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Preface

The work presented in this dissertation was coredleetween August 2009 and
March 2014 during my tenure as a graduate studethei Department of Chemistry
and Biochemistry at University of Maryland, witreteummers of 2011 through 2013
spent at the Nuclear Forensics Technical Cent8aaannah River National
Laboratory. The chemistry and analyses for ttmifitom Chapter 4 were conducted
by coauthors in that paper. The chemistry perfaroethe bulk spent nuclear fuel
rods was performed by technicians under my observat the Shielded Cells
Facility at Savannah River National Laboratory. @ther chemistry and analyses
were conducted by myself at the University of Mand. Chapter 4 has been
submitted in the form of a journal article in theudnal of Radioanaltyical and
Nuclear Chemistry and is currently under revisiéil. other chapters represent

original work.
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Chapter 1: Introduction

1.1 Purpose of Work

Interdiction of nuclear materials have been ongdéarghe last two decades
with the quantities of nuclear material involvedgang from gram to kilogram
amounts (ITDB, 2013). The nuclear materials baimgiggled range from vials of
highly-enriched uranium (HEU) (Wallenius et al00B) to components of
reprocessed nuclear fuel (Moody et al., 2005).nFaonational security standpoint
the most likely use of nuclear material in a tagbased attack would be in the form
of a radiological dispersal device (RDD). Theseicks are simple and usually
incorporate a highly-radioactive source, such anspuclear fuel, and conventional
explosives with the goal to contaminate a largéorewith high-activity
radioisotopes. The potential for destruction iky@m the order of a building or two,
but the potential difficulty in dealing with thedi@aactive contamination can be very
expensive and challenging, not to mention the pytdnic that such a device might
produce.

The other, more serious, use of nuclear materialtise development of a
nuclear fission weapon. These are very compleicds\and would require a very
sophisticated organization or state support torezegisuch a device. The destructive
potential of such a nuclear device is large, wiglds ranging from kilotons to
megatons of TNT.

Detonation of both RDD and fission devices woulavketraces of their
original components in the resulting debris thatldgotentially be used to determine

the types of devices as well as their starting nadte Samples of this nature are



known as post-detonation materials. They can bga@mplex to analyze due to
changes in the chemical and isotopic makeup ofrthierials as a result of the
detonation process. While a simple RDD would nh&sty only adjust the elemental
compositions of the samples, based on the volatifithe source elements, a fission
device imparts changes on the isotopic level frafferént fission product yields as
well as the release of neutrons that undergo newutpture events with the original
material. In either type of device the originalteral will be mixed with natural
background materials.

To determine the source nuclear material of a RDB fission device, the
lanthanoids are an ideal elemental group to analyte lanthanoids are produced
via neutron induced fission of botftU and®**Pu, but in different amounts and
isotopic abundances. This allows investigatosrtalyze the lanthanoid isotopic
composition of materials that have been subjeadision events and determine the
fissile isotopes (Fuijii et al., 2000; Hidaka andddda, 1988; Loss et al., 1988; Maas
and McCulloch, 1990). Lanthanoids also contaimmlper of isotopes with
extremely large neutron absorption cross sectiditese high capture cross sections
result in depletion of certain isotopes (et/GGd) followed by a corresponding
enrichment in the A+1 mass isotopes (€-3Gd). By comparing the enrichments
and depletions in certain isotopic ratios relatwvéheir natural ratios, the neutron
fluence (n/crf) can potentially be calculated. Therefore, thesneement of the
isotopic composition of lanthanoid elements usiragsspectrometry can be a

powerful tool for nuclear forensic investigators.



1.2 Post-detonation Material - Trinitite

Urban post-detonation debris is extremely limii@slthe only occasions that
have produced such debris were in the nuclear baogrdifiNagasaki and Hiroshima.
The only other type of post-detonation samplesiaigd from nuclear weapon tests
conducted during the Cold War era. However, mdrfiase sites and their debris
are unavailable for researchers to sample. Anpgareis the Trinitity test site.

In the early hours of July 16 1945 the Trinity devivas detonated at the
White Sands Proving Ground, New Mexico. Trinitysran experiment&f*Pu
implosion device with &%Pu subcritical core surrounded by high-explosiveke
explosives were detonated, crushing the core imtitiaal geometry and exposing a
previously shielded initiator (Be) that produceditnens after capture of an alpha
particle (one of the main decay particles emittgdfPu). This initiator provided the
pulse of neutrons that started the chain reactibimately resulting in a ~20 k ton
explosion.

The Trinity test resulted in a fireball with tempaires approaching 1& that
vitrified the surrounding desert floor. The resdtglassy material is known as
trinitite and contains melted and un-melted comptsmef the original desert floor,
initial fissile material, bomb components, andibssproducts. Trinitite can be
viewed as a surrogate material for future nuclesia debris, and can be analyzed
to determine the original fissile material and mentfluence by examining the
isotopic composition of the lanthanoid elementer this work a sample of trinitite
was digested and the lanthanoid fraction was stgghtesing column

chromatography. The Nd and Gd cuts were analygeuunulti-collector



inductively coupled plasma mass spectrometry (ME-MS) to determine the type
of fissile material used in Trinity, along with thatal number of thermal neutrons

emitted from the explosion.

1.3 Pre-detonation Material — Spent Nuclear Fuel

Spent nuclear fuel from research reactors are itapbsources of pre-
detonation materials that are modeled for undedstgrnow their compositions
evolved during their burning and cooling histofjhis material differs from spent
fuel from power reactors due to the typically higharichment levels required for
research reactors (90-20% vs < 8%). Previousbgaech reactors used HEU (>90%
23) fuels, however, with concerns over the secwitthese fuels prompted the US
to transition to LEU (20%*U) fuels. Higher enrichment levels are required to
produce the neutron field necessary for experimsntd as neutron activation
analysis and neutron diffraction studies, carrietiai most research reactors.
However, these enriched fuels make research resitésra target for theft. The
high-level of radiation from fission products inesp nuclear fuel also makes this
material an ideal candidate for an RDD as well.

The composition of spent nuclear fuel from powercters is modeled using
programs such as Oak Ridge Isotope GENeration {G®80) (ORIGEN) and a
multi-step Monte Carlo burnup code (Trellue, 200DNTEBURNS). These codes
function by simulating the amount of fission evecdsised by a neutron flux on the
fuel rods. In each step the fission products amthematically exposed to the neutron

field and the resulting net isotopic compositiorcasculated. This result is then fed



back into the program, along with decay data, leefioe next cycle of fission events
are calculated, resulting in an iterative procesgetermine the final composition of
the fuel rod. These codes rely on knowledge ohthgtron field to which the entire
fuel rod has been subjected.

In the case of power reactors, the models have berechmarked against
analyzed spent nuclear fuel and have been showrotade accurate results
(Xulubana et al., 2008, Gauld et al., 2006; Ez\@89] Tait et al., 1995). This is due,
in part, to power reactors having consistent nuatese geometries. In contrast,
research reactors can have core geometries thaagar result of the experiments
being conducted. These variations in geometryatfaat the neutron fields via
absorption of thermal neutrons (e.g., activatiopegxnents and boron-neutron
capture) or the reflectors arranged in the comadgimize neutron fluxes at certain
experimental locations. The effect of these nonscient geometries on the
accuracy of ORIGEN and MONTEBURNS is unknown, Ih& &nalysis of

lanthanoid isotopic ratios can provide informatiorassess this issue.

1.3.1 Material Test Reactors

The goal of this work is to develop a method teed®ine the composition of
spent nuclear fuel, which in turn can be used florm studies on the type of facility
that produced an intercepted spent nuclear fuel Before these methods can be
fully applied, the current accuracy of the modeiesllts must be tested against actual
spent nuclear fuel rods from several different sypereactors to provide a more

thorough sample set. To that end, three speneautliels from material test reactors



(MTR) have been analyzed. The results will be usetktermine the accuracy of
ORIGEN and MONTEBURNS for spent nuclear fuel froesearch reactors. The
operating history of each of the MTRs is well kng\and an average neutron field
was determined and used in the models to prodtivecaetical nuclear fuel rod of
certain lanthanoid composition. The lanthanoidsavteen extracted from the
sampled fuel rods at Savannah River National LabofydSRNL) and analyzed via
MC-ICP-MS to determine their isotopic compositiofhe isotopic composition was
then compared to the modeled results to deterrhmadcuracy of the codes and
whether neutron experiments conducted at the MTétt&d the lanthanoid

compositions.

1.4 Dissertation Outline

1.4.1 Chapter 2

This chapter introduces the fundamental nucleacgs®es and properties that
are required to understand aspects of this rese@ifferences in fission yields
betweerf*U and?**Pu, including the effect of incident neutron enemye described.
The neutron capture cross sections are given &ntal neutrons for the stable
lanthanoid elements and a discussion is presemti@ anportance of incorporating

resonance capture cross sections.

1.4.2 Chapter 3

Here | review the method developed and processgleimented for the

chemical separation of the lanthanoids from boghttimitite and the three MTR spent



nuclear fuels. Chemical separation was achievadystion exchange
chromatography to isolate the lanthanoids frombili& trinitite and spent nuclear
fuel matrices. Subsequently, a chelator was ussdparate individual lanthanoids
based on ionic radii, prior to analysis on MC-ICFESb avoid isobaric interferences.
For trinitite, instrumental mass fractionation veasrected using both standard-
bracketing and isotope ratio internal correctiohijlevthe fuel rod samples required

standard-bracketing.

1.4.3 Chapter 4

Results and interpretation of a full suite of asalyof the trinitite sample, as
well as the Nd and Gd isotopic composition aregmed in this chapter. The trinitite
sample showed significant elemental variability &adicle abundance with
increasing depth in the melt pool. The Nd and s&dapic compositions revealed
non-normal ratios, a sign of fission product cdnitions and neutron capture effects,
with the Nd isotopes being more sensitive to fisgields, while the Gd isotopes
were more sensitive to neutron capture effectgnsSof &°U contribution to

Trinity's overall?**®Pu fission were also identified in the isotopic gasition of Nd.

1.4.4 Chapter 5

Results and discussion of the Nd and Sm isotopatyais of the spent nuclear
fuel rods from the three MTR are presented in¢hispter. The Gd cuts were not
analyzed due to the absence of a detectable sigina.Nd and Sm isotopes show
obvious deviations from natural isotopic compositiut the Nd isotopes agree

within 10% of modeled results. The model doespnetlict Sm isotopic abundances



as well as Nd, with differences ranging from 19%28%%. These large discrepancies
in model predictions are due to neutron captureti@as that are evidently not
modeled precisely. This is possibly a by-prodd@roincorrect neutron energy

spectrum being used to generate the ORIGEN results.

1.4.5 Chapter 6

Conclusions of the lanthanoid isotopic analysitrioitite and the three MTR
spent fuels are presented here. Future work @utkilscope of this project is also
described. Recommendations of method adjustmeaidescribed to improve the

yield and throughput of the presented methods.



Chapter 2: Nuclear Fundamentals

This chapter details the physical processes indoivexposing material to a
fission event and the resulting changes in isotopraposition that occur.
Specifically the fission events are explained atielear level; including the role of
neutron energy on both fission and neutron capueats. To understand these
processes the shell model structure of nucleitisduced and then radioactive decay

processes are described in order to give contexg¢wtron capture and fission events.

2.1 Nuclear Structure and Stability

Determining significant information from materiad\ing a mixture of natural
and fissionogenic isotopic abundances of lanthan@duires a thorough
understanding of nuclear orbital structure, patimlicleus interactions, and
radioactive decay. Atomic nuclei consist of pr@@md neutrons that occupy
independent orbitals in what is known as the SWelllel (Choppin et al., 2002).
The nuclear orbitals are arranged according toZEigand, in general, atomic nuclei
are more stable when they have full or half-fultlear orbitals, similar to full and
half-shell electron orbitals. Neutrons and protbihguclear orbitals independently
of one another and also will pair up while filliag orbital. There are regions where
groups of nuclear orbitals are separated by laiffereinces in energy. This
separation of nuclear shells gives rise to “magimbers” that are completely full
nuclear shells that are below the next level'sdaggergy barrier.

Insight into the stability and reactivity of a nek is a function of the

arrangement and number of nucleons. If a nuckeakse to a full or half-full



orbital, then the nucleus is more likely to papfate in a reaction with a free nucleon

in an attempt to reach a full or half-full orbitdNuclei that have a magic number of

neutrons or protons are typically stable and rastsb any process which would

change the number of nucleons present.
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A nucleus, formed from its component nucleons,afisal mass that is less

than its components. This “missing” mass, knowthasnass defect, can be

calculated using Eq. 2-1:

Zp + Nn = 4Xy + Am

10

(2-1)



whereZ represents the number of protons (atomic numbergpresents the number
of neutronsA represents the atomic mass, dma represents the mass deficiency.
The mass defect is the binding energy that holdteouns together. The conversion
from mass to energy units is accomplished by apglffinstein’s E=mtequation.
The theoretical value of the binding energy) of a perfectly spherical nucleus can
be calculated based on the number of neutr®fisnumber of protonsZ)), mass of
the nucleus4, amu), and several experimentally derived constamgs, ¢ s s) Using

the semi-empirical mass formula (SEMF) given by E@:

N2 2
W=7 2 A?/3 4 25 (2-2)

EB(MeV) = ayd —aq a4 ac VRE — dg — 43/4

The five constants can be determined by compaaigutated binding

energies with actual binding energies with resgliralues ofa, = 15.5;a, = 23;

ac=0.72,a; = 16.8, anths = 34. The SEMF gives good agreement for masses
when A > 40 and has five major terms. The firaintelescribes the proportionality of
binding energy to the total number of nucleonsieniucleus and is known as the
volume energy term. The second term describebdlaance in the number of protons
and neutrons and is known as the asymmetry terne. tHird term represents the
Coulomb repulsion force from protons and the fotetim describes the effect of
surface tension. The final term describes addilistability and instability caused by
even — even N:Z nuclei and odd-odd N:Z nucleie Térm is added to the SEMF
when the binding energy of an even — even nuckeualculated and subtracted for an
odd — odd nucleus. When a nucleus is even — odtl@dNZ:N) there is no overall

effect on the binding energy, and the last terthés set to zero.
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Total binding energyalone does not provide much insighthe stability of ¢
nucleusas smaller nuclei have lower binding energies capgt heavier nucl,
due to thdirst term in the SEM. Therefore, more informaitn is gained kt
investigating théinding energy per nucleon E/n) whendiscussing nuclei stabilit
The trend of BE/with mass can be observedFig. 22 where nuclei with E/n to
the left of the maximun®Ni, close to°®Fe)gain more stability (higher BE/n) wi
increased mass (increasing x val, compared to the heavier mass nt, which
gain stability by losing mass (decreasing x valudg)e peak £°Ni represents th
point at which the volume term no longer outweities other destabilizing termr

resulting in overall decreasing stabilityth increased mass.
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Figure 2.2 Mass vs binding energy per nuclefrom Wikimedia Commor (2009).

Observing the asymmetry term on the SEMF showsath#te mass of tt
nucleus increases the stability of maintaininglaN:Z ratio begins to decrea

12
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Nuclei with mass < 20 are most stable when tha&tqgor to neutron values are equal.
However, when nuclei begin to have masses grdaaer20 the Coulomb effect
results in stable nuclei having a N/Z ratio clazd 2-1.4 (Choppin et al., 2002), thus,
there is a balancing of the asymmetry term withGoelomb energy term. If a
nucleus is too large or if there are an exces®ofrons or protons, compared to their
stable mass isotopes, the nucleus will undergmeative decay.

There are multiple types of radioactive decay &haticleus can undergo to
return to stability, depending on the mass andndtio of the unstable nucleus. As
the Coulomb term is directly related t6vhile the asymmetry term is related to
(N-Z)?, the most obvious method of reducing instabikitypy reducing the number of
protons. The most direct method to reduce thebauraf protons while not
significantly affecting the asymmetry term is viaiding ana-particle (helium

nucleus) as illustrated in Eg. 2-3:
2X - 423V + 32?2t + Q (2-3)
The Q value in the Eq. 2-3 represents the energy redefasm radioactive

decay. If the value is positive then the reaction is favoreddour, whereas if the

value is negative the decay will not occur. Thealue is the amount of mass lost

from the reaction converted to energy using Eq. 2-4

Q(MeV) = 931.5[m(4X) — m(425Y) — m(3a)] (2-4)

13



where the 931.5 is the conversion factor from atomass units to MeV. Alpha
decay removes two protons and, thus, lowers thierai€oulomb repulsion while
the BE/n remains essentially unchanged due to-berticle having approximately
the same BE/n as the parent nucleus (Loveland,&tGfl6). An example of this is the
alpha decay of*®U to **Th with a change of BE/n from 7.58 MeV to 7.61 Mefth

the alpha particle having a BE/n of 7.08 MeV.
In many unstable nuclei th@ value for alpha decay is positive, but not large

enough to enable the alpha particle to tunnel btlie@Coulomb barrier from the
nucleus (potential energy wall) in an observabteetscale. Therefore, a different
radioactive decay mode, knownfaslecay, occurs that changes the number of
neutrons or protons. In the event of an exceseofrons the atom will undergo
radioactive decay to convert a neutron to a profbims mode of radioactive decay is

known a$}” decay and is illustrated in Eq. 2-5:

92X - 2A4Y+ B+ . +Q (2-5)

Two patrticles are emitted from the nucleus dufindecay: & particle (&
and an electron anti-neutrin@,). The presence of the anti-neutrino meansfthat
decay is a 2-particle decay and thusfihgarticle has a continuum of energy instead
of being mono-energetic like alpha particles. Tdesomes important later on when
discussing safety due to ionizing radiation fromioactive samples.

There is also thg" decay mode, which is the decay of a proton to @roeu

This occurs in proton-rich nuclei in the form of . Ex6:

14



9X - A4V + B+ Qv +0Q (2-6)

Again two particles are emitted from the nucledbfoing p* decay: &°
particle (&, positron) and an electron neutring). Thep” particle annihilates upon

contact with an electron and therefore has a Vieoyt difetime.
A competing reaction tp* decay involves the nucleus “capturing” an electron
which subsequently reacts with a proton to forneatron and an electron neutrino,

as shown in Eq. 2-7:

X+ el ,4v+ v, +0Q (2-7)

This reaction occurs in nuclei not unstable enaeghave the energy potential
to create a positron. For the purpose of this wibré& neutrino and anti-neutrino will
be ignored as these particles play no direct roleeutron capture reactions, and both
particles have a relatively small potential to ratg with matter compared to neutron

reactions of interest.

2.2 Neutron Capture

Neutron capture involves a nuclegg,, capturing a nearby free neutron, as

shown in Eq. 2-8, and results in the formation obepound nucleu$tlx*:

X+ n->41x*+ 0 (2-8)

When a nucleus captures a neutron the neutron gigsuhn energy level

corresponding to the combined neutron’s kineticgynand the) value for the

15



capture reaction. Th@ value for the capture reaction is the binding gn@f the

last nucleon captured. This means that when aaoreig captured by a nucleus, the
compound nucleu$tlx*, is formed and immediately exists at excitatiorels on
the order of 3-6 MeV. Depending on the energyhefaéxcited state the compound
nucleus can reach the ground state via a variedgtodns, such as loss of one or more
nucleons, emission of gamma rays, or fission. rieatei in the lanthanoid mass
region the predominant reaction is gamma ray eonsand a resulting nucleus one
mass larger than the original nucleus.

The likelihood that a nucleus captures a neutratefged as its neutron
capture cross-sectiond), which is measured in barns (1 barn is equivalent
to 10%*cn?). This capture cross-section parameter is inftedrby the neutron
orbital configuration of the original nucleus aslvees the neutron’s energy. Due to
the tendency of nucleons to want to exist in pagscally nuclei with unpaired
neutrons are more likely to capture free neutrensreot have their compound nuclei
decompose. This tendency is observed when focusinatural isotopes of Nd, Sm,
and Gd, as shown in Table 2.1, where all the nareghaneutron isotopes have
considerably larger neutron capture cross-sectiongared to their paired

counterparts.
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Table 2.1: Neutron orbital configuration and therma neutron capture cross
sections for stable, even proton number lanthanoiddunford and Burrows,
1999).

