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ABSTRACT

Several forensic analyses have been performed on irradiated UO: and
weapons usable Pu to discriminate their origin and history. The discrimination
techniques applied here may be used to aid intelligence officials in the investigation
of proliferated special nuclear materials world-wide. Various radiochemical
methods have been used to dissolve, separate, and characterize special nuclear
materials to measure forensic signatures of interest to the discrimination process.
The primary samples investigated were depleted UO2 containing fuel-grade Pu
irradiated at the High Flux Isotope Reactor in Oak Ridge, TN, natural UO2 containing
weapons-grade Pu irradiated at the University of Missouri Research Reactor in
Columbia, MO, and four undocumented samples of super-grade Pu identified at Los
Alamos National Laboratory in Los Alamos, NM.

Typical radiochemical techniques applied include acid digestions, ion
exchange and extraction chromatographies, liquid-liquid extractions, mass
spectrometry, and various forms of radiation detection. The principal forensic
signatures investigated include isotope ratios of Pu, U, and the fission product
elements, inter-elemental nuclide ratios of various chronometer pairs, and trace
metal content. These signatures were used to discriminate the reactor origin and
irradiation history of all primary materials; the chemical histories of the Pu samples

from Los Alamos National Laboratory were also uncovered.
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The applied radiochemical and forensic techniques were used to confirm the
known origin and production date of the UO2 materials irradiated at the High Flux
Isotope Reactor and the University of Missouri Research Reactor. Their possible
origination from other similar nuclear reactors was excluded. The four
undocumented Pu samples identified at Los Alamos National Laboratory were
suspected to originate from the X-10 reactor during the Manhattan Project of the
second World War. The forensic signatures available in these samples indicate they
were produced and separated in the early days of weapons science between 1944 -
1954. One of these samples was specifically discovered to be among the first

kilogram of Pu ever produced by humankind.
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CHAPTERI

INTRODUCTION

Nuclear forensics began as a field circa 1993 when a Department of Energy
(DoE) official posed the following questions to Lawrence Livermore National
Laboratory (LLNL) scientists:

“How quickly and with what certainty (if any) could we identify the
origin of a nuclear weapon unclaimed by anyone?” (1)

The LLNL scientists found themselves briefly puzzled about answering these brand-
new questions - at the time, radiochemists were trained to identify the capabilities
of a nuclear weapon, but not the origins of the device or its components. During these
early days, their work established chronometry and reactor discrimination
techniques as key components in nuclear forensic efforts (1). Around the same time,
investigative forces in the Russian Federation and the European Union realized the
importance of these same signatures (2, 3).

Since then, nuclear forensics has blossomed into a thriving field with
internationally recognized importance in nuclear security (4-8), primarily using
concepts in radiochemistry and nuclear engineering to solve attribution questions
such as the ones initially posed circa 1993. Modern applications of nuclear forensics
have expanded the scope of these questions to include information about special
nuclear material (SNM) outside of nuclear weapons, including separated Pu,

irradiated UOz2, and materials related to fuel reprocessing (8-24).



The techniques most commonly applied in these modern nuclear forensic
“pre-detonation” investigations include chronometry (25-40), isotopic and
radiopurity evaluations (41-50), reactor discrimination (51-64), trace metal analysis
(65-72), and sample morphology and composition studies (73-85). The other side of
modern nuclear forensics performs “post-detonation” investigations of materials
which have been exposed to a nuclear detonation to determine the composition and
origin of the detonating device (86-95).

The modern nuclear forensic efforts applied herein focus on pre-detonation
investigations of SNM containing weapons-usable Pu. The primary samples
investigated were depleted UO2 containing fuel-grade Pu irradiated at the High Flux
Isotope Reactor in Oak Ridge, TN, natural UO2 containing weapons-grade Pu
irradiated at the University of Missouri Research Reactor in Columbia, MO, and four
samples of undocumented Pu identified at Los Alamos National Laboratory in Los
Alamos, NM. Typical radiochemical techniques applied include acid digestions, ion
exchange and extraction chromatographies, liquid-liquid extractions, mass
spectrometry, and various forms of radiation detection. These radiochemical
techniques were used to assay forensic signatures and observables related to the
samples’ identity (isotopic and radiopurity evaluations), chemical age
(chronometry), reactor origin (reactor discrimination), and chemical history (trace
metal analysis). The following sections discuss the fundamental basis and modern

applications of each technique used in this dissertation in detail.



1.1 Fundamentals of Nuclear and Radiochemistry in Forensics

A radiochemist uses the fundamental properties of radioactive nuclei to
identify and quantify radioactive species present in trace or bulk materials. A nucleus
is said to be radioactive if there exists a lower energy state it may transition to
through one of several modes of radioactive decay. The most prominent modes of
radioactive decay across the chart of nuclides (Figure 1.01) include alpha (a), beta
minus (f3-), beta plus (B*), electron capture (EC), spontaneous fission (SF), and
gamma (y) decay (96). These decay modes represent the release of energy from a
radioactive nucleus via particle or photon emission during its transition to a lower
energy state; in -/ and EC decay, protons (p) and neutrons (n) are transmuted
amongst each other while leptons are produced.

Radioactive decay is a “truly spontaneous” process; not only is it always
thermodynamically spontaneous with a release of free energy (AG < 0), it will occur
without external stimuli. This distinguishes radioactive decay from nuclear reactions
which are induced by external stimuli. Generally, radioactive nuclei decay with a
fixed decay constant regardless of their chemical environment. The transition from
one nucleus to another may be demonstrated for «, 35, f*, EC, SF, and y decay by
Equations 1.01, 1.02, 1.03, 1.04, 1.05, and 1.06 respectively, where W, X, and Y
represent specific nuclides with atomic number Z and mass number 4, § represents
an electron (e), v its neutrino, and overbars indicate anti-particles. An «a particle is
composed of two neutrons and two protons, while y represents a photon and a

superscript * indicates an excited nuclear state.
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1.1.1 Thermodynamics of Radioactive Decay
In order for radioactive decay to occur as written, Gibbs free energy must be
released through the decay process (under constant pressure and temperature). The
thermodynamics of radioactive decay may be understood through Albert Einstein’s
most famous equation E = mc?, more appropriately written for decay processes in
Equation 1.07, where H is the enthalpy of the system, m the mass of a nuclide, and ¢
the speed of light.
AH = Amc? (1.07)
The change in entropy of a radioactive decay process may be assumed
negligible in comparison to its change in enthalpy; this is allowable as the reactions
involve very few particles while the term Amc? is enormous by comparison (97).
Thus, AG may be approximated by AH using Equation 1.07. Therefore, radioactive
decay will proceed as written if the combined masses of the daughter nuclide and its
emissions are less than the mass of the parent radionuclide. It is important to note
that mass is not conserved through a reaction, rather mass-energy is conserved.
Nuclear scientists more often refer to these thermodynamic processes in terms of a
Q-value, which is related to Gibbs free energy in Equation 1.08. A positive Q-value
indicates that radioactive decay will occur as written.
Q = —Amc? = —AH =~ —AG (1.08)
The energy released from the spontaneous decay of a nucleus is typically enormous,
so it is most common to report Q-values in units of MeV per decay rather than

K] mol-1.



1.1.2 Kinetics of Radioactive Decay

Radioactive decay is experimentally observed to follow first-order kinetics
(98). Therefore, the rate of decay of N1 (the “parent” nucleus) is known to be directly
proportional to the number of nuclei present. In practice, this proportionality
constant is defined ubiquitously as the decay constant, A. This is shown in the
fundamental law of radioactive decay, Equation 1.09, where A is defined as the

activity (rate of decay) of a radionuclide.

d
_ENl = A1 = /11N1 (109)

Equation 1.09 may be differentially solved via Equations 1.10 and 1.11 to determine

the number of nuclei at time ¢.

1
Ny

The constant C is determined in Equation 1.12 by setting t = 0.
C =—1InN,(0) (1.12)

Finally, the decay of nucleus N1 is described as a function of time by Equations 1.13

and 1.14.
Ny (t)
In N At (1.13)
N, (t) = N;(0)e ™t (1.14)



Using the fundamental law of radioactive decay (Equation 1.08), these expressions
may be solved for their more common form in terms of radionuclide activity in
Equation 1.15.

A (t) = A;(0)e Mt (1.15)

If N2 (the “daughter” nucleus) is not radioactive, its growth may be

understood via Equation 1.16. The terms in this expression come simplified from the

decay of N1 and the initial amount of N2 which was present at time t = 0. The growth

of N2 is understood to originate from the difference between the initial amount of N1
and the amount of N1 which remains by time t.

N () = N1 (0)(1 — e™M) + N, (0) (1.16)

If N2 is radioactive, its growth may be described using Equation 1.17. The

terms in this expression come from the growth of N2 by the decay of N1 and the loss

of N2 by its own decay into N3 (the “granddaughter” nucleus). The terms are

simplified using Equation 1.09.

d
ENZ == /11N1 - /12N2 (1.17)

Assuming N,(0) = 0, this expression is differentially solved to determine the
number of nuclei at time ¢ in Equation 1.18.

M

Na(6) = Ny (0) 7

3 (e Mt — e~ 12t) (1.18)
1

If N,(0) > 0, the expression should be adjusted with an extra term (from Equation

1.14) to account for the decay of the initial nuclei as a function of time as seen in



Equation 1.19. This expression is reported in terms of activity, as it is more readily

used in the radiochemistry laboratory.

2
2 (eMt — e~H2t) 4 4,(0)e P2t (1.19)
Ay =4

A, () = A,(0)

Radioactive nuclei far from the line of stability will often have long decay

chains involving multiple radioactive decay daughters. The growth of a radioactive
daughter N» may be determined by differentially solving Equation 1.20.

dN, = A,,_1N,_,;dt — A,,N,,dt (1.20)

The differential solutions become increasingly complex as the decay chain

progresses; however, a general solution to these problems exists, known as the

Bateman Equations. As written, the Bateman Equations solve for the activity of

radionuclide N» in a decay chain at least n + 1 nuclides long. The activity of

radionuclide N»is solved in Equation 1.21 based on a parameter ¢ which is described

in Equation 1.22 where i and m are indices starting at 1.

n
A = N;(0) ) (cie™) (121)
i=1
n
Al /1
=1 L
C,, = 1.22
m ?:1(Ai¢m - Am) ( )

1.1.3 Neutron Capture

While radioactive decay occurs without the influence of external stimuli,
induced nuclear reactions may only occur under the influence of external stimuli.
Some of the common nuclear reactions reviewed in modern literature include

Coulomb scattering reactions, elastic and inelastic scattering reactions, direct

8



reactions, photonuclear reactions, fusion-evaporation reactions, spallation, neutron
capture, and nuclear fission (99). The two reactions which are most important in the
scope of nuclear forensics are neutron capture and nuclear fission.

Neutron capture describes a process where a projectile neutron is absorbed
into a “target” nucleus. Before a neutron may be captured by a nucleus, the wave
functions of the two systems must overlap. As a fermion, neutrons are subject to
wave-particle duality through the de Broglie wavelength as described in Equation
1.23 where h is Planck’s constant and p the neutron’s momentum. In this case only, A

refers to the de Broglie wavelength of a particle.
h
A== (1.23)
p

As a single particle, the “interaction radius” of a neutron is a function of its
single wavefunction. If the wavefunction of a neutron is a function of its de Broglie
wavelength, then Equation 1.23 suggests that the interaction space between a
neutron and a nucleus should decrease as the neutron’s kinetic energy increases,
resulting in a lower total cross section for neutron capture at high neutron energies.
Indeed, this trend is observed in neutron capture reactions as demonstrated by the
1H(n, y)2H reaction in Figure 1.02 (100). The reaction scheme used here indicates
that a neutron is incident on 1H, a photon is ejected, and 2H is produced as the final

reaction product.
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Figure 1.02. Cross Sections of the 1H(n, y)2H Reaction. Cross section as a function of energy for neutron
capture on a proton. Cross section is observed to decrease exponentially with increasing neutron energy. No
resonances are observed for this reaction because the nuclear excited states in 2H are too high in energy. Cross
sections originate from EXFOR as extracted through the NGATLAS interface (100).
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Figure 1.03. Cross Sections of the 235U(n, y)236U Reaction. Cross section as a function of energy for neutron
capture on 235U. Cross section is still observed to decrease exponentially with increasing neutron energy.
However, in this case neutron resonances are observed for this reaction because the nuclear excited states in
236U are readily accessible. Cross sections originate from EXFOR as extracted through the NGATLAS interface
(100).
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Neutron energies around 0.025 eV are considered “thermal” at the Boltzmann
constant (kT) at room temperature, while neutrons are considered “fast” at energies
above 1 MeV as they are typically released during the fission process. As observed in
Figure 1.02, thermal neutrons are far more likely to be captured by a target nucleus.
A major consequence of this phenomenon is that moderators are used to reduce
neutron energy towards its thermal limit when neutron capture is a desired process.
Common moderators used in the nuclear industry include light water (1H20), heavy
water (%H20), graphite, and carbon-based plastics. These low Z materials are
effective at moderating neutron energies towards their thermal limit because their
mass is similar to that of a neutron, allowing effective kinetic energy transfer through
the conservation of momentum.

Most neutron capture reactions experience resonance regions where the
capture cross section increases dramatically over small energies regions, as seen in
the 235U(n, y)236U reaction in Figure 1.03 (100). The kinetic energy of the neutron
projectile is transformed into excitation energy within the compound nucleus
formed after successful capture; within the resonance regions, this excitation energy
aligns with excited states of the newly formed nucleus.

Neutron capture is the favored production pathway to synthesize actinide
elements. Nuclear reactors are used as large neutron sources of high flux to facilitate
the neutron capture and successive - decays of U to produce isotopes of Pu and the

minor actinides.
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1.1.4 Nuclear Fission

The examples of neutron capture presented so far ultimately result in the
emission of a photon as the excited compound nucleus returns to rest. However,
several other emissions are possible. These other possibilities include particle
emissions of protons, alpha particles, and multiple neutrons; the most important
emission to nuclear forensics is nuclear fission.

In general, nuclei are held together through the effects of the strong force via
subatomic particle interactions (101). In bound nuclei, these effects create an
attraction between nucleons (protons or neutrons) which overcomes the repulsive
Coulombic force between protons. The strength of these effects depends upon the
number of neighboring nucleons. It follows then, that the strength of the strong force
will weaken as a nucleus deforms, increasing the energy of the nucleus.

Before a single nucleus may fission into two independent nuclei, it must
deform significantly from its ground state conformation, requiring energy to be
added into the system as seen in Figure 1.04 (102). This energy is called the fission
barrier and must be overcome before nuclear fission may occur. The compound
nucleus formed immediately after neutron capture carries with it some amount of
excitation energy resulting from the Q-value of the capture process. If this excitation
energy is greater than the fission barrier of the nucleus, nuclear fission becomes an
allowable process in competition with the other modes of photon and particle

emission discussed.
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Figure 1.04. Deformation of a Fissioning Nucleus. Reaction coordinate describing the process by which a
nucleus may fission. The initial system exists within the “nuclear well” at a low potential energy with minimal
deformation; energy is required to deform the nucleus as it deviates from its idealized geometry. The final saddle
point marks the first point where the system begins to resemble two independent nuclei and fission becomes a
favorable process. This “double well” model correctly predicts asymmetric fission. Adapted with permission from
(102).

In nuclides of Z = 92, 94 (U and Pu), the excitation energy provided from fast neutrons
is generally sufficient to overcome the barrier. This makes fast neutron fission
possible, but unlikely due do its lower cross section for capture.

The semi-empirical mass formula (Equation 1.24) is an accepted model in
nuclear science used to describe the amount of binding energy associated with any
given nuclide. The constants av, as, ac, and aa are associated with the strong force,
surface energy, Coulombic forces, and nucleon symmetry, respectively.

2(Z-1)  (A—22)?
a3 T

Ep = ayA — agA?? —a, —8(N,2) (1.24)
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The final term § (N, Z) is often referred to as the pairing energy and describes greater
binding energies for nuclei with an even number of either neutrons or protons. This
effect is understood through the attractive interaction of paired nucleons.

If the initial nucleus of a fissioning system has an odd number of neutrons, the
capture process releases some additional energy associated with the stability of
obtaining an even number of neutrons in the newly formed compound nucleus. This
additional energy is sufficient to allow for thermal neutron fission in odd neutron
Z =92, 94 nuclides. These thermal neutron fissions have much higher cross sections
than the competing fast neutron fissions, as the thermal neutrons have a much larger
de Broglie wavelength.

This effect gives rise to the “fissile” nature of 233235U and 23°Pu which are
known to readily undergo nuclear fission upon capture of thermal neutrons. The
thermal neutron fission cross section of the fissile odd neutron 235U nucleus is on the
order of 103 b, while the fast neutron fission of the even neutron 238U nucleus
approaches 10-1 b. These trends are shown in Figures 1.05 and 1.06 (103). Fissile
nuclides are extremely attractive for applications in nuclear reactors and nuclear

weapons which reply upon the energy released from fission.
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Figure 1.05. Cross Sections for the Neutron-Induced Fission of 235U. Thermal neutron induced fission is a
likely process in the fissile 235U nucleus because of the pairing effect. The thermal fission cross section reported
here is approximately 10 times higher than the thermal 235U(n, y)236U reaction from Figure 1.3, making fission
the dominate reaction pathway upon thermal neutron capture. Neutron-induced fission cross sections originate
from ENDF (103).
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Figure 1.06. Cross Sections for the Neutron-Induced Fission of 238U, Thermal-neutron-induced fission of 238U
is extremely unlikely as the compound nucleus does not contain enough energy to overcome the fission barrier.
The fast neutron fission cross section of 238U is approximately 4 orders of magnitude lower than the thermal
fission cross section of 235U due to the small de Broglie wavelength of fast neutrons. Neutron induced fission
cross sections originate from ENDF (103).
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The semi-empirical mass formula can be used to estimate the binding energy
per nucleon (Es/A) of nuclei across the chart of nuclides. The Eg/A is plotted for the
most stable nuclides of each mass between 1 - 250 amu in Figure 1.07 (97). This
trend reveals why nuclear fission of heavy nuclei such as U and Pu releases energy;
The initial nucleus fissions into two nuclei with relatively higher Ez/A. The fission of
these heavy nuclei releases approximately 200 MeV of energy, most of which is
carried away as kinetic energy in the resulting fission fragments. Similar to
spontaneous fission from Equation 1.05, the nuclear fission process releases two
asymmetric nuclei and between 1 - 3 fast neutrons with approximately 1 MeV of
kinetic energy each.

The independent fission yields for the thermal (0.025 eV), epithermal (500
keV), and fast (14 MeV) neutron fissions of 235U are shown in Figure 1.08 (104). The
fission yields are asymmetric in each case, but the thermal fissions are the most
asymmetric. In general, the distribution of FPs in irradiated fissile material serves as
an indication as to how the material was irradiated. The cumulative fission yields will
deviate from Figure 1.08 as the FPs undergo their own neutron capture and

radioactive decay.
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Figure 1.07. Binding Energy Per Nucleon up to Mass 250. The binding energy per nucleon is seen to decrease
as mass increases beyond its peak around 5¢Fe. This is a result of the Coulombic repulsion from the increasing
number of protons. This chart describes how the fusion of light nuclei releases energy while the fission of heavy
nuclei also releases energy. Presented with permission from (97).
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Figure 1.08. Independent Fission Yields of 235U. Fission product distribution is shown to be a function of
incident neutron energy. Thermal neutrons produce the most asymmetric fission products while fast neutrons
of 14 MeV produce the least asymmetric fission products. The distribution of fission products as measured in a
sample may reveal information about the way the sample was irradiated. Independent fission yields originate
from JENDL (104).
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1.1.5 Radiation Detection

Modern radiation detectors are made for a variety of applications. Some of
these applications include radioactive source surveys, medical imaging procedures,
charged particle reactions, and neutron and photon spectrometry. The radiation
detectors employed herein for nuclear forensics are semi-conductors for high
resolution a and y spectrometry.

As charged particles, a particles are able to interact directly with a semi-
conducting medium through the electromagnetic force. Uncharged photons,
however, cannot be directly detected by a semi-conductor; to be detected, a photon
must first interact with the semi-conductor to produce a charged particle. The
charged particle is then detected by the semi-conductor through electromagnetic
interactions. The four dominant interactions between light and matter here are
Rayleigh scattering, the photoelectric effect, Compton scattering, and pair
production. The cross section of each interaction is a function of photon energy as
depicted in Figure 1.09 (105).

Rayleigh scattering describes the elastic scattering of photons by an atom
which leaves the energy of the photon unchanged. This interaction has no capability
of producing a signal in a semi-conducting detector. The photoelectric effect
describes the complete transfer of energy from an incident photon into a semi-
conducting medium via the ejection of a photoelectron. This photoelectron carries
away all of the energy from the incident photon minus the binding energy of the

photoelectron and is able to interact with the semi-conducting medium.

18



ul
100 ‘-\
8 2.
6 N
4 Lead
3}Ls
2
10 g
8 2K edg
6 oXH
G 4N
SN \
£ \
s B
5
s 1 N
E 8 S
4
s 3 \
T uN '
2 Ss/P \ Total attenuation pg/p
[} T
£ ol HTETRIN NS LT
0 8 < & Total absorption p,/p = & E‘
§ - N =2
=2
; X AP
— T : <
2 [~ DTS i
7oA ST
0.01 b A5\ "N,
8 - 3 ==Y\ {0,
=S5 SN O SRS
A & DN e,
)
; £ %alR £ I RN &
i \ N
2 A, B\ h
X ™ %
0.001 v NI 1A
0012 34 6 01 2346 1 2346 10 2 34 6 100

MeV

Figure 1.09. Interactions Between Light and Matter. This figure describes the energy dependence of the cross
sections for Rayleigh scattering, the photoelectric effect, Compton scattering, and pair production. The desired
interaction for radiation detection is the photoelectric effect; its cross section drops off rapidly with increasing
photon energy. Presented with permission from (105).

Scattered y-ray

Figure 1.10. The Compton Scattering Interaction. Schematic for the Compton scattering of a photon across an
atom. The energy of the scattered photon is a function of its scattering angle 8. The maximum energy imparted
into the Compton electron occurs at the greatest scattering angle of 180°. Presented with permission from (105).
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The photoelectron produces a prominent peak in a y spectrum called the photopeak
which is representative of the incident photon’s energy.

Compton scattering describes the incomplete transfer of energy from an
incident photon into a semi-conducting medium via the ejection of a Compton
electron. The incident photon is scattered at an angle 6 depending upon the amount
of energy transferred into the Compton electron. These effects are described in
Figure 1.10 (105) and Equation 1.25 where Ay refers to the incident wavelength of
the photon, Ay’ refers to the wavelength of the scattered photon, and me is the mass

of the electron.

A=A, = — (1 —-cosh) (1.25)
The maximum amount of energy carried by the Compton electron occurs at a
scattering angle of 180°, at an energy of E, — 0.255 MeV per Equation 1.25. This
feature is prominent on a y spectrum and results in a peak called the Compton edge.

Pair production describes a process where a photon with energy greater than
1.022 MeV spontaneously creates an electron-positron pair in the vicinity of a
nucleus; positrons are the anti-particle of an electron. The minimum energy of pair
production is specific as the photon’s energy must be greater than the sum of the rest
masses of the generated particles, which is 0.511 MeV/c? each. Pair production must

occur in the vicinity of a nucleus to conserve momentum with the newly created

particles. The positron produced may annihilate with a nearby electron producing
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two 0.511 MeV photons, which may then produce prominent peaks on a y spectrum
through photoelectric and Compton scattering interactions.

