings which fit around

the bottle, as shown in Figure 2.1. Electromagneticenergy was coupled

through the pyrex glass tube, thus exciting the deuterium gas. The

deterium gas was excited to the point where it disassociatedand became

ionized emitting the characteristicdeep reddish/purplelight of the

deuterium spectra.

Next, these ions were forced into the exit canal by the positive

potential across the bottle. A solenoidwhich 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 the ions path to the center of the bottle.

The quartz sleeve at the end of the aluminum exit canal

the recombinationof the ions. It also acted as a focusing

prevented

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 focusingwas no longer applied. Therefore,

another focusing agent was needed to aid the ions on their path to the

acceleratingtube. This apparatuswas the gap lens. By applyingvolt.

age to the gap lens, the beam was focused into the acceleratingtube.

This is shown schematicallyin Figure 2.2.

2.2.2 AcceleratingTube

Once the beam was produced and focused it then entered the ac-

celerating tube, as shown in Figure 2.1, designed for multi-stage

accelerationof 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 acceleratingtube on the neutron

generator was designed for up to 150 kV operation. The tube was divided

into 20 electrodeswhich were separatedby 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. Identical resis-

tors were placed between each electrode to insure equal voltage division

among the electrodes. The resistorswere mounted in a lucite stack

holder alongside the tube. The total current drawn by the resistor

stack at 150 kV was 750 micro-amps. There were twenty 10 mega-ohm

resistors in the stack. The tube also focused the ions as they were

accelerated.



ION
BAS

GAP

BEAM
v\

SOURCE

+&is

\

IE PLATE

kV

w

Figure 2.2 Schematic of Gap Lens
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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 acceleratingtube. This

-7section held at vacuum (4 x 10 torr), so that foreign molecules did

not contaminatethe ion beam. An ion pump provided a high vacuum.

Bellows in the middle of the drift tube allowed the experimenterto

adjust the tube for maximum beam transmissionto the target. Finally,

the tritiated/titaniumtarget 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 activityupon insertion into the TNNG was 5

Curies.

2.3. Neutron Source

2.3.1 The (D,T) Reaction

It is well documented that the Q value of the D-T reaction is +17.6

MeV [10]. Since the deuteron energy at the interactionpoint is small

compared with the Q value of the reaction, the neutrons produced are

essentiallymonoenergetic. The product energy varies inverselywith the

product mass; consequently,the neutron carries off the majority of the

reaction energy. For this experiment,the Texas Nuclear Neutron

Generator, produced neutrons at approximately14.8 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.

The D-D cross section at 150 keV is 3.0 x 10-26 cm2/atom, as compared to

the D-T cross section of 4.55 x 10’24 cm2/ atom [11]. The neutron

output for a thin D-T target compared to a D-D target is approximately

300 times greater. Since activationanalysis depends upon a prolific

neutron flux, the D-T reaction is the one chosen for the generatorat

14.8 HeV. The D-D reaction is better for lower energy reactions.

The target must be thin enough so that it will not interferewith

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 functionof

laboratoryangle [4]. However, this observationwas not importantfor

this research because all of the experimentswere done at O degrees.

Once the neutron flux has been satisfactorilyestablished,the

distribution that the samples see must be examined, so that a minimum of

interferencecan be establishedbetween the neutron flux and the foils.

Since the tritium target must be cooled, the TNNG has an outlet”anda

water jacket for target cooling. Because the water would thermalizethe

neutrons, high pressure air emitted from a copper nozzle was chosen to

cool the target. This would provide a minimum amount of interferencein

the neutron flux. Ghanbari and Robertson also showed that the neutron

flux followed a l/r2 behavior [4]. This was done by irradiatingFe

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

12
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It is also important to note that the target lasts approximately10

hours of operationbefore it depletes substantially.

2.3.2 Monitoring the Neutron Flux

The flux monitor used in this experimentwas a plastic scintillator.

This is a fast neutron detector mounted on the wall of the hot cell

approximately2 meters from the target. The plastic slows down the

neutrons so that they can be detected by the LiI(Eu) scintillation

detector. The scintillatorlight is converted into an electrical signal

that can be amplifiedby a photomultipliertube. A typical output

recorded by the plastic scintillatorcan be seen in Figure 2.3.

A fast neutron detector works on the principle that it first slows

down the neutron with sufficientmoderatingmaterial so that it can

detect the neutrons with reasonableefficiency. 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 scintillatorfulfills 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 detection system that was used to determine the ac-

tivity from the irradiatedsamples was a gamma-gammacoincidencesystem

[4]. The system consists of two 6 inch diameterby 6 inch long NaI

scintillationdetectors,placed exactly 180 degrees from each other and

accompaniedby electronic diagnostics. The scintillationcrystals are

surroundedby lead shield to keep the gamma ray background radiation as

low as possible. The NaI(Tl) Spectrometeror gamma-gammacoincidence

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-channelanalyzer, and finally in concert to a coincidenceunit.

Figure 2.4 shows a schematic of the gamma-gammacoincidencesystem.

Power is provided to the two photomultipliertubes by a Fluke 415B high

voltage power supply.

The detection system chosen for this work had to be one that

measured the characteristicradiation emitted from the sample; in this

case gamma rays were produced through annihilationradiation of

positrons emitted from the radioactiveproduct nuclei in the experiment.

15
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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 magnitudebut opposite in sign to

that of the familiar electron. It is produced by the followingmeans:

a photon of sufficientenergy 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-positronpair. The reverse process is defined as annihila-

tion radiation. Once the positron is formed, it interactswith other

particles until it is almost at rest. It then interactswith an

electron in the same energy state. They “annihilate”each other and

simultaneouslytwo gamma-rayswith 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 imperativethat a

detector for the gamma rays enables it to transfer all of its energy to

an electron in an absorbing material. Since a scintillationdetector

must be able to convert the radiation detected into light, a crystal

detector was chosen that has several outstandingcapabilities. NaI (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 conversion of radiation into light pulses should also be

linear with increasingenergy. 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

emitted from

Although

of the above requirementsfor measuring the radiation

samples.

other detectors fulfill some requirements,they did not

fulfill all the requirementsfor the research. For example, if only one

Ge(Li) detector were available,coincidencecapabilitywould be

sacrificed,and this is the esseneialpart of the detection system.

Thus, there had to be two detectors large enough to catch all of the

emmitted radiation surroundingthe 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 generallyused for analyzingmore complex spectra was used

in the present experiment.

2.4.3 Initial Detector Preparation

As with any detector certain proceduresmust be followed to insure

that it is set up properly. For this system, the steps were as follows:

1) measuring the voltage plateau, 2) determiningthe linearity, 3)

determining the resolution, 4) determiningthe detection efficiency,

and finally 5) determiningthe long term stability of the system.

The operatingvoltage of the detectorswas 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

experimenterslowly increased the photomultipliertube bias voltage. As

18



in any detector system there is a point where the count no longer in-

creases; this is called the “countingplateau”,which determines the

operatingvoltage for the system. In this case, it was 995 volts. See

Figure 2.5. These steps were followed for both detectors.

Next, the linearityof the system was determinedby placing various

gamma emitters between the detectors and recording their channel number,,

on the multi-channelanalyzer. The isotopeswhich 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 oscilloscopeto see that the

pulseheight was linear as a function the gamma ray energy.

Next, the resolutionwas determinedby using the isotopes to produce

a measurable peak on the multi-channelanalyzer, This peak was then

read to fulfill

where, R is the

the equation:

R - FwHM/H (2.2)

resolution,FWHM is the full width at half maximum

height of the pulse, and H is the pulse height of the peak.

The detector efficiencywas 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 spectrometermet all criteria

for the experiment,and it had been calibratedproperly. The

spectrometerwas 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 difficultiesin

the system itself. Since the experimentercannot be sure that all of
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the radiation emitted is actuallybeing measured, certain corrections

have been developed to establish the accuracy of the measurement. The

resolving time and the chance coincidencerate 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 detectorwill 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 determiningthe resolving time in a coincidence

unit, ‘themethod described in Knoll was used in this research [10].

The same CS-137 source was used for calculatingthe resolving time.

It was placed between the two detectors and the chance coincidencewas

measured. The

Only one gamma

certain period

CS-137 emits a characteristicgamma ray at 0.66 MeV.

ray is emitted. The source strengthwas measured for a

of time and the single channel count rates and the

coincidencecount rates are recorded. The resolving time was determined

by:

-2?‘ch resrl ‘2 (2.3)

where, r~h is the recorded chance coincidencerate, rl is the recorded

channel 1 count rate, rz is the recorded channel 2 count rate and rres

is the calculated resolving time.

By using these calculations,the chance coincidenceand the resolv-

ing time have been accounted for as correction factors in the gamma-

gamma coincidencesystem. However, the difference in what the detector

sees and

since no

detector

what radiation is actually emitted must also be accounted for

system is 100 percent efficient. In order to do this, each

must first be analysed individuallyfor its efficiencyand then
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the two together must show some relation in order to find the overall

detector efficiency.

Since the radiationemitted from the source occurs simultaneously,

the operator has the informationneeded to establish the absolute source

activity or the efficiencyof the system. One of the 0.511 MeV photons

emitted is recordedby 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:

‘1 - EfficiencylX N.

and

‘2
- Efficiency x N.

where, N. is the true disintegrationrate.

Therefore the true coincidencerate measured by

sample is

‘c
- EfficiencylEfficlency2x

(2.4)

(2.5)

the system for this

N. (2.6)

Since the coincidencerate can be measured, then the true and the chance

coincidencerate can be calculatedby:

‘CM - ‘C + ‘Ch (2.7)

It was also shown that Rc can be calculatedwith another equation.

SubstitutingRc into 2.7, the true coincidenceis solved by:

N- R1R2/(RcM-‘Ch)o (2.8)

Therefore the true disintegrationrate of the sample has been deter-

mined, along with the efficiency of the detector system. It has also

been established that the gamma-ray spectrometermeets 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 PROCEDUREAND ANALYTICALKETHODS

3.1 Introduction

Since the experimentalsetup for activationanalysis 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 cm., 15 cm., and 20 cm.) from the target, perpendicularto the

beam along with the reference foils. Next, the foils were irradiated

for a predeterminedlength 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 64Zn (n,2n) 63Zn cross

63section (since Zn has a characteristichalf life of 38.1 minutes),

the referencewas the 63
Cu (n,2n) 62Cu cross section, where 62Cu has a

9.78 minute half-life, which is reasonablysimilar to 63
Zn for this type

experiment. To measure the
64
Zn (n,p)

64
Cu cross section the 65CU

(n,2n) 64Cu cross section was used as the reference. These two

reference cross sectionswere measured by Ghanbari and Robertsonwith

the exact same experimentalset-up [7]. In all cases the foils were not

irradiatedto saturationbecause the neutron flux deterioratedseverely

after a limited amount of time.

Following irradiation,the foils were measured for their radioactive

content in the gamma-gammacoincidencesystem. In addition, to make

certain that no impuritiescontributedto the radioactivecontent of the

isotopesbeing measured, the decay curves were also plotted and examined
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in order to extract the characteristichalf-life. Since the
64
Cu half-

life is 12.71 hours, the researcherneeded to wait until the Zn63 had

decayed away in order get an accurate radioactivecontent without any

63
Zn contributions.

ponents of the decay

saturated activities

This is shown in Figure 3.1, where the two com-

curve can be clearly distinguished. Once the

were determined,the cross sectionswere calculated

by ratioing the saturated activitiesand multiplyingby the reference

foil cross section. All other correctionswere applied by using the

techniquedevelopedby Robertson and Ghanbari. The neutron flux was

calculatedby using the separated isotope as a reference. Since the

neutron flux of the Texas Nuclear Neutron Generatorwas calibrated

previouslyby Ghanbari and Robertson, that step was not repeated for

every experiment [4]. Finally, Robertson and Rowland have already shown

there is no neutron contributionfrom scatter within the laboratory

[12].

3.2 Calculations

Before performing the experiments,it was first necessary to make

several calculations,includingboth macro and microscopic analyses.

To understand the actual cross section calculations,it is impera-

tive to conceptualizethe underlyingphysics of the reactions involved.

In general, a nuclear reaction,has the following form:

A+B- C+D+delH (3.1)
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‘I%isequation takes into account

Here, A and B are the reactants,

tion and the del H is the energy

the well known consenation of energy

C and D are the products of the reac-

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

transitionsystem known as the compound nucleus that is the intermediate

step between the reactants and the products. This intermediatestate

-16
exists for 10 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 experimentcan be written:

64
Zn + neutron -

65zn- 63
‘n+ 2 ‘eutrons + ‘(n,2n) ‘3”2)

and

64
Zn + neutron -

65zn - 64
Cu + proton + ‘(njp) (3.3)

where 6’Zn is the compound nucleus.

Here the neutron produced by the TNNG is the incomingparticle and the

64
Zn is the target nucleus. The outgoing particles in 3.2 are two

neutrons which characterizethe reactions that occur at 14.8 MeV.
63zn

is the radioactiveproduct in the first reaction, and
64
Cu is the

product of the second reaction.

In nuclear physics an important term in determiningthe energetic

of a reaction is the energy change or Q of the reaction expressed in

MeV. Q is determinedby the mass differencebetween 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

The Q values for the reactionsare shown in the

(3.5)

followingTable 3.1:

Table 3.1

Q Values for the Reactions of Interest

Beaction 9 (MeV~

T(d,n)4He 14.1

64
Zn(n,2n)63zn -11.8480

64
Zn(n,p)64Cu 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
64
Zn (n,2n) reaction is endothermic (negativeQ)

and there is a decrease in the energies of the particles. These are

important concepts because in the exothermicreactions, the nuclear mass

is converted into kinetic energy, while in the endothermicreaction the

opposite occurs; that is, the kinetic energy is converted into mass.

The threshold energy can be defined as the minimum energy of an

incident particle required to produce

known that in a exoergic (exothermic)

zero. On the other hand the threshold

(n,2n)63Znreaction is 12.048 MeV.

a nuclear reaction. It is well

reaction the threshold energy is

for the endothermic64Zn

30



3.2.1 Saturated

Once it has

Activity Determination

been establishedthat the reaction can take place at a

given neutron energy, the next step is to examine what happens when a

target is irradiatedby 14.8 MeV neutrons.

First, it is importantto recognize that when the neutrons interact

64Znwith the target

a function of time.

63
a certain amount of the Znor 64Cu is produced as

This production is defined as the reaction rate,

where, Np is the number of

or in terms of the neutron

RR-m p /dt (3.7)

nuclei produced in the change of the time dt,

flux produced by the generatorby:

RR -nu# (3.8)

where, u is the reaction cross section (cm2), n is the number of atoms

in the target, and Q is the flux of the neutrons (particles/cm2-second).

It is well known that the rate of change of the product nuclei during

the irradiationis the differencebetween the production rate and the

decay rate. Even though the main concern of the experiment is to

produce radioactivenuclei, it should be remembered that even as nuclei

are being produced some are decaying at the same time. The simultaneous

phenomena may be expressedby:

- RR(l - e-~*t) (3.9)

where, Dp is the decay rate of

nuclei produced, and A is the

est.

the product nuclei, Np is the number of

decay constant for the isotope of inter-
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The saturated activity is obtainedwhen the decay rate approaches

the production as a limitingvalue, essentiallywhen the decay rate is

equal to the production rate. This is usually assumed to occur after

irradiationfor approximately5 half-lives. In the case of the TNNG the

flux is reasonablyconstant for a limited period of time. Therefore,

the analyst must choose a happy medium between good irradiationtime and

statisticallyvalld flux variation. Along with the irradiationtime,

another important factor in determiningthe saturated activity is the

fact that for long-livedproduct radionucli.desirradiationtime is

essentiallya linear function of the mimimum amount of radioactivity

desired. Therefore, saturatedactivitywhich has importancefor 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 applicationsof these

three factors are presented in Chapter Three.

Not only does the saturatedactivity play an importantrole in the

irradiationtime, but it also plays the key role in the determiningthe

cross section,because the ratio between the saturationactivity in the

reference foil and the target foil multipliedby the reference cross

section determines the product nuclei cross section.

Because it was not possible to irradiatethe foils to full satura-

tion, an alternativemethod was used to determine the saturated

activicy. The saturated activity was calculatedby the same method used

by Robertson and Ghanbari [4]:

Asat = ‘irr/(l-e-A tirr) (3.10)

and the activity of each foil was calculatedusing the measured ab-

solute activity at the end of irradiationperiod:
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‘irr
_ ~*No/[e-A ‘w . e-~ ‘tw + ‘c)] (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 countingperiod, and N. is the calcu-

lated total count for the counting period denoted by tc.

3.2.2 Cross Section Determination

The target material for this experimentwas natural zinc metal in

the form of a foil.

64zn 66zn
isotopes: ,

64
Zn was analyzed.

Natural zinc metal is composed of three separate

and 68Zn. For the purpose of this experiment,only

The isotopic abundance of

As presented in the last chapter, the N.

tion rate corresponds to the saturationrate.

disintegrationrate can be determinedonce the

64
Zn is 48.6 percent.

or the true disintegra-

Consequently,the true

saturationrate is known

because, essentially,one depends upon the other. It has already been

evaluated that the basis of the true disintegrationrate is obtained

from the expression [7]:

N. - WI N2/Ncl (*1 + @2/[(1 + 01) (1 + 02)]) (3.12)

where,

N1 is the number of counts in channel one, N2is the number of counts in

channel two, and N is the number of counts in the coincidencechannel.c

01 and 02 are the relative efficienciesof the individualNaI crystals

to the gamma radiation being measured. Since both of the crystal detec-

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

efficienciesare equal. Therefore, the above equation becomes
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As was stated

detector geometry

No-N1N2/Nc (3.13)

previously,the angular correlationand the source

factor do not enter into the calculationsbecause the

previous conditionsapply [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 longitudinalaxes of the detec-

tors is 180°.

In this research the above equationwas modified for the background,

dead time and the previously calculatedresolving time. The equation

then becomes

(Nl - Nb#N2 - N2b)
N- (1 + rres)(‘1N2 ~
o

2 (NC-NO) ‘c (3.14)

‘here‘lb is the background in channel one, N2b is the background in

channel two, and N~b is the background in the coincidencechannel.

The previously delineated saturatedactivity is calculatedby

accounting for the correct matrix percentage, isotopicmass and mole

fraction in that sample.

3.2.3 Decay Scheme Determination

Once the saturated activityhas been determined,certain correction

factors mustbe considered to find the real activity. First, the
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branching ratio must be consideredbecause the nuclear constants that

are determinedby it are the decay scheme and the half-life and are of

primary importancehere. Decay schemes played an importantrole in this

work because the decay

positron emission with

radioisotopesource can

scheme affects the quantitativedeterminationof

subsequentannihilationradiation. Since a

decay in many ways, the decay scheme becomes a

diagnostic tool for the experimenter. Because of the correlationbe-

tween the energies of the positron particles and the gamma rays, it is

possible to construct a nuclear energy diagram for the radioisotopeof

interest. This is called the decay scheme.

63Zn 64CU and 62
The decay schemes for , Cu 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

experimentallydetermined. However if no gamma ray is emitted, then the

beta transition is directly to the ground state. It is interestingto

64note that the Cu decay scheme exhibits all three types of beta decay:

electron capture, positron emission, and electron emission. It should

also be noted that without accurate determinationof the branching the

cross section could not accuratelybe determined since it depends upon a

very accurate branching ratio.
64CU 63

In contrast to , Zn 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
64Cu with confidence limits in the 99 percentile

[13].

hand,

forty

Thus, the decay scheme is known very accurately. On the other

the decay scheme for
63
Zn has not been accurately reevaluatedfor

years. Therefore, the error in this determinationis ten times
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64greaterthan thatof the Cu decayscheme. Thus,a reevaluationof the

decayschemeneeds to be performed.

Next,the cross-sectionthat is beingused as the referencecross

sectionmustbe analyzedfor the uncertaintyassociatedwith its

measurement, Finally,the ratioof the correctedactivitiesmultiplied

by the referencecrosssection(u)givesthe finalcrosssectionof

interest,thusproducingthe activationcrosssection.

This is givenby the followingequations:

u /012 - (Asat-l/ Asat-2)* (Ml/ M2) (3.15)

where,Ml and M2 are the atomicweightsof the elements1 and 2, respec-

tively.

The resultsof the thesecorrectionsand equationsare presentedin

ChapterFive.
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CHAPTERmm

THEORETICALCAIXULATIONSAND MODEIS

4.1 Introduction

Theoreticalcrosssectioncalculationsfor the 64Zn (n,p)64Cu and

the 64Zn (n,2n)63Zn reactionswere performedusingthe Los Alamos

reactiontheorycodeGNASH6. Also calculatedwere 63CU (p)n) and 65CU

(p$n)crosssectionsto validatethe protonopticalmodelused for the

code,as well as othern + 64Znreactionsthatcompetewith the (n)p)

and (n,2n)reactions.

Sincemany paperson theoreticalcalculationswith GNASHand similar

codesexist in the literature,the readeris referredto earlierwork

for a detaileddescriptionof the theory[14]. Certainaspectsof the

calculations,however,willbe highlightedhere, includingan overall

descriptionof the GNASHcode. Detailis alsogivento the Hauser-

Feshbachstatisticalmodelas well as to the opticalmodel,which

providethe foundationsfor the theoreticalcalculations.

4.2 GNASH

The theoreticalcrosssectionsof thisworkwere calculatedusing

the GNASHreactiontheorycode in collaborationwith PhillipG. Young in

the groupT-2 at Los AlamosNationalLaboratory.The code is a pree-

quilibrium,statisticalmodelthat is basedon Hauser-Feshbach
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statisticaltheory[6]. With suchan approach,one is able to calculate

crosssectionsfor severalreactionssuchas the (n,2n),(n,p),(n,n’),

etc. What is uniqueaboutthe code is thateachcalculationcan track

decaysequencesof a targetnucleuswith 10 or more compoundnuclei,and

the compoundnucleuscan emitup to six differenttypesof radiation.

The reactionscalculatedhere are depictedschematicallyin Figure

4.1. Neutronsincidenton 64Zn form the main compoundnucleus65Zn

which subsequentlydecaysby emissionof neutrons,gamma-rays,protons

and alphas. Each significantresidualnucleusthat is formedcan decay

by the same typesof emission. The code tracksthe populatingof in-

dividualstatesin eachnucleusas well as the emissionspectrafor each

chosenradiation. Conservationof angularmomentumand parityare

includedexplicitly.

neutrons,but one can

4He particles. Thus,

For thesecalculationsthe incidentparticleswere

alsouse protons,deuterons,tritonsand 3He or

the codeprovidesthemaximumflexibilitynot only

for the emittedparticles,but also coversa gamutof incidentparticle

types.

However,in orderto run the code,severaltypesof inputmustbe

predetermined.Most importantly,suitableopticalmodelpotentialsmust

be determinedin orderto provideGNASHwith particletransmission

coefficients.In thiswork, the SCATOP2codewas used to obtaina

neutronopticalmodelpotentialby fittingthe

data [15]. A companioncode,SCAT86,was then

opticalmodel transmissioncoefficients.

publishedexperimental

used to calculatethe

The levelstructuralinformationfor the nucleito be calculated

must alsobe determinedfor inputintothe code. Experimentaldata

exist in the Tableof the Isotopesfor low-lyingdiscretelevels[16].
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GNASH EVALUATIONS

n + 64zn

I(n, 3n) n

62Zn y

0-0

62Zn

Figure 4.1 Sample Decay Chain for GNAsH Calculations ~
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Althoughthe levelsthathave not been observedabovesomecutoffenergy

mustbe theoreticallycalculated,and are representedin termsof level

densities(numberof levelsper unit energy). Theseare calculatedin

GNASHfrom the expressionsby Gilbertand Cameron[17]. At lowerex-

citationenergiesthe leveldensitiesare calculatedby assuminga

constanttemperatureexpressionand matchedto the experimentallydeter-

minedregion,as illustratedschematicallyin Figure4.2. At higher

excitationregionsthe Fermi-gasformis used to calculatethe level

densities,appropriatelymatchedto the constanttemperaturelevel

densities. GNASHhas an optionfor doingall matchinginternallyduring

a calculation,and thisoptionwas utilized. However,it was necessary

to provideexperimentalInformationon the low lyingdiscretelevelsas

inputand to predetermineexactlywhichlevelsand excitationenergies

were matchedwith the Gilbertand Cameronconstanttemperature

sion.

As a “FirstPassnin runningthe GNASHcode,no correction

for directreactioneffectson the crosssectioncalculations.

expres-

was made

The

results,however,were foundto underpredictthe (n,n’)crosssections

thatcompetewith the (n,p)reactionsin theMeV region. Therefore,the

finalapproachtakenwas to use the codeDWUCKto calculatedirect

reactioncrosssectionsfor combinationwith the compound

nucleus/preequilibriumresultsfromGNASH [18]. DWUCKuses the

DistortedWave BornApproximation,alongwith the neutronopticalmodel

parameters,to determinerelativedirectcrosssectionsfor inelastic

scattering.Absolutevalueswere determinedby usingexperimental
64Zn

(P,P’)resultsfor the deformationparameter(betal). wile the direct

43



W
(

--
n
+

(n-1)

N
E

U
T

R
O

N
S

E
:N

#;yO
N

1/
/

/1

\

M

\\
------

\

L
u

.

z--

--

\\

--

.-JJa
l

II

GZ
b

----

u
n

w

z
*
W

-
e

L
L

l

E
-U

J

-L
t

)

E●-La
)

a
l

Lam.-L

4
4



reactionresultsonly indirectlyaffectedthe (n,p)and (n,2n)calcula-

tions,theydid improveagreementwith the experimentaldata somewhatin

the 14 MeV energyregion,and markedlyimprovedthe agreementin the low

energyregion. Additionof the directeffectschangedthe (n,p)cross

sectionby 7 percentand the (n,2n)crosssectionby 12 perc&t at 14.8

MeV, both in the directionof improvingagreementwith the measurement.

Width fluctuationcorrectionswere madeprimarilyto improvethe

calculationsat lowerenergies[6]. Additionally,thepreequilibriu

correctionwas adjustedto givea preequilibriumfractionof about25

percentat 14.8!4eV.It has been learnedfrompreviousanalysesinvolv-

ing othernucleithata preequilibriumratioof thismagnitude

accurately(=10percent)reproducesmeasuredneutronemissionspectra.

Sinceexperimentaldatawere measuredonlyat 14.8MeV, dataat other

energieswere obtainedfrom the NationalNuclearData Centerat

BrookhavenNationalLaboratoryfor comparisonwith the calculations

[19]. A schematicillustrationof the calculationalschemefor GNASH

is shownin Figure4.3.

4.3 Hauaer-FeshbachStatisticalXodel

The HauserFeshbachstatisticalmodeldescribesreactionsin medium

weightnucleiby light,fastparticles[20]. It is also a modelthat

allowsfor the conservationof angularmomentumof the interacting

particles.It is importantto rememberthatthe compoundnucleusis the

apex of the model,for It is aroundthe compoundnucleusthat themodel

is constructed.In the presentwork the compoundnucleusis formedwhen
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A

the neutroninteractswith the
64Zn to form6’Zn. Althoughthe compound

-16
nucleusonly lasts10 seconds,it can have a largecrosssection.

Consequentlythe centralquestionis: What is the probabilityfor the

formationof the compoundnucleusand for its

states? The formationand disintegrationof

the two stagesof thismodel,and both stages

spin (J)and parity(II)[21].

A schematicillustrationof the

nucleusis givenin Figure4.4. The

thesequantumtermsare:

c +B -c’ +E’ +B =Ua a’

p*P* (.1)~-p’ *pt *

where,c andc’ representthe

-3

(-1)2’

decayintoparticular

the compoundnucleusare

consene energy(E or U),

formationand decayof the compound

basicequationswhichdescribe

Energy (4.1)

AngularMomentum (4.2)

-II Parity (4.3)

center-of-masskineticenergiesof the

incomingand outgoinglight particles(a and a’), E’ is the excitation

energyof the residualnucleus,and Ba and Ba, are the particlebinding

energiesrelativeto the main compoundnucleus. The excitationenergy,

totalangularmomentum,and parityof the main compoundsystemare

denotedby U, ~, and II,respectively.The quantities~ and f represent

the spinsof the lightand heavyparticles,p and P are the parities,1

is the orbitalangularmomentum,and the primesindicatethe outgoing

channel.

For the presentproblem,the compoundnucleuscan emit gammaraysand

threetypesof particles: neutrons,protonsand alphas. The gammaray

emissionis describedin section4.8.
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The compoundnucleuscrosssectioncan be determinedin termsof

transmissioncoefficients,T2, whichcan be definedsimplyas the prob-

abilityof penetrationof a potentialbarrierby the emittedparticle.

Transmissioncoefficientscan be calculatedfroman opticalmodel,which

is describedin section4.6. The compoundnucleusformation-cross

sectionis relatedto the transmissioncoefficientsby the expression:

aa(E,I,P;U,J,II)- (x/k2)[ (2J+ 1)/(2i+ 1)(21+ 1)]

1$ i J S
* S- I-i $- J-S f (1,11)T; (c)

where

(4.4)

k - the wave numberof the system,

?? - sum over spinand angularmomentum.

The aboveformalismis in GNASH,and aCn is determinedby the Tl

thatare inputintothe code.

are also carriedout in GNASH.

stateb of a specificspin and

by:

Decaycalculationsof the compoundnuclei

The crosssectionfor forminga final

parityfroman intialstatea is given

‘a,b’- ~ Ocn(’,l.p; U,J,II)rb~ (U,J,II;E’,1’,P’)/1”( U,J,I’1)(4.5)

where

~ - the sum over angularmomentumand parityof the compoundstates

that are consistentwith with initialand finalstates

ocn- compoundnucleuscrosssection

I’b’- the decaywidth for the compoundnucleusintoa statein the

residualnucleusby emissionof particlesb.
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r- the totaldecaywidth. This includesall particleswhose

emissionsare possibleand is obtainedby summingI’b’over

all finalstatesand particles.

The decaywidthsfor particles,rb’, are calculatedfrom the

reciprocitytheoremfor nuclearreactionsas follows:

r~ (U,J,II;E’,1’,P’)- p6(2i’+1)(21+1)/[(mhf(2J+l)p(U,J,11)]*

‘nv (E’,X’,P’;U,J,II)‘b’ (4.6)

where

P - reducedmass of the residualsystem,

c - decayenergy,

~inv
a - crosssectionfor the inversecompoundnucleusreaction,

P - leveldensityof the intermediatenucleus.

The inversereactioncrosssectioncan thenbe expressedin termsof

transmissioncoefficientsas shownin:

r~(U,J,II;E’,1’,P’)- [1/[2xp(U,J,lI)])~’~p-~;-1;~s J-S f(l,lx)*

T:tU-E’-Ba) (4.7)

whereh is Planck’sconstant.

A new concept,thatof the leveldensity,has now been introduced.

As the excitationenergyof a nucleusincreases,the detailedlevel

informationdisappears.Therefore,to accountfor the levelinformation

that is needed,the conceptof a levelcontinuum,givenby a smooth

functionspecifyingthe numberof levelsof givenJ, II,per unit energy,

is introduced.This representationleadsto the followingexpression

for the totaldecaywidthby a particlefroma compoundstateof given

spin and parity:
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r(U,J,~)- ~ ‘-B;~dEra(U,J,II,“E,I,P)p(E,I,P)+ ~rk(U,J,~;Ek,Ik,pk)

(4.8)

where,EC is the maximumexcitationenergyof discretestatesin the

residualnucleusand k is summedover its discretestates.

4.4 kmel Denai~Mo&l

Nuclearleveldensities

As illustratedearlier,

❑odel:the firstregion

havebeen analyzedby Gilbertand Cameron[17].

thereare threeregionsin the leveldensity

containsthe discreteenergy(experimental)

levels; the secondregionis the temperaturedependent

region;and the thirdregionis the Fermigas continuum

orderto calculatethe leveldensitiesin the continuum

experimentaldata on low-lyinglevelsfromTableof the

givento the model [16]. The temperatureregionin the

continuum

region. In

region,certain

Isotopesmustbe

model is then

matchedto theseexperimentaldataas well as to the Fermigas regionat

higherexcitationenergies. See Figure4.2 for a schematicrepre-

sentationof the completeleveldensityregion. The actualfittedlevel

informationused in the calculationis seen in Figures4.5 - 4.11.

In general,the leveldensityfor the nucleuscan be represented

as:

p(J,II,E)- F#I)Fj(J,E)p(E)

where,

(4.9)

E- nucleus’excitationenergy,
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J= totalangularmomentum,

II- parity,

p(e)- totalleveldensityfor all statesof the nucleusat excitation

E.

The leveldensityis assumedto be independentof parity,so-thatin the

aboveequation:

‘II- 1/2 (4.10)

The angular-momentumdependenceis:

F,(J,E)- [(2J+ 1)/2~2]e[-(J+l/2)2/2a21 ~4011)

wherea is the spincutoffparameter. The spincutoffis givenby the

(4.12)

the Fermi-gasleveldensity

expression:

U2- 0.146(aU)1/2A2/3

where,A is the atomic❑ass (AMU)and a is

parameter(MeV-l)givenby:

a _ 9.17 (MeV-l)* 10-3S.+S1 (4.13)

with, So- S(n)+ S(z)and S1- 0.142 (MeV-l),where S(n)and S(z) are the

neutronand protonshellcorrectionfactorsas tabulatedby Gilbertand

Cameron[17].

The first

in Figure4.2.

regionis the one whereexperimentaldataexistsas seen

In the secondregion,the temperatureregion,the equa-

tion for the energydependenceof the leveldensitybecomes:

PT(EX) - (1/T)e[‘Ex-Eo)/T] (4.14)

excitationenergyof the residualnucleus,T is the charac-where,Ex is

teristicnucleartemperature,and E. is an adjustableparameter.

In the thirdregion,definedas the Fermigas region,the equation

becomes:
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(2J;@,al/4u5/41(1/2Ji0)pFG -( &/12)[e (4.15)

Thus the matchingof the temperatureand leveldensityfunctionsis

accomplishedby requiringthat:

PT(Em) - PFG(EJ (4.16)

p’(Em)- P’FG(Em) (4.17)

~oEc PT(E)dE- Nexp(:c) (4.18)

where Em is the matchingenergyfor the temperatureand Fermigas

regions,and N is the numberof discretelevelsobservedexperimen-exp

tallyup to an excitationenergyE=.

4.5 Non-equilibriumReactions

The compoundnucleushas been modeledin a discretestatistical

manneraccordingto the Hauser-Feshbachtheory.At very low energies

where the wavelengthof the neutronis large,compoundnucleusprocesses

dominate,and the neutroninteractswith the nucleusas a whole. The

oppositeextremeoccursat higherenergies,wherethe neutroninteracts

directlywith smallnumbersof individualnucleonswithinthe nucleus.

Thesedirectprocessesoccurwith characteristictimesof

10-21seconds. Becausecompoundnucleusprocessesoccuron a much

longertimescale 10-16 seconds,one must alsoaccountfor interactions

at intermediatetimes. Therefore,two othermodelsare introducedto

accountfor thesefasterprocesses,namely,a directreactionmodeland

the preequilibriummodel. The aboveprocessesare shownin Figure4.12.
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Directreactionsbecomeimportantin the lowMeV region,and pree-

quilibriumreactionsbecomeimportantat 10 MeV. Theseare describedin

the followingtwo sections.

4.5.1 FreequilibriumModel

The preequilibriumsubroutinethatis withinthe GNASHcode is based

on the excitonmodelof Kalbach[22]. As the name implies,one is

tryingto describemore accuratelywhat is happeningas the compound

nucleusis formed,in a nonstatisticalapproach’.The formationand

decayof the averagenuclearstateproceedsthrougha seriesof two body

interactionscoupledwith energyconse=ation. In thismodel,the

nucleusis seenat varying‘snapshots”in timeaccordingto the number

of holesand particlesat thattime. The fractionof crosssection

that is describedby the preequilibriummodel is fmportantin the over-

all crosssectioncalculation.In thiscalculation,the parameterswere

adjustedsuch thata preequilibriumfractionof 0.25occuredat En- 14.8

MeV; that is, 25 percentof the neutronemissionsproceededthrougha

preequilibriummechanism. Thisvalueof

been foundto reproducemeasuredneutron

region.

the preequilibriumratiohas

emissionspectrain thismass

4.5.2 Direct Reaction Cross Section Model
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Evenwith the Hauser-Feshbachstatisticalmodeland the pree-

quilibriummodel,the excitationof all the statesproducedare not

adequatelydescribed. Therefore,the DistortedWave BornApproximation

was used for a more adequatedescriptionof directreactioneffects.

The programDWUCKwas appliedalongwith the appropriateneutronoptical

modelparametersto computethe relativedirectcrosssections[18].

Theseresults

calculations.

equation:

were used in orderto finetune the GNASHcrosssection

The absolutecrosssectionswere calculatedusingthe

a(l)- beta; a(2DWBA) (4.19)

where 2 is the neutronmomentumtransferof the reactionand betal is

the deformationparameterobtainedfromprotoninelasticscattering

results. The beta valueswere takenfroma paperby Johnsonand Jones

[23]. fie quantityuDwBA(l)resultedfrom the DWUCKcalculations.The

inclusionof directreactioneffectsin the calculationsincreasedthe

totalinelasticcrosssectionby 25 percentnear 14.8MeV,whereasthe

(n,p)and (n,2n)crosssectionswere decreasedby 7 and 12 percent

respectively.

4.6 The Optical Model and Parameter Determinationfor the Neutron

optical Model

Sincethe discoveryof the neutronin 1932,peoplehave expanded

and developedthe fieldof neutronphysicswith fervor. This advance-

❑ent has occurredboth throughexperimentallyadvancingneutronphysics,
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and throughthe developmentof theoreticalmodelsthataccountfor the

experimentalphenomena. Sincea phenomenacan be describedas the

resultsof the actionof the differentforcesuponmatter,sometimes

theoreticalmodelingaids in the futuristicprojectionsof whathas not

or cannotbe experimentallyobsened. Thisbecomesespeciallyap-

plicablein the previouslydiscussedHauser-Feshbachstatisticalmodel.

One needsan approachthatcombinesinsightand theoryalongwith the

experimentalresults. Therefore,the opticalmodelgivesthe ap-

propriateparametersthrougha combinationof experimentaldata and

theoreticalassumptionsto producethe inputneededfor the GNASHcode.

In orderto run the GNASHcode,a suitableopticalmodeland its

parametersmustbe determined.In factgoodresultsdependstrongly

upon thisaccurateopticalmodel. It shouldbe notedthat the purpose

of the opticalmodel is to providetransmissioncoefficientsconsistent

with a wide rangeof of neutroncrosssectionmeasurements.Even though

the Hauser-Feshbachstatisticalmodelaids in the delineationof the

problem,it is entirelydependenton the transmissioncoefficientsused

in the calculations.“Thestatisticalnatureof the compoundnucleus

theoryimpliesthat itspredictionsare at best averages,and do not

take intoaccountthe differencesbetweenspecificnuclei. It is not

surprising,therefore,thata more detailedmodel is neededfor the

descriptionof nuclearreactions”[24].

The opticalmo’deldescribesthe effectof the nucleuson the inci-

dent particleby a potentialwell VR, but allowsfor the possibilityof

compoundnucleusformationby addingto the potentiala

narypart, -W. This partproducesan absorptionof the

particleby thenucleus,and thisabsorptionrepresents

negativeimagi-

incident

the formationof
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the compoundnucleus, With the opticalmodel,compoundnucleusforma.

tiondoesnot occurimmediately.Even if the incidentparticlehas

enteredthe nucleus,it is removedfrom its freeparticlestateonly

with somedelayand with a certainprobability.IfVR andW are

reasonablyconstantover thenucleus,it is possibleto definea coales-

cencecoefficientwhich is the probabilityper unit lengthfor the

incidentparticlein nuclearmatterto form the compoundnucleus.

In the opticalmodel,the nucleusis not ‘black”to the wave repre-

sentingthe incidentparticle;insteadit acts likea gray sphere,

partly absorbingand partlyrefractingthe incomingwave. Thereis an

‘analogywith physicalopticsin that the nucleusacts likea spherical

regionwith a givenrefractiveindex(attractivewell potentialwell)

and

was

opacity.

To determinethe opticalmodelparameters,a fittingcode (SCATOp)

used [25]. For the purposeof thiswork, it was determinedto

approachthe problemsimplyusinga sphericalopticalmodelcode.

First,it shouldbe notedthat the codeallowsfor the variationof

incidentparticletypes: i.e.,incidentneutrons,protons,

deuterons,etc., and initialvaluesfor the opticalpotentialmustbe

providedbeforeactuallyfittingthe data.

The followingopticalformwas assumedfor the neutronoptical

potential:

u- -VRf(r,aR, ~) + 4iaDWDd/dr f(r,,aD,RD) - i Wvf(r,~, ~)

+ 21: Vsol . ~ (l/r)d/dr f(r,as,,RSO) (4.20)

with Saxon-Woodsform factors,

(r-Ri)/ail-1f(r,ai,Ri)- [1 + e (4.21)
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1/3where,Ri is equalto riA .

The four termsin the potentialexpression

potential(VR),a surfacederivativeimaginary

representa real central

(absorptive)potential

(WD),a volumeimaginaryterm (WV),and a spin-orbitterm (VSO). The

quantityAx is the pion Comptonwavelength(frommesonfieldtheoryof

nuclearforces),and A is the atomicmass of the targetnucleus.

The quantitiesri and ai specifya radiusand a diffusivityfor the

form factorassociatedwith each term. The followingformswere assumed

for the potentialdepths:

‘R-vo+aE (4.22)

‘D -Wdo+/lE (4.23)

‘v -WVO+6E (4.24)

‘so - constant (4.25)

Experimentalelasticangularcrosssections,totalcrosssections

and low energyaverageresonancedatawere fit. Initially,no correc-

tionwas made for the factthatthe codecalculatesshapeelasticcross

sectionsonly,whereasthe measurementsincludeshapeand compound

elasticcrosssections. This assumptionis reasonable,however,be-

causethe fittingdoesnot includedatafrom low energies,where

compoundelasticeffectsare largest. Also, initially,the potential

depthsof V~, Wvo and Wdo alongwithVSO were takenfrom the parameters

developedby Arthurfor nickel[26]. Then furtherdevelopmentof the

parameterswas completedas the calculationswere refined.
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The low energyresonanceparametersthat

s- and p. wave strengthfunctions(SoandS1)

were fitwere the

and the potential

neutron

scatter-

ing radius (r’). Valuesfor

were obtainedfrom “Neutron

includedin the fitwere six

thesequantitiesand theiruncertainties

CrossSections”,by Mughabghab[27]. AlSO

neutronelasticscatteringangulardis-

tributionsat ten differentenergiesbetween3.2 and 14 MeV. Finally,

neutrontotalcrosssectionsup to 20 MeV were includedto insureac-

curatereactionand totalcrosssections. All fittingwas accomplished

by minimizingthe chi-squaredvaluesgivenby:

X2 - !!!(ExP.- Obs.)2 /(N - 1)

whereN is the numberof experimentalvaluesin

For the firstiterationof the program,WDO

well depthtogetherwith the diffusenessaD was

(4.26)

the fit.

the imaginarysurface

varieduntila minimum

2x value

the real

Finally,

thatwas

was achieved. Afterthat,the energydependenceB followedby

well depthVR was variedto achievemore accurateresults.

the radiirR and rD were optimized. Therefore,the procedure

followedwas initiallyto vary the imaginaryparametersand

then to vary the realparameters. In the finalintegrations,it was

determinedthat the energydependencein WD was not requiredto make a

significantchangein the fitting.

Neitherthevolumenor the spinorbitpotentialswere importantto

determinecrosssectionsbelow20 MeV, so thevaluesof Harperet al.

for Ni were used [28]. The set of parametersobtainedfrom the fitwere

used in preliminaryGNASHcalculationsto obtainestimatesof the com-

poundelasticcrosssectionat each energywhereelasticangular

distributionwere fit.A completeseconditerationwas thenmade,
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repeatingthe abovesteps,aftercorrectingthe angulardistributions

for compoundelasticcontributions.

Figure4.13 showsthe calculatedtotalcrosssectionsbetween

neutronenergiesfrom1.0-20.0MeV comparedto the experimentaldataof

Foster [29]. The elasticangulardistributionsin Figures4:14-4.16

depictthe comparisonof the theoreticallyderivedvaluesto the ex-

perimentallymeasuredvaluesfor incidentneutronenergiesof 3,4,8.0

and 14.0MeV. Resultsfor the opticalmodelneutronpotentialare shown

in Table4.1. Theseparametersgive thebest chi-squaredresultsand

theyalso reproducethe So, S1, and the r’ valuesas seen in Table4.2.
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Table4.1

OpticalModelPotentials

Potential ‘i ai

(MeV) (fro) (fro)

‘R - 48.11 - 0.376E 1.295 0.58

‘D - 8.045 1.295 0.48

‘v - -0.094+ 0.197E 1.295 0.58

‘so- 6“2 1.12 0.48

Table4.2

AverageResonanceParameters

SO(10-4) S1(10-4) R’ (fro)

Experiment 1.70~ .16 0.60~ .04 7.o~ .7

OpticalModel 1.97 1.05 7.3
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adequatefor the presentcalculations.The finalprotonopticalmodel

parametersfor zinc are give in Table4.3.

Table4.3

ProtonOpticalModelParameters

Potential ‘i ai

(MeV) (fro) (fro)

VR - 58.73 - 0.55E 1.25 0.65

WD - 13.5 1.25 0.47 EC12

The opticalmodelparametersfor alphaparticleswere takenfromthe

work thatwas done for iron. Theseparametersare shownin Table4.4

Table4.4

AlphaOpticalModelParameters

Potential ‘i ai

(MeV) (fro) (fro)

‘R - 193.0 - 0.15E 1.37 0.56

Wv - 21.0 + 0.25E 1.37 0.56
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In summary,the opticalmodelparametersthatachievedthebest

resultswith the GNASHcodewere theYoung-Rutherfordparametersob-

tainedhere for neutrons,the Pereyparametersfor the protons,and the

Arthur-Youngparametersfor the alphas.

4.8 GamsaRay TransmissionCoefficients

Just as the opticalmodelproducedimportantand accuratetransmiss-

ion coefficientsfor neutrons,protons,and alphaparticles,so too

must the gammaray transmissioncoefficientsbe determinedas inputfor

the GNASHcode,becausethe code tracksgammaray emissionas one of the

decayprocesses. The gammaray strengthfunctionswere calculatedfrom

equationsbasedon a giant-dipoleresonancemodel [30]. The calculated

strengthfunctionshapeswere renormalizedto agreewithvaluesof 211

<r70>/CDo>inferredfromexperimentaldeterminationsof<l’ >, theyo

averageradiativecapturewidthfor s-waveresonances,and <Do>,the

averagelevelspacingobservedwith s-wavereactions.Thus,the gamma-

ray transmissioncoefficientswere obtainedfromthe renormalized

strengthfunctions. See the abovereferencefor a more complete

descriptionof the technique.
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CHAPTERFIVE

RESULTSAND CONCU.JSIONS

5.1 Introduction

Accuratemeasurementsof the 64 63Zn (n,2n) Zn and 64Zn (n,p)64Cu cross

sectionsfor use in the fusioncommunityhave been the main goalsof the

presentresearch.

the fusionreactor

in fissionreactor

Even thoughthe primaryrequestwas for use within

program,the resultsfromthiswork will alsobe used

applications.

Theseexperimentalmeasurementswere comparedwith the samecross

sectionscalculatedby usingthe GNASHcodeat Los AlamosNational

Laboratory.The theoreticalcalculationsprovidean additionallevelof

confidenceto the measurementsthatdid not existpreviously. In addi-

tion,the GNASHcodewas used to predictthesecrosssectionsat

energiesrangingfrom0.10 to 20.0MeV, whichwere thencomparedwith

data takenfrom the NationalNuclearData Centerat BrookhavenNational

Laboratory[19].

5.2 Analysis of ExperimentalResults

The new experimentswere neededto achievehighlycontrolledand

accurate

❑ents of

sections

data to use as an independentreference. The previousmeasure-

64 64thesecrosssections,especiallythe Zn (n,p) Cu cross

were deficientin many respects,as will be shownlaterin a

selectionof (n,p)and (n,2n)previousmeasurements.The errorsas-

sociatedwith thesemeasurementsincludenoisyelectronics,lackof a
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good reference,an unstabledetectionsystem,and significantneutron

fluxvariations. In thepresentcrosssectionmeasurements,most of

theseerrorshave been reducedor eliminated.

As in any measurement,thereis a certainamountof error. The

sourcesof errorin the presentcrosssectionmeasurementsare divided

into two categories:systematicand randomor run dependenterrors.

Systematicerrorsinclude:a) errorsassociatedwith the decayscheme

determination,b) the crosssectionused as a referenceor standard,c)

sampleweight,and d) detectorstabilityand calibration.Run dependent

errorsinclude:e) statistics,f) background,g) geometry,h) flux

variation,i) changein neutronenergyfromrun to run.

These sourcesof errorare consistentwith thoseidentifiedby

Ghanbariand Robertsonfor the crosssectionanalysisof 63Cu (n,2n)

62Cu and 65CU (n,2n)64Cu whichwere the standardsfor the present

experiment[7].

The systematicerrorIn the presentmeasurementsare givenin Table

5.1. In the systematicerroranalysis,decayschemesplay a vitalrole.

The half-lifeis used to determinethe decayconstantwhichentersinto

the saturatedactivitydeterminationas shownin ChapterThree. The

64errorsassociatedwith Cu (12.701~ 0.002hours)and 63Zn (38.4~ 0.2

minutes)half-livesare lessthan1 percent. In concertthebranching

ratiosare alsoused to determinethe saturatedactivity. They areboth

quitedifferent. he 64Cu branchingratio (93percent)was remeasured

recentlyto givea very accuratepercentageof beta-plusemission, The

63Zn branchingratio (97percent)has an uncertaintythat is substan-

tiallylargerthanthat for 64Cu, as seen in Table5.1.
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The referencefoilsthatwere used to determinethe crosssections

have an errorthatwas importantto the analysisof the measurements.

In fact,this is the most importantsinglesourceof uncertainty.Thus

for the ‘3CU (n,2n)‘2CU crosssectiona standardvalueof 249k 11

65 64millibars was used,and for the Cu (n,2n) Cu crosssectionthe

value968 ~ 20 millibars was used. Eachof the abovereferencecross

sectionshas an errorthat is approximately2 percent,reportedon the

one sigmalevel.

Table5.1

SystematicErrorsAssociatedwithMeasurements

SystematicErrors 64Zn (n,2n)63zn 64Zn (n,p)64CU

% &

BranchingRatio ~1 ~o.1

Half-life ~ 0.787 * 0.153

SampleWeight ~ 0.001 * 0.001

StandardCross

Section [’2CU]~ 2 [64CU] * 2

DetectorCalibration ~ 0.05 ~ 0.05
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The randomerrorsassociatedwith the 64 63Zn (n,2n) Zn and 64Zn

(n,p)64Cumeasurementsare givenin Tables5.2 and 5.3 alongwith the

crosssectionvaluesdeterminedfromeach individualmeasurement.

Statisticalerrorswere typically0.2 percent. The backgroundcontribu-

tion to the erroranalysiswas negligible.Geometry

the foilwas not a factorin the errordetermination

ments,becausethe two foilswere placedin the same

or the positionof

for the measure-

positionfor each

run. Next,the fluxvariationas measuredby the fluxmonitorwas at

the worst 1.0 percentwhilethe averagevariationfor the fluxdeviation

was 0.5 percent. Sincethe flux is the same for the referenceand

samplefoils,the effectscanceland the errorassociatedwith it is

negligible.The gammaspectraemittedwas analyzedon a multichannel

analyzerto make sure therewas no othercontributinggammaradiation.

Also,beta particlecontributionswere negligiblebecausethe foilswere

placedbetweentwo piecesof teflon,to stopany foreignbeta contribu-

tion to the countrate.
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Table5.2

RandomErrorsAssociatedwith the 64Zn (n,2n)63Zn Measurement

Data Cross

Set Section(rob) Stats.(%) Bkgd. (%) Flux (%)

Ap1786

Ja1286

Ja0786

Ja1986

SeO186

Se1286

Mean Value

202 0.17 0 0.55

200 0.20 0 0.65

198 0.16 0 0.70

199 0.10 0 0.50

195 0.19 0 0.67

202 0.27 0 0.71

199 ~ 6
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Table5.3

RandomErrorsAssociatedwith the 64Zn (n,p)64Cu Measurements

Data Cross

Set Section(rob) Stats(%) Bkgd. (%) Flux. (%)

Ja1686 177 0.20 0 1.0

Fel186 177 0.15 0 0.67

Ma0386 175 0.12 0 0.50

Mean Value 176 k 4.5

Each of the individualmeasurementsin Tables5.2 and 5.3 consistsof

an averageof at leastthreedifferentsetsof disintegrations/second

takenover the same timeperiod(100seconds),also statisticallyvalid

withinthe characteristichalf-life. At the bottomof each tableis

giventhe averagecrosssectionfromall themeasurements,togetherwith

the totaluncertaintyon the one sigmalevelfromall sources(random

and systematic).The (n,2n) datawas takenwithinthe characteristic

half-lifefor 63Zn which is 38.1minutes, and the averagedvalue is 199

64 64& 6 millibars. In the caseof the Zn (nop) Cu data, ten sets of
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countswere chosenwithinthe half-life(12.71hours)and averagedfor

the valuepresentedof 176~ 4,5 millibars. The equationsthatwere

used to calculatethe deviationin themeasurementswere takenfrom

Knoll [10].

The usualcriteriaare to have six separatesetsof data to provide

statisticalaccuracyand to verifyreproducibility.The threemeasure-

64 64
mentsof the Zn (n,p) Cu however,are quiteconsistent.In the

64 63
case of the Zn (n,2n) Zn thereis goodagreementin the six setsof

valuesand enoughdata forhigh statisticalaccuracy. Both setsof

measurementsrepresenta goodpoissondistributionand the 64zn

(n,p)64Curesultsare consistentwith thepoissondistribution.

5.3 Analysis of TheoreticalResults

As describedin ChapterFour,the theoreticalcrosssectioncalcula-

tionswere basedon Hauser-Feshbachstatistical,preequilibrium,and

directreactionmodels. Alphas,neutrons,protonsand gamma-rayswere

the emissionschosenfor the particledecay chainin the GNASHcode,

whileneutronsand protonswere the incidentparticles. SCATOPwas used

to determinethe opticalmodelparameterspresentedin ChapterFour

[25]. Transmissioncoefficientswere calculatedfrom theseparameters.

The transmissioncoefficientsdeterminedfor thisresearch(especially

the neutrontransmissioncoefficients)were very accurate. They

producedgood reactioncrosssectionsand accuratelydescribedparticle

emissionover a wide rangeof emissionenergies.
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The quantitiescalculatedby GNASHincludecrosssectionsand emis-

sion spectrafor (n,y),(n,n’),(n,p),(n,a),(n,2n),<n,np)and (n,na)

reactionsfrom64Zn.

5.4 Comparisonof ?kperl=entaland TheoreticalResults

The measuredand calculated64Zn (n,2n)63Zn crosssectionsat 14.8

MeV are in excellentagreement(1 percent).As seen in Figure5.1 and

5.2, thisagreementis the best of all the measuredvalues. This is due

primarilyto havingreliableneutronopticalmodelparameters;that is,

the (n,2n)calculationis somewhatinsensitiveto the protonparameters.

Over the wholeenergyrange,Paulsen’sresultsagreewith the theoreti-

cal calculations[31]. Otherauthorssuchas Bormannagreewith the

(n,2n)theoreticalcalculationsaroundthe 12.0 - 15.0MeV energyrange

and thendivergerapidlyat higherenergies[32]. This is seenclearly

in Figure5.2. Between12.0and 20.0MeV,Weigoldand Rae’sresults

also agreewith the GNASHcalculationsfor the (n,2n)measurement

[33,34].

As shownin Figures5.3, 5.4 and 5.5 the measuredand theoretical

64
cross sectionsfor the Zn (n,p)64Cureactionare also in goodagree-

ment (4 percent). This differenceis largerthanthe (n,2n)case

possiblydue to the opticalmodelfor chargedparticles. That is, it is

possiblethat the competitionfromprotonsis slightlyunderpredictedat

some energies. In the lowerenergyregion,the agreementof calculated

and measuredresultsis very good. Between5.0 and 12.5MeV, thereis

considerablediscrepancyamongthe experimentaldata. This is shownin
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