Cross section

Element Neutrons Neutron Shell Saturation (b)
1:Nd 82 1h11/2 12/12 18.7
1Nd 83 1h9/2 1/10 325
14Nd 84 1h9/2 2/10 3.6
Nd 85 1h9/2 3/10 50
146N d 86 1h9/2 4/10 1.5
L4ENd 88 1h9/2 6/10 2.6
5™Nd 90 1h9/2 8/10 1.04
145m 82 1h11/2 12/12 1.63
14S5m 85 1h9/2 3/10 57
14gm 86 1h9/2 4/10 2.4
145m 87 1h9/2 5/10 40,000
155m 88 1h9/2 6/10 100
1%25m 90 1h9/2 8/10 206
1%Sm 92 1h9/2 10/10 8
1%:Gd 88 1h9/2 6/10 735
1%Gd 90 1h9/2 8/10 85
1%Gd 91 1h9/2 9/10 60,000
1%¢Gd 92 1h9/2 10/10 2
15Gd 93 2f7/2 1/8 250,000
1%Gd 94 21712 2/8 2
15Gd 96 21712 4/8 1

If a nuclei’s neutron shell is one neutron awayrfra half or full-shell, the
capture cross section can be greatly enhanced cethfzaneighboring isotopes.
This enhancement is due to a resonance level egtiad Q value for the capture of a
neutron by the target nucleus, which decays rapalthe ground state through
emission of gamma rays. Examples of this incft?d®d (one less neutron) and
157Gd +'**Nd (one excess neutron), all of which possess lamgss sections than
their full shell counterparts when considering thar (0.025 eV neutrons). Itis
important to note that, whifé°Sm exists in a half-shell configuration, the stiapil

gained by having that lone neutron paired with beofree neutron results in that

17



isotope having a capture cross section of 40,0010 times greater than any other
Sm isotopes.

Neutron capture cross sections are dependent droneenergy K), width of
excited nucleus energy levels)(and momentum of the neutron (k). The neutron
capture cross sectiom,{,,) can be calculated using the spin of the target and
compound nuclei ¢k) and the energy of a single isolated lewgl)(by using the
Breit-Wigner equation given by Eq 2-9:

o _ (2Jc+1) Fnry
WY k2 (2)4+1)(2) (E_Eo)z+@2

(2-9)

As neutron energy decreases to thermal (0.025(Et— E,)? term is no
longer dependent on neutron energy and therefoiz&gimplifies to%. However,

I, is dependent on neutron energy and thereforertdss section ultimately goes to
1/k and therefore increases with decreasing ne@mnengy. This can be observed by
the overall decreasing neutron capture value witheiasing neutron energy f6¥Sm

shown in Fig. 2.3.
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Figure 2.3: Capture cross section dependency omameenergy for*’Sm from
Chadwick et al. (2011).

The overall trend corresponds to a decrease inoregapture cross section
with increasing neutron energy. We will considetigtinct energy regions of
neutrons: thermal, slow/intermediate, and fastbl@ 2.2 breaks down the energy

spectrums associated with the 3 regions.

Table 2.2: List of neutron energy

regions.
. Energy Range
Region (MeV)
Thermal 2.5x 19
Slow/Intermediate 2.5 x 10- 0.5
Fast >0.5
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Nuclei have the largest capture cross sectionth&ymal neutrons. This is
primarily due to the wave-particle duality of neuts. When a neutron is at low
energies, in this case ~0.025eV, the neutron’s dglBivavelength becomes larger
than its physical cross section. Therefore, csessions increase with decreasing
energy at sub-thermal neutron energy levels.

In the slow/intermediate region of Fig. 2.3 there marked oscillations in
capture cross sections, which are known as reserlamnels. Resonance levels
represent single energy levels which are exactlyaktp the energy of the incoming
neutron and the binding energy for that neutit®s-=(E,), resulting in a sharp
increase and decrease in neutron capture croghe tase of*’Sm the resonance
peaks populate the 2 eV — 2000 eV energy rangeamtbe higher than the cross
section value at thermal energies. The largesnase peak at ~2.5 eV is ~3 X 10
which is significantly greater than the thermalssgection value of ~50 b.
Therefore, calculations requiring high accuracy pregision concerning neutron
capture by*’Sm must consider thermal and slow/intermediaternestas possible
capture targets. The resonance at ~2.5 eV muskke into account, as well as that
for thermal energies.

Neutrons in the fast region have neutron captuyesesections that are orders
of magnitude lower than lower energy neutrons foisatopes of interest
investigated for this study. Therefore, fast n@ugrare assumed to be
inconsequential for this study. Fast neutronsvawee likely to undergo inelastic
collisions with surrounding nuclei and lose energyter multiple collisions,

typically 20 collisions which occur in the milliseed range (Marmier, 1969), fast
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neutrons will thermalize and begin to participateeutron capture reactions with
isotopes of interest. There will be some losseaftrons during the thermalization
process due to (n, particle) reactions or escapewtrons from the sampling

environment prior to capture reactions.

2.3 Neutron Induced Fission

Fission occurs when the parent nucleus can acliéwgher Be/N by forming
two smaller nuclei. As shown in Fig. 2-2 the bmglenergy per nuclei reaches a
maximum around®Ni and then subsequently decreases with increasass. This
decrease in binding energy per nucleon means #aatyimuclei can achieve
additional stability by splitting into two smallauclei. There exists a fission energy
barrier which must be exceeded before fission canmo For some neutron capture
reactions the resulting compound nucleus is formigd enough energy to overcome
the barrier and subsequently fission.

Neutron induced fission 6f°U and®**Pu is a significant research topic as
these are the prominent fissile materials for neteeeactors and fission weapons.
With thermal neutrons (0.025 eV) the correspondixgjtation energies for the
compound nucleéi*®U and®*®Pu ¢*U and**%Pu post-neutron capture) are both 6.5
MeV and the fission barriers are between 5-6 Mekg(ipin et al., 2002) so these

compound nuclei typically undergo fission.
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Figure 2.4: Cumulative thermal neutron fission ggefor?*U and®**Pu. Data

modified from Nichols et al. (2008).

Fission products have differing yields dependingtenparent fissile nucleus
and the energy of the incident neutron. The fisgimduct distributions shown in
Fig. 2.4 reveal two distinct mass regions of prasiticat do not follow a Gaussian
distribution around the half mass of the fissileleus. Instead, the fission products
group into light and heavy-fission products clustearound neutron magic numbers
of 50 and 82, which correspond roughly to massesn@0137.

When a fissile nucleus captures a thermal neuthencompound nucleus
exists in an excited state comparable to its fisbiarier. The excited nucleus, which
behaves somewhat like a drop of liquid, oscillatés two semi-stable nuclei, which
will then break free of the compound nucleus duthegfission event. When a fast
neutron is captured the resulting compound nudasists in an excited state far
above its fission barrier, and exists for too slagoeriod of time to form two semi-

stable fission fragments and instead breaks afg#. influence of neutron energy is
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apparent in Fig. 2.&here the 14 MeV neutron induced fissior>**U has a mucl

more symmetrical distribution around mass 118 coeypto thermal neutron induc

fission.
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Figure 2.5 Cumulative fission yields of neutron inducediis of***U with thermal
and 14MeV neutrons fronLamarsh (1966).

Constraining the energy of the fission inducingtnauis very importan
when attempting to determine the influence of isgproducts on natural isotof
abundance materials. Higher energy inct neutrons can change cumulat
fragment production by up to 30¢Chadwick et al., 2006)lt is also important t
precisely identify the parent fissile material #edent fissile materiad will also

produce different fission yield spectru (Fig. 2.4).
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The light-mass and heavy-mass fragments have ceaiproton numbers
equal to the fissile nucleus. The neutron numbergiever, are different due to 2-3
neutrons being released per fission event. Tleasel of more than 1 neutron per
fission event is what drives the chain reactioré flustain nuclear reactors and form

the massive energy release found in fission weapons

2.4 Direct and Indirect Lanthanoid Fission Productbn

Lanthanoids populate the tail-end of the heavy-nfraggnent curve. Their
mass abundances spectra reflect both the typssiliefimaterial, shown in Fig. 2.6
and Table 2.3, and the energy of the neutron enniemt. When compared 56U
fissioning,”*%u results in a relative decrease of the fissioayction of the light
lanthanoids from La to Sm and an increase in tbdymtion of Eu and Gd. Some
light lanthanoid isotopes can only be generatedisiion of**®Pu compared t6**U,

such as*Nd which has a 1.09 x 86 yield from?**Pu fission compared to 4.63 x

10%% in %%,

7 Lanthanide Mass Distribution
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Figure 2.6: Lanthanoid region of the cumulativerthal neutron yield U and
3%y, Data modified from Nichols et al. (2008).
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The Gd fission yield fro3*%Pu is greater compared¥8U fission (Table

2.3), whereas the yields of Nd and Sm are roughijv@lent for bottf**Pu and>U.

Therefore, Gd isotopic abundances can provideax oidicator of**Pu vs***U

fission.

Table 2.3: Cumulative fission yields of lanthanoidsia thermal (0.025 eV) and
fission (0.5 MeV) neutron induced fission of*®U and #%u. Data modified from

Chadwick et al. (2011).

Thermal Neutrons Fission Neutrons

23% 239Pu 23% 239PU
YNd | 4(6) x 10% 1) x10% | 22)x10%  1(1) x 1%
143Nd 5.96(4)% 4.41(4)% 5.73(6)% 4.33(3)%
14INd 5.50(4)% 3.74(2)% 5.27(7)% 3.69(5)%
145Nd 3.93(3)% 2.99(2)% 3.78(4)% 3.00(3)%
14Nd 3.00(2)% 2.46(2)% 2.92(3)% 2.46(2)%
148\d 1.67(1)% 1.64(2)% 1.68(2)% 1.66(1)%
150Nd 0.653(6)% 0.966(6)% 0.686(6)% 0.99(1)%
14Sm 0.00% 0.00% 0.00% 0.00%
“sm|  2(1) x 10"%% 33)x 10% | 3(3)x10"%  6(7) x 10°%
147S5m 2.25(3)% 2.00(4)% 2.14(3)% 2.01(3)%
Ysm|  1(2) x 10°% 6(7)x10°% | 5(6)x10F%  2(2) x 10%
149%m 1.08(2)% 1.22(2)% 1.04(1)% 1.24(1)%
0Sm|  3(4) x 10°% 0.001(1)% 3(3) x 10% 0.002(3)%
1525m 0.267(5)% 0.58(1)% 0.271(7)% 0.63(2)%
1%5m 0.074(1)% 0.260(6)% 0.072(1)% 0.267(7)%
15%Gd | 1(4) x 106 7(8) x 10°% | 5(6) x 10%  9(10) x 1%
15Gd 2(2) x 10% 33)x10% | 6(8)x10°%  5(6) x 10°%
1%5Gd 0.032(3)% 0.17(3)% 0.039(8)% 0.21(4)%
15%Gd 0.0149(8)% 0.12(1)% 0.0203(8)% 0.15(1)%
15Gd 0.006(1)% 0.074(8)% 0.011(5)% 0.11(2)%
1%Gd 0.0033(6)% 0.04(1)% 0.006(2)% 0.07(2)%
1%9Gd 3(2) x 10'% 0.010(3)% 0.0011(3)% 0.02(1)%

Differences in the incident neutron energy can alger the yields of the

lanthanoids. The degree of change in yields flatetsi between a factor of 2 decrease

in Nd, compared to an overall increase in Sm and Wdile the degree of change is
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small, the resulting effect on isotopic ratios negs constraining the incident neutron
energy. Measuring the ratio 5fSm**°Sm from?**Pu fission is 3.45 or 3.19,
depending on whether the incident neutron had thkeomfission energy. This level
of change is detectable using MC-ICP-MS, so itiscal to have some
understanding of the neutron energy spectrum iséneples being analyzed.
Another variable that affects the lanthanoid fiegiwoduct yield is time since
the fission events took place. Fission produatsnautron rich, as they generally
have similar N/Z ratios as the original fissile er&l. Neutron rich isotopes typically
decay towards the valley of nuclear stability fi@ecays, by increasing their proton
number while maintaining a stable mass. For ththknoid isotopes, very few stable
lanthanoids are produced immediately followingssibbn event (independent yield),
as observed in Table 2.4. Instead, lower Z is@@pe produced with half-lives
varying from seconds to minutes. The enflirdecay path from the original fission
product to a stable lanthanoid can take hours ys,dahich results in changing
isotopic ratios depending on how recently the samplderwent a fission event. The
final yield is known as cumulative yield and tale® account the sum independent
yields for all isotopes that have decayed to thalfstable isotope. For our samples
the materials last experienced fission events 3Qe@s ago, more than enough time

for complete” decay, with the exception of some long-lived ipe®such a¥Sm

and152'154'15EU.
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Table 2.4: List of independent and cumulative yield of lanthanoids of interest in
2%y fission. Data taken from Chadwick et al. (2011)

Independent Yield Cumulative Parent  Half-life
Stable Isotope

(%) Yield (%) Isotope (minutes)
14N d 2+1x10% 1.2+0.7x10° 142pp 2x1C°
14Nd 2.8+0.9x10° 3.69+0.03 14Ba 6x10°
14Nd 4+2x10° 3.00+0.02 La 3x10
14Nd 8+5x10° 2.46+0.01 14ce 3x10t
14Nd 7+4x10° 1.658+0.006  *Ce 3x1d
15Nd 1.0+0.6x10" 0.993+0.005  *pr 1x10*
“Sm 0 3+2x10° Upm  3x10
Wigm 2+1x10™M 2.00£0.02  *ce 1x10
%Sm 2+1x10° 6+4x10° 1ece 1x10
1Sm 8+5x10° 1.217+0.008  “%r 2x1d
sm 3+2x10° 1.240.7x16¢  ®%r 1x10"
1525 m 4+3x10* 5.763+0.006  '°Nd 1x10
'Sm 9+6x10° 2.598+0.004 '*Nd 5x10*
1%Gd 3+2x10° 0.21+0.02 5pm 4x10P
1%Gd 7+2x10’ 0.154+0.006  **Pm 3x10'
15Gd 3+2x10° 0.106+0.008 *'Sm 1x10°
el 2+1x10* 0.06+0.01 1%5m 5x10
18Gd 1.1+0.7x10° 0.016+0.005 *Eu ox10?!

2.5: Stable Lanthanoid Isotopic Composition

Like all natural elements, the stable isotopic cosifon of the lanthanoids is
a product of red giant and supernovae procesgescifigally, the lanthanoids formed
via neutron capture processes during the lifetifreered giant star and during
supernovae events, respectively. The slow proocessprocess, is the slow neutron
capture that occurs throughout the lifetime of s@taes. Due to the long timescales
involved in neutron captures in the s-processpses with short half-lives decay

before capturing another neutron, effectively redg¢the abundance of the heavier
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stable isotopes. An example of this can be foundd, where the abundances of the
isotopes from 142-150 are similar with the excepiof**>**®*Nd. The high
neutron capture cross section-oNd results in a lower abundance compared to its
neighboring isotopes whifé¢®Nd and™Nd exist after the short-lived’Nd and"**Nd
which do not exist long enough to be produced Weas-process. The s-process
builds up t0**°Nd, and when it reaché$'Nd, the 11 day half-life results f'Nd p
decaying td*’Pm and then*’Sm before another neutron could be captured. The
result of this evolutionary process is thi#Nd and">®Nd have abundances greatly
reduced compared to the other Nd isotopes.

Neutron-rich isotopes that are less commonly predwa s-process are
instead created during supernovae events in wikaiown as the rapid process, or
r-process. During a supernova event a large ffneatrons is released, on the order
of 1x10** neutrons/crfisecond. This neutron flux results in a rapidesedf neutron
captures that halt only when the neutron drip has been reached for an element.
Once there the isotope underg@fedecay and subsequent additional neutron
captures, resulting in the r-process creating thron rich isotopes. In our previous
example*®Nd and™*Nd would be produced as lower Z mass isotopes &fabél
150, respectively, elements with highly unstabletraen/proton ratios and
subsequently underdd decays.

The natural Nd, Sm, and Gd isotopic abundancegiees in Table 2.5.

These are due to a combination of the s and r-psase The variability in stable
naturally occurring lanthanoid isotopes is smakying less than 0.04% for most

isotopes (Berglund and Wieser, 2009). There amedarger variations iff*Nd and
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147Sm due to the alpha decay'8fSm, which has a half-life of 1x1byears; resulting
in abundances in the range of 12.18% to 12.06%réaud Mensing, 2005).

Table 2.5: Natural isotopic
abundances of Nd, Sm, and Gd
from Berglund and Wieser (2009).

Element Isotope Abundance (%)

Nd 142 27.152(40)
143 12.174(26)
144 23.798(19)
145 8.293(12)
146 17.189(32)
148 5.756(21)
150 5.638(28)
Sm 144 3.07(7)
147 14.99(18)
148 11.24(10)
149 13.82(7)
150 7.38(1)
152 26.75(16)
154 22.75(29)
Gd 152 0.20(1)
154 2.18(3)
155 14.8(12)
156 20.47(9)
157 15.65(2)
158 24.84(7)
160 21.86(19)

2.6: Mixing of Fission Products and Natural Lanthanoid Isotopes

There are locations on Earth where naturally otegrission events have
resulted in mixing of natural lanthanoid isotopangosition with fission
lanthanoids. Rocks from these settings have depketind enrichments in all

lanthanoid isotopic ratios, especially in Nd, Smd &d systems. These alterations
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due to mixing of fission product and natural matieprrovide predictions of what the
lanthanoid isotopic compositions may resemble @nttinitite and spent nuclear fuel
rods analyzed in this work.

The most iconic site of fission product and natanaterial mixing was
discovered at Oklo, a uranium mine in Gabon, Afrit@1972 it was discovered that
some of the uranium ore had®J content as low as 0.29% compared to the normal
value of 0.72%. Further analyses determined thttcximately 2 billion years ago a
uranium rich mineral region contained enodGibl (~3% abundant at that time) that
the ground water in the region provided enough matd to initiate a chain
reaction (IAEA, 1975). The natural nuclear reaetould fission until a sufficient
temperature had been reached where the moderatiteg would be boiled away and
the chain reactions would shut down. After theadrad cooled, water could begin
flowing again and the fission events would restaiis cycling occurred for
~200,000 years and resulted in a total neutron @eef 16 n/cnt and a total energy
released of about ¥bkWh (IAEA, 1975).

More in-depth investigation of Oklo revealed tha tsotopic compositions of
the lanthanoid elements, notably Nd, Sm, and Gd,changed significantly when
compared to their natural abundances (Hidaka anslit¥ig 1988). The degree of
change can be observed in Table 2.6 (data reprddum® Hidaka and Masuda,
1988), which shows the isotopic abundances of &ardhis found in two separate
samples from different regions at Oklo analyzedHijaka and Masuda, 1988.
Based on Gd isotopic ratios, they estimated théroedluence exposure of their two

samples was approximately 1 x*1@/cnf. While Oklo samples do not reflect the
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fissionogenic nature of spent nuclear fuel, itkely more altered than one would
expect for trinitite due to the more sustained axpe to fission events compared to
the singular blast of Trinity.

Table 2.6: Isotopic composition of
Nd, Sm, and Gd in Oklo sample
reproduced from Hidaka and
Masuda, 1988.

Element Isotope Abundance (%)

Nd 142 4.97(2)
143 24.44(3)
144 27.18(6)
145 16.81(3)
146 15.13(1)
148 7.74(1)
150 3.73(1)
Sm 144 0.343(9)
147 52.76(1)
148 2.54(1)
149 1.04(1)
150 25.88(2)
152 12.96(1)
154 4.48(1)
Gd 152 13.73(3)
154 4.38(3)
155 0.844(1)
156 32.69(4)
157 0.146(1)
158 31.92(4)
160 16.29(2)

Another uranium deposit at the Nabarlek deposihéAlligator River
Uranium Field, Australia was affected by the spoatas fission of**U (Maas and
McCulloch, 1990), and shows lesser degrees of dnatilal isotopic alteration due to

fission product and neutron effects when compasgdilo. The most notable
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isotopic alterations are observed as depletion$8m/*’Sm and">>**Gd *°Gd,
where'**sm,*°Gd, and">’Gd are known for having large thermal neutron cross
sections of 4 x 1{b, 6 x 1d b, and 2 x 10b, respectively. These depletions, highest
of -16 & compared to natural, were caused by a neutrondiief ~1 x 1 n/cnf,

which was primarily due to spontaneous fissiof’df instead of the neutron induced
fission of>**U found at Oklo. The lower neutron fluence andssjuent smaller
amount of fission events seen in the Nabarlek or@® closely represent the degree

of lanthanoid isotopic alterations present in tii@icompared to the Oklo samples.
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Chapter 3: Lanthanoid Separation and Mass Spectrpme

This chapter details the separation and measuremethiod for trinitite and
the research reactor spent nuclear fuel samptesurhmary, the lanthanoids were
separated from the sample matrix and individuajated through a two-step
chromatography system using cation exchange resthsa variety of eluents. The
isotopic compositions of Nd and Sm in trinitite &hé nuclear fuels were analyzed
using a multi-collector inductively coupled plasmass spectrometer (MC-ICP-MS)
at the University of Maryland (UMD), while the isgic composition of Gd in
trinitite was analyzed using an identical instrutrenSavannah River National
Laboratory (SRNL). Results for trinitite and thectear fuels are reported and

interpreted in Chapters 4 and 5, respectively.

3.1 Mass Spectrometry

High precision isotopic measurements of nanogramuans of lanthanoids
were first achieved using thermal ionization maescgometry (TIMS) (Wasserburg
et al. 1981; Wasserburg et al. 1969; DePaolo anss@raurg 1976). Sample analysis
with TIMS involves loading the purified elementioferest onto a filament which is
heated while under vacuum. Heating the filamenizies the sample, resulting in a
very stable ion beam. A multi collector configuoatallows simultaneous

measurements of multiple ion beams, reducing fatauas in the ion beams and
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lowering the uncertainty in the measurements aloavadg high precision results to
be obtained.

