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ABSTRACT: The solid-state transformation of sodium uranyl triperoxide (Na4(UO2)(O2)3·9H2O, NaUT) to sodium uranyl tricar-

bonate (Na4(UO2)(CO3)3) by radiolysis has been observed for the first time. The exposure of NaUT to 3 MGy gamma irradiation 

resulted in partial breakdown of the peroxides forming a mixed peroxide and carbonate species. The effects of He ion irradiation on 

NaUT was also investigated up to 225 MGy using both hydrated argon and dry argon. The complete conversion to the uranyl tricar-

bonate phase by 56 MGy using hydrated argon, while dry argon did not fully convert showing the importance of water in the system. 

He-ion irradiated NaUT samples all convert to the tricarbonate phase with time in air post radiation exposure. This transition was 

monitored via Raman spectroscopy, infrared spectroscopy (IR), and powder X-ray diffraction (PXRD) to further confirm the identity 

of the final product as the sodium uranyl tricarbonate, čejkaite. This transformation outlines a mechanism for the mobility of uranyl 

in natural environments and in the Hanford tanks.  

INTRODUCTION 

The fundamental understanding of uranyl materials response to 

radiation is crucial for nuclear waste systems, transport of ura-

nium in the environment, and transformations of uranium ma-

terials.1-3 Uranyl tricarbonate minerals have been discovered 

around the world.4-5 Secondary uranyl carbonate phases have 

also been found on the Chernobyl “lava”, in the Hanford waste 

tanks, and on commercial spent nuclear fuel.6-9  

Peroxide is used throughout the fuel cycle as an oxidant to con-

vert U(IV) to U(VI).10 Uranyl peroxide chemistry has been stud-

ied in depth across the pH range.11-12 At lower pH the uranyl 

minerals studtite and metastudtite form, while at higher pH 

phases uranyl peroxide nanoclusters form in the presence of 

charge balancing countercations.1 Studtite consists of a chain of 

uranyl peroxide polyhedra and the nanoclusters are composed 

of multiple uranyl peroxide polyhedral depending on the size of 

the cluster.13 For example, U60 contains sixty uranyl peroxide 

polyhedral bonded together through peroxide and hydroxide 

edges. Individual polyhedra have been isolated to form uranyl 

triperoxide monomers (UT) containing three terminal peroxide 

units (Figure 1a) in the equatorial plane.14-16 Recently, the first 

uranyl superoxide compound was reported and found to age in 

solution to a mixed uranyl peroxo-carbonate phase, 

K4[UO2(CO3)2(O2)]·H2O, and further into a uranyl tricarbonate 

compound, K3Na[UO2(CO3)3]·H2O.2 The aging of the uranyl 

superoxide in atmospheric conditions produced the same uranyl 

peroxo-carbonate compound after six days.2 Solution studies 

showed that the uranyl peroxo-carbonate complexes also de-

compose to uranyl tricarbonate species (Figure 1b).17 Uranyl tri-

carbonate phases have been discovered and characterized in na-

ture as well as synthesized in a laboratory setting.4  

 

Figure 1) Ball and stick (left) and polyhedral representation (right) 

of (a) Na4(UO2)(O2)3·9H2O  and (b) Na4(UO2)(CO3)3. 

Irradiations with both gamma-rays and He-ions allow materials 

to be studied under extreme conditions similar to nuclear waste 

streams and in some environmental systems. Uranyl peroxide 

nanoclusters and studtite are fairly stable under γ-irradiation 

and begin to form an unstable uranyl peroxide when exposed to 

intense He-ion irradiation.3 Irradiation of studtite in different 

aqueous systems relevant to the open environment has also been 

explored.18 Isolated uranyl triperoxide polyhedral with Li and 

Ca counter cations (LiUT and CaUT salts) have been studied 

with gamma irradiation revealing the ionization of the terminal 

peroxide group(s)19 while in solution LiUT forms a uranyl per-

oxide cage cluster (U24) at lower doses and higher doses forms 

a uranyl oxyhydroxide sheet structure.20  



 

 

Figure 2. Gamma-irradiation of NaUT to 1 MGy, 2 MGy, and 3 MGy. a) Raman spectroscopy and b) PXRD patterns with simulated 

Na4UO2(CO3)3 (04-020-1008)21 and KUDCP (04-011-9445).22 

In this study we examine the NaUT salt up to 3MGy with γ-

irradiation and up to 225 MGy of He-ion irradiation in the pres-

ence and absence of H2O. We follow the solid-state transfor-

mation of this material via vibrational (Raman and infrared) 

spectroscopy and powder X-ray diffraction.  

 

RESULTS AND DISCUSSION 

Gamma-irradiation: 

The experimental data for unirradiated NaUT and gamma irra-

diated NaUT to 1, 2, and 3 MGy are displayed in Figure 2. 

Gamma irradiations were performed with degassed samples, 

but exposed to air for spectroscopic analysis. Further details of 

sample preparation can be found in the Methods and Supple-

mentary Information. The Raman spectra of the unirradiated 

NaUT aligns with previously reported spectra (Figure 2a). The 

stretch at 728 cm-1 is attributed to the symmetric uranyl stretch 

(v1 UO2
2+) while the bands at 680, 803, 817,  and 839 cm-1 are 

due to the terminal peroxo stretches (v1-3 O-O).23 Upon radioly-

sis of the material to 1 MGy, multiple peaks appear and shifts 

to the uranyl and peroxide units suggest a transition to a new 

phase. These new peaks start to align with the addition of car-

bonate to the structure. At 1MGy, there is a mixture of the 

NaUT and a sodium uranyl dicarbonate peroxide phase 

(NaUDCP). The peaks at 729, 804, 816, and 838 cm-1 are at-

tributed to the NaUT23 while the peaks at 691, 715, 765, 853, 

and 866 cm-1 are attributed to the new NaUDCP phase.2 As we 

continue to 2 MGy and 3 MGy of gamma irradiation, the NaUT 

character of the material continues to disappear and the phase 

has mostly converted to NaUDCP. The NaUCDP material 

matches that of previously described examples of a K-uranyl 

dicarbonate peroxide phase.2 The peaks become broader due to 

the material losing its crystallinity as the phase is changing in 

the solid state. This conversion does not produce a uniform ma-

terial throughout the irradiation as displayed in Figure S1. Par-

ticle sizes vary and conversion likely occurs at different rates 

on the surface compared to the bulk.  

The diffractogram of the unirradiated NaUT is in agreement 

with the simulated powder pattern from the crystal structure 

(Figure 2b). At 1 MGy, the sample resembles the unirradiated 

material with minor changes starting to occur specifically with 

new diffraction peaks appearing at 7.3˚, 10.6˚, 10.8˚, and 11.2˚ 

two-theta. At 2 MGy, we start to see larger changes and a shift 

to a new material with minor amounts of NaUT remaining. Sev-

eral of the new diffraction peaks are similar to that of a reported 

K4[UO2(O2)(CO3)2]·2.5 H2O (KUDCP)22 and sodium uranyl tri-

carbonate, Na4(UO2)(CO3)3 (Figure 2b).21 By 3 MGy of gamma 

irradiation, potentially many phases are present including an 

amorphous phase (Figure 2b). Infrared spectra were also col-

lected (Figure S4) and agree with the Raman spectroscopy. 

Gamma radiolysis was performed with flame sealed samples 

that had been previously outgassed by vacuum. There was not 

enough residual carbon to give the carbonates observed here. A 

reasonable conclusion is that an unstable uranyl peroxide, per-

haps a radical, is formed in radiolysis that is persistent enough 

to react with carbon dioxide when the sample is exposed to air 

for spectral analysis. 

 

He-ion irradiation: 

To obtain higher doses of irradiation, He-ion irradiation was uti-

lized. Hydrated argon gas was flowed over the samples to pre-

vent dehydration and interaction with O2 during irradiation. Ra-

man, IR, and PXRD were used to track the solid-state transfor-

mation of the material.  



 

Figure 3. Raman spectra of unirradiated NaUT and He-ion irradiated NaUT using hydrated Ar (2.3- 225 MGy). a) uranyl region and b) 

carbonate region. The lower bar shows consecutive SEM snapshots at each stage of the radiolysis with He-ions. 

 

Figure 4. a) Extended Raman spectra of He-ion irradiated NaUT using hydrated Ar (112 MGy) and b) Powder X-ray diffraction of He-ion 

irradiated NaUT using hydrated Ar (112 MGy).

Figure 3 displays the Raman spectra obtained from unirradiated 

and He-ion irradiated NaUT up to 225 MGy with corresponding 

microscope images of the irradiated samples. Upon 2.3 MGy of 

irradiation, there is a visible color change in the material from 

a clear yellow-orange crystal to a cloudy orange. The stretches 

at 720 cm-1 (CO3
2-), 751 cm-1 (v1 UO2

2+ bound to CO3
2-), and 839 

cm-1 (O-O) suggest in-growth of a uranyl carbonate peroxide 



 

phase.2 The 2.3 and 4.5 MGy levels of irradiation suggest tran-

sition phases between the triperoxide phase 

(Na4(UO2)(O2)3·9H2O) to the NaUDCP phase 

(Na4(UO2)(O2)(CO3)2) are present. These transitions are in good 

alignment with the gamma irradiations to 3 MGy. At 4.5 MGy 

of irradiation, the uranyl stretches continues to blue shift indi-

cating shortening of the uranyl bond. A change in the chemical 

environment of the uranyl ion such as the breaking or replacing 

of one peroxide group in the equatorial plan is plausible for this 

shift. 

By 6.8 MGy, the only phase present is the NaUDCP with bands 

at 763 and 838 cm-1 corresponding to the uranyl ion bound to 

two CO3
2- and one peroxo and peroxide bound to the uranyl ion, 

respectively. Peaks are broader due to the material losing its 

crystallinity and changing form in the solid state. Similar phases 

were previously described in K4(UO2)(O2)(CO3)2·H2O indicat-

ing two of the terminal peroxide groups have been replaced by 

carbonate.2, 24 It is likely the terminal peroxide groups were ion-

ized forming an unstable species for which, when exposed to 

air, CO3
2- rapidly displaces. With continued irradiation, these 

stretches remain prominent until 23 MGy of He-ion irradiation 

when the peroxo stretch at 838 cm-1 is no longer present. The 

768 cm-1 (v1 UO2
2+ bound to CO3

2-) peak is indicative of a uranyl 

carbonate phase with no remaining peroxo and the stretch at 700 

cm-1 represents carbonate bound to the uranyl.17, 25  

Upon irradiation to 56 MGy, a second visible color change oc-

curs from cloudy orange and to a cloudy pale yellow, and the 

Raman stretches split to 686, 730, and 801 cm-1. At this point, 

the peaks are starting to become sharper as the material is start-

ing to recrystallize as a stable phase. At 112 MGy, the material 

has sharp peaks at 693, 703, 733, and 805 cm-1. The band at 805 

cm-1 is attributed to UO2
2+, while the stretches at 693, 703, and 

733 cm-1 are assigned to bidentate CO3
2-. The stretch at 1074 

cm-1 due to the CO3
2- is shown in Figure 3b and in the extended 

scans (Figure S6). Similar peak positions are found in the sam-

ple irradiated to 225 MGy. These Raman assignments align 

with the previously reported spectra for the natural specimen of 

Na4(UO2)(CO3)3, čejkaite.26 Figure 4a displays the extended 

Raman spectra for NaUT irradiated to 112 MGy where all bands 

are associated with the sodium uranyl tricarbonate. Variability 

in static Raman spectra is displayed in Figure S5. Extended and 

fitted Raman spectra for all doses are displayed in Figure S6 

and Figure S7, respectively. 

This conversion was also tracked using IR presented in Figure 

S8.  At 56 MGy, all of the stretches are associated with the so-

dium uranyl tricarbonate mineral agreeing with the Raman 

spectroscopy. Specifically, the UO2
2+ antisymmetric stretching 

at 845 cm-1, the CO2
2- out of plane bending at 829 cm-1 overlap-

ping with UO2
2+ symmetric stretches while the in-plane bending 

is observed between 620-735 cm-1, CO2
2- symmetric stretching 

at 1062 cm-1, the double degenerate CO2
2- antisymmetric 

stretching vibrations at 1339 and 1556 cm-1.26 The splitting of 

the latter suggest the carbonate groups are bonded in a bidentate 

fashion in the equatorial plane.26-27 The stretches present remain 

consistent through 225 MGy. The  

The PXRD analysis of NaUT irradiated to 112 MGy shows no 

remaining NaUT, but rather the diffractogram matches the sim-

ulated pattern for natural Na4(UO2)(CO3)3 (Figure 4b).21 Pow-

der patterns obtained from He-ion irradiated NaUT with 6.8 

MGy, 23 MGy, and 112 MGy are displayed in Figure S9. This 

shows the transition of the NaUT goes through less crystalline 

and amorphous phases to produce crystalline čejkaite through a 

solid-state transition. The formation of čejkaite from the radiol-

ysis of humid solid uranyl peroxide is different from that found 

for the radiolysis of aqueous solutions of uranyl peroxide with 

added hydrogen peroxide and carbonate.18 In that study studtite 

and meta-schoepite were formed depending on the pH. 

A He-ion irradiation dose study was also completed using a dry 

argon flow over the sample. This revealed a similar transfor-

mation of transition phases up to 23 MGy but did not form the 

Na4(UO2)(CO3)3 at higher doses. For doses of 23 MGy up to 

225 MGy under dry argon flow, the sample remained a uranyl 

carbonate phase19 with a single peak at 777 cm-1 (Figure S10 

and S11). The transformation under dry argon was also tracked 

utilizing IR (Figure S12). 

 

 

Figure 5. Raman spectra of a) aged hydrated Ar He-ion irradiated NaUT (6.8-23 MGy) and b) aged dry Ar He-ion irradiated NaUT (6.8-225 

MGy).



 

Aged Study: 

Recent studies have shown additional information can be 

gained from aging the material.2, 19 Samples of NaUT irradiated 

to 6.8, 11, and 23 MGy via He-ion (with hydrated Ar flow) were 

monitored up to eight weeks while exposed to ambient condi-

tions (Figure 5a). After just two weeks, the 6.8 and 11 MGy 

samples have stretches at 733 and 805 cm-1 attributed to the 

Na4(UO2)(CO3)3, and are fully converted by eight weeks. These 

aged samples also have stretches 723 and 780 cm-1 potentially 

due to other mixed peroxo-carbonate phases.2 The 23 MGy 

NaUT sample is fully converted to the Na4(UO2)(CO3)3 after six 

weeks.  

The samples of NaUT irradiated via He-ion and dry argon flow 

show similar results. The 6.8 MGy and 11 MGy samples have 

two main peaks that fully converted to Na4(UO2)(CO3)3 after six 

weeks. The 23 MGy, 112 MGy, and 225 MGy samples have 

also fully converted to Na4(UO2)(CO3)3 after six weeks.  

CONCLUSION 
Čejkaite is an important sodium uranyl carbonate mineral that 

has been found both on the Chernobyl lava6 and in the Hanford 

tanks.7-8   The Hanford tanks have čejkaite as a major phase in 

the crust. Čejkaite was formed from the interaction of carbon 

dioxide in the air with the uranium in the sludge.9 The solid-

state transformation of the NaUT to čejkaite via irradiation in 

the current study suggests that if uranyl peroxide phases are pre-

sent and experience irradiation, they will convert to carbonate 

species. We hypothesize the terminal peroxide forms an unsta-

ble species upon irradiation, which is replaced by CO3
2- rapidly 

when exposed to air. These results further suggest that uranyl 

peroxide species may potentially be more prominent in the en-

vironment but convert to the carbonate species that are com-

monly discovered. 5  

The formation of carbonates has been observed when uranyl su-

per-oxides are exposed to air, though to our knowledge it has 

not been reported from a uranyl peroxide previously.2, 28 Further 

work will have to determine if the mechanisms are the same. 

Recent thermodynamic data shows uranyl carbonate minerals 

are more thermodynamically stable than peroxide phases.29 

This aligns well with the radiation-promoted transformation 

from the triperoxide to the tricarbonate phase. In the case of the 

superoxide compound, the superoxide converted to the 

(UO2)(O2)(CO3)2
4- phase in six days. With He-ion irradiation, 

this was done in a matter of minutes as well as the full conver-

sion to the tricarbonate phase at and above 56 MGy.  

The solid-state transformation is a direct 1:1 change from a 

triperoxide phase (Na4(UO2)(O2)3) to a tricarbonate phase 

(Na4(UO2)(CO3)3). The presence of the water in the hydrated Ar 

flow during irradiation may play a role in the rate of transfor-

mation. Upon irradiation with 56 MGy, the final species formed 

directly, while over time all irradiated samples converted to the 

Na4(UO2)(CO3)3 phase. The dry Ar flow samples eventually 

formed the final tricarbonate species but the final conversion to 

Na4(UO2)(CO3)3 took longer to occur with aging of the samples 

post-irradiation. Once the triperoxide is activated, the reaction 

will continue until it reaches the tricarbonate phase. The dry ar-

gon flow could lead to a different path to the final product with 

the absence of water on the surface of the material. The role of 

the water is not yet understood, but it must couple with the un-

stable peroxide formed in radiolysis. In nuclear waste and envi-

ronmental systems, H2O will be readily available therefore it is 

important to explore systems with and without it present. 

We will continue to examine other uranyl peroxide and uranyl 

(oxy)hydrate phases to see how they behave when exposed to 

irradiation environments and if they lead to tricarbonate phases. 

Water is prominent in many applications where uranium is 

found, therefore, it is important to understand its role in irradi-

ation schemes. The exploration of radiation effects on uranyl 

peroxides is a promising area to expand the fundamental under-

standing of their transport in the environment and nuclear waste 

systems.  

EXPERIMENTAL METHODS 

Synthesis of NaUT. Uranyl nitrate hexahydrate 

(UO2(NO3)2ᐧ6H2O, 0.5 M, 1 mL), hydrogen peroxide (H2O2, 

30%, 1 mL), and sodium hydroxide (NaOH, 5M, 3 mL) were 

combined in a glass scintillation vial. After two minutes, crys-

tals of the NaUT begin to form and precipitate from solution. 

The crystals were harvested via vacuum filtration and placed in 

a capped glass vial in the refrigerator.   

Characterization of NaUT. Raman and infrared (IR) spectros-

copy were used to characterize the material before and after ir-

radiation. Powder X-ray Diffraction (PXRD) was used to con-

firm there were no impurities present within the starting mate-

rial. Single crystal X-ray diffraction (SCXRD) was used to col-

lect powder diffraction on small amounts of materials of the ir-

radiated NaUT. 

Raman spectroscopy measurements were collected using a Ren-

ishaw inVia Raman instrument with an excitation laser of 785 

nm and an estimated spot size of 10 nm. Static scans were col-

lected using 0.1% laser power, 5 second exposure time, and 30 

accumulations. Extended scans were performed from 100-1200 

cm-1, with a 0.1% laser power, 10 second exposure time, and 15 

accumulations. Cosmic ray removal was done for all Raman 

spectra. OriginPro and Lorentzian functions were utilized to fit 

all Raman spectra.30 We note the fittings for the spectra ob-

tained from 1 MGy -irradiated NaUT sample needed one pa-

rameter to be fixed. The fitting was completed with no restraints 

followed by restraining the 853 cm-1 stretch due to dependency 

values close to 1. The fitting parameters are found in Table S1 

and S2.  

Infrared spectra were collected using Bruker Lumos FT-IR in 

the attenuated total reflectance (ATR) mode. The spectral range 

collected was from 600-3998 cm-1. The spectra are an accumu-

lation of 64 scans and with a resolution of 4 cm-1.  

PXRD measurements of -irradiated samples were collected us-

ing a Bruker D8 Advance Davinci powder X-ray diffractometer 

equipped with a Cu K X-ray source. Diffractograms were col-

lected from 5-45˚ 2 theta, with 0.02˚ scan step and 3 seconds 

count time per step while the sample was rotated at 15 rpm. For 

He-ion irradiated samples, PXRD patterns were collected using 

a Bruker Quazar single crystal X-ray diffractometer with mon-

ochromated Mo-Kα radiation. A few single crystals were 

mounted to the tip of a glass fiber using epoxy. Diffractograms 

were collected from 5-45˚ 2 theta. 

Irradiation. Gamma irradiation experiments were completed 

using a self-enclosed Shepherd 60Co source housed in the Uni-

versity of Notre Dame Radiation Laboratory. The dose rate was 

determined by Fricke dosimetry to be about 88.4 Gy/min and 

corrected for natural decay. Crystals of NaUT (about 100 mi-

crograms per sample) were degassed for gamma irradiation us-

ing a freeze-pump-thaw technique and flame sealed in Pyrex 

tubes (1 cm diameter by 10 cm long). Gamma irradiation dose 

studies were completed from 1-3 MGy cumulative dose. For 



 

He-ion irradiations, 5 MeV He-ions were applied with a beam 

current of about 20 nA using the 9S Accelerator in the Nuclear 

Science Laboratory at the University of Notre Dame. Absolute 

dosimetry was completed by combining the incident energy and 

integrated beam current. The diameter of the beam is approxi-

mately 0.635 cm with a penetration of approximately of 23 m 

estimated by SRIM/TRIM.31 The doses for He-ion irradiation 

ranged from 2.3 to 225 MGy with a dose rate of about 2.5 

MGy/min. Beam current was limited to about 25 nA to avoid 

heating. Measured temperature of the backing substrate rose 

only about 2 °C with the beam on. Hydrated or dehydrated Ar 

was flowed over the sample surface to prevent oxygen interac-

tion during irradiation. Hydration was achieved by first bub-

bling the Ar through a water reservoir to remove any air and 

carbonates.  
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Synopsis 

The solid-state transformation of sodium uranyl triperoxide monomer, [UO2(O2)3]
4-, to sodium uranyl 

tricarbonate, [UO2(CO3)3]
4-, induced by irradiation was investigated. The exposure of NaUT to gamma 

irradiation resulted in mixed peroxide carbonate species while at higher doses of He-ion irradiation with 

hydrated argon the complete transformation to the uranyl tricarbonate phase was viewed. He-ion irradia-

tions with dry argon did not fully convert to the uranyl tricarbonate suggesting the importance in water of 

the system. 
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Figure S1. Static Raman spectra obtained from unirradiated and gamma-irradiated NaUTP (1 MGy-3 

MGy). Multiple lines at the same dose indicate different particles of the sample. 

 

Figure S2. Fitted Raman spectra for unirradiated NaUT, γ-irradiated NaUT 1MGy-3 MGy with the raw 

data in black and fit in dashed blue.  
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Figure S3. Extended Raman spectra obtained from unirradiated and gamma-irradiated NaUTP (1 MGy-3 

MGy). 

 

  

 

Figure S4. IR spectra obtained from unirradiated and gamma-irradiated NaUT (1 MGy and 3 MGy). 
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Figure S5. Static Raman spectra obtained from unirradiated and He-ion irradiated NaUT using hydrated 

Ar (2.3 MGy-225 MGy). Multiple lines at the same dose indicate different particles of the sample.  

 

Figure S6. Extended Raman spectra obtained from unirradiated and He-ion irradiated NaUT using 

hydrated Ar (2.3 MGy-225 MGy). 
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Figure S7. Static Raman fittings obtained from unirradiated and He-ion irradiated NaUT using hydrated 

Ar (2.3 MGy-112 MGy). 
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Figure S8. Infrared spectra obtained from unirradiated and He-ion irradiated NaUT using hydrated Ar (2.3 

MGy-225 MGy).  

 

Figure S9. Powder X-ray diffraction pattern of He-ion irradiated NaUT using hydrated Ar to 6.8 MGy, 23 

MGy, and 112 MGy with the simulated for NaUT and Na4(UO2)(CO3)3. 
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Figure S10. Static Raman spectra of unirradiated and He-ion irradiated NaUT (6.8 MGy-225 MGy) using 

a dry argon flow. Multiple lines at the same dose indicate different particles of the sample. 

 

Figure S11. Extended Raman spectra of unirradiated and He-ion irradiated NaUT (6.8 MGy-225 MGy) 

using a dry Ar flow. 
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Figure S12. Infrared spectra of unirradiated and He-ion irradiated NaUT (6.8 MGy-225 MGy) using a dry 

Ar flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S13. Microscope images of the blade crystal shape of the NaUT changes to the round crystal shape 

of the tricarbonate phase, cejkaite.  
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Table S1. Fittings for Raman spectra obtained from Unirradiated and -irradiated NaUT.  

Results Unirradiated 

NaUT 
1 MGy -

irradiated 

NaUT 

2 MGy -

irradiated 

NaUT 

3 MGy -irradaited NaUT 

Iterations 107 84 20 228 

Convergence 1e-9 1e-9 1e-9 1e-9 

Residual Sum 

of Squares 

(RSS) 

2.58389e7 1.952910e6 2.619839e4 4.6687e4 

Coefficient of 

Determination 

(R2) 

0.9877 0.9977 0.9973 0.9962 

Peak location 

(cm-1) 

679.90 ± 0.49 

727.62 ± 0.12 

803.45 ± 0.21 

816.94 ± 0.94 

839.01 ± 0.17 

691.40 ± 0.18 

714.52 ± 0.22 

729.48 ± 0.37 

764.58 ±0.56 

804.17 ± 0.55 

816.15 ± 1.06 

838.16 ± 0.32 

853 (restrained) 

865.90 ± 0.30 

692.72 ± 0.05 

715.48 ± 0.07 

764.68 ± 0.21 

841.67 ± 0.77 

865.75 ± 0.12 

876.04 ± 0.21 

717.16 ± 0.59 

758.83 ± 1.45 

776.35 ±0.72 

863.96 ± 0.77 

841.80 ± 0.28 

Full-width 

half max 

(FWHM) 

41.21 ± 1.76 

25.59 ± 0.42 

11.22 ± 0.77 

20 ± 3.15 

7.71 ± 0.60 

13.30 ± 0.89 

7.55 ± 1.05 

60.45 ± 1.14 

22.86 ± 2.57 

4.37 ± 1.95 

12.89 ± 4.16 

32.33 

(restrained) 

10.20 ± 1.00 

13.03 ± 0.16 

18.30 ± 0.25 

48.19 ± 0.84 

28.60 ± 2.80 

7.93 ± 0.47 

9.44 ± 0.65 

24.11 ± 2.54 

42.87 ± 1.45 

28.68 ± 2.41 

8.03 ± 2.69 

23.78 ± 1.03 
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Table S2. Fittings for Raman spectra obtained from Unirradiated and 4He-irradiated NaUT. 

Results Unirradiated 

NaUT 

2.3 MGy 
4He-

irradiated 

NaUT 

4.5 MGy 
4He-

irradiated 

NaUT 

6.8 MGy 
4He-

irradiated 

NaUT 

11 MGy 
4He-

irradiated 

NaUT 

23 MGy 
4He-

irradiated 

NaUT 

56 MGy 
4He-

irradiated 

NaUT 

112 MGy 4He-

irradiated 

NaUT 

225 MGy 4He-

irradiated 

NaUT 

Iterations 16 31 300 19 105 36 23 14 15 

Convergence 1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 1e-9 

Residual Sum 

of Squares 

(RSS) 

3.4814e4 3.7979e4 2.93657e7 1.08492e5 2.01318e5 1.79242e5 1.54997e7 5.3443e4 2.35794e7 

Coefficient of 

Determination 

(R2) 

0.9920 0.9944 0.9879 0.9862 0.99314 0.9900 0.9849 0.9934 0.9920 

Peak location 

(cm-1) 

675.23 ± 0.38 

722.22 ± 0.09 

798.88 ± 0.08 

833.44 ± 0.15 

713.16 ± 0.38 

753.12 ± 0.57 

800.28 ± 0.83 

833.18 ± 0.58 

719.70 ± 0.61 

751.31 ± 0.38 

838.71 ± 0.33 

763.19 ± 0.18 

837.92 ± 0.35 

768.70 ± 0.11 

844.35 ± 1.10 

700.00 ± 2.81 

768.01 ± 0.12 

 

 

685.65 ± 2.87 

729.97 ± 0.18 

800.87 ± 0.09 

639.17 ± 0.87 

702.51 ± 0.83 

733.10 ± 0.08 

804.94 ± 0.04 

689.01 ± 1.21 

729.39 ± 0.09 

801.52 ± 0.05 

Full-width 

half max 

(FWHM) 

36.96 ± 1.36 

23.16 ± 0.30 

11.20 ± 0.23 

9.47 ± 0.47 

54.43 ± 1.08 

46.20 ± 2.14 

16.55 ± 3.51 

50.36 ± 1.93 

45.30 ± 1.62 

32.94 ± 1.15 

30.76 ± 1.18 

47.95 ± 0.68 

22.32 ± 1.11 

38.72 ± 0.38 

16.66 ± 3.40 

39.73 ± 9.71 

34.10 ± 0.42 

24.02 ± 9.54 

7.71 ± 0.55 

20.19 ± 0.30 

6.44 ± 2.82 

4.40 ± 2.71 

7.57 ± 0.24 

11.72 ± 0.12 

18.95 ± 3.86 

7.84 ± 0.27 

12.87 ± 0.14 
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