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Abstract

:

We have studied photoluminescence (PL) properties of vacuum pump mineral oil as a function of the type and intensity of ionizing radiation exposure. The mineral oil has a simple aliphatic structure, which possesses no chromophore in the traditional sense. Unexpected PL in the mineral oil has characteristic features such as variation of the emission peak wavelength depending on the excitation wavelength and intensity dramatically increasing with radiation dose. The observed behavior can be understood in the framework of a previously suggested model introducing aggregation-induced PL and the formation of conjugated clusters comprising nontraditional chromophores. Our findings can be used for the development of optical sensors for real-time monitoring of oil utilized in vacuum pumps in nuclear fusion reactors.
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1. Introduction


Practical realization of a nuclear fusion power plant of the tokamak design will need creation of a sustainable high-density plasma in its reaction chamber [1]. Considering the extremely high temperature (10 times hotter than the center of the sun) needed for running the fusion reaction, such conditions are best produced with magnetic confinement in high vacuum [2]. In this and other recently suggested fusion-reaction technical solutions, the vacuum system remains one of the most critical parts. The required large-scale, high-vacuum systems are traditionally based on diffusion pumps and mechanical roughing pumps. Both pump types use vacuum fluids such as oils with low vapor pressure and high thermal stability and chemical inertness [3]. However, the environment conditions in thermonuclear fusion applications are even harsher, which raise additional challenges for the materials being used in such applications [4]. In particular, the materials used in the reactor are exposed to a high flux of neutrons, gamma-ray and X-ray radiation, and products/byproducts of nuclear reaction, including tritium [5,6].



Mineral oils can be obtained from crude petroleum oil and are typically a mixture of large hydrocarbon compounds (composed of carbon and hydrogen only) and trace amounts of impurities containing—in addition to carbon and hydrogen—nitrogen, oxygen, sulfur, and some other elements [7]. There are two main classes of mineral oil used in industry: so-called paraffinic base oils, which have mainly C-C straight chains; and naphthenic base oils, which contain cyclic (aromatic) or linear (olefinic) non-saturated C=C double bonds [5]. Among the industrial applications of mineral oils, one should mention first of all their usage as lubricants (engines, bearings etc.), insulators (high voltage transformers), and coolant fluids (e.g., solar energy concentrators) [8]. High-purity mineral oils can be also used in the rotary or diffusion pumps of vacuum systems [9]. Therefore, physical properties such as viscosity, thermal stability, dielectric constant, specific heat and vapor pressure are of paramount importance.



Degradation of mineral oil (also known as aging) is defined as a slow irreversible change of the useful properties due to oxidation, hydrolysis or pyrolysis under the influence of the environment and thermocycling during their use [7]. Quantification of oil degradation is an important task related to various types of oils. Depending on the application, several monitoring methods were developed to control the stability and performance characteristics of the oil. Such physical and physicochemical methods as differential calorimetry (DSC), viscosity measurements, acidity index tests, breakdown voltage, loss factor, interfacial tension, particle size distribution analysis and some others were successfully applied [10,11,12,13,14]. However, the existing methods for monitoring oil degradation are rather complicated, time consuming and can be accomplished only by trained personnel. Additional drawbacks of current protocols include requirements of a relatively large amount of the oil (tens of milliliters), multistep sample preparations and rather complex experimental equipment [14]. Optical methods of oil characterization were suggested as an attractive alternative to other physical techniques [15,16,17,18]. Their obvious advantage is their non-destructiveness and the possibility of online control of the oil during operation. Thus, characteristics of oil degradation have been addressed for oils used as lubricants or insulators in electrical transformers [19,20]. Each of these studies had unique features. However, the main characteristic common to all applications was in the observation of color changes due to the exposure of the oil to an oxidative environment under high temperature [21]. The main conclusion of those studies was that the observed coloration of the oils was not necessarily representative of significant deterioration of their properties and that UV-Vis spectroscopy or even a simple colorimetric approach allows, in principle, monitoring of the oxidation process [22]. The PL technique was applied for oil quality monitoring in several recent publications [7,12,22]. The authors mentioned, among other things, extremely high sensitivity and relative simplicity of the method. However, despite these efforts, the development of a simple and reliable means to monitor oil degradation or contamination remains a critical need.