Another technique for measuring lanthanoid isoteatos with comparable
precision and detection limits to TIMS is MC-ICP-M\@eis et al., 2005; Baker et
al., 2002). The use of a plasma as the ionizatoumce decreases the time necessary
for sample preparation as the sample only neells thssolved in an acidic solution
compared to loading the sample onto a filamentwéier, there is an increase in the
instability of the signal compared to TIMS. Instrent induced mass fractionation is
also higher in MC-ICP-MS compared to TIMS, howepsyper correction terms and
stable measurement conditions results in comparabldts from MC-ICP-MS and
TIMS (Weis et al., 2006). Instrument induced nfagstionation results in measuring
more of the heavier mass isotopes compared toaghiet mass isotopes. The
decision was made to use MC-ICP-MS for our sampétyaes due to the simpler

sample preparation and instrument availabilityahtSRNL and UMD.

3.1.1 Basic Theory

The MC-ICP-MS has a plasma ionization source, tilated in Fig. 3.1,
typically produced with a 1 L/min Ar gas flow padg@rough a torch surrounded by
a radio-frequency (RF) load coil which is used ¢ngrate the plasma. A tesla coill
sends a pulse of electrons up to the torch regiuowprovides the seed for initiating
ionization of the Ar gas, producing Aand free electrons. The electrons then interact
with the RF field and cause additional collisionftwneutral Ar atoms, resulting in

additional ionization events. The cascade of iatmin events forms a plasma, a
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neutral association glositivelycharged ions and free electroresaching

temperatures of 6,00B00( K.

Cones
Induction
coil
Torch \ Plasma
) SIEt
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argon supply T T

10°-10* 10108
torr torr
Figure 3.1: Schematic of the torch region of aR-MS from Group201-.

Sample analysis with M-ICP-MS is carried out via drgtasma mod: sample
introduction the mass spectrometer a desolvating unithe Aridus | and DS-100
(UMD and SRNL, respectivel. The sample is brought into the desolvato a self-
aspirating nebulizer asspray of drople typically at a rate of ~5QL/min. The
aerosol is sprayed into a heated spray chambdtingsun rapid drying of the aeros
into solution vapors and analyte particles. Theg®ors and particles travel irthe
desolvating membrane, where a countercurre, - Ar gas mixture removes tt
vapors, resulting in only the analyte particleseenty the mass spectrome
Treating the sample solution through a desolvat@referable to directly aspiratii
the sample solution into the plasma (v-plasma), as the latter enhanosslecular

oxide production, and molecular isobaric interfees Dr-plasma mod:
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significantly reduces the presence of non-analytéeaules, resulting in lower
production of molecular species.

As the plasma is dominantly made up of Ams, any elemental species with
an ionization potential below 15.76 eV, which ird#s the majority of the periodic
table (Atkins and de Paula 2006), are ionized least the 1+ state. Neutral atoms
ionize by absorbing thermal energy from the plasmaronment. If an atom has a
higher ionization potential than Ar the ion willmeve an electron from the abundant
neutral Ar atoms and revert to a neutral state.

Positive ions are preferentially extracted throaghl mm aperture in the
sampling cone, held at positive bias (4,000 V aj0@® V for UMD and SRNL,
respectively) and by the differential pressure leetvthe atmospheric plasma region
and the 2 mbar region behind the sampler cone.eldwrons are attracted to the
surface of the sampler cone due to the positive &l are removed from the plasma,
resulting in only neutral and positively chargedtioées emerging through the cone.
The sampler cone then acts as an acceleratordahtérged species, pushing them
through the less positively charged skimmer cohdarge percentage of ions (~99%)
are lost at this stage due to gas expansion, sgarge effects and the smaller
aperture on the skimmer cone, 0.7 mm. The remgioims are focused through a
series of extraction lenses into a spot onto theeoe slit.

After the focusing optics and the entrance slg,ithn beam passes through the
electrostatic analyzer (ESA), filtering the ion bebased on its spread in kinetic
energies. This filtering insures that the remagnons all have about the same kinetic

energy, enabling magnet separation based on tfenwass/charge ratio. Lighter
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mass/charge isotopes are deflected more than larges/charge isotopes. This
difference in deflection causes the isotopes tedagially separated into individual
beams. The resulting ion beams pass through te@mzenses (Quad 1 and 2 on the
Nu Plasma) which adjust the spatial separation &etvthe ion beams by focusing

the ion beams on to the collector array. The apaéiparations of the ion beams are
adjusted until their spatial separation aligns hi# required detector arrangement on
the mass spectrometer, resulting in simultaneoalysis of multiple isotopes.

The Nu Plasma MC-ICP-MS has a series of 12 faradag and 3 electron
multiplier ion counters available as detectorggn@l detection on the faraday cups is
obtained by a digital voltmeter measuring the ptékdifference across a 10ohm
resistor caused by the impact of the positive iearh. The entrance to the faraday
cups has a negative bias to prevent loss of elexipooduced through secondary
processes caused by the impact of positive iorth@faraday cup’s surface. Faraday
cups on this instrument can measure signals id@ke0.003 V range, but for this
work the preferred voltage range was 2 — 0.01 ¥otwserve the lifetime of the
faraday cups while still producing sufficient sigjt@obtain high-precision counting
statistics. All measurements taken for this wodkevconducted on the faraday cups.

The precision of isotopic ratios measured with &@-NMP-MS follows a
Poisson counting statistic distribution, where utaiaties are calculated by taking

the square root of the total number of ions dete@tg as expressed in:

(3-1)

2l
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The number of ions striking the detector can beuwated from the reported
voltage by converting from voltage to current andding by the elementary charge

constant¢) given by:

Ions Voltage (Volts) (3_2)

second  Resistor (Ohms)+e(Coulombs)

A 1V signal represents 6 x 1idns/sec and with a target of epsilon level
precision, the uncertainty on a single measurementd need to be less than 0/5
(20). Therefore, assuming zero noise and backgraumahuld take at a minimum 26
seconds to obtain the number of ions required iieae the Poisson’s uncertainty.
However, isotope beams was significantly lowernttiee uncertainty would be
dominated by the lower abundance isotope and threr¢fie measurement time
would have to be increased (e.g. 0.01 V signal sd&dminutes to reach 0.5).

The major source of background noise on faradag comes from thermal or
Johnson noise. With a 1 x @ resistor the thermal noise will have a value of
~0.23 mV, therefore, signals will need to be gretitan 3 mV to enable quantitative
analyses. Fluctuations in the beam and sampléaas can also cause additional
beam instability, increasing the measurement uaicgyt However, these can be

minimized by optimizing the instrument settingsopiio analysis.

3.1.2 Instrument Induced Mass Fractionation Cori@tt

All mass spectrometers introduce a phenomenon vguoene of the isotopes
of an element are under or over represented idekexted signal. This phenomenon

is known as instrument induced mass fractionationCP-MS systems the cause of
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this mass fractionation is due to space-chargestfevhich occur in the region
immediately after the first sampler cone. Priotite sampler cone the plasma can be
considered to be net-neutral, as there are equabers of electrons and positive
ions. However, due to the positively charged sam@bne, electrons are removed
from the plasma, resulting in a net-positive ioamemmediately after the sampler
cone. As positive ions repel each other, the éigldgotopes are kinetically scattered
further away from the central ion channel relatvéhe heavier isotopes. The result
is that the lighter isotopes are under-representéfte final ion beams reaching the
detectors.

For isotopeg andj, the mass fractionation in ICP instruments can be
corrected by applying an exponential law correctidrere the measured isotopic

ratio(Ry;) is multiplied by the ratio of its component masée ) raised to a mass

bias factor (MBF -&):
c my\
_ m Tk -
R = R« (=) (3-3)
TheR,gj term refers to the corrected isotopic ratio. ThHBAMo) requires a
“true” value for a specific isotopic ratitRﬁ wherei andj are two isotopes of a given
element) to be known or at least accepted in thenzanity as shown in:

In
rN

a= m‘}’( : (3-4)
In |2k
)
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The assumed isotope ratio used for fractionatigrection is typically
determined via a consensus among the mass spetityaommunity (Berglund and
Wieser, 2009). For Nd measurements the typicabpo ratio used is
MNd/M*Nd = 0.7219 while in Sm it i§°Sm/*'Sm = 0.49419
(Wasserburg et al., 1981). The ideal isotopiosator mass fractionation are ratios
with a value close to unity, which reduces the utacety of the measurement, and
ratios which encompass the largest mass regiong@vaisrg et al., 1981). Other
methods involve the use of different mass fractimmaratios chosen based on the
similarity of the control average mass with the swgad ratio’s average mass
(Brennetot et al., 2005), (e 5°Gd/*°Gd as the correcting ratio for the measured
YIGd%Ga).

Analyses can be corrected for fractionation in m&thods: internal
correction and standard-sample-standard brackeftiogthe bulk of sample analyses
instrument induced mass fractionation is correbigdonitoring a specific isotopic

ratio and correcting the measured isotopic ratithéo‘true” value using Eq. 3-4. An
o value is calculated and applied to all other messisotopic ratios using Eq. 3-3

and the corrected ratios are obtained. This methpdeferred due to the ability to
correct for changing fractionation conditions whiohy occur during an analysis
(non-stable MBF fluctuations vs time).

Standard-sample-standard bracketing is necessay thie isotopic
composition of a sample has been altered in swehyahat the “true” value is no
longer valid, such as fission and neutron captuents. In these cases standard-

sample-standard bracketing is preferred. A sarmpddysis would be preceded and
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followed by analysis of a standard with a knownvetl-characterized isotopic
composition. The standard would be corrected ugiagnternal correction method
and the calculated MBF would then be applied tonleasured ratios in the sample.
This method is more sensitive to changing condstidaring a series of analyses as
the MBF may drift from sample to standard. Thendtad also should go through the
same chemistry as the sample to ensure that naxre#fercts or column induced
fractionation effects are present that might preddi€ferent MBF in a clean standard
versus a sample. A standard solution was takengfrthe same separation process
and its MBF value was used for sample mass fraation corrections during the fuel
sample analyses.

Mass fractionation for Nd, Sm, and Gd was correasdg
14N d/H*Nd = 0.7219 obtained from Wasserburg et al. (198%3mA>*Sm = 0.49419
from Wasserburg et al. (1981), ah@5d/*°Gd = 0.9361 from Eugster et al. (1970).
These correction terms have been used consistarttig mass spectrometry
community. The reproducibility of Nd, Sm, and Guab/ses at UMD and SRNL are
+ 2 [1 (20) over the course of multiple years and after ss\amnalyses as shown in

Table 3.1.
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Table 3.1: Long term reproducibility of Nd, Sm, andGd standards using internal mass fractionation carection
terms

+

Nd®  NdA*“Nd +20 143NdA*Nd +20 145dA*Nd +20 148NdANd +20 150N dA*Nd +20

n=35 1.14173 0.00019 0.512127 0.000038 0.348405 00022 0.241534 0.000022 0.236314 0.000037

Snf  *SmA*Sm  #26  M'SmfSm +20 “%Smi*'sm +20 %Smi>sm +20 *?%Smi>'sm +20

n=13 0.13520 0.00017 0.65922 0.00021 0.60762 0MO001 0.324478 0.000053 1.175477 0.000031

+

G  GdfGd  t2o >Gd*%Gd +20 *Gd*%Gd +20 'Gd*%Gd +20 8Gd*%Gd +20

n=52 0.00926 0.00011 0.099710 0.000029 0.676778 0008» 0.715867 0.000037 1.135908 0.000089

®Measured on Nu Plasma MC-ICP-MS at UMD
®Measured on Nu Plasma MC-ICP-MS at SRNL
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3.1.3 Sample Measurement Procedure

Before any sample measurements are performedes seérinstrumental
parameters must be optimized to obtain high sasgeitivity and signal stability.
The parameters that must be tuned are: i) gas ftowthe Aridus | and DSN-100; ii)
torch position; iii) extraction lens potentials;dain) zoom optics potentials.

Typically the optimization procedure for the instrent at UMD and SRNL begins by
adjusting the Ar sweep gas (sample gas) and treukiliary gasses to obtain a stable
signal. The torch position is then adjusted inxhg, and z planes to maximize signal
intensity while the gas flows are again adjusteteifessary to improve the signal
stability. The torch position and the desolvatiqus and DSN-100) gas flows are
adjusted iteratively until the signal intensity astebility have been optimized. The
extraction lenses are then adjusted to enhancgathple intensity with the gas flows
again being adjusted if necessary to remain abpti stability. Typical operating
parameters (excluding the torch position and ektradens voltages) are in

Table 3.2.
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Table 3.2: The instrument operation al conditions ér MC-ICP-MS analyses at
UMD and SRNL.

Nu Plasma HR MC-ICP-MS parameters®

RF power 1300 W
Reflected power 5W
Accelerating voltage 4000 V

Cool gas flow 13 L min™ Ar
Auxiliary gas flow 1Lmin™" Ar
Sweep gas flow” 2.75 L min™" Ar
N, gas 10 mL min'lNz
Aspiration rate 50 pL min™
Integration time 10s

Blocks 5

Background time 30s between blocks

Nu Plasma HR MC-ICP-MS parameters®

RF power 1300 W

Reflected power ow

Accelerating voltage 6000 V

Cool gas flow 13 L min™ Ar
Auxiliary gas flow 0.8Lmin™" Ar
Sample gas flow® 4.5L min™" Ar
Aspiration rate 100 pL min™
Integration time 10s

Blocks 5

Background time 30s between blocks

@University of Maryland — Nd isotopes
P Gas flows were set using an Aridus |
¢ Savannah River National Laboratory — Gd isotopes
4 Gas flows were set using a DSN-100

Zoom optics are positioned after the magnetic sextd adjust the relative

dispersion and focal plane of the beam with resfmettie faraday cup array.
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Whereas the torch position, gas flows, and extragbotentials are essentially
uniform for multiple elemental species, the zoortiagpare specific for each
individual element and also for the isotope-faraday detection arrangements.
Adjusting the quad values affects both the coinme@eand shape of the separate ion
beams. Coincidence refers to the alignment ofdhdeams to ensure they enter the
faraday cups simultaneously. The zoom lenses é&sctie ion beams by adjusting
the spacing between each ion beam; adjusting thé galues results in increasing or
decreasing the separation until they are in-linta wie fixed spacing of the detector.
If the coincidence is not optimized for all thetee peaks then the resulting
measurements will not be centered in the cups ddii@nal noise could be
introduced to the measurement.

The ion beam peak shapes are flat topped with dtapes and are created by
scanning the ion beam across the cup entrancewéitadjustment of the magnetic
field, into the faraday cup. As the ion beam enthe cup the signal quickly
increases until the ion beam is no longer attemulayethe cups slit, resulting in the
aforementioned flat top. As the ion beam beginset@attenuated by the other side of
the cup slit the signal begins to drop quickly &zkground. The beam’s width is
proportional to the two breaks in slope at backgoband flat top. The peak’s narrow
aspect and sharp slope indicates how well the eebeen focused. Flat top peaks
indicate that the entire ion beam is in the cupiaritle critical region for obtaining
high-precision isotopic ratios. Adjusting the zooptics can affect the beam’s

focusing and result in non-flat topped peaks duedreasing the beam’s width.
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Conversely the zoom optics can also decrease #ra’'bavidth and are typically the

first parameter adjusted if peak shapes are naal-ide

3.2 Justification for Separation of Lanthanoids

3.2.1 Composition of pre- and post-detonation maker

Lanthanoids exist at trace concentrations in nataederials, typically on the
order of parts per million (ppmg/g) in average bulk continental crust (Rudnick and
Gao, 2003). In unburned nuclear fuel elementdahihanoids are required by
American Society for Testing and Materials (ASTEtgndards to exist at the sub
ppm level. This is due to the high neutron absomptross section that Sm and Gd
exhibit in the thermal neutron energy spectrumhigh concentration of lanthanoids
could result in “poisoning” the fuel and causingrieental effects in the nuclear
reactor core. Poisoning the fuel refers to redytie neutron flux (n/chfsec) due to
neutron captures on non-fissile nuclei. The lantihds possess isotopes with large
neutron capture cross sectioh§$m,**°Gd, and*>’Gd on the order of 1 x 1® and
greater) which can severely attenuate the neulwendnd could cause the chain
reaction events to halt.

Assuming the simplest case of a post-detonatioemaétvhich has decayed
over a sufficient time that the fission producgslioactivity is at its least harmful, as
is the case in trinitite, the sample would stilVedo undergo chemical processes to
isolate the lanthanoid group. This need is dubegresence of several isobaric
interferences in the lanthanoids as shown in Taldeincluding a few isobaric

interferences that do not exist in natural materit were produced during fission
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processes. Isobaric interferences can be eitbariabr molecular species which
have the same mass/charge ratio as the isotopéeoést t°°Dy* and**Nd*°0" vs
1%8Gd"). Mass spectrometry analyses typically requige #fl isobaric interferences
be removed before analysis; however, in some instait is possible to deconvolute
isobaric effects provided that the isotopic composiof the sample is unaltered from
its natural abundance. In the case of both fissi@nts in nuclear fuel and post-
nuclear detonation samples, this assumption i®smger valid; therefore the isobaric
interferences must be removed from the sample.

Table 3.3: Isobaric interferences in natural and
fission produced lanthanoids.

Isotope Mass Natural Elements Non-natural Isobars

142 Nd, Ce Pr
143 Nd Ce
144 Nd, Sm Ce
145 Nd

146 Nd Sm
147 Sm

148 Nd, Sm

149 Sm

150 Nd, Sm

151 Eu Sm
152 Sm, Gd Eu
153 Eu

154 Sm, Gd Eu
155 Gd Eu
156 Gd, Dy

157 Gd

158 Gd, Dy

159 Th

160 Gd, Dy
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In spent nuclear fuel elements there is an additioritical need for isolating
the lanthanoid elements. The fuel will containrstioed fission products, listed in
Table 3.4, in quantities that are a serious hdwl#tard due to the amount of emitted
radioactivity (in decays per minute — dpm). Tadioactivity produced via short-
lived radionuclides (Table 3.4) requires that tattanoids be separated from the
bulk dissolved fuel rod before any mass spectronen be attempted. Until the
short-lived fission products can be removed, adiralstry involving the nuclear fuel

samples must be conducted in Shielded Cells at SRNL

Table 3.4: Concentration and activity
of selected elements in the 2010 fuel
rod stock solution in SRNL Shielded

Cells.
Element Concentration (OIIAE)Cr::\//r?I/_)a
Al 1.40% 0
U 0.06% 1E+04
La 16 ppm 0
Ce 31 ppm 0
Pr 15 ppm 0
Nd 55 ppm 0
Sm 11 ppm 7E+06
Eu 702 ppb 5E+06
Gd 280 ppb 0
Th 3 ppb 0
Cs 25 ppm 2E+09
Ba 24 ppm 2E+09
Sr 11 ppm 2E+09
Y 8 ppm 2E+09

%/alues calculated based off of
modeled abundances and activities.

Bwit %
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Post-detonation materials typically do not contanform concentrations of
short-lived fission products due to the dispersiature of the debris cloud produced
in a nuclear explosion compared to the containetrad environment in a reactor
core. However, some post-detonation samples nillipestoo radioactive to process
by hand immediately following a nuclear event, &tthis reason the lanthanoids
must be separated from the bulk material. In oth&terials that have radioactivity
below safety thresholds, due to either low coneiains of short-lived fission
products or adequate time for radioisotopes toydaway, there are other reasons for
isolating the lanthanoids from the bulk post-detmmamaterial. These materials
have the potential to be extremely varied, ran@iom urban debris to vitrified sand.
Lanthanoid concentrationgg/g) in possible post-detonation materials are
comparable to that in the upper crust and in urhast (Angelone et al., 2007; Celo et
al., 2011), thus, highlighting the importance daifitite as a post-detonation analogue
material.

Trinitite samples studied in this project were pdexd to the UMD Geology
Department by the Smithsonian National Museum dftiN# History. The samples
have a glassy upper surface (Ross, 1948), and sdt@e of the original desert sand
on the bottom, as shown in Fig. 3.2. For the igiatanalyses, only pieces of the
glassy material were sampled, as only the glassgriabcontains direct fallout
particles and fission products at high enough comagons to change the naturally
occurring isotopic signatures. Including the araidesert sand found on the bottom
of the sample would dilute the isotopic signaturéhe fission event and was

therefore avoided.
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Figure 3.2: Typical sample of trinitite with smodajlassy top region and signs of
original desert floor on the bottom from Wikimed@ammons (2009).