The most desirable of these interactions is the photoelectric effect, as it
produces a photopeak which is representative of the incident photon’s energy, while
Compton scattering and pair production convolute the spectrum. The cross section
of the photoelectric effect may be estimated as a function of incident photon energy
(Ey) and atomic number of the absorber (Z) from Equation 1.26 where n represents

an exponent between 4 and 5 (105).

zn
Ophotoelectric X 7_/2 (1.26)
EV

The photoelectric effect is dependent upon the atomic number of the absorber
because the number of electrons in the absorber increases with atomic number
(105). This effect makes high Z materials attractive as photon detectors and photon
radiation shields.

After production of the photoelectron or Compton electron, the detection
pathway for photons and a particles becomes identical within a semi-conducting
radiation detector. Charged particles propagating through a semi-conductor create a
number of electron-hole pairs within the semi-conductor proportional to the energy
of the charged particle. The bandgap in a semi-conductor describes the minimum
amount of energy needed to create an electron-hole pair, not the average energy. The
average energy is significantly larger than the bandgap because not all electrons

within the semi-conductor exist within its valence band. For Si semi-conductors, the
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bandgap is 1.1 eV while the average electron-hole pairing energy is 3.6 eV. For Ge
semi-conductors, these energies are 0.66 and 2.9 eV, respectively (106).

The lower electron-hole pairing energy of Ge creates more electron-hole pairs
for a given incident particle energy, resulting in better resolution compared to Si
detectors. However, the bandgap of Ge is sufficiently small such that room
temperature perturbations within the semi-conducting crystal provide enough
energy to promote electrons into its conductance band. This produces a significant
amount of noise; practically, a Ge semi-conductor must be cooled with liquid N2 to
minimize this noise. Even then, a cooled Ge semi-conductor produces approximately
50% more ambient noise than a Si semi-conductor (106). Thus, Si detectors are the
most widely used detectors for a spectrometry, capable of producing a full width at
half-maximum (FWHM) of approximately 20 keV. However, the atomic number
dependence for the photoelectric effect described in Equation 1.26 indicates that Ge
would make a better photon detector with higher intrinsic efficiency. Indeed, Ge
detectors cooled with liquid N2 are used preferentially over Si detectors for y
spectrometry and produce photopeaks with a FWHM typically between 1 - 2 keV.

Electron-hole pairs must be created within the depletion region of a doped
semi-conductor at its p-n junction; if electron-hole pairs are created outside of the
depletion region, they experience rapid recombination. The width of the depletion
region (d) is a function of bias, per Equation 1.27 where p is the resistivity of the
material and Vis the applied bias (106).

d o (pV)? (1.27)
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An acceptable depletion width is obtained for o spectrometry at a bias between 20 -
200V; in part because of its low photoelectric cross sections, y spectrometry requires
much higher biases up to 5,000 V to maximize the depletion width and intrinsic
detection efficiency.

Upon creation in the depletion region, electron-hole pairs are drawn off to an
electrode where they create a current proportional to the number of electron-hole
pairs. This creates a voltage signal across a resistor with peak height proportional to
the current. This signal is amplified, shaped, and binned into appropriate channels
with the use of a pre-amplifier, amplifier, and multi-channel analyzer. This process
allows the multi-channel analyzer to report the number of detected events per
channel in a spectrum, where each channel may be calibrated to an energy range by
the user. Because the photoelectric cross section changes as a function of energy,
efficiency calibrations must also be performed to characterize the efficiency of the
detector as a function of energy in y spectrometry. This efficiency curve is flat for
spectrometry as there is no pre-requisite photoelectric interaction.

These radiation detectors have a “dead time” (1) between detectable events
where they cannot accept any other detectable events. As non-paralyzable detectors,
the dead time per event depends upon the electronics of the detector and is
independent of the event rate. Thus, the detected event rate (Ross) may be readily
corrected via Equation 1.28 where R is the true event rate and 7/t represents the

fraction of dead time per total real time.
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Robs
(1-%)

In practice, spectra were only accepted in this work if the fractional dead time

R =

(1.28)

remained below 20%.
1.2 Analytical Separations of Fission Products and the Actinide Elements

Radiochemists have been involved in weapons programs since the Manhattan
Project (107). In the earliest days of weapons science, radiochemists sought to
unravel the chemistry of the newly discovered element Pu (108, 109); working with
trace quantities of 1 pg or less, they learned about its fundamental properties such
as favorable oxidation states, solubilities, and extraction behavior (110, 111). Their
primary role at this stage was to understand how to extract Pu from irradiated U,
purify it to the necessary specifications, and reduce it to its metallic form for use in a
weapon.

After weapons testing began, radiochemists took upon another role:
investigating the distribution of actinides and FPs in detonation debris to evaluate
the effectiveness of the tested weapon (107). These tasks required the development
of sophisticated procedures to separate and isolate individual FPs and actinide
elements, an effort which continues today. The most widely employed separation

methods are column chromatography and liquid-liquid extractions.
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1.2.1 Column Chromatography

Column chromatography is a form of liquid-solid extraction where a
stationary phase forms a resin bed supported in a column made of plastic, metal, or
glass. The resin is carefully chosen to support the chromatography method;
separations of inorganic species supported by modern resins include ion exchange,
ion exclusion, size exclusion, and extraction chromatographies (112). Glass and
plastic columns are used for systems under atmospheric pressure, while metal
columns are used for high pressure systems in high-performance liquid
chromatography (HPLC). The liquid phase is typically referred to as the mobile
phase. In some cases, ligands may be added to the mobile phase to enhance
separation.

Solvated species interact with both the stationary phase and mobile phase as
shown in Figure 1.11. Species which preferentially interact with the stationary phase
take longer to elute, while species which preferentially interact with the mobile
phase elute quickly. In some separations, the phases are chosen such that a species
remains absorbed to the stationary phase indefinitely until the mobile phase is
changed. These interactions provide the basis of separation for all forms of column
chromatography. The stationary and mobile phases are always carefully chosen to
maximize these interactions for specific species in order to produce the greatest

separation.
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Figure 1.11. Chromatographic Separations. A schematic representation of the separation of two species via
column chromatography. Specifically, this example illustrates the separation of PulV (green) from fission
products (gray) on anion exchange resin (yellow) in 8 M HNOs. The distribution band of all species will broaden
as the total volume of mobile phase eluted increases. Pu!V has an extremely high capacity factor > 104 under these

conditions; while its band will broaden, it will not move down the column.
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Figure 1.12. Elution Parameters of a Chromatogram. Chromatogram showing the separation of arbitrary
species A and B. The mobile phase is seen to first break through with the solvent front at 1 free column volume;
this is the smallest volume where anything may elute from the column. Species A and B are shown to elute at
retention volumes of V4 and Vg with base widths of W4 and Ws, respectively. Along with the difference in
retention volumes (AZ), these parameters may be used to measure the separation resolution.
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The resin is formed of small spherical particles packed closely together. The
space between the packed resin particles is referred to as the dead volume, void
volume, or free column volume (FCV). In a system of perfectly arranged spheres of
equal size, the minimum FCV mathematically possible is approximately 26%. In
practice, randomly packed spheres produce a FCV on the order of 35 - 40% (113).
The FCV of a column marks the minimum volume of mobile phase that must pass
through the column before any analyte may be eluted.

The number of FCVs required to elute a given species is defined as the
capacity factor (k’) and is calculated in Equation 1.29 where V: is the retention

volume of the species and Vo is the FCV, as depicted in Figure 1.12.

Vi ="
Vo

k' = (1.29)

These capacity factors are an extremely useful tool used to understand the
separation performance of a column while planning its design. Ideal capacity factors
for favored solute-stationary phase interactions are on the order of 102 - 104, while
capacity factors for favored solute-mobile phase interactions are on the order of
10-2 - 100.

Separation resolution (Rs) provides a quantitative measure of the separating
power of a column. Resolution is a function of the inter-centroid distance between
the two species (AZ) and the width of their bases (W4, Wg) at 5 or 10% of their peak

height (Figure 1.12), as described in Equation 1.30 (114).

20Z

Ro=———
SOWy + Wy

(1.30)
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These parameters are shown in Figure 1.12 with complete separation at Rs> 1.5.
1.2.2 a-Hydroxyisobutyric Acid as a Mobile Phase for Lanthanide Separations

Lanthanide (Ln) elements are produced as FPs during the irradiation of U and
Pu in reactors and weapons (Figure 1.08). Several of these Ln elements have isobars
which cannot be resolved by a standard mass spectrometer and require separation
prior to assay (44). The extraction behavior of all Ln elements is remarkably similar;
this is due in part to their ions’ dominantly trivalent nature and unfilled 6s and 5d
orbitals (115, 116). Most extractants are not able to separate these elements through
liquid-liquid extractions or column chromatography. One successful ligand which
has been widely used to facilitate the separation of the Ln elements through column
chromatography is a-hydroxyisobutyric acid (a-HIB) (44, 117-128).

A significant difference between each of the Ln elements is the trend of
decreasing ionic radius with increasing atomic number (129-132). This trend is
presented in Figure 1.13 where the Ln - O bond length in Ln-H20 is reported as a
function of f electrons (129). This causes the charge density of the trivalent Ln ions
to increase with atomic number and is often referred to as the Ln contraction; in
general, the higher atomic number Ln elements will be more strongly coordinated to
a given ligand. A similar contraction is seen through any given period across the
periodic table. These contractions result from adding electrons to valence shells
which are relatively shielded from the increasing nuclear charge. The Ln contraction

is particularly pronounced as electrons are added to the diffuse inner 4f orbitals.
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Figure 1.13. The Lanthanide Contraction. Bond length of the Ln - O bond in Ln-H20. Bond length is shown to
decrease as the number of f electrons in the Ln atom increases. This establishes the trend often called the Ln
contraction. A similar contraction exists within any given period across the entire periodic table, but this
contraction is exaggerated as electrons are added to the diffuse 4f orbitals. Presented with permission from
(129).
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Figure 1.14. Separation of the Lanthanide Elements. The a-HIB ligand is shown to separate some Ln elements
in order of decreasing atomic number. Mass bin intensities are read from the left axis, mass bin ratios from the
right axis. The higher atomic number Ln elements have a greater charge density and coordinate to the a-HIB
ligand more strongly, which facilitates their elution. Completely resolved separations such as presented here are
typically only accomplished using an HPLC. Presented with permission from (127).
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The a-HIB ligand exploits this difference in charge density to separate the Ln
elements on cation exchange resins. The conjugate base of the a-HIB ligand will
coordinate with the Ln elements to form species in a dynamic equilibrium between
Ln(a-HIB™)J and Ln(a- HIB™); (133). The Ln elements with lower charge density
will exist in the cationic form more often, allowing them to interact with the anionic
stationary phase. The Ln elements with higher charge densities will exist in the
neutral and anionic forms more often and will elute with the mobile phase. Thus,
a-HIB facilitates the separation of Ln elements on cation exchange resin in elution
order of decreasing atomic number, as seen in Figure 1.14 (127).

In these separations, Ln elution is dependent upon its coordinated speciation
with the a-HIB conjugate base. As a result, the concentration of a-HIB and the pH of
the mobile phase have a strong impact on the effectiveness of the separation. The
separation resolution between Er and Tm is shown as a function of conjugate base
concentration in Figure 1.15 (124). If the concentration of the conjugate base
becomes too high, no separation will be observed. The concentration of the conjugate
base may be calculated through the Henderson-Hasselbalch equation, reported as
Equation 1.31. The pKa of a-HIB is approximately 3.7 (134); A corresponds to its

conjugate base, HA to its acidic form.

[A7]

THA] (1.31)

pH = pK, + log
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Figure 1.15. Concentration and pH Dependence of a-Hydroxyisobutyric Acid. The separation resolution of
the Er, Tm separation by a-HIB is reported as a function of conjugate base concentration. In general, the greater
the concentration of the conjugate base, the worse the separation becomes. If the concentrate of the conjugate
base is too high, no separation will be apparent. Presented with permission from (124).

1.2.3 Ion Exchange and Extraction Resins as Stationary Phases for Actinide Separations

Actinides (An) are produced as transmutation products through successive
neutron captures and 8- decays during the irradiation of U and Pu in reactors and
weapons. Unlike the Ln elements, the An elements experience significant relativistic
effects due to their large nuclear charge. These effects contract their s and p orbitals
while destabilizing their d and f orbitals, and result in pronounced spin-orbit
coupling of their valence orbitals (135-141). Combined, these effects allow for the
early An elements (up through Pu) to access more than just the trivalent oxidation
state available to their analogous Ln elements. Therefore, separation of the An

elements up through Pu is relatively easy; separations of the trivalent An elements
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from Am and beyond is challenging, just like the Ln elements. While some success
has been obtained using a-HIB for the trivalent An elements (142-144), most An
separations are focused on separating Th, U, Np, Pu, and Am from each other and FP
elements.

The resins most commonly used for the chromatographic separation of the
An elements include ion exchange and extraction resins (145-149). The extraction
resins typically favored include UTEVA (150-155), TEVA (156-160), TRU (161-165),
AN (166-169),LN (170, 171), and SR (172-175) resins by Eichrom. Figure 1.16 (147)
shows how an anion exchange resin may be used to separate Pu from FPs and the
other An elements in nitric acid; many of these figures exist for multiple ion exchange
and extraction resins and may be used to design a desired separation.

While the older references in this area are still valid, they tend to report
extraction behavior in terms of the partition coefficient (K) instead of the capacity
factor (k’). This was typically done out of convenience since the extractions were
performed in batch studies using resin in a beaker, instead of on columns. The
partition coefficient is described in Equation 1.32 and may be converted to the
capacity factor using Equation 1.33. In these equations, m is mass, and V is volume;
subscript s refers to the stationary phase, while subscript m refers to the mobile

phase.
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Figure 1.16. Separation of the Elements with Nitric Acid on Anion Exchange Resin. Partition coefficients of
most elements in nitric acid on anion exchange resin. Many figures of this manner exist for multiple resins and
mobile phases; they may be used to design separations of many different elements. This figure is particularly
useful for separating Pu from other elements. Presented with permission from (147).

(1.32)

k' =K— (1.33)
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1.3 Forensic Signatures and Observables

The most common pre-detonation forensic observables investigated in the
nuclear industry today include chronometry (25-40), isotopic and radiopurity
evaluations (41-50), reactor discrimination (51-64), trace metal analysis (65-72), and
sample morphology and composition studies (73-85). Additionally, post-detonation
forensics investigates materials which have been exposed to a nuclear detonation to
determine the composition and origin of a detonating device (86-95).

These observables are determined by measuring the signatures they impart
into a sample; these signatures typically include inter- and intra-elemental nuclide
ratios, trace metal abundance, particle size distributions, and molecular excitations,
vibrations, and stretches. These signatures are measured using a combination of
instrumental techniques including radiation detection, mass spectrometry, atomic
emission, x-ray fluorescence (XRF), UV-vis spectrometry, FTIR and Raman
spectroscopy, scanning and transmission electron microscopies (SEM and TEM), and
atomic force microscopy (AFM).

1.3.1 Mass Spectrometry in Nuclear Forensics

Mass spectrometry is widely applied in nuclear forensics to measure sample
isotopics and assay trace metal content (18, 19). The most common modes of mass
spectrometry used in forensics are inductively coupled plasma mass spectrometry
(ICP-MS) and thermal ionization mass spectrometry (TIMS). These techniques are

highly valued in forensics because they can be used to measure sample isotopics with
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high sensitivity and precision. A mass spectrometer is generally made up of four
sections: sample introduction, sample ionization, mass analysis, and detection.

In ICP-MS, samples are generally prepared solvated in 1 - 2% HNOs3 (v/v);
these samples are introduced to a “spray chamber” as an aerosol using a nebulizer
and a peristaltic pump. A small portion of the aerosol is transferred to the ionization
chamber through a small pressure differential in the instrument. It is also possible to
assay solid samples with ICP-MS using laser ablation (LA-ICP-MS). In laser ablation
instruments, a high intensity laser is used to irradiate the surface of a solid substrate,
evaporating some portion of the surface. These evaporated atoms are carried into
the ionization chamber using a carrier gas such as Ar or He.

In all forms of ICP-MS, after the sample has been introduced to the ionization
chamber a hot Ar* plasma (approximately 6,000 K) is used to ionize the sample.
Because Ar has the fourth highest ionization potential on the periodic table, an Ar*
plasma has enough energy to ionize every other element to the +1 charge state (176).
The three elements which are not ionized to the +1 state are F, Ne, and He; these
elements cannot be assayed by ICP-MS. In TIMS, sample introduction and ionization
occur in the same step. The liquid sample is deposited onto a thin filament (typically
Re or W) and placed into the instrument. The filament is heated up to 2,500 K until

the sample beings to evaporate ions from the sample material (176).
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— Accepted m/z
— Rejected m/z

Figure 1.17. Quadrupole Mass Analyzer. These four electrodes are used to select for a single m/z in some ICP-
MS and TIMS instruments. All four electrodes are biased with both direct and alternating currents that affect the
trajectory of the ions within them. Only one m/z is allowed through the analyzer at a time; selected mass bins
are scanned one at a time.

ICP-MS and TIMS use either quadrupole electrodes or dipole magnets as the
mass analyzer. In some disciplines, a dipole magnet is more often referred to as a
“magnetic sector.” The mass analyzer is used to allow ions of a specific mass-to-
charge ratio (m/z) to pass through while blocking all other ions. Because the
instruments are designed to produce primarily 1+ ions, the mass-to-charge ratio of
an ion is often discussed in terms of its mass or “mass bin.” A quadrupole mass
analyzer uses four electrodes to accept ions by their m/z, shown in Figure 1.17. lon
trajectories pass through the center of the quadrupole mass analyzer where parallel

electrodes are biased to either a positive or negative direct current (DC) terminal. In
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addition, each pair of parallel electrodes is biased with an alternating current (AC)
that is 180° out of phase from the other pair. Heavy ions are most strongly affected
by the constant direct current, while lighter ions are more strongly affected by the
rapid alternating current (176). Combined, the electric fields produced from these
currents are able to select for a single m/z. These quadrupole systems are cheap,
widely deployed, low resolution mass analyzers.

Higher-resolution magnetic sector mass analyzers are available at higher
costs. Their two poles exert a magnetic field perpendicular to the trajectory of the
ion bean, applying a Lorentz Force. This force causes the ion beam to move with
centripetal motion. These interactions are explained through Equations 1.34 and
1.35 where FL is the Lorentz Force, Fc the force of centripetal motion, B the strength
of the magnetic field, z the charge of the ion, v its velocity, m its mass, e the charge of
an electron, and r the radius of its centripetal motion. The velocity of the ion beam is
described by its kinetic energy (KE) in Equation 1.36 where V is the applied bias of
an accelerating electrode. Because its centripetal motion originates solely from the
Lorentz Force, Equations 1.34 and 1.35 can be set equal and re-solved (with Equation
1.36) to express the motion of a single m/z, shown in Equation 1.37. This equation
reveals that a magnetic sector may select for a single m/z by varying B, V, or r.
Practically, most magnetic sector mass spectrometers use B to select for ion mass

(177). A diagram of these interactions is shown in Figure 1.18.
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Figure 1.18. Dipole Mass Analyzer. These two electrodes select for a single m/z using a magnetic field and the
resulting centripetal Lorentz Force. lon beams passing between the two electrodes bend at a radius depending
upon their m/z. In multi-collecting instruments, multiple m/z ion beams are accepted and directed towards
multiple detectors.

F, = Bzev (1.34)
2
mv
r
1
KE = zeV = Emv2 (1.36)
m B?r?e
Py (1.37)

ICP-MS and TIMS use either Faraday cup or secondary electron multiplier
(SEM) detectors. A Faraday cup is simply a conductive medium which produces a

current as the ion beam implants into it, where the magnitude of the current is
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proportional to the intensity of the ion beam. These detectors are effective for high
beam intensities, which corresponds to samples with relatively high concentrations
of analyte.

An SEM is a device which multiplies the signal from a single ion implantation
event into millions of events. In an SEM, the ion beam strikes an electron-emissive
material which ejects 1 - 3 electrons per incident ion. These electrons are accelerated
towards a biased electron-emissive dynode, which also ejects electrons. This
continues until the signal is multiplied by a factor of 10¢ — 108. These detectors are
most effective for low intensity ion beams, or samples with a low concentration of
analyte. Advanced detection is available through multi-collecting instruments (MC)
such as MC-ICP-MS and MC-TIMS; these MC instruments use a magnetic sector mass
analyzer to accept multiple m/z to multiple different detectors at the same time.
These instruments are able to measure isotope ratios with incredibly high precision,
producing relative errors as low as 0.1% (178-180).

Both ICP-MS and TIMS are highly sensitive analyses capable of detecting trace
metals down to 1 part per trillion (ppt), where 1 ppt is 1 pg/mL of solution. Thus,
these techniques are widely used to document trace metal content and sample
isotopics in forensics (15, 18, 19). However, typical mass spectrometers do not have
the resolving power to distinguish two isobars. Such “isobaric interference” should
always be carefully considered when planning analysis by mass spectrometry. In
some cases, chemical separation is required prior to mass spectrometry to prevent

isobaric interference (44).
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Some corrections should always be performed when using ICP-MS or TIMS.
The most important corrections are mass bias and molecular interferences. Mass
bias describes the fractionation that occurs in the ionization step due to the slightly
different ionization potential of each isotope of an element. These effects are usually
quite small, with less than a 1% change in ionization efficiency per amu. Mass bias
corrections are performed by assaying a NIST traceable isotopic standard and
comparing the measured isotopic ratios to its reported ratios. Molecular interference
refers to isobaric interference which results from the formation of some “hot-atom”
molecules within the energetic Art plasma. The most common molecular species
formed in the plasma are argides, oxides, and hydrides. The formation of these
interferences may be readily estimated by measuring a calibration standard which
contains nuclides of A — 40, A — 16, and A — 1, where A4 is the mass number of the
analyte of interest.

The detection limit of a mass spectrometer is typically estimated by
measuring blanks which contain acid without any sample analyte. The lower limit of
detection (LOD or LLD) is most often quantified by measuring a blank several times
and adding three standard deviations to the blank mean. The LLD refers to the lowest
concentration of an analyte that may be positively identified as above background.
Typically, the measurement errors on samples at the LLD are quite high, thus the
lower limit of quantification (LLQ) is set at ten standard deviations above the blank
mean and refers to the lowest concentration of an analyte that may be quantified

with acceptably low error (44).
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1.3.2 Chronometry

Chronometry is a form of temporal analysis which uses the Bateman
Equations (Equations 1.21 and 1.22) to solve for the decay time a sample must have
experienced based on a measured nuclide ratio from species within a decay chain.
More often, chronometry is applied between two neighboring radionuclides in a
decay chain (N1 and N2) , which enables the use of the simpler decay kinetics from
Equations 1.15 and 1.19. While it initially looks like Equation 1.19 may be solved for
time () on its own if both A2(t) and A1(0) are known, there actually does not exist an
analytical solution to the equation. Instead, an analytical solution becomes apparent
if Equation 1.19 is divided by Equation 1.15 (shown in Equation 1.38), which is
solved for t in Equation 1.39. This result is why chronometry is usually discussed in

terms of nuclide ratios. All variables here are defined per Section 1.1.2.

Ay (t) _ Ay
A() - A4

1 A() A — A4
In|1—
A=A, Ai(t) A,

(1 — etta=22)) (1.38)

t = (1.39)

The solution presented here assumes that N,(0) =0, and therefore
chronometry is used to solve for the “time of last chemical separation.” Typical
applications of chronometry in nuclear forensics assume that the sample was
completely purified of N2 at t = 0; if that assumption is not true, then multiple
chronometers from different decay chains will predict different sample ages.

Chronometry is not applicable to nuclides which are in secular equilibrium

within a decay chain. Secular equilibrium describes a situation in which 4; < 1,. In
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these cases, A2(t) will always approach Ai1(t) after approximately seven half-lives of
the daughter. This can be understood by the nature of N2 decaying much faster than
N1; A2(t) is therefore limited by Ai(t) and will eventually approach it (98). These
effects are shown in Figures 1.19 and 1.20 using the 238U - 234Th decay pair as an
example. If 1, < 43, the next nuclide in the decay chain may also exist in secular
equilibrium with Ni, and so on for Ax. In cases where N1 and N2 are in secular
equilibrium, A,(t)/A;(t) stops changing over time, rendering it useless for
chronometry; however, if the time required to establish secular equilibrium is short
compared to the time since last separation, A,,;(t)/A;(t) may be used as a
chronometer instead, where N is the final nuclide in secular equilibrium with Ni.
This is performed routinely for some chronometers (181).

There are multiple decay chains of interest to chronometry depending upon
the sample’s nature. Most samples of U and Pu will contain measurable amounts of
234,235238]J and 238239,240,241Py, respectively. Some of these radionuclides have an
immediate decay daughter which may be readily measured; others have decay
daughters in secular equilibrium that cannot be used for chronometry, or a decay
daughter which cannot be measured easily. Figure 1.21 shows the chronometers
most often used for each radionuclide in U and Pu forensics (27, 30-36, 38, 40, 181,

182).
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Figure 1.19. 238U and 234Th in Secular Equilibrium. This case is an example where 1; < 4,; the activity of the
long-lived 238U nucleus (t1/2 = 4.5x10° y) does not change appreciably over the short time domain, while the

activity of the 234Th daughter (t1/2 = 24 d) quickly approaches A1(t). This occurs because the 234Th nuclei decay
rapidly relative to the decay of 238U. One kilogram of 238U was used for this example.
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Figure 1.20. Approaching Secular Equilibrium. The rate at which two radionuclides approach secular
equilibrium when 4; < 4,. The activity ratio approaches one (and remains constant) after approximately seven
half-lives of the daughter nuclide. Produced using the data from Figure 1.19.
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Figure 1.21. Chronometers for U and Pu Forensics. The chronometer pairs most frequently used for U and Pu
forensics. Some of the radionuclides in this list cannot be used as a chronometer because they establish secular
equilibrium with N1 over a short period of time. 238U has no usable chronometer because the first radionuclide
which is not in secular equilibrium (234U) should already be present in the bulk material even after chemical
separation.

Chronometers may be measured using mass spectrometry, radiation
detection, or a combination of the two. Typically, the smallest relative errors are
produced using isotope dilution mass spectrometry (IDMS) with an MC-ICP-MS.
IDMS describes an analytical procedure where well-characterized radiotracers (Nr)
are added to the sample, which is then assayed by mass spectrometry. The
radiotracers should be isotopes of N1 and Nn (added and measured separately) such

that the MC-ICP-MS may measure an isotope ratio of N; /Ng, and N, /Ng_, which is

then multiplied by the known quantity of Nk which was added. When using well-
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characterized radiotracers, IDMS is capable of measuring chronometers to less than
1% relative uncertainty (26).

The uncertainty in chronometric age (often referred to as a “model age”) is
most often reported in terms of the 95% confidence interval (CI). The confidence
interval is determined using Equation 1.40 where tis Student’s t, a is the significance
level (1 — CI), N is the number of measurements, and o is the standard deviation of

the measured data (183).

cl = (1.40)

o
taN-1 IN
Student’s t is available from a table based on the desired significance level and the
number of measurements taken; it represents the coverage factor of the CI based on
these parameters. When N 2 30, Student’s t begins to approach the same coverage
factor which is used to describe a Gaussian distribution. For example, when N = 30,
t = 1foraClof68%,t =~ 2foraClof95%,andt =~ 3 fora CI 0f99.9%. The confidence
interval is inversely proportional to v/N; in general, taking multiple measurements
will reduce the range of the CI even if the centroid of the measured value is wrong.
When N 2 4, the range of the 95% (I is typically smaller than the range of 2o.
1.3.3 Isotopic and Radiopurity Evaluations

[sotopic and radiopurity evaluations are among the first steps of most
forensic investigations (9, 10, 19, 20, 55, 60, 61). The radiopurity evaluation of an
unknown sample begins with a non-destructive assay (NDA), using gamma and/or

neutron spectrometry. The sample may be placed at an appropriate distance from a
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high-purity Ge spectrometer (HPGe) and assayed for gamma-active radionuclides.
This is effective as an NDA since it requires no sample preparation or dissolution. It
can even be performed if the sample is encased in a thin layer of low Z material, as y-
rays are penetrating forms of radiation. The NDA may not be quantitative if the
geometry of the sample is abnormal. However, it serves as a qualitative tool to
understand what radionuclides the sample contains.

Figure 1.22 shows the gamma spectrum for the NDA of a sample of irradiated
UOz2. The material was placed 3 m away from the detector face with a fractional dead
time (t/t) of 64%. These conditions are highly unfavorable for a quantitative NDA
but were necessary due to the high activity of the sample. Even in these conditions,
it was readily determined that the sample was relatively young irradiated U which
likely contained weapons-grade Pu. These conclusions were possible because the
dominant photopeaks were attributed to short-lived FPs, and a 137Cs burnup
measurement (661.7 keV on the y spectrum) predicted a burnup of less than 1
GWd/MTU (gigawatt day per metric ton of U). Once the sample was dissolved and
counted under more appropriate conditions, the burnup was confirmed as

approximately 1 GWd/MTU.
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Figure 1.22. Non-Destructive Assay of Irradiated UOz. Gamma spectrum taken as part of an NDA of irradiated
U0z under non-ideal conditions. The sample was placed 3 m away from the detector face with a fractional dead
time of 64%. Qualitatively, the presence of short-lived FPs indicates the sample was young, and a burnup
measurement under these unideal conditions indicated the sample may contain weapons-grade Pu. 137Cs (662
keV) is used to measure burnup.

Burnup is a property of irradiated material that describes how much energy
was extracted per mass of fissile material in the fuel. In general, irradiated U will
contain weapons-grade Pu if it was burned to less than 3 GWd/MTU (17). Weapons-
grade Pu refers to Pu which is isotopically greater than 93% 23°Pu. This quality of Pu
is particularly important because it is the lowest quality of Pu that may be readily
deployed in a high-yield nuclear weapon (15, 18, 19).

A burnup measurement is performed by assaying the FP content of an
irradiated sample. For example, the cumulative fission yield of 137Cs is well known,

at approximately 6% (104), and the energy released per fission is well documented

47



as approximately 200 MeV (16). The 3-decay parents of 137Cs are short lived, making
it an ideal nuclide for burnup assay as it quickly approaches its cumulative yield.
With those two pieces of information, the measured number of 137Cs atoms may be
used to determine the total number of fissions, and therefore the total amount of
energy released from fission, which is then divided by the mass of U present to
determine burnup.

An NDA may reveal other information about an unknown sample as well. 235U
is identified on a y spectrum by its 185 keV photopeak, and 238U by the 1001 keV
photopeak of its secular equilibrium 234mPa daughter. These two photopeaks may be
used in an NDA to determine the enrichment of U material. In addition, the
identification of 241Am (59 keV) may indicate the presence of 241Pu, which produces
241Am through B- decay. Following the NDA, destructive analyses are usually taken
which involve dissolving the unknown sample. After dissolution, a spectrometry and
ICP-MS may be performed to identify other radioactive actinides of interest to
forensics. These results may be used in the chronometry, reactor discrimination, and
trace metal analysis of the sample.

1.3.4 Reactor Discrimination

Per Section 1.1.4, the distribution of FPs produced during the fission of SNM
in a nuclear reactor depends upon the conditions under which the material was
irradiated. Fission by thermal neutrons produces the most asymmetric FPs, while
fission by fast neutrons produces less asymmetric FPs (104). Fast neutrons are also

captured by the various FPs and actinides less frequently than thermal neutrons due
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to their smaller de Broglie wavelength; this results in drastically different isotope
ratios such as 149Sm/150Sm in fuels discharged from fast and thermal neutron nuclear
reactors (16, 51, 53, 54). The fissioning nucleus also impacts the distribution of FPs -
the fission of 235U will produce different FPs than the fission of 23°Pu (104). In
addition, the initial content of 235238 and 239240Py in the fuel will impact the
production of the actinides produced through neutron capture. All of these factors
come together to produce unique “fingerprints” which may be used to identify the
irradiation conditions of an unknown sample. Some of the irradiation conditions
which may be identified by measuring the FP and actinide distributions of unknown
material include its U enrichment, fuel composition, reactor type, neutron spectrum,
fuel burnup at discharge, and “cooling time” (time since the material was removed
from the reactor) (12, 16, 17, 44, 51-56, 58, 60-62).

Some of these properties may be identified by comparing the measured Pu
isotope ratios in an unknown sample to several sets of Pu isotope ratios produced
from the simulation of multiple reactor conditions (55, 56, 58). Figure 1.23 plots
three different Pu isotope ratios on three axes as a function of fuel burnup to produce
clear separation between fuels discharged from pressurized water reactors (PWR)
and boiling water reactors (BWR) (58). As these two types of nuclear reactors are
similar in fuel composition and neutron spectrum, distinguishing between them is a
significant result; however, it should be noted that 10% error in some of the

measured quantities may result in overlapping of the two curves.
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Figure 1.23. Pu Isotope Fingerprinting. Three different Pu isotope ratios are plotted as a function of fuel
burnup to produce separation between two different similar nuclear reactors. Ideally, one could measure the Pu
isotope ratios of an unknown sample and determine if it was discharged from a pressurized water reactor (PWR)
or boiling water reactor (BWR) based on where it falls on this figure. Presented with permission from (58).

Figure 1.24 shows some spatial resolution between multiple reactor types as
a function of fuel burnup for two Pu isotope ratios, but most of these curves tend to
overlap at low fuel burnups (55). Using Pu isotope ratios exclusively tends to be an
effective tool for reactor discrimination when there exists some prior knowledge
about the sample’s history. For example, if it is known that the sample did not
originate from a graphite moderated reactor, some of the curves from Figure 1.24
could be excluded. However, if the sample history is entirely unknown, Pu isotope

ratios alone are often not sufficient for reactor discrimination.
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Figure 1.24. Reactor-Type Discrimination of Separated Pu. Multiple nuclear reactors were modeled and
their Pu isotopics reported as a function of fuel burnup. Three samples of separated Pu were compared to the
models to determine their reactor origin (black circles). Many of these curves are indistinguishable from one
another at low fuel burnups (towards the origin of the plot). Presented with permission from (55).

A maximum likelihood forensic methodology has recently been developed at
Texas A&M University which utilizes both Pu and FP isotope ratios to discriminate
the irradiation history of unknown irradiated SNM (44, 52-54). The methodology
compares a set of measured isotope ratios to a suite of simulated isotope ratios
produced under varying irradiation conditions and reactor types by the Monte Carlo
radiation transport code, MCNP6 (184). The ideal isotope ratios chosen for this
methodology are 137Cs/133Cs, 134Cs/137Cs, 135Cs/137Cs, 136Ba/138Ba, 154Eu/153Eu,
150Sm /149Sm, 152Sm /149Sm, 240Pu/239Py, 241Pu/23°Pu, and 242Pu/23Pu. The isotope
ratios were chosen such that each of them change as a function of fuel burnup,

reactor type, or cooling time (54). In addition, an isotope ratio was only accepted if it
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could be readily measured by y spectrometry or mass spectrometry in materials
greater than 10 years old.

The measured (meas) and simulated (sim) isotope ratios are compared to
each other based on their Gaussian similarity using Equation 1.41, where L(M|r) is
the likelihood that the reactor model M matches the measured isotope ratios r, o is

the uncertainty of a measurement, and j refers to one specific isotope ratio.

2
n (Tj,meas_rj,sim)

LM | 7)o 1_[ m}%e 207 (1.41)
]

j=1

To determine the irradiation conditions of unknown materials, the methodology
computes the likelihood of each reactor model under different burnups and cooling
times, then the “maximum likelihood” which was calculated for the model is
presented with its corresponding parameters.

This forensic methodology was first applied in a publication which compared
the isotope ratios of two simulated fuels to the models of some reactor types
produced by the authors (54). The first fuel was simulated as natural UOz ("2tUQOz2)
originating form the core of the University of Missouri Research Reactor (MURR)
discharged at a burnup of 4.39 GWd/MTU with a cooling time of 10 years. The second
fuel was simulated as depleted UOz (4ePU0Qz2) originating from the core of the Fast Flux
Test Facility (FFTF) discharged at a burnup of 1.97 GWd/MTU with no cooling time.
The simulated isotopics of these materials were compared against the simulated
isotopics of fuels discharged from generic pressurized water reactors (PWR),
pressurized heavy water reactors (PHWR), and fast-breeder reactors (FBR) using
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the likelihood calculation in Equation 1.41, shown in Tables 1.01 and 1.02 (54). In
these tables, the likelihood values are reported as the natural logarithm of the
likelihood with the corresponding burnup and cooling time of their maximum
likelihood.

The reactor model which was most similar to the simulated »2tUO2 fuel was
the PHWR by a considerably large margin. This is a fair result as the PHWR was the
only type of reactor in the model library that used natural UO2 fuel. The model
predicted a burnup and cooling time which were similar to the known burnup of the
simulated fuel. The differences likely result from the differences between the actual
MURR facility and a typical PHWR.

The reactor model which was most similar to the simulated 4ePUO2 fuel was
the FBR. This is a fair result as the FBR is the only type of reactor in the model library
which has a predominately fast neutron spectrum. The fuel burnup and cooling time
of the model did not correctly predict the known burnup and cooling time of the
simulated fuel, likely resulting from differences between the actual FFTF facility and

a typical FBR.
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Table 1.01. Maximum Likelihood Analysis of the Simulated "2tUQOz Fuel.
Presented with permission from (54).

Maximum In Fuel Burnup Cooling Time
Reactor Model Likelihood (GWd/MTU) )
PWR -1.0x103 >4.74 8.9
PHWR +28 3.83 10.6
FBR -2.6x106 >4.73 0

Table 1.02. Maximum Likelihood Analysis of the Simulated 4¢PUQ2 Fuel.
Presented with permission from (54).

Maximum In Fuel Burnup Cooling Time
Reactor Model Likelihood (GWd/MTU) )
PWR -4.7x102 >4.74 6.2
PHWR -1.1x103 4.35 8.5
FBR +42 0.43 1.1

While these initial results were encouraging, it must be noted that simulated
fuels were compared against simulated reactor models. To fully verify the strength
of the maximum likelihood forensic approach, it would be necessary to apply it to
real irradiated U, and then to Pu which has been separated by the PUREX process.
Applying the methodology to such materials forms the basis of Chapters II and III of

this dissertation.
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1.3.5 Trace Metal Analysis

It is common in a forensic investigation of SNM to assay the trace metal
content of the unknown material (8-10, 12, 14, 15, 19, 20). While the trace metal
content does not hold a wealth of information, it is typically used to check for
consistency between identified metal impurities and documented metal impurities
of declared materials. For example, a sample of Pu which is suspected to have been
separated in late 1940 or early 1950 should contain some amount of trace Bi, La, and
Ce resulting from contamination through the Bismuth Phosphate purification
process (12); otherwise, it may contain some amount of Fe resulting from the Fell
reduction step of the PUREX process (185, 186). Some facilities which produce SNM
may have documented trace metal impurities in their product, which should also be
seen in the assay of any SNM which is suspected to originate from that facility.

The techniques which are most often used for trace metal assay are ICP-MS,
XRF, and electron dispersive x-ray spectrometry (EDS). While the mass of the trace
metal content is sometimes quantified during analysis, no publication to date has
used the quantified masses for any additional forensic discrimination. In practice,
qualitative identification of the trace metals present has been the only applied use.

The following chapters utilize all of the preceding fundamental science,
instrumental analysis, reactor physics, and statistical evaluations discussed here to
study several samples of SNM in detail. It is noted that a strong understanding of
these fundamental principles is required to perform the detailed analyses reported

herein.
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CHAPTERII
IFORENSIC CHARACTERIZATIONS OF IRRADIATED UO2 CONTAINING FUEL-

GRADE AND WEAPONS-GRADE PLUTONIUM

A nuclear forensic collaboration between the Department of Nuclear
Engineering, Center for Nuclear Security Science & Policy Initiatives, Cyclotron
Institute, and Chemistry Department at Texas A&M University has made significant
progress in the development of a novel forensic methodology in recent years (44, 52-
54). This methodology was discussed in detail in Section 1.3.4. In brief, it is designed
to compare a set of measured isotope ratios in irradiated U or separated Pu to a suite
of simulated isotope ratios from a large range of reactor types and irradiation
conditions; the similarities between the measured and simulated ratios are
computed using Equation 1.41. Each considered reactor type is modeled at a range
of burnups and cooling times, and the “maximum likelihood” of each reactor is
reported as the closest match between the simulated and measured isotope ratios
for each reactor type. Prior to this work, the methodology had been successfully
applied to simulated irradiated fuels, but needed to be validated with real irradiated

SNM (54). The following work provides a validation of the methodology.

1 Parts of this chapter have been previously published by Glennon et al. [44]. Appropriate permission
to reproduce the work here has been obtained from the publishing journal.
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2.1 Description of the Irradiated UO:

To validate the methodology, two samples of UO2 were prepared and
irradiated at two different facilities under different conditions to produce material
containing weapons-grade Pu. The details in this section represent a summary of
work performed by the whole of the forensics collaboration. It was chosen to
irradiate 4ePUO: in a fast spectrum of neutrons in order to represent fuel discharged
from the blanket of an FBR, and 2tU0: irradiated in a thermal spectrum of neutrons
in order to represent fuel discharged from the core of a PHWR. Both of these reactor
types have been known to operate in India, which is not under direct IAEA
safeguards through the NPT (53). Both fuels were intended to be burned to a total
fuel burnup of 1 GWd/MTU in order to produce weapons-grade Pu.

2.1.1 Irradiation of “erUO: at the High Flux Isotope Reactor

The first fuel sample was prepared as six pellets of 4PUQ2 (approximately 16
mg each) encapsulated in a "atGd “sheath” for irradiation in the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory. From this point on, this material
is referred to as the “HFIR” material. For clarification, this term will refer to the six
pellets which were prepared and irradiated at HFIR, it will not refer to any material
discharged from the HFIR core. A schematic and radiograph of the HFIR material as
prepared for irradiation is shown in Figure 2.01 (17). The position of the pellets as

they were irradiated in the HFIR core’s flux trap is shown in Figure 2.02 (17).
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Figure 2.01. Schematic and Radiograph of the Irradiated depUOQ2 Pellets. Schematic representation of the UO2
pellet assembly designed for the irradiation of the depUO2 at HFIR (left). The six original pellets were completely
surrounded by natGd to block the thermal neutrons emanating from the HFIR core. Radiograph of the constructed
assembly prior to irradiation (right). Presented with permission from (17).
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Figure 2.02. Model of the High Flux Isotope Reactor. Reactor model of HFIR as used to design the irradiation
parameters. The derUO; pellets were located in the flux trap in the center of the reactor in location 7. Presented
with permission from (17).
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Figure 2.03. Flux Spectrum Exposed to the depUO: Pellets. Flux spectra comparisons between three
irradiation conditions. The blue line indicates the net flux seen by the shielded derUO: pellets as depicted in Figure
2.01. The natGd sheath blocks the strong peak of thermal neutrons from the HFIR core. Presented with Permission
from (17).

While HFIR is known as the highest flux of thermal neutrons in the US, it is
not known for producing fast neutrons. In order to shield the HFIR pellets from the
core’s high flux of thermal neutrons, they were encapsulated in a "Gd sheath as seen
in Figure 2.01. Several isotopes of mGd have high thermal neutron capture cross
sections, making it an ideal material to block thermal neutrons from reaching the
depJO2 pellets (100). The resulting flux spectrum is shown in Figure 2.03 as seen by
the shielded 4epUO:2 pellets (17). Although the flux spectrum seen by the HFIR pellets
is not identical to the flux spectrum seen in the blanket of an FBR, it does provide a

close approximation of the desired system. These irradiation conditions were
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necessary as there are currently no fast neutron reactors operating in the US (187).
The HFIR material was irradiated from January 8th, 2013 until February 2rd, 2013 in
axial position 7 of radial position C-5 in the reactor’s flux trap. Irradiation resumed
on May 7th, 2013 until final discharge on June 1st, 2013 (17). Evaluation of the
irradiation is discussed in Section 2.3.1
2.1.2 Irradiation of "tUQ; at the University of Missouri Research Reactor

The second fuel sample was prepared as three pellets of natUO:2
(approximately 14 mg each) prepared separately in a single Al (alloy 1100) canister
for irradiation in the University of Missouri Research Reactor (MURR). From this
point on, this material will be referred to as the “MURR” material. The term MURR
will not refer to any material discharged from the MURR core. A model of the reactor
with the relative position of the matU0:z pellets is shown in Figure 2.04 (16). These
pellets were intended for irradiation in a thermal neutron environment, which is
provided naturally by the chosen reactor; therefore, no materials were added to the
pellets to change the neutron spectrum emanating from the core. The neutron
spectrum of MURR is compared to three other similar nuclear reactors in Figure 2.05
(16).

The final discharge of the MURR material occurred on April 25, 2017 after a
total irradiation period of 111.9 full-power days at a radial and axial distance of 27.9
cm and 36.2 cm away from the core center, respectively. The reactor was shut down
at least once per week during the irradiation period, such that the 111.9 full-power

days were distributed over 126.3 days and 33 total irradiation periods (16).
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Figure 2.04. Model of the University of Missouri Research Reactor. Reactor model of MURR used to design
the irradiation parameters. The core was modeled with symmetry based on the one-eighth section modeled here.
The natJO2 pellets are located in the graphite reflector outside of the reactor core. Presented from an open access
publication (16).
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Figure 2.05. Flux Spectrum Exposed to the Irradiated matUQO2z Pellets. Simulated flux spectra comparisons
between four reactor types. The black line represents the neutron spectrum seen by the ntUQ; pellets. The flux
is generally similar to the known neutron spectra from operating thermal reactors around the world. Presented
from an open access publication (16).

61



2.2 Experimental Methods

Both the HFIR and MURR pellets were characterized as reported here with
and without a chemical separation to assay the isotope ratios of interest to the
maximum likelihood forensic methodology (Section 1.3.4). While most isotope ratios
of interest could be measured directly through a combination of mass spectrometry
and y spectrometry, the 150Sm/149Sm isotope ratio required a chemical separation
prior to assay by ICP-MS. 150Sm experiences isobaric interference in these irradiated
materials from the presence of 150Nd which is also produced as a FP. The chosen
method to separate these elements prior to assay by ICP-MS was cation exchange
column chromatography with a-HIB (Section 1.2.2).
2.2.1 Reagents

All nitric acid used was purchased as Omni-Trace Ultra Nitric Acid from
MilliporeSigma with trace metal contaminates certified as < 0.01 ppt for Nd, Sm, and
Eu, and < 0.05 ppt for Gd. The a-HIB used was purchased as 99% pure from Alfa
Aesar and prepared as ammonium a-hydroxyisobutyrate using = 99.5% pure NH4Cl
purchased from BDH Chemicals. The cation exchange resin was purchased as
DOWEX 50W X4 200-400 mesh in the H* form from Alfa Aesar. UTEVA resin 2 mL
cartridges were purchased with 50-100 um resin beads from Eichrom.

Cs, Ce, Nd, Sm, Eu, Gd, and U calibration standards were used for ICP-MS
calibration and surrogate column separations purchased individually as 1,000 ppm
ICP-MS standards from BDH chemicals. A separate mixed rare earth element (REE)

ICP-MS standard containing Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
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Yb, Lu, Th, and U at 100 ppm each was purchased from Inorganic Ventures to check
for potential systematic error in the ICP-MS calibration.
2.2.2 UO: Pellet Dissolutions

Two of the six HFIR pellets were received at Texas A&M University on August
31st, 2013 and allowed to cool for 8 months prior to dissolution in 5 mL of 4 M HNOs.
The dissolution of one pellet was carried out by previous staff (17) at approximately
50 °C in an enclosed system with a carbon filtered vacuum-trap cooled with liquid
N2. The vacuum pump was used to draw radioiodine, radioxenon, and radiocarbon
out of the solution’s headspace, along with the N204 and NO2 produced during
dissolution from the reduction of HNO:s.

All three MURR pellets were received at Texas A&M University on July 12,
2017 and allowed to cool for 3 months prior to dissolution in 5 mL of 8 M HNOs.
Dissolution of one pellet was carried out using an apparatus of the same design as
the HFIR material. The dissolution apparatus is pictured in Figure 2.06.
2.2.3 Mass Spectrometry

Mass spectrometry was performed using a newly installed Thermo Fisher
Scientific iCAP RQ mass spectrometer made available for use with radioactive
materials in the College of Geosciences with aide from Professor Brent V. Miller. This
mass spectrometer uses an Ar* plasma ion source, quadrupole mass analyzer, and
SEM detector as discussed in Section 1.3.1. All isotope ratios and isotopic vectors

measured by ICP-MS are reported as atom percent or as atom ratios.
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Figure 2.06. Dissolution Apparatus. Apparatus used to dissolve both the HFIR and MURR pellets. All glassware

was replaced between the dissolution of each sample. An addition funnel was used to add acid without opening
the system to air. This was done to avoid releasing radioiodine and radioxenon into the atmosphere.

Typical operating procedures for the instrument included replacing the
standard sample cone, skimmer cone, torch, inlet, spray chamber, nebulizer, and
sample tubing with ones specifically designated for use with radioactive material
prior to operation. Tubing was disposed of and replaced between each use with
radioactive materials, while the other components were swapped in and reused each
time for the assay of any radioactive material. A vacuum trap was installed to prevent
radioactive material from migrating to the vacuum pump’s oil. Regularly scheduled
maintenance and review by radiation safety personnel indicated no radioactive
contamination was found on any component of the instrument aside from those
previously mentioned. The majority of radioactive contamination was found on the

inner skimmer cone after typical use.
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All samples were diluted into 2% HNO3 (v/v) prior to assay by ICP-MS. Typical
calibration standards were prepared between 0.01 - 100 ppb containing each
element of interest. The LLD was determined in every mass bin by adding three
standard deviations to the blank mean. Likewise, the LLQ was determined using ten
standard deviations. Assays employed both acid blanks and sample blanks as
appropriate, where a sample blank is defined as any acid blank which was exposed
to the same process as an actual sample (for example, elution through a column).

Mass bias and molecular interferences were corrected as appropriate using
the guidelines discussed in Section 1.3.1. Mass bias corrections were performed
using naturally abundant species for most elements on the periodic table while the
U500 isotopic standard was used for U mass bias determination (188). 238U1H
formation was the most significant molecular interference in most assays, adding
isobaric interference to the 23°Pu mass region in unseparated samples. The rate of
238U1H formation was measured between 0.009 - 0.01% under most conditions as
measured using calibration standards.

2.2.4 Gamma Spectrometry

Gamma spectra were taken at sample distances between 1.15 and 9.0 cm from
the detector face of a Canberra Standard Electrode Coaxial high-purity germanium
(HPGe) detector cooled with liquid nitrogen and shielded with lead. Energy and
efficiency calibrations were performed using a 152Eu NIST-traceable calibration
standard purchased from Eckert and Ziegler. Energy and efficiency calibrations

representative of typical operation are shown in Figures 2.07 and 2.08.
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Figure 2.07. Energy Calibration of the Gamma Spectrometer. The HPGe detector was calibrated for energy
(bottom) with a NIST-traceable 152Eu source placed between 1.15 and 9.0 cm from the detector face. The FWHM
is also reported as a function of channel (top).
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Figure 2.08. Efficiency Calibration of the Gamma Spectrometer. The HPGe detector was calibrated for
efficiency with a NIST-traceable 152Eu source placed 9.0 cm from the detector face. Generally, photopeaks with
intensities below 1% were not accepted for calibration. The two left most points are x-rays from the 152Sm decay
daughter.
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2.2.5 Column Chromatography

Chromatography was performed using benchtop columns with flow rate
controlled by an eight-roller Ismatec REGLO Digital peristaltic pump. All columns
were 300 mm by 3.12 mm height by inner diameter made of glass. The columns were
slurry packed with DOWEX 50W X4 strong cation exchange stationary phase in the
NH4* form to a bed height of 210 mm at pH 3.00. The free column volume (FCV) of a
typical column was measured as 33% (549 pL) by detecting the first drop at which
the HFIR material eluted through the column. The HFIR material was considered to
be diverse enough to contain anionic species for this determination.

The mobile phase for all chromatography separations was prepared as 0.40 M
a-HIB at pH 3.00 and eluted at 0.50 mL/min. Fractions were collected at each FCV
for chromatography of the HFIR and MURR pellets. Columns were stripped of any
remaining lanthanide elements using several bed volumes of 0.5 M «-HIB at pH 4.2
then rinsed with 1 M NH4Cl at pH 3.00 between each use.

2.2.6 Column Chromatography of Surrogate Material

Surrogate material was prepared to determine the performance of the
separations before applying them to the HFIR and MURR pellets. The surrogate
material contained 1.75 pg of Ce, Nd, Sm, Eu, Gd, and U, as prepared using ICP-MS
standards of those elements. Columns were performed both at room temperature
and at 60 °C to determine the effect of temperature on separation resolution (Rs).

Temperature was maintained by pumping warm water through the jacketed region
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of the glass column; the resin bed was heated at 60 °C for one hour to establish
thermal equilibrium prior to separation. Fractions were collected every 0.5 FCVs.
2.2.6 Column Chromatography of the Irradiated UO2 Materials

A 500 pL aliquot containing 2% of the dissolved HFIR pellet was diluted from
4 M HNOs3 to 0.4 M HNOs and loaded onto the cation exchange column inside a
contained glovebox. The material was separated as previously discussed with
fractions collected every FCV. Both the HFIR and MURR pellets were separated at
room temperature.

A 500 pL aliquot containing 6% of the dissolved MURR pellet was diluted and
loaded onto the cation exchange column in the same way. A separate 500 pL aliquot
containing 20% of the dissolved MURR pellet was diluted to 4 M HNOs3 and eluted
through a 2 mL UTEVA resin cartridge using a 4 M HNO3 mobile phase to sequester
the U.

The UTEVA cartridge was rinsed with several bed volumes of 4 M HNOs3 prior
to use. The lanthanide fraction was collected in 1.72 mL. The mobile phase was
changed to 0.02 M HNO3 and the U fraction was collected in the next 3.00 mL. The
resulting lanthanide fraction was diluted to 0.4 M HNOs and loaded onto the cation
exchange column to be separated at room temperature. Fractions were collected at
each FCV. The same procedure was performed with surrogate material prepared
with the same mass and ratio of U/14°Sm to determine the effectiveness of the UTEVA

pre-separation.
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2.3 Initial Characterizations of the Irradiated UO2 Materials

The first characterization of the HFIR material was performed by the previous
staff of the laboratory (17). These samples had to be sent out of the laboratory for
analysis by ICP-MS as Texas A&M University did not have an ICP-MS available for use
with radioactive material at the time. The first characterization reported a 23°Pu
abundance of 89.4% with a burnup of 4.4 + 0.3 GWd/MTU.

2.3.1 Initial Characterizations of the Irradiated rUQO; Material

The characterizations of the HFIR material were reevaluated as reported here
on October 19th, 2017 with the newly installed Thermo Fisher Scientific iCAP RQ
mass spectrometer made available for use with radioactive materials at Texas A&M
University. Four 0.04% aliquots of the dissolved HFIR material were diluted into 10
mL of 2% HNOs (v/v) for assay by ICP-MS. The measured Pu isotopics are reported
in Table 2.01. 238U'H molecular interference corrections were performed using the
U calibration standard in these unseparated samples.

In addition, most of the isotope ratios of interest to the maximum likelihood
forensic methodology were measured directly in these samples, as reported in Table
2.02. 154Eu and 134137Cs were assayed by y spectrometry; all other ratios were
measured using ICP-MS. A 137Cs assay via y spectrometry was used to perform a
burnup calculation using a cumulative fission yield of 6.5% and an enthalpy of 198.5
MeV per fission (16). A summary of the HFIR pellet’s features as measured here are

reported in Table 2.03.
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Table 2.01. Measured Pu Isotopics of the Irradiated 4ePUQ2 Material.
I[sotopics were decay corrected to the date of discharge from 11.4 mg of
depJQO2.

Quantity 239Py 240Py 241Pu 242Pu
Measured 959,004  736+004 3.61£004  0.167 % 0.002
Vector (%)

Measured 194 £9 16.1%0.7 7.9 £0.4 0.37 +0.02
Mass (ug)

Table 2.02. Measured Isotope Ratios in the Irradiated 4ePUO2
Material. Reported as of October 19th, 2017. Results Published in (53).
Simulation

Isotope Ratio Value MCNP W -1
154Eu/153Eu (4.7 £ 0.2)x102 4.9x10-2 5%

134Cs /137Cs (3.7 £0.2)x10-3 4.4x10-3 17%

135Cs /137Cs (4.3 £ 0.4)x101 4.6x101 8%

137Cs /133Cs (1.31 £ 0.09)x100 1.1x100 -18%

240py /239Py (8.28 £ 0.05)x10-2 9.5x10-2 15%

241py /239Py (3.30 £ 0.03)x10-2 4.4x10-2 35%

242py /239Py (1.88 £ 0.02)x10-3 2.9x103 54%

These initial characterizations indicated that the HFIR material contained
fuel-grade Pu (between 82% and 93% 23°Pu) rather than the intended weapons-
grade Pu. The 137Cs measurement indicated a burnup of 4.4 + 0.3 GWd/MTU,

significantly higher than the intended burnup of 1 GWd/MTU.
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Table 2.03. Summary of the Irradiated 4epPUQ2 Material.

Parameter HFIR Characterization
Burnup (GWd/MTU) 4.4+0.3
totalpy /U (%) 1.9+0.1

239Pu Abundance (%) 88.9 + 0.04
Neutron Spectrum Fast-then-Thermalt

tThe total neutron spectrum shifted from fast to thermal, as discussed in the main text

Ultimately, this discrepancy was determined to result from the exhaustion of
the natGd sheath prior to the end of irradiation. It seems most likely that the sample
was placed closer to the HFIR core than initially anticipated, and the amount of matGd
available for capture of the thermal neutrons was no longer sufficient by the end of
the irradiation. This resulted in a complex irradiation history of the HFIR material,
with a total neutron spectrum that started fast then turned thermal. This is described
as “Fast-then-Thermal” in Table 2.03. Thus, the irradiation history of the HFIR pellet
no longer represented material discharged from the blanket of an FBR, and instead
represents highly unique irradiated UOx2.

This complex irradiation history was modeled by my colleague Dr. Jeremy M.
Osborn in MCNP6 as closely as possible with the known conditions (17, 53). The
isotope ratios from the HFIR irradiation reactor model are reported in Table 2.02
along with the experimentally measured isotope ratios reported here. There is

generally good agreement between the simulation and experiment except for the
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heavier Pu isotope ratios. Disagreement is assumed to result from an imperfect
reactor model of the HFIR material’s complex irradiation history and neutron energy
exposure.

Seven of the ten isotope ratios of interest to the maximum likelihood
methodology were measured directly in Table 2.02. The 136Ba/138Ba isotope ratio
was not able to be measured as the FP source of Ba was lower than the matBa
background in the sample. The 150Sm/149Sm isotope ratio could not be measured
directly due to isobaric interference from 159Nd which was also present as a FP in the
sample, at a near 1:1 ratio as 1°°Sm. The measurement of the 1°0Sm/14°Sm isotope
ratio required a chemical separation prior to assay; the 152Sm/149Sm ratio did not
experience isobaric interference, but it is reported along with the other Sm isotope
ratio after separation.

2.3.2 Initial Characterizations of the Irradiated "tUO2 Material

The MURR material was initially characterized in a similar way as the HFIR
material after dissolution. Three aliquots of 0.16% of the dissolved MURR pellet were
diluted into 10 mL of 2% HNO3 for assay by ICP-MS. A 1% aliquot of the dissolved
MURR pellet was placed 28 cm away from the detector face of the HPGe for assay by
gamma spectrometry. The Pu isotopics as assayed via ICP-MS are reported in Table
2.04. Six of the isotope ratios of interest to the forensic methodology were measured
directly through some combination of y spectrometry and mass spectrometry,

reported in Table 2.05. A summary of the MURR material is reported in Table 2.06.
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Table 2.04. Measured Pu Isotopics of the Irradiated "2tUQ:. Isotopics
were decay corrected to the date of discharge from 14.4 mg of natU0..
Results published in (16).

Quantity 239Pu 240py 241py 242py
Measured 0.0079+
Vector (%) 95.20+0.04 4.53+0.02 0.26 +0.01 0.0008
Measured 0.0017 %
Mass (ug) 20.1+0.8 096 +£0.04 0.054 +0.005 0.0002

Table 2.05. Measured Isotope Ratios in the Irradiated "atUO2
Material. Reported as of October 19th, 2017. Results published in (53).

) Simulation

Isotope Ratio Value MCNP ——1
Experiment

134Cs /137Cs (3.8 +£0.3)x10-3 4.2x10-3 8%
135Cs/137Cs (3.0 £0.2)x10-1 2.7x101 -7%
137Cs /133Cs (9.8 +0.6)x10-1 9.5x10-1 -3%
240py /239Pu (4.76 = 0.03)x10-2 4.2x10-2 -11%
241py /239Pu (2.6 £0.1)x10-3 2.3x10-3 -14%
242py /239Pu (6.0 £ 0.8)x10-> 3.3x10- -45%

The 154Eu/153Eu isotope ratio could not be measured for the MURR material
because the activity of 1>4Eu was below the LLQ of both the HPGe and ICP-MS used.
This was a result of the lower burnup of the MURR material, reported as 0.97 + 0.03
GWd/MTU by the 137Cs measurement. The MURR irradiation was relatively

successful, discharged with weapons-grade Pu at the intended burnup.
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Table 2.06. Summary of the Irradiated "atUQ2 Material.

Parameter MURR Characterization
Burnup (GWd/MTU) 0.97 £0.03
totalpy /U (%) 0.15+0.01

239Pu Abundance (%) 95.20 + 0.04
Neutron Spectrum Thermal

The MURR material generally contained fewer FPs and Pu than the HFIR
material due to its lower burnup. The MURR reactor model was burned using MCNP6
by the forensics collaboration to predict the FP distribution contained within the
MURR material (16). The comparison between simulation and experiment agreed
quite well for all isotope ratios of interest except for 242Pu/239Puy, per Table 2.05. The
simulation’s poor agreement with the 242Pu/23°Pu isotope ratio likely originated
from the small mass of 242Pu produced at 1 GWd/MTU, measured as 1.7 + 0.2 ng
(Table 2.04).

2.4 Lanthanide Separations of the Irradiated UO2z Materials

The 150Sm/149Sm isotope ratio could not be measured directly in either the
HFIR or MURR material due to isobaric interference from 159Nd which is also
produced as a FP. A chemical separation was performed on both irradiated UO2

pellets to separate these lanthanide elements and measure the final isotope ratio for
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the forensics methodology. As lower burnup material, the MURR pellet expressed a
higher U/149Sm ratio than the HFIR pellet.

In the initial round of mass spectrometry, the U/149Sm ratio was measured as
(1.1 + 0.1)x10° and (1.7 * 0.1)x10¢ in the HFIR and MURR pellets, respectively.
Experimentally, it was observed that the MURR pellet required a pre-separation to
sequester this U prior to the lanthanide separation, while the HFIR pellet did not. Due
to the lower FP concentration in the low burnup MURR material, a larger fraction of
the pellet had to be loaded onto the cation exchange column. This partially saturated
the column in the initial separation performed without the U pre-separation,
resulting in poor performance. UTEVA resin with a 4 M HNOs mobile phase was
chosen to pre-separate the U from the lanthanide elements in the MURR pellet.
2.4.1 Developing Separation Procedures with Surrogate Material

Lanthanide separations were performed with surrogate material to
standardize the separation conditions prior to application with the HFIR and MURR
pellets. Surrogate material was made using ICP-MS standards of the lanthanide
elements. The chromatogram of the 60 °C surrogate separation containing 1.75 pg of
Ce, Nd, Sm, Eu, Gd, and U each is shown in Figure 2.09 (44). The separation
resolutions (Rs, Section 1.2.1) between Sm-Gd, Sm-Eu, and Sm-Nd are reported in
Table 2.07 where they are compared to the room temperature (24 °C) separation
performed with the same surrogate material. Rs (Equation 1.30) was determined
only for these elution pairs because they are the only ones relevant to measuring the

Sm isotope ratios in the irradiated pellets.
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Figure 2.09. Lanthanide Separation of the Surrogate Material. Lanthanide separation performed with a
strong cation exchange stationary phase and a 0.4 M o-HIB mobile phase at pH 3.00 eluted at 60 °C and 0.5 mL
min-l. Complete separation is obtained between Sm and Nd; the entire Nd curve was not collected during
chromatography. Presented with permission as published from (44).

Table 2.07. Separation Resolutions in the Surrogate Separations.
Results published in (44).

Elution Pair Rsat 60 °C Rs at 24 °C
Sm-Gd 1.3 1.0
Sm-Eu 0.81 0.64
Sm-Nd >1.3 >1.0

The entire Nd elution peak was not captured in any of the separations, so Rs

could not be measured for the Sm-Nd elution pair. It can be seen in Figure 2.09,
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however, that the Sm-Nd elution pair is at least as well resolved as the Sm-Gd pair.
Thus, Rs for Sm-Nd is indicated as greater than Rs for Sm-Gd in Table 2.07. The
weakest separation is seen between the neighboring elements Sm and Eu; however,
none of the Sm or Eu nuclides of interest to the methodology experience isobaric
interference with each other. The separation resolution between most peaks at 60°C
was approximately 30% higher than at 24°C, but this provided little practical benefit
while presenting technical challenges for the HFIR and MURR separations which
must be performed within a contained glovebox.

In general, there was complete separation between Sm-Nd and only partial
separation between Sm-Eu at either temperature. As a result, it was chosen to
perform the pellet separations at room temperature, which still had adequate
separation to measure the Sm isotope ratios. At equal masses, U is seen to elute prior
to any of the relevant lanthanides; however, the peak was expected to broaden over
the entire chromatogram in the actual pellet separations, which contained up to
2000 times more U than the surrogate separations.

The UTEVA pre-separation was evaluated with the surrogate material before
it was applied to the MURR pellet. The lanthanide fraction of the surrogate UTEVA
pre-separation contained (93 * 1)% of the total lanthanide mass loaded into the
cartridge; the U fraction contained (100 * 1)% of the loaded U. The U/14°Sm ratio
was reduced from (1.7 £ 0.1)x10¢ down to 0.14 + 0.02 in the lanthanide fraction after

the pre-separation of the surrogate material. This demonstrated the effectiveness of
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the UTEVA pre-separation to reduce the U/149Sm ratio in the MURR pellet by 7 orders
of magnitude prior to loading the solution onto the cation exchange column.
2.4.2 Separating the Irradiated 9erUQO2 Material

The chromatogram of the separation performed on a 2% aliquot of the
dissolved HFIR pellet at 24°C without a UTEVA pre-separation is shown in Figure
2.10 (44). Separation resolutions are reported in Table 2.08 and are compared to the
surrogate separation performed at 24°C. The Sm-Pm pair is not reported for the
surrogate separation because Pm is not naturally abundant and was not added to the
surrogate material. The results show that a UTEVA pre-separation was not required
for the higher burnup HFIR pellet with a U/149Sm ratio of (1.1 + 0.1)x105, as Rs for
each of the lanthanide pairs was within 10% of the surrogate separation performed
at the same temperature with a U/149Sm ratio of 1.

Figure 2.10 shows the elution profile of the 158, 153, 147, and 150 mass bins
after separation of the HFIR pellet. The 147-mass bin shows the elution of both 147Sm
and 47Pm, and the 150-mass bin shows the elution of both 150Sm and 159Nd. The
chromatogram shows complete separation between Sm and Nd, allowing the
150Sm /149Sm isotope ratio to be accurately measured as necessary for application
with the maximum likelihood methodology. The elution profiles of 154155Eu were
measured viay spectrometry in Figure 2.11 (44) and shown to agree with the elution
profile of 133Eu as assayed by ICP-MS. This agreement verifies the mass

spectrometer’s capability to measure the 153Eu concentration accurately down to 12
ppt.
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Figure 2.10. Lanthanide Separation of the Irradiated depUO; Material. Lanthanide separation performed
with a strong cation exchange stationary phase and a 0.4 M a-HIB mobile phase at pH 3.00 eluted at 24 °C and
0.5 mL min-1. Complete separation was obtained between Sm and Nd; centroids are plotted with their 1c error
bands. Presented with permission as published from (44).

Table 2.08. Separation Resolutions in the Separation of the
Surrogate and Irradiated 4¢PUO2 Material. Results published in

(44).

Elution Pair Rs of the Surrogate Rs of the depUO2
Material at 24 °C Material at 24 °C

Sm-Gd 1.0 1.1

Sm-Eu 0.64 0.67

Sm-Nd >1.0 >1.1

Sm-Pm Pm not present 1.1

79



30

- 153EU

| - - -y
25 - _'_'155Eu

20

15 4

Mass Fraction (%)

10

Volume (mL)

Figure 2.11. Elution of Eu Isotopes in the Separation of the Irradiated derUO2 Material. The elution of three
Eu isotopes in the separation of the depUQO2 material. Centroids are plotted with their 1o error bands. 153Eu was
measured using mass spectrometry while 154155Eu were measured using y spectrometry. The consistency with
Yy spectrometry verifies the ability of the mass spectrometer to measure these trace FPs. Presented with
permission as published from (44).

The application of this separation to measure the various Sm isotope ratios is
displayed in Figure 2.12, which shows the elution profile of 130Sm with the 150/149
and 152/149 mass bin ratios (44). In this figure, a constant value of a mass bin ratio
indicates a region which contains no isobars of the corresponding masses. In such a
case, the value of the mass bin ratio must be equal to the value of the isotope ratio
for the element eluting in the given region. Both the 150/149 and 152/149 mass bin
ratios are shown to be constant within the Sm elution peak in Figure 2.12, indicating

those masses contain no isobars of 149.150.152S§m in that region.
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Figure 2.12. Measuring Sm Isotope Ratios in the Irradiated depUQz Material. The 150/149 and 152/149
mass bin ratios (right axis) are plotted along with the 150Sm,Nd elution profile (left axis). The mass bin ratios are
shown to be constant within the Sm elution peak, indicating they are clear of any isobaric interference. Presented
with permission as published from (44).

The 150Sm/149Sm and 152Sm/149Sm isotope ratios were determined by taking the
average of the mass bin ratios within the Sm elution peak. Table 2.09 shows all 21 of
the Sm isotope ratios measured this way for the HFIR pellet; every isotope ratio
measured was compared to the simulated isotope ratios from MCNP6. Simulations
were performed by the forensics collaboration (17, 53).

The 152Sm/149Sm isotope ratio reported here does not experience any
significant isobaric interference in low burnup nuclear fuel. Although 152Eu and 152Gd
may be produced during irradiation, their direct fission yields are too low to be

measured in these low burnup samples.
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Table 2.09. The 21 Measured Sm Isotope Ratios in the Irradiated
depU02 Material Compared to the Simulated Ratios from MCNP6.
Results published in (44).

Isotope Ratio Measured Value Simul—_ation -1 (%)
Experiment
150Sm /149Sm 3.23£0.09 4.4
152Sm /149Sm 2.93 £ 0.04 -10
147Sm /148Sm 12.2+0.8 -16
147Gm /149Sm 42 +0.1 0.69
147Sm /150Sm 1.31+0.03 5.1
147Sm /151Sm 3.97 £ 0.09 18
147Sm /152Sm 1.44 £ 0.01 -9.3
147Sm /154Sm 443 +0.08 4.6
148§m /149Sm 0.34 +0.05 12
148Sm /150Sm 0.104 + 0.004 16
1485 /151Sm 0.32+0.02 28
148Sm /152Sm 0.117 +0.003 5.1
148Sm /154Sm 0.35+0.03 15.0
149Sm /151Sm 0.93 £ 0.02 17
149Sm /154Sm 1.03 £0.03 1.7
150Sm /151Sm 3.02 £ 0.06 13
150Sm /152Sm 1.112 £ 0.009 -14
150Sm /154Sm 3.3+0.2 -2.7
151Sm /152Sm 0.365 £ 0.003 -33
1515m /154Sm 112 £0.02 -16
1525m /154Sm 3.06 +0.04 -16
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As such, their total masses in the HFIR pellet are negligible, and they were not
detected in any quantity by either mass spectrometry or y spectrometry. Therefore,
ICP-MS was also used to measure the 152Sm/149Sm isotope ratio in the unseparated
HFIR pellet. The unseparated 152Sm/149Sm isotope ratio was measured as 3.0 + 0.2,
which agrees with the 152Sm /149Sm isotope ratio of 2.93 + 0.04 measured using these
separation techniques. This result verifies the ability of this separation technique to
measure isotope ratios that may otherwise suffer from isobaric interference in
unseparated fuels.

In general, the 21 Sm isotope ratios reported in Table 2.09 show good
agreement with the MCNP6 simulation, where all but two of the ratios have less than
a 20% difference with simulation. The only two ratios that are currently utilized by
the maximum likelihood technique are 0Sm/149Sm and 152Sm/149Sm, but these
results show there are many more Sm ratios which may be readily measured.

2.4.3 Separating the Irradiated "@tUQ2 Material

The separation of the 6% MURR pellet aliquot at 24°C with no UTEVA pre-
separation resulted in a chromatogram showing no separation between the
lanthanides present. As this separation was performed otherwise identically to the
HFIR separation, this result implies that the U/149Sm ratio of (1.7 + 0.1)x10¢ was too
high to perform a lanthanide separation without prior sequestration of the U due to
saturation of the resin. A UTEVA resin cartridge was chosen to pre-separate the U
from the MURR sample because U is well known to adhere to the resin at higher HNO3

concentrations, while the lanthanide elements continue to elute (154, 189).
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Figure 2.13. Measuring Sm Isotope Ratios in the Irradiated natU0; Material. The 150/149 and 152 /149 mass
bin ratios (right axis) are plotted along with the 149Sm and 143Nd elution profiles (left axis).The shaded region of
the 149Sm elution curve represents a portion containing < 0.33% of the total Nd. The Sm isotope ratios were
measured only in this shaded region. Presented with permission as published from (44).

The chromatogram from the 20% MURR aliquot separated at 24°C after the
UTEVA pre-separation is shown in Figure 2.13 (44). The results show significantly
poorer separation compared to the HFIR pellet, which was not pre-separated for U.
However, it is a significantly improved separation compared to the 6% MURR aliquot
which was not pre-separated using the UTEVA cartridge. The results from the
surrogate UTEVA pre-separation indicate that nearly 100% of the U is removed from
the lanthanides, reducing the U/149Sm ratio by a factor of 107 prior to loading in the
cation exchange column. At this concentration, the abundance of U cannot be the

cause for the poor separation. Although the resin was washed with several bed
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volumes of 4 M HNOs prior to use, it is possible that some of the diamyl
amylphosphonate coated on the UTEVA resin was captured in the lanthanide
fraction, which was then loaded into the a-HIB column. It is hypothesized that this
potential contamination drastically reduced the effectiveness of the system.

Nevertheless, the separation was still effective enough to measure the
150Sm /149Sm isotope ratio as necessary for the maximum likelihood method. This
was accomplished by taking the 150Sm/149Sm isotope ratio in a region of the Sm
elution peak (from 2.4 to 7.2 mL) that was measured to contain less than (0.3 + 0.1)%
of the total Nd. This region was determined using the elution of 143Nd, which has no
isobars in the pellet; the same region was measured to contain (37 + 1)% of the total
Sm, measured using 14°Sm. Using the simulated total masses of 1°°Sm and 15Nd in
the MURR pellet from MCNP6, the 150 mass bin in the region between 2.4 to 7.2 mL
is estimated to be >99% 150Sm. The measured 1>°Sm/149Sm and 152Sm/14°Sm isotope
ratios are presented in Table 2.10.

As with the HFIR pellet, the contribution of 1>2Eu and 152Gd to the 152-mass
bin in the MURR pellet is negligible due to their low cumulative fission yield. Thus,
the 152Sm /149Sm isotope ratio was measured in the unseparated material as 6.7 + 0.4,
in excellent agreement of the value measured using the separation technique

reported in Table 2.10.
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Table 2.10. Sm Isotope Ratios Measured in the "atUQ2 Material.
Results published in (44).

Simulation

Isotope Ratio Measured Value — =1 (%)
Experiment

150Sm /149Sm 9.6 +0.6 1.6

152Sm /149Sm 6.3+0.2 -6.4

2.5 Validation of the Maximum Likelihood Forensics Methodology

The isotopics of the HFIR and MURR pellets measured and reported here were
used to validate the maximum likelihood forensics methodology (Section 1.3.4). This
validation serves as the first application of the methodology to any irradiated
material. This section briefly summarizes the validation of the methodology as
performed by the whole of the forensics collaboration (53). Other members of the
collaboration modeled multiple reactor types including a PHWR, FBR, PWRs
operating at various enrichments, and the NRX and Magnox reactors. The Magnox
reactor was modeled as the North Korean Yongbyon reactor, and the NRX reactor
was modeled as Iran’s IR-40 (53).

These reactor models were simulated to various burnups and decay corrected
to various cooling times; the isotope ratios at each burn-step and decay-step were
compared to the measured isotope ratios reported in the previous sections. The
similarities between the measured isotope ratios and all the simulated ratios were
computed using Equation 1.41 (Section 1.3.4). The closest match was identified at a

given burnup and cooling time for each reactor model and reported as the maximum
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likelihood for that model. The maximum likelihoods for each modeled reactor type
are presented in Tables 2.11 and 2.12 for the HFIR and MURR pellets, respectively
(53). These tables report maximum likelihood as the natural log of the computed
likelihood value. The computed likelihood is not a probability, but a measurement of

similarity by Equation 1.41.

Table 2.11. Maximum Likelihood Validation with the HFIR Material. The
PWRs are distinguished by fuel enrichment. The maximum In-likelihood
possible is +28.7. Results published in (53).

Reactor Model l\ﬁﬁgl?}?:(l)(ljn F(;l\(/e\}(f/ul\l;[r’;‘l[l]g Cooling Time (y)
HFIR +18+5 4.29 1833
MURR -40+ 10 3.76 1647
NRX -40+ 10 3.71 1524
Magnox -50+ 10 2.79 491
PWR (2.35%) -70 £ 20 >5.31 1861
PHWR -130 £ 40 3.31 2022
PWR (3.4%) -280 + 30 >5.01 792
PWR (4.45%) -(5.5+£0.1)x103 >3.90 0
FBR -(6.2 £0.1)x105 >4.73 0
Il\)/laerfmugt*grs . 44+0.3 1601
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Table 2.12. Maximum Likelihood Validation with the MURR Material. The
PWRs are distinguished by fuel enrichment. The maximum In-likelihood
possible is +29.8. Results published in (53).

Reactor Model ME?QIS&IEOLdOg 55\7;6]13 /l;\jlr,}%% Cooling Time (y)
MURR +30+1 1.01 303
NRX +26 + 3 1.02 203
Magnox +13+6 0.73 0
PWR ( 3.4%) -6+9 3.89 1371
PWR (4.45%) -10+ 10 >3.90 1195
PWR (2.35%) -10+ 10 3.04 1162
PHWR -20+ 20 0.94 260
HFIR -170 £ 30 4.40 1788
FBR -(1.5 £ 0.2)x105 >4.73 0
lll/laerfm“:tfrs . 0.97 +0.03 318

The maximum possible In-likelihood value that could be achieved for the
HFIR validation was +28.7. This number was obtained by setting 7j s = 7j sim in the
likelihood computation. Likewise, the maximum possible In-likelihood value for the
MURR validation was +29.8 (53). The reported most likely reactor of origin for the
HFIR material was the HFIR specific irradiation which was modeled to represent the
conditions discussed in Section 2.1.1. This result is unsurprising since the HFIR

irradiation was unique with a fast-then-thermal neutron spectrum during
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irradiation. The FBR origin is not likely for the HFIR pellet because approximately
75% of the total HFIR burnup was produced after the "atGd sheath was exhausted,
when the pellet was exposed to a large flux of thermal neutrons (17, 53). The
methodology correctly predicted the fuel burnup and cooling time of the HFIR pellet
in Table 2.11.

The reported most likely reactor of origin for the MURR material was the
MURR-specific irradiation which was modeled to represent the conditions discussed
in Section 2.1.2. The computed likelihood of this origin was within error of the
maximum possible likelihood of + 29.8, indicating a strong match with the reactor
model. This result is significant as the MURR material was designed to be similar in
nature to fuel discharged from the core of a thermal 2tU fuel reactor at 1 GWd/MTU.

The second most likely reactor origin was predicted as Iran’s NRX reactor.
This is a reasonable prediction as the NRX reactor is also a thermal neutron reactor
with ratU fuel. The enriched U fueled PWRs and the fast neutron FBR were computed
as amuch less likely reactor origin of the MURR material. The methodology correctly
predicted the burnup and cooling time of the MURR pellet in Table 2.12. “Heatmaps”
of the final maximum likelihood results for the HFIR and MURR pellets are shown in

Figures 2.14 and 2.15, respectively (53).
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Figure 2.14. Maximum Likelihood Heatmap of the Irradiated derUQO; Material. A heatmap showing the
computed likelihoods of the possible burnups and cooling times of the HFIR material. Only a narrow range of

burnups and likelihoods are computed with likelihoods close to the maximum likelihood. The maximum possible
likelihood is 2.91x1012. Presented from an open access publication (53)
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Figure 2.15. Maximum Likelihood Heatmap of the Irradiated »atUQ: Material. A heatmap showing the
computed likelihoods of the possible burnups and cooling times of the MURR material. Only a narrow range of

burnups and likelihoods are computed with likelihoods close to the maximum likelihood. The maximum possible
likelihood is 8.75x1012. Presented from an open access publication (53)
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CHAPTER III
ISOLATING TRACE FISSION PRODUCT ELEMENTS FROM SEPARATED SUPER-

GRADE PLUTONIUM

In Chapter II, the maximum likelihood forensics methodology (52-54) was
validated against two different irradiated UO2 pellets; however, it was intended to
ultimately apply this methodology to samples of separated Pu containing only trace
amounts of the FP elements. The forensics collaboration has modeled and simulated
thermal neutron reactors utilizing matU fuels to produce weapons-grade Pu at
burnups as low as 1 GWd/MTU (16). The mass of each FP nuclide of interest to the
methodology produced under these conditions is reported in Table 3.01, before and
after a PUREX process DF of 107 - 108 (185).

A sample of 5 g PUREX separated Pu is expected to contain at least 10-10 g of
all the FPs of interest to the methodology except for 134Cs, 136Ba, and 1>*Eu (16). 134Cs
and 1>*Eu are gamma-active radionuclides which are readily assayed by vy
spectrometry to activities as low as 2 Bq, corresponding to 40 and 200 fg of 134Cs and
154Ey, respectively. From the previous investigations (53), the applicability of Ba with
the methodology is questionable due to the relatively high levels of natBa
contamination found in standard laboratory materials. Therefore, in order to apply
the maximum likelihood forensic methodology to samples of separated Pu, a
procedure which is capable of isolating 10-1° g of the FP nuclides out of 5 g of

separated Pu must be developed.
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Table 3.01. Fission Product Production Rates in Low Burnup "2tU Containing
Weapons-Grade Pu. Simulated Using MCNP6 with the MURR Model (16). PUREX
DFs originate from (185).

Mass ratio  Mass Ratio after PUREX

Nuclide Mass in 5 g of PUREX

(g FP/g Pu) (g FP/g Pu) Separated Pu (g)
133Cs 2.60x102 1.98 x10-10 9.91 x10-10
134Cs 8.86x10-5 6.76 x10-13 3.38x10-12
135Cs 6.79x10-3 5.18 x10-11 2.59 x10-10
137Cs 2.47x102 1.88 x10-10 9.41x10-10
136Ba 8.01x10-5 1.05 x10-12 5.27 x10-12
138Ba 2.71x102 3.56 x10-10 1.78 x10-°
149Sm 4.55x104 2.17 x10-11 1.08 x10-10
150Sm 4.42x10-3 2.11x10-10 1.05 x10-°
152Sm 2.67x103 1.27 x10-10 6.36 x10-10
153Eu 8.97x10+4 4,27 x10-11 2.14 x10-10
154Eu 2.99x10-5 1.42 x10-12 7.11 x10-12

3.1 Experimental Methods

The mass of 5 g separated Pu was chosen as the approximate minimum mass
of Pu which contains at least 10-10 g of each FP nuclide of interest to the forensics
methodology for assay via ICP-MS. This limit was chosen because a fraction
containing 10-10 g of a single FP element would have a total concentration of 10 ppt

in a 10 mL sample prepared for assay by ICP-MS, nearing the detection limit of the
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instrument. The chemical methodology described here uses benchtop
chromatography techniques to isolate and concentrate these trace FPs of interest out
of much larger samples of separated Pu.

Benchtop chromatography was chosen because it may be readily scaled up to
samples as large as 5 g of Pu, while modern applications of HPLC in actinide
chemistry do not exceed sample sizes over 10-2 g (190-193). Two samples of Pu were
used to characterize this chemical methodology: a 4.0 mg sample of separated
super-grade Pu and a 61.1 mg sample of separated super-grade Pu, hereafter
referred to as Plutonium 1 and Plutonium 4, respectively. Super-grade Pu is defined
as any Pu with a 239Pu isotopic abundance greater than 97%. These were the largest
samples of Pu available to the author for analysis; scale up procedures for samples
as large as 5 g of Pu are discussed in Section 3.3.2.

3.1.1 Reagents

The separated Pu was obtained from LANL as super-grade Pu with an isotopic
vector of 99.95% 239Pu. The 137Cs, 152Eu, 133Ba, and 233U radiotracers were also
obtained from LANL solvated in HNO3 with an undocumented history. All acids used
were purchased in the concentrated form as Optima grade from Fisher Scientific. All
anion exchange resin used was macroporous, purchased as AG MP-1 from Bio-Rad.
All cation exchange resin used was Dowex 50W X4 purchased from Sigma Aldrich.
Strontium resin (SR resin) was purchased as 100 - 150 pum particle size from
Eichrom. The NaNO2 was purchased as 99.999% trace metal grade from Sigma

Aldrich. All 3 mL and 20 mL columns used were purchased from Evergreen.
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3.1.2 Safety and Security

All work involving > 167 kBq (4.5 pCi, 73 pg) of 239Pu was performed in the
Actinide Research Facility (ARF) at LANL. This facility is specifically designed and
regulated for work with significant activities of the transuranic elements.

The primary safety concerns in this method include laboratory and personnel
contamination. To minimize the risk of contamination, proper safety equipment
should include double gloves, disposable sleeves, and disposable booties in addition
to standard laboratory attire. Under the conditions used in this method, the critical
mass of 239Pu is between 0.5 - 2.2 kg, well above the mass of material present (194).
3.1.3 Dissolution of the Pu Materials

Plutonium 1 originated as a white crystalline solid of an unidentified
speciation. This material dissolved readily upon the addition of 8 M HNOs3, producing
a dark green solution characteristic of PulV in HNOs. Plutonium 4 originated as a dry
green powder identified as the most common oxide, PuO2. This material dissolved
over several hours in concentrated HCl, producing a dark red solution characteristic
of PulV in HCl. The other two Pu materials (Plutonium 2 and Plutonium 3) are
discussed in Chapter IV but were not used in the methodology reported here.

3.1.4 Mass Spectrometry

Mass spectrometry was performed with the same Thermo Fisher Scientific
iCAP RQ mass spectrometer available for use with radioactive materials as in Chapter
II. In general, the same protocols for handling the contaminated components were

followed here. All solutions used for ICP-MS were diluted to a total volume of 10 mL

94



with 2% HNOs (v/v). All 2% HNOs used here was prepared as 2% by volume.
Elemental calibration standards were used to calibrate the mass spectrometer for
each of the FP nuclides of interest.

The LLQ was set at 10 standard deviations above the background mean. The
LLQ is reported for each nuclide of interest in Table 3.02. The final column reports
the LLQ of the mass spectrometer in terms of total FP mass in the separated Pu;
however, these samples were diluted by an extra factor of 10 than necessary for
precautionary reasons. Mass bias and molecular interference corrections were
performed as appropriate according to Section 1.3.1. Background corrections were
performed with sample blanks produced by eluting acid through the same
chromatography resins as the Pu samples.
3.1.5 Gamma Spectrometry

Gamma spectra were taken at sample distances between 1.15 cm and 9.0 cm
from the detector face of a Canberra Standard Electrode Coaxial high-purity
germanium (HPGe) detector cooled with liquid nitrogen and shielded with lead.
Energy and efficiency calibrations were performed using a 12Eu NIST-traceable
calibration standard purchased from Eckert and Ziegler. Energy and efficiency
calibrations representative of typical operation are shown in Figures 2.07 and 2.08
(Section 2.2.4). The 137Cs, 152Eu, 133Ba, and 233U radiotracers were added in ultra-
trace concentrations, so detection limits in y spectrometry are carefully considered
in Section 3.2.1. In general, the LLQ of most radionuclides in most samples was

between 1 - 2 Bq.
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Table 3.02. The Lower Limit of Quantification for Each Nuclide of
Interest by Mass Spectrometry. The LLQ is reported for both the
concentration of the assayed solution, and the total mass in the original
sample.

Nuclide LLQ (ppt) LLQ (ng)
239Py 4 0.4
240py 4 0.4
241py 4 0.4
242Py 4 0.4
2337 4 0.4
2350 4 0.4
153Eu 10 1
154Eu 4 0.4
149Sm 3 0.3
150Sm 4 0.4
152Sm 5 0.5
133Cs 5 0.5
134Cs 30 3
135Cs 20 2
137Cs 40 4
136Ba 50 5
138Ba 300 30
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3.1.6 Ion Exchange and Extraction Chromatographies

Plutonium 1 was used to develop all of the following chromatography
procedures. Radiotracers of 137Cs (165 Bq, 51 pg), 1°2Eu (53 Bq, 8.2 pg), 133Ba (73 Bq,
7.8 pg), and 233U (830 Bq, 2.3 pg) were added to Plutonium 1 from an HNO3 solution
to determine the elution yield of those elements in the following procedures. Low
activities were used so the radiotracers would minimally perturb the sample. In
addition, these ultra-trace masses better represent the goal of isolating ultra-trace
FPs from bulk Pu material. 233U (830 Bq, 2.3 pg) was the only radiotracer added to
Plutonium 4. Each chromatographic separation was designed based on systems
previously described in the literature, combined to achieve the specific goals
discussed in this work (147, 148, 172-174, 195).

All columns used in this work were pre-washed by eluting 10 bed volumes
(V) of each eluent in reverse order. The resin Vs for the first anion exchange column
was 5 mL for Plutonium 1 and 12 mL for Plutonium 4. The follow-up anion exchange
columns were 1 mL for both samples. The resin Vs of all cation exchange and SR resin
columns was 1 mL.

235U was isolated from the Pu samples as a daughter resulting from the
radioactive decay of 239Pu. 55 pL of a 1.5 M NaNO: solution was added to Plutonium
1 (5:1 mol ratio) in 5 mL of 8 M HNOs. Pu is known to disproportionate into four
valence states in solution; NaNOz is used to fix Pu as primarily Pu!V in HNO3 over a

short redox period.
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PuV, UV! Cs, ‘

Ba, REEs
1a) 2 Vg8 M HNO;,
2a) 8 Vg8 M HNO;
3a) 10Vg 6 M HCI 4a) Pu
4a) 15Vz 9 M HBr ‘

1a) Cs,Ba,REEs| 2a) U

' '

1b) 2 Vg8 M HNO; 1b) Cs,Ba, REEs 2b) 10Vz 8 M HNO, 2b) U
3b) 10 Vz 6 M HCI 4b) Pu 3c) 10V 6 MHCI 3c) Pu

4b) 15Vgz 9 M HBr ‘ 3c) 15Vg 9 M HBr ‘

Figure 3.01. Anion Exchange Chromatography of the Separated Pu. The chromatography scheme used to
isolate the trace U from Pu on AG MP-1 anion exchange resin (yellow). The streams with black numbers represent
eluents; the red numbers represent the corresponding eluates. Vg refers to a volume equal to the bed volume of
the resin. The HCl eluent was used solely to rinse HNOs3 off the column prior to eluting HBr.

The solution was heated at 120 °C for several hours to dryness to minimize the
amount of Pull in solution. The dried solution was reconstituted in a small volume of
500 pL of 8 M HNOs3 prior to loading it onto the column.

The elution scheme used to isolate U is described in Figure 3.01, using
AG MP-1 anion exchange resin (yellow). Each eluent is indicated using black
numbers (left of each column); the corresponding eluates are indicated with red
numbers (right of or below each column). The first FP eluate (1a in Figure 3.01) and
U eluate (2a in Figure 3.01) were each loaded separately onto a second anion

exchange column of the same design. The resulting FP eluate (1b) was used in the
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following procedures; the resulting U eluate (2b) was evaporated to dryness and
reconstituted in 5 mL of 2% HNOs. A 10% aliquot was further diluted to 10 mL of 2%
HNO:s for assay by ICP-MS. The same procedure was repeated for Plutonium 4.

Caution should be exercised any time HBr and HNOs3 are used in the same
procedure. Mixing these two acids may create a violent redox mixture prone to
“spitting” or “bumping” when heated; it is recommended to rinse the column with at
least 10 Vs of a less reactive acid (such as HCI) prior to using HBr. The HCI eluents in
Figure 3.01 were used solely to rinse HNOs off the column prior to using HBr. These
HCI fractions were ultimately combined with the Pu fractions at the end of the
procedure.

The FP fraction from the prior step (eluate 1b) should contain all the Cs, Ba,
and rare-earth elements (REEs). This eluate was evaporated to dryness and
reconstituted in a small volume (500 pL) of concentrated HNOs. This solution was
loaded onto a cation exchange column and eluted with 2 Vs of concentrated HNO3 to
collect a fraction containing the Cs and Ba. The REE fraction was subsequently eluted
with 15 Vg of 6 M HCL. The REE fraction was evaporated to dryness and reconstituted
in 5 mL of 2% HNOs3; a 10% aliquot was further diluted to 10 mL of 2% HNOs for
assay by ICP-MS. The same procedure was repeated for eluate 1b of Plutonium 4.

All the plastic and glassware used to handle or store Plutonium 4 up to this
point was thoroughly soaked with deionized H20, 2% HNOs, and 8 M HNO3 for one

week each to leach residual Ba and minimize natural Ba contamination in the sample.
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The Cs/Ba fraction from the prior step was evaporated to dryness and
reconstituted in a small volume (500 pL) of 5 M HNOs. This residue was loaded onto
an SR resin column (a Sr selective resin by Eichrom) and eluted with 2 Vg of 5 M
HNOs. This fraction contained the Cs. The Ba was then eluted from the column with
15 Vg of 0.1 M HNOs; both fractions were evaporated to dryness and reconstituted
with 5 mL of 2% HNOs. 10% aliquots were further diluted to 10 mL of 2% HNOs for
assay by ICP-MS.

3.2 Chromatography Yield Determination

The radiotracers added to Plutonium 1 were used to determine the relative
column yields of each element fraction in the separations performed. Because the
radiotracers were added in ultra-trace masses, the detection limit of the HPGe used
was studied in detail.

3.2.1 Detection Limits in Gamma Spectrometry

The decision threshold (Tb), also referred to as the lower limit of detection
(LLD) or the minimum detectable activity (MDA), was calculated individually for all
radionuclides in each sample using Equations 3.01 and 3.02, as per ISO
11929-3(2019) sections B.2 and B.6 (196). The MDA represents the minimum
activity of a radionuclide that may be distinguished as above background to the
stated significance level a. Equation 3.01 describes a scenario in which there is no
photopeak in the background spectrum, thus the MDA is dependent entirely upon
noise and Compton scattering events in the sample spectrum. In Equation 3.01, k is

the significance interval (set at 3.09, a = 0.001 for a one-tailed distribution), t is time,
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Ri is the count rate of total events in a region of interest spanning / channels to the
left (I1)of the photopeak’s position, R is the same I channels to the right (Ir) of the
photopeak’s position, and b is the total number of channels spanned by the
photopeak. In cases where no photopeak was apparent in the sample spectrum, the
expected position and span of the photopeak was determined by other spectra (using

the same calibration) which did contain a measurable photopeak for the given FP.

R, +R b
MDA =k |———T (1 + ) (3.01)
t L +1,

Equation 3.02 describes a scenario in which there is a photopeak in the
background spectrum, thus the MDA is dependent upon noise, Compton scattering
events, and the background rate. The variables in Equation 3.02 are defined the same
as Equation 3.01, where the subscript s refers to data from the sample spectrum,
subscript b refers to data from the background spectrum, and R» is the count rate of

the photopeak in the background spectrum (above baseline).

R .+R b
MDA = k|22 "5 (1 4 +
t ll,s + lr,s

R tReofi 5 )yp (l+i)
ty Lip+Lp "\ts "t

The detection limit (Lp) was set at 3.090 (a = 0.001) above the MDA. The Lp

(3.02)

1
2

describes the minimum activity of a radionuclide that may be positively identified as

above background to the stated significance level a.
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Figure 3.02. Detection Limits in Gamma Spectrometry. The net background (Bkg), MDA, Lp, and LLQ
distributions as a function of net instrument response. The net background rate must be zero by definition; the
standard deviation is set at one for ease of interpretation. The centroid of each distribution is displayed as a
vertical line down to the axis.
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Figure 3.03. Applied Detection Limits in Gamma Spectrometry. The appropriate parameter to report for a
net instrument response (Rn) which falls in any region below the LLQ of the system. The vertical lines match
exactly with the centroids in Figure 3.02.
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The quantification limit (Lg), more often referred to as the lower limit of
quantification (LLQ), was set at 3.090 (a = 0.001) above the Lp. The LLQ refers to the
minimum activity of a radionuclide that may be accepted for quantification.

Figure 3.02 shows the centroids and distributions of the net background rate
(Bkg), MDA, Lp, and LLQ as interpreted for this work. The standard deviation is
approximated to be equivalent for all four distributions. This approximation is made
because in radiation detection the standard deviation is a function of the number of
counts (N), which will be similar for all four distributions as the count rate
approaches background.

Figure 3.03 describes how these intervals are used for data analysis; if a
measured activity falls in the black region, then it is reported as less than the MDA.
This conclusion can be made to the a = 0.001 significance level because less than
0.1% of the MDA distribution (red curve from Figure 3.02) resides within the black
region in Figure 3.03. Likewise, any activity measured in the red region in Figure 3.03
isreported as less than the Lp, the blue region less than the LLQ, and the green region
less than the LLQ + 3.090. Any activity measured in the purple region or above is
accepted for quantification. The variables described in Equations 3.01 and 3.02
related to the background spectrum are reported in Table 3.03, and the MDA, Lp, and

LLQ are reported for all radionuclides of all eluates in Tables 3.04 to 3.07.
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Table 3.03. Background Parameters of the Gamma Spectrometer.

Radionuclide Ph?}zg\g)e ak Background Rate (s1) Rip +Ryp (s) b
2350 185.7 (1.22 £ 0.09)x10-2 0-100 15
152Eu 121.4 (2.0 £ 0.1)x102 0.139 15
133Ba 352.6 (1.10 £ 0.08)x10-2 0.045 15
137Cs 662.2 (2.23 £0.06)x10-2 0.022 22

Table 3.04. Activities and Statistics of the U Eluate from Plutonium 1.
Counted for 6687 real seconds with 0.06% dead time.

Radionuclide  Activity (Bq) Rjs+Rys(s?) MDA (Bq) Lo (Bq) (LBL(%
235 0.2+£0.1 0.123 0.44 0.89 1.33
152Eu 1.0+ 0.2 0.166 0.85 1.70 2.54
133Ba -(0.41 £ 0.03) 0.052 0.46 0.92 1.38
137Cs 1.2+0.2 0.023 0.43 0.86 1.29

Table 3.05. Activities and Statistics of the REE Eluate from Plutonium 1.
Counted for 57600 real seconds with 0.09% dead time.

Radionuclide  Activity (Bq) R s +R,s(s') MDA(Bq) Lbp(Bq) 5;(%
235U -(0.10 £ 0.04) 0.198 0.207 0414 0.621
152Ey 47 £ 2 0.269 0.40 0.79 1.19
133Ba -(0.08 £ 0.05) 0.075 0.205 0.410 0.614
137Cs 0.09 £ 0.09 0.045 0.205 0.410 0.615
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Table 3.06. Activities and Statistics of the Ba eluate from Plutonium 1.
Counted for 17111 real seconds with 0.07% dead time.

Radionuclide  Activity (Bq) R s +R,s(s') MDA(Bq) Lbp(Bq) EJI;(?)
235U -(0.30 £ 0.03) 0.257 0.40 0.80 1.20
152Ey 0.8+£0.2 0.265 0.67 1.34 2.01
133Ba 733 0.042 0.273 0.547 0.820
137Cs -(0.16 £ 0.07) 0.021 0.271 0.542 0.813

Table 3.07. Activities and Statistics of the Cs eluate from Plutonium 1.
Counted for 57600 real seconds with 0.10% dead time.

Radionuclide  Activity (Bq) Rs +R.s(s') MDA (Bq) Lbp(Bq) EJPI:(%
235y 0.01 +0.05 0.325 0.254 0.508 0.762
152Eu 6.2+0.3 0.327 0.43 0.85 1.28
133Ba 0.21£0.07 0.183 0.293 0.585 0.878
137Cs 163 +6 0.040 0.198 0.397  0.595

A composite y spectrum of all the eluates from the separation of Plutonium 1 is
shown in Figure 3.04. The main axis shows photon energies above 500 keV, while

the insert shows photon energies below 500 keV.
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Figure 3.04. Composite Gamma Spectrum of the Plutonium 1 Separations. The y spectra of all four eluates
from the separation of Plutonium 1 are plotted on one figure. The main axis shows photon energies above 500
keV, the insert shows photon energies below 500 keV.

3.2.3 Relative Column Yields
Cs, Ba, and Eu yields were determined in the final fractions by y spectrometry
of the radiotracers added to Plutonium 1 using Equation 3.03, where Yx is the yield

in fraction n, Ax is the activity in fraction n, and Ax is the activity in fraction x.

An

Y, =
" Ayt A, .t A,

(3.03)

U and Pu yields were determined using ICP-MS of the final fractions in Plutonium 1,
where activity in Equation 3.03 was replaced with the net response rate. ICP-MS was
not used for FP yields because y spectrometry is a much more sensitive assay for
gamma-active radionuclides with short half-lives. For example, an LLQ of 2 Bq 137Cs

corresponds to 600 fg 137Cs, well below the LLQ of ICP-MS. The opposite is true for
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long-lived radionuclides such as 235U, or radionuclides with low y-ray transition
intensities such as 23°Pu or 233U.
3.3 Applied Separations of the Pu Materials

Both Plutonium 1 and Plutonium 4 were separated using the preceding
procedures. Plutonium 1 was used to develop the separation scheme, where it was
then applied to Plutonium 4 to isolate any trace FPs it may have contained. Therefore,
the only radiotracer added to Plutonium 4 was 233U.
3.3.1 Chromatography Yields of Plutonium 1

The overall column scheme used to isolate U and each FP element in
Plutonium 1 and Plutonium 4 is detailed in Figure 3.05, along with the reported
relative yields of each element. The numbered streams in black text (left of each
column) refer to each eluent. The streams in red text (right of or below each column)
refer to the corresponding eluates. The first column in Figure 3.05 was performed
twice for both Plutonium 1 and Plutonium 4; that is, eluates 1b and 2b underwent
two anion exchange (yellow) separations of the same design prior to the cation
exchange (orange) and SRresin (gray) columns. The two anion exchange separations
were previously discussed in detail in Figure 3.01. Eluates 4a, 4b, and 4c represent
all three Pu eluates from Figure 3.01. The anion exchange column was performed

twice to maximize the separation factor of Pu from U and the FP elements.
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Pulv, UV!, Cs, -
Ba, REEs
1b) 2V 8 M HNO;,

2b) 10 Vg 8 M HNO, 2b) =68% UV!
3b) 10 Vg 6 M HCI 4a, 4b, 4c) 299.995% PuVv

4a, 4b, 4c) 15 Vg 9 M HBr ‘
1b) Cs, Ba, REEs l

5) 2 Vg Conc. HNO,
6) 15 Vg 6 M HCI 6) >80.7% REEs

5) Cs, Ba l

l

7) 2Vg1MHNO; 7) 298.5% Cs
8) 15Vz 0.1 M HNO3 8) 298.0% Ba

Figure 3.05. Column Chromatography Used to Isolate Trace Fission Products from Separated Pu. The
column scheme used to isolate the U and FP fractions from the separated super-grade Pu. Relative column yields
are reported next to the relevant eluate stream in red, corresponding to the appropriate eluent stream (of the
same number) in black. Vs refers to a volume equal to the bed volume of the resin. The first column used anion
exchange resin (yellow), the second cation exchange resin (orange), and the third SR resin (gray). The first
column was performed twice for both Plutonium 4 and Plutonium 4. The HCI eluent was used solely to rinse
HNO3 off the column prior to eluting HBr.

The three resulting Pu eluates (4a, 4b, and 4c in Fig. 3) were not assayed
directly; the Pu and U content in these eluates was determined to be the mass of Pu
and U before chromatography, minus the sum of Pu and U in all other eluates after
chromatography. It is well established in literature that Cs, Ba, and the REEs do not
adhere to anion exchange resin in eluents 1b and 2b from Figure 3.05 (147).

Therefore, the activity of 137Cs, 133Ba, and 1°2Eu in eluates 3a, 3b, and 3¢ was assumed
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to be negligible. This approach assumes that material loss was negligible throughout
this procedure. This is a fair assumption as all other eluates were assayed and
material was accounted for as appropriate.

The relative column yields of each element are reported for each fraction for
Plutonium 1 in Table 3.08. Each fraction in the table is labeled with the
corresponding eluate from Figure 3.05. In this table, the MDA, Lp, and LLQ were
determined for radiation detection using Equations 3.01 and 3.02 with k as 3.09,
6.18, and 9.27, respectively. The same quantities were determined for mass
spectrometry by setting the LLD, Lp, and LLQ as 3.09¢, 6.180, and 9.27c above the
background mean, respectively. Values are reported as < MDA, < LD, < LLQ, or
< LLQ + 3.090 as appropriate by Figures 3.02 and 3.03.

The relative yields for Pu in all eluates can be reported with high precision
because the LLQ of 239Pu was only 0.4 ng, while the initial mass of Pu was 4.0 mg. The
cumulative relative yield of 23°Pu in eluates 4a, 4b, and 4c is reported at
(99.9954 + 0.0003)%, indicating a separation factor of approximately 210 for each
of the two consecutive anion exchange separations (for either the FP stream or the

U stream).
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Table 3.08. Relative Column Yields of Each Element by Fraction in
Plutonium 1. Fractions are described by element and eluate designation from
Figure 3.05.

Relative Yield (%)

Fraction

(eluate) Pu U REEs Cs Ba
Z‘Cl)ma' 4b, 9%‘%%%‘; * 5253  Negligiblet Negligible! Negligiblet
U (2b) (3;(613_%3) >73.8 <LLQ S;ggo” < MDA
REE (6) (2;(213_%2) <LLQ >80.7 <Lp < MDA
Cs (7) (5;(113_%5) <LLQ 2102 >98.5 <LD
Ba (8) (2;(713_%2) <LLQ <LLQ < MDA > 98.0

tThese elements are known not to adhere to anion exchange reason to any measurable degree (147)

The relative yields of 137Cs in the Cs fraction (eluate 7) and 133Ba in the Ba
fraction (eluate 8) are quite high at = 98.5% and = 98.0%, respectively. These high
yields are attributed to the low capacity factors of the two elements in eluents 1 - 5,
(147, 148) and the low capacity factor of Cs in eluent 6 (172-174, 195).The relative
yields of 233U in the U fraction (eluate 2) and !>2Eu in the REE fraction (eluate 6) were
lower at = 73.8% and 2 80.7%, respectively. The largest loss of U occurred in eluates
4a and 4c. The relative yield of U in eluate 2b should be improved by using a larger
volume in eluents 2a and 2b. The largest loss of 152Eu occurred in eluate 7. The

primary cause of this loss is the relatively low capacity factor of the REEs in eluent 5.
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Using a smaller volume in eluent 5 would reduce this loss but may not be sufficient
to completely elute the Cs and Ba into eluate 5 as designed.

Overall, high yields are reported for each of the elements of interest; the
employed separation scheme has proven effective at isolating low masses of both U
and these select FP elements out of much larger masses of Pu. The mass of each FP
radiotracer was 12.8 ppb, 2.1 ppb, and 2.0 ppb relative to the mass of Pu for 137Cs,
152Ey, and 133Ba, respectively.

3.3.2 Applicability to Larger Samples of Pu

When working with 5 g of Pu, it would be necessary to add an additional large
anion exchange separation at the beginning of the process. These larger anion
exchange columns have been routinely used to retain and separate large quantities
of Pu (up to 4 kg) at Los Alamos for decades (197). With an estimated loading of
70 g Pu per liter of resin, the additional 5 g Pu column would need a Vs of at least
75 mL. This additional column would not affect the recovery of the FP elements as
they are not retained on anion exchange resin in 8 M HNO3 to any significant degree
(147).

Using the separation factor of 210 measured, the mass of Pu that would elute
with the U and FPs from this first column would be approximately 25 mg, well within
the scope of this work. After this additional column, the procedure reported here
may be followed exactly to completion. With three consecutive anion exchange

separations, the separation factor measured here can be extrapolated to 9.3x106,
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which would reduce 5 g of initial Pu to approximately 540 ng of Pu in both the final
U and FP eluates.

3.3.3 Trace Fission Product Analysis of Plutonium 4

Eluates 6, 7, and 8 of Plutonium 4 were assayed by ICP-MS to look for trace FP
elements in the appropriate streams. The FPs produced by irradiation of U inside a
nuclear reactor have exotic isotopic vectors, corresponding to the exact conditions
under which the U was irradiated (44, 51, 53, 54). As such, any element detected with
a natural isotopic vector can be identified as a natural source of the metal, not as a
FP. Figure 3.06 reports all potential FP metals found in eluates 6, 7, and 8 in the
Plutonium 4 sample, as well as some of their isotope ratios. If a reported isotope ratio
agrees with the naturally occurring isotope ratio, then the metal is determined to
exist as a natural contaminant, not as a FP (198).

All potential FP elements found in Plutonium 4 were identified as natural
metal contamination, not as FPs, based on their measured isotope ratios in Figure
3.06. This result is expected since the total mass of Plutonium 4 was only 61.1 mg,
where it was expected that a minimum mass of 5 g separated Pu is necessary to
contain measurable quantities of the FP elements. However, the chemical
methodology applied to Plutonium 4 was able to isolate and concentrate trace levels

of natural Cs, Ba, Ce, Nd, and Dy out of a much larger mass of Pu.
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Figure 3.06. Isotope Ratios Measured in Plutonium 4. A comparison of the measured isotope ratios in
Plutonium 4 to the natural ratios of each element. Agreement between the measured and natural ratios indicates
that the metal is present as contamination, not as a FP.

The masses of these elements and their DFs are reported in Table 3.09. The
DF describes how effectively Pu was removed from each element’s fraction, as
described in Equation 3.04 where m is the mass of an analyte, i represents the initial
ratio, and frepresents the final ratio.

_ (Mpy/Mpp);

DF = ———
(mPu/mFP)f

(3.04)

The Ba, Cs, Ce, Nd, and Dy found in Plutonium 4 were all determined to be
natural contaminants (not FPs). These natural metal contaminants may have been

introduced in the chemical processing used to initially separate the Pu, or from the
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plastic and glassware used to store the sample prior to analysis. The use of sample
blanks for ICP-MS indicates that these contaminates were not introduced in the
procedure performed here. The large presence of natural Ba in this sample indicates
that the 136Ba/138Ba isotope ratio of interest may not be suitable for use with the
forensic methodology.

Table 3.09 indicates that trace metals present on the order of 10-° g in
separated Pu may be sufficiently isolated and assayed via ICP-MS using this chemical
methodology. In addition, the radiotracers added to Plutonium 1 (51 pg 137Cs, 8.2 pg
152Ey, 7.8 pg 133Ba, 2.3 ug 233U) were added in trace quantities < 10-10 g and were
recovered in the appropriate fraction with yields equal to or exceeding 80%. As such,
this chemical methodology is capable of isolating trace FPs from bulk Pu material as
necessary for the application of the maximum likelihood forensics methodology to 5

g samples of PUREX separated Pu.
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Table 3.09. Trace Metal Nuclides Present in Plutonium 4 and
Their Decontamination Factors. Elements are grouped together
by the assayed fraction from Figure 3.05.

Nuclide Mass (ng) DF

133Cs 3.4+0.2 (1.4 £ 0.1)x107
134B4 25+2

135B4 71+ 4

136Bg 856 (2.2 £0.2)x107
137Ba 1227

138Bg 780 £ 50

140Ce 410+ 20

142(Ce 54+2

144N( 20x0.1

145N( 0.67 £ 0.04

146Nd 1.4+0.1 (2.0 £ 0.2)x10¢
161Dy 1.53+0.08

162Dy 21+0.1

163Dy 2.0£0.1

164Dy 2.3+0.2
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CHAPTERIV
A FORENSIC INVESTIGATION OF SUPER-GRADE PLUTONIUM ORIGINATING

FROM THE MANHATTAN PROJECT

Chapter III used super-grade Pu obtained from LANL to design a
chromatographic separation which could be used to apply the maximum likelihood
forensic methodology to samples of separated Pu of at least 5 g. Here, the resulting
Pu and U fractions from those separations were used as part of a traditional forensics
investigation to discriminate the history of those same samples of super-grade Pu at
LANL.

Pu was first produced in late 1940 by irradiating 238U with deuterons and
neutrons at the 60 in. cyclotron in Berkeley, California by Glenn T. Seaborg and
others (108, 109). A sample of this cyclotron-produced Pu is on display at the
Smithsonian Institution in Washington, DC and represents the oldest samples of Pu
created by humankind (12). Although the cyclotron production method led to the
discovery of Pu, it could only produce microgram quantities of the special nuclear
material (SNM). The chemists and physicists in the Manhattan Project quickly
learned that they needed gram quantities of the element to fully uncover its nature
(107, 110), so a Pu production pilot plant was built and designated as X-10 at the
Clinton Engineering Works in Oak Ridge, Tennessee; the reactor went critical for the
first time in November of 1943 (107, 199). Commonly referred to as the “Clinton

Pile,” this nuclear reactor had two primary missions - to act as a prototype for the Pu
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production reactors to be built at Hanford, Washington, and to produce gram
quantities of Pu for the first time (199). Pu is produced in a nuclear reactor from
successive neutron captures and [3- decays in the U fuel. The Pu produced at X-10
during this time was primarily referred to as Clinton Pu, but was also called “Pu from
X,” “X-Pu,” or “Pile Pu.” (107, 110, 200-203) Many reports from the Manhattan Project
have been declassified and approved for public release. These publicly available
reports do not exactly indicate when the first samples of Clinton Pu were shipped
from X-10 to Los Alamos; however, some reports can be used to infer that the first
small samples of Clinton Pu were shipped to Los Alamos in January of 1944, and only
grams of Pu had been received by March 1944 (107, 110, 199, 200, 204, 205).

In this chapter, multiple techniques in the field of forensics were used to
discriminate and confirm the origin of four samples labeled as “Clinton Pu” at LANL.
The four samples of Pu in question were identified only by their labels; there existed
no supporting information or documentation to confirm the origin or identity of the
samples at the time of assay. As such, they presented themselves as an ideal
opportunity to apply forensic techniques to discriminate the origin of unknown
weapons-usable Pu.

4.1 Experimental Methods
4.1.1 Reagents

The 233U radiotracer was obtained as legacy material from LANL with a

measured isotopic vector of 76.92% 233U, 0.82% 234U, 0.088% 235U, and 22.17% 238U.

Radiotracers are added to a sample at the start of a process to determine the process
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yield. All acids used were purchased in the concentrated form as Optima grade from
Fisher Scientific. The anion exchange resin was purchased as AG MP-1 from Bio-Rad.
NaNO:z was purchased as 99.999% trace metal grade from Sigma Aldrich. The 3 and
20 mL columns were purchased from Evergreen. The U inductively coupled plasma
mass spectrometry (ICP-MS) calibration standard was purchased from Inorganic
Ventures as 100 ppm U in 2% HNOs (v/v). The U500 isotope standard was obtained
from New Brunswick Laboratory (NBL) with a certified U isotopic vector of 0.5181%
2341, 49.696% 235U, 0.0755% 236U, and 49.711% 238U in 2% HNOs (v/v).

The four samples of Pu were identified in a steel canister labeled “Clinton Pu”
as seen in Figure 4.01A. The unknown samples are hereafter designated as
Plutonium 1 - 4. The labeling on the steel canister disclosed the supposed masses of
the samples contained within: 20 mg (divided between Plutonium 1 and 2, Figure
4.01B), 15.9 mg (Plutonium 3, Figure 4.01C), and 280 mg (Plutonium 4, Figure
4.01D). The steel canister indicated that Plutonium 3 and 4 were stored as PuOz; the
forms of Plutonium 1 and 2 were undisclosed. The samples labeled as “Plutonium 1”
and “Plutonium 4” from Chapter III are the same samples discussed with the same

name here.
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Figure 4.01. Four Samples of “Clinton Pu” Identified at Los Alamos National Laboratory.
The steel canister (A) which contained four samples of Pu labeled as Clinton Pu: Plutonium 2
(B), Plutonium 3 (C), and Plutonium 4 (D). Plutonium 1 was contained in a tube remarkably
similar to Plutonium 2 (B).

4.1.2 Dissolution and Separation

Plutonium 1 and 2 were identified as white crystals and dissolved readily in
8 M HNOs producing a dark green solution. Plutonium 4 was identified as a green
powder and was dissolved over several hours in concentrated HCI producing a dark
red solution. Contrarily, Plutonium 3 was identified as a dark powder and could only
be dissolved in an aggressive acid solution of concentrated 15:1 HNOs:HF over four
days. This solution was colorless until the complete evaporation of HF, at which point

it turned dark green. An aliquot of Plutonium 3 was taken for forensic analysis prior
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to its complete dissolution; the entirety of the Plutonium 3 sample after complete
dissolution was not investigated here.

Plutonium 1 and Plutonium 4 were separated following the same procedure
discussed in Section 3.1.6. In general, multiple ion exchange and extraction
chromatographies were performed to isolate Pu, U, Am/REEs, Cs, and Ba into their
own fractions. Plutonium 2 and Plutonium 3 initially followed the same procedure to
isolate Pu and U, but the cation exchange and SR resin separations were not
performed. It was already determined that these materials did not contain
measurable quantities of FPs (Section 3.3.3), so it was not necessary to isolate each
FP into its own fraction. The 233U radiotracer was added to all four samples to
determine the yield of the U fractions. The 133Ba, 137Cs, and 152Eu radiotracers were
only added to Plutonium 1.

4.1.3 Radiation Detection

Gamma spectrometry was performed using a Canberra Standard Electrode
Coaxial high-purity germanium (HPGe) detector calibrated against a NIST-traceable
152Eu source for energy and efficiency. Spectra were collected with a geometry of 1
mL solution volume at a distance of 9 cm from the detector face. A 0.01% aliquot of
the Pu samples were taken for gamma assay prior to chemical separation. This was
the largest fraction of the unseparated materials that could be transferred to the
counting area per safety protocols. The U and Am fractions obtained after chemical

separation met the requirements for material transfer without any further dilution.
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Therefore, 100% of the U and Am fractions were assayed at 9 cm from the HPGe
detector face for all four samples.

Alpha spectrometry was performed using a Canberra passivated implanted
planar silicon (PIPS) detector in a model 7401 single channel alpha spectrometer
with a Multiport I MCA calibrated against a NIST-traceable “four-peak” calibration
source containing 148Gd, 239240Py, 241Am, and 244Cm for energy and efficiency.
Aliquots were diluted by a total factor of 106 after chemical separation and spectra
were collected with a geometry of 50 pL solution evaporated onto a stainless steel
planchet with a diameter of 2 mm at a distance of approximately 3 cm below the
detector face. Samples were not electrodeposited for alpha spectrometry to avoid
adding Pu radiotracers to the samples. The evaporated samples produced a
sufficiently small full width at half-maximum (FWHM) at the principal 239240Pu peak
of approximately 30 keV.

4.1.4 Mass Spectrometry

ICP-MS was performed with a Thermo Fisher Scientific iCAP RQ mass
spectrometer. All solutions were diluted up to 10 mL with 2% HNOs3 (v/v) prior to
assay. All 2% HNOs used here was prepared as 2% by volume. Blanks and sample
blanks were assayed to determine the background rates and the lower limit of
quantification (LLQ) for each mass bin of each sample. The LLQ was set at 10
standard deviations above the blank mean. The U500 isotope standard from NBL was

used to correct for mass bias measured in the U isotopes. Hydride and tailing
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corrections were performed for 239.240Py and 233234235236(J on an individual basis. The
typical hydride formation fraction was approximately 0.0092%.

The presence of 233U in the U fraction was assumed to originate exclusively
from the 233U radiotracer added. To support this assumption, no 233U was detected
in the unseparated Pu sample prior to adding the radiotracer, and 233U is not a
naturally occurring isotope of U. The intensity of 233U and its known isotopic vector
was used to determine its contribution to the 234, 235, 236, and 238 mass bins of
the U fraction of each sample and corrections were made as appropriate. The ratio of
235U /238U in the U fraction was greater than 300, indicating no significant presence
of natural 235234 in the sample. This follows because the mass ratio of 235U /238U and
234 /238U in matJ is 7.3x10-3 and 5.4x10-5, respectively (198); therefore, a small
fractional contribution of 238U from natural sources must carry with it a negligible
contribution of natural 235234U. Each replicate measurement was prepared
individually for assay by ICP-MS, but the overall chemical separation was only
performed once as described.

4.1.5 Reactor Modeling

Reactor models for the 1 MW and 4 MW power levels of the X-10 reactor and
the resulting simulations were provided by my colleague Patrick ]. Oneal. The results
of these models are necessary to describe the entire discrimination process, so
details about the reactor models are included here. A depletion calculation for a fuel
slug in the X-10 graphite reactor was performed to verify that the isotopic ratios of

the unknown Pu samples were consistent with their suspected origin from the X-10

122



reactor. This calculation was performed using a model made with the Monte Carlo N-
Particle (MCNP6) transport code (184). The model consisted of a single »atU fuel slug
within a square air channel, surrounded by graphite moderator. The fuel slug was
clad in Al of thickness 0.09 cm and the slug’s radius and length were 1.51 cm and
10.48 cm, respectively. The fuel slug was modeled with a total weight of 1.175 kg U.

The fuel channel was contained in a graphite lattice square of side length
60.96 cm. The boundaries of the graphite lattice square and the two end faces of the
fuel slug were modeled with reflective boundary conditions in order to emulate the
fuel slug being located in the interior of a central fuel channel. The first simulation
was run to a total fuel burnup of 9.58 MWd/MTU at a power level of 1 MW with a
total fuel loading of 29,835 slugs using reflective boundaries. The second simulation
was run to a total fuel burnup of 10.72 MWd/MTU at a power level of 4 MW with a
total fuel loading of 40,000 slugs using reflective boundaries (199, 206, 207).
4.2 Initial Characterizations
4.2.1 Radiopurity and Pu Isotopics

No radionuclides other than 239.240Pu were identified in any of the samples via
radiation detection prior to chemical separation. After chemical separation, 23U and
241Am were detectable by gamma spectrometry in the largest sample, Plutonium 4;
238Pu remained below the LLQ of the alpha spectrometer for all four samples. Alpha
and gamma spectra of Plutonium 4 after separation are shown in Figures 4.02 and
4.03. 23%Pu and 240Pu cannot be resolved using typical commercial alpha

spectrometers and are identified together.

123



10°

—— Plutonium 4
I Background

107
102
107
10

10°
0.6

—— Plutonium 4
] 239,240
0.5 Pu

0.4
0.3 29.6 keV FWHM

Rate (s™") per 6.5 keV

0.2 _: 239,240p,

0.14

0.0 +r—rr— e T T T T T T
490 495 5.00 505 510 5.15 520 525 530 535 540 545 550 5.55

Energy (MeV)

Figure 4.02. Alpha Spectrometry of Plutonium 4. Alpha spectrum of Plutonium 4 between 4.90 - 5.55 MeV
after chemical separation on both logarithmic and linear scales. The activity of 238Pu is shown to be below the
detection limit of the spectrometer used.
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Figure 4.03. Gamma Spectrometry of Plutonium 4. Gamma spectra of the U (top) and Am (bottom) fractions
after separation of the Plutonium 4 sample.
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The mass of Pu was assayed via alpha spectrometry as 4.02 + 0.05, 4.04 + 0.05,
and 61.1 + 0.8 mg for Plutonium 1, 2, and 4 with their 1o uncertainties, respectively.
These masses differ significantly from the labeling on the original steel canister from
Figure 4.01A, indicating that material was taken from each sample after their initial
containment. The mass of the partial Plutonium 3 aliquot taken was 4.74 + 0.06 mg.
The rest of the Plutonium 3 sample was not assayed here.

The only Pu isotopes which could be assayed directly in any of the four
samples were 23°Pu and 240Pu. The 238241242Py jsotopes were below the LLQ of the
ICP-MS and alpha spectrometer used. The isotopics of the four Pu samples are listed
in Table 4.01 as measured by ICP-MS with their 1o uncertainty. These results are
consistent for Pu originating from the X-10 reactor, which was known to discharge
Clinton Pu at > 99.9% 23°Pu (12, 201-203).

4.3 Chronometry

Ideally, there exist four chronometers which may be reliably used to
determine the chronometric age of Pu: 238Pu - 234U, 239Py - 235U, 240Py - 236{J, and
241py - 241Am. In order to use these chronometers to determine the time since last
purification, an analysis must be sensitive to the trace masses of these Pu isotopes
and their decay daughters; additionally, there must be relatively high confidence that
the purification process completely separated the parent-daughter pairs. In the
literature, these Pu chronometers have been routinely used to determine the time
since last separation for various unknown and standardized samples of Pu (9, 10, 26,

32, 33,182).
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Table 4.01. Isotopics of the Four Pu Samples with their 16
Uncertainties Compared to Known Samples of Clinton Pu.

Sample 240Py /239Pu (104) 239Pu Abundance (%)
Plutonium 1 46+0.3 99.954 £+ 0.003
Plutonium 2 45+0.2 99.955 + 0.002
Plutonium 3 44+0.3 99.956 £ 0.003
Plutonium 4 44 +0.2 99.953 £ 0.002
Clinton Pu 1t 3.3+x0.6 99.967 £ 0.006
Clinton Pu 2% 3.8+0.1 99.962 + 0.001

tBartlett, 1944 - 1946 (201-203)
#Schwantes, 2009 (12)

The four samples of Pu investigated here are isotopically too pure to use the
238Pu - 234U or 241Pu - 241Am chronometers directly; there does not exist a high
enough activity of 238241Py to measure by alpha or mass spectrometry. Instead, the
239Pu - 235U and 240Pu - 236U chronometers were measured in multiple ways for each
sample and averaged to produce chronometric ages with high confidence. In all four
samples, the 239Pu - 235U and 240Pu - 236U chronometers were measured via mass
spectrometry of the U fraction after chemical separation. The yield of the U fraction
was determined for each sample using the 233U radiotracer initially added. The
239Pu - 235U chronometer was also measured in all four samples via mass
spectrometry of the aliquots taken prior to any chemical separation. This procedure

ensured at least three measurements for the chronometric age of all four samples.
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The 239Pu - 235U chronometer was also measured after separation via gamma
spectrometry in Plutonium 4. This was possible because Plutonium 4 was
significantly larger in mass than the other three samples, resulting in a measurable
activity of 23°U via gamma spectrometry.

The measured activities of each radionuclide used for chronometry are listed
in Tables 4.02 and 4.03 with their 10 uncertainties. The activities of the Plutonium 1,
2, and 3 chronometers were measured only once, while the activities of the
Plutonium 4 chronometers were measured 18, 15, and 11 times each for 235U, 236(J,
and 234U, respectively. Chronometric age was determined using the Bateman solution
in Equation 1.39 (Section 1.3.2). Chronometric ages are dated as of assay on October
16, 2019.

The average chronometers are reported as measured for Plutonium 1, 2, and
4 in Figure 4.04. Chronometry of Plutonium 3 is discussed at the end of this section.
The error bars represent the 1o uncertainty for Plutonium 1 and 2, and the 95% CI
for Plutonium 4. Plutonium 4 was the only sample remeasured multiple times (N =
33), so it is the only case where a 95% CI may be reported. The horizontal red lines
represent the earliest time that reactor-produced Pu was shipped from X-10 to Los

Alamos, between January - March 1944 (199).
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Table 4.02. Measured Activities of the U Isotopes in the Pu Samples as of
October 2019. All uncertainties represent the 1o standard deviation.

Activity (Bq)
[sotope Plutonium 1 Plutonium 2 Plutonium 3 Plutonium 4
2341 <LLQ <LLQ <LLQ 3.2+£0.2
2350 0.63 £0.02 0.66 + 0.02 1.11+0.02 10.5+0.26
236 0.027 £0.001 0.032+0.001 0.050 +0.003 0.51+0.03

Table 4.03. Measured Activities of the Pu Isotopes in the Pu Samples as of
October 2019. All uncertainties represent the 1o standard deviation.

Activity (Bq)
[sotope Plutonium 1 Plutonium 2 Plutonium 3 Plutonium 4
239py 9.2+ 9.3+ (1.09 £ (1.40 £
0.1)x10¢ 0.1)x10¢ 0.01)x107 0.02)x108
240py (1.57 (1.54 (1.76 £ (2.29+
0.09)x10% 0.05)x10% 0.09)x10% 0.09)x10°

Plutonium 1 was determined to be last chemically separated in April 1954 *
24 months (66 * 2 y) at 1o uncertainty. This was the youngest chronometer
measured of all four samples. The Plutonium 2 chronometer was slightly older with
a measured date of December 1947 + 22 months (72 + 2 y) at 1o uncertainty. The

average chronometer for the 61.1 mg Plutonium 4 sample aligns exactly with the
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Figure 4.04. Chronometry of the Undocumented Pu. Average chronometric ages of Plutonium 1, 2, and 4. The
error bars represent the 10 uncertainty for Plutonium 1 and 2, and the 95% CI for Plutonium 4. The horizontal
red lines indicate the earliest time any reactor-produced Pu was shipped to Los Alamos. Chronometry of
Plutonium 3 was not included here because of its impossible date, as discussed in the text.

earliest samples of Clinton Pu that were shipped to Los Alamos, measured as
February 1944 + 11 months (75.7 £ 0.9 y) at the 95% CI.

The Plutonium 3 chronometer is not reported in Figure 4.04 because its
measured chronometer was impossible, dated to the year 1918. It is most likely that
this happened because the aliquot of Plutonium 3 assayed here was taken prior to

complete dissolution of the initial PuO2z material; it is hypothesized that the U within
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the sample dissolved faster than the bulk PuOz, resulting in significant fractionation
between the U/Pu content in the withdrawn aliquot. This hypothesis is supported by
the faster rate at which UOz2 is known to dissolve in HNO3 compared to “high-fired”
Pu0:2 (208, 209). High-fired PuO:2 refers to any PuOz2 calcined at temperatures over
800 °C, which is infamously slow to dissolve (208, 209), similar to what was observed
for the Plutonium 3 sample.

4.4 Reactor-Type Discrimination

Pu isotope ratios have been routinely used in the literature to discriminate
the reactor origin of Pu produced from high fuel burnups (9-12, 53-56, 58). In general,
different types of nuclear reactors produce different Pu isotope ratios as a function
of fuel burnup. These studies typically plot three Pu isotope ratios in 3-dimensional
space to produce several curves which are spatially resolved by reactor type. If a
measured set of Pu isotope ratios fall on any given curve, it is taken as a strong
indication that the Pu originated from the respective reactor type.

The X-10 reactor was modeled at power levels of 1 and 4 MW based on
publicly available specifications and burned using the Monte Carlo radiation
transport code MCNP6 by Patrick ]J. Oneal, as discussed in Section 4.1.5. The X-10
reactor was known to operate at 1 MW with approximately 35 metric tons of U in the
period between November 1943 - May 1944, and at 4 MW with approximately 47
metric tons of U after July 1944 (199, 206, 207). The reactor was “burned” up to 9.58
and 10.72 MWd/MTU for the 1 and 4 MW models respectively. Pu production is

reported as a function of fuel burnup for each model in Figure 4.05.
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Figure 4.06. Pu Production as a Function of Time. Pu production as a function of time from both the 1 and 4
MW X-10 reactor models. Error bands represent the 16 uncertainty.

Pu production from the X-10 reactor models is also tabulated in Tables 4.04
and 4.05 and reported as a function of time in Figure 4.06. The linear trends in this
figure can be used to estimate that the X-10 reactor discharged approximately 200 g
of Clinton Pu during its 1 MW operating period, and approximately 1 kg of Clinton Pu
during its 4 MW operating period.

Although 238Pu could not be assayed directly in any of the four Pu samples, its
decay daughter 234U was quantified in the U fraction of Plutonium 4 by mass
spectrometry as reported in Table 4.02. The masses of the other three Pu samples

were too low to identify or quantify 234U in their U fractions. Using its previously
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measured chronometric age, Eq. 1.44 (Section 1.3.2) was re-solved to determine the
initial mass of 238Pu that must have existed in Plutonium 4 at the moment of

purification in 1944.

Table 4.04. Tabulated Pu Production from the 1 MW X-10 Reactor Model
with 10 Uncertainties.

T(ig;e (MB\}E}I&I}U) 23%Pu (pg/kgU)  **°Pu (ug/kgU) ?*°Pu (ng/kgU)
21 0.60 7.8+0.4 479 %9 154+0.3
28 0.80 18.3+0.8 670 £ 10 30.0 + 0.6
42 1.20 56+ 3 1050 + 20 76+ 2
56 1.60 116 +5 1440 + 30 143 +3
84 2.40 310 £ 10 2200 + 40 3357
112 3.19 590 + 30 2970 + 50 610 £ 10
140 3.99 960 + 40 3730+ 70 960 * 20
168 4.79 1430 % 60 4500 + 80 1390 + 30
196 5.59 1990 £ 90 5300 + 100 1910 + 40
224 6.39 2600 + 100 6000 + 100 2500 + 50
252 7.19 3400 + 200 6800 + 100 3170 + 70
280 7.98 4200 + 200 7600 + 100 3920 + 80
308 8.78 5200 + 200 8300 + 200 4800 + 100
336 9.58 6200 + 300 9100 + 200 5700 + 100
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Table 4.05. Tabulated Pu Production from the 4 MW X-10 Reactor Model
with 10 Uncertainties.

Time

Burnup

@) Mwd/mTy) o Pulpg/kgU)  #PPu(ug/kgU)  *4Pu (ng/kgU)
7 0.60 1.88 +0.08 325£6 10.4 0.2
14 1.19 19.3+0.9 870 £ 20 62+1
21 1.79 71+3 1430 + 30 157 +3
28 2.38 164 +7 2000 * 40 296 £ 6
35 2.98 310 £ 10 2570 + 50 480 + 10
42 3.58 500 + 20 3140 * 60 710 £ 20
49 4.17 740 £ 30 3710+ 70 980 + 20
56 4.77 1030 £ 50 4280 + 80 1300 + 30
63 5.36 1380 % 60 4850 + 90 1660 + 30
70 5.96 1770 £ 80 5400 + 100 2070 + 40
77 6.55 2200 + 100 6000 + 100 2520 + 50
84 7.15 2700 + 100 6600 + 100 3010 + 60
91 7.75 3300 + 200 7100 + 100 3550 + 70
98 8.34 3900 + 200 7700 + 100 4130 + 90
105 8.94 4500 + 200 8300 + 200 4800 + 100
112 9.53 5200 + 200 8800 + 200 5400 + 100
119 10.13 6000 * 300 9400 + 200 6100 + 100
126 10.72 6800 + 300 10000 + 200 6900 + 100
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Table 4.06. Measured Isotope Ratios in Plutonium 4
and their 10 Uncertainties.

Isotope Ratio Value

240py /239Py (4.4 £0.2)x104
238Py /239Py (5.2 £0.3)x107
238Py /240Py (1.17 £ 0.09)x10-3

The Pu isotope ratios measured in Plutonium 4 are reported in Table 4.06
with their 1o uncertainties. The ratios were measured a total of 12, 11, and 11 times
each for 240Py/239Py, 238Pyu/239Pu, and 238Pu/240Puy, respectively. The 238Pu/239Py,
240Pu /239Py, and 238Pu/240Pu isotope ratios are plotted as a function of fuel burnup
in Figure 4.07 as estimated by the 1 and 4 MW X-10 reactor models burned in MCNP6.
Errors in the MCNP simulations are reported by error bands expanded to the range
of 20 and were estimated using the errors of the relevant thermal neutron capture
cross sections and the stochastic errors from the reaction rates as reported by MCNP.
The experimentally measured isotope ratios of Plutonium 4 are plotted as a black

sphere with error bars representing the range of the 95% CIL.
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Figure 4.07. Reactor Discrimination of Plutonium 4. (A): Pu isotope ratios as a function of burnup from the 1
and 4 MW X-10 reactor models compared to Plutonium 4. (B): The same information is projected onto the three
spatial planes to provide a different representation of the position of Plutonium 4 in relation to the reactor
models. The Plutonium 4 error bars represent the range of the 95% confidence interval, while the model error

bands are expanded to cover the range of 2¢.
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Initial inspection of Figure 4.07A indicates that the measured isotopics of
Plutonium 4 are consistent with discharge from the X-10 reactor. Closer inspection
of the projections in Figure 4.07B shows that the measured isotopics of Plutonium 4
overlap significantly with the 1 MW model on all three projections but do not overlap
with the 4 MW model on any projection. This indicates that the measured isotopics
of Plutonium 4 are more consistent with discharge from the 1 MW reactor model,
which was known to operate from November 1943 - May 1944. This result is
consistent with the chronometer measured in Figure 4.04 indicating separation in
early 1944.

Fuel burnup at discharge was estimated by determining the point of closest
approach between the centroid of the measured Pu isotopics and the centroid of the
1 MW model curve from Figure 4.07A. The point of closest approach was determined
as the minimum distance between the measured ratios and the model curve,
calculated using the standard distance formula. This distance is reported in Figure
4.08 as a function of burnup. The point of closest approach occurred at a model
burnup of 7 + 2 MWd/MTU. The error in burnup was estimated by setting the range
of its 10 uncertainty equal to the highest and lowest burnups within 1o uncertainty
of closest approach. This may be visualized using Figure 4.08 by drawing a line
tangential to the upper error band at closest approach. The two points where this
tangent line intersects the distance line sets the bounds of the 10 uncertainty in the

burnup measurement.
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Figure 4.08. Closest Approach Approximation of the 1 MW Reactor Model. The distance between the
measured Pu isotope ratios and the 1 MW model curve as a function of burnup (left axis). The point of closest
approach and its 1o error are represented by the square point. The Gaussian distribution of the measured burnup
(red line, right axis) is compared to the declared burnup (blue line).

The declared fuel burnup of 3.6 MWd/MTU for the X-10 reactor is shown as a
vertical line without error in Figure 4.08; however, itis noted that the technique used
to measure burnup in the X-10 reactor may have been prone to error (12). At the
time, reactor operators monitored burnup by measuring the temperature of the
cooling gas as it left the reactor core (12). Such a measurement may not accurately
reflect the burnup of each individual fuel channel within the core. Thus, the
measured burnup reported here is considered to be in general agreement with the
declared burnup from the X-10 reactor. Table 4.03 indicates it would take between
175 - 323 d to produce fuel at a burnup between 5.0 - 9.2 MWd/MTU (the 10 range
of estimated burnup) during the 1 MW operation period. This is consistent with the

known operation period of approximately 211 d for the 1 MW power level.
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4.5 Trace Metal Analysis

The Clinton Pu produced at X-10 was purified through the bismuth phosphate
process in large batches prior to shipment to Los Alamos (110, 199). Some of the
metals commonly associated with this process include Bi, La, and Ce, along with some
of the lighter d-block elements such as Fe and Zr (12). After arrival at Los Alamos, it
was realized that the Clinton Pu required further decontamination before it was
suitable for use in weapons research and development (110, 111). The adopted
solution to this problem was reported in May 1944 and was first performed on
milligrams of Clinton Pu as early as March 1944 (111). Although the final Pu product
met the required purity specifications, multiple lots of Clinton Pu were indicated to
possess trace Li, Be, Na, Mg, Al, Ca, and Th in addition to all of the previously
discussed metal impurities.

The four Plutonium samples investigated here were assayed for trace metals
using ICP-MS before and after chemical separation, as reported in Figure 4.09. For
most elements assayed, a positive identification was only made if a metal’s isotope
ratios matched the natural values. In all cases where an isotope ratio did not agree
with the natural value, an interfering isobar was always identified, and corrections
were made. No FPs were identified in any of the four Pu samples. Positive
identification of monoisotopic elements was only made if no possible isobaric

interference existed for the given mass bin.
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Figure 4.09. Trace Metal Analysis of Plutonium 4. This periodic table has been color-mapped to the
identification of various trace metals in the four Pu samples. Positively identified elements (natural or exotic) are
also indicated with a border for grayscale viewing. Metals which are known impurities in Clinton Pu have been
earmarked in the upper-right corner. An exotic species is any species which was not observed with a natural
isotopic distribution.

The 13 known trace metal impurities of Clinton Pu are indicated by an
earmark in the upper right corner in Figure 4.09; 12 of these impurities were
positively identified in the Pu samples. The trace metal content of Clinton Pu was
observed to vary slightly by each lot sent to Los Alamos, so the absence of Be in these
samples is still consistent with the documented trace metal content reported during
the Manhattan Project (111). The identification of La, Ce, and Bi is an indication that
this material was previously separated using the bismuth phosphate process. The
trace metals which are positively identified here, but not in the previous Manhattan
Project report, were present on the order of 100 ppb or less. These concentrations

were below the detection limit of any element in their report (111).
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4.6 Forensic Conclusions

The masses of Plutonium 1, 2, and 4 were assayed via alpha spectrometry and
found to be significantly lower than suggested by their labeling. This suggests the
three samples were used as solid stocks of Pu and material was removed after their
initial containment. Isotopic analysis indicates all four samples are of super-grade
quality, consistent with known samples of Clinton Pu.

