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Ultrafast optical pump-probe studies of uranium dioxide (UO2) under pressure were performed in 

order to better understand the material’s response to ionizing radiation. Photoexcitation generates 

oscillations in the time-resolved reflectivity at two distinct GHz-scale frequencies. The higher 

frequency mode is attributed to a coherent longitudinal acoustic mode. The lower frequency 

mode does not correspond to any known excitation under equilibrium conditions. The frequency 

and lifetime of the low-frequency mode are studied as a function of pressure. Abrupt changes in 

the pressure-dependent slopes of these attributes are observed at ~10 GPa, which correlates with 

an electronic transition in UO2. Variation of probe wavelength reveals that the low k dispersion 

of the low-frequency mode does not fit into either an optical or acoustic framework. Rather, we 

propose that this mode is related to the dynamical magnetic structure of UO2. The implications of 

these results help account for the anomalously small volume of damage known to be caused by 

ionizing radiation in UO2; we propose that the existence of the low-frequency mode enhances the 

material’s transient thermal conductivity, while its long lifetime lengthens the timescale over 

which energy is dissipated. Both mechanisms enhance damage recovery. 
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I. INTRODUCTION 

Uranium dioxide (UO2) is a Mott-Hubbard insulator in which both the lower and upper 

Hubbard bands are dominated by U 5f states [1]. UO2 is important because it is the fuel for 

nearly all commercial nuclear reactors. Despite its importance as a nuclear material, its response 

to ionizing radiation is not well understood. Fission of uranium atoms produces high-energy 

“fission fragments” that deposit their energy primarily into the electronic subsystem of UO2, 

producing cylindrical tracks of permanent structural damage that are nanometers wide and 

microns in length. Notably, the track radii observed in UO2 are smaller than expected [3], even 

when compared with materials that have similar thermal and physical properties [3,4]. This has 

led to different models for the damage process [4,5].  

Several models have been put forth in an attempt to understand the process of track 

formation. Duffy et al. [6] and Itoh et al. [7] proposed bond-weakening models hypothesizing 

that electronic excitations change the bonding environment, leading to atomic motion. 

Toulemonde et al. [8] and Szenes [9] proposed thermal spike models positing that local high 

temperatures, resulting from phonon emission following electron recombination, cause the 

damage. Ronchi and Wiss [10] and Zhang et al. [11] proposed shock wave models suggesting 

that a high-pressure strain wave generated by the expansion of the excited region of the sample 

induces plastic deformation. Finally, Baldinozzi et al. [12] and Tracy et al. [13] proposed point 

defect models whereby the extreme conditions caused by the fission fragments generate defects 

that can collectively cause phase transformations. 

All of these models represent attempts to understand the behavior of irradiated materials 

on femtosecond-to-nanosecond timescales through the interpretation of data recorded well-after 

irradiation. Additionally, the models are either qualitative in their attempts to explain observed 
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features of radiation damage (e.g., bond-weakening model) or are quantitative but use 

equilibrium material parameters and empirical fits to explain highly non-equilibrium processes 

(e.g., thermal spike model). Direct experimental studies of the radiation damage process on the 

applicable femtosecond-to-nanosecond timescales are needed in order to obtain a solid 

understanding of the series of processes that eventually lead to the permanent damage state of the 

material.  

Ultrafast laser irradiation has been shown to induce a similar damage process as high-

energy ions since both sources deposit their energy though electronic excitations on femtosecond 

timescales [14-16]. Furthermore, this similar damage process has been shown to induce the same 

structural phase transformations in the same materials [15]. The ability to temporally resolve 

ultrafast laser pulses allows one to directly observe the radiation damage process on the relevant 

timescales by using time-resolved pump-probe spectroscopy.  

The response of UO2 to ultrafast photoexcitation has been investigated previously using a 

variety of time-resolved probes, including optical reflectivity [17,18], THz spectroscopy [19], 

and photoemission spectroscopy [20,21]. Ultrafast reflectivity measurements revealed the 

generation of a coherent longitudinal acoustic (LA) phonon as well as reflectivity oscillations not 

associated with any Raman-active mode observed under equilibrium conditions [18]. Both of 

these modes have been proposed to result from the production of photogenerated polarons as 

excitation drives a charge-transfer transition that induces a mixed-valence state of a U3+/U5+ from 

a pair of U4+ sites [18]. However, evidence supporting the specific identification of the 

photogenerated species as a polaron is limited. 