The three nuclear fuel samples examined come feparate research
reactors. These research reactors differed irrdeda their reactor core designs and
the initial enrichment®U. For the purposes of this work the samples belreferred
to as reactor 2009, 2010, and 2011, which areeeées to when each reactor fuel
rod was sampled at SRNL Shielded Cells. Each sagiplent was conducted in a
containment vessel which served to minimize comaton of the samples from the
shielded cells environment and a blank that wasgs®ed simultaneously with each
sampling event. The blanks and samples were tissolded in 150 mL of ~50%

agua regia and stored in Shielded Cells.

3.3 Separation Method

Due to the trace amounts of lanthanoids in botimtspeclear fuel and post-
detonation materials, and health concerns inhéndmghly radioactive samples, the
lanthanoids should be separated from the bulk mahtezfore any analytical

measurements are performed. To successfully me#saitanthanoid isotopic
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compositions in spent nuclear fuel and trinitite #amples must go through: i)
chemical digestion, ii) lanthanoid separation fnoratrix and iii) chromatographic
separation of the lanthanoids.

All digestion processes, apart from the nucleak fogs, were carried out in a
class 1000 (ISO, 1999) clean lab located in theléggaDepartment at UMD. The
acids used in the digestion and chromatographyessss were ultra-high purity,
either generated in-house using a quartz and subsetgflon distillation process or
ordered directly from suppliers. Resins and colsinvere rinsed with several column
volumes 6 M HCI and 6 M HN&prior to use. The fuel rods were sampled and
digested in the Shielded Cells Facility at SRNLnglovith the lanthanoid separation
chemistry. The separation of Nd, Sm, and Gd ferfttel rods was conducted in a

radiation hood at UMD.

3.3.1 Trinitite Digestion and Matrix Removal

Trinitite samples, BHVO-2 standards (a geologieftrence material), and an
analytical blank were digested and separated iclden lab at UMD. Digestion of
trinitite was carried out in teflon containers whwwent through a prior cleaning
process involving two cycles of a reagent gradd hath followed by 18 % water
rinse. The trinitite sample, BHVO-2 standards, blahks were treated with a 5 mL
4:1 mixture of high-purity concentrated HF and HN(Dd 10QuL of HCIO, in
sealed 15 mL teflon beakers. The samples weredtheat a hotplate to 180 for

three days, then opened and taken to drynessofied the residual perchlorates to
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chlorides the dried samples were treated with 6 4 &hd sealed. The samples were
heated overnight and taken to dryness again. grbisess was repeated three times
and the final samples were dissolved with 2 mL.6fM HCI.

Trinitite’s matrix predominantly consists of Si@nd other major oxides
which can be found in Table 3.5 (see Chapter 4rfore details). The important
detail to note in Table 3.5 is that only Al and-action of Fe share the same 3
oxidation state as the lanthanoids. The bulk efdther elements exist in thé @nd
1" oxidation states. Differences in the oxidaticatess between bulk material and the
lanthanoid group allows the application of caticicleange chromatography to isolate
the lanthanoids.

Table 3.5: Major element oxide composition obtainedia EPMA analysis of
various locations on a trinitite sample.

El E2 E3 E4 ES E6 E7 ES8 E9

Oxide wt%
Sio, 64.74 6496 6543 67.72 68.14 6552 57.10 65.08.42
TiO» 0.08 0.03 0.08 0.54 0.45 0.37 0.92 0.62 “b.d.

Al>,03 18.81 19.46 18.21 1525 13.86 17.31 13.25 11.82150

FeO 115 028 105 315 253 271 657 255 0.16
MnO 0.02 bd. 002 007 006 006 0.09 0.05 bd.
MgO 039 003 044 130 106 100 274 094 0.06
CaO 038 127 462 666 7.00 7.10 1515 8.68 20.3

NaO 214 261 2.05 2.09 182 221 171 204 0.20
K20 10.25 10.32 7.92 3.55 332 317 232 3.05 0.30
Total 97.96 98.96 99.82 100.338.24 9945 99.85 94.78 97.61

*helow detection limit

Cation exchange resin consists of a styrene divenzene copolymer lattice
with sulfonic acid functional groups attached. Béonic acid groups are
negatively charged and attract cations, bondinmtteethe resin while anions and
neutral species are not selected. The cation egehigesin when placed in a column
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holds cations while the liquid phase washes thérakand anion species off the
resin. Cations are selectively removed from tlsnrey varying the strength and
nature of the eluent (e.g., decreasing pH), thaseasing the number of H+ ions,
which will wash off the cations. The extent to aththe cations are bound to the
resin is based on their ionic radii and total ckargith ions having greater charge
held preferentially compared to lower charge spgecighe 3 ion lanthanoids are held
on the resin with the initial, relatively weak acwhile lower charge species are
washed off. Later, using a more concentrated #doedlanthanoids are removed as a
group, resulting in a purified sample.

The separation method used to isolate the lantdarfmm the sample matrix
involved a quartz column with an internal diamete2 cm and a length of 12 cm
filled with AG50W-x8 200-400 mesh resin purchasexhf Bio-Rad. The resin was
cleaned by passing several column volumes of qustdled 6 M HCI through the
column several times. After the resin was cleaheas treated with 3 column
volumes of 2 M HNQ@to equilibrate the resin. The sample was thedddaonto the
resin and 55 mL of 2 M HN@was passed through the column to strip out mo#teof
matrix ions. The acid concentration was incredselM HNG; and after 5 mL the
lanthanoids were collected in the next 30 mL elutéde above process was chosen
after performing a variety of column calibrationsdetermine the most effective
combination of acid volumes and concentrationse flinal column calibration is
shown in Fig. 3.3 and was measured using a siradlector inductively coupled

plasma mass spectrometer (SC-ICP-MS). Followingoa of the 30 mL lanthanoid
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cut, the solution was consolidated into one telleaker and dried to completion in

preparation for the next column chromatography.step

2 M HNO, 4 M HNO,
90% |- Cs EL
SrN
70%
2
/5]
5
-a) 50% Ba
[
30%
10% | l \ |

5 15 25 35 45 55 10 20 30 40
Eluent (mL)

Figure 3.3: Lanthanoid separation procedure foitite samples. Column cuts were
taken every 5 mL and analyzed using a SC-ICP-M&enkity is the ratio of the cut
signal over the total signal produced by the emtm@matogram.

3.3.2 Fuel Rod Sampling and Matrix Removal

As a radiation safety requirement the three fudsne@ere sampled remotely
using the Shielded Cells facility at SRNL individlyan 2009, 2010, and 2011. Each
sampling required that the fuel rod be inserted antustom made containment unit
which was sealed to keep cross contamination tsmamam. Ideally sampling the
fuel rod would consist of coring through all thenium fuel plates (~19 per fuel rod)
to obtain a truly representative aliquot of tharerfuel rod. However, this would

result in solutions with high radioactivity leveldich would necessitate large
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dilution volumes, resulting in large amounts oftiligradioactive liquid which is
logistically very challenging. A compromise wasigved by coring only the first
layer of uranium fuel using a 378nch drill bit to a depth of 0.05 cm resulting in
sampled masses recorded in Table 3.6. This relsultebtaining a representative
aliquot of the first uranium fuel layer while alkeeping the radioactivity level within
workable limits. After the aliquot was taken frohetfuel rod it was dissolved in aqua
regia and diluted to ~110 mL and stored in Shieldells.

Table 3.6: Information on the three fuel rods samfgd at SRNL.

Sampled Uranium 3%%?22 Initial Final

Mass (g) Mass (g) (mL) Enrichment Enrichment
2009 Fuel ~2 0.3242 100 93% 70%
2010 Fuel 1.6743 0.1389 100 93% 75%
2011 Fuel 1.42 0.27 100 45% 33%

The dissolved fuel rod samples are challengingdckwvith due to the high
amount of radioactivity being emitted from the s#&sms well as the Al and U rich
matrix from which the lanthanoids are isolated.e Tirel presents challenges to find a
proper non-radioactive analogue for the samplegbgeparation methods, and the
high radioactivity requires the separation techaijg simple enough that it can be
conducted remotely in Shielded Cells by technicigmesrating manipulators, while
still resulting in excellent removal of several kddgments, specifically: Al, U, Pu,
Cs, Ba, Sr, and Y. The chromatographic separatsea for isolating the lanthanoids
from trinitite was used as a starting conditioml&ermine the first stage separation
for the fuel rod samples.

The initial steps of 2.5 M HNgXo 4 M HNG; used in the method for trinitite

resulted in acceptable separation of the lanthan@iele Chapter 4), however, for the

55



fuel rodsthe Al rich matrix preseed a problem. In 2.5M HNQAI®*" has &K value
(partition coefficientf ~17, comparable to the lanthanoids at {S&elow et al.,
1965). Calibrations performed at SRNL with BH\-2 (a basalt rock standard) a
analyzed with their MGCP-MS showed significant elution of Alinto the
lanthanoid sectioas shown in Fig. 3.4. With a major component efrthiclear fue
sample consisting of Al, this -elution is unacceptabfer subsequent lanthanc

separations.

T 2.5 MHNO, 4 M HNO;

Sr

tLh
T

Dy
(100x)
™\
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r/_\ a“‘l '1
O L [ | = . | A — - f | —l | | v a
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70
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Figure 3.4:Nitric acid column calibration for nuclear fuel spl@s using BHV(-2
surrogate solution. Samples collected i mL cuts and analyzed on a I-ICP-MS
at SRNL with the intensities reported as volta

Switching the starting solution to 2.5M HCI akeeping the 4M HN¢; final

solutionwas attempted SRNL to correct for the Al contaminatidoased on th

56



lower Kq value of AF*in HCI compared to HN3 (Strelow, 1960).Separation of .
surrogate solution using the aforementioned proeehvealed th the Sr cut wa
eluting with the lanthanoiras shown in Fig. 3.5. Galution of Sr with the
lanthanoidsarries with it additional complicatio as®Sr (t,= 30 yearsis a
significant source of lor-term radiation by producing its daughter proc®™Y

(t22= 64 hours), witka high energy gamma r:

7 r 2.5 MHCI H,0 (5 mL) 4 M HNO,

Intensity (Volts)

Cs
(500x)
I+ £ %
.f’j \\\

40 50 60 70 8 S0 5 10 20
Eluent (mL)
Figure 3.5: Mixed acid column calibration for thectear fuel sampltusing
BHVO-2 as a surrogate solution with ctaken every 1L and measured on tl
MC-ICP-MS with intensities reported as voltages. The 8&mL showed clee
signs of AICk and therefore were not measured to protect theumsint

Separation of a surrogate solution usi combination of th@revious twc
methods proved fruitful for isolating tHanthanoidsrom the Al and U rich matri:
along withseparate isolation the high activity fission productss shown in Fi¢ 3.6.

Uranium has similar ks in HCI and HN(G of ~7 and 10, respective($trelow, 1965;
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Strelow, 1959), so is eluted well before the lanthds. Due to the shared chemistry
of Y and the lanthanoids their separation was nobv@plished. After isolating Y
from Sr, the 64 hour half-life ™Y enables a wait of ~1 month (720 hours, 11.25
half-lives) for the short-lived species to decagt@ble’®Y and no longer pose any
health concern. For this work logistical constrairesulted in a wait of 1 year before
the next column chromatography could be implementexte than enough time for
9my to decay away. However**Am also has similar chemistry to the lanthanoids
and has a particularly long half-life, 432.6 yeaFhe decay of*’Am involves
emission of an alpha particle and emission of veegk (<50 keV) gamma rays and
therefore does not pose a significant health hafzud to alpha emissidii’Am does
pose a significant contamination risk that musabeounted for in future chemistry.
Additionally, the elution of Nd occurring prior tbhe 4.0 M HNQ transition required
a change from 2.5 M to 2.0 M HCI and HRjIOT he reasoning was that by reducing
the concentrations of the first two acids the lantiids would not elute until after the

addition of 4.0 M HNG.
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Figure 3.6: Column calibration using BH-2 taken before fuel rod separatic
Column cut volumes identified by data points ande measured using M-ICP-MS
with intensities reported as voltac

With the separation procedure calibrated, the nadseand chemical
necessary to do the experiment were introducedi@&hielded Cells environme
at SRNL. To avoid glass breakagn the Shielded Cells area, we used
commercially available plastic column, R1020 fromvEonmental Express, inste
of quartz columns. The plastic colus shown in Fig. 3.7 had dimension:10 cm X
1.5 cm and werélled with the previously mentionedG-50W x8 200400 resir
prior to being introduced intShielded @lls. A large plastic reservoir was a

attached to the columns to hold needed acid volumes during eluti@amd tc

minimizework required by the manipulator technici:
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Figure 3.7: Column apparatus inside shielded cells

A total of 6 samples were separated in ShieldetsCble fuel rod and its
respective blank for the 2009, 2010, and 2011 sagppelvents. An aliquot of
dissolved fuel rod was pipetted from the stock gohs into a glass scintillation
beaker. The beaker was previously marked withetl indicate when 4 mL had
been sampled from the stock solution as there wdsatance or calibrated pipette to
use for the sample transfer process. An estimatiohe uncertainty introduced by
using this visual method has been conducted icldan lab at UMD by filling 10
similarly marked beakers, resulting in 3.98 + OglL6This uncertainty was used in
subsequent yield calculations. Also it is importannote that at this stage of the
project, yields were not a part of the initial deliables, if they had been then more

appropriate steps would have been taken to ina@rate and precise sampling.
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Once the 4 mL aliquot had been transferred solatwere placed in
previously installed oven and heated to drynesse dlaminum rich nature of tf
samples was appargnvm the residual aluminum-chloridalts shown in Fii 3.8.
Samples were furthelissolved in ~ mL of 2.0 M HCI, sealed, and allowed
equilibrate ovenight. The next day the samples were loaded erctbumns and th

separation process initiat

Figure 3.8: The dried down 2009 fuel rod samplée $olid observed is the residi
AlCl3 salt. The black marks correspond to 4 and 2 mitifersamplin and
dissolution volumes, respective

After the samples were loac onto the columnthe bulk of the first elutio
acid was added. It vammediately apparent that the process of intrivdihe
columns into the cellsesulted in the reservoir for camn 1 (containing fuel samp
2009) becomingnseated anit was thus leaking. This issue was discovered bt
the entire acid volume had been addec, thereforewas minimized by immediate

halting the addition of the ac. An immediate reassessmeiithe situation by th
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technicians and researchers commenced. It waswags that the best solution
would be to remove the top reservoir from columandl add the elution acids in
~5 mL aliquots using transfer pipettes. The leakad traveled down the column
apparatus towards column 2 (containing the 2008kblaut was not observed to have
traveled any further. The seal of the remainirgpbimns was tested and determined
to have not suffered the same weakening as coluand hafter new acid was
introduced to replace the lost amount the separatiocess carried on without
incident.

The final volume of the lanthanoid cut in this sep@n procedure was
~50 mL which was stored in Shielded Cells for apprately 3 months to ensure
complete decay 6f™Y. Following this step the solutions were remoeed
repackaged due to Shielded Cells contaminatiomemtter surface of the
containers. Once cleaned, a 1 mL aliquot was tédoen each sample and blank and
was screened using High Purity Germanium (HPGE)gasray detection to
determine the approximate amount of radioactintgach sample and the results are
reported in Table 3.7. Non-gamma ray emittersi@s>'Sm and all Pm isotopes)
would not be detected using HPGE and they do ne posignificant health risk due
to their low energy beta emissions. Following tHeGE analysis, safety personal at
SRNL determined that only 1 mL of solution wouldtbken from the 50 mL stock

for future lanthanoid separations.
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Table 3.7: Results from a cursory HPGE analysis ofh mL aliquots of the
lanthanoid section removed from Shielded Cells.

2009 Fuel 2009 2010 Fuel 2010 2011 Fuel 2011
Sample (dpm) Blank Sample Blank Sample Blank
(dpm) (dpm) (dpm) (dpm) (dpm)
1¥cs 0 09+0.1 0 21+1 0 0
1¥cs 57+4 210+10 3400+200 4100+200 5800+300 5.9+0.4
12y 0 0 81+5 0 0 0
%Ey | 10800 + 500 71+4  11800+600 590+30 4200 + 200 0
gy | 2100 + 400 14 +3 1600 £+300 120+20 1300 + 300 0
Am 392+5 3.8+0.4 990 + 50 33+5 3000 + 200 0

3.3.3 Chromatographic Separation of the Lanthanoids

Separation of the individual lanthanoids is a more complex task than
isolating the lanthanoids from their bulk matrixedio their identical oxidation state
of 3". Therefore, the most effective separation tealnmig based on their slightly
different ionic radii, which decreases from lightiteavy masses. Several techniques
have been developed which separate the lanthaasidg high pressure liquid
chromatography (Sivaraman et al., 2002) (HPLC)taaditional non-pressurized
(Hidaka et al., 2009; Hidaka and Masuda, 1988)@aedsurized column
chromatography (Marsh, 1967; Eugster et al., 18¥83s and McCulloch, 1990).
The presence of radioactive Eu isotopes@tain in the fuel samples requires that
the second stage separation be conducted in dicediod in an approved area at
SRNL, effectively eliminating the use of any pressed system. Additionally, time
constraints on technician and researcher work hastdted in requiring that the
entire separation occur within 12 hours or be bnale into multiple days to be
completed. This constraint resulted in using dyaf@d columns for the lanthanoid

separations.
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The different sizes of the lanthanoids allow adégsaparation. The primary
method to exploit the differences in ionic raditasuse chelators, molecules designed
to surround specific elements in a cage-like foromatto isolate the lanthanoids by
preferentially bonding with the smaller lanthanoedsnpared to the larger
lanthanoids. The two methods investigated forsé@nd separation step included
the use of an extraction chromatographic Ln rgsioduced by Eichrom, and cation
exchange resin using the chelatenydroxyisobutyric acido-HIBA) as the eluent.

Ln resin consists of di(2-ethylhexyl) orthophospbacid (HDEHP) bound to
a hydrophobic support matrix. The solid HDEHP erehtially targets the heavier
lanthanoids, resulting in an elution order of La>Ee>Nd>Pm>Sm>Eu>Gd when
eluting with HCl and HN@ The Ln resin has been used to perform sepagatibn
Nd from Sm (Pin and Zalduegui, 1997) and Gd from(8idaka et al., 2009) for
geochemical age dating and neutron fluence calonkat

The Geology department at UMD had a previouslytargsmethod for the
analysis of Nd and Sm isotopes similar to the Roh Zalduegui (1997) method and
was an ideal starting point for the isolation of, I$n, and Gd. The method used
columns, 7.5 x 0.6 cm, filled with Ln resin andteldiwith varying concentrations of
dilute HCI, typically 0.25/0.34/0.7 M HCI for Ce/N&im, respectively. The method
was not designed for collection of Gd, so additidh@a M HCI was added followed
by elution with 1 M HCI to reduce the Eu contamioatand isolate the Gd cut. The
results from these tests were not successful,éakgpof Sm/Eu/Gd were not
resolvable, resulting in significant Eu contamioatin the Gd and Sm peaks. Other

work by Hidaka and Yoneda (2009) obtained Gd cutelwvwere not contaminated
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with Sm, but they were unable tcso remove the Eu contamination shown in

3.9.
0.34 M HCI 0.70 M HCI1 1.0 M HC1
90%
Ce
70% r
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Figure 3.9: Separation using HCI with Ln resiranfples taken every 2 mL a
analyzed using SC-ICRIS.

However, for natural samples the Eu contanion is not important as E
only has twanaturally occurring, stablisotopes****¥£u, which are not isobars wi
either Sm or Gd. In the fuel samples *'Eu will interfere with*>'Sm and the
radioactivity from the>**>Eu will present significantoncerns for work at n-
radioactive material labs where the mass spectemnalbothSRNL and UMD are
located.

The method that was ultimately used for the tii@iéind fuel rod lanthano

separation involved the use of the same cationangresin ¢ in the £ stage
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separation, but changed to the Nfbrm with a-HIBA as the eluent. The use of
a-HIBA as an eluent to chromatographically sepatta¢eanthanoids was first
developed by Choppin and Silva (1956) using heatdainns and Dowex 50-x12,
identical to the AG-50W resin. The heated colunmasyever, are logistically
impractical to implement at SRNL. Other studiegedained that-HIBA would
nevertheless provide adequate separation of thiedaoids at room temperature with
and without pressurizing the columns (Smith andfidah, 1956; Marsh, 1967). This
procedure has also been used in Oklo and Alligaieer samples to determine
perturbations to lanthanoid isotopic compositions tb past fission events that
naturally occurred 1-2 billion years ago (Maas MuCulloch, 1990; Hidaka and
Masuda, 1988).

Typically, the columns used are on the order ofxd3D cm with resin of
either x4 or x8 cross-linkage, resulting in theucohs flowing at approximately 1
mL/40 min without pressurization. Again, the liatibns of the radiation lab
prevented the use of a pressurized system, sdthenatographic separations were
conducted under normal atmospheric pressure. ifakdolumn dimensions used in
this work were 0.3 x 28 cm with AG-50W x8 200-40@sh resin converted to the
NH," form by treating the resin with several columnwoks of ~50% NEDH. Prior
to column chemistry the resin was equilibrated wishmL of the selected eluent with
sample load volumes of 0.2 mL. The eluting sohgiased were 0.15 M, 0.225 M,
and 0.53 Mu-HIBA buffered to pH 4.7 using concentrated }HH and measured via

a pH meter.
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The column elution rate forced the adoption o-part method for Gd/Sm/N
separationgjue to the limit of ~10 hours per day that a colwouldbe eluting.
Therefore the 0.15 M-HIBA solution was used first to isolate the Gd sectiuch @
discard the majority of Eshown in Fig. 3.10A The column was then rinsed w
~15 mL of 0.53 Ma-HIBA to remove the remaining lanthanoids. Subsequéne
column was cleaned with several column volume6 M HCI, reconverted to N,
form, and equilibrated for the next sample. Finally dMd &m were eluted using t
0.225 M solutionshown in Fi¢ 3.10B. Ater Nd elution the column was clean

with the peviously mentioned protoc
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Figure 3.10: A) 0.15 M-HIBA and B) 0.225 Ma-HIBA. Shaded regions refer
collection volumes for finalized™ stage column procedure trinitite and fuel samp
Samples were taken every 1 mL and were analyzdd$¢g-ICP-MS with intensities
reported as CPS.
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Multiple column calibrations were obtained and tésultant graphs show that
the elution peaks are reproducible to the 1 mLlleYéelds for the entire column
setup are only on the order of 60-80 % for Nd, &ndl Gd. Reasons for the low
yields are possibly due to ending the collectiotheftarget elements as a precaution
to reduce the possible contamination of neighbaianghanoids, which in all cases
contained radioactive species. This contaminationld have prevented the samples
from being analyzed at SRNL, which at the time tesplanned analysis method.

Due to instrument related hardware problems, lagistonstraints, and
departure of key personnel at SRNL, aliquots offtie samples were transported to
UMD and the separation procedure was conductedadiation lab in the Chemistry
Department. The Nu Plasma MC-ICP-MS in the Geologpartment was
authorized to perform analyses on radioactive goistas a backup plan and
ultimately, when the instrument at SRNL did not eoback online in a timely
manner, the analyses were conducted at UMD ancepagted in Chapter 5. A
summary of the complete separation procedure ifatite and the nuclear fuels can

be found in Table 3.8.
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Table 3.8: Final separation method for trinitite and fuel samples.

Step Trinitite Nuclear Fuels
Wash 55mL2MHNO;-5mL4 M 60 mL2 M HCl-15mLH20-50mL 2
1st HNO; M HNO;
Stage  Lanthanoid 30 mL 4 M HNO, 50 mL 4 M HNO,
Collection
Wash 8 mL0.15 M a-HIBA 8 mL0.15 M a-HIBA
Gd 4.25mL 0.15 M a-HIBA 4.25mL 0.15 M a-HIBA
Wash 8 mL0.15 M a-HIBA 8 mL0.15 M a-HIBA
ong  L@nthanoid 10 mL 0.53 M a-HIBA 10 mL 0.53 M a-HIBA
Stage Recovery
Wash 3 mL0.225 M a-HIBA 3 mL0.225 M a-HIBA
Sm 3.75mL 0.225 M a-HIBA 3.75mL 0.225 M a-HIBA
Wash 9 mL0.225 M a-HIBA 9 mL0.225 M a-HIBA
Nd 4.5mL 0.225M a-HIBA 4.5mL 0.225M a-HIBA

All samples were analyzed on the Nu Plasma HR ME-MS in the Geology

Department at UMD, with the exception of the Gddation and trinitite

measurements. These were performed on the Nu IHS"MC-ICP-MS at SRNL.

The results for the trinitite analyses can be foum@hapter 4 and the nuclear fuel

samples in Chapter 5.
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Chapter 4: Trinitité

[1]: N. Sharp wrote all materials in this chapt&.. M. Piccoli and D. T. Borg
conducted all electron probe analyses. D. T. Bm@)R. D. Ash conducted the laser
ablation analyses and lanthanoid abundance chattBgures. B. W. Ticknor and N.
Sharp conducted the Gd analyses at SRNL. N. EpSteformed all chemistry,
isotopic data calculations, and neutron fluenceuwations. This chapter has been
submitted for publication and is currently in regrsas:

Sharp, N., McDonough, W.F., Ticknor, B.W., Ash, R.Biccoli, P.M., Borg, D.T., in
revision, Rapid Analysis of Trinitite with Nucle&orensic Applications for
Post-Detonation Material Analysekurnal of Radioanalytical and Nuclear
Chemistry

4.1 Abstract

Analysis of post-nuclear detonation materials pilesiinformation on the
type of device and its origin. Compositional as#yof trinitite glass, fused silicate
material produced from the above ground plasmandutie detonation of the Trinity
nuclear bomb, reveals gross scale chemical andpgobeterogeneities indicative of
limited convective re-homogenization during accuatioh into a melt pool at ground
zero. Regions rich in weapons grade Pu have &sp iolentified on the surface of
the trinitite sample. The absolute and relativermances of the lanthanoids in the
glass are comparable to that of average upper coasposition, whereas the isotopic
abundances of key lanthanoids are distinctly namab The trinitite glass has a
non-normal Nd isotope composition, with deviatiofsl1.75 + 0.6C (differences in
parts in 10) in “*NdA*/Nd, +2.24 + 0.7% in **Nd/**/Nd, and +1.01 + 0.38in
18N d/A“Nd (all errors cited atd) relative to reference materials: BHVO-2 and
Nd-Ames metal. Greater isotopic deviations areatbun Gd, with enrichments of

+4 + 1¢in °GdA%Gd, +4.19 + 0.75 in *°GdA%Gd, and +3.48 + 0.52in
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183G d*°Gd compared to BHVO-2. The isotopic deviationsamesistent with a
239 based fission device with additioA3U fission contribution and a thermal

neutron fluence between 1.4 and 0.97 ¥ h6utrons/crh

4.2 Introduction

Today, a well-documented chemical and isotopicluiga is needed to assign
origin and provenance to materials from a nucleante Characterizing the fissile
material and composition of an unknown device ardral efforts of nuclear
forensics which can be challenging in the casenairb@an event, given the myriad of
debris types possible from the local environméntthe case of a nuclear device,
non-natural isotopic fingerprints have the potdnitigrovide insights into the
history, source, and origin of interdicted matewialt is critical to observe and
understand the effects of a fission event on lesspticated material before
embarking on analyzing complex urban debris. Asedyof trinitite, fused silica-
glass from the Trinity test event, presents nudeansic investigators with ideal
post-detonation material where the compositiorhefriuclear device and source
material are well-known, enabling validation oftbieg methods designed to
determine a device’s original makeup. In this gfwde present chemical and
isotopic data on trinitite and compare our reswith Trinity’s known characteristics.

In the early hours of 16 July 1945 the atomic aggan with the Trinity
nuclear bomb detonation at the White Sands Pra@irmgind, New Mexico. The
bomb, &**Pu implosion device, produced a fireball of ¥0and a debris cloud that
reached a height of 11 km within minutes, and ayalht as high as 21 km (Eby et

al., 2010). The debris cloud, consisting of maldrom the detonation tower, the
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bomb itself, and adjacent desert sand, precipitanéd the desert floor and cooled
rapidly, yielding a glassy surface, trinitite, tlsatrrounded the explosion site.

The four varieties of trinitite include: green gasnitite, pancake trinitite,
red trinitite, and bead trinitite. All types oimgte from arkosic sand and are
composed of quartz, microcline, albite, musco\atginolite, and calcite (Eby et al.,
2010). The green glass variety (analyzed in thidy9 consists of glass with no
observable unaltered original sand material. $hraple was likely produced from
the combination of proximal sand near ground zeetting into a glass and falling
material from the debris cloud (Belloni et al., 2D1 However, due to remediation of
the test site, the exact location relative to gobmaro for this trinitite sample is
unknown.

Trinitite contains fissile materials, neutron aated materials, and pieces of
the detonation tower and the bomb itself, suctha@sitanium tamper and lead casing
(Fahey et al., 2010; Belloni et al., 2011; Belluand Simonetti, 2012). Recently
uranium and lead isotopic signatures of the bonve li@en investigated (Bellucci et
al., 2013a, 2013b). Here we report on the chenaindlisotopic composition of
trinitite, both spatially resolved laser ablatiardasolution analyses, using inductively
coupled plasma mass spectrometry. During detamdigsion products of both light
and heavy isotopes (e.g., 80-105 amu and 130-160 @spectively) are produced.
The tail of the heavy isotope product distributiocludes the middle members of the
lanthanoids. The relative isotopic abundancesrmhknoids produced via fission
differ from those occurring naturally. The mixiogfission lanthanoids with natural

material produces measurable enrichments and d@en isotopic abundances
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when compared to natural material. The resultietes isotopic abundances can be
used to identify the device’s fissile material, gjiva successful deconvolution of the
fissile and natural isotopic compositions.

In this study the concentration of major elementleg and lanthanoids were
determined using a combination of electron proberosanalysis (EPMA) and laser-
ablation inductively-coupled mass spectrometry (ICR-MS). The isotopic
composition of Gd and Nd were determined by sardgigolution followed by
chromatographic separation of the elements ofestarsing multi-collector
inductively coupled plasma mass spectrometry (ME-MS). The utility of rapid
analysis of a post-detonation material via EPMA BAdlCP-MS provides an initial
gualitative screening that readily identifies sfied¢argets for more thorough
analyses, in this case using MC-ICP-MS for highejzien isotopic ratio

determinations.

4.3 Experimental methods

The trinitite sample studied is entirely glass andtains little to no original
sand. The green glass has a smooth top which pomds to the surface facing the
atmosphere during deposition. Deeper into the gaame vesicles with increasing
frequency with greater depth. Samples are highigrbgeneous in composition with
vesicles accounting for approximately 33% of thalttrinitite volume (Hermes and
Strickfaden, 2005). A ~1 g piece was broken ofthef bulk pool glass and

subsequently split into two fractions by hand. [Beere mounted in epoxy: one
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piece was mounted with the smooth surface expdsedyther piece was mounted

perpendicular to the smooth surface as observedyird.1.

Exposed to Air

Sample
Cross-Section

Exposed to Ground

Figure 4.1: BSE image of the two pieces of triaithounted in epoxy. The piece on
the top is the smooth surface of a piece of ttmithile the bottom image is the cross
sectional piece in Fig. 4.2. The large boxes a&dCP-MS sites and the smaller

boxes are EPMA sites.
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4.3.1 Electron microprobe

The JXA-8900 SuperProbe was used to determine rebgorent
concentrations via wavelength dispersive spectronféfDS). The analyses were
carried out with a 10-2(@m spot size, accelerating voltage of 15 kV, an@® a& cup
current. Data was recalculated using a ZAF algoritising orthoclase @O, Al,Os,
Si0y), rhodonite (MnO), and kakanui hornblende (CaOVIgeO, TiQ) as primary
standards with Yellowstone rhyolite as a secondtagdard. Backscattered electron

(BSE) images were also acquired.

4.3.2 Sample Digestion and Chromatography

For Nd and Gd isotope analysis a 0.1 g piece afsgl&initite (no original
desert floor material) underwent an acid digesgimtedure consisting of a mixture
of concentrated HNgand HF in addition to 100 pL of HClGn a sealed 15 mL
Teflon beaker. Two 0.05 g BHVO-2 SRMs underwertsame procedure in
separate beakers. An analytical blank was alscapedpand treated with the same
chemistry procedure and resulted in Nd and Gd btamicentrations of 6 pg. Teflon
distilled acid was used for sample digesting, ctatmgraphy, and sample analysis.

Sample digestion was performed on a hotplate SEB®LC for 72 hours.
Subsequently the beakers were opened and thesw@uwtiere dried to a hard residual
cake; 6 M HCI was added to each beaker, and theg then resealed and heated for
an additional 24 hours. Following this heatings beakers were opened and allowed
to dry again, and the 6 M HCI step was repeatefter sAhe 3 drying step 2 mL of

quartz distilled 2.5 M HCI was added to the samples
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Lanthanoids were separated from the bulk matrik wifi2cm x 2cm Dowex
AG50W x8 400 mesh cation exchange column irfddm. The 2 mL solution of
2.5 M HCIl was added to the column and 50 mL ofM.BCI| wash was added and
followed by 45 mL of 4.5 M HNg with the last 35 mL collected as the REE cut.
The REE cut was then dried down and reconstitutéd5 mL of 0.15 M
a-hydroxyisobutyric acidd-HIBA) buffered at pH 4.7 using N4OH.

Individual lanthanoids were separated using a 3& €% cm column filled
with Dowex AG50W x8 400 mesh cation exchange rasiated with concentrated
NH4OH to convert the resin from'Ho the NH' form. The 0.5 mL sample solution
was loaded and followed by a series of elutionsstejph a-HIBA isolating the Nd
and Gd cuts. The Nd and Gd cuts were then driath@md then dissolved with 2
mL of 0.8 M HNGQG. Isotope analysis samples were prepared by t&@0gL of the

cut solution diluted with 1.2 mL of 0.8 M HNO

4.3.3 LA-ICP-MS and MC-ICP-MS

The laser ablation analyses were conducted ongéesiollector, sector field,
Element 2 (Thermo-Finnigan, Bremen, Germany) ICPdd@pled to a 213 nm
wavelength laser ablation system (UP213, New WaaseRrch) with operating
conditions detailed in Table 4.1. Optimizatiortleé instrument included tuning the
ion lenses and ICP-MS torch position to maximizeglgnals at masses 43, 139 and
178 while maintaining*U*®0/4% < 0.2%. Individual analysis included a 30s

background acquisition followed by 30s spot analysi
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An external standard of NIST610 was analyzed irflidate at the beginning
and end of each data acquisition of ~16 spots aeslysunknowns. Differences in
beam diameter were due to higher concentratiotemttianoids in NIST610
compared to trinitite. The absolute concentratib@a obtained from EPMA
analyses functioned as an internal calibrant foa geocessing with LAMTRACE
(Jackson, 2008). For laser ablation sites nottcained by EPMA determined Ca
concentration, the laser ablation data was comldayenormalizing the ablation yields
of unconstrained Ca sites to the ablation yieldSPMA constrained Ca sites.
Plutonium concentrations are based on the assumibizd Pu ablates at
approximately the same efficiency as U. This adioa allowed for the
determination of a concentration/signal ratio foateach site and to apply that factor

to the Pu signal to determine a first-order appr@tion of Pu concentration.
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Table 4.1: The instrument operational conditions usd for LA-ICP-MS analysis.

New Wave Nd: YAG laser parameters

Wavelength
Energy density
Pulse duration
Carrier gas

Ablation pattern

Laser beam size (diameter)

Repetition rate

213 nm
2-3J ¢
5ns
He
Single spot
40 um (NIST 610), 8QTnmitite)
7 Hz

Thermo Finnigan Element2 ICP-MS parameters

RF power

HV

Scan optimization
Mass resolution
Detection mode
Sampler cone
Skimmer cone
Cool gas flow
Auxiliary gas flow
Sample gas flofv
Carrier gas floWw

Dwell time

1250 W
8 kV
Speed (dynamic peak-hopping mode)
300 (mmn)
Analog and counting
1.0 mm Al-alloy
0.7 mm Al-alloy
16 L min Ar
1.5 L mift Ar
0.8 L min* Ar
0.6 L min*He

5 ms at masses: 43, 137, 139, 140, 142, 143, 144,
145, 146, 147, 148, 149, 150, 151, 152, 153, 158, 1
156, 157, 158, 159, 160, 161, 162, 163, 164

10ms at masses: 165, 166, 167, 168, 169, 1701¥?2],
173, 174, 175, 176

®These gas flows were coupled at a T-junction gadhe plasma torch.

Isotope analyses for Nd and Gd were conductecedtttiversity of Maryland

Geology (UMD) department and the Savannah RiveioNat Laboratory (SRNL)

using Nu Plasma HR MC-ICP-MS (Nu Instruments, WeemhUK) with operating

parameters listed in Table 4.2. The instrumekiMD was coupled to an Aridus |

(Cetac Technologies, Omaha, NE) desolvating nedauliile a DSN-100
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desolvating nebulizer (Nu Instruments) was coupdetthe mass spectrometer at
SRNL. Measurement parameters were identical &t leaation with 5 blocks of 20
10 second integration points with a mandatory 3@isé background determination

at the beginning of each block.
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Table 4.2: The instrument operational conditions usd for MC-ICP-MS analysis

Nu Plasma HR MC-ICP-MS parameter$

RF power 1300 W
Reflected power 5W
Accelerating voltage 4000 V

Cool gas flow 13 L mir Ar
Auxiliary gas flow 1L mit Ar
Sweep gas flofy 2.75 L min* Ar
N, gas 10 mL mifiN,
Aspiration rate 50 uL min™
Integration time 10s

Blocks 5

Background time

30s between blocks

Nu Plasma HR2 MC-ICP-MS parameter$

RF power 1300 W
Reflected power ow
Accelerating voltage 6000 V

Cool gas flow 13 L mir Ar
Auxiliary gas flow 0.8 L mift Ar
Sample gas flofl 4.5 L min* Ar
Aspiration rate 100puL min™
Integration time 10s

Blocks 5

Background time

30s between blocks

&University of Maryland — Nd isotopes
P Gas flows were set using an Aridus |
¢ Savannah River National Laboratory — Gd isotopes
4 Gas flows were set using a DSN-100
Isobaric interferences for Nd consisted of Ce amdabmasses: 142, 144,

148, and 150. During sample acquisititfiCe remained stable g1.3mV while

4'Sm remained at less than 13é@V: the contribution from Sm isobars was
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negligible, whereas interference from Ce requiredraection ta“**Nd using
142Cef*%Ce = 0.1256 (Chang et al., 1995).

Instrument induced mass fractionation for Nd wasestted on-line by
normalizing to**™Nd/*/Nd = 0.7219. Normalizing using 0.7219 is not ideaé to
fission production of*®Nd and"*“Nd, however, the comparable fission isotopic ratio
of 0.6667 permits us to make comparisons usin@tiginal 0.7219 value for mass
fractionation correction. In the case of Gd a @mration standard was mass
fractionation corrected usifg°Gd/ ®°Gd = 0.9361 and the mass bias factor from this
correction was used to correct the BHVO-2 andtitendata. Due to low signals of

15Gd and™‘Gd (80 mV and 8 mV, respectively) those isotopesnat reported.

4.4 Results

A vertical cross section through a ~1 cm thick pietginitite glass reveals
chemical and physical heterogeneities. The satoplsurface (i.e., that facing the
atmosphere) and subjacent region contains silglats populated with quartz grains
that show signs of incipient melting. A verticahdrent in the amount and size of
vesicles with increasing sample depth into the pudtass is observed in Fig. 4.2.
The lower portion of the cross section (3.0-5.5 betow the surface) contains a
higher abundance of partially-melted quartz graifke incipiently melted material
present on the bottom of the sample most likelyaieed on the desert floor and was
not incorporated into the debris cloud, resultimgeiss overall melting and more

vesicles. The quartz-rich zones appear more prarezllower in the cross-section.
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Trinitite Glass Concentration (wt%)
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Figure 4.2: Cross section BSE image of trinithiewing an increase in size and
number of vesicles with depth and EPMA sites maik&d/. Darker shades of gray
represent partially melted quartz grains. Uncetyain the concentration
measurements are on the order of + 1%).(2

Major oxide compositions determined using EPMAlated in Table 4.3.
There is marked bulk compositional heterogeneitthefcross section of trinitite
glass (Fig. 4.2) with CaO and FeO concentrationeiasing with depth andJ® and

Al,0O3 concentrations decreasing with depth. We obsepesdive correlation of
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FeO vs CaO and

K,O. Lanthanoid

40 vs AbO; and negative correlation of FeO vs®@4 and CaO vs

concentrations obtained via LA-ICB-Kre listed in Table 4.4.

Trinitite glass is comparable to the average uppgst composition as shown in

Fig. 4.3 (Rudnick

and Gao, 2003), however, somealosnshow marked depletion,

possibly reflecting lithological variations in theailable desert floor and are likely

due to high calcite and quartz (L9) contributions.

Table 4.3: Major element oxide composition obtainedia EPMA analysis of

E2 E3 E4 ES E6 E7 ES8 E9

trinitite.

E1°
Oxide wt%
SiO, 64.74
TiO, 0.08
Al,O; 18.81
FeO 1.15
MnO 0.02
MgO 0.39
CaO 0.38
NaO 2.14
K-0 10.25
Total 97.96

64.96 6543 67.72 68.14 6552 57.10 65.08.42
0.03 0.08 0.54 0.45 0.37 092 0.62 "b.d.

19.46 1821 1525 13.86 17.31 13.25 11.82 50.1
028 105 3.15 253 271 657 255 0.16
b.® 002 007 006 006 009 0.05 B.ad.

