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Abstract 
The self-irradiation of PuO2 has been shown to affect the attributes of fifteen vibrational bands in 
the Raman spectrum.  The vibrational bands correspond to the Raman allowed vibrational mode 
T2g, overtones, defects, and bands from electronic origin.  Defects in the crystal lattice from low-
calcination temperature and alpha decay origins are responsible for the changes in the band 
attributes (band position, full-width half maximum (FWHM), intensity).  Crystal lattice defects are 
also responsible for the growth of the defect bands.  The temporal behavior of the vibrational bands 
can be used to estimate the age of the material since last calcination.  Laser annealing was used to 
reset the material to full crystallinity prior to the aging study.  240PuO2, with an alpha decay rate of 
3.67 greater than the decay rate of 239PuO2, was primarily used to assess the alpha decay-induced 
damage within 3 years.  The aging study focused on the time-dependent properties of the T2g band 
and the growth of defect bands.  The FWHM of the T2g band and the ratio of the areas of the defect 
bands/T2g band were measured through a time period in excess of 3 years.  The data from this study 
were found very close to the data describing the temporal evolution of the lattice constant measured 
with the X-ray diffraction (XRD) technique.  The local physical properties of the material measured 
with Raman spectroscopy and the lattice parameter constant measured with XRD indicates a strong 
correlation between the two techniques.  Although both techniques provide similar age-dating 
information, in contrast to the few milligram quantities required for XRD, Raman spectroscopy 
requires a 10 µm diameter PuO2 particle to provide an estimate of the material age since last 
calcination. 
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Introduction 
PuO2 belongs to the fluorite structure group which is described as a face centered cubic sublattice.  
Group theory analysis of PuO2 results in one Raman active mode, the T2g mode, located near 480 
cm-1, and two infrared active modes located near 270 and 580 cm-1 (infrared reflectivity 
measurements) [1].  The creation of cation and anion Frenkel pairs via alpha decay can lead to 
structural changes within the crystal and a change in the crystal symmetry.  PuO2 properties are 
sensitive to: 1) initial production conditions (calcination temperature), 2) crystal lattice damage via 
self-irradiation and 3) environmental effect via water absorption with subsequent hydrogen 
production and the oxidation of Pu to other values besides +IV [1-4]. 
 
The preparation of the PuO2 at different temperatures and from different precursors (Pu(NO3)2, 
PuF4, PuCl4, Pu oxalate, Pu metal, etc.) produce materials with different particle size and 
crystallinity which in turn affects the vibrational spectral properties [3].  The precursors used in the 
production of the PuO2 material can template the morphology of the particulates.  The different 
calcination temperatures affect the crystallinity of the material and therefore the band structure due 
to lattice defects [5].  Low calcination temperatures result in defects in the crystal lattice or smaller 
particulates with amorphous properties.  As calcination temperature increases, coalescence of 
nanoparticles results in longer range crystallinity.   
 
The degree of crystallinity is slowly altered over time by the plutonium alpha decay as indicated by 
the expansion of the lattice constant measured with X-ray diffraction (XRD) [6].  The energetic 
alpha particles and recoiling nuclei create significant, detectable defects and vacancies in the crystal 



structure [3, 4, 6].  Raman microspectroscopy can detect these changes over time by interrogating 
PuO2 localized physical properties [3, 4].  Several defect Raman bands (up to four) have been 
observed in the PuO2 Raman spectrum with age [3, 7].  In the defect band cluster region, two main 
bands (near 580 cm-1 and 650 cm-1) overwhelm the defect spectral region.  The defect bands suggest 
that a change in the crystal lattice symmetry and possibly other defects in the crystal lattice such as 
vacancies and substitutional defects, are responsible for the new defect bands in the Raman 
spectrum. 
 
The expansion of the lattice constant (𝛥𝛥𝛥𝛥

𝑎𝑎0
, where Δa is the change in lattice parameter via self-

radiation and a0 is the lattice parameter after preparation) in an actinide material of the Oh5 point 
group has been shown to depend on the cumulative alpha-irradiation dose [6, 8-15].  The lattice 
expansion of actinide oxides, such as 238PuO2, 239PuO2, 241AmO2 and 243CmO2 has been studied by 
several groups [8-13].  Kato et al. used the lattice constant expansion to study the self-radiation 
damage in plutonium and uranium mixed dioxide materials with different Pu concentrations and 
storage time [6].  The lattice constant expansion and rate of change is related to the isotope ratios 
and the half-life of the isotopes in the sample.  The function describing the expansion of the lattice 
parameter is shown in equation 1 where A and B are constants and τ is the decay constant of the 
actinide metal. 
 

Δ𝑎𝑎
𝑎𝑎0

= 𝐴𝐴(1 − 𝑒𝑒−𝐵𝐵𝐵𝐵𝐵𝐵)       (1) 
 
Materials not properly calcined and/or annealed show an expansion in the crystal lattice.  Typical 
calcination temperatures in the production of PuO2 from Pu-bearing compounds are 723, 923 and 
1273 K.  The calcination of Pu-bearing precursors at 723 K is used to destroy organics.  Calcination 
at higher temperatures (923 K) reduces the surface area of the material [5].  Meanwhile, calcination 
at temperatures >1173 K results in a PuO2 material with ceramic-like properties [5].  Most of PuO2 
research is conducted with low-temperature calcined materials for enhanced material solubility [1, 
16-22].  Since PuO2 can absorb water up to 2% w/w of the material, the resultant hydrogen 
production results in a potential explosive atmosphere.  High-fired PuO2 is used for long-term 
storage due to the ceramic-like properties.  Spectroscopic analysis of PuO2 must consider the high 
variability of calcination temperatures, surface area and the possibility of material degradation to 
assess calcination temperature and age. 
 
Water absorption by PuO2 can create an explosive environment via the generation of H2.  Los 
Alamos National Laboratory (LANL) reported a chemical reaction between PuO2 and water in the 
323 to 623 K temperature range according to the equation PuO2(s) + x H2O → PuO2+x (s) + H2(g) 
where x assumes a value up to 2.25 [23].  LANL also indicated that the addition of oxygen into the 
lattice results in the generation of mixed valence state containing Pu+4 and Pu+5 [23].  Pu4O9 and/or 
Pu4O8-OH chemical formulas were postulated to maintain charge neutrality between Pu and O in 
the primitive cell level.  A small lattice constant expansion was observed during the water/PuO2 
chemical reaction.  Although the changes in the crystal lattice and the formation of Pu+5 had been 
observed with extended X-ray absorption fine structure (XAFS) and X-ray photoelectron 
spectroscopy (XPS), no definite vibrational band assignment for the plutonyl-like material had been 
made [23].  Bands at 745 and 833 cm-1 corresponding to the (O = Pu+5 = O)+ and the (O = Pu+6 = 
O)2+, respectively, and have been identified in aqueous solutions [1, 24].  Most likely, we have not 



identified similar vibrational modes in solid media since our material has not been exposed to water 
vapor to induce alternate Pu oxidations.  In the uranium system, the Raman spectrum of U4O9 was 
measured by Desgranges et al. and the defect band (D2) near 580 cm-1 was assigned as U4O9 [25].  
It is possible that the band located at 650 cm-1 corresponds to Pu4O9. 
 
The auto-irradiation of the PuO2 material, in contrast to PuO2 reaction with water, results in an 
exponential change of the crystal lattice expansion that plateaus with time depending on the lifetime 
of the isotope.  The PuO2 reaction with water and the alpha decay auto-irradiation are clearly two 
different and independent mechanisms.  Calcination temperature and alpha decay determines the 
population and type of crystal lattice defects in the material.   Higher the calcination temperature, 
smaller the defect population in the material.  Therefore, significant reduction of defects is observed 
for high-fired PuO2 (>1173 K) relative to the defect population for the PuO2 calcined at 723 K.   
 
Alpha decay induces significant damage to the crystal lattice resulting in the production of different 
defects.  Wolfer et al. calculated 3x109 alpha events per gram per second for 239Pu resulting in a 
displacement rate of roughly 0.1 displacements per atom (dpa) per year [2].  Schwartz et al. 
calculated that 90% of the Frenkel pairs returns to their original site leaving behind about 10% as 
free interstitials and vacancies or clusters of both [26].  A 5 MeV alpha particle travels 
approximately 10 µm in the crystal with approximately 265 Frenkel pairs occur near the end of the 
range [2].  Meanwhile, the 86 keV 235U recoil nucleus has a range of 12 nm and creates roughly 
2300 Frenkel pairs.  The alpha particle and the uranium atom recoil bores a tunnel in the crystal 
lattice.  The tunnel consists of a low atomic density in the center with a high density of interstitial 
atoms along the walls. The high concentration of defects (anion and cation Frenkel pairs) created 
along the walls of the tunnel gives rise to a Raman spectrum with new bands assigned to defects 
and changes in the band attributes.  Significant damage to the position of the atoms in the crystal 
results in changes in the bonding structure of the material.    
 
Besides calcination and irradiation borne defects, the introduction of dopants in the material can 
enhance the intensity of the defect bands.  Nakajima et al. studied the formation of defects in the 
CeO2 material with Y2O3, La2O3 and ZrO2 doping [27]. Two bands in the defect region were 
identified as D1D and D2.  The D2 band was assigned to a defect with Oh symmetry that includes a 
dopant cation in 8-fold coordination of O2-.  Meanwhile, the D1 defect include an O2- vacancy with 
symmetry different from that of the Oh5 point group.   
 
Taniguchi et al. studied the defects in gadolinia (Gd2O3) doped CeO2 with UV resonance Raman 
spectroscopy [28].  Taniguchi et al. proposed two different types of complexes to explain the Gd 
dopant with O2- vacancies in a non-Oh symmetry structure (2Gd’Ce:VO..)x and (Gd’Ce:VO..)* [28].  
Their data also supports that the shift of the D1 band is accompanied by the increase of the 
(2Gd’Ce:VO..)x from (Gd’Ce:VO..)* [28].  Charge neutrality in the complexes assumes 2 Gd3+ atoms 
with two oxygen vacancies.  The band ratio for the defect/T2g for undoped CeO2 calcined at 
different temperatures reduced significantly for high temperature annealing.  Little changes were 
observed for the CeO2 with the Gd3+ dopants for different annealing temperatures. 
 
Longitudinal and transverse optical modes observed in Raman and infrared spectroscopy are 
dependent on the symmetry of the crystal.  Symmetry relaxation in disordered crystals or a change 
in the metal oxidation and new bonds introduce additional fundamental modes.  Distortion of the 



atomic structure in the crystal results in changes in the intensity, FWHM and position of the bands.  
The changes in the intensities of the vibrational modes are related to the population, polarizability, 
resonance effects, and the phonon-electron interactions.  The line broadening in a system is related 
to the Heisenberg uncertainty, ∆𝐸𝐸∆𝑡𝑡 ≥ ℏ , where ∆𝑡𝑡 is the lifetime of the system (phonon lifetime) 
and ∆𝐸𝐸 is the uncertainty in the energy.  The phonon lifetime depends on the decay to other 
phonons and scattering by defects.  The Raman line shape, Γ, is controlled by the phonon dephasing 
time, T2; Γ = (πcT2)-1.  The phonon dephasing time, T2, has contributions from the pure dephasing 
time (τph), and phonon population lifetime (T1).  For systems where inhomogeneous broadening is 
negligible, T2, T1 and τph, are related through the equation: 2/T2 = 1/τph +1/T1.  Only when the pure 
dephasing time is large, the phonon dephasing time can be equated to the phonon population 
lifetime.  Band position is related to the force constants holding the atoms in their position.  Defects 
in the crystal induces a weakening of the bonds holding the lattice together. 
 
To understand the band structure in a Raman spectrum and to extract meaningful information from 
the age of the material, a clear understanding of the parameters affecting the band attributes is 
required.  Band attributes are primarily affected from: 1) experimental conditions of the Raman 
measurements which could lead to material heating and instant laser annealing, 2) synthesis 
conditions of the PuO2 and 3) age of the material.  It is the goal of this work to show how the band 
properties and the new defect bands emerging in the Raman spectrum can be used to date the 
material age since last calcination.  The new age-dating methodology can be used in the 
characterization of several PuO2 isotopes calcined at different temperatures.  This research will 
show that the shape of the age-dating curve acquired with Raman spectroscopy is similar to the 
expansion of the lattice constant curve acquired with XRD.   
 
Materials and Methods 
The methodology for producing the plutonium (240Pu) material has been discussed previously [3, 4] 
and briefly discussed here.  Plutonium (240Pu and 239Pu) material was synthesized within a once-
through, multiple HEPA filtered, negative pressure glovebox.  The plutonium material used 
plutonium holdings at Savannah River National Laboratory.  The plutonium material was dissolved 
in nitric acid (HNO3) and purified using an anion exchange (Relliex HPQ) followed by elution in 
0.35 M HNO3.  PuO2 was produced by calcining the eluted solution in air at 723, 923 and 1273 K 
(450, 650 and 1000°C) for two hours.  The prepared samples were stored and sealed in a double 
wall containment cell [3] under ambient conditions in air. 
 
The Raman microscope system has been described previously [3, 4, 29].  Briefly, Raman spectra of 
PuO2 were measured with a modified commercial system (LabRAM HR800 UV, Horiba Jobin-
Yvon) along with a Newton EMCCD (Andor 970N-UVB) detector, accurate within 0.5 cm-1.  
LabSpec 5.78 software controlled the spectrometer and detector.  The detector was calibrated to 
account for any intensity nonlinearities across the visible and near-infrared region of the detector.  
A 514 nm laser line from an Ar ion laser measured the PuO2 Raman spectra with powers <5mW at 
the sample.  The laser wavelength plays an important role in the ratio of the T2g band to the other 
bands in the spectrum and in the intensity of the defect bands.  At long wavelengths (>632 nm), the 
T2g band significantly overwhelms the other bands in the PuO2 spectrum.  At wavelengths shorter 
than 632 nm, the intensity of the overtone, defects, and electronic bands begin to increase in 
intensity relative to the T2g band.  A significant amount of visible laser light is absorbed by the 
PuO2 material.  The laser power on the sample can induce heating depending on the size of the 



particulates which then results in band intensity, position and FWHM changes.  The conditions used 
in these experiments ensures that the attributes of the bands were not affected during the 
measurements.  
 
Five different crystalline particle aggregates (150-300 µm diameter, composed of nm size crystals) 
within the 240PuO2 sample calcined at 1273 K were annealed with 50 mW of power for ten minutes 
with a 514 nm excitation laser using a 50x microscope objective to anneal an area of approximately 
6 µm in diameter at the particle aggregate surface.  Measurements were also taken on non-laser 
annealed spots on the same five different crystalline particle aggregates to collect spectra at later 
times since last calcination (>380 days).  There is overlap of laser annealed and non-laser annealed 
spectra data from 380 to 550 days.  Neutral density filters controlled the laser intensity at the 
sample. 
 
Age of the material accounts for the variability in the vibrational band attributes.  As the material 
ages, new bands emerge in the spectrum.  Environmental and/or alpha decay can induce changes in 
the spectral properties.  In the case of uranium, oxidation can lead to chemical changes where UO2 
can become U3O8, U4O9, etc.  PuO2 has been found to undergo further oxidation in the presence of 
water which could lead to the production of Pu4O9 and/or Pu4O8-OH.  Alpha decay of the material 
induces most of the changes observed in the band properties related to the age of the material.  In 
this work the rate of the observed band changes has been correlated with isotopic content and decay 
rate [4].   
 
Results and Discussion 
The fluorite structure group of PuO2 is described as a face centered cubic (fcc) sublattice (Oh5 point 
group) [1, 3, 4].  The symmetry group predicts a triply degenerate Raman active T2g mode, and the 
T1u TO IR mode and the non-degenerate T1u LO IR.  The IR bands for the PuO2 isostructural 
compounds have been very difficult to characterize using absorption spectroscopy.  The IR 
reflection spectroscopy technique using Kramers-Kronig relationship, has been used to characterize 
the IR bands for CeO2, UO2, ThO2 and PuO2 [30, 31].  Hyper-Raman spectroscopy was used by 
Villa-Aleman et al. to record the T1u TO and the non-degenerate T1u LO mode of CeO2 IR bands 
with high sensitivity [29].  The hyper-Raman spectrum of ThO2, although not published, was also 
recorded while conducting CeO2 research suggesting that in the future, hyper-Raman spectroscopy 
might be used to characterize the IR bands of PuO2. 
 
The Raman spectra of PuO2 calcined at different temperatures are significantly more complex than 
the single active Raman band near 480 cm-1 predicted from group symmetry.  Figure 1 shows the 
10-spot averaged 240PuO2 Raman spectra for samples calcined at 723, 923 and 1273 K.  The spectra 
were acquired with the 514 nm laser line from an Ar ion laser and normalized to the T2g band.  
Since the 240PuO2 samples were analyzed approximately 3 months after its synthesis, the spectra 
show the composite behavior of incomplete calcination (crystallinity) and aging effects.  Since the 
PuO2 sample calcined at 1273 K is mostly crystalline, emerging defect bands are primarily the 
result of material aging.  Similar band structure was observed for the PuO2 spectra calcined at 
different temperatures.  The main differences are observed in the FWHM of the bands and the 
intensity of the defect bands.  Since calcination temperature correlates with the crystal lattice 
structure, the higher the calcination temperature, the sharper the bands and smaller the intensity of 
the defect bands.   



 

 
Fig. 1. Raman spectra of 240PuO2 samples calcined at 1273, 923 and 723 K (green, light blue and 

dark blue spectra, respectively) excited with 514 nm laser light.  Spectra are averages of 10 
different spots on each sample, normalized to the T2g band at 479 cm-1 and offset to show bands for 

each calcination condition. 
 
Band Structure 
Five dominant Raman bands are present in the PuO2 spectrum at 479, 581, 1163, 2135 and 2635 
cm–1 and ten additional PuO2 Raman bands are consistently observed in the spectra in Figure 1 at 
300, 450, 625, 1043, 1580, 2045, 2425, 2600, 2740 and 2940 cm-1.  As the sample ages, new bands 
emerge in the spectrum while other bands disappear and most bands shift.  The T2g mode (1LO1) 
located near 479 cm-1 is the only Raman allowed transition.  The band located at 581 cm-1 (defect 
band) is the 1LO2 mode which is an IR active band.  The 1163 cm-1 band is attributed to an 
overtone band of the 1LO2 mode (i.e., 2LO2).  The bands located at 2135 and 2635 cm-1 are 
identified as electronic bands.  The assignment of many of these bands is based on Raman and 
infrared work conducted with CeO2, UO2, ThO2, and NpO2, and hyper-spectra of CeO2 and ThO2 
[1, 3, 4, 29-31].  Table 1 lists the assignments for the five dominant Raman bands in Figure 1.  
 

Table 1. PuO2 Raman band assignments. 
Band Position (cm-1) Assignment Band Origin 

479 T2g (1LO1) Vibrational 
581 1LO2 Vibrational 

1163 2LO2 Vibrational 
2135 Γ1 → Γ5 Electronic 
2635 Γ1 → Γ3 Electronic 

 
 

All the bands in the spectra (five dominant and ten additional PuO2 Raman bands were consistently 
observed in samples prepared from different Pu-bearing precursors, such as plutonium oxalates, 
fluorides and nitrate and under different experimental conditions (different excitation wavelengths, 
focusing conditions and integration times).  The exact location of the bands (usually within a few 
wavenumbers) is dependent on intrinsic and experimental parameters used in the analysis.  The 
material crystallinity, laser power used during the analysis and the impurities in the material are the 
most important parameters affecting the band location.  Lorentzian fits and deconvolution software 



were used to identify the exact spectral position in broad bands, such as the 581 and 625 cm-1 bands 
in the 1LO2 region.  Lorentzian lineshapes have been used previously to analyze similar oxides [32-
34].  The 300 cm-1 band has been identified as the T1u, the  450 cm-1 could be interpreted as the T2g 
shape evolution due to confinement and inhomogeneous strain effects due to particle size 
distribution or an overtone of the T2g band, the 1043 cm-1 has been identified as an electronic band 
by our group, the 2045 cm-1 as a crystal effect on the electronic band of the 2135 cm-1 and the 2425, 
2600, 2740 and 2940 cm-1 as satellite bands to the 2635 cm-1 band.  The 1580 cm-1 band might be 
attributed to carbon impurities during the calcination of the PuO2 material. 
 
Primary Bands in the Alpha Decay Study 
Although most of the vibrational bands in Figure 1 can be used to estimate the age of the material, 
this study concentrated on the bands located in the 250 to 750 cm-1 spectral region.  Temporal 
information can be obtained from changes in the band attributes.  The band position, the FWHM of 
the T2g band, the areas of the ratios of the T2g band and two defect bands (581 and 625 cm-1) and the 
areas of the ratio of the areas of the 581 cm-1 and the 625 cm-1 bands can be used to provide an 
estimate of the age of the material since last calcination.  Figure 2 shows the Raman spectra of a 
laser-annealed PuO2 sample at different times over a period of two and a half years within the 250 
to the 750 cm-1 range.  The temporal changes in the bands’ structure are evident in the spectra.  In 
order to simplify the age-dating discussion and compare the evolution of the bands, band A refers to 
the T2g band, band B refers to the T1u band located at 581 cm-1 and band C to the band located in the 
625 to 650 cm-1 range, as shown in Figure 3.  It is worthwhile to point out that four bands have been 
identified in the defect band region.  Also, as the material ages, the 625 cm-1 is overwhelmed by a 
band at 650 cm-1.  Nakajima et al. and Taniguchi et al. working with doped CeO2 coined bands B 
and C to the D1 and D2 defects, respectively [27, 28].  Figure 3 shows the spectrum including the 
defect band region with each band labeled and fit with a Lorentzian. 
  

 
Fig. 2. Normalized Raman spectra of 240PuO2 after annealing and aged under ambient conditions for 

over 2.5 years collected with 514 nm laser light. 
 



 
Fig. 3. Example Raman spectrum of 240PuO2 sample with each band fit with a Lorentzian.  Band A 
(orange line) is the T2g band near 480 cm-1, band B (green line) is the 1LO2 band near 580 cm-1 and 

band C (blue line) is an additional aging band near 650 cm-1. 
 
The broadening of the band corresponding to the T2g, A, vibrational mode and growth of the two 
bands, B and C, are attributed to defects in the crystal lattice from alpha-induced crystal lattice 
defects or low-temperature synthesis of the material, which may not have annealed all defects in the 
material.  Schoenes [35] proposed that the band B is related to the T1u 1LO2 band observed in the 
infrared spectrum due to a change in symmetry due to crystal lattice damage while Taniguchi et al. 
[28] have proposed a complex of metal (M3+) and O2- vacancies.  In either case, the O2- vacancies 
might be responsible for the loss of symmetry and the observation of the IR band in the Raman 
spectrum.  Band C (625 cm-1, the band becomes 650 cm-1 with age) does not have an analogue in 
the infrared spectrum.  The defect bands in this region studied with gadolinium-induced doping by 
Taniguchi et al. suggest a metal ion in the center of the O2- cube [28].  In general, the bands B and 
C are identified as anion and cation Frankel pairs.  We have identified up to four defect bands in 
this spectral region [3].  The intensity of these bands is highly dependent on the laser wavelength 
used in the Raman measurement.  Longer wavelengths (561, 633, and 733 nm) reduces band B 
intensity while increasing band C intensity while shorter laser wavelengths increase the band B 
relative to bands A, and C [3]. 
 
Figure 4 shows the data curves corresponding to the FWHM of A, and the B/A, C/A and C/B ratios 
of the areas from the laser-annealed 240PuO2 sample originally calcined at 1273 K.  Each point in 
the curve represents the average of five spots (10 µm diameter) of previously laser-annealed 
material.  As mentioned previously, the FWHM is related to the phonon dephasing time, T2 via the 
equation Γ = (πcT2)-1.  Since the dephasing time is related to the phonon population time (T1) 
through the equation 2/T2 = 1/τph +1/T1, for a large pure dephasing time (τph), 2/T2 = 1/T1.  
 



 
Fig. 4. Age dating curves for 240PuO2 calcined at 1273 K of (A) FWHM of A, (B) ratio of areas of 

B/A, (C) ratio of areas of C/A and (D) ratio of areas of C/B.  The error bars are estimated 
uncertainties at the 95% confidence interval. 

 
The accumulated crystal lattice defects in a period of approximately 2 ½ years where the curve 
begins to plateau was responsible for doubling the FWHM of band A.  Since the FWHM is 
inversely proportional to the phonon dephasing time, the phonon dephasing time was cut in half in 
this period.  It is important to realize that most defects (~90%) produced by the alpha decay are self-
annealed within 200 ns [2, 36].  In the case of B/A and C/A band ratios, the intensity of band A 
decreases with time while the intensity of the defect bands B and C grow with time.  To put it in 
perspective, the relative intensity of band A between the aged and annealed material is 
approximately a factor of 4 to 10, dependent on the calcination temperature of the material.  For 
material calcined at 1273 K the decrease in intensity is closer to a factor of 4.  Therefore, it is 
expected that the intensity of the T2g band for high fired calcined material aged for about 3 years 
(240PuO2) will decrease by a factor of 8 to 10 times from the original intensity.  In contrast to the 
B/A and C/A bands ratios where the intensities are dependent on the growth of bands C and B and 
the intensity reduction of band A, the C/B ratio is a competition of defect formation.  The C/B ratio 
shown in Figure 4D shows that the growth of band B started early in the aging process.  Meanwhile, 
band C followed later and grew rapidly prior to a stabilization at a plateau level of ~0.5.  It is 
important to understand that the intensities of bands B and C depends on the laser wavelength and 
the intensity of the band does not represent a necessarily a quantitative population since the ratio is 
wavelength dependent. 



 
The lifetimes calculated from the FWHM of A, ratio of B/A, and ratio of C/A curves are 344, 238 
and 287 days, respectively.  Meanwhile, the age dating curves corresponding to the C/B curve has a 
much shorter lifetime of 113 days, suggesting that defects representing bands B and C have 
different origins in their formation.  The curves representing the FWHM of A, ratio of B/A and 
ratio of C/A plateau at over 800 days for 240PuO2.  Meanwhile, the C/B curve plateaus at 
approximately 300 days of aging.  These curves can be described by the exponential equation 1. 
 
The ratio of C/B curve poses an interesting perspective on the defects of the material.  The addition 
of impurities to a material, and the resulting damage to the crystal lattice, produces bands in the 
same location as the defect bands observed in materials with the fluorite structure.  The work of 
Tanigushi et al. suggested that band B (D1) in gadolinium-doped CeO2 corresponds to O2- vacancies 
[28].  Tanigushi et al. also indicated that band C corresponds to Ce in a different oxidation state 
(Ce3+) for undoped CeO2 and Gd3+ for doped CeO2 where the metal atom is surrounded in an O2- 
cube [28].  It is possible that in the case of PuO2 a Pu3+ atom is within the O2- cube allowing band C 
to grow.  The oxygen vacancies are much easier to generate than the insertion of the metal ion in 
the cube.  As time passes, an equilibrium is reached where the ratio of Pu metal atoms in the Oh 
octahedral symmetry to the O2- vacancies remain constant.  
 
Each metric as shown in the dating curves the FWHM of A, ratio of B/A, ratio of C/A and ratio of 
C/B have different physical origins which are affected by the crystallinity of the material and 
provides a different clock since last calcination.  The band position in the spectrum is related to the 
bond force constant and the reduced mass via the equation  𝜐𝜐 = √𝑘𝑘

𝑚𝑚
.  Damage to the crystal lattice 

results in bond weakening holding the atoms together.  The weakening in the force constant leads to 
vibrational modes with lower energies.  The FWHM of a band is related to the lifetime of the 
phonon.  The shorter the lifetime, the broader the vibrational band corresponding to the optical 
phonon.  Phonon lifetimes are shortened by the damage to the crystal lattice (traps).  The intensity 
of the bands is inversely proportional to the FWHM since the band is spread over a significant 
number of energy levels therefore, as damage to the material occurs, the band FWHM becomes 
broader, the intensity is also expected to diminish.  Finally, band intensity ratios or band area ratios 
can be used to understand how defects in the crystal are generated.  The intensity/area of the defect 
bands emerging in the spectrum as the material ages are indicative of symmetry relaxation in the 
crystal or the formation of new chemical species.  Correlation of material age from symmetry 
relaxation requires an anchor point which can be provided by the T2g band.  Band ratios can be used 
to understand the signatures related with crystal lattice damage and therefore age.  Although the 
defect bands grow with time, the intensity of the T2g band decreases with age.  The ratio of areas of 
the defect band to the T2g band provides a way to identify the PuO2 since last calcination.   
 
Calcination temperature used in the synthesis of PuO2 from a Pu-bearing compound also affects the 
metrics (intensity, FWHM, band position and band ratios) in the spectrum.  The calcination 
temperature and the calcination time are responsible for the material crystallinity [2, 3, 36].  Each 
calcination temperature converts a Pu-precursor compound (oxalate, fluoride, chloride, nitrate, etc.) 
into the oxide and crystallizes the material.  The crystallinity of the material might not be complete 
at the calcination temperature.  At high temperatures (>1173 K) where PuO2 becomes a ceramic-
like material and most defects in the crystal lattice are annealed, the Raman bands sharpen and shift 
to higher frequencies.  Meanwhile, typical calcination temperatures of 723 and 923 K do not anneal 



the crystal lattice in full.  The crystal lattice defects measured through the FWHM and band 
intensity in the Raman spectrum suggest a material age older than expected [3].  A well 
calcined/annealed material will show a small defect band at best.  After material calcination, the 
areas of the defect band/T2g ratio is indicative of the crystallinity degree of the material.  Separation 
of calcination temperature effects and aging effects can be accomplished by measuring the spectrum 
of the material of interest at different times.  Age dating can be extracted through the removal of 
band features correlated with the calcination temperature.  
 
The time dependent FWHM and band ratio data of the T2g band and the defect bands in Figure 4 
show very precise and accurate information of the 240PuO2 material aging process.  Four different 
curves were measured based on the FWHM and ratios of areas between the defect bands and T2g 
band.  These curves can be used for age dating the material since the fit is dependent only on the 
isotopic content of the material and the alpha decay rate of the different constituents.  Although the 
curves shown in Figure 4 are related to 240PuO2 calcined at 1273 K, the data can be normalized for 
any Pu isotope and to any calcination temperature.  A methodology was developed to normalize the 
curves for any isotope and calcination material as shown in Figure 5.  The high signal to noise ratio 
(S/N) for 240PuO2 calcined at 1273 K with minimum crystal lattice defects and laser annealing 
resetting any aging effect requires a single point to provide age dating with an accuracy of just a 
month.  In contrast to high fired PuO2, lower calcination temperatures do not remove all the crystal 
lattice defects.  The excess defects in the low-calcined material need to be accounted for to 
determine the material age.  Since the alpha decay depends on the isotopic content, corrections are 
required to correct for age.  Elemental analysis or gamma measurements might be required to 
determine the isotopes and abundance in the material.  The alpha decay of 239PuO2 is ~3.67 times 
slower than 240PuO2.  Therefore, the damage rate to the material from 239PuO2 is reduced 
accordingly and the age determination is also increased proportionately.  The age of the 239PuO2 
material can be estimated up to 10 years since last calcination by following the FWHM and the 
ratio of the areas of the bands.  As mentioned before, the built-in defects due to incomplete 
annealing of the crystal and the resulting longer age can be corrected for by measuring the PuO2 
spectra at different times.  Longer the times between the two measurements, the better to determine 
the age of the material.  The S/N of the Raman spectra of PuO2 materials calcined at lower 
temperatures may be low and introduce uncertainty into the age determination of the material.  
Figure 5B shows the concept for two-point age determination. 
 



 
Fig. 5. Examples of age determination with FWHM of band A with (A) one data point if the sample 

is 240PuO2 and (B) two data points for any other PuO2 sample. 
 

The secant is measured from two data points as shown in Figure 6, FWHM is shown as an example 
and can also be applied to the ratio of the areas of B/A, C/A and C/B.  The secant is then used to 
determine the age of the material using equation 2. 
 

𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜏𝜏 ∙ ln � 𝐴𝐴
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Where, τ is time constant for each measurement from the exponential fit to the calibration curves in 
Figure 4(A-D), A is maximum secant (slope) for the number of days from the fit to the calibration 
curve (equation 3), secant is measured as in Figure 6 (equation 4) and x0 is the number of days 
between the two measurements.  Equation 2 takes into account the data acquired at different times.  
The FWHM of band A or the areas of the band ratios can be used for age dating 240PuO2, 239PuO2 
and any other PuO2 isotope, as a proof-of-concept. 
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    (4) 
 
Where, y0 is the maximum y value from the exponential fit to the calibration curves in Figure 4(A-
D), A0 is the y-intercept of the exponential fit to the calibration curves in Figure 4(A-D), τ0 is the 
decay constant from the exponential fit to the calibration curves in Figure 4(A-D), t1 and t2 are 
number of days since calcination for measurement 1 and 2, respectively and FWHM1 and FWHM2 
are the FWHM measured at t1 and t2, respectively, which can also be applied to the ratio of the areas 
of B/A, C/A and C/B. 
 

 
Fig. 6. Example secant fit of the FWHM of band A used for the methodology for age dating 
calculations.  Methodology can also be applied to the ratio of the areas of B/A, C/A and C/B. 

 
During this work, most of the data were acquired with 240PuO2 calcined at 1273 K since a project is 
primarily funded for three to four years.  Five spots of the 240PuO2 sample were laser annealed.  
Non-annealed random spots on the same particle were also analyzed in this research.  A comparison 
of predicted age for the laser annealed and random spots as compared to the actual age for the 
FWHM of band A is shown in Figure 7.  The annealed spots and uncertainties are circled in Figure 
7.  Since the data shown in Figure 4 plateaus within the timeframe of these experiments, data 
collected within the first year for 240PuO2 have high precision and accuracy due to the largest 
measurable changes in values.  Data collected at times greater than 700 days show more scatter with 
higher uncertainty corresponding to the plateau region in Figure 4, and significant averaging will be 
required to improve the statistics. 
 



 
Fig. 7. Predicted age of PuO2 samples from two measurements of the FWHM at the 95% 

confidence interval. 
 
Few Raman spectra were recorded for 240PuO2 calcined at 723 and 923 K and fewer spectra were 
recorded for 239PuO2 from metal calcined at 723 and 923 K.  These data were included as a proof-
of-concept for this aging methodology.  No data were measured for 239PuO2 calcined at 1273 K, due 
to no sample availability.  
 
Figure 8 shows the predicted age for different samples using the FWHM of band A and the three 
ratios of the fitted areas corresponding to the defects: B/A, C/A and C/B.  The annealed spots have 
high precision and accuracy between the predicted age and the true age.  Several samples with a 
known time since last calcination and samples produced from different precursors have been 
evaluated to understand the validity of the predicted age.  The 239PuO2 calcined at 723 and 923 K 
were synthesized from Pu metal. 
 



 
Fig. 8. Predicted age of samples from two measurements at the 95% confidence interval of (A) 
FWHM of A, (B) ratio of areas of B/A, (C) ratio of areas of C/A and (D) ratio of areas of C/B. 

 
Comparison to Literature XRD Data 
Figure 9 shows the relative changes in Raman spectral features as a function of storage time.  The 
FWHM of the band corresponding to T2g vibrational mode and ratio of the areas of the defect bands 
to T2g peak is plotted against the exponential regressions of the change in the XRD lattice parameter 
as a function of storage time by Kato et al. with 238PuO2, 239PuO2 and a mixture of 239PuO2, 238PuO2 
and 241AmO2 [6].  Since the available XRD data was from different plutonium isotopes, the τ for 
240Pu was used to plot the exponential regressions on a common time scale.  The error bars in 
Figure 9 are estimated uncertainties at the 95% confidence interval.  The rise and shape of curves 
from the changes in the Raman spectral figures in Figure 9 were found to be similar and match well 
to the curves observed with XRD.   
 



 
Fig. 9. Relative changes in the Raman spectral features as a function of time (A) FWHM of A, (B) 

ratio of areas of B/A, (C) ratio of areas of C/A and (D) ratio of areas of C/B.  The error bars are 
estimated uncertainties at the 95% confidence interval.  The colored curves correspond to 

extrapolations based on prior XRD measurements, (orange line) mixture of 239PuO2, 238PuO2 and 
241AmO2, (light blue line) 238PuO2 and (dark blue line) 239PuO2, to plot the exponential regressions 

on a common time scale the decay constant (τ) for 240Pu was used [6]. 
 
The number density of damage sites depends on elapsed time, but also on the inventory of alpha-
emitters within the material.  Consistent with the damage in previously studied nuclear materials, 
XRD measurements of the PuO2 lattice parameter show an increase as a function of storage time 
due to self-radiation damage from alpha-decay of plutonium.  Equation 1 represents the established 
relationship.  The established relationship is dependent on three different constants: τ (decay 
constant associated with the alpha-emitting isotope(s) present), A (maximum change in lattice 
parameter), and B (a measure of the rate of change of the lattice parameter, kinetic constant).  A and 
B are intrinsic to the PuO2 lattice and will be the same for different isotopes of plutonium.  Because 
τ is different for each plutonium isotope, using the same τ to plot the exponential regressions for 
each isotope places all the regressions onto the same time scale, allowing for direct comparisons.   
 
 
The Raman results from the measured FWHM of the T2g band as a function of storage time match 
the lattice parameter change measured with XRD (Figure 9A).  The ratio of the fit areas of the aging 
bands and T2g bands with respect to storage time also matches the XRD results (Figure 9B and C).  
The ratio of the fit areas of the aging bands decayed faster than the XRD results (Figure 9D).  These 



Raman results indicate an exponential relationship with storage time, analogous to the XRD 
literature results and our results are also consistent with alpha-recoil track studies performed on 
other nuclear materials.  The data strongly suggest that the results obtained from Raman 
spectroscopy follow very closely the results on the expansion of the lattice constant with XRD 
indicating that both measurements are highly correlated. 
 
Summary 
The monthly temporal evolution of the T2g band and the growth of the defect bands was followed 
for five laser-annealed spots of a 240PuO2 sample calcined at 1273 K using Raman spectroscopy for 
several years.  The FWHM, band intensity and position for the T2g band and the defect band 
intensity were the focus of this investigation.  In this study, the FWHM of the T2g band, and the 
ratios of the areas of bands B/A, C/A, and C/B was measured.  In addition to the 240PuO2 sample, a 
limited number of data points were acquired from 239PuO2 samples synthesized from Pu metal and 
calcined at 723 and 923 K.  The temporal data was modeled, and the fitted exponential curve was 
similar to the lattice constant expansion curve measured with XRD.  The data show that the spectral 
features accurately measures the time since a PuO2 sample was calcined, based on the growth of 
alpha-induced crystalline defects.  This method of age-dating produces results that agree with XRD 
measurements when applied to bulk lattice analysis.  This Raman spectroscopy method can be used 
to measure self-radiation damage from alpha-decay of plutonium that matches literature XRD 
results with only a 10 µm sample. 
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