Here, we study the response of single crystal UO2 to ultrafast photoexcitation by 

measuring the time-dependent optical reflectivity at high pressure. We observe both the coherent 
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acoustic phonon and the lower frequency non-equilibrium mode. The frequency and lifetime of 

these modes as a function of pressure are used to understand how photoexcition couples to the 

atomic and electronic structure of UO2. Multiple probe wavelengths are employed in order to 

determine the dispersion relation of the two modes at low wavevector, k. These results are 

consistent with a non-equilibrium character of the lower frequency mode, but also cast doubt on 

the assignment of the photogenerated species as polaronic in nature. These results provide a new 

basis for the identification of the photogenerated species and help explain the remarkable 

resistance of UO2 to ionizing radiation damage. 

II. METHODS 

Ultrafast optical pump-probe experiments were performed using a Ti:sapphire laser with 

a pulse duration of 50 fs and central wavelength of 800 nm. The initial beam was split into pump 

and probe paths, with the pump beam frequency doubled to 400 nm using a beta barium borate 

crystal in order to excite above the ~2.1 eV band gap of UO2 [1,22]. A prism compressor was 

then used to recompress the frequency-doubled pump beam to a 50-fs pulse duration. The pump 

fluence was varied from 0.75 to 1.50 mJ/cm2. The probe beam, still at 800 nm, was used to 

monitor the time-dependent reflectivity of the sample. Probe fluence was over an order of 

magnitude lower than the pump beam for all measurements. Both the pump and probe were 

combined collinearly with a dichroic beam splitter, coupled into a microscope objective to focus 

onto a ~20 µm diameter spot on the UO2 sample. The probe was collected in reflection mode and 

directed onto a silicon photodiode to measure reflectivity. The pump-probe signal was detected 

with a lock-in amplifier and optical chopper. For selected pressures, multiple probe wavelengths 

were used to better understand the dispersion relation of the modes. To do this, the probe beam 
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was focused into a sapphire plate to generate a white-light continuum that was then filtered using 

a holographic band-pass filter to select a specific probe wavelength—either 700 or 900 nm. 

The measurements were collected at elevated pressure using a diamond anvil cell (DAC) 

at room temperature. The DAC generated pressure by compressing the sample between two 

opposing diamond anvils with 500 µm culet diameter. A tungsten gasket was pre-indented to a 

thickness of 100 µm, at which point a 200 µm diameter hole was drilled into the center of the 

pre-indention to serve as the sample chamber. A single crystal of UO2 was placed into the 

chamber along with a ruby crystal and the pressure-transmitting medium. Fluorescence from the 

ruby was used to monitor pressure, with errors in reported values of less than 0.5 GPa. Silicone 

oil was used as the pressure-transmitting medium to create quasi-hydrostatic conditions [23]. The 

maximum pressure of the sample was kept below 20 GPa because at higher pressures the band 

gap narrows below 1.55 eV, causing the 800 nm probe beam to be absorbed through a one-

photon process [24], effectively altering the region of the sample being probed. 

III. RESULTS 

The time-dependent reflectivity traces of photoexcited UO2 up to 20 GPa are shown in 

Fig. 1a. The Fourier transform of the time-domain data, following subtraction of an 

exponentially decaying background, is shown in Fig. 1b. Two GHz-scale modes are identified. 

The high-frequency mode (HFM) is generated by the sudden laser-induced stress at the surface 

and detected through stimulated Brillouin scattering of a known LA mode [An 2011]. This LA 

mode has been well-characterized through inelastic neutron scattering [25], ultrasonic 

measurements [26], and computational work [27], so the detection of the HFM is expected. The 

low-frequency mode (LFM) results from the creation of photogenerated species [18] and is 

notably not observed through measurements of UO2 at equilibrium conditions. To date, the 
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identity of this photogenerated species is poorly understood, and its behavior poorly 

characterized. 

The pressure-dependent frequencies of both modes are shown in Fig. 2. The HFM 

hardens gradually and continuously over the entire pressure range. As expected, its hardening 

rate matches the pressure-induced increase in UO2 longitudinal sound speed [28]. Interestingly, 

the LFM displays an anomalous non-linear response to pressure. The frequency of the mode 

increases rapidly—much faster than contributions from increasing sound speed can account 

for—until ~10 GPa. Above ~10 GPa, the rate of hardening slows as pressure continues to 

increase. No relation between frequency and incident pump fluence was observed, and scatter in 

frequency for different pump fluences was less than 0.5 GHz. 

Oscillations in the time-domain data are fit to a sum of two exponentially decaying 

sinusoids. For the LFM, the time constant of the decay acts as a lower bound for the lifetime of 

the photogenerated species. The pressure-dependent LFM lifetime is shown in Fig. 3. The 

lifetime decreases as pressure increases to ~10 GPa, at which point it levels off as pressure 

continues to increase. This behavior is similar to the observed trend in LFM frequency (Fig. 2), 

where there are distinct behaviors between the low- and high-pressure regimes. Notably, LFM 

frequency and lifetime are coupled such that their product is constant at a value of ~5. Lifetime is 

found to be invariant with pump fluence indicating that, at these fluences, interactions between 

the photogenerated species causing decay are negligible [17].  

There is an abrupt change in the pressure-dependent slope of both the LFM frequency 

and lifetime at ~10 GPa. However, there are no structural phase transformations in UO2 in the 

studied pressure range [24,29]. This means that there is no strong correlation between LFM 

behavior and the atomic structure of UO2, which suggests that the photogenerated species is not 
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coupled to the atomic structure of the UO2. Notably, there is a change in the electronic structure 

of UO2 at ~10-15 GPa. Transitions within the 5f 2 multiplet levels are allowed due to increasing 

admixture of the d-band into the 5f 2 ground state [30,31]. The multiplet energy levels involved 

in these transitions are a consequence of spin-orbit coupling in UO2 [32]. Furthermore, the 

pressure-induced electronic transition has been found to coincide with a rapid decrease in 

resistivity [24]. The correlation between electronic transitions in UO2 and change in LFM 

behavior implies a coupling between the photogenerated species and the electronic structure of 

UO2. This is consistent with previous work that showed that the LFM lifetime depends on the 

energy level to which the electrons were initially excited [18]. 

 The rapid and non-linear pressure-dependent frequency shift of the LFM is 

uncharacteristic of an acoustic phonon mode, whose hardening as a function of pressure should 

be dominated by an increase in the sound speed, and its GHz-scale frequency is unexpected for 

an optical phonon mode. In order to better understand the character of the LFM, measurements 

were performed at additional probe wavelengths to understand the mode’s dispersion relation at 

low k, which is a function of the known probe wavelength (λ) and the previously measured 

refractive index (n) at the probe wavelength [33], where k = 4πn/λ. At low k, acoustic modes 

should be linear with k through the origin, while optical modes should be constant with k.  

Mode frequency as a function of k is shown in Fig. 4. Results are shown for pressures 

both below and above the ~10 GPa electronic transition. In both cases, the HFM, known to be an 

LA phonon, displays the expected linear variation with k. The LFM, on the other hand, varies 

slowly and nonlinearly with k in a way not expected for either acoustic or optical phonons at 

such low wavevector. Chi-square tests showed that the HFM fit the acoustic phonon model at 

both pressures to a significance of p < 0.05. However, the LFM did not fit either the acoustic or 
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optical phonon models at both pressures, which supports the characterization of its low k 

dispersion as “non-linear.” 

IV. DISCUSSION 

Previous work on photogenerated species in a variety of other materials have shown that 

polarons and excitons typically produce acoustic phonons [34-36] due to the volumetric 

expansion caused by the excited-state quasiparticles. These quasiparticle-related acoustic modes 

were differentiated from acoustic modes produced by simple carrier excitation or thermal 

expansion through in situ charge measurement [34], response to magnetic transitions [35], and 

correlation of mode frequency with quasiparticle size [36]. Notably, neither the pressure 

dependence nor dispersion relation of the LFM indicates an acoustic response, meaning it would 

be atypical for the source of the LFM to be photoinduced polarons as proposed previously [18]. 

Another possible explanation for the origin of the LFM is that it is a local electronic 

excitation that interacts with the HFM upon increasing pressure. This interaction could explain 

the change in the pressure-dependent slope of the LFM frequency. However, a local electronic 

excitation would be expected to produce THz-scale optical phonons and have a corresponding 

ground-state mode [36,37]. This is inconsistent with the observed frequency and dispersion of 

the LFM, as well as the fact that there is no corresponding ground-state mode for the LFM. 

An alternative explanation for the origin of the LFM is related to the magnetic structure 

of UO2. Previous investigations into photoexcited magnetic materials have shown that modes 

originating from coherently-generated magnons also exhibit GHz-scale frequencies [38,39]. 

Furthermore, these frequencies change with probe wavelength, though not according to the 

Brillouin process expected by acoustic phonons. Magnons are collective excitations that can 
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occur in magnetically ordered materials as temporally and spatially dependent magnetic 

ordering. This changing order can manifest in the material’s optical properties by the coupling of 

magnetic ordering to the material’s optical properties [39]. Notably, UO2, with a Néel 

temperature of 30.8 K, is paramagnetic (magnetically disordered) at room temperature. This 

differs from previous work on coherently-generated magnons in rare-earth doped BiFeO3, which 

observed the loss of the one-magnon mode above the Néel temperature [38]. However, local, 

uncorrelated magnetic distortions caused by a dynamical Jahn-Teller effect have been observed 

in UO2 above the Néel temperature [40]. Thus, it is possible that ultrafast photoexcitation could 

generate coherent magnons even within paramagnetic UO2. We note that we do not have direct 

evidence for this interpretation and therefore view this as a speculative hypothesis. However, 

while the relation between the LFM and dynamical magnetic order in UO2 is not conclusive, it is 

consistent with experimental results presented here and in other work.  

These results have important implications for understanding the ionizing radiation 

damage process in UO2. The long lifetime of the LFM means that the existence of 

photogenerated species effectively lengthens the timescale over which energy deposited by 

ionizing radiation is dissipated through the material [41]. Furthermore, a new energy-loss 

channel open to UO2 during a radiation event can effectively increase its thermal conductivity 

during the transient radiation damage process [42]. Both of these mechanisms enhance recovery 

of the damaged domains and may account for the anomalously small amount of damage 

observed in UO2 due to ionizing radiation. More broadly, these results illustrate that accurately 

modeling radiation damage requires identifying and understanding non-equilibrium processes 

rather than extrapolating equilibrium properties to short timescales, and that highly excited UO2 

has energy-loss pathways that are not observable under equilibrium conditions. 
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V. CONCLUSION 

UO2 was subjected to ultrafast photoexcitation at high pressure. Time-dependent reflectivity 

measurements revealed two oscillatory modes of GHz-scale frequencies. The HFM was 

identified as a well-known LA mode and its behavior to high pressure was consistent with this 

assignment. Conversely, the LFM, which did not correspond to any known excitation under 

equilibrium conditions, was found to have anomalous behavior at high pressure. This included an 

abrupt change in the pressure-dependent slopes of its frequency and lifetime, which were found 

to correlate with an electronic transition in UO2. Furthermore, varying the wavelength of the 

probe pulse revealed non-linear dispersion of the LFM at low k. These behaviors were found to 

be inconsistent with the previous hypothesis that the LFM is of polaronic origin. Rather, these 

behaviors were found to be consistent with a magnetic origin of the LFM, though this conclusion 

is speculative. 
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FIGURES 
 

 

FIG. 1. (a) Time-resolved reflectivity of UO2 at 800 nm at a variety of pressures (listed on the 

right in GPa) following ultrafast photoexcitation at 400 nm. (b) Fourier transforms of the traces 

in (a) following background subtraction. The HFM is attributed to a well-characterized LA 

phonon, while the LFM results from photogenerated species. 
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FIG. 2. Frequency of the two observed modes as a function of pressure for 400 nm pump and 

800 nm probe pulses. The slight hardening of the HFM is consistent with increased sound 

velocity at high pressure. The LFM hardens dramatically with pressure up to ~10 GPa, then 

levels-off as pressure continues to increase. Scatter in frequency values as a function of pump 

fluence is within the size of the data points. No variation in the frequency is observed as a 

function of pump fluence. 
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FIG. 3. LFM lifetime as a function of pressure measured with 800 nm probe following ultrafast 

photoexcitation at 400 nm. Lifetime decreases with increasing pressure up to ~10 GPa, at which 

point it levels off as pressure continues to increase. LFM lifetime represents the lower bound of 

the lifetime of the photogenerated species. No systematic trend is observed in the LFM lifetime 

as a function of pump fluence, only random scatter. 
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FIG. 4. Color online. Phonon dispersion at low k. Probe wavelengths used were 700, 800, and 

900 nm. Data in blue (filled) were collected at 2.2 GPa. Data in black (empty), at 12.7 GPa. Error 

in the data is within the size of the symbols. The frequency of the HFM varies linearly with k 

through the origin, as expected for an acoustic mode. The LFM frequency varies non-linearly 

with k. Wavelength dependent refractive indices are taken from [33]. 


