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The effects on the local structure due to self-irradiation damage of Ga stabilized d-Pu stored at

cryogenic temperatures have been examined using extended x-ray absorption fine structure

(EXAFS) experiments. Extensive damage, seen as a loss of local order, was evident after 72 days

of storage below 15 K. The effect was observed from both the Pu and the Ga sites, although less

pronounced around Ga. Isochronal annealing was performed on this sample to study the annealing

processes that occur between cryogenic and room temperature storage conditions, where damage is

mostly reversed. Damage fractions at various points along the annealing curve have been deter-

mined using an amplitude-ratio method, a standard EXAFS fitting, and a spherical crystallite mod-

el, and provide information complementary to the previous electrical resistivity- and susceptibility-

based isochronal annealing studies. The use of a spherical crystallite model accounts for the

changes in EXAFS spectra using just two parameters, namely, the crystalline fraction and the parti-

cle radius. Together, these results are discussed in terms of changes to the local structure around

Ga and Pu throughout the annealing process and highlight the unusual role of Ga in the behavior of

the lowest temperature anneals. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4958856]

I. INTRODUCTION

Although understanding the damaging effects of self-

irradiation is, in principle, solvable using molecular dynam-

ics techniques, there are particular challenges yet to be over-

come when studying such effects in materials containing

plutonium, especially elemental plutonium. One challenge is

obtaining appropriate potentials for Pu, a problem that is ex-

acerbated by our restricted knowledge of crystal structures of

Pu compounds and Pu’s complicated involvement of 5f orbi-

tals in bonding. Additional difficulties arise in some cases1

in which an elevated simulation temperature is required to

limit the size of the damaged region to the size of the simula-

tion cell. While such calculations can be performed and

much can be learned from them, the need for elevated tem-

peratures and the consequent small amount of damage pre-

dicted by such calculations make it difficult to observe such

damage in experiments on real samples. In this paper, we de-

scribe local structure experiments on Ga-stabilized d-Pu that

decouple the damage production and the annealing process-

es. The analysis of our results includes the use of a new mod-

el that accounts for undamaged-region size effects that shed

new light on both processes and highlights the differing be-

havior of the Ga atoms.

The metallurgy of plutonium is inherently complex.2

Coupled with the changes in chemistry and structure that result

from radioactive decay, plutonium has aptly been described as

“never at equilibrium.”3 The primary practical interest in plu-

tonium lies with its importance for energy generation applica-

tions in both nuclear power and nuclear weapons. However,

there are also connections to fundamental science, as under-

standing damage at the atomic level is complicated by pluto-

nium’s unique electronic and structural properties.4,5 An

understanding of the electronic properties is, in fact, required

for calculating the structure and thermodynamics of plutonium

and its compounds from first principles.6–8 Even after being

studied for 75 yr,9 we are just now starting to understand the

origin of some of its unique behavior.10

Predicting how radiation damage will alter the proper-

ties of a material and how those property changes evolve

over time requires a detailed understanding of the damage

processes associated with radiation damage over many

length scales. The effects of radiation damage were actually

discovered before radioactivity in metamict materials,11 that

is, minerals that had once been obviously crystalline, but

through radioactive decay had become amorphous.12 In the

case of a-decay, the a particle and the resultant recoiling nu-

cleus deposit their energies as they travel through the crystal

structure, displacing atoms from their normal positions and

thereby creating vacancies and interstitials. The alterations
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to the crystal structure are capable of driving changes in

physical dimensions as a result of void swelling, the creation

of new chemical phases, and other changes to the micro-

structure of the material.13,14 These physical processes drive

changes in other material properties as well, including ther-

mal conductivity,15 strength,16,17 density,17 and electrical

resistivity.18

The a-decay of Pu-239 results in two recoiling nuclei,

usually an 88 keV U-235 and a 5.1 MeV a particle.19

According to the calculations, the U travels around 12 nm,

depositing about 52.7 keV into elastic collisions20,21 across a

7.5 nm cascade and generating �2290 Frenkel pairs. The

helium nucleus travels farther, about 11 lm, but deposits

only about 12 keV into elastic collisions generated in a 1 lm

cascade and creates �265 Frenkel pairs in the process.20–22

The helium eventually comes to rest in a vacancy, eventually

diffusing and clustering into bubbles.23,24 These esti-

mates20,21 for the number of Frenkel pairs are based on the

amount of elastic collision energy and the energy required to

displace an atom from its lattice site, estimated as 14 eV

based on the melting point of the material.21

Such simplistic calculations cannot determine how the

defects behave after their creation. The initial temperature of

the material along with electron-phonon coupling has been

shown to affect simulation results,25 with on the order of

50% of the defects annealing out at 300 K. In any case, the

annealing of interstitial/vacancy pairs and other damage is a

critical process in actual materials, and experimental work

examining these processes at various lower temperatures to

differentiate their effects will provide important feedback to

future simulations. Looking at the resistivity of radiation

damaged and quenched metals, Schilling and co-workers26,27

label the various stages of recovery along the annealing

curve common to several metals (Al, Pt, Au, Cu, and Pb) and

describe the physical processes responsible for them as a

function of temperature: In Stage I recovery, interstitials

next to their own vacancies (Frenkel pairs) are thought to re-

combine as soon as there is enough thermal energy to do so.

As more energy becomes available, the interstitials can mi-

grate more freely to find vacancies farther away or find other

impurity traps.26 In Stage II, interstitials rearrange, and

detrapping of interstitials from impurity sites occurs.26 Stage

III sees vacancies becoming mobile, and annihilating with

any remaining interstitials,26 or starting to form vacancy

clusters.27 These vacancy clusters may grow larger in Stage

IV, before thermally dissociating in Stage V.27 These same

stages were identified in d-Pu,28 and the temperature ranges

unique to that metal are discussed further in Sec. V.

Computer models have been used to simulate damage in

materials using methods based on electronic structure calcu-

lations,29,30 kinetic Monte Carlo,20 and molecular dynam-

ics.31,32 Simulations have been carried out on d-Pu using

molecular dynamics;1,33 however, some complications exist.

For example, the model used by Valone and Baskes33 re-

quired initializing the structure at 600 K to stabilize the d
phase, and the model used by Kubota et al.1 exhibited an ex-

ponential increase in defects in cascades at 180 K. An im-

proved combination molecular dynamics and Monte Carlo

method25,34 has been used to include the heat conduction

effects of electron-phonon coupling, which reduces the size

of the initial damaged region among other effects.25

Molecular dynamics simulations have also been used to

study, for instance, the thermodynamics of both primary ra-

diation defect formation and those defects that remain after

cascade relaxation,35 as well as the behavior of vacancy clus-

ters,36 helium bubbles,37 and their collective effects on phase

stability at various temperatures.38 These simulations high-

light the importance of the delicate interplay between dam-

age creation processes and recovery processes in the

evolution of microstructure.

In order to separate those two processes and gain a bet-

ter understanding of them, cryogenic aging can be used to al-

low damaged material to accumulate quickly such that the

damage has local structure manifestations, followed by iso-

chronal annealing to study the damage repair mecha-

nisms.18,28,39,40 Here, we show the results of Pu LIII-edge

and Ga K-edge extended x-ray absorption fine structure

(EXAFS)41,42 experiments taken after various stages of iso-

chronal annealing after a cryogenic aging and storage phase

of 72 days. Differences in thermal behavior at various

annealing temperatures are vastly reduced by collecting

nearly all the data at low temperature, 15 K. In this way, dif-

ferences in bond length disorder as measured by the Debye-

Waller factors, r2, can be attributed to static bond length dis-

order, as opposed to differences in thermal behavior. The

data for both Pu and Ga edges are fit using standard EXAFS

techniques to understand the changes in local coordination

throughout the damage recovery process. Additionally, the

data are modeled using a spherical crystallite model to pa-

rameterize the size and fraction of undamaged regions in the

material, providing new insight into both the damage produc-

tion and the annealing mechanisms.

II. EXPERIMENTAL DETAILS

The sample was prepared43 from one year old electrore-

fined material which was vacuum annealed for 72 h at 713 K

prior to final sample preparation. A series of successively fin-

er diamond lapping films (30, 9, 3, and 1 lm) were used on

both sides of the sample to reduce it to a thickness of

�90 lm, followed by a polish using 1 lm diamond paste on

nylon. An electropolishing step was used to remove any re-

sidual damage from the mechanical polishing and brought

the sample thickness down to �80 lm.43 The sample was

dip-coated in liquid Kapton and cured for 4 h at 423 K. All

preparation steps were carried out in either dry N2 or Ar at-

mosphere gloveboxes with residual O2 and H2O levels below

10 ppm.

The nominal sample composition is Pu with 4.3 6 0.2

at. % Ga, within a typical grain size of 25 lm. The isotopic

content of the Pu consists (by atomic %) of about 93.4% Pu-

239, 5.95% Pu-240, 0.172% Pu-241, 0.138% Pu-242, and

0.040% Pu-238, with a 0.287% Am-241 impurity. The isoto-

pic mixture of radioactive isotopes in this sample undergoes

about 4.1� 10–5 a-decays per radioactive atom per year.14

The total He accumulation in the sample at the time of these

latest measurements is on the order of 100 appm He.
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For EXAFS measurements, the sample was loaded into

an aluminum sample holder under dry N2. Kapton windows

sealed with indium wire and epoxy provided optical access

to the sample, which nested into two additional layers. The

holder was placed in a temperature-controlled closed-cycle

He cryostat (Montana Instruments). The sample was

annealed for 30 min at 375 K using the heaters in the cryo-

stat, then chilled to below 5 K. A brief power outage resulted

in the temperature rising to about 14 K partway into the ex-

periment. Out of 72 days in cold storage, the last 46 were un-

interrupted below 5 K. A final transient occurred during the

move from the cryostat storage location to the beamline,

with the sample warming to �15 K during the time the cryo-

stat was unplugged. Correcting for Ga concentration, after

72 days, the sample has been exposed to 7.7� 10�6 decays

per atom since the annealing step, a measure of damage

which, unlike displacements per atom (dpa), makes no as-

sumption about the size or annealing of the damage cascade.

For comparison to other studies, however, the approximate

rate of damage of 1 dpa for every 10 yr (Ref. 21) would esti-

mate that this sample was damaged to 0.02 dpa.

The EXAFS measurements were conducted at beamline

11–2 at the Stanford Synchrotron Radiation Lightsource

(SSRL). Wavelength was selected using a Si(220) (/ ¼ 0)

double crystal monochromator, detuned 50% to remove har-

monics. The samples were measured in fluorescence geome-

try using a 100-element Ge detector (Canberra), and

deadtime corrections were applied.

The EXAFS data were reduced according to standard

procedures.41,44 Data reduction, including summation, cali-

bration, and error corrections, was performed using

SixPack45 and Athena.46 Error bars for EXAFS parameters

were determined by taking the standard deviation of the best

fit values for repeated scans, with most scans repeated four

times and none repeated fewer than three times.

The collected spectra suffered from self-absorption

effects, altering the apparent amplitudes of the EXAFS oscil-

lations. Self-absorption corrections were applied to the

data,47 bringing the coordination numbers in the sample

annealed at TA¼ 300 K to the values expected from undam-

aged bulk samples.

Isochronal annealing was carried out by warming the

sample to a series of higher temperatures (TA¼ 35, 45, 55,

65, 75, 95, 105, 115, 125, 135, 156, 200, and 300 K), holding

at that temperature for 5 min, then cooling back down to

15 K for EXAFS measurements. Heating to and cooling from

the TA¼ 35 K took less than 10 min, rising to around 2 h

each direction for the TA¼ 300 K. Although the EXAFS for

each data point for each edge took approximately 1 h to col-

lect, the measurements lasted over 2.5 days of beamtime due

to extra time spent on heating and cooling. We note unlike

electrical resistivity measurements28 in which the isochronal

annealing curve is run twice, first to measure damage accu-

mulated and then again to measure residual resistivity, the

EXAFS isochronal annealing curve is only run one time and

in that sense is much closer to the protocol used in magnetic

susceptibility isochronal annealing experiments.40

The data presented here are improved relative to a previ-

ous EXAFS annealing study on the same 4.3 at. % Ga d-Pu

sample43 in several aspects. Most importantly, the present

data were all collected at T¼ 15 K, whereas in Ref. 43, the

data were collected at T¼TA and therefore the thermal

broadening of the EXAFS signal had to be subtracted to iso-

late the annealing effect. In addition, no data were collected

between about 50 K and 140 K in the previous study.

III. FITTING METHODOLOGIES

EXAFS is a function of photoelectron wave number,

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me

�h2
E� E0ð Þ

r
; (1)

where me is the electron mass and E0 is the photoelectron

threshold energy, and it is governed by the so-called EXAFS

equation

v kð Þ ¼
X

i

NiS
2
0Fi kð Þ
kR2

i

sin 2kRi þ /i kð Þ
� �

e �2r2
i k2ð Þe

�2Ri
k kð Þ ; (2)

where the EXAFS function v(k) represents the normalized x-

ray absorption oscillations after the atomic absorption back-

ground has been removed. Here, Ni is the number of neigh-

bors in a given scattering shell i, Ri is the scattering half-path

length, and r2
i is the atom-pair distance distribution variance,

also known as the EXAFS Debye-Waller factor. The other

parameters, such as the effective scattering amplitude, Fi(k),

effective scattering phase shift, /iðkÞ, and mean free path,

k(k), are typically taken from theoretical calculations.

Finally, S2
0 is an overall amplitude reduction factor, typically

due to inelastic photoelectron losses. It should be readily ap-

parent that a Fourier transform (FT) of Eq. (2) will produce

peaks in r-space and that is how the data will be presented

below. Radiation damage can manifest itself in Eq. (2) as

changes in any of the structural parameters Ni, Ri, and/or r2
i .

The amplitude of a peak in the FT of Eq. (2) is highly

dependent on Ni and r2
i . Strictly speaking, when looking at

the magnitude of the FT, there can also be interference

effects from the real and imaginary components which can

affect the magnitude, which is why the EXAFS does not pro-

duce true radial distribution functions (RDFs). However, in a

well ordered system with well separated scattering shells,

these interference effects are expected to be minimal for the

first few neighbors where multiple scattering does not con-

tribute significantly. As a result of self-irradiation damage,

there is a decrease in the EXAFS amplitude, which corre-

sponds to either a decrease in Ni or an increase in r2
i . The

loss of EXAFS amplitude in the sample is not a result of a

homogeneous amorphization of the sample as a whole, but

rather from an inhomogeneous combination of undamaged

regions and disrupted regions with local environments from

within a damage cascade. Although atoms in both the dam-

aged and undamaged regions contribute to the x-ray absorp-

tion, the atoms in sufficiently ordered (undamaged) regions

dominate the contribution to the EXAFS oscillations.

When presenting the results in Sec. IV, three different

methods are used in characterizing the radiation damage. All

three methods consider the TA¼ 300 K annealed data to be
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the undamaged bulk standard data. This assumption is sup-

ported by other experimental annealing studies, including re-

sistivity and magnetic susceptibility measurements that show

less than a 2% change above TA¼ 300 K,28 and susceptibility

studies that show essentially no change above TA¼ 300 K.40

We have also verified that no change is observed in the

EXAFS data for samples annealed at TA¼ 375 K compared

to those annealed at room temperature, consistent with the

thermal expansion measurements.48 Nevertheless, the sample

was annealed at 375 K (the highest temperature allowed by

policy for the sample holder design) for about 30 min prior

to starting the storage phase of the experiments reported here

to remove as much structural damage in the sample as possi-

ble before accumulating damage at low temperature. We em-

phasize that although there may be other changes in the

material not annealed out at 300 K, our reference to the

TA¼ 300 K data as undamaged is from the perspective of

defects that create damage measurable by EXAFS, resistivi-

ty, and susceptibility experiments.

The first of three fitting methods relies only on the raw

data, taking ratios of amplitudes of data at a given TA to

those data at TA¼ 300 K. This method should give the dam-

aged fraction of the material in the broadest sense, defining

any displacement as damage. The second method relies on

conventional EXAFS fitting analysis and allows for a sepa-

rate accounting of moderate disorder. The third method is

new to this study and uses a weighted version of the

TA¼ 300 K data to extract the average ordered crystallite ra-

dius and the fraction of the material that is so ordered.

A. Amplitude-Ratio (AR) method

The most straightforward method simply takes the ratio

of the peak amplitude of a given peak in the FT, Ai, to that

same peak in the FT for the TA¼ 300 K data. The damage

fraction, FAR
d , as a function of TA, is then defined as follows:

FAR
d ¼ 1� Ai TAð Þ

Ai T300ð Þ : (3)

We apply this formula in Sec. IV to three of the promi-

nent peaks in the FT. The underlying assumption is that radi-

ation damage is strong enough that local distortions from the

fcc structure are random enough and large enough (r2 �
0.04 Å2) that such local environments no longer contribute

significantly to the EXAFS oscillations. To the extent that r2

is more moderately enhanced in the damaged regions,

Ai� 1/r, and therefore such regions are still partially includ-

ed using this method. This method is the primary one used in

the previous work on the sample studied in this article.43

B. EXAFS Fitting (EF) method

This method uses standard EXAFS fitting procedures to

determine structural parameters, which were performed us-

ing Larch49 with theoretical EXAFS paths created with

FEFF9.6.4.44,50,51

The fcc structure used to create the FEFF model for the

Pu and Ga edges started with a lattice parameter of 4.604 Å

for �4 at. % Ga d-Pu at less than 50 K.52,53 The values for

the effective scattering amplitude, Fi(k), effective scattering

phase shift, /iðkÞ, and mean free path, k(k), were taken from

the FEFF calculations.

Since the differences between three scattering shells are

already considered in the AR method results, here we focus

on extending those results to the nearest-neighbor Pu-Pu pair

distance and Debye-Waller factors. The damage fraction is

more clearly defined as only due to atoms in strongly dis-

torted/disordered environments, as the more moderate disor-

dered environments will manifest as enhancements of r2. To

accomplish these comparisons, only the nearest-neighbor

shell is reported below (Pu-Pu or Ga-Pu), but a constrained

Ga near neighbor peak and an impurity peak near 3.7 Å are

also included in the Pu edge fits to account for any peak

overlap effects, using the same constraints in the previous

study.43 More specifically, for the first near neighbor in the

Ga K-edge data, a single scattering Ga-Pu path was used,

based on the model for fcc d-Pu, with the lattice parameter

allowed to contract to account for the shorter Ga-Pu dis-

tance.43 It should be noted that the peak just below the main

Ga-Pu single scattering peak in the Ga data is a result of a

Ramsauer-Townsend effect,54 and not a structurally distinct

scattering atom. This is part of the lineshape that is included

in the fits, as calculated by FEFF, and serves as a reminder

that although the Fourier transformed EXAFS signal is anal-

ogous to, it is not strictly speaking, an RDF. This contracted

distance was then used in the first shell fit of the Pu LIII-edge

data, which included a Pu-Ga scattering path with 4.3% of

the number of neighbors in the main Pu-Pu scattering peak at

approximately 3.20 Å. The next near neighbor shell was a

Pu-Pu scattering peak at approximately 3.69 Å from a possi-

ble impurity phase43 and will be discussed below. Additional

paths corresponding to a0 phase or PuO2 were added to the

fitting to test for possible impurities, however, neither pro-

duced physically meaningful fits. The Pu LIII-edge data were

transformed between 2.5 and 13.24 Å�1 with a Hanning win-

dow function with dk¼ 1 Å�1 and are fit between 2.5 and

4.1 Å. The fit utilized 8 parameters and 25 independent data

points,55 corresponding to 17 degrees of freedom. The Ga K-

edge data were transformed between 1.911 and 12.123 Å�1

with a Hanning window function with dk¼ 1 Å�1 and are fit

between 2.5 and 4.0 Å. The fitting results of the Ga edge did

not depend strongly on the start of the k range, and the lower

limit was chosen to maximize available independent points.

The fit utilized 4 parameters and 12 independent data

points,55 corresponding to 8 degrees of freedom. Here, the

damage fraction is quantified in terms of the ratio of numbers

of atoms in the first nearest neighbor scattering shell at a giv-

en TA to those at TA¼ 300 K

FEF
d ¼ 1� N1 TAð Þ

N1 T300ð Þ : (4)

C. Spherical-Crystallite (SC) method

Enhancements in r2 have been observed in radiation dam-

aged samples of PuCoGa5, where it was conjectured that some

moderate disorder should occur near the interface of damaged

035103-4 Olive et al. J. Appl. Phys. 120, 035103 (2016)



and undamaged regions.56 This situation is similar to the case

of a crystalline nanoparticle, where an RDF will only extend to

the diameter of the nanoparticle. Here, a model of such behav-

ior in radiation damaged material is presented by assuming

some shape of the crystalline regions and that otherwise dam-

aged material does not contribute to the EXAFS oscillations.

For simplicity of modeling, we consider these crystalline

domains to be spherical, although as we discuss in Sec. IV,

these data are not strongly dependent on the exact shape. In

this model, there is an explicit loss of amplitude in addition to

the strongly disordered regions outside the nanoparticle crystal-

lites that is due to a loss of coordinating atoms for those near

the surface of the crystallite, assuming that the atoms near the

center will have a coordination environment much like the

bulk material. The EXAFS signal, however, will be an average

of all the atoms, and the effect only becomes noticeable as the

particle size shrinks to the point where a significant fraction of

the atoms are surface-like.

Several models have been proposed to determine the av-

erage coordination numbers of nanoparticles in specific con-

figurations, but they rely on knowing the morphology of the

particle, and often they utilize only the first near neigh-

bor.57–60 In order to estimate the mean size of the undam-

aged regions of the sample, we employ an approach for

nanoparticle size determination based upon the technique

used by Borowski et al.61,62 and Calvin et al.60,63 Consider a

spherical crystallite of radius Rc, with an atom at a distance

Ra from the center. A spherical shell around that atom of ra-

dius r will partially intersect the surface of the particle when

Rc – Ra� r�RcþRa. The fraction of that surface enclosed

within the particle60 is

R2
c � Ra � rð Þ2

4Rar
: (5)

Integrating over the positions in the particle gives

ð2p

0

d/
ðp
0

dh
ðRc

Rc�r

R2
c � Ra � rð Þ2

4Rar
R2

a sin hdRadhd/

¼ 17

12
pr3 � 4pr2Rc þ 3prR2

c :

(6)

Adding the volume not extending beyond the particle
4
3
pðRc � rÞ3 and dividing by the total particle volume give

the change in average coordination number at a given dis-

tance and particle size60,64

Nnano ¼ 1� 3

4

r

Rc

� �
þ 1

16

r

Rc

� �3
" #

Nbulk: (7)

However, the EXAFS signal in our sample does not

come from atoms located in well ordered regions alone.

Atoms which have been displaced so significantly as to no

longer produce EXAFS oscillations will still contribute to

the edge jump of the absorption spectrum and so during nor-

malization will have the effect of reducing the amplitude of

EXAFS and the corresponding FT. To account for this effect,

an extra correction factor, developed from Eq. (7), is utilized

jvnano rð Þj � 1� 3

4

r

Rc

� �
þ 1

16

r

Rc

� �3
" #

jvbulk rð ÞjFc
� �

; (8)

where we have generalized and approximated the N parame-

ters to the magnitude of the FT of v(k) and Fc represents the

fraction of material in the sample left in a crystalline config-

uration, as opposed to the more distorted/damaged regions

outside the crystallites. Non-linear least squares fitting of the

RDFs and EXAFS data to Eqs. (7) and (8) was performed us-

ing Larch.49

IV. RESULTS

The Fourier-transformed EXAFS data of the Pu LIII-

edge and Ga K-edge after each annealing stage are shown in

Figs. 1 and 2, respectively. As in the previous study,43 the re-

duction in peak height is attributed to a decrease in Ni, as a

result of atoms being so displaced from their positions in the

lattice that they no longer appear as neighbors.

To complete and compare with the previous study, these

new results are first analyzed using the AR method, which

tracks the reduction in the amplitude of the EXAFS peak

compared with its value at TA¼ 300 K as a function of TA.

We then present results of the EF method to consider more

subtle changes in the EXAFS signal with damage and

annealing. Finally, the results of the SC method to determine

the crystalline fraction and the crystallite radius parameters,

Fc and Rc, are reported as functions of TA.

A. Amplitude-Ratio (AR) method

As mentioned above, this method explicitly ignores

more moderate disorder (e.g., r2 enhancements less than

�0.04 Å2), but implicitly includes such disorder fractionally

to the extent it affects the EXAFS amplitudes (A� 1/r). The

damaged fraction of selected peaks in the Pu LIII-edge and

Ga K-edge EXAFS as a function of TA are shown in Figs. 3

and 4, respectively.

FIG. 1. EXAFS Fourier transform (FT) magnitudes at the Pu LIII-edge, mea-

sured at 15 K, showing the evolution of structure at various TA.
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For Pu, Fig. 3 shows that close to 60% of the Pu atoms

have become heavily disordered, with respect to their first

nearest neighbors. For the second nearest neighbors, this

number jumps to above 80%. The large error bars for the

second shell amplitudes at the lowest temperatures are a re-

sult of the height of that peak being diminished close to the

point of experimental noise. As in the previous measure-

ments on this sample,43 we see a non-fcc impurity compo-

nent to the EXAFS signal evident as a Pu-Pu pair distance of

approximately 3.69 Å, between the first and the second shells

in d-Pu. This feature indicates less damage accumulation

than indicated in the first shell, despite being farther away,

consistent with it being due to a distinct phase from d-Pu.

Since the contribution of the impurity peak to the overall sig-

nal is small, further structural identification is difficult, but

its low concentration in the sample should not significantly

affect the other results presented here. This peak will be dis-

cussed further in Sec. V.

The Ga K-edge data, Fig. 4, show a similar trend; how-

ever, we note that the overall amount of damage is not as

high, with only 40% in the first shell and close to 60% in the

second shell. The tendency for Ga to hold on to more of its

neighbors may be evidence for its efficacy as a d phase stabi-

lizer consistent with Ref. 65 and with the previous measure-

ments showing little or no radiation damage around Ga

compared with Pu in room temperature annealed material.43

It is important to note, however, that this decreased damage

around Ga is in contrast to the previous experiment on the

same sample but with the damage recorded at TA¼ 30 K,

where the Ga edge amplitude was similar to, but slightly

higher than, that recorded from the Pu edge.43 This is espe-

cially counterintuitive considering the low temperature Ga

recovery stage as discussed in Subsection IV B. Such vari-

ability is consistent with the changes noted by Conradson

et al.66,67 leading to the conclusion that exact sample history

can affect the EXAFS signal and may be an indication that

not all local damage and microstructural changes were fully

reversed by the annealing step prior to this latest experiment.

For comparison to prior EXAFS experiments43 as well

as previous resistivity28 and susceptibility40 measurements,

in several of the following graphs, we report the fractional

change in damage DFd as measured by a given quantity Q
(e.g., resistivity or EXAFS amplitude change) as a function

of TA,

DFd ¼
QT300K

� QTA

QT300K
� QT15K

; (9)

where QT15
is the value of that quantity prior to any

annealing. The fractional change in damage determined by

the AR method for first near neighbors of Pu and Ga is

shown in Fig. 5.

B. EXAFS Fitting (EF) method

By examining the data in more detail with a full EXAFS

structural model, we can account for both total loss of

EXAFS signal from Pu and Ga atoms in highly disordered/

distorted environments through overall losses of amplitude

and more moderate disorder from enhancements to r2 from

atom pairs experiencing static (non-thermal) disorder less

FIG. 2. EXAFS FT magnitudes at the Ga K-edge, measured at 15 K, show-

ing the evolution of structure at various TA.

FIG. 3. Damage fraction of selected peaks in the Pu LIII-edge EXAFS as de-

termined by the amplitude ratio method relative to the intensity at

TA¼ 300 K, as function of TA.

FIG. 4. Damage of selected peaks in the Ga K-edge EXAFS as determined

by the amplitude ratio method relative to the intensity at TA¼ 300 K, as

function of TA.
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than about 0.04 Å2, such as may occur near the surface of an

ordered particle crystallite or in the neighborhood of a de-

fect. FEF
d and DFEF

d using Ni and Eqs. (4) and (9) from

EXAFS fits are shown in Fig. 6, together with the previous

resistivity28 and susceptibility40 measurements for compari-

son. The additional disorder and change in scattering dis-

tance relative to the TA¼ 300 K data are plotted in Fig. 7.

By separately accounting for the moderately disordered

atoms, we see that the damaged fraction as measured by the

overall reduction in the number of neighbors compared with

the amplitude reduction of the first peak in the FT of the Pu

EXAFS drops slightly to just above 40%, but the fraction of

damaged Ga drops by more than half to below 20%. For Pu,

the overall shape of the annealing curve still matches the sus-

ceptibility measurements; however for the Ga curve, a sharp

drop at lower TA, much like in the resistivity curve, is evident

(Fig. 6).

Above the TA¼ 135 K, where the amplitudes have most-

ly recovered and the damage fraction is below around 10%,

very little additional disorder or change in bond length is ob-

served for either Pu-Pu or Ga-Pu. Below that temperature,

however, their behaviors are quite different. In terms of extra

disorder, the Pu-Pu scattering path requires approximately an

extra 0.01 Å2 from TA¼ 15 K to TA¼ 95 K, which then

FIG. 5. Damage to local structure of d-Pu after cold storage for 72 days be-

low 15 K as determined by peak amplitude (top). The data are replotted to

show the normalized fraction of residual damage present as a function of TA

(bottom) along with similarly normalized data from the previous resistivity28

and susceptibility40 isochronal annealing experiments.

FIG. 6. Damage to local structure of d-Pu after cold storage for 72 days be-

low 15 K as determined by EXAFS fitting of peak amplitude (top). The data

are replotted to show the normalized fraction of residual damage present as

a function of TA (bottom) along with similarly normalized data from the pre-

vious resistivity28 and susceptibility40 isochronal annealing experiments.

FIG. 7. Damage fraction as determined by EXAFS fitting of peak amplitude

(top), along with additional disorder (middle) and bond length (bottom) rela-

tive to TA¼ 300 K data required for best fit.
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decreases, approaching zero static disorder above 150 K. The

Ga-Pu path requires a similar amount of additional disorder

at the lowest annealing temperature but increases to more

than double the amount at 55 K before starting to decline

again at TA¼ 95 K. We must emphasize this observation be-

cause it indicates that the Ga-Pu environment becomes more

disordered between TA¼ 55 K and 150 K than for TA below

50 K; that is, the Ga environment is more ordered at tempera-

tures where more of the sample is damaged (according to the

Pu edge results from the far more numerous Pu atoms) than

at temperatures where that damage is being removed by

annealing.

Below TA¼ 135 K, the EXAFS data from both the Ga

and Pu edges fit best with a short bond length contraction, al-

though the effect is smaller for Pu-Pu, less than 0.01 Å, com-

pared with the almost 0.03 Å contraction seen from the Ga-

Pu path.

C. Spherical-Crystallite (SC) method

Treating the data with the SC method of Eq. (8) allows

for the use of information contained in the farther scattering

paths without performing traditional EXAFS fits and

accounts for the surface-to-volume effects at the edges of or-

dered regions of the material. Examples of fitting to data at

selected TA for the Pu and Ga edges are shown in Figs. 8 and

9, respectively. Results for Rc and Fc at all measured TA are

plotted in Fig. 10.

Although there is a strong agreement between the data

and the SC model, difficulties fitting the data with this simple

model arise close to the extremes of particle radius. For ex-

ample, at the very largest sizes, there is little difference be-

tween an extremely large particle in a partly amorphous

matrix and smaller particles in a mostly crystalline matrix.

Likewise at the other end of the scale, with a particle so

small as to have almost no long distance peaks, it becomes

difficult to differentiate between the loss of amplitude as a

result of termination effects and the loss due to amorphous

material. The only other problematic data are the Pu edge

data at 75 K and the Ga edge data at 135 K, which produced

inconsistent values of Fc and Rc with large error bars. Here,

we have chosen to constrain the Pu particle radius to the Ga

value at 75 K and the Ga radius to the Pu value at 135 K,

since the Rc are generally very consistent over the entire tem-

perature range.

Of particular note, values of Rc measured from both

edges are remarkably consistent with the Ga radius higher

than Pu at the lowest temperatures, 6.0 6 0.1 Å versus

FIG. 8. Fitting of Pu LIII-edge data at various stages in the annealing process

to the TA¼ 300 K data, using Eq. (8).

FIG. 9. Fitting of Ga K-edge data at various stages in the annealing process

to the TA¼ 300 K data, using Eq. (8).

FIG. 10. (Upper) Average radius Rc of the finite-sized crystallite regions and

(lower) the crystalline fraction Fc as a function of TA, as determined by fit-

ting the Pu LIII-edge and Ga K-edge data using Eq. (8).
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4.3 6 0.06 Å. This difference may be an artifact of the lower

crystallinity in Pu at these temperatures. The same is gener-

ally true of the Fc measurements, although one other feature

stands out: For TA< 50 K, Fc from the Ga edge is clearly

larger than from the Pu edge, a situation which is directly

reflected and supported by the r2 behavior in Fig. 7. The

anticorrelation between FEF
d and r2 in the Ga edge data is

better clarified using the SC model, in which the increase in

r2 can be attributed to a drop in crystallinity as the damage

in the Ga atoms is annealed.

Considering that the use of this method for the study of

radiation damage is somewhat novel, it is worth discussing

the limitations of the model. When used with discrete nano-

particles for size determination, this method typically produ-

ces results that are smaller than those found by Scherrer

analysis of x-ray diffraction (XRD) data,60,68,69 an effect at-

tributed to XRD being more sensitive to the size distribution

of larger particles compared with EXAFS, which is more

sensitive to smaller particle sizes in a polydisperse sample.63

Transmission electron microscopy (TEM) has also been

shown to produce estimates of particle size larger than

EXAFS for discrete particles.68,70 In addition, TEM esti-

mates larger defect free regions, based on dislocation loop

size and density, in radiation damaged bulk material.71,72

The inability of TEM to capture the smallest sized defects in

a material and the sensitivity of EXAFS to the increase in

disorder due to the relaxation effects around various defects

have been proposed as a reason for the discrepancy.68,70

While this method assumes a spherical shape to the or-

dered nanoparticle crystallites, the model fits the data well

enough that attempts to fit to different shapes did not produce

meaningful results. In particular, an ellipsoidal lineshape

was considered, but correlations between the added parame-

ters made finding stable fits which were physically meaning-

ful difficult. Indeed, it is remarkable that the SC model is

even applicable to this system. For example, Li et al.73 found

that Mo, which is substitutional in Fe like Ga is in d-Pu, only

showed damage in its first two coordination shells between 0

and 1 dpa of neutron irradiation, and further damage only oc-

curred in the first coordination shell out to 10 dpa. Thus, the

spherical damage model would not have applied in that case.

Although at 10 dpa those results are well beyond the percola-

tion limit, this shows that despite its simplicity, it is far from

a universal model that can be made to fit any kind of radia-

tion damage, and the fact that it can be used to fit both Ga

and Pu edge data in this case is worth noting.

V. DISCUSSION

There are several important features of the results pre-

sented above. First, the vastly enhanced data quality due to

the ability to measure all the data at 15 K over the previous

work where the data were collected at T¼ TA has indeed

allowed for a clearer interpretation of the changes as due to

structural reorganization as opposed to vibrational effects.

Together with the increased number of temperature data

points, particularly in the critical 50 K to 140 K range, allow

for a more precise discussion when comparing with other

data and the various annealing stages.

Before discussing the results as a whole, we point out

that one of the more striking results presented above is the

agreement between the data and the SC model, despite the

fact that it is not immediately obvious how recoil nuclei

leaving trails of damage throughout the material can leave

the undamaged regions, on average, in a configuration that is

consistent with a spherical crystallite. It is, however, clear

that the strong amount of damage is generally consistent

with the magnetic susceptibility40 and the previous EXAFS

results43,56 that suggest that, in addition to the damage as

measured by defect concentrations, all the atoms within a

damage cascade experience a significant distortion. This re-

sult is also consistent with that expected from the displace-

ment fields generated by the various defect structures. For

instance, the presence of an interstitial atom in the lattice

will distort its neighbors away from their equilibrium posi-

tions. For a tetrahedral self-interstitial in fcc iron, a displace-

ment field �1.5% of the lattice constant has been calculated

to extend throughout 64 atomic volumes.74 It therefore

seems plausible, whether due to recrystallization into new

microcrystals at the end of a displacement spike or because

of the formation of a region surrounded by interstitials and

their displacement fields, the crystal structure might be bro-

ken into regions that are consistent with a spherical particle

interpretation.

The various methods of characterizing radiation damage

are complementary. Looking at the two methods that con-

centrate on the nearest-neighbors for determining the frac-

tion of material that has been damaged, FAR
d is the most

encompassing and should give the largest estimate. Indeed,

FAR
d is about 53% and 39% at temperatures below 55 K from

the Pu and Ga edges (Fig. 5), while FEF
d is about 46% and

15% (Fig. 6), respectively. The decrease is due to separately

accounting for moderate disorder in the EF method, and in-

deed, the large difference from the Ga edge data is mirrored

by the generally large differences in r2 and R for the nearest

neighbors.

These differences can be better understood when com-

paring with the results of the SC method. In fact, the most

striking result reported here is the high Fc for the Ga data

compared with the Pu data below 50 K (Fig. 10). Taken to-

gether with the low r2 for the Ga-Pu pairs in the same tem-

perature range, we can understand the large difference for

the Ga edge data between FAR
d and FEF

d as a partial conse-

quence of not properly considering finite particle-size effects

in those methods. This conclusion is consistent with the ob-

served bond length contractions (Fig. 7) in the crystallite

regions as they become smaller (Fig. 10), an effect observed

in other nanoparticle systems.57,75,76 It is interesting to note

that the Ga-Pu bond length contracts more than the Pu-Pu

bond length with decreasing particle size and may be indica-

tive of the average reorganized species in the ordered crystal-

lites at the lowest TA, although we point out that, for

instance, such a bond length contraction is not expected from

the structure of Pu3Ga.53

It is instructive to consider these data together with the

different annealing stages mentioned in Sec. I. The tempera-

ture ranges for these stages were identified by Fluss et al.28

using the isochronal resistivity data. According to that work,
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Stage I occurs between 0 K and 45 K, Stage II between 45 K

and 110 K, Stage III between 110 K and 180 K, Stage IV be-

tween 180 K and 310 K, and Stage V above 310 K. These

temperatures are consistent with those observed in the mag-

netic susceptibility work.77

The physical picture that emerges from these results is

that within Stage I annealing below 50 K, Ga atoms form lo-

cal crystalline structures (high Fc from Ga edge). Given that

such a large fraction of the material has been damaged (high

Fds from the Pu edge, in general), these structures must in-

clude a significant number of Ga atoms that are within the

volume of the damage cascades. Since TA is low, they must

form during the thermal-spike phase and these crystallite

structures quench before they can diffuse into the main struc-

ture. When the material enters into Stage II annealing above

50 K, the Ga can diffuse into the rest of the structure and

thereby take on structural properties more similar to the aver-

age system structure, as exemplified by the Pu edge data, and

therefore having Fc values more similar between the two ab-

sorption edges above 50 K (Fig. 10).

This picture fits well with that derived from other stud-

ies, both experimental and theoretical. Beginning with exper-

iment, resistivity28 and magnetic susceptibility40 isochronal

annealing experiments were performed on cryogenically

aged d-Pu, and the fractional change in damage measured by

those experiments is plotted along with the data from this ex-

periment. Resistivity depends linearly on defect concentra-

tion, and in fact, such experiments have been used in the past

to estimate defect concentrations.78 Magnetic susceptibility,

on the other hand, is induced in plutonium as a result of lo-

calized magnetic moments created by perturbations to the

crystal structure, which heal and return the d-Pu to its normal

nonmagnetic state near room temperature.40 The isochronal

susceptibility experiment was closer in experimental param-

eters to the present one as the aged sample has the same Ga

concentration and was aged for 42 days at T� 30 K.40 The

resistivity experiment aged a sample with lower Ga concen-

tration, 3.3 at. %, for 3 days at T¼ 20 K.28 Although the re-

sistivity curve plotted here for comparison was from samples

held at the lowest temperature for a shorter duration to en-

sure that the damaged areas were in the dilute limit,28 d-Pu

held for longer times (27.7 and 38.3 days at 4.5 K) exhibited

similar overall damage characteristics.18 Those samples also

used higher concentrations (8 at. % and 4 at. %, respectively)

of a different d stabilizer, Al, suggesting that the attributes of

the resistivity curve are sufficiently general for comparing to

the local structure results presented here. Given that resistivi-

ty is fundamentally a transport measurement, care is war-

ranted in interpreting defect population results from a

material whose undamaged stage already contains resistive

defect sites in the form of Ga atoms.

Interestingly, the susceptibility exhibits its largest recov-

ery at higher temperatures than the resistivity curve, largely

in Stage III26,40 where vacancy migrations can occur and an-

nihilate remaining interstitials after near neighbor vacancy/

interstitial annihilation occurs in Stage I, while the main

change in the resistivity curve occurs at lower temperatures

in Stage I near the border with Stage II,26 perhaps by rear-

rangement of interstitials. By filling in the part of the

annealing curve missing in the earlier EXAFS work on this

sample,43 it is evident that the changes measured by EXAFS

and the near neighbor AR method (Fig. 5) most closely re-

semble the annealing curve from magnetic susceptibility

measurements. This agreement is consistent with the fact

that the EXAFS results are directly related to the volume

fraction and the conjecture40 that the susceptibility is also

most dependent on the volume of damaged material.

However, results from the Ga edge using the EF method

(Fig. 6) most closely resemble the annealing curve from re-

sistivity measurements, suggesting that when properly ac-

counting for the effects of moderate disorder, the Ga atoms

are responsible for the bulk of residual resistivity in self-

irradiation damaged samples. Furthermore, we can infer

from these results that the lack of recovery at the Stage I/

Stage II border in proton irradiated samples28 indicates the

configuration of Ga atoms associated with the displacement

spike from the U recoil nucleus may be responsible for those

changes in resistivity in self-irradiated samples.

The most straightforward comparisons of these results

with theoretical calculations are to those of molecular dy-

namics simulations of collision cascades produced by a-de-

cay. In the simulation results of Kubota et al.,1 they found

that the initial damage structure produced is an amorphous

configuration, with a slight contraction in the first near

neighbor distance.79 After 70 ps at 300 K, the defect configu-

ration reached a steady state recovery into a glass-like pair

correlation. This configuration persists for the remainder of

the simulation time, up to 2 ns, in stark contrast to simula-

tions of other fcc metals which reach an annealed configura-

tion in less than 100 ps.80 By turning off the effects of the 5f
electrons in their Modified Embedded Atom Method poten-

tial, they were able to produce a defect recovery similar to

other fcc metals. At a simulation temperature of 180 K, the

cascade spreads throughout the entire simulation cell of

2 048 000 atoms (corresponding to a cube side length of

about 37 nm). During the time in cold storage, each decay

could affect up to 129 000 atoms (corresponding to a cube

side length of about 15 nm) based on the inverse of the age

in decays per atom, and assuming no overlap between dam-

aged regions. However, only about half of these (correspond-

ing to a cube side length of about 12 nm) are so disordered

they no longer contribute EXAFS signal, suggesting that ei-

ther the damage cascade does not propagate as far as the sim-

ulation predicts1 at cold temperatures or perhaps there is an

additional re-ordering of the structure that occurs as it cools

that is not reproduced by this simulation. A hybrid Monte

Carlo (for the high energy phase of the cascade) and molecu-

lar dynamics (for the low energy phase) simulation was car-

ried out by Dremov et al.25 which included a modification of

the equation of motion in the molecular dynamics phase to

include the effects of electron-phonon coupling (EPC). The

addition of EPC to the simulation drops the size of the

melted region from about 18 000 atoms to about 12 000

atoms at a temperature of 300 K.25 Although 300 K was the

lowest simulation temperature reported, at that temperature

the melted amorphous region recrystallized between 1 and

1.5 ns (Ref. 25) as opposed to persisting.1 Clearly, the treat-

ment of the 5f electrons and the particular implementation of
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a simulation method can significantly alter the findings, dem-

onstrating the need for comparison to experiment.

Nevertheless, our results are consistent with the simulation

results showing that d-Pu does not behave like other fcc

metals.

Finally, it is interesting to consider the impurity (non-

fcc) peak corresponding to Pu-Pu scattering at 3.69 Å, which

is conjectured to be due to a so-called r-phase.66,67 This im-

purity has been observed by multiple investigators43 includ-

ing pair-distribution function analysis of x-ray diffraction

data.81 While this peak clearly follows a similar damage de-

pendence on TA (Fig. 3), it does not appear to be simply re-

lated to the finite-sized crystallites, since it shows less

absolute damage at the lowest TAs than the nearest-neighbor

Pu-Pu pairs and therefore does not fit the SC model. Solving

the role and identity of the r-phase here is beyond the scope

of this study but will require an even more careful compari-

son between samples with the same histories owing to the

history dependence observed here (difference relative dam-

age fractions measured from the Ga and Pu edges between

this study and the previous one43) and in many other meas-

urements.66,67 It should be noted that the impurity is not like-

ly to be on the surface of the sample: Considering the sample

geometry and the absorption length of Pu fluorescence x-

rays, the Pu EXAFS signal contains information from at least

the top 5 lm of the sample surface.

Future isochronal annealing studies should be con-

ducted, perhaps with different soak times to permit a

Meechan-Brinkman analysis82,83 to extract the activation en-

ergies of the various annealing processes observable by

EXAFS. Direct experimental measurement of these activa-

tion energies would make for an excellent comparison to first

principles electronic structure based models of damage struc-

tures in d-Pu. Additional studies on other samples might also

help disentangle and establish the magnitude of the effects of

sample history on EXAFS data noted by Conradson

et al.66,67

VI. CONCLUSIONS

We have demonstrated several EXAFS analysis methods

for interpreting the changes in local structures around Ga

and Pu in d-Pu along various parts of an isochronal annealing

curve, taken after 72 days of storage below 15 K. We demon-

strate that a new model for the determination of particle size

is applicable to this system. Of particular note, the combina-

tion of the methods for characterizing radiation damage

effects from the EXAFS measurements demonstrates that

Debye-Waller enhancements of the Ga-Pu nearest-neighbor

pairs and the estimated crystalline fraction of the material in-

dicate that the Ga environment is actually more ordered at

annealing temperatures below 50 K than above, suggesting

that Ga attempts to form locally ordered structures during

the initial damage event, on the order of 10�11 s when the

material is essentially melted by the deposited energy.84 This

order is then quenched into the material, and may be respon-

sible for most of the residual resistivity observed in other

experiments. Above 50 K, the Ga diffuses26 into the main

damaged Pu matrix and the Ga local environment takes on a

more average structure. The increase of disorder seen in the

Ga data at these temperatures, combined with a drop in crys-

tallinity, is evidence of the role that Ga plays restoring order

to the damaged lattice.
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