The chronometric ages of Plutonium 1, 2, and 4 are reported as April 1954 +
24 months, December 1947 * 22 months, and February 1944 * 11 months,
respectively. This indicates that Plutonium 4 was last chemically separated in the
earliest days of weapons science, dating back to the first shipments of Clinton Pu
from the X-10 reactor to Los Alamos. The isotopics of Plutonium 4 match
exceptionally well with the X-10 reactor model at 1 MW operating power, and the
fuel burnup predicted by the 1 MW reactor model is consistent with the documented
fuel burnup discharged from the X-10 reactor. These results support the production
age of Plutonium 4 in the early half of 1944 by the X-10 reactor, which produced less
than one kilogram of Pu before switching to the 4 MW operating level. The trace
metals identified in the four Pu samples are consistent with the known metal
impurities of Clinton Pu as reported during the Manhattan Project.

For all of these aforementioned reasons, it is concluded that Plutonium 4 was
produced as Clinton Pu from the X-10 reactor during the second World War, and is
among the first kilogram of Pu ever produced by humankind in the early half of 1944;

this sample represents the oldest identified reactor-produced Pu in the open
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literature as of October 2019. The similar Pu isotopics of the other three samples are
consistent with production as Clinton Pu, however there isn’t enough 238Pu or 234U

in those smaller samples to confirm their identity as Clinton Pu.
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CHAPTERV

SUMMARY OF RESEARCH AND FUTURE WORK

All work performed within this dissertation aimed to move the field of nuclear
forensics forward with new analytical tools to discriminate the history of special
nuclear material. Several radioanalytical characterizations were performed on
samples of irradiated UO:2 containing weapons-usable Pu to support the
development of a novel reactor-source discrimination methodology (44). The
characterizations performed herein were used to correctly discriminate the
irradiation history of those irradiated UO2 materials with the forensics methodology
and provide a precedent for future applications of the methodology in studies of
newly irradiated materials (53). Future studies of newly irradiated low-enriched U
(LEU) would benefit from following Chapter II of this dissertation and applying some
of the separation techniques discussed in Chapter III for a more thorough evaluation
of the Cs and Ba fission products. Such LEU samples are expected to arrive for
analysis with the Texas A&M forensics collaboration within the next year.

In continued support of the methodology, larger samples of Pu up to 60 mg
were separated at Los Alamos National Laboratory to provide a characterized
procedure for applying the methodology to samples of separated weapons-grade Pu.
Such work may be used as the basis for a future forensics study of large quantities

(grams or more) of interdicted Pu. These potential new studies would need to
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dissolve at least a 5 g sample of Pu and process it through the procedures as
discussed in Chapter III of this dissertation.

The work reported here also used traditional tools in nuclear forensics to
discriminate and confirm the history of what is currently known to be the world'’s
oldest reactor-produced Pu. The forensic investigation used to discriminate the
origin of this historic material brought the scope of reactor discrimination forward
in a significant way, providing a measurable distinction between the discharge of fuel
between different operating power levels of a single nuclear reactor.

Appendix A and Appendix B describe some aspects of nuclear forensics as it
applies to the PUREX process, which is the most common liquid-liquid extraction
procedure used to separate weapons-grade Pu from irradiated U reactor fuel (185).
Preliminary work presented in Appendix B indicates that some FP and actinide
elements are affected differently by altering the extraction conditions used in the
PUREX process; therefore, by carefully studying the extraction chemistry of each FP
and actinide element, it may be possible to identify forensic signatures which
describe the extraction conditions used to purify a sample of weapons-grade Pu, or
from which stream of the PUREX process a sample of Pu was discharged. Future work
in this area should focus on applying process-engineering models to observe trends
in FP and actinide extraction chemistry based on a solution’s temperature, acidity,
uranyl nitrate concentration, and extractant saturation (186). A careful observer may
find some FP or actinide nuclide ratios which are indicative of the extraction

chemistry used to purify the Pu
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APPENDIX A

LIQUID-LIQUID EXTRACTIONS

Liquid-liquid extractions have been investigated for weapons research since
the beginning of the US program in 1943 (110). These extractions are performed by
mixing a liquid phase containing an extractant with another immiscible liquid phase
containing one or more species desired for extraction. The most common
applications extract desired species from a mineral acid aqueous phase into a
hydrocarbon organic phase containing an extractant. Discussion in this section will
assume material is being extracted from an aqueous phase (aq) into an organic phase
(org).

The extraction yield of a species is determined using Equation A.01 where m

is mass, subscript i refers to the initial state, and subscript frefers to the final state.

my, Maq,r — Mag,i
Morg + Mgq Mag,i

The first solution of Equation A.01 is the most thorough solution that
generally provides the most accurate measurement. The second solution is only used
when the mass of the constituent in the org phase cannot be measured due to an
experimental constraint. The challenge with the second solution is that it cannot be
used if the initial and final masses in the aq phase are within experimental error.
Figure A.01 shows that the smallest extraction yield which can be measured using

the second solution at 2 sigma with a 2% measurement error is 7.7%.
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Figure A.01. Limitations in Measuring Extraction Yield. This figure demonstrates the lowest extraction yield
and D-value that may be measured when using the second solutions of Equations A.01 and A.02 at 2 sigma with
2% measurement error. This limitation arises from the measurement error of the initial and final aqueous phases
overlapping. An extraction yield or D-value measured below this limit using the second solutions is generally

below the detection limit.

Distribution coefficients (D, D-values) are the preferred extraction metric
when extraction yields are exceptionally high or exceptionally low. D-values may be

calculated per Equation A.02 where V is the volume of a phase.

_ morg/Vorg _ (maq,f - maq,i)/Vorg _ E V;zq (A 02)
maq/Vaq maq,f/vzzq 1-E Vorg

The first solution should be used whenever possible. The second solution should only
be used when the org phase cannot be assayed directly, as it suffers from the same
problem as extraction yield. Per Figure A.01, the smallest D-value that may be

measured using the second solution at 2 sigma with a 2% measurement error is
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0.083. The third solution is useful to convert between extraction yields and D-values.
It should be noted that increasing the org/aq phase ratio will always increase the
extraction yield but will never change the D-value. Asymmetric phase ratios are
routinely used to maximize extraction yields.

Another metric commonly used in liquid-liquid extractions is the
decontamination factor (DF). The DF describes how effectively one species has been
separated from another and may be calculated using Equation A.03 where species 1
is being separated from species 2 from an aq phase into an org phase. The second
solution to this equation is only applicable over a single extraction step.

mz,aq/ml,aq _ D,

DF = =
mz,org/ml,org D,

(A.03)

In the case where a single “contact” does not extract enough of the desired
material, a series of extractions may be performed until the extraction requirements
are satisfied. These series of extractions may be performed cross-currently or
counter-currently. Cross-current extractions are described in Figure A.02 with five
example extractions. The “feed” represents the initial ag medium prior to any
separation; each extraction occurs from left to right. Each org phase is set aside after
extraction and all org phases are combined at the end of the process. The feed is
extracted multiple times until all of the desired material has been extracted. Cross-
current extractions are effective at extracting all of the desired material, but they also

extract a large amount of undesired material and result in relatively low DFs.
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Figure A.02. Cross-Current Extractions. Cross-current extraction schematic in a five-stage extraction. The red
circle indicates a stage where the aq phase resembles the feed; black circles indicate stages where the solvated
content in the aq phase is significantly different than the feed. The org phases are set aside after extraction and
are finally combined after all extractions are completed. This results in high extraction yields with relatively low
decontamination factors.
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Figure A.03. Counter-Current Extractions. Counter-current extraction schematic for batch extractions in a
five-stage process. The red circles indicate stages where the aq phase resembles the feed; black circles indicate
stages where the solvated content in the aq phase is significantly different than the feed. F indicates the addition
of fresh feed, and S the addition of fresh solvent. The aq and org phases from previous extractions are used as the
initial ag and org phases for future extractions. Arrows pointing towards the right always indicate the flow of aq
phases, while arrows pointing to the left always indicate the flow of org phases. The final product is represented
by orgr and features high extraction yields with high decontamination factors. The other org phases do not
represent the final product and do not feature high extraction yields.
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Counter-current extractions are generally more complicated as shown using
a batch model in Figure A.03. These extractions use the aq and org phases discharged
from a previous extraction as the initial aq and org phases for a follow up extraction.
Counter-current extractions are a powerful tool used to extract the entirety of one
species while maximizing its decontamination. While the scheme in Figure A.03 must
be followed for batch extractions in a laboratory, it is only a representation of
counter-current extractions as they are performed in industrial facilities. Some
processing facilities use centrifugal contactors to perform a multi-stage counter-
current extraction within one device (210).

The speciation of an extracted species may be solved using a combination of
slope analysis and instrumental characterizations. In slope analysis, the D-value of
extraction is plotted as a function of extraction parameters such as acid
concentration or extractant concentration. The equilibrium equation of the
extraction may be solved where the total charge on the extracted species is left as an
unknown variable equal to the slope of the plotted function. These slopes have been
used to determine the speciation of an extracted species extensively in the literature
(211-215). Multiple modes of instrumental characterizations are also available to
determine the speciation of an extracted species. Some recent works report using
techniques such as Fourier-transform infrared spectroscopy (FTIR), x-ray
absorption spectroscopy (XAS), and molecular dynamics simulations (MDs) to

determine speciation (216, 217).
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APPENDIX B

THE PUREX PROCESS FOR PLUTONIUM SEPARATIONS

The Plutonium Uranium Redox Extraction (PUREX) process has been the
dominant Pu purification scheme used world-wide since the first PUREX
reprocessing pilot facility was built in 1952 (185). The process utilizes tri-n-butyl
phosphate (TBP) as an extractant present on the order of 30% by volume in an n-
dodecane org phase to extract U and Pu out of irradiated U fuel solvated in HNOs. The
D-values for U and Pu extraction are not large, generally ranging up to 10 under most
conditions; however, its strength comes from the low D-values for most FP elements.
By utilizing counter-current extraction processes, the process features extremely
high FP DFs on the order of 10¢ - 108 with high U and Pu extraction yields = 99%
(185, 186). TBP is known to extract even valence An elements with neutral speciation
per Equations B.01 and B.02.

AnO3* + 2NO3 + 2TBP — An0,(NO3),TBP, (B.01)
An** + 4NO3 + 2TBP — An(NO;),TBP, (B.02)

The PUREX process as discussed herein was outlined in the proposed
Barnwell Nuclear Fuel Plant (BNFP) from the 1970s. This plant was built in Barnwell,
SC, to reprocess irradiated commercial reactor fuel but was ultimately shut down
prior to initial operations due to policy changes in the federal government. The
flowsheet for this facility is described in some detail in the literature (186, 210); a

representation is shown in Figure B.01.
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Figure B.01. Pu Purification Process Flowsheet. The eight major steps of the PUREX process as designed at
the Barnwell Nuclear Fuel Plant. Black cells indicate stages where Pu exists in the aq phase at equilibrium, red
stages the org phase. Temperature, acidity, U concentration, and the org/aq phase ratio change between each
step. Only the codecontamination raffinate is sent to waste; the other raffinate streams are recycled back to the
codecontamination step.
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The first step is referred to as “codecontamination” and involves separating
U(VI) and Pu(IV) jointly from the irradiated fuel solution. This step is practically the
most critical in the entire process, as it features the highest DFs and extraction yields.
As instituted at the BNFP, this step uses a 10-stage centrifugal contactor to perform
10 extractions in tandem via a counter-current extraction scheme.

Following codecontamination, U and Pu are partitioned from each other using
redox chemistry. As TBP only extracts even valence An elements into the org phase,
Pu is readily “stripped” back into the aq phase via reduction to Pu(IIl). This is
accomplished with redox agents such as Fe(Il), hydroxylamine, or catalytic
current (186). After partition, the Pu is further purified with two more extraction
steps to maximize the decontamination of the FP elements.

The D-values of Py, U, and the FP elements throughout the PUREX process is
a function of aq phase acidity, U concentration, and temperature. Some of these
trends are reported in Figure B.02 (186). In general, the D-values of extractable
species tend to increase with HNO3 concentration through Le Chatelier’s principle as
NO; is a reactant of extraction. The D-value is shown to decrease for all species as U
concentration increases. This is understood through competitive extraction - U is the
species with the highest D-value in solution, therefore increasing the concentration
of U present decreases the amount of free TBP available to extract other species.

Due to the nature of counter-current extractions, extraction conditions do not
need to maximize the D-value of Pu and U; if the extraction yield for a species is high

enough, a 10-stage centrifugal contactor will extract nearly 100% of the material. As
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the extraction yield of an unextractable species approaches 0%, a 10-stage
centrifugal contactor will extract the nominal extraction yield representative from a
single extraction. The BNFP takes advantage of this by choosing extraction
conditions which minimize the extraction of the FP elements to maximize DFs.
Examples of extracted and unextracted species in counter-current PUREX
extractions are presented in Figure B.03. These extractions were performed by the
author with a 3 M HNOs3, 0.85 M U022+ aq phase and a 30% TBP in n-dodecane org
phase at 40 °C with an org/aq phase ratio of 2.3/1. The nominal extraction yields of
Pu and Ru under these conditions were measured as 70% by a spectrometry and
1.1% by y spectrometry, respectively. The red circles indicate ag phases which
resemble the feed with a high concentration of U; the black circles indicate aq phases
which have a significantly lower concentration of U, and therefore higher D-values
for all species. The extraction yields of Pu and Ru in these black circles were
approximately 80% and 9%, respectively. The nature of these counter-current
extractions allows for the extraction yield of Pu to converge towards 100% in the
final product (orgr) as the number of stages increases past 5, while the extraction
yield of a FP such as Ru remains at its nominal value of approximately 1% (red circle

in the legend of Figure B.03).
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Figure B.03. Counter-Current Extraction Yields. The extraction yields of Puand Ru in a representative 5-stage
counter-current extraction process. Red circles indicate extractions where the ag phase resembles the feed, black
circles indicate extractions where the aq phase contains solved content significantly different than the feed.
Numbers represent extraction yield into the org phase at the given extraction. This diagram includes five feed
injections; therefore, the maximum extraction yield possible across a diagram is 500%. Extractions were
performed with the UO2 irradiated at the High Flux Isotope Reactor.

The codecontamination and partition extractions are the only steps in the
PUREX process where a significant amount of U is present. As such, it is expected for
the D-values of the FP elements in these early steps to be significantly different than
the D-values of the FP elements in the later steps, per Figures B.03 and B.04.
Therefore, the inter-elemental FP ratios within PUREX-separated Pu may indicate

from which stream the Pu was discharged - either prior to or after the partition step.
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This is currently an unexplored area in nuclear forensics, but it does present
challenges. Primarily, the PUREX process extraction conditions change between each
PUREX facility, so a wide range of extraction conditions would need to be tested to
make strong forensic conclusions. However, the changing PUREX conditions
between facilities may provide the capability to determine if a sample of PUREX
separated Pu is consistent with separation at a specific facility. In such a case, a
forensic database would need to be built containing the D-values of each FP at each
step in all declared PUREX facilities. This is certainly better done with an extraction

code than by batch extractions in the radiochemistry laboratory.
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conditions in the PUREX process. The black squares represent extractions where 50% of the TBP molecules are
saturated with U, the red circles 0.5%. Extractions were performed at 25 °C with the UOz irradiated at the High
Flux Isotope Reactor as described in Section 2.1.1.
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APPENDIX C

SAMPLE MORPHOLOGY IN NUCLEAR FORENSICS

Sample morphology is investigated during some forensic procedures and
checked for consistency against the documented morphology from production
facilities. Currently, sample morphology tends to hold less forensic information than
the other observables available, however it still produces valuable information. In
one investigation, the grain size of an HEU powder was used to determine that a
sample of smuggled U3s0s was not produced from a US weapons enrichment facility
(18). The TEM used revealed two dominate microstructures of UsOs with an average
grain size of 0.1 um, shown in Figure C.01 (18).

One forensic group from the University of Utah has determined that the
morphology of UO2 (and other U species) may reveal information about the chemical
pathway used to produce the material (73-77, 218). U ore concentrates (UOCs) are
precipitated from uranyl nitrate hexahydrate (UNH) solutions using NH4OH,
(NH4)2C03, MgO, or H202. The U species precipitated using these reagents are usually
called ammonium diuranate (ADU), ammonium uranyl carbonate (AUC), magnesium

diuranate (MDU), or uranyl hydroxide (UH), respectively.
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Figure C.01. Microscopy of Smuggled Us0s From Bulgaria. Morphology of interdicted highly enriched U30s
as seen by TEM. The TEM revealed two grain shapes, “oval to equant” grains (left), and “rod or plate-shaped”
grains (right). The average grain size of the material was significantly smaller than for highly enriched U30s
produced from US weapons enrichment facilities. Presented with permission from (18).

Recent work has shown the morphology of these UOCs are significantly
different immediately after precipitation, depicted in Figure C.02 (218) as viewed
using an SEM. In addition, the morphology of the ultimate UO2 product expresses
differences between each of the starting UOCs, shown in Figure C.03 (218). The
precipitation pathway applied in industry is dependent upon the properties of the
ore as it is mined; therefore, it may be possible to discriminate the range of facilities

that produced a sample of unknown UO2 based on its morphology.
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it > ' )
Figure C.02. Microscopy of U Ore Concentrates. Multiple UOCs were precipitated from a UNH solution and
viewed under an SEM to identify differences in UOC morphology. Most of the different UOCs express significantly
different sample morphology immediately after precipitation. Presented from an open access publication (218).

Figure C.03. U Oxides Produced from Different U Ore Concentrates. The same UOCs from Figure C.02 were
calcined at 800 °C then reduced with Hz to produce U oxides, presumably UO2. The oxides which were produced
still express significantly different morphology based on the starting UOC. Presented from an open access
publication (218).
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Figure C.04. U Oxide Morphology as Interpreted by an Artificial Intelligence. Comparison of the AI's ability
to identify complete particulates (left, blue outlines) versus an expert scientist (right, red outlines) The Al
generally identified the same particulates as the expert scientist. Presented with permission from (75).

These studies have begun using machine learning code to automatically
identify the features in the SEM of U oxides that may be used to discriminate the
precipitation method of the starting UOC (75). The artificial intelligence (Al) was
trained to identify “complete” particulates in the grain structure of the U oxide, then
document how those particulates change based on the precipitation method.

The comparison between Al and expert identification of complete
particulates in a U oxide material is shown in Figure C.04 (75). The Al was able to
distinguish some differences between U oxides produced from different UOCs, but
there is currently little understanding of what the Al is actually looking for.
Regardless, the eventual application of such techniques to samples such as those
shown in Figure C.03 may standardize the process of discriminating the production

facility which produced an unknown U oxide.
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As a radionuclide with a relatively high specific activity, the crystal structure
of 239Pu02 and metal structure of 23°Pu degrade over time as they are irradiated by
their own 5.5 MeV «a particles. Understanding this degradation in 23°Pu metal is
crucial to the US nuclear weapons program; the US no longer tests any of the
weapons in its nuclear stockpile, so we must use other methods to verify the integrity
of the 23°Pu metal “pit” in older weapons (219-222). The scope of nuclear forensics
has not yet extended into physical investigations of complete Pu pits, so these effects
are currently of minor interest to the field. A forensic scientist is much more likely to
investigate PuOz, which also experiences significant degradation over time.

These degradation effects have been identified in the Raman spectra of Pu0O:
materials (84, 223-225). One study annealed a sample of PuO2 to repair any prior age
defects then allowed it to age over a period of 2.4 y. The authors collected Raman
spectra of the PuO2 over time, shown in Figure C.05 (84); the spectra are focused on
the T2g band of the PuO2 material and the area immediately surrounding it. The Tzg
band was observed to broaden and two “symmetry-breaking” peaks were observed
to grow in as the material aged. The height of these new peaks was associated with
the density of “damaged sites.” Figure C.06 (84) describes how the T2g peak broadens
and how the two new peaks grow in over time. The figure reports that the aging
effects as measured by Raman are consistent with the change in the crystal structure
as measured by x-ray crystallography (XRD). These effects may be used to further

support chronometry in the age dating of PuO..
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Figure C.05. Raman Spectra of Aging PuO2. Raman spectra were taken over 2.4 y to assay the change in the Tzg
and surrounding stretches of PuO2 due to self-radiolysis. The Tzg stretch is shown to broaden over time, while
the new stretches grow in over time. The new stretches are associated with damaged sites in the PuO2 crystal
structure. Presented with permission from (84).
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Figure C.06. Quantified Degradation of Aged PuOz. (A) The change in the FWHM of the Tz stretch of PuO2
(black circles, left axis) over 2.4 years compared to the change in the lattice parameter (solid lines, right axis) by
XRD. (B) The peak height ratio of the new stretches to the T2g band compared to the changing lattice parameter
in aged PuOz. Presented with permission from (84).
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Figure C.07. Raman Spectrum of PuO2 Calcined at Multiple Temperatures. Samples of PuOz recently calcined
at three different temperatures were probed by Raman spectroscopy. The different calcination temperatures are
expressed by changes in the FWHM of the Tzg shift (479 cm-1) and the growth of its neighboring peaks. Presented
from an open access publication (224).

Pu is typically calcined to the oxide from the metal, carbonate, nitrate, oxalate,
or hydroxide form from temperatures between 300 and 1500 °C (208, 209, 226, 227).
The starting material used for calcination tends to impact the color of the final oxide
material, while the temperature of calcination has a strong effect on the dissolution
of the oxide material in various acids.

“High-fired” PuO2 calcined above 800 °C is infamous for being difficult to
dissolve in most acid systems (208, 209, 226, 227). The temperature at which PuO:
was calcined may also be observed from a Raman spectrum of the material, using the
same T2g and neighboring stretches as before. In general, higher temperature
calcinations produce PuO2 with fewer defects, resulting in a lower FWHM of the Tzg

peak and reduced prominence of the neighboring defect stretches, shown in
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Figure C.07 (224). Initially, these two different material properties (age and
calcination temperature) affecting the same Raman stretches confounds the ability
to use Raman for PuO: forensics; however, if the sample age is determined through
other means, it may be possible to deconvolute the contributions to the Raman
spectrum by the two material properties. This is currently an unexplored area in

PuO2 forensics.
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APPENDIX D

POST DETONATION NUCLEAR FORENSICS

The other side of nuclear forensics investigates materials which have been
exposed to a nuclear detonation to attribute properties of the detonating device. In
these cases, the material properties of most interest are typically related to the
design of the detonating device (86-95). Whether it was a 239Pu or 233.235U device
should be immediately apparent based on the isotope ratios of the actinide material
present in the debris and the ratio of Pu/U.

During detonation, multiple different materials are dispersed throughout the
debris. These materials include remnants of the fissile pit, structural components of
the weapon, activation products, and fission products. Close evaluation of these
materials within the surrounding debris may reveal information about the
detonating device (95). A large focus in post-detonation nuclear forensics is
therefore focused on dissolving this debris to isolate and measure these materials
(86-88). In support of that goal, some forensic labs have developed their own
procedures to produce surrogate material which is similar to debris in composition
(78, 92-94). In addition, the formation of vesicles in debris has been linked to the
hydrodynamics of detonation, which may correspond to some device properties

(91).
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APPENDIX E

THE PERIODIC TABLE OF THE ELEMENTS

The periodic table of the elements as it is known as of July 2020 (Figure E.01).
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Figure E.01. The Periodic Table of the Elements. The periodic table of the elements as of July 2020. The radioelements are indicated with an earmark
in the upper right corner of their symbol. Atomic numbers are listed above the atomic symbol. Molar masses are listed in units of g/mol below the atomic
symbol.
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