003 044 130 1.06 100 274 094 0.06
1.27 462 666 7.00 7.10 1515 868 20.3
261 205 209 182 221 171 204 0.0
10.32 792 355 332 317 232 3.05 0.30
98.96 99.82 100.3P8.24 99.45 99.85 94.78 97.61

®Locations in Figure 4.2

Below detection.
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Figure 4.3: Comparison of lanthanoid concentratiobtained with LA-ICP-MS on
trinitite. Values are normalized to upper crusires from Rudnick and Gao (2003).
Loess (grey region), a glacial dust which is a radlyproduced sample of the
average upper continental crust (Barth et al., 2080@ compared to trinitite.
Average trinitite values (black squares) represestage from n=7 analyses, with L1
and L9 plotted separately. Uncertainties showrRareThe Gd values for L1 and L9
are below detection and are therefore empty markers

Table 4.4 show$®U and®**%Pu concentrations vary by an order of magnitude
and are not correlated with other elemental comagans in the sample. In general,
all sites analyzed exhibited®Pu/**Pu ratio 0f0.03, which is indicative of
weapons grade Pu (Moody et al., 2005), a strongtendor the fissile material used
in the device. In-situ laser ablation also ideatifisotopic anomalies in Gd isotopic
ratios, shown in Fig. 4.4, which provided strongdence that more rigorous analyses

of the trinitite sample were warranted and woulkelly yield detailed information

about the fission device.
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Table 4.4: Trace element results obtained via LA-I®@-MS with concentrations in pg/g obtained via ablaon yield
normalization.

L1° L2 L3 L4 L5 L6 L7 L8 L9 L10 L11
La 1.4(1) 22.8(7) 25.3(6) 39.009) 1.3(2) 16.0(5) .6%8)  38(1) 33.6(8) n.m’ n.m.
Ce 2.5(2)  43(1) 48(1) 74(1)  5.3(6) 32.7(9) 65(1) (BO  69(1) n.m. n.m.
Pr 0.15(4)  5.4(2) 57(2) 82(3) 0.4(1) 372 7)1(3 8.6(4) 8.0(3) n.m. n.m.
Nd 0.57(2)  20(2) 24(2) 32(2) 1.2(4)  13(1) 2720  29(  28(2) n.m. n.m.
Sm 0.2(1) 4.0(5) 48(5) 486) 0.3(1) 244 455 4.8(6) 5.8(6) n.m. n.m.
Eu 0.7(1)  0.9(1) 1.32)  0.7(1) 0.04(3) 06(1) 1201 1.1(2) 1.2(2) n.m. n.m.
Gd 0.3(2) 3.2(4)  4505) 3.8(5) 04(1) 2.33) 3.2(4) 4.2(5 5.0(5) n.m. n.m.
Tb 0.05(2) 0.57(6) 0.73(6) 0.42(6) 0.04(2) 0.40(5p.62(6) 0.56(7)  0.83(8)  n.m. n.m.
Dy 0.28(9)  2.9(3) 48(3) 26(3) 0.3(1) 3133 4Y(3 3.94) 5.5(4) n.m. n.m.
Ho 0.06(1) 0.60(5) 1.03(6) 0.49(4) 0.04(1) 0.60(49.95(5) 0.87(6) 1.1(6) n.m. n.m.
Er 0.17(4)  1.9(1) 32(2) 1.5(1) 0.16(5) 2.0(1) 23( 2.7(2) 3.4(2) n.m. n.m.
™ 0.04(1) 0.29(3) 0.48(4) 0.20(3) 0.02(1) 0.35(3p.57(4) 0.45(4)  0.54(4)  n.m. n.m.
Yb 0.22(6)  2.0(2) 33(2) 1.4Q1) 0206) 222 21( 3502 4.0(2) n.m. n.m.
Lu 0.04(1) 0.39(4) 0.50(4) 0.24(3) 0.02(1) 0.38(4D.60(4) 0.48(4)  0.57(4) n.m. n.m.
) nm.  43.04) 46.5(3) nm. n.m. n.m. nm.  41.8(4) 276(2)  29.1(2)  27.8(3)
2P nm.  036(4) 2.22(7) nm. n.m. n.m. nm.  1.70(7) 56Q1) 0.56(3)  0.59(4)
4% p nm.  0.012(6) 0.036(9) n.m. n.m. n.m. n.m.  0.06(1)0.02(2) 0.018(6)  0.009(5)
20pyf%Pu n.m.  0.034(8) 0.016(4) n.m. n.m. n.m. nm.  0@®B3 0.027(28) 0.033(11) 0.015(8)

®Locations Figure 4.2
PPy concentration calculated based on assumed sabiiation and ionization yields 48U
°Not measured: No data collected for these elements
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Figure 4.4: Isotopic composition of Gd analyzethwiA-ICP-MS. Mixing line
represents line frorff°Pu fission production to natural composition. #celic basalt
(BIR) was used as a secondary standard during semlyUncertainties are reported
at .

The Nd isotopic composition for trinitite is disttive from both the BHVO-2
and Nd-Ames metal solution, listed in Table 4.5 ahows deviations in
YINdANG, MNdANd, and™Nd/A*Nd which are -1.75, +2.24¢, and +1.0k
respectively, witte being deviations in parts in 40Likewise, the Gd isotopic
composition of trinitite, (Table 4.5) also différem natural materials iff°Gd/*°Gd,

1%GdGd, and™*Gd *°Gd with enrichments of 4, 4.19¢, and 3.48& respectively.
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Table 4.5: Nd and Gd isotopic ratios for standardsnd trinitite sample.

Sample M2NdMNd YINAAND UNAAYND MINdAYND PNdAND M%Ce (V) 'Sm (V)
Nd-Ames Metal (n=18)  1.141863(53) 0.512151(18) 0.348403(12) 0.241543(10) 0.236353(9) - -
¢ (Ames+BHVO-2) -0.09(59) -8.23(0.73)  +0.20(73)  +0.02(0.36)  +0.15(39)
BHVO-2 (n=2} 1.141884(41)  0.512995(33) 0.348389(3) 0.241542(3) 0.236346(2) 0.0013(2) 0.000009(5)
¢ (Ames+BHVO-2) +0.09(59) +8.23(73) -0.20(73) -0.02(36) -0.15(39)
Trinitite (n=1Y 1.141674(25)  0.512164(9) 0.348474(5) 0.241567(7) 0.236342(10) 0.0012(2) 0.000005(14)
¢ (Ames+BHVO-2) -1.75(60) -7.98(75) +2.24(75)  +1.01(38) -0.32(58)
Sample 195G d/*°Gd PGdA%Gd P'GdA%Gd M'GdA%Gd M'Sm (V) 15Dy (V)
Gd Solution (n=20) 0.676819(42) 0.9361  0.715875(33) 1.135906(40) - -
& (Gd soln) 0.0(62) - 0.0(46) 0.0(35)
BHVO-2 (n=2f 0.676813(17) 0.936083(47) 0.715846(12) 1.135883(28) 0.00006(1) 0.00022(1)
& (Gd soln) -0.09(67) -0.18(50) -0.41(49) -0.20(43)
Trinitite (n=1f 0.677100(64)  0.936492(70) 0.715880(42) 1.136301(44) 0.00004(2) 0.00210(20)
& (Gd soln) +4(1) +4.19(75)  +0.07(75)  +3.48(52)

aNd normalized to*Nd/**Nd = 0.7219
Gd normalized td*°Gd**°Gd = 0.9361 using standard-sample bracketing
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4.5 Discussion

Vertical, textural, and chemical gradations in titigitite glass are consistent
with rapidly quenched melt material that was ndtisiently molten long enough for
thermal convection to efficiently mix and homogenihe melt pool. The top 1 mm is
suggestive of the source material primarily comsjsof potassium feldspar,
KAISi3;Og, which agrees with one of the possible glass fadestified in previous
studies (Ross, 1948). The smooth texture of thepbas surface alone is not
sufficient to determine how the sample was producHte top-most material could
either have been original desert floor which wasté@ to melting from the thermal
radiation of the blast, or it could consist of neoltdroplets raining from the sky and
pooling over the desert floor (Belloni et al., 20Rbss, 1948). The primarily
potassium feldspar composition of the analyzedoregoes not imply that the top
material is solely potassium feldspar, insteaghdws that an original crystal of
potassium feldspar was melted to such a degred fbatot visually observable from
its surroundings.

The observable increase in vesicle frequency witkszsectional depth could
be due to degassing of water from the beneathdbkertifloor. The topmost layer of
trinitite likely consists of material that rainedtdrom the debris cloud, which was
degassed and vesicle free. The initial blast anly eeposited material on the desert
floor heated pre-existing local water to evaporatidhe deposition of airborne
material incorporated desert floor sediments aneldags an insulator while the top-
most layer quenched to a glass. Degasing liketyiwed deeper in the soil with the

vapors escaping upward to the quenched surfacenbeg trapped and creating
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vesicles of increasing size with depth in the sam@n alternative explanation by
Belloni et al. (2011) proposed that immediatelydaing the detonation the sand
around ground zero is heated to its boiling poRbughly 2 seconds after the
explosion, molten droplets begin to rain down amlbiling sand, forming the top-
most portion of trinitite. Trinitite is then instly quenched by cool air being sucked

toward ground zero.

4.5.1 Nd and Gd Isotopic Composition

Deviations in the isotopic ratios of Nd and Gdrinitite are dominated by
two nuclear processes: neutron absorption anafiggioduct generation. Neutron
absorption reactions, specifically thermal (~0.09% meutron capture, will decrease
the abundance of an isotope that has a large mecéifture cross-section, with an
accompanying increase in the capture products]ewsotopes with comparatively
low cross sections would have a reduced probaliditpeutron capture, thus
remaining largely unaffected. Thermal neutronsspeeifically mentioned here as
fast neutrons (greater than 0.5 MeV) have a lowedbability of being captured by
nuclei due to their higher energy and must undsey@ral kinetic collisions with
other nuclei before becoming thermalized and ablgatticipate in capture reactions.
Fast neutrons can also participate in nuclear igecbutside of neutron capture,
however, our calculations specifically require thal neutrons and, therefore, we are
constrained to reporting the thermal neutron fleeofcTrinity and not the total

neutron fluence.
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None of the Nd isotopes are major neutron absorbais neutron absorption
reactions do not play a prominent role in any Ndapic deviations found in trinitite.
However, two Gd isotope$>°Gd and™>’Gd, have large capture cross-sections for
thermal neutrons, 6 x 1® and 2.5 x 10b respectively. Their resulting capture
products*°Gd and*®Gd, exhibit very small capture cross-sections liermal
neutrons, 1.8 b and 2.2 b respectively, which @oddw to experience significant
depletions, resulting in enrichments'fiGd and*>*Gd which can be directly
correlated with depletions i°Gd and™'Gd.

Fission also changes the Nd and Gd isotopic ratiesto decay of neutron-
rich fission products. Trinity’$*®Pu fast fission does not immediately produce
significant stable Nd and Gd isotopes (highestyiading 0.1% and 0.001%
respectively (Chadwick et al., 2011)), howevereafiubsequent beta decays, stable
isotopes are produced with yields found in Tab& £ission produced isotope yields
alone are not sufficient to predict deviationssatopic ratios. To predict isotopic
ratio deviations the difference between the is@@pimposition of fissioned material
and natural material must be taken into accourd. fission event produces isotopes
in similar abundances to natural material at maghall deviation will be observed.
For example}Nd/A*Nd in natural material is assumed to be 0.7219 dvew in
2%y fission the ratio is 0.6669, resulting in a maxin deviation of -762.

However, if the fission event produces isotopes déin@ greatly different than natural
material a large deviation will be observed. Bareple,***Gd/*°%Gd in most natural
material is assumed to be 0.6768, however, the patiduced irf**Pu fission is

13.13, resulting in a maximum deviation of +184,800
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Table 4.6: List of independent and cumulative yield of lanthanoids of interest
(Jackson, 2008).

Independent Yield Cumulative Yield Initial Lifetime
(%) (%) Isotope (minutes)

142Nd 2(1) x 10%° 1.2(7) x 1¢° 14%py 2x10
149Nd 2.8(9) x 10° 3.69(3) 14Ba 6 x 10
145Nd 4(2) x 10° 3.00(2) 199 a 3x1d
140N d 8+5 x 10° 2.46(1) 14ce 3x1d
148N d 7+4 x 10° 1.658(6) 148ce 3x1d
150Nd 0.10(6) 0.993(5) 150py 1x 10"
1%Gd 3(2) x 10’ 0.21(2) 15Pm 4x10
1%6Gd 7(2) x 10° 0.154(6) 1%pm 3x1d
15Gd 3(2) x 10° 0.106(8) 15Sm 1x 10
1%8Gd 2(1) x 10* 0.06(1) 1%85m 5x 10
1%0Gd 1.1(7) x 10° 0.016(5) =0, 9 x 10*

Maximum deviations can only be observed when tb&dn event was of such
magnitude that the element’s natural mass has esmwhelmed with fission
produced material and has a pure fission compasitidus, both the yield and
isotopic composition of the fissioned material mostconsidered when predicting
deviations in isotopic composition of fallout maakr Lower concentrations of
lanthanoids in natural material are more sensttiMeoth fission isotope generation
and neutron capture due to the lower number of stavailable to dilute the
fissionogenic signature. Therefore, we would expeobserve the most pronounced
altered isotopic abundances in elements that arelbw abundance in nature and
produced in high yields via fission; both critetfi@t are met by Nd and Gd.

There is a noticeable difference in time domainseaftron lifetimes (on the
order of tens of seconds from Bainbridge (1976)) tame necessary for beta decay
of fission products to reach stable lanthanoidoiges (hours - Table 4.6). This

difference in time enables a simplifying assumptiwat neutron capture only

91



occurred on naturally occurring material, esselgtiab fission product lanthanoids
were available or participated in neutron captufer example'*’Gd has an
independent fission yield of 3 x $@, whereas the majority of mass 157 isotopes are
produced a$°’Sm (&= 8.03 minutes) with a yield of ~0.1%. It takes @pgmately
160 minutes for a’’Sm to beta decay {6°Gd, by which time neutrons are no
longer available for capture. Immediately produlzdhanoid fission product nuclei
can also be assumed to not participate in neutptuce reactions due to their
neutron heavy structure and relatively low captirgss sections in comparison to the
naturally stable lanthanoids. The lanthanoids peed through fission with high
immediate yields are so neutron rich that theyalle short half-lives, on the order of
minutes, and undergd decay. With the neutron pulse being on the ooflseconds
and the half-lives on the order of minutes, it barassumed that none of the
lanthanoids immediately produced via fission absomp neutrons. Therefore, the
only lanthanoids able to absorb neutrons were @yreesesent in the natural source
material.

Having neutron absorption occur priorf@ecay of neutron-rich fission
products enables an iterative modeling procesetierchine the total neutron fluence
the trinitite sample experienced. The isotopic position of Gd and Nd can also be
used to determine wheth@rU or ***Pu was the fissile material, based on their
distinctive fission product isotopic compositiofhe iterative process begins by
determining the total number of atoms for eachoigetinitially present and then
determining the effect of unknown neutron fluenoetlee isotopic composition using

the following equation:
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Niy = N;+1 + (N; * 07 — N;+1 * ch+1) * O (4-1)

whereN, represents the original atoms of isotop&/%,, the resulting atoms
of isotope x+1g7¥ is the neutron capture cross section of isotojpecx?, and the
total neutron fluence i$.

Fission products are introduced according to themulative yields using the

general equation:
N,{ = Ny + ps#*™ * Fission Events (4-2)

whereN{ andN¢ representspost-fission and post-neutron capturasgto
respectively, ang<*™ represents the cumulative fission yield of isotgpélhe
number of fission events is increased until the eedl isotopic ratios are of similar
magnitude as the measured ratios from trinititethBzquation steps are repeated in
an iterative process until a best fit line has beathed.

As previously mentioned, a low capture cross sadto thermal neutrons
results in Nd isotopes having low sensitivity tatten fluence, and therefore are not
ideal for determining the level of neutron flueqreduced by the Trinity detonation.
With the larger neutron capture cross-sectionsdnt@@e neutron fluence can be back-
calculated based on Gd isotopic ratios. The nautugnce can be calculated in two

ways: the iterative process previously detailetyousing Eq 4-3:
1586(1 1586d
1574 "\ 1574
t n
158Gd 1586(1 155Gd
1+<157Gd> 0-2!50155(1576‘1) *<156Gd>
n n n
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Eq. 4-3 was derived by Eugster et al. (1970) wWifhrepresenting thermal
neutron fluence in n/cththe subscripts t and n represent trinitite artdnaé andoy
is the thermal neutron capture cross section far tespective isotopes.

The iterative process gives a fluence value of £1042) x 18° n/cnf (all
errors cited at@), which is on the lower end of the values predidig Parekh et al.
(2006), while calculations based on Gd ratios tesuala fluence of
(9.468 + 0.002) x Wn/cnf. The differing uncertainties are a product otakdting
the total mass of Gd experimentally measured igreatifrom the faraday cup for the
iterative process. This signal has a greater t@iogy due to fluctuations in the ion
beam compared to the uncertainty of the isotope patirs, which constrain the ratio
calculation method. The discrepancy between ttvesdluence values could be due
to the ratio method not accounting for fission pratdnterference, which would
reduce the impact of neutron capture'0sd/°°Gd and*>’Gd***Gd given the
greater production df°Gd and">’Gd compared t6°°Gd and"**Gd respectively.

Trinity’s fissile material can be determined byHkowy at the isotopic ratios of
Gd in Fig. 4.5. The isotopic ratios, which woulel dibtained from fissioning either
23 or 2%u, are similar with regards 1°Gd**°Gd, **'Gd**°Gd, and"**Gd/**°Gd.
However, a noticeable depletion'fiGd/*°Gd is observed relative to modeled
predictions. Based on scaliffPu and®U fissionogenic isotopic ratios to trinitite,
2% fission would have resulted in +£2nrichment in>°Gd/*°Gd while***Pu
would have resulted in +588 Both possible fissile materials show an enrichime
above what is actually observed in this trinitiéenple for'>>Gd, however, the lower

limit for 22%Pu is within 3 standard deviations of the measuedde wherea&™U is
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~22 standard deviations. The closer agreement\xséor>>%Pu is a strong

indicator thaf**Pu was the fissile material as opposetf10.

16 -

239
8 Pu Model

4 - %rinitite

BHVO-2 (SRM)

Deviation from Natural (g)

155Gd 156Gd 157Gd 158Gd

Figure 4.5: Graph aof (10%) deviation in trinitite for Gd isotopes normalized*°Gd.
Uncertainty reported ass2 Trinitite and BHVO-2 were corrected for mass
fractionation via sample-standard bracketing wittoacentration standard corrected
to 1°*°Gd*®°Gd = 0.9361. Shaded regions refer dauBcertainty wittf>>U model
uncertainty comparable t6%Pu.

The isotopic ratios of Nd show clear signs of bssigenic contribution due to
enrichments if**Nd/**Nd and"**Nd/**Nd and depletions itf**Nd/**Nd as shown
in Fig. 4.6. As previously mentioned, Nd isotog&viations occur solely due to yield
of fission isotopes which peaks'atNd (Table 4.6). The depletion {Nd/ *Nd is
due to the lack of production 8¥Nd compared t6*Nd. The presence of stable
142Ce along the decay path of mass 142 fission predesults in no additional

production of**Nd with the exception of the small likelihood 8fPr production

95



(10°%) or direct production of*Nd (10*°%). The scaling fit for the initial fissile
material shows strong agreement¥5Pu based ofi“Nd/**Nd, **Nd/**“Nd, and
1NdMNd. However*Nd/A*“Nd fits between thé&*Pu and™*U fission curves

along with™®Nd/**Nd, which is not distinguishable from natural miter The

greater uncertainty iH*Nd and™°Nd isotopic ratios is due to their lower abundances
and large mass differences compared to the maggfration correction ratio, and

could explain the deviation of trinitite valuesritche®**Pu fission curve.

3 -

239py Model

235U Model

Deviation from Natural (g)
o

=B Trinitite

-3 ) 142Nd 145Nd 146Nd 148Nd 150Nd
Figure 4.6: Graph of (10%) deviation in trinitite for Nd isotopes, normalizéo **Nd,
from an average value of Nd-Ames metal and BHVQJacertainty reported a2
BHVO-2 ratios are shown compared to the averagadalavalue to show
instrumental precision. Interferences in BHVO-2 aninitite were observed &t°Ce
signal <1 mV and*’Sm <10®> mV. Results for*Nd are corrected fof“Ce
interference. All isotopic ratios are corrected¥dld/**Nd = 0.7219. Shaded
regions refer to @ uncertainty witt***U model uncertainty comparable?tPu.
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Conversely*Nd/*Nd does not show any signs of enrichment, which was
expected, given that*Pu fission production would yield an isotopic ratic0.269 +
5, greater than the measured natural isotopic 236353 = 9 (Table 4.5) for Nd-
Ames metal. Assumin@*Pu fission, trinitite should exhibit enrichment in
150N dA**Nd compared to natural. Possible explanationghisrdiscrepancy include
loss of fission produce®Nd or a greater production 8¥Nd than expected.
However, due to the agreement with the other isotapios with thé**Pu model the
14INd excess is unlikely and the preferential los§®d compared to the other
isotopes is also unlikely to occur. Neutron capiom>ONd isotopes is unlikely due
to the 1 b neutron capture cross sectiof?®fd.

Another possible explanation is production of Nitlgh?**U fast neutron
fission, which would givé>Nd/**Nd and***Nd/**Nd isotopic ratios of 0.182 + 6
and 0.140 * 3 respectively (Chadwick et al., 20Idyer than the ratios produced
from fast fission of**Pu which are 0.269 + 5 and 0.449 + 9 respectivé@lye trinitite
198N dA*Nd and™Nd/A“Nd ratios plot between tHEPu and™?U fast fission
predictions. Recent studies have also shown that asotopic systems plot between
both?*%Pu and®**U fission (Bellucci et al., 2013c). The presenceatable isotopic
alterations caused B§U fission suggests that™U fission contributed significantly
to the overall fission events from Trinity, in atidn to the?**Pu which was the
primary fissile material. Our model does not assigjuantified value to tHé°U
contribution, but our results are in agreement withdeled predictions made by
Semkow et al. (2006) and noted discrepancies idiger*>>Eu and**'Cs ratios by

Bellucci et al. (2013c). Evidence fot'U fission is not apparent in Gd isotopes, due

97



to the difference in yields of Gd throughU and®*%u fission. Fission ¢f*Pu
produces approximately 10x the amount of Gd psidisevent compared t°U
(Table 4.6), therefore, tHé&®Pu events obfuscated any possfBfe) contribution.

The ability to determine the fissile material uge@d nuclear weapon from the
isotopic composition of rare earth elements in {oetbnation material provides
investigators with a method that is more resistamirtificial emulation with fissile
material or common highly radioactive fission protu Results from this method
can be used in tandem with other indicators o§sidn device to verify or bring into
guestion a previous hypothesis concerning thddissaterial used in the device.
Focusing specifically on Trinity, the combinatiohtioe presence ¢f°Pu and the
non-normal isotopic compositions of Nd and Gd pdegi compelling evidence that

Trinity was a primarily’**Pu based fission device with additional fissiontdbntion

from 23U.

4.6 Conclusion

The trinitite sample analyzed in this study hasidicant variability with
depth in terms of major element compositions arsilcle abundance. Signs of the
fission event are apparent in the isotopic compmrsitf Nd and Gd with clear
enrichments and deviations in normally invarialaias. Comparison of trinitite Nd
isotopic composition witf**Pu and™**U fission predictions yielded evidence of
fission of not only***Pu, which the device was intended to fission, tsa aignificant
fission of**®U. Detecting the contribution of unexpected fissilaterial in Trinity

highlights the level of detail that can be obtainsthg careful sampling and analysis
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of post-detonation material. Taking advantage pidaanalysis times achievable
with EPMA and LA-ICP-MS, a first pass analysis afyantercepted or post-
detonation nuclear material can be performed qui(@d3 days total) while also

identifying suitable samples for more in-depth geeas.
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Chapter 5: Sm and Nd Isotopic Composition in THResearch
Reactor Fuels

This chapter focuses on the isotopic compositidriddoand Sm in three spent
nuclear fuels from different material test reac{®3R). The yields of the
separation process and original concentrationsefanthanoids are calculated and
compositional differences between the fuel rodswdised. The measured isotopic
compositions are compared to the modeled compasipoedicted by the Oak Ridge

Isotope Generation and Depletion Code (ORIGEN-®yifirhnn and Westfall, 1995).

5.1 Introduction

In nuclear forensics there are two major typesuadear materials: pre-
detonation and post-detonation. Pre-detonatiormnads can vary tremendously from
uranium ores to spent nuclear material. Spentaunchaterial is particularly
important as it can be used in a radiological disipe device due to the highly
radioactive nature of the contained fission proslu@pent nuclear fuel can also
contain large amounts of un-fissiorfédJ, especially from research reactors which
typically operate witf**U enrichment levels above 20 %. Previously reearc
reactors operated at higftU enrichments, in some cases up to 93%, but imtece
years a push has been made to convert to low-@aritlel (LEU) with enrichments
on the order of 20% (IAEA, 2010). With their largmount of fissile material and
radioactivity, spent nuclear fuels represent higbfife targets for illicit activities and,
therefore, require methods to determine an intexdituel rod’s provenance and host-

reactor’s operating characteristics.
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Spent nuclear fuel from power reactors has beesnsitely modeled using
multiple versions of ORIGEN, including ORIGENZ2.206@RIGEN-S (Groff, 1980;
Xulubana et al., 2008; Ezure, 1989; Tait et al93)9The large amount of radiation
produced via fission products must be understoatiaonuclear reactor operators
know what to expect from each fuel rod and can thke appropriate handling and
shielding steps to protect themselves and othéfisile codes such as ORIGEN have
been benchmarked with power reactor fuels, sperieaufuel from research reactors
have not been as extensively modeled (Gauld e2G06) .

The evolution of spent nuclear fuels can be mod&edower reactors given
that setups assuming the use of LEU or HEU fuealsstare essentially identical
fission product codes with°U as the primary fission isotope. However, neutron
fluences can differ greatly between research reaetiod power reactors. The
primary reason for this comes from the higher uramenrichment in research
reactors, but another important reason comes fiifferehces in core geometries.
Research reactors primarily perform neutron-bageérments and therefore have
neutron reflectors and open voids in their readmf®cus neutron fluxes and
perform in-core neutron irradiation experimentfie3e conditions differ greatly from
power reactors, which are focused on maximizinghleemal output from fission to
generate electricity; therefore, they have moréoum neutron fields compared to
research reactors. An important question to anfwar a nuclear forensic viewpoint
is whether a computer model which is based on arage neutron flux can

accurately predict the final composition of spemtiear fuel from a research reactor.
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It is useful to analyze the rare earth elementdHR& determine the accuracy
of ORIGEN-S for describing spent research reactictear fuel. These elements
exist on the tail-end of the high-mass fission piddurve and contain isotopes with
large thermal and resonance neutron cross se¢gans-*°Sm and“*’sSm,
respectively) and’®Nd is characteristically used as a monitor to deiee fuel burn-
up. The isotopic composition of these elementspramide information as to how
well the fuels have been modeled by determiningatheunt of burn-up and neutron
captures.

Typically the Nd and Sm isotopic composition insjpeuclear fuel have been
analyzed using HPLC to separate the elements befeasurements using MC-ICP-
MS (Isnard et al. 2005; Brennetot et al., 2005; fi@eois et al., 2011). However,
HPLC requires a dedicated instrument containedgloee-box to perform the
separations, which can be logistically challengihgthis study we present a
simplified method for separating Nd and Sm by usiaion exchange
chromatography. The samples were chromatographjpatified and then analyzed
using a Nu Plasma HR MC-ICP-MS at the Universityairyland (UMD) with
reference materials that have gone through the sataenn chemistry serving as

mass fractionation correction standards.
5.2 Materials and Methods

5.2.1 Fuel Rod Sampling and Lanthanoid Separation

All acids used in this work were of high-purity djitya(either purchased or
created using a triple-distillation process at UMIResins used were cleaned with

6 M HCI prior to column loading. All sample matds were collected in acid-
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cleaned containers and reference material chenvigtsyperformed in a Class 1000
clean lab in the Geology Department at UMD.

Three MTR spent nuclear fuel rods were sampledriddally in 2009, 2010,
and 2011 at Savannah River National Laboratory (SRMielded Cells Facility.
The sampled fuel rod was placed into a specialatoment device specifically built
for the sampling process and placed inside Shiei$. The containment device
ensured that no cross contamination occurred betBaelded Cells and the fuel rod
samples. MTR spent fuel rods consist of multipsges of uranium fuel spatially
separated from one another and incased in an alumahadding. Cores (5 or 6 total
sites) spaced evenly down the length of the fuglanoed were drilled deep enough to
sample only the top fuel plate. This sampling pescprovided enough material to
obtain representative compositional analyses oéttige fuel rod while minimizing
the radioactivity of the processed solution. Tésuiting material had an average
weight of ~1.5 g total with ~0.2 g consisting of tiranium fuel and the rest
consisting of the Al-cladding material. This maééwas dissolved in 100 mL of
50% aqua regia. Blanks were taken inside the aontnt device for each fuel rod
sampling event. These solutions were also analgmedheir concentrations will be
reported along with the fuel rod solutions.

For the lanthanoid separation process, ~4 mL wéentdom each 100 mL
solution and dried down overnight in an oven. @hed samples were then diluted
with 2 mL of 2 M HCI. The lanthanoids were sepadafrom the highly-radioactive
fission products, uranium, plutonium, and the alwma-rich matrix using cleaned

cation resin (AG-50W x8 200-400 mesh) equilibrateth 2.0 M HCI and contained
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in plastic 10 cm x 1.5 cm columns (Environmentapiess R1020). After loading the
samples onto the columns with 2 mL of 2 M HCI tesim was then washed with 60
mL of 2 M HCI followed by 15 mL of KO and 50 mL of 2 M HN@ The

lanthanoids were finally eluted with 50 mL of 4 MNiB3. The resulting lanthanoid
solution was removed from shielded cells and ama@lyrsing gamma-ray
spectroscopy to verify removal of high-activitydign products.

Due to logistical constraints 1 mL aliquots of e 50 mL solutions (0.1 mL
for MTR 2009 due to larger fuel rod sampled massjevtransported to UMD for
separation of the individual lanthanoids. Thisaapon was carried out in a non-
clean lab environment and involved the use of ddahG-50W x8 200-400 mesh
resin in the NH" form loaded into a 0.3 cm x 28 cm quartz glassmol with
0.15 M, 0.225 M, and 0.53 M alpha-hydroxyisobutyaad @-HIBA) buffered to pH
4.7 using NHOH.

Once at UMD the separation procedure was perfoimadadiation hood and
the aliquots were dried and reconstituted in 0.20vl5 Ma-HIBA and loaded onto
the column. The Gd cut was collected in 4.25 nteradn 8 mL wash. A subsequent
8 mL wash removed most of the Eu and the lightethi@noids were then collected in
10 mL 0.53 Ma-HIBA. The column was then treated with 6 M HG3, IQ H,0,

7 M NH,OH, and equilibrated with 0.225 MHIBA. The 10 mL containing the
lighter lanthanoids was dried down and thEIBA digested with aqua regia. The
remaining material was reconstituted in 0.2 mL 6.RRa-HIBA and loaded onto the
column. The column was washed with 3 mL, Sm recsvevith 3.75 mL, wash with

9 mL, and finally Nd was collected with 4.5 mL. &&d, Sm, and Nd aliquots were
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dried down and the a-HIBA digested using aqua regjizese final solutions were
then dried down and reconstituted in 2 mL 0.8 M HN&@ Sm and Nd while Gd was
reconstituted in 1 mL 0.8 M HN$ O Smaller aliquots of Nd and Sm were taken for
MC-ICP-MS analyses while the entire 1 mL Gd solutweas analyzed as-is due to its
predicted concentration being too low to requinghfer dilution.

Reference materials for this work consisted of BH¥ (a basalt powder
reference material) and a 600 ppb (wt%) solutiolanthanoids (Ce through Dy) in
2 M HCI, created via dilutions of concentrated edamal stock solutions (referred to
as MBF). Two 0.05 g samples of BHVO-2 were diggsteing a mixture of HN®
and HF with 10QuL of HCIO, in a sealed 15 mL teflon beaker at 480 The
solution was then dried down and the samples vemenstituted in 6 M HCI, sealed,
and heated for 24 hours. This process was repéeaieel and the final dry material
was dissolved in 2 mL of 2 M HCI. These two BHVG&nples and the MBF
sample went through the same separation procedubeduel rod samples and were
analyzed on the MC-ICP-MS with the BHVO-2 servirsgaaquality control and the
MBF solution as the mass bias factor correctiortrobn A blank was also taken

through this process to account for natural lanticanontamination.

5.2.2 MC-ICP-MS

Isotopic analyses of Nd and Sm were conductedeaGdplogy Department of
UMD using the Nu Plasma HR MC-ICP-MS with operatpagameters reported in
Table 5.1. The instrument was coupled to an Aridiesolvating nebulizer with an
uptake rate of 5QL/min. The sample measurement conditions consisté&dlocks

of 20 5-second measurements with a 15-second baokghbetween each block for
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Nd and 4 blocks of 20 7-second measurements (fos€ycle 2) with 15-second
backgrounds for Sm. Gd was not analyzed due wetectable signal for the fuel
samples.

Table 5.1: Instrument operational conditions usedor MC-ICP-MS analysis of
MTR samples.

Nu Plasma HR MC-ICP-MS parameters

RF Power 1300 W

Reflected Power 5W

Accelerating Voltage 4000 V

Cool Gas Flow 13 L mih Ar

Auxiliary Gas Flow 1 L mift Ar

Sweep Gas Flov 2.75 L min® Ar

N, Gas 10 mL mir N,

Aspiration Rate 50 uL min™

CollectoP H5 H4 H3 H2 H1 AX L1 L2 (;C L3
Nd 150 148 147 146 145 144 143 142 140
snf 1545 152|3 1512 1501 149[50 148|9 147|8 1467 144[5

%Gas flows are set with an Aridus |
PHx cups refer to Faraday cups, ICx are ion counters

°Sm analyses involved two cycles: Cycle 1 | Cycle 2

Mass fractionation was corrected using the standandple-standard
bracketing method using the MBF solution as thedded and the BHVO-2 samples
as a QC to determine the accuracy of the correatiethod. For the MBF solution
we used*™Nd/*Nd = 0.7219 and*®Sm/*‘Sm = 0.49419 as the internal correction
terms (Wasserburg et al., 1981). Total intenditthe ion beams for samples and

MBF deviated by no more than 15 % during the amalyith total Nd and Sm
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intensities of ~6.4 V and 2.1 V, respectively on fémaday cups which all had 1x10
ohm resistors.

Isobaric interferences for Nd consist‘éiCe and“*4%¢1%81%8m while Sm has
interferences from**14¢1481Rd and™**#1>Ey. During Nd analysis intensities of
140Ce and*’sm were monitored and averaged at 3 mV and 0.3respectively,
while Sm interferences were monitored“@Nd and"**Eu and were ~0.01 mV and

~0.1 V respectively.

5.3 Results

Yields for Nd, Sm, and Gd were calculated by conmggthe total ion
intensities of the MBF samples to stock solutiohkrmmwn concentration prepared
gravimetrically prior to isotopic analysis. Thisulted in yields of 59 + 4%, 53 +
10%, and 43 + 6% (95 confidence level) for Nd, @m Gd respectively. Yields
from BHVO-2 samples fall within these ranges whk hoticeable exception of a
calculated 80% vyield for Gd. Concentrations foradi Sm in the MTR fuel
solutions and their respective chemistry blank tsmhs contained in Shielded Cells at
SRNL are presented in Table 5.2. Analysis of GtheyMTR solutions showed no

detectable signal.
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Table 5.2: Concentration of Nd and Sm
(ng/mL) in stock solutions at SRNL.

Nd Sm

MTR 2009 6(1)x 1®  4(1) x 16
Blank 2009 1.9(4) 0.6(2)
MTR 2010 | 2.8(6) x 10 1.8(6) x 18
Blank 2010 6 x 18 1x10°
MTR 2011 | 1.53@)x1d 9(3)x 16
Blank 2011 0.6(1) 2 x 10
UMD Blank 2 pg 3 pg

The isotopic ratios of the MTR fuel and BHVO-2 wemrected using the
mass fractionation correction terms derived fromMBF standards and the results
are given in Table 5.3. The overall external repimbility of the MC-ICP-MS is
~0.02% (95 CL) and the bias introduced via the btk correction method is
(0.01-0.4) %. Isobaric interferences in the fushples were corrected by calculating
the isotopic composition of the interfering isotopehe specific fuel sample and
using that ratio to correct for the isotopic rasfdnterest. For examplé®Sm
interference o®Nd in MTR 2009 was corrected by calculating tfSmA*’Sm
isotopic ratio in MTR 2009 and using that raticctwrect for>°sSm in MTR 2009 Nd
by monitoring thé*’Sm signal. All of these corrections were below\ifth the
exception of°*™Nd in MTR 2009 and all MTR 2009, 2010, and 264d which

were 1.39%, 1.37%, 2.92%, and 2.14% respectively.
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Table 5.3: Nd and Sm isotopic ratios in MTR sampkeand natural materials with Zs uncertainties.

Sample (Nd) 2NdA*Nd 143NdANd 145NdANd 145Nd/ANd L4ENdA*Nd 15ONdANd Nd Beam (V) ¥Sm (V) %Ce (V)
2009 Fuel 0.00955(1) 0.61910(5) 0.50918(4) 0.468B81(  0.24410(6) 0.08862(3) 5.38908 0.00303  0.00026
2010 Fuel 0.00724(1) 0.70851(9) 0.55239(2) 0.47861(  0.25761(7) 0.09564(3) 4.79983 0.00023  0.00036
2011 Fuel 0.00215(1) 0.93197(9) 0.63756(4) 0.52B82(  0.29817(8) 0.10887(4) 5.41655 0.00147  0.00008
BHVO-2 1 1.14038(6) 0.51264(2) 0.34861(1) 0.72278(4  0.24213(3) 0.23718(3) 6.29253 0.00258  0.01340
BHVO-2 2 1.14193(5) 0.51301(2) 0.34839(1) 0.72130(3 0.24147(2) 0.23621(2) 7.17912 0.00003  0.00142
Ames (n=2) 1.14173(5) 0.51213(2) 0.34840(1) 0.72190  0.24154(1) 0.23630(2) 6.68823 0.00000  0.00009
MBF (n=3) 1.14173(40) 0.51239(11) 0.34839(5) 0.7919 0.24156(3) 0.23630(6) 7.03136 0.00002  0.00125
Sample (Sm) BlsmiS*Sm HsmfiS'sSm 1485 mfi5'Sm 149%SmiS*Sm 1505 A% m 525mi%*Sm  SmBeam (V) “Nd (V)  °Eu (V)
2009 Fuel 0.1676(2) 11.7550(5) 3.5148(7) 0.1732(2) 8.9301(36) 4.5568(6) 2.2088 0.00007 0.7
2010 Fuel 0.3687(3) 21.185(16) 3.4269(11) 0.4646(2) 12.7430(69) 7.8544(13) 2.2828 0.00010 0.1
2011 Fuel 0.6589(5) 22.336(14) 1.5066(3) 0.6811(2) 11.8466(44) 7.9488(7) 2.1911 0.00002 0.2
BHVO-2 1 n/& 0.6599(1) 0.49466(4) 0.60811(8) 0.32472(4) 1.17386 2.16496 0.0008 0.02
BHVO-2 2 n/& 0.65984(9) 0.49452(3) 0.60799(6) 0.32465(4) 12787 2.18286 0.0001 0.03
Standard 1 (n=2) nfa 0.65922(3) 0.494%9 0.60762(2) 0.32449(4) 1.175459(4) 2.22600 0.0001 .00@D5
MBF (n=4) n/& 0.65937(6) 0.494%9 0.60769(3) 0.32450(6) 1.17549(3) 2.00500 0.00001 .00GB

314N d/A%Nd = 0.7219 for mass fractionation correction

b8 MAS“Sm = 0.49419 for mass fractionation correction

°No **!Sm exists in natural samples
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The final abundances for Nd and Sm isotopes incatpd the overall
reproducibility, the bracketing bias, and isobamterferences and are presented in
Table 5.4 while the modeled abundances are listd@ble 5.5. Th&*'*Sm
abundances in the MTR fuels are not reported di@asignal intensities from a
combination of low immediate fission yields and fréecay shielding in****Nd
from neutron rich fission products. WhiféNd also has a low immediate fission
yield and is shielded bY/“Ce, neutron capture df'Pr produces measureable
amounts of*Nd. Additionally the high level of Eu contaminatiin the fuel
samples makes the calculationdSm impractical for this work and is not reported.

Table 5.4: Isotope abundances of Nd and Sm in the

three MTR fuels.

Nd Isotope

MTR 2009

MTR 2010

MTR 2011

142N d
l4EN d
144N d
l4EN d
14EN d
148N d
15CN d

0.3250(3)%
21.073(5)%
34.038(1)%
17.332(2)%
15.907(2)%

8.309(2)%

3.016(1)%

0.2336(2)% 0.0615(2)%
22.871(6)% 26.597(6)%
32.280(1)% 28.539(1)%
17.831(2)% 18.195(2)%
15.382(2)% 14.992(2)%

8.316(3)%
3.087(1)%

8.509(3)%
3.107(1)%

Sm Isotope

MTR 2009

MTR 2010

MTR 2011

147Sm
l4ESm
14ESm
lSCSm
15]Sm
lSESm

154Sm

39.06(2)%
11.678(4)%
0.576(1)%
29.67(1)%
0.557(1)%
15.140(4)%
3.3225(3)%

45.03(4)%
7.284(3)%
0.988(1)%
27.09(2)%
0.784(1)%

48.58(6)%
3.277(1)%
1.481(1)%
25.77(1)%
1.433(1)%

16.695(7)% 17.288(6)%

2.126(1)%

2.175(1)%
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Table 5.5: ORIGEN-S predicted isotope
abundances of Nd, Sm, and Gd in the three MTR
fuels.

Nd Isotope| MTR 2009 MTR 2010 MTR 2011

142Nd 0.222%  0.186%  0.033%
MYNd | 22.556% 23.762% 26.469%
MWINd | 32.117% 30.923% 28.238%
14\d| 18.135% 18.344%  18.609%
48Nd | 15.420% 15.228%  14.960%
14Nd 8.291%  8.297%  8.408%
15Nd 3.259%  3.260% = 3.282%
Sm Isotope MTR 2009 MTR 2010 MTR 2011

14Sm| 44.898% 48.721% 51.785%
Sm|  4.684%  3.488%  1.047%
%Sm|  0.942%  1.264%  2.569%
Sm| 30.990% 28.233% 25.812%
155m 1.074%  1.172%  1.996%
15%25m| 15.320% 15.076%  14.705%
1%Sm 2.092%  2.046%  2.085%
Gd Isotope| MTR 2009 MTR 2010 MTR 2011
1554 0.08% 0.35% 0.02%
1%Gd 13.17%  16.59%  11.81%
1554 4.30% 5.00% 6.31%
1%¢Gd 68.84%  63.77%  61.13%
157G 0.14% 0.23% 0.68%
el 13.15%  13.71%  19.52%
1%Gd 0.32% 0.35% 0.53%

5.4 Discussion

5.4.1 Yields and Blanks

Chemistry blank values for the fuel rod samplesadm@ormally high when
compared to the chemistry blanks from UMD. Thd fod blanks are on the order of
ug compared to pg for UMD blanks which confirms ttreg separation process did

not introduce a notable amount of natural lanthas@ihich could have affected the
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isotopic signature of the fuel rods. Isotopic meaments of the MTR 2009 and
MTR 2011 blanks show identical isotopic composittmmpared to their
corresponding fuel samples. The isotopic compmsstiof the blanks from

MTR 2010 were not analyzed due to insufficient algntensity for faraday cup
measurements. The blanks were determined usingrnheunters and therefore,
their isotopic composition is not provided. Thisigarity removes the possibility of
contamination from natural sources and insteadiesphat the blanks have been
contaminated with the fuel rod samples in a norfeum way. The MTR 2009 blank
has the highest amount of Nd and Sm while the MTURO2and MTR 2011 blanks are
approximately 10-1000 times lower. At this timésiunclear where the
contamination events occurred. The spill evelik&dy the reason for MTR 2009’s
higher blank values, however, the similarity of thank isotopic compositions to
their respective fuel samples makes it unlikely &R 2009 contaminated MTR
2010 and 2011.

The lack of a Gd signal is unexpected based od3Be yield of the MBF
solution. Possible explanations for this low yiale: the Gd peak was eluted before
or after the collection step; or the fuel rod atitpiat UMD have less than the
detection limit of 14 pg/mL Gd. The Gd cut elute®r 4 mL of 0.15 Mu-HIBA so
the possibility that the entire Gd peak was noleotdéd is unlikely, especially when
compared with the successful collection of Gd frike BHVO-2 samples. Based on
fission yields of Gd compared to Nd and Sm, Gd khbave been produced in the
sample. Neutron induced fissiondU produces ~0.05% Gd and ~3% Sm

(Chadwick et al., 2011). The concentration of &rthe MTR samples at UMD was
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on the order of micrograms. Therefore, Gd shoalklbeen present in the sample at
the nanogram level, well above the picogram lirhidetection. As of this time the
reason for the lack of a Gd signal is most likelg do the loss of the Gd cut from the
2" stage column. To be certain of this it is recomdeal that an aliquot be taken
from the 50 mL stock solution at SRNL and analyfred>®°%d to determine their
concentrations a$®**Gd are the most abundant isotopes after fissiomantton
absorptions are taken into account. However,dgsstical restrictions in sampling

the 50 mL solution at SRNL does not allow us taagbtesults at this time.

5.4.2 Nd and Sm Isotope Abundances

The agreement between the measured Nd isotopiclaboe and the
predicted abundances using ORIGEN-S is shown inFzig Negative percent
differences correspond to the model calculatingrgdr percent abundance compared
to the actual value and the positive differencespgoduced by the model predicting a
lower abundance. Overall the model agrees witbi 1o the measured fuel rods
with the best fit with MTR 2011. The obvious extiep to the previous statement is
the high level of percent difference in the meagdféNd abundance. Interestingly
the'**1Nd isotopes are depleted compared to the enritiédiNd isotopes. This
relationship can be described by the model nohtpkito account the appropriate
neutron fluence a$>'*Nd have higher thermal capture cross sections credpa
14419d. However, the thermal neutron capture crostcsecare low for Nd
isotopes in general (325 b and 50 b*f6r*Nd respectively) ani'Pr also has a low

thermal neutron capture cross section of ~11 b.s@ kmw thermal neutron capture
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cross sections could explain why the measured sateeso close to the predicted

values even with the apparent incorrect neutroenite calculations.

100% Nd: Measured Difference From Model
84%
80% |
= MTR 2009
3 MTR 2010
2 60% -
@
E". 6% = MTR 2011
=
A 40% -
'
S 5
E 20% -
6% 4% o 1o
" 0% o 3/61_%:0% 00% 1%
0 T T
-7% 79 0-5%
-20% -
142 143 144 145 146 148 150
Nd Isotope

Figure 5.1: Percent difference of Nd isotope abunda compared to ORIGEN-S
model.

The agreement between the measured Sm isotopeaimasdand the
predicted abundances using ORIGEN-S is shown inF=&y While Nd was modeled
fairly well by ORIGEN 2.2, Sm is not nearly as a@e. Discrepancies on the order
of 200% different are shown fi®Sm while the other isotopes range from as high as
58% to -42% difference. The uncertainties'¥Bm are possibly due to interference
from ***Eu as thé**Eu signal during Sm acquisition was high enoughaee a
notable effect on the accuracy’3fSm measurements. The higher discrepancies

overall compared to Nd is possibly indicative ofrsmamportance having been placed
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on accurately determining Nd isotopic compositiompared to Sm. Burnup

(measure of how much fissile material has fissigm@doutinely measured using

148\d (Standards 1974) and as ORIGEN-S was origimhigned to assist nuclear

material handlers having the correct values fonlyy would have been a priority.

From a burn-up or radiation safety point of view ®m isotopes are not important

and their lack of importance could explain the mMi@deaccuracies. As Sm isotopes

do not factor into burn-up calculations or presenadiological safety hazard (the

beta from>'Sm is very weak) the lower accuracy of the modalmshdances is

somewhat expected.
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213%
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-4%-4%
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39% -42% 48% "
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Sm Isotope

Figure 5.2: Percent difference of Sm isotope abnoelsa compared to ORIGEN-S

model.
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Similar to the Nd isotope abundances, the Sm isstaso show signs that
the ORIGEN-S model did not accurately calculatectfbf the neutron fluence on the
samples. The 100-200% differenceé{fsm is likely due to thermal neutron capture
on'*’Sm that the ORIGEN-S code did not accurately cateul Thé“**Sm abundance
in the fuel samples is lower than predicted. Thisxpected due to its high thermal
neutron capture cross section, but the lack ofreesponding®°Sm discrepancy is
interesting. One would expect tHéSm (ny) ***Sm and“*°Sm (ny) **°Sm systems to
behave similarly due to the larger cross section¥0*Sm compared t6**°Sm.
However, thé*°Sm abundance is in agreement with the model.

The isotope abundances of Sm and Nd in the fual wede also directly
compared to each other as shown in Fig. 5.3. Tieetccomparison shows the higher
effect of the neutron fluences on isotope abundanmc&m compared to Nd. The Sm
isotopes have a larger range of capture crossosadinian Nd isotopes and therefore
experience greater enrichments and deviationsm rqualitative analysis of the
differences in*"**Sm and****Nd between the three reactors it appears that
MTR 2009 experienced the highest neutron fluenttevied by MTR 2010 and
MTR 2011. The enrichment &%Nd also supports this hierarchy of neutron fluences
and the differences between starting and endfujenrichment, listed in Table 5.6,
show that the fuels that experienced the largestupualso experienced the highest

neutron fluences as expected.
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Figure 5.3: (A) Nd and (B) Sm isotope abundancesgudrdifferences in MTR 2009
and MTR 2011 compared to MTR 2010.
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Table 5.6: Initial and final 235U enrichment of the three MTR

fuel rods.
Initial >>°U FinalU
MTR 2009 93% 70%
MTR 2010 93% 75%
MTR 2011 45% 33%

As the ORIGEN-S code does not have accurate MTRaeflux spectrums
a more advanced model using MONTEBURNS (Trellu®3@a combination of
ORIGENZ2.2 and a Monte Carlo N-patrticle transpodejonvas used to model the
MTR 2010 spent nuclear fuel. This model uses at®l@arlo approach to calculate
an appropriate flux energy spectrum which thenates fission and neutron capture
events. The percent difference of the MONTEBURNSRIet compared to
ORIGENS-S is shown in Fig 5.4 for both Nd and Snmvefall the uncertainties are
reduced across all isotopic ratios with a few exioag in*****Nd and"*®°Sm.
Notably the largest percent differencétf8m has been reduced by half in the new
model. Clearly there are still improvements tarmale but overall the newer model
more accurately predicts the Nd and Sm isotopicpmsition compared to

ORIGEN-S.
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Figure 5.4: Percent difference of measured isotdpmsdance of (A) Nd and (B) Sm
in MTR 2010 compared to ORIGEN-S and MONTEBURNS #gisd
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The modelegredictions for Gd isotope abundances in the threkrods ar
shown in Fig. 5.5.Due to the lack of measui values for Gd the accuracy of t

modeled abundances can not be commente(

0% - ORIGEN?2 Gd Predictions
@ 70%
g
'2 60% -
-
;‘E 50%
2 = ORIGEN2 2009
840% - m ORIGEN2 2010
,_% ORIGEN2 2011
= 30%
=
-_‘a’ 20%
[<P]
|
& 10% .
O% I - | 1 |
152 154 155 156 157 158 160

Gd Isotope

Figure 5.5: Modeled isotopic abundances of Gd TRV2(09, 2010, and 2011 usil
ORIGEN-S.

5.4.3 Fluence Calculatiol

Neutron fluences have been calculated for sampléscted at Oklo
Alligator River, the moon, and sormeteoritedy comparing Gd and Sm isotoj
ratios(Maas and McCullo¢, 1990; Hidaka et al., 2009; Hidaka, 198#¢aka anc
Masuda, 1988) These methods have all used the relationshipdsst an isotop
with a large (>100 b) neutron capture cross se@iaha low (~1 b) cross section

the resulting isotope. Tycally the reactions of choice have bé&isd (n,y) **°Gd,
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157Gd (ny) %Gd, and***sm (ny) °°Sm. However, for the fuel rod analyses the Gd
isotopic data is unavailable and therefore only*tf@m (ny) *°Sm system is
available for use. Neutron fluenagt] is calculated by using Eq 5-1 (Maas and

McCulloch 1990):

1505m 1505m
1496 1496
m n

L 1505m
+Ho—]| |*o
T

Pt = (5-1)

Subscripts m and n refer to measured and norntedhew, ., representing
the thermal (0.025 eV) neutron capture cross seatienf. For the MTR spent
fuels, the ratio of*°SmA**Sm fission yields fof>*U must be used instead of non-
fission isotope abundance due to the Sm preseng d€i0% produced from thermal
neutron induced fission 6fU.

The results of Eq. 5-1 are found in Table 5.7 dmsthat MTR 2009 did
experience the highest neutron fluence; howeverc#ihculated values do not match
the reported total neutron fluences of MTR 2009 200. To determine if the
disagreement was due to usiimA*°*Sm the fluences were calculated using
S mA%sm, M3NdA*Nd, and***Nd/***Nd by adjusting Eq. 5-1. With the exception
of the consistently higH’Sm#*Sm method, the values agree within 25% but are all
consistently more than two orders of magnitudewele reported values. The very
high uncertainties in the fluences from Sm isotagresdue to the modeled
uncertainties if*®**Sm. These two isotopes are shielded from producfia
14815 d resulting im*®**Sm having very small yields (~1 x @) and high relative

uncertainties.
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Table 5.7: Neutron fluence results using the listeisotopic
ratios and Eq. 5-1.

MTR 2009 MTR 2010 MTR 2011
BSmA*%Sm| 1(2)x 18 7(9)x 13  5(5) x 16°
YESmA'sSm| 1(2) x 10 1(1) x 13 4(5) x 16°
YENdA*Nd | 1.78(2) x 18" 1.15(1) x 16" 7.07(7) x 16°
YINDA*Nd | 1.11(1) x 18" 7.80(8) x 16° 2.39(2) x 16°
Reported 521x 0 3.26x16° Not Reported

A possible explanation for the low calculated neatiluences could be due to
the neutron fluence having an energy greater th@260eV. Previous studies have
also shown that the neutron energy can be estinbgteding Eq. 5-2 (modified from

Lingenfelter et al., (1972)):

x+1, x+1, y+ip Y+ip
( xA> B ( xA> Yg ) \ 7B
m n * m n
X1, y¥ig
1+< E >m 1+( yB ) ]
m

With A and B referring two different or same elensewith different masses,

Ox

(5-2)
Oy

namely the four isotopic systems shown earliere fitio of their cross sections

should give insight into the energy range of thetren fluence so that appropriate

cross sections can be used in Eq. 5-1. The rafi§42, 245 and242 syggested
0147 0143 0143

neutron energies well outside the thermal energgeand outside of the reported
energy range of the MTR 2010 reactor. Addition#g three ratios calculated
energy ranges which were not in agreement, sugggettat this calculation method
does not produce accurate values when using sterecéimaterials.

If Eg. 5-2 does not produce accurate values fofuaesamples it is then the

equation it is based on (Eq. 5-1) may also notdpeapriate for these materials. The
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exact cross section value required for Eq. 5-latoutate the reported neutron fluence
for MTR 2009 and MTR 2010 was based on the resbitsined and would require

an neutron fluence energy range of 6.25 — 280 dW a&li four isotopic systems
requiring different energies. Given these restitslikely that Eq. 5-1 is unable to
calculate fluences above 1 x*3@/cnf. A method to calculate the fluence using
more advanced mathematical equations is being peapat SRNL. However,

Eq. 5-1 combined with Fig. 5.3 provide a qualitatimsight into the neutron fluence

hierarchy of these three MTRs.

5.5 Conclusions

A two stage separation technique involving catimchange chromatography
has successfully separated Nd and Sm from three BpERt nuclear fuels. The
isotopic abundances of Nd and Sm are distinctimely-normal and show clear signs
of the high neutron fluences produced by the MTRI®deled predictions involving
the use of ORIGEN-S provide acceptable agreemedhtNd isotopes, with the
exception of**Nd, but fail to correctly account for neutron afgtmns for many of
the Sm isotopes. A more complicated model invg\WWONTEBURNS provides a
better fit for Sm but room for improvement stillists. Previous methods for
determining the neutron fluence that geologic niaiehave experienced was unable
to accurately calculate the neutron fluences th&Miels experienced. Future work
will be conducted to create a calculation methoddrurately calculate the neutron

fluence and energy spectrum the MTR samples hgveriexced.

123



Chapter 6: Summary

The goal of this dissertation was to develop a wetf isolating pure
samples of Nd, Sm, and Gd from other lanthanoigsénand post-detonation nuclear
materials. Logistical constraints on the projecjuired that the method not use any
pressurized systems and maintain a small enougiraipis footprint to perform work
in Shielded Cells and radiation hoods at SRNL. @amanalyzed include trinitite
(post-detonation material) and MTR spent nucleat fpre-detonation material), both
of which were analyzed for their isotopic abundaneéh MC-ICP-MS at SRNL and
UMD. This chapter details results from method digmment and analysis results,

and then identifies avenues for further work.

6.1 Lanthanoid Separation Method

A two-stage separation method was developed usitigncexchange resin
with HCl and HNQ acid to isolate the lanthanoids from the matrenstnts followed
by elution witha-HIBA to individually separate the lanthanoids. iSmethod was
developed and implemented successfully for theyarsabf trinitite and three MTR
spent nuclear fuels. The non-natural isotopic aositfpn of all the samples required
minimizing co-elution of neighboring isobaric laatioids such as separating Nd
from Ce, Pr, Pm, and Sm. To that end only theraéreggion of the lanthanoid
elution peaks was collected, which minimized tailof the neighboring elements
(Ce/Pr and Pm/Sm in the case of Nd). Consequgmgs for Nd, Sm, and Gd were
only ~50%. This selective sampling protocol wdsdfve in all the samples with the

exception of Eu contamination in the Sm cut from BiTR fuel rods. However, the

124



presence of Eu was only a concerndBm and the low overall radiation from the
other Eu radioisotopes was low enough to not kefetyshazard.

Although the method was successful, there is neteddm for further
improvement. The most pressing aspect to imprnovature work is increasing the
yield of the target lanthanoids. The most effeztivethod to accomplish this
involves increasing the separation of the lanthéedution peaks. This would
require a column longer than 28 cm (while maintagrthe current aspect ratio) or
further adjusting of the concentration and pHdfIBA. Changing the physical
dimensions of the column could ultimately resultaquiring a pressurized system
due to slow elution times and presents a challémgeetup in radiation hoods.
Application ofa-HIBA concentration gradient elution could be devith non-
pressurized columns but the footprint for the callessembly would increase
drastically (Zeligman, 1965; Maoliang et al., 1988) radiation hoods it is
paramount to keep the experimental footprint toi@mum due to cramped working
areas and air-flow requirements.

Previous studies have shown that HPLC can prowagelrseparations of the
lanthanoids (Schwantes et al., 2006; Sivaramaal, 8002; Wang et al., 1995) while
still maintaining good separation of the lanthanmédks (Campbell and Buxton,
1970). For our work the use of an HPLC system nubesd out due to logistical
reasons. However, future work involving lanthanisimtopic analyses of spent fuel
samples or spent fuel rods would greatly benddiinfthe increased sample

throughput and yields provided by HPLC methods.
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6.2 Pre and Post-detonation Material Analyses

6.2.1 Trinitite

Separation of Nd and Gd from a piece of trinitistng the two-stage
separation method developed here resulted in tteetilen of ~0.01% deviations
from natural in several isotopic ratios. Theseialgons in Gd allowed the calculation
of the thermal neutron flux that Trinity releasethe results agreed well with
previous measurements using different isotopicesyst(Parekh et al., 2006;
Bainbridge, 1976). The deviations in Nd identiftteé presence 6f°U fission along
with the expected**Pu, which was the fissile material used in the ifyidevice.
Previous studies have identified other sign&dJ fission (Bellucci et al., 2013c) and
predicted that>U could have contributed up to 30% of Trinity’sslisns (Semkow et
al., 2006). Our observation of an enrictigtd/**Nd is a strong indicator f6f°U
fission as*Pu and™®U would produce depletions Ii°Nd/A*“Nd. The only fissile
material that could have been present in signifigaiantities in the Trinity device

and produce a positive™Nd/A*“Nd deviation from natural i§°U.

6.2.2 MTR Fuel

The isotopic composition of Nd and Sm was analyndtiree MTR spent
nuclear fuel rods using the developed two-stagemhatographic separation method.
The isotopic abundances for both elements shovezd deviations from natural
materials. Predictions of the isotopic abundaméeéam and Nd from the ORIGEN-S
and MONTEBURNS models disagreed with the measuatues. The ORIGEN-S

model overall had the largest percent differendse models were able to predict
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the isotope abundances of Nd fairly well (<10%etéhces) with the exception of
12Nd due to its production solely through neutronteemon™*'Pr. The models did
not predict the isotope abundances of Sm as wélldasvith percent differences
varying from 10% to 200%. The MONTEBURNS prediatiperformed better than
the ORIGEN-S model, however the neutron capturatsweere still not well
constrained with either model.

Attempts to calculate the neutron fluence usinghoes designed for natural
materials was unsuccessful. The fluences caldilagze 100x lower than the
reported values. Multiple choices of neutron ceptsotope pairs did not change the
accuracy of the method. Interestingly, the footage ratios used in the neutron
fluence calculations resulted in good agreemefitiehce values. This agreement
implies that perhaps this method is incapable otietely calculating fluences as
high as 5 x 1€ n/cnt as it was designed for low fluence environmentsx(30"
n/cnf). Future work at SRNL to develop an improved rodtbf determining the

neutron fluence from these MTR spent fuels has pegposed.

6.3 Conclusions

The method developed here resulted in detectingjaadtifying the effect of
fission and neutron fluences on the isotopic contiposof Nd, Sm, and Gd.
Deviations ranging from the epsilon level (1 pariDf) to 800x natural were
measured with high-precision MC-ICP-MS. The infatian gathered from the
isotopic composition of these elements can prosigerificant aide to nuclear

forensic investigators, whether they are analypiost or pre-detonation materials.
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