In our paper, we report on the studies of the PL of one of the most common vacuum pump oils, a pure mineral oil, induced as a result of two types of ionizing radiation exposure: gamma rays and neutrons. Photoemission spectroscopy is among the most sensitive spectroscopy techniques, allowing detection of 10−9 mole level of luminophores (such as radiation-imposed defects) [23]. Therefore, the suggested approach allows early detection of the degradation changes in oil not attainable by other techniques such as viscosity or colorimetrics [24]. Moreover, our studies have revealed an interesting effect of radiation-imposed PL in a fluid, which normally does not possess this property (nontraditional or aggregation-induced chromophores).




2. Experimental


Mineral oil (MO) (LVO 500) was purchased from Leybold USA and used as received [25]. Hexane, chloroform, toluene were purchased from Sigma-Aldrich and used as received. Irradiation of the oil samples was performed using a Foss Therapy Services Model 812 60Co gamma irradiator. This model features three special form 60Co pencil sources arrayed on one face of the irradiation chamber and utilizes an integrated turntable to deposit a uniform dose to loaded samples. Reported absorbed dose rates were determined from decay-corrected NIST traceable dose-rate maps provided by the vendor which have been verified using Fricke dosimetry. Absorbed dose rates during the experimental period ranged from 1.0 to 1.1 Mrad/h (10–11 kGy/h) ± 5% due to the natural decay of 60Co of the duration. All reported absorbed doses are reported at the water equivalence. Due to the gamma heating of the samples, air temperatures within the chamber were measured as high as 55 °C. The target absorbed doses given to the oils by the 60Co source were: 0.213 MGy, 1.5 MGy, 2 MGy, 4 MGy, 6 MGy, and 7.5 MGy.



The neutron dose was delivered by the 2 MW research reactor at the Rhode Island Nuclear Science Center (RINSC). The thermal, epithermal, and fast fluxes of 1.8 × 1013, 1.2 × 1012, and 1.8 × 1012 N/(cm2 s), corresponding to 0.025 eV, 0.26 eV, and 1 keV, respectively, were used to estimate the tissue equivalent absorbed doses. A neutron dose estimate was calculated using the three-group neutron fluences and the ANSI/HPS N.13.3 fluence to dose conversion factors to deliver the estimated neutron doses of 0.2 to 3.3 MGy [26]. Only the neutron doses are used to characterize these irradiations because the gamma-ray dose to the oil at the irradiation location is unknown. The term “neutron dose” used within the text should be understood as a mixed dose with some unknown contributions from the gamma component. As will be shown below, the effect of neutron irradiation on the physical properties of the oil significantly exceeded that of the pure gamma irradiation, thus giving a justification for such an approach.




3. Fluorescence Measurements


Fluorescence properties of irradiated oils were studied with a Quanta Master 60 double monochromator (Photon Technology International Inc) applied in the range of 250–700 nm. Oil samples were dissolved in hexane (5.5 mg/mL) and were put in 3 mL quartz cuvettes (1 × 1 cm2 square cross section). Insoluble solid samples were ground and then deposited as a powder on glass slides covered with a double-sided adhesive tape. These slides were then put inside the quartz cuvette at a 45 deg angle to the source of light and to the photodetector. Estimated thickness of the powder layer was 5 µm. The spectra were recorded in a photon-counting regime at various excitation wavelengths, which allowed us to find the emission maximum λmax (the peak position of the curve with the highest emission intensity) and the wavelength of excitation corresponding to the maximum of the emission. The integral intensity (area under the peak) was calculated using KaleidaGraph v. 4.1 (Synergy Software, Reading, PA, USA) software and used for computation of the relative integral intensity ratios.




4. Infrared and NMR Spectroscopy


Attenuated total reflection mode Fourier transform infrared spectroscopy (ATR-FTIR) was applied to study the chemical changes after irradiation. A drop of oil was put directly onto a Smart iTR single bounce diamond ATR crystal and analyzed using a Thermo Scientific 6700 FTIR equipped with a mercury–cadmium–telluride narrow band detector.



NMR spectroscopy was applied to detect chemical changes due to irradiation. Oil samples were dissolved in deuterated chloroform and studied with a Bruker 300 MHz spectrometer.




5. Viscosity Measurements


Viscosity was measured on a Brookfield DVT3 rheometer. All viscosities were measured at steady state at a shear rate of 100 s−1. Relative viscosity, as a ratio of irradiated oil viscosity to that of the original LVO500 oil, was then calculated. For small volume oil samples (~1 mL) this parameter was also found by application of a falling ball technique using a steel ball with a diameter of 2.36 mm and an NMR testing tube with an inner diameter of 4.12 mm (d/D ratio of 0.57) [27].




