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Abstract

The main goals of this work are an assessment of a specific Uranium-233 target to
determine if it is suitable for Nuclear Resonance Fluorescence measurements; to advance
fundamental nuclear-physics knowledge important for developing the nuclear materials detection
capabilities using y-rays; to provide experimental data needed for building computer models to
evaluate concepts of systems for detecting special nuclear materials in cargo containers; and to
educate students and young scientists in basic nuclear-physics and the experimental techniques
relevant to the mission of the Domestic Nuclear Detection Office (DNDO) at the Department of
Homeland Security (DHS).

The Nuclear Resonance Fluorescence (NRF) measurements are carried out at the Triangle
Universities Nuclear Laboratory (TUNL) using the High Intensity Gamma-rays Source (HIyS)
facility. An assessment of the Uranium-232 contaminant in the sample was made as part of our
efforts to measure the radioactive decay and to develop techniques for making NRF
measurements on Uranium-233. For the assessment, the energy of the y-rays emitted from the
target without an incident y-ray beam was measured using high-purity germanium (HPGe)
detectors. The collaboration is trying to develop techniques that will help enable NRF
measurements of Uranium-233 in addition to other radioactive targets. The nominal energy range
covered by the measurements is from 2 to 5 MeV, where the transmission of gamma-rays
through steel is close to the maximum value. The overall objectives of the collaboration is to
make NRF measurements on actinides.

The work in this thesis is a part of the effort to carry out (y,y’) measurements on
Uranium-233. A substantial goal is to obtain signal above the background signal due to the

radioactivity of the sample itself. A sample assaying is an important part of developing



experiments for performing NRF measurements on radioactive samples. In this thesis, the
techniques used to assay the radioactive compounds of the Uranium-233 sample is described.
What we want to know about our sample is the radioactive decay, can it be used for NRF
measurements, its age and how much Uranium-232 contamination is present. In addition a
database for the measurements will be created on the TUNL Web site as a national resource for

researchers.



CHAPTER 1
Introduction

The goal for this work is to assess the quality of the Uranium-233 sample obtained from
Pacific Northwestern National Laboratory (PNNL) for use in nuclear resonance fluorescence
measurements. The Domestic Nuclear Detection Office at the Department of Homeland Security
is highly interested in developing computer models for evaluating concepts of systems for
detecting special nuclear material in cargo containers, especially for shipments across borders
into the United States. Experimental data for gamma-ray transitions at energies ranging from 2 to
5 MeV on a variety of nuclei, in particular Actinides are required for gamma-ray beam based
detection systems.
1.1 Gamma-Radiation

When French scientist Paul Villard first discovered gamma-radiation in 1900 it became
something of great important to science. A radioactive decay known as gamma decay showed
that an excited nucleus emits gamma-radiation nearly as soon as it was excited. Villard saw this
while studying radium. He soon was able to say that gamma-radiation decays were more
powerful than the decays that were previously observed by scientists. Shortly after they were
discovered it was determined that gamma-radiation is electromagnetic radiation of high
frequency. Meaning the energy of gamma-rays is very high as well. A gamma-ray is considered a
photon which is the quantum of light and force carrier. Electromagnetic radiation is a form of
energy emitted and absorbed by charged particles that exhibit wave like behavior as it travels
through space. The magnetic and electric field components of electromagnetic radiation existed

in a fixed ratio of intensity. The two fields both oscillated in phase perpendicular to each other



and perpendicular to the direction of energy and wave propagation. The father of nuclear-physics
Ernest Rutherford later gave Villard’s discovery its name, Gamma-Ray, in 1903.
1.2 Nuclear Resonance Fluorescence

Nuclear Resonance Fluorescence or resonant photon scattering denotes the process of
resonant excitation of nuclear states by absorption of electromagnetic radiation and subsequent
decay of these levels by re-emission of the equivalent radiation. Those photons having the right
energy will excite a target nucleus with a certain probability. The probability can be expressed by
the ground state transition width, which is related to the transition strength and to the transition
matrix elements. After a very short time the excited nuclei will decay either back to the ground
state or to some other lower energy excited state by emitting gamma-rays.

Gamma-rays collide with the nucleus putting the nuclear system as a quantum
mechanical ensemble in a state where the energy is high. Now the nucleus has to decay to the
ground state by releasing high energy photons at discrete energies that can be detected and
processed into graphs or histograms using electronics and computer programs. NRF can be
quantified during gamma-ray spectroscopy which just shows the energy spectra produced by the
sample at different energies and intensities. Something to keep in mind about NRF experiments
is that as the energy of incident photons increases, the average spacing between nuclear energy
levels descends. This means that the average spacing between energies may be lower than the
width of each NRF resonance. Determination cannot be analytical and must rely on special
applications like signal processing.

Nuclear Resonance Fluorescence is an excellent method with which to probe low-lying
dipoles excitations in nuclei because of the extremely high selectivity of real photons, in exciting

such states. This selectivity stems from the small momentum transfer of real photons, in contrast



to virtual photons from electron scattering experiments. The development in recent years of high-
efficiency germanium detectors with excellent energy resolution, in conjunction with high-
intensity photon beams, has provided the necessary tools to study the fine structure of magnetic
and electric dipole strength distributions in detail. The fundamental advantage of the photon
scattering technique is that the electromagnetic interaction mechanism is the best-understood
interaction in all of science. This understanding allows one to extract detailed information about
the structure of nuclei and the transitions between different nuclear states in a completely model
independent way. Thus results from these kinds of experiments are as robust as any results of
nuclear science.

An NREF facility was established at TUNL to address some of the most fundamental
questions of nuclear structure at low excitation energies. This facility, for example, allows one to
probe the transitions between three major shapes of nuclei; spherical nuclei, quadrupole-
deformed nuclei, and tri-axial nuclei. The proposed studies will investigate the distribution of
magnetic and electric transitions strengths, and thus, provide rigorous tests and guidance to
theoretical models. Basic data following from application of this technique can also be used for
practical purposes such as hazardous waste assay and imaging. A simplified scheme of an NRF

experiment is shown in Figure 1.1.
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Figure 1.1 NRF Experiment Schematic

The NRF method is used for study of low multi-polarity transitions with large partial
widths to the ground state. This means that the photon has a small probability to transfer angular
momentum to the atomic nucleus. Due to its low detection limit it represents an outstanding tool
for the examination of dipole transitions. The photon scattering cross section depends on the
branching ratio of the excited level to ground state. The energies Ex of the excited states, their
lifetimes 7, their angular momenta J and their parities © provide important information about the
nuclear structure.

The use of quasi mono-energetic, easily energy tunable, and 100% linear polarized
gamma beams allows the measurement of excitation energies, spin, parities, decay branching
ratios, ground-state transition widths, and hence the reduced excitation probabilities in a
completely model-independent way. On the other hand, this experimental information is not easy
to measure with photon scattering experiments using unpolarized bremsstrahlung beams. Hence,
using the advantages of the gamma-ray source at the High Intensity Gamma-ray Source (HIyS)
facility at the Triangle Universities Nuclear Laboratory will allow us to measure systematically

the photo absorption and subsequent dexcitation of nuclei.
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Figure 1.2 High Intensity Gamma-ray Source Facility



1.3 HIyS Facility

A schematic of the High Intensity Gamma-ray Source facility is shown in Figure 1.2
below. HIyS is the most intense accelerator-driven gamma-ray source in the world because of its
characteristics. It has a 1.2 GeV storage ring free electron laser (FEL) with an energy acceptance
of £3.5% and a total revolution frequency of 2.7898 MHz. The total beam flux before
collimation is 10® gammas per second. Bunch lengths range from 30-120 ps and a maximum
single bunch current with a range of 50 mA to 95 mA with lasing, a typical two bunch current
that is limited by the free electron laser mirror in the range of 60 — 80 mA. The free electron laser
mirror has a Gaussian peak approximately at 450 nm, but on both sides of the peak maximum
lasing can occur at approximately 430 nm. HIyS is operated by the staff and researchers at the
Triangle Universities Nuclear Laboratory (TUNL) at Duke University along with University of
North Carolina at Chapel Hill, North Carolina State University and the rest of the affiliated
institutions in the country. The linear and circular polarized beams are what makes HIyS ideal for
making NRF measurements. Compton Back-Scattering is the interaction that takes place with
HIyS. What happens is an electron is emitted around the electron storage ring while a photon is
emitted in the lasing cavity (wiggler magnets). The photon back-scatters off the free electron
laser mirror in perfect timing with the electron so they can collide. Once the photon and electron
collide, energy is transferred from the electron to the photon.
1.4 Uranium-233

Uranium is a chemical element of the periodic table in the actinide category with atomic
number 92 specifying the number of protons and electrons. Uranium has several isotopes

(Uranium-232, 233, 235, and 238) that are radioactive and are of interest for NRF measurements.



For this work, the isotope, Uranium-233, was assessed for its suitability as a target for Nuclear
Resonance Fluorescence measurements.

Uranium-233 is transmuted from Thorium-232 in a reactor during the Thorium Fuel
Cycle which is a nuclear fuel cycle that uses the naturally abundant isotope of Thorium,

Thorium-232.

Figure 1.3 Natural Uranium

Thorium-232 will breed Thorium-233 via neutron capture in the reactor once Thorium-233 is

formed it is followed by two sequential beta decays that produce Uranium-233.

B B
n+ 22Th - 23Th - 28Pa > 23U (1.1)

The main challenge in making (y,y) measurements on Uranium-233 is that all Uranium-233
target materials contain trace amounts of Uranium-232, that is a prolific emitter of gamma-rays
even for small amounts because of its relatively short half-life of about 69 years. Due to the
isotope being so radioactive and hot from the kinetic energy given off as heat because of the

short half-life it cannot be handled unless proper radiation safety procedures are in effect.
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Production of Uranium-233 invariably produces small amounts of Uranium-232 as an impurity
because of parasitic (n,2n) reactions on Uranium-233 itself.

As previously stated, the Department of Homeland Security's Domestic Nuclear
Detection Office is interested in knowing the excited energy levels of Uranium-233 (along with
other nuclei).

1.5 Online Database for Nuclear Resonance Fluorescence Data

In the middle of the research, the author of this work was given the additional project of
developing a comprehensive database for NRF measurements. This database will serve as a
national resource for researchers conducting work in applied and basic science areas that use
NRF data. The database will be accessible online from the TUNL website. The DNDO/ARI
program managers recommended that such a database be created, and it is a natural extension of
our ongoing literature studies of NRF measurements used to develop new experiments. Dr.
Howell, director of TUNL, assigned this author the project to include in the body of this work.
The database took long months of literature reviews of ( y,y) reaction papers to find every
possible experiment done. Of all the isotopes that were found, many had most of the data that
was expected. On the Brookhaven National Laboratory website there were publications that had
to be read to determine if they of interest to the DNDO overall project.

The chapters to follow describe the experimental techniques used in the attempt to
perform NRF measurements on the Uranium-233 sample, the method used to assay the sample

and the online databased of NRF cross-section measurements.
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CHAPTER 2
Nuclear Resonance Fluorescence Attempt

In this chapter the experimental setup for the first attempt to carry out NRF on our

Uranium-233 target will be discussed.
2.1 Target Room Setup

The existing HIGS target room is called the Gamma-Vault. The area of the Gamma-vault
is approximately 900 square-feet. The beam passes along the center of the room at a height of
approximately 72 inches from the floor. The Gamma-vault has a removable wall for access
during installation and removal of large experimental equipment. The room has utilities for
compressed air, compressed nitrogen, and de-ionized water. The room also has electrical
connections for 115V, 220 V, and 408 V (with three phases). The Gamma-vault has an overhead
crane with one axis and capacity of 3 tons. There is also a smaller lift available for loads up to
1000 Ibs.

There is a smaller target room called upstream target room (UTR, 21 feet long along the
beam direction, 12 feet wide, and beam height of approximately 49.5 inches) that is also
available for a majority of the experiments running below 20 MeV of gamma-ray energy. The
UTR has stands for a number of HPGe detectors, includes beam imagery, and a large HPGe
detector for beam monitoring. The UTR has a rolling door for placement or removal of large size
objects.

There are two main types of detectors, scintillation detector and semiconductor detector.
The main difference between an insulator and a semiconductor is in the size of the energy gap,
which can perhaps be 5 €V in an insulator and 1 eV in a semiconductor. The detector that was

used to take the assay of the Uranium-233 was a 60% High-purity Geranium because it is
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recommended better to use when ionizing radiation detection to measure the effect of incident
charged particles or photons. 1 out of every 10° electron’s at room is thermally excited across the
gap and into the conduction band, leaving a valence band vacancy known as the hole. Dopants
are added to control electrical conduction in the semiconductors. The number of hole-pairs is
proportional to radiation energy of the semiconductor detector. The detector was cooled down
with liquid nitrogen to keep it cold throughout the experiment. The charge carriers are all
positively charged holes because they are above the valence band. The 60% High-purity
Geranium detector was place a distance of 245 centimeters in length and 93 centimeters in height
from the sample of Uranium-233. The Uranium-233 was in a stainless steel holder that was an

inch in diameter and depth.

Figure 2.1 Holder that the sample was placed in.

The energy calibration sources that were used for this experiment were Cesium-137,
Europium-152 and Cobalt-60. The gamma-ray energy from the Cesium-137 was 661.657 keV,

gamma-ray energy from Europium-152 was 1408 keV and gamma-ray energy from Cobalt-60
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was 1332 keV. Two experimental runs, run number 646 and number 647, were performed on the
Uranium-233 target. The description of run number 646 had an energy calibration with the
Cesium-137 and Cobalt-60. The description of the run number 647 was for the data accumulation
for Uranium-233 target. The measurement was done in the Upstream Target Room in the High
Intensity Gamma-ray Source facility using the Genie Data Acquisition Software system that is all

engineered by the

UPSTREAM TARGET ROOM (UTR)

Figure 2.2 Upstream Target Room (UTR)

Technicians of the High Intensity Gamma-ray Source facility.
2.2 Interaction with Matter by Gamma-rays

The three primary processes of how gamma-rays interact with matter where given
previously. They were photoelectric effect, Compton Scattering and pair production. The only

one that plays a part in this work is Compton Scattering, Compton Back-Scattering, to be exact.
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Compton Scattering is the processing by which a photon scatters from a nearly free atomic
electron, resulting in a less energetic photon and a scattered electron carrying the energy lost by
the photon. It is an inelastic scattering because the wavelength of the scattered light is different
from the incident radiation. The origin of the effect can be considered as an elastic collision
between a photon and an electron was very much larger than the binding energy of the atomic
electron. Binding energy is the mechanical energy required to disassemble a whole into separate

parts. Gamma-ray energy in energy from Gamma-ray for theta equals zero degrees.

Scattered
Electr on

Invcident
Photan

Scattered
FPhoton

Figure 2.3. The geometry of Compton scattering

Geometry has to be used in order to find the probability for Compton scattering at an angle theta
taking a differential cross section over some solid angle.
2.3 Detector

The two types of detection where discussed previously but briefly just describing the
difference in the two. As stated before the 60% High-purity Geranium detector was used for the
measurement on the Uranium-233. The detector which has valence-4 atoms form four covalent

bonds with neighboring atoms due to it being form from solid crystal. All valence electrons thus
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participate in covalent bonds, and the band structure shows a filled valence band and an empty
conduction band. To control the electrical conduction in semiconductors, small amounts of
materials called dopants are added. Atoms are introduced into the lattice with valence 3 or 5
when doping.

Fabrication procedure for High-purity Geranium detectors is begun with a sample of p-
type material and diffused in its surface a concentration of Li atoms, which tent to form donor
states and thereby created a thin n-type region. Under reverse bias and at a slightly elevated
temperature, the Li drifts in the p-type region, making quite a large depletion region. Such
detectors are known as lithium-drifted Ge and Si detectors. The reason the detector was kept cool
is because it reduces the thermal excitation of electrons across the energy gap, thereby reducing
the background electrical noise produced by the detector. High-purity Geranium detectors have
large volumes, owing to advances in the techniques of refining Geranium crystals. It has to be at

a low temperature of 77 kelvins to keep down the background noise.

Figure 2.4. High-purity Geranium Detector.
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2.4 NRF

The NRF measurement was done by allowing the target to sit in front of the four HPGe
detectors in the target room in front of the beam. Without any beam turned on the Uranium-233
sample gave off huge amounts of radiation in the form of gammas. The energy transitions were
recorded for a four hours and the analysis resonances peaks of the excitation energy given off
from the sample. Once the time of flight was over the transition energies were viewed in a signal
processing software Gaussian fit to calculate the number of counts. The number of counts tells us

the area of the peak at that discrete energy on the spectrum.

Pb wall

colllmator

Paddles HPGe Detectors

Figure 2.5 Schematic of the HPGe Detectors for the NRF measurement
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The NRF measurement was analyzed to determine what isotopes give off those excitation
energies in the spectrum. The gamma-ray that was most active was the 2614 MeV gamma in the
spectrum. Next was to determine whether the gamma-ray came from the Uranium-233 or its
contaminant Uranium-232. Looking on the TUNL website’s nuclear database of excitation
energies for specific isotopes, what was discovered was that the 2614 MeV gamma-ray come
from Thallium-208. Thallium 208 is in the alpha decay chain of Uranium-232. From this what
the conclusion gives no excitation energies coming from Uranium-233 were detectable. The

activity of the contaminant Uranium-232 is all that is detected in the measurement.

232
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Figure 2.6 Decay Chain of Uranium-233

The histogram of energy versus time of Flight showed the most troublesome gamma-ray that it

emitted in the decay chain at an energy of 2614 keV and comes from the decay of the first
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excited stated in Thallium-208 to the ground state Lead-208. That short half-life that Uranium-

232 has allows the determinations of it emitting that gamma-ray. The histogram illustrates that

the dominant feature in the detected gamma-ray energy spectrum is the 2614 keV gamma-ray

from the decay of Uranium-232.
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Figure 2.7 Histogram of the 2614 eV gamma emitted from the NRF measurement

The Pacific Northwestern National Laboratory specified that there is 16 milligrams of

Uranium-232 with a specific activity was 27 mCi and that there are 4 grams of Uranium-233

with specific activity was 38.6 mCi. These where just specifications made before the

measurement by the Pacific Northwestern National Laboratory in the inventory of targets paper

work. This knowledge of the sample was quickly concluded that the trace amount of Uranium-

232 would give a contamination level that may be too high to make a NRF measurement. A more
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pure sample would be needed but attempts to check the purity were still made before search for a
better sample. The isotopic ratio would be several hundred parts per million. The attempts to
make NRF measurements on Uranium-233 where unsuccessful because we could not get signals
above the background noise. In the next chapter the assessment on the Uranium-233 will be
discussed in detail since the attempt to make an NRF measurement seemed impossible due to the

trace amounts of Uranium-232.
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CHAPTER 3
Assay of the Urainium-233 Target

In this chapter, the actual work done to make the assay of the Uranium-233 target will be
discussed. The radioactive decays of Uranium-233 and Urainium-232 will be explained. The
gamma-ray spectroscopy measurements will also be discussed as well as the calculations
performed to determine the actual amount of Urainium-232 in the Uriainium-233 target. The
final results will be given with our conclusion about the suitability of the target for NRF
measurements.

The target room was properly checked by the technicians that operate the lab daily. Since
all measurements were done at night we made sure of this early enough every time. The detector
was properly placed and determined to be fine. The sample was held with radiation precautions
like the radiation safety training has always recommended. Once everything was put into place,
data collection started.

3.1 Data Collection Process

The data collection takes some time before we start because only a certain characteristic
can be given attention during each measurement. You can’t measure the isotopes unless you
know what specific states are known. The detector and cables have to be properly shielded to
avoid the background noises that occur during the data collection. The detector was in the
horizontal plane and was used to monitor the flux. The reason the detector was shielded is
because that background noise can affect the collection process. Loud noise can be the transition
frequency that you are seeing on the Data Acquisition system so you have to be careful of that.
To avoid it aluminum and lead was wrapped around the detectors to cover up some of that

background noise. An oscilloscope was used to test the resonances that had high voltage
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amplitudes. The aim is to get the amplitudes under 10 millivolts or as close to being grounded as
possible.

The energy spectra needed enough time to grow high enough to show lines above the
background noise. Once that occurred you could see the actual energy arising from the noise.
Too much background noise can mess up the resolution of the graph or histogram when looking
at the transitions. Determining the sources from the actual target is not a hard task because all
the energies at of the sources are well known. The sources where placed by the detector as
always for their contributions. The measurement time was at 1:50 a.m. It lasted until 7:30 a.m.
3.2 Data Acquisition of the Radioactive Decay

What the Data Acquisition system does is process the sampling signals that measure real
world physical conditions and converting the resulting samples into digital numeric values that
can be manipulated by a computer. It typically converts analog wave-forms into digital values for
processing. The components of the data acquisition system include sensors that convert physical
parameters to electrical signals, signal conditions circuitry to convert sensor signals into a form
that can be converted to digital values, and analog to digital converters, which converts
conditioned sensor signals to digital values. Pascal, FORTRAN, and many other programing
languages are used to develop the I software for the data acquisitions.

When measuring the radioactive decay of substances such as isotopes certain laws hold
that researcher needs to be familiar with. The activity of radioactive isotopes is based on two
factors: the quantity of the isotope present and the half-life of the isotope. The calculations of the
activity with precision of the calculated isotope at any given time and direct calculation of the
radioactivity is being measured in this experiment. The propagation of uncertainty in the activity

due to the uncertainties in the isotope data is quantified through a Monte Carlo method.
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The half-lives of isotopes span many orders of magnitude, from short-lived isotopes that
decay nearly instantaneously to relatively stable isotopes with very long half-lives. Because of
the large range of half-lives, calculation the quantity of each isotope present in a given decay
chain after a period of time may be difficult due to the tough approach needed to be taken
because of the differential equations describing radioactive decay. These equations are known as
the Bateman equations, which we do not do by hand. Computer software is relied on for this
matter. To avoid this stiffness, solutions are most commonly found by making approximations. In
this typical implementation, isotopes are evaluated differently based on the magnitude of the
half-life in relation to other isotopes in the chain and the position of the isotope in the chain (the
first isotope in the chain versus an isotope near the end of the chain).

For some applications, models find gamma-ray activity by using an approximation that
the gamma-ray activity decays as t'2. This approximation is used for any arbitrary gamma-ray
energy range as well as total activity. The new model seeks to improve upon this approximation
by calculating the activity directly for each time step for any given energy bin. A more robust
method of calculating radioactive decays is desired to increase the precision of the results. A
method which treats all isotopes the same, regardless of position in the chain or relative
magnitude, will treat decay chains uniformly and therefore more predictably and with greater
precision. It is important to know the quantities of each isotope remaining after a given time
more precisely than available with current methods. This will allow for more precise calculation
of the activity of the radioactive isotopes and lead to a better understanding of high energy

gamma-rays emitted following the neutron induced fission of uranium isotopes.
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The decay rate of a radioactive substance was found to decrease exponentially with time.
Radioactive decay was found to follow a statistical law, that is, it is impossible to predict when
any give atom will disintegrate. The rate at which a radioactive substance N decays is given by

N _
S=-aN 3.1)

Where N is the number of radioactive atoms and A is called the decay constant, which represents
the probability per unit time for one atom to decay. The fundamental assumption in the statistical
law for radioactive decay is that this probability for decay is constant, that is, it does not depend
on time or on the number of radioactive atoms present. Equation 3.1 can be integrated with the
boundary condition that the initial number of radioactive atoms is No= N(0). This leads to the

exponential law of radioactive decay

N = Nye ™ (3.2)
For measurement purposes, it is often convenient to express Equation 3.2 in terms of activity A
of a radioactive substance, which is defined to be the number of decays per unit time or simply A
= AN. If we multiply both sides of Equation 3.2 by A, we find that

AN = ANge™# (3.3)
It follows that

A=Aje (3.4)

were Ao is the initial activity of the radioactive substance. The unit most commonly used in

activity measurement is the curie (Ci), which is defined as 3.7x10'° decays per second.
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The half-life of a radioactive substance is defined as the elapsed time over which the
radioactive substance has decreased to half its original abundance. Thus, by letting N = N¢/2 in

Equation 3.2, the half-life is given by

T1=— (3.5)

The mean life, t, or the average amount of time a radioactive element lives, is given by

t= (3.6)

1

i

Thus, the mean life is simply the inverse of the decay constant. During the mean life, the
abundance of a radioactive substance decreases by a factor of 1/e.

3.3 Assay of Uranium-233

During the NRF attempt on Uranium-233 the trace amounts of Uranium-232 came into
effect due to its short half-life of about 69 years. The radiation it gives off creates a lot of heat
which is kinetic energy. Our target, which was obtained from the Pacific Northwestern National
Laboratory, is specified to consist of 4.0 grams of Uranium-233 and 16 milligrams of Uranium-
232 which would be 4000 ppm of Uranium-232 contamination.

In searching for a clearer Uranium-233 sample with mass of a few grams, we found that
the National Isotope Development Center has such samples with down to about 200 ppm of
Uranium-232 contaminant. Before obtaining a new sample, the specifications that were provided
by the Pacific Northwestern National Laboratory needed to be verified using gamma-ray
spectroscopy techniques to assay the sample. The assay was set up by placing the Uranium-233
target 245 centimeter in length from the detector and 93 centimeter from the ground. There was

only one HPGe used for the assay. Assaying techniques were based on assuming that the mass
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specification for Uranium-233 is correct and that all the radioactive nuclei used came from the
decay of either directly or indirectly solely from the decay of either Uranium-233 or Uranium-
232. The mass given from the Pacific Northwestern National Laboratory was 4 grams for the

Uranium-233. So the activity was checked using a simple Specific Activity formula:

_In2-Ng4
TT1-M

(3.7)

Na is Avogadro's number which is 6.0221413x10? nuclei or molecules per mol., 71 is the half-
2

life of the Uranium-233 and M is the mass or molar mass of the isotope. The Specific Activity
for Urainium-233 was calculated to be 38.5 millicurie which matched 38.54 millicurie quoted by
PNNL. The Specific Activity was also calculated for the 16 milligrams of Uranium-232
resulting in a value of 357.6 microcurie. The calculated activity of the Uranium-232 was far
larger than that quoted by PNNL. The Pacific Northwestern National Laboratory was called to
see if they could explain the difference in the activity for Urainium-232. The age of the sample
came into question, and the Pacific Northwestern National Laboratory did not know the actual

age but gave an estimate of maybe 30 to 40 years old.

The age of the sample was determined by measuring the decay rates of Francium-221 and
Bismuth-213. The ratio of the number of nuclei was used in both these isotopes. The number of

nuclei in the Uranium-233 was calculated to be 1.033819742x10% from a simple formula:

m = MN/N (3.8)
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Solving for N, which is the number of nuclei gives:

N =m Na/M (3.9)

Na, being Avogadro's number, M, being the molar mass of the isotope and m being the amount of
the Uranium-233 in grams. Having this number of nuclei for the parent nucleus and plotting the
number of nuclei versus time in years, a graph is developed. A gamma-ray spectroscopy
technique was used to determine the age of the sample. The key was to not allow the daughter
isotopes come into equilibrium. Well Francium-221 and Bismuth-213 abundances have not reach

equilibrium and their decay produce gamma-ray lines that are prominent in the gamma-ray

energy spectrum.

***U Target Energy Spectrum (0-500 keV )
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Figure 3.1. Energy Spectrum showing Francium-221 and Bismuth-213
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The sample was determined to be about 37 years old which implies that the abundance of the
Thallium-208 produced in the decay of Uranium-232 is in equilibrium. Definition of the decay
constant and number of nuclei bring proportional says that a parent nuclei decays equally to the

daughter nuclei when in equilibrium.

1.0E+11
e’ | 3Bi
221Fr
1.0E+10
1.0E+09
1.0E+08

10 20 30 40 50 60
Year

Figure 3.2. Number of Nuclei versus number of years of daughter nuclei not in equilibrium

NpAp = NoAd (3.10)

Nj being the number of nuclei of the parents nuclei, Ap being the decay constant of the parent

nuclei, Ng being the number of nuclei and Aq being the decay constant of the daughter.
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Figure 3.3. Decay Chain of Uranium-233.

Knowing this tells us that the gamma-ray energy at 2614 was the beta decay of the Thallium-208.

Theoretical and statistical proof from the Triangle University Nuclear Laboratory says this as

well:

Table 3.1 Characteristics of Thallium-208

GS-GS Q-
Parent Parent Parent Parent Decay valueQ
Nucleus E(level) Jmr T Mode
e v (keV)
208 3.053 . .
g7 0.0 5+ o B-: 100 % 4999.0 17
Beta-:
Energy End-point energy Intensity
(keV) (keV) (%)
154.43 59 518.5 17 0.052 % 5
187.88 61 616.1 17 0.017 & 5
196.43 60 640.6 17 0.044 % 5

Daughter

Nucleus
Decay ENSDF

Scheme file
208

82

Dose
( MeV/Bg-s )

8.0E-5 8
3.2E-5 9
8.6E-5 10


http://www.nndc.bnl.gov/chart/getdecayscheme.jsp?nucleus=208PB&dsid=208tl%20bM%20decay&unc=nds
http://www.nndc.bnl.gov/chart/getdecayscheme.jsp?nucleus=208PB&dsid=208tl%20bM%20decay&unc=nds
http://www.nndc.bnl.gov/chart/getdecaydataset.jsp?nucleus=208PB&dsid=208tl%20bM%20decay
http://www.nndc.bnl.gov/chart/getdecaydataset.jsp?nucleus=208PB&dsid=208tl%20bM%20decay
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208.79 62 675.6 17 0.0050 & 20 1.0E-5 4
218.44 62 702.7 17 0.101 & 21 2.2E-4 5
230.73 67 737.0 18 0.0020 % 10 4.6E-6 23
260.44 63 818.6 17 0.227 % 9 5.91E-4 23
280.78 64 873.7 17 0.175 % 23 4.9E-4 6
329.64 68 1003.4 18 0.007 % 3 2.3E-5 10
342.90 66 1038.1 17 3.18 % 6 0.01090 21
348.43 66 1052.6 17 0.046 % 3 1.60E-4 10
358.70 66 1079.2 17 0.63 % 5 0.00226 18
441.53 68 1290.6 17 24.2 % 3 0.1069 13
535.39 70 1523.9 17 22.2 % 5 0.119 3
649.48 71 1801.3 17 49.1 % 7 0.319 5

Mean beta- energy: 560 keV 7, total beta- intensity: 100.0 % 9, mean beta- dose: 0.559 MeV/Bqg-s 9

Electrons:

Energy Intensity Dose
(keV) (%) ( MeV/Bg-s )

Auger L 7.97 4.50 & 13 3.59E-4 11
Auger K 56.7 0.27 % 3 1.52E-4 17
CE K 123.40 15 0.166 % 10 2.05E-4 12
CE K 145.36 15 0.170 % 18 2.5E-4 3
CE K 164.61 10 0.40 % 3 6.5E-4 4
CE K 189.367 5 2.88 % 14 0.0054 3
CE L 195.54 15 0.0285 % 16 5.6E-5 3
CE M 207.55 15 0.0067 % 4 1.39E-5 8
CE N 210.51 15 0.00170 & 10 3.58E-6 21
CE O 211.32 15 3.38E-4 & 20 7.2E-7 4
CE P 211.40 15 3.62E-5 % 21 7.6E-8 4
CE L 217.50 15 0.036 % 4 7.8E-5 8
CE M 229.51 15 0.0086 % 9 1.97E-5 21
CE N 232.47 15 0.00218 % 23 5.1E-6 5
CE O 233.28 15 4.3E-4 % 9.9E-7 10
CE P 233.36 15 4.0E-5 % 9.4E-8 10
CE L 236.75 10 0.0734 % 24 1.74E-4 6
CE M 248.76 10 0.0173 % 5 4.31E-5 14
CE N 251.72 10 0.00441 % 14 1.11E-5 3
CE O 252.53 10 8.7E-4 % 3 2.20E-6 7
CE P 252.01 10 9.0E-5 % 5 2.27E-7 11
CE L 261.510 5 0.492 & 23 0.00129 6
CE M 273.520 5 0.115 & 5 3.15E-4 15
CE N 276.477 5 0.0292 % 14 8.1E-5 4
CE O 277.296 5 0.0058 & 3 1.62E-5 8
CE P 277.370 5 6.2E-4 % 3 1.73E-6 8



CE K 422.77 10 1.90 % 3 0.00804 14

CE L 494.91 10 0.321 & 6 0.00159 3
CE K 495.1825 21 1.284 % 19 0.00636 10
CE M 506.92 10 0.0750 % 13 3.80E-4
CE N 509.88 10 0.0190 & 3 9.70E-5 17
CE O 510.69 10 0.00380 % 7 1.94E-5
CE P 510.77 10 4.07E-4 % 8 2.08E-6 4
CE L °67.3202 21 0.349 & 5 0.00198 3
CE M °79.3363 21 0.0859 % 13 4.97E-4 8
CE N °82.2934 21 0.0218 & 3 1.267E-4 20
CE O °83.1118 20 0.00415 & 6 2.42E-5 4
CE P °83.1855 20 3.44E-4 % 5 2.0l1E-6 3
CE K 634.04 12 0.0077 % 13 4.9E-5
CE L 706.18 12 0.00129 & 22 9.1E-6 15
CE M 718.19 12 3.0E-4 % 2.2E-6 4
CE N 721.15 12 7.7E-5 % 13 5.5E-7
CE O 721.96 12 1.5E-5 % 3 1.11E-7 19
CE P 722.04 12 1.6E-6 % 3 1.18E-8 20
CE K 772.552 4 0.271 % 4 0.00210 3
CE L 844.696 4 0.0450 & 7 3.80E-4 6
CE M 856.706 4 0.01049 % 17 8.98E-5 15
CE N 859.663 4 0.00266 % 4 2.29E-5 4
CE O 860.482 4 5.33E-4 % 9 4.58E-6 7
CE P 860.555 4 5.71E-5 % 10 4.92E-7 8
CE K 2526.507 10 0.1708 & 24 0.00431 6
CE L 2598.650 10 0.0292 & 5 7.60E-4 13
CE M 2610.660 10 0.00685 % 10 1.79E-4 3
CE N 2613.617 10 0.001739 & 25 4.54E-5 7
CE O 2614.436 10 3.45E-4 % 5 9.02E-6 13
CE P 2614.510 10 3.61lE-5 % 5 9.44E-7 13
CE K 3109.6956 7 9E-6 % 9 3E-7 3
CE L 3181.8391 5 1.8E-6 % 18 6E-8 6
CE M 3193.8494 5 4E-7 % 4 1.3E-8 13
CE N 3196.8064 7 1.1E-7 % 11 3E-9 3
CE O 3197.625 2.1E-8 % 21 TE-10 7
CE P 3197.698 2.2E-9 & 22 7E-11 7
Gamma and X-ray radiation:

Energy Intensity Dose

(keV) (%) ( MeV/Bg-s )
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For each gamma, the list of gammas in coincidence is given. If experimentally known, an estimate of

the average time interval (in seconds) between both gammas is given

211.40

E(y)

Coincidence
233.36 (1.00E-10), 277.371 (1.04E-10), 510.77 (1.00E-10), 583.187 (3.98E-10), 860.557
(1.04E-10),
1093.9 (1.00E-10), 2614.511 (4.14E-10), 3197.7 (3.98E-10),
3475.1 (1.04E-10), 3708.4 (1.00E-10)
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233.36 211.40 (1.00E-10), 252.61 (1.00E-10), 277.371 (4.00E-12), 583.187 (2.98E-10), 587.7
1.00E-10),
(860.557 (4)1.00E—12), 2614.511 (3.14E-10), 3197.7 (2.98E-10), 3475.1 (4.00E-12)

252.61 233.36 (1.00E-10), 277.371 (1.04E-10), 510.77 (1.00E-10), 583.187 (3.98E-10), 860.557
(1.04E-10),
1093.9 (1.00E-10), 2614.511 (4.14E-10), 3197.7 (3.98E-10),
3475.1 (1.04E-10), 3708.4 (1.00E-10)

277.371 211.40 (1.04E-10), 233.36 (4.00E-12), 252.61 (1.04E-10), 485.95 (4.00E-12), 583.187
2.94E-10),
'(587.7 (1.0)4E-10), 650.1 (4.00E-12), 705.2 (4.00E-12), 821.2 (4.00E-12),
883.3 (4.00E-12), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

485.95 277.371 (4.00E-12), 583.187 (2.98E-10), 860.557 (4.00E-12), 2614.511 (3.14E-10),
3197.7 (2.98E-10), 3475.1 (4.00E-12)

510.77 211.40 (1.00E-10), 252.61 (1.00E-10), 583.187 (2.94E-10), 587.7 (1.00E-10), 2614.511
(3.10E-10),
3197.7 (2.94E-10)

583.187 211.40 (3.98E-10), 233.36 (2.98E-10), 252.61 (3.98E-10), 277.371 (2.94E-10), 485.95
2.98E-10),
(510.77 (2.)94E—10), 587.7 (3.98E-10), 650.1 (2.98E-10), 705.2 (2.98E-10),
722.04 (2.94E-10), 748.7 (2.94E-10), 763.13 (2.94E-10), 821.2 (2.98E-10),
883.3 (2.98E-10), 927.6 (2.94E-10), 982.7 (2.94E-10), 1125.7 (2.94E-10),
1160.8 (2.94E-10), 1185.2 (2.94E-10), 1282.8 (2.94E-10), 2614.511 (1.66E-11)

587.7 233.36 (1.00E-10), 277.371 (1.04E-10), 510.77 (1.00E-10), 583.187 (3.98E-10), 860.557
(1.04E-10),
1093.9 (1.00E-10), 2614.511 (4.14E-10), 3197.7 (3.98E-10),
3475.1 (1.04E-10), 3708.4 (1.00E-10)

650.1 277.371 (4.00E-12), 583.187 (2.98E-10), 860.557 (4.00E-12), 2614.511 (3.14E-10),
3197.7 (2.98E-10), 3475.1 (4.00E-12)

705.2  277.371 (4.00E-12), 583.187 (2.98E-10), 860.557 (4.00E-12), 2614.511 (3.14E-10),
3197.7 (2.98E-10), 3475.1 (4.00E-12)

722.04 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

748.7 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

763.13 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

821.2 277.371 (4.00E-12), 583.187 (2.98E-10), 860.557 (4.00E-12), 2614.511 (3.14E-10),
3197.7 (2.98E-10), 3475.1 (4.00E-12)

860.557 211.40 (1.04E-10), 233.36 (4.00E-12), 252.61 (1.04E-10), 485.95 (4.00E-12), 587.7
1.04E-10),
(650.1 (4.0)OE-12), 705.2 (4.00E-12), 821.2 (4.00E-12), 883.3 (4.00E-12),
2614.511 (1.66E-11)

883.3 277.371 (4.00E-12), 583.187 (2.98E-10), 860.557 (4.00E-12), 2614.511 (3.14E-10),
3197.7 (2.98E-10), 3475.1 (4.00E-12)

927.6  583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

982.7 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

1093.9 211.40 (1.00E-10), 252.61 (1.00E-10), 587.7 (1.00E-10), 2614.511 (1.66E-11)

1125.7 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

1160.8 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

1185.2 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

1282.8 583.187 (2.94E-10), 2614.511 (3.10E-10), 3197.7 (2.94E-10)

1381.1 2614.511 (1.66E-11)

1647.5 2614.511 (1.66E-11)

1744.0 2614.511 (1.66E-11)

2614.511211.40 (4.14E-10), 233.36 (3.14E-10), 252.61 (4.14E-10), 277.371 (3.10E-10), 485.95
3.14E-10),
(510.77 (3.)105-10), 583.187 (1.66E-11), 587.7 (4.14E-10), 650.1 (3.14E-10),
705.2 (3.14E-10), 722.04 (3.10E-10), 748.7 (3.10E-10), 763.13 (3.10E-10),
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821.2 (3.14E-10), 860.557 (1.66E-11), 883.3 (3.14E-10), 927.6 (3.10E-10),
982.7 (3.10E-10), 1093.9 (1.66E-11), 1125.7 (3.10E-10), 1160.8 (3.10E-10),
1185.2 (3.10E-10), 1282.8 (3.10E-10), 1381.1 (1.66E-11), 1647.5 (1.66E-11),
1744.0 (1.66E-11)
3197.7 211.40 (3.98E-10), 233.36 (2.98E-10), 252.61 (3.98E-10), 277.371 (2.94E-10), 485.95
(2.98E-10),
510.77 (2.94E-10), 587.7 (3.98E-10), 650.1 (2.98E-10), 705.2 (2.98E-10),
722.04 (2.94E-10), 748.7 (2.94E-10), 763.13 (2.94E-10), 821.2 (2.98E-10),
883.3 (2.98E-10), 927.6 (2.94E-10), 982.7 (2.94E-10), 1125.7 (2.94E-10),
1160.8 (2.94E-10), 1185.2 (2.94E-10), 1282.8 (2.94E-10)
3475.1 211.40 (1.04E-10), 233.36 (4.00E-12), 252.61 (1.04E-10), 485.95 (4.00E-12), 587.7
(1.04E-10),
650.1 (4.00E-12), 705.2 (4.00E-12), 821.2 (4.00E-12), 883.3 (4.00E-12)
3708.4 211.40 (1.00E-10), 252.61 (1.00E-10), 587.7 (1.00E-10)
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Figure 3.4 Decay Scheme of Thallium-208

We are now able to correctly say that when Uranium-232 is in equilibrium with Thallium-208,
the number of nuclei in the Uranium-232 divided by the number of nuclei in Thallium-208 is
equal to the decay rate of Uranium-232 divided by the decay rate of Thallium-208. Giving a

decay rate ratio of the two isotopes, which is 3.16x1078. So the number of nuclei in Uranium-232
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equals 4.3x10'° nuclei using the munber of Thallium-208 nuclei determined in the Appendix.
This tells us that the true amount of Uranium-232 contaminant is 16.7 micrograms. Which also
means the isotropic ratio of Uranium-232 to Uranium-233 is estimated to be about 4 ppm. This
says our sample was an excellent one. In fact, it turns out to be better than any of the Uranium-
233 targets in the U.S. Department of Energy inventory in regard to Uranium-232 contamination.
Since a better target than the one we have is not available, NRF measurements for
Uranium-233 cannot be performed at the present time. In the future, if a pure Uranium-233 target

becomes available, it might become possible to make such measurements.

**U Target Energy Spectrum (2000-2750 keV)
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Figure 3.5. The gamma-ray line from the beta decay of Thallium-208.
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The energy spectrum of the 2614 gamma-ray that comes from the daughter nuclei Thallium-208
in isotope Uranium-232 drowns out the activity of the Uranium-233, allowing it to be the best
target available. This happens 99.754% of the time, which is stated in Table 3.1 of the
characteristics of Thallium-208 above. The rest of the data collected is located in a chart in the

appendix of this thesis.
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CHAPTER 4
Nuclear Database

As stated before the Domestic Nuclear Detection Office of the Department of Homeland
Security is interested in knowing the transition of gamma-rays through matter. A comprehensive
database that all researchers and scientists can access the features was recommended. The
database will be accessible online from the TUNL website and will have the following features;

1. Comprehensive non-evaluate database that includes cross sections, y-ray transition

rates and electromagnetic multi-polarity of transitions. Although the data are not

evaluated, issues with data sets will be noted, e.g., published comments or errata that

provide corrections or raise concerns about the data will be noted. Also, inconsistencies

in tabulated values within a publication may be noted as well.

2. Data retrievable in a comma delimited format.

3. Publications of original work available via linked files (depending on agreements with

scientific and engineering journals).

4. Intuitive user interface.

5. Browse and search capabilities.
The database will be one that can be changed and new information on (y, y’) reactions can put
into the database. A link from the Triangle Universities Nuclear Laboratory web page will be

where you can access the database. The start of the database with the nuclear information looks

like this:
Table 4.1 Brief look of the Nuclear Database
tlsge Trar(xlig%n E, Is (eV°b) Janﬂ—» (Irr‘l‘e/\l; ) Regp o (meV) BM1) t(un?) | B(EI) (¢*fm?) Ref. Notes

'H No (g,g) reaction
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°Li 219 31 1
Li 480 12y :(3/2y 1
°Be No (g,g) reaction
B No (g,g) reaction
2c No (g,g) reaction
e 3089.44+/-0.02 424 +/- 41 17
N No (g,g) reaction
F 3906+/-6 Gy
2Ne 53262 +/-1.3 0.10 +/- 0.04 250 +/-0.10 0.15 +/-0.06 13,14
Na 2985 +/-6 1" 1120 15
Mg 1368,59(4) 2" 1,08(13) Endt et van der Leun
Mg No (g,g) reaction
Mg 8227 +/-2 1,29 2300 13
Z7Al 2211 (7/2)" 0,186(13) 0.14 2,15
88 10596 +/- 2 1" 1.34/-0.5 13
sp 3133 +/-5 12) 15,16
31S No (g,g) reaction
28 2230.57 2* 2230.49 3
#S | 7220 +/-0.002 O'S%‘g/ - (1,2 0.92 +/-0.28 0212
3¢l 2693.6 +/-0.1 12+/-3 15,16,17
¥K No (g,g) reaction
0 Ar 4768 +/- 1 1- 5
K No (g,g) reaction
“ Cq 3904.0(1) 2 15.7(43) 107.6(292) 4
“2Ca No (g,g) reaction
e 3661.3(2) 11* 3.16(76) 0.29(7) 6
53¢ 720(1) (52) 1.58(16) 2.11( 7
4Ti No (g,g) reaction
Ti No (g,g) reaction
#Ca 3831.5(2) 2 0.0000109(7) 96.8(105) 4
BTi 3700 +/- 1 1" 10 +/-1 204 +/-2.3 1.2 +/-0.1 18
Oy No (g,g) reaction
T No (g,g) reaction
OCr 3627.8 1" 0.99(12) 9
sty 929.5(3) G2y 8
SICr No (g,g) reaction
S2Cr 1434.1 2" 9
SCr 3180.8 G2y 0.06(1) 9
S4Fe No (g,g) reaction



http://www.sciencedirect.com/science/journal/03759474/708/1-2
http://www.sciencedirect.com/science/journal/03759474/708/1-2
http://www.sciencedirect.com/science/article/pii/016890029190439W
http://www.sciencedirect.com/science/article/pii/037594747290214X
http://www.researchgate.net/publication/223117455_Properties_of_nuclear_levels_excited_by_neutron_capture_-rays_from_cobalt
http://www.researchgate.net/publication/223117455_Properties_of_nuclear_levels_excited_by_neutron_capture_-rays_from_cobalt
http://link.aps.org/pdf/10.1103/PhysRevC.65.037303
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.34.835
http://link.aps.org/doi/10.1103/PhysRevC.65.034301
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.83.034304
http://link.aps.org/doi/10.1103/PhysRevC.12.312
http://link.aps.org/doi/10.1103/PhysRevC.65.034301
http://www.sciencedirect.com/science/article/pii/037594749090340R
http://www.sciencedirect.com/science/article/pii/S0375947498002139
http://www.researchgate.net/publication/238905409_Dipole_excitations_in_the_semi-magic_nucleus_51V_studied_with_the_(__)_reaction
http://www.sciencedirect.com/science/article/pii/S0375947498002139
http://www.sciencedirect.com/science/article/pii/S0375947498002139
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$SMn 7491 (2) 12

*Fe 3448.8+/-1.5 60+/-3 1 T7+/-12 78+/-5 0.494+/-0.032 11

SFe No (g,g) reaction
Co No (g,g) reaction
SNi No (g,g) reaction
BNi 2014.9+/-0.4 23+/-3 7.9+/-1.1 10

9Co 1187 any 6.8 75 19,20

ONi 1333 21

OINi No (g,g) reaction
O2Ni 1173 2" 22

Cu 1414 52y 1.6 1.1 20

%Zn 3366 1 8.24/-1.3 24

65Cu 1481.74/-0.5 712 1.952) 1.15(12) 23

%Zn 3381 1 16+/-3 25

7Zn No (g,g) reaction
875 3346 1 4247

“Ga 872 52y 1.1 0.8 27

"Ge 3240.4(4) 3.34/-0.6 1" 3.0+/-0.6 9.14/-2.6 0.07+/-0.02 26

"'Ga No (g,g) reaction
Ge 2116.9(4) 2.7+/-0.3 1 1.1+/-0.2 1.24/-0.6 0.03 0.33 26

BGe No (g,g) reaction
"Ge 2403.5(5) 0.4+/-0.1 1 0.4+/-0.1 0.4+/-0.1 0.01 0.11 26

BAs 7646 12y 0.041+/-0.011 1.7 28

%Ge 2919.8(2) 2.1+/-0.8 1 1.5+/-0.6 1.5+/-0.6 0.02 0.18 26

%Se No (g,g) reaction
7Se No (g,g) reaction
"Br No (g,g) reaction
80Se 7820 1 0.030+/-0.007 29,30

865y 7820 1 0.030+/-0.015 30

855y 1835.9(1) 206(19) 2 60(6) 31

8y No (g,g) reaction
oy 4617.0(5) 4(1) 22(4) 0.020(4) 0.22(4) 32

NZr 2186 4.89+/-0.28 4.89+/-0.28 33

oIz 1205 a2y 34

27r No (g,g) reaction
Mo 1509.8(1) 2%0° 35
% Nb 7442(1) 527(52) (712)92)" 36

%Mo 871.09(10) 250" 37

%Mo No (g,g) reaction



http://www.researchgate.net/publication/223117455_Properties_of_nuclear_levels_excited_by_neutron_capture_-rays_from_cobalt
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.30.54
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.62.024302
http://www.sciencedirect.com/science/article/pii/0375947470900539
http://www.sciencedirect.com/science/article/pii/037594747490164X
http://iopscience.iop.org/0305-4616/7/11/013
http://www.sciencedirect.com/science/article/pii/0375947472903041
http://journals.aps.org/prc/abstract/10.1103/PhysRevC.13.1104
http://www.sciencedirect.com/science/article/pii/0375947468901905
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.7.1490
http://www.sciencedirect.com/science/article/pii/037594749400626X
http://www.sciencedirect.com/science/article/pii/037594749400626X
http://www.sciencedirect.com/science/article/pii/037594749400626X
https://journals.aps.org/pr/abstract/10.1103/PhysRev.188.1765
http://www.sciencedirect.com/science/article/pii/037594749400626X
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.2.2001
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.76.034321
http://www.sciencedirect.com/science/article/pii/S0375947497001267
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.9.1525
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.16.597
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.044308
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.75.014303
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.024307
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%Mo No (g,g) reaction
%Ru 3154.2 95.2(30) 140" 38

%Mo 3257.8(1) 45(4) 1.0° 313) 0.34(3) 35

BTe No (g,g) reaction

“Mo No (g,g) reaction

1000 o 2633.3(1) 153) 1,0° 1333) 0.14(3) 35

100T¢ No (g,g) reaction

1%Rp 1277 231024) G252 0.0541(55) 0.599(61) 39

105pq No (g,g) reaction
100pd No (g,g) reaction

W0Ag No (g,g) reaction

1%Rh No (g,g) reaction

15cg 1446.6 8.4(5) 1 19)(3 0.06(1) 40

1¥Ag No (g,g) reaction

nocq 2650 25.1(6) I 15.3(4) 235(5) 41

g 2197 3.7(4) 459(22) 0.037(4) 0.41(5) 41

m2cd 2418 0.7(1) (1,29 0.34(7) 0.006(1) 0.07(1) 41

13Cd No (g,g) reaction
B No (g,g) reaction

g 2396 1.4(4) I- 0.72) 0.14(4) 41

B No (g,g) reaction

n6cd 2478 18.2(11) I 9.7(6) 1.82(11) 41

n6gn 4199.8 48(4) 1 73(6) 73(6) £

17, 1147.2 (4) 231 (40) 126 (22) 0.398 (68) 43

18Sn No (g,g) reaction
21gp, 507 Gy 0.11(5) 0.12(6) 44

1228n No (g,g) reaction
122Te 2592.3(2) 32(4) 92 1.01 45

123g), 1032(1) ©2)" 3.003) 3.03) 44

1248y 4219.1(6) 22.6(24) 1 349 (37) 349 (37) 4

124Te 2812.5(2) 12.7(14) 0.37 34 45

120xe 2182 18.7(13) 2 0(';‘)1 9.6(6) 0.239(15) 2.64(17) 46

126Xe 2359 9.4(7) 2 }ﬁg 8.4(5) 0.166(10) 1.84(12) 46

126Te No (g,g) reaction
1271 No (g,g) reaction

128Te No (g,g) reaction

130T 2688.4(2) 8.0(10) 0.24 2 45

130Xe 2313 2.5(3) 2" 1.14(16) 0.024(3) 0.264(36) 46



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.064323
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.044308
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.044308
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.63.024320
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.034304
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.034302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.034302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.034302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.034302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.034302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.57.2229
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.62.014309
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.7.1500
http://www.sciencedirect.com/science/article/pii/S0375947497001693
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.7.1500
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.57.2229
http://www.sciencedirect.com/science/article/pii/S0375947497001693
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.054315
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.054315
http://www.sciencedirect.com/science/article/pii/S0375947497001693
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.054315
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BiYe 1665 27(7) 1.93(52) 0.108(29) 1.20(32) 46

12Xe 2383 0.8(2) 2 0.40(12) 0.008(2) 0.085(25) 46

13Cs 2156 1.11+/-0.18 1.34+/-0.22 47

134Ba 2311 3.24/-0.9 1 1.5+/-0.4 0.0314/-0.009 48

1By 980 9.01(64) 2.78(51) 0.255(47) 48

1368, 2129 425(0.24) 1.00(6) 3.1322) 48

137By 1294 11.72(59) 5.10(26) 0.204(10) 48

138Ba 1436 23.1(25) 2.48(127) 2.48(27) 48

1¥La No (g,g) reaction

140Ce 3643.8(6) I 367 (56) 21.7(33) 50

141py No (g,g) reaction

120e 2187 10 3.62(12) 49

H2Nd 3424.2(5) 1 295(44) 21.1(32) 50

Nd 1407 20.7+/-6.7 972y 8.6+/-2.8 51

Nd 2072 5.44+/- 1" 2.03+/-0.23 0.059+/-0.007 52

144Sm 3225.7 1 289(44) 24.8(38) 50
2.29

146Nd 1377 16.6+/-4.9 1 +/- 4.6+/-1.4 53
0.56
2.31

148Nd 1023 32.3+/-13.4 1 +/- 5.3+/-2.4 53
0.86

1458 m 1454.2(5) 3.6137) 2 0.796(82) 0.0147(19) 54

149Sm No (g,g) reaction
1.99

150Nd 853 23.5+/-9.7 1 +/- 33+/-1.4 16.1+/-6.3 53
0.30

150§ m 25513 2 42(13) 0.72) 55

1SRy 889 3.80(63) 5/ 0.78(13) 0.096(16) 57

1928 m 2410.6 2 47(1.3) 0.9(2) 55

5By 1156 3.70(68) 5/2° 1.29(24) 0.072(13) 57

154Sm 1972.6 2" 4.409) 0.15(8) 55

15Gd 1675 7.3+/-0.9 5.3+/-0.6 0.097+/-0.011 56
0.25

136Gd 2027 1" 3.9+/-1.2 +/- 5.0+/-1.8 0.16+/-0.05 58
0.24

157Gd 1956 2.55+/-0.39 0.029+/-0.004 59
0.46

18Gd 2268 1" 6.9+/-1.2 +/- 10.2+/-1.9 58
0.12

19Th 1254 35.0+/-9.0 24.0+/-5.0 1.100+/-0.200 56
0.52

10Gd 2348 1" 8.3+/-1.5 +/- 12.8+/-2.4 58
0.09

160Dy 2822 1 59.3+/-6.6 94+/-11 1.09+/-0.13 59

11Dy No (g,g) reaction

12Dy 2395 36.3+/-1.9 1" 0.57+/-0.03 0.524/-0.03 59



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.054315
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.73.054315
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.1276
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.70.044319
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.70.044319
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.70.044319
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.70.044319
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.70.044319
http://www.sciencedirect.com/science/article/pii/S0375947406005823
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.69.054321
http://www.sciencedirect.com/science/article/pii/S0375947406005823
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.51.1226
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.1256
http://www.sciencedirect.com/science/article/pii/S0375947406005823
http://www.sciencedirect.com/science/article/pii/037594749090092Z
http://www.sciencedirect.com/science/article/pii/037594749090092Z
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.71.044318
http://www.sciencedirect.com/science/article/pii/037594749090092Z
http://www.sciencedirect.com/science/article/pii/0375947493905105
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.034307
http://www.sciencedirect.com/science/article/pii/0375947493905105
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.034307
http://www.sciencedirect.com/science/article/pii/0375947493905105
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.54.2287
http://www.sciencedirect.com/science/article/pii/0375947489904053
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.52.2429
http://www.sciencedirect.com/science/article/pii/0375947489904053
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.54.2287
http://www.sciencedirect.com/science/article/pii/0375947489904053
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.52.2429
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.52.2429
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18Dy 1542 1.6227) 1.00(17) 0.024(4) 57
1.83
164Dy 1675 4446293* /- I +- | 283435 17.24+/-2.13 59
i 0.24
2.17
164Er 1387 47.1+/-4.6 1 +/- 21.7+/-3.5 23.31+/-3.76 60
0.26
15Ho 1381 6.67(65) 3.31(32) 0.109(11) 57
1.74
166y 1663 63.6+/-7.0 1 +/- 38.1+/-4.7 23.74+/-2.93 60
0.07
167Er No (g,g) reaction
1.91
168Ey 1786 58.6+/-5.6 1 +/- 44.5+/-5.0 22.38+/-2.51 60
0.05
19Tm 1510.6(4) 93(22) 0.139(32) 1.54(35) 61
1.87
10y 1825 41.7+/-6.5 1 +/- 31.8+/-5.5 14.99+/-2.59 60
0.09
7Yb No (g,g) reaction
12Yb 1599 5.8+/-2.1 15.3+/-4.6 10.7+/-3.2 62
7Yb 1711 10.9+/-2.9 25.5+/-5.8 14.6+/-3.39 62
0.27
STy 1545 19.2(8) 6(40 63
)
176Yb 2163 14.6+/-5.1 24.0+/-6.7 0.62+/-0.17 6.8+/-1.9 62
7Ly No (g,g) reaction
1761 1643 13.009) 1 21‘22) 7.5(4) 4.82(23) 64
1T No (g,g) reaction
18Hf 1174.6 7.9+/-3.1 2" 1.00+/-0.41 64
1Hf No (g,g) reaction
1801 2120.1 2.6+/-1.3 1 1.00+/-0.49 0.027+/-0.013 0.30+/-0.15 64
180T No (g,g) reaction
1809y No (g,g) reaction
181Tq 1866 5.43+/-0.86 4.92+/-0.78 65
1.42
182y 2382 21.6+/-2.5 1 +/- 1.76+/-0.25 0.46+/-0.06 5.04+/-0.68 66
0.20
183w No (g,g) reaction
1.55
184w 2056 9.0+/-0.7 1 +/- 0.95+/-0.09 2.7+/-0.3 66
0.25
185Re No (g,g) reaction
0.43
186y 2557 8.8+/-0.8 1 +/- 0.41+/-0.05 0.11+/-0.01 1.17+/-0.13 66
0.10
$7Re 512 (12)"5(52)" 67
1880s No (g,g) reaction
1%0s No (g,g) reaction
190 11155 8.5(15) 0.172(29) 1.90(32) 68



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.034307
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.52.2429
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.53.2749
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.034307
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.53.2749
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.53.2749
http://www.sciencedirect.com/science/article/pii/S0375947498006101
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.53.2749
http://www.sciencedirect.com/science/article/pii/037594749090300B
http://www.sciencedirect.com/science/article/pii/037594749090300B
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.2484
http://www.sciencedirect.com/science/article/pii/037594749090300B
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.064313
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.064313
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.67.064313
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.58.765
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e No (g,g) reaction
19205 23912 8.86(83) 0.0835(78) 0.920(85) 68
1931r No (g,g) reaction
194y 2517.2(4) 6.0(8) 1 0.054(7) 69
195p¢ No (g,g) reaction
196py 22463 47(15) 1+ 2.709) 0.061(20) 69
1% Au No (g,g) reaction
97Au No (g,g) reaction
%8Hg No (g,g) reaction
1Hg No (g,g) reaction
OHg No (g,g) reaction
2Hg No (g,g) reaction
2037 1411 12y 70
204pp No (g,g) reaction
0571 No (g,g) reaction
206pp 4974 0.0008 70,71,72
207ph 4847 13 70,71,72
208pp 4085 0.51 70,71,72
209Bi 4228 3 73
21y 2043.7(3) 46.3(45) 16.8(16) 0(‘96)2 1.34(13) 73,74 75
e 1656.4(7) 3.0(11) any 2.1(8) 1 20 75,76, 77

0.41
56y 17913 1 5.7(+90.7 ;g/o 8.3(+/-)1.1 038(+/)1.1 78

9

28y 1996.7(3) 7.0(8) 1- 2.83(3) 0.19 48.6(+/-)2.7 1.48(+/-)0.09 1.2(2) 79, 80

2



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.59.2264
http://www.sciencedirect.com/science/article/pii/S0370269302032355
http://www.sciencedirect.com/science/article/pii/S0370269302032355
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.2.249
https://journals.aps.org/pr/abstract/10.1103/PhysRev.136.B126
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.42.771

43

CHAPTER 5
Summary

Based on everything that was gathered from the assay of Uranium-233, we have a sample
that is about 37 years old with 4 ppm of Uranium-232. All experiments were done at Duke
University with the faculty and staff on hand there. The Uranium-233 assay was solely the author
of this project’s task to complete. Its information gathered is a part of a larger experiment that

will be continued well after this work is completed.

Given that it is unlikely that there is another Uranium-233 target with less Uranium-232
contaminant, Uranium-233 targets are unsuitable for use in Nuclear Resonance Fluorescence

measurements. This concludes the work.
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Appendix

Table A-1 Isotopes

Isotope 213Bi 208T1 208T1 208T1 221Fr* 229Th 212Bi 212Bi** 212Pb***

Half-Life (s.) 2735.4 183.18 183.18 183.18 294 2.31628E+11 3633 3633 38304
Uncertainty 3.6 0.24 0.24 0.24 12 5049105408 3.6 3.6 36

BR 0.2594 0.85 0.125 0.99754 0.114 0.0299 0.0667 0.0147 0.436

Uncertainty 0.0015 0.003 0.001 0.00004 0.003 0.003026549 0.0009 0.0003 0.005

Tag 233U 232U 232U 232U 233U 233U 232U 232U 232U

Meas. E(MeV) 0.439719 0.5823699 0.859457 2.614584 0.217381 0.210055 1.619849 0.2381354
Actual E(MeV) 0.44045 0.583187 0.860557 2.614511 0.21812 0.21015 0.72733 1.6205 0.238632
FWHM 3.026 3.118 3.242 4.177 3.013 3.24 3.73 3.221

Uncertainty 0.017 0.014 0.042 0.03 0.041 0.16 0.13 0.012

Area 29047 45072 5420 20732 17077 4558 1244 93250

Uncertainty 184 218 80 145 226 209 43 346

Atten. w/ Coh. Scatt. 0.2271 0.1466 0.09025 0.04459 0.9477 1.033 0.1097 0.05307 0.7726
Atten. w/o Coh. Scatt. 0.2114 0.1374 0.08587 0.0441 0.8907 0.9717 0.1036 0.0518 0.7241
w/ Coh. Trans. Coeff. 1.239913767 0.800402282 0.492744243 0.243451144 5.174224029 5.63994241 0.598936769 0.289749994 4.218218302
w/o Coh. Trans. Coeff. 1.154195378 0.750172398 0.46883045 0.240775857 4.863017139 5.305258509 0.565632172 0.282816086 3.953419457
w/ Coh. Trans. Frac. 0.950524865 0.967679145 0.979934957 0.990018531 0.813852711 0.7994965 0.975681321 0.988135354 0.844458361
w/o Coh. Trans. Frac. 0.953838232 0.969666014 0.980896267 0.990127493 0.823645381 0.809777599 0.977012701 0.988417081 0.853215172
Efficiency (122.5 em) 5.98397E-05 5.15317E-05 4.08583E-05 1.7954E-05 8.14331E-05 8.25553E-05 4.53312E-05 2.63303E-05 7.87E-05
Frac. Uncertainty 0.041062524 0.037389295 0.029500652 0.098778869 0.040891308 0.041055506 0.032819317 0.049432802 0.040805283
Scaled Eff. (245 cm) 1.59184E-05 1.34846E-05 1.05692E-05 4.60104E-06 2.50869E-05 2.58681E-05 1.17729E-05 6.7593E-06 2.34046E-05
Frac. Uncertainty 0.044730546 0.041384178 0.034423528 0.100359134 0.044573421 0.044724103 0.037306814 0.052519451 0.044494516

Table A-2 Characteristics of the isotopes.

Live Time: 1447.033333
Real Time: 1536.6
Distance (cm):* 245
Density Est. (g/cm”3): 5.45977
Target Half-Thickness (cm): 0.08255
Solid Angle Point Source (sr): 0.0021400
Uncertainty: 0.0000171
Solid Angle Target (sr): 0.0005430




Uncertainty:

0.0000086

233U Half-Life (s):

5.024E+12

Uncertainty (s):

6.311E+09

232U Half-Life (s):

2.174E+09

Uncertainty (s):

1.262E+07

233U Activity (Bq):

1.426E+09

233U Mass (g)

4.000E+00

Table A-3 Energy transitions, cross section and activity from analysis of the isotopes
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Isotope Tag E(MeV) Area Uncertainty Area (Eff. Corr.) Frac. Activity Implied 232U (Bq) — 232U (mCi) 232U Mass (g) PPM 232U
Uncertainty (Bq) Source 36.25
Age
(yryess
213Bi 233U 0.44045 29047 184 1824738778 0.045176857 4.861E+06 36.25
208TI 2320 0.583187 45072 218 3342475276 0.04166586 2.718E+06 10440000 0.282162162 1.26181E-05 3.168E-06
208TI 2320 0.860557 5420 80 512809475.7 0.037454522 2.835E+06 10887000 0.294243243 1.31584E-05 3.304E-06
208TI1 232U 2.614511 20732 145 4505938716 0.100602545 3.122E+06 11990000 0.324054054 1.44915E-05 3.639E-06
221Fr* 233U 0.21812 17077 226 680714368.2 0.046496594 4.126E+06 30.78
229™ 233U 0.21015 4558 209 176201318.5 0.064052976 4.072E+06 30.28
212Bi 232U 0.72733 0 0.000E+00
212Bi** 232U 1.6205 1244 43 184042644 0.062873646 8.652E+06 11938000 0.322648649 1.44287E-05 3.623E-06
212Pb*** 232U 0.238632 93250 346 3984251051 0.044648958 6.315E+06 8713000 0.235486486 1.05308E-05 2.644E-06
Average 32.44 11313750 0.305777027 1.36742E-05 3.433E-06
Age:
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