6. Results and Discussion


Exposure to ionizing radiation produces obvious changes in the color and physical state of the mineral oil. Figure 1 demonstrates that depending on the dose the external appearance of the oil changes to yellowish and then to deep brown. Color changes of the oil are attributed to increased oxidation. More dramatic changes are observed as a result of neutron irradiation. High doses cause solidification of the material and modification of its physical state from liquid to wax state and finally to a brittle solid. It is interesting to note that the resulting polymer is not soluble in organic solvents, thus giving evidence of its cross-linked state.



Figure 2 shows an increase of the PL intensity with gamma-ray dose. The original oil shows no fluorescence in the visible range and a very weak one in deep-UV, while after gamma irradiation the intensity dramatically increases and is shifted to near-UV, with the long wavelength slope of the fluorescence peak spreading to 600 nm. More detailed information about fluorescence properties can be revealed under excitation of the emission using different excitation wavelengths (Figure 3). It can be seen that the original oil shows traditional PL with some characteristic peaks of emission. There is one more intensive peak at 300 nm and several smaller peaks in the range of 320 to 370 nm corresponding to the vibronic structure of the first excited state on the energy diagram. Those spectral positions remain the same and the intensity goes through the maximum when the excitation wavelength is increased from 250 to 320 nm. It is worth noting that the emission of the control (unirradiated) oil is still an order of magnitude more intensive than the background emission from the solvent (Figure S1).



The fluorescence emission peaks of the irradiated oil are quite different from those associated with the unirradiated oil. For the gamma-ray-irradiated oil, not only does the emission peak intensity go through a maximum, but also there is a spectral shift depending on the excitation wavelength. Figure 3 demonstrates this effect for irradiation doses up to 6 MGy. It can be seen that the intensity of the emission increases by at least one order of magnitude in comparison with the pristine oil and depends strongly on the dose. Simultaneously, the maximum of the emission peak moves from UV (350 nm) to visible light (400–500 nm). A family of emission curves recorded for varied excitation wavelengths form a broad “envelope” curve spreading over 250 nm in the spectral range. The position of the maximum of the envelope also moves to higher wavelengths with the dose of gamma radiation.



Similar, but even more dramatic behavior can be observed for LVO 500 oil samples exposed to neutrons. Figure 4 demonstrates the effect of radiation on this oil for relatively low doses up to ~0.7 MGy when the oil remains liquid (portion a) and for higher doses more than ~1.5 MGy corresponding to the solidified material. The intensity of the PL is difficult to compare in this case as the solid-state material was not soluble in hexane, or any other organic solvent that was tried, and therefore was studied as a solid film deposited on glass slide. Nevertheless, the qualitative comparison between portions a and b of this figure shows the main differences between two cases. For the doses below 6 MGy the PL peak position remains the same (λmax is at 372 nm) and represents a similar bell-like “envelope” distribution as the gamma-irradiated samples. High neutron-dose spectra are shifted to the visible range: 430 nm and 467 nm for 1.7 and 3.3 MGy doses, respectively. In this case the maximum of the emission is obviously dependent on the dose of neutron irradiation and has a complex shape with several overlapping, relatively sharp maxima. In addition, the overall position of the emission is shifted to the visible range (400–600 nm).



Similar to the gamma irradiation analysis, the dependence of emission intensity on the excitation wavelength is presented in Figure 5. Representative curves are shown for two situations: low dose of radiation (0.17 and 0.34 MGy—Figure 5a,b) and high dose of radiation (1.7 and 3.3 MGy—Figure 5c,d). The low dose samples demonstrate the features similar to gamma-irradiated samples (compare with Figure 3), which are the bell-like shape of the envelope and excitation-dependent wavelength position of the peak maximum. Graphs (c) and (d) of this figure demonstrate the more traditional behavior of the PL, where the position of the emission maximum remains the same and just the intensity of the emission varies with the excitation wavelength.



A comparison of the relative changes of the intensity depending on the dose of radiation is presented in Figure 6 for both gamma-ray and neutron-irradiated samples and characteristic features of the aggregate state, physical appearance and PL spectra of the samples are summarized in Table 1. Figure 6 demonstrates a good correlation between PL enhancement and increase of the relative viscosity of the oil as a result of radiation exposure. Interestingly, the same type of characteristic behavior of the PL integral intensity and viscosity versus the dose is observed for neutrons and gamma ray exposure (i.e., linear dependence for the former case and nonlinear exponential dependence for the latter case). Therefore, PL properties can be linked to physical properties of the system and can be used as a simple method for monitoring of the aging imposed by radiation.



Based on the observed changes of the color it would be natural to assume some oxidative degradation of the material under irradiation [28]. In order to understand chemical changes in the oil we have made a detailed spectroscopic study with 1H NMR and FTIR techniques. The digested NMR spectra are shown in Figure 7 and more detailed spectra in the supplementary file (see Figure S2). The survey spectrum in Figure 7 as well as the Insert (a) demonstrate high purity of the oil with almost 100% of the spectrum intensity corresponding to aliphatic chains (more intensive singlet peak of -CH2- groups at chemical shift δ = 1.28 and less intensive quartet at δ = 0.881 for -CH3 end groups) [29]. The peak at δ = 7.28 corresponds to a residual solvent (CHCl3) present in less than 0.1% quantity and can be used as a reference for estimation of the concentration of other chemical groups (impurities or generated under irradiation). The main changes observed in NMR spectra due to irradiation appear in three parts of the spectra: δ = 1.5–2.5 range (insert b), δ = 4–6 range (insert c), and δ   ≈   9.8 (insert d). The observed new features are similar for gamma- and neutron-irradiated samples. The first range (δ = 1.5–2.5) corresponds to oxygen-containing aliphatic groups (ketones), while the second one (δ = 4–6) gives evidence of generation of conjugated fragments in the aliphatic chains under irradiation. Comparison of the intensity of these new peaks with the residual CHCl3 peak intensity shows that the new groups in the range 1.5–2.5 are generated in millimolar quantity while other groups appear in ppm concentration (especially the peak at δ   ≈   9.8, which can be assigned to some aromatic structures).



Infrared spectroscopy generally supports this conclusion (Figure 8). The ATR-FTIR spectra show the appearance of new peaks at 970 cm−1, which can be assigned either to conjugated fragments or to bending vibration of oxygen-containing groups [30]. Higher doses of radiation in the case of neutron exposure is accompanied with an additional peak at 1714 cm−1, which may belong to hydroxylic or ketone oxygen-containing groups in the aliphatic chains [31]. It should be mentioned that no significant oxidation could be found in the oil if the dose of radiation did not exceed 4 MGy (gamma) or 0.68 MGy (neutrons).



The PL of traditional organic dyes originates from conventional chromophores with 𝜋-conjugated systems (alternating single-double carbon bonds, aromatic rings). Such systems are characterized with a narrow energy gap (energy distance between the highest occupied and the lowest unoccupied molecular orbitals, HOMO and LUMO, correspondingly), which leads to optical absorption and emission in the visible range of light (red-shifted in comparison to similar molecules without conjugation). Typically, rigid or planar conformations of conjugated fragments (especially for aromatic compounds) restricts possible movements of the chromophores leading to their strong emissions both in solution and the solid state.



The mineral oil under study has a simple chemical structure without conjugation, which should not possess any PL properties. One possible explanation of the observed PL can be found when one refers to a concept of aggregation-induced emission (AIE) developed about 20 years ago [32,33].



Heteroatoms or unsaturated bonds, if present in the oil as impurities or as a result of radiation-induced degradation, are well-separated (especially when they are in dilute solutions) and PL is weak or absent. However, when the number of such defects increases, they may begin to cluster, producing an effect known as a clustering-triggered emission (CTE) [34].



In the CTE model, nonconventional chromophores aggregate into clusters, which leads to close contact of the chromophores and thus to sharing and/or overlap of their electron clouds. As a result, the conjugation is extended through intermolecular interactions (n–𝜋, 𝜋–𝜋, or n–n type) [35] and corresponding bandgap energies can be lower than in a non-aggregated state, which promotes strong, red-shifted PL in the system such as J-aggregate formation in traditional chromophores [36]. In addition, more robust conformation of the clusters and surrounding molecules creates physical confinement, which can suppress nonradiative decay routes of excitation and enhance light emission intensity. The term “cluster” in this context should not be confused with ordinary aggregates or nanocrystals of molecules or atoms. It rather refers to places of close location of some chemical groups with stronger intra- or inter-molecular interactions between them. Therefore, the clusters might be labile (i.e., be formed and then rearranged) and, also, might be of various sizes leading to unusual spectral behavior, such as variation of the emission peak maximum depending on the excitation wavelength.



The suggested model explaining the observed effects is presented in Figure 9. Radiation damage of oil molecules causes formation of conjugated fragments. In the presence of oxygen, some of such groups can be converted into oxygen-containing structural defects, which may be accelerated under high doses of ionizing radiation. Molecules with polar oxygen defects are then expelled from the rest of the material due to the microphase separation effect and form clusters kept together by hydrogen bonds or other types of intermolecular interaction, thus forming nontraditional chromophores as described above. It should be mentioned that such clusters simultaneously act as physical crosslinks, increasing viscosity into the system. The observed solidification and insolubility of mineral oil exposed to a high neutron dose in organic solvents demonstrates that clustering may also result in irreversible chemical crosslinking.



An alternative explanation of the observed unusual PL in the aliphatic oil could be suggested, based on radiation-induced formation of so-called polycyclic aromatic hydrocarbons (PAHs) in the system. Such structures, also known as carbon quantum dots, have attracted the attention of the scientific community as a simple way of production of fluorescent tags or tracers for biology, medicine, and other applications [37]. It should be mentioned that PAHs are synthesized under relatively harsh conditions of hydrothermal synthesis followed by pyrolysis [38]. In principle, such conditions can be generated locally in the material during the interaction of neutrons or gamma rays with the matter. However, our spectroscopy studies have demonstrated that aromatic structures, if present in the system, are in concentrations well below or near the detection limit of FT-IR or proton NMR techniques (ppm quantity). In accordance with the review papers, PAH chromophores do show similar optical behavior, i.e., an excitation wavelength dependent and red-shifted emission maxima [39]. However, the characteristics were reported only for systems with at least millimolar concentrations of PAHs [40]. Therefore, we consider such an explanation to be less probable for the radiation-induced PL effect presented in our paper.



Thermal oxidative degradation of oils was a subject of many previous studies [41]. In order to shed light on the exact type of clusters responsible for PL, two additional experiments were carried out: thermal treatment at 200 °C for one week in the presence of oxygen; or in an inert atmosphere of argon. In both cases the oil gained PL properties. Oxidative thermal degradation was accompanied by color changes while the oxygen-free environment resulted in a colorless, transparent material. PL spectra in both cases were similar to those observed for irradiated samples but with smaller intensity (Figure S3). Therefore, one can conclude that radiation exposure has a similar effect on the structure of the mineral oil to thermal treatment. However, the magnitude of the PL peak enhancement was in this case much smaller than in the case of the ionizing radiation exposure. Figure 10 demonstrates that even a short time (relatively low dose) gamma-ray or neutron beam exposure of the mineral oil brings significantly (3 to 5 times) higher PL peak integral intensity in comparison to a one-week thermal degradation process. The observed visual changes (coloration) of the oil are mainly due to an oxygen attack while the appearance of the PL properties is mainly due to conjugated fragments, which may or may not be directly related to oxygen-containing groups in the exposed oil.



Our studies also demonstrated the versatility of the fluorescence spectroscopy approach to assessment of the mechanism and degree of mineral oil degradation during radiative exposure. With proper calibration, this method may be used as a simple diagnostic tool for online monitoring of oil aging or for non-destructive optical diagnostics of condition/quality of various materials (or constructions) in some industrial processes as demonstrated in Nasieka et al. [42] and Sobrinho et al. [43]. Other methods such as colorimetric measurement, spectroscopy or viscometry are much less sensitive to chemical and especially physical changes in oil lubricants, require multiple sample preparation steps, are time consuming and/or require a larger volume of sample for such analyses.




7. Conclusions


Mineral oil exposed to various doses of ionizing radiation acquires PL properties with a broad fluorescence peak shifted to the visible range. The radiation-imposed PL has characteristic features of the intensity increasing with the obtained radiation dose and emission peak position changing with the excitation wavelength. Such unusual optical properties of an aliphatic compound with a simple saturated chemical structure agrees with the model of aggregation-induced fluorescence previously observed in nontraditional organic chromophores. We have demonstrated high sensitivity of the applied fluorescence method for quantification of the molecular changes induced by both heating and a radiation dose. The employed approach has good prospects for applications in sensors for real time or post factum monitoring of the extent of various forms of degradation in vacuum oils.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/lubricants11070287/s1, Figure S1: PL spectra of hexane under different excitation wavelength, Figure S2: H-1 NMR spectra of LVO500 oil original and after gamma or neutron irradiation, Figure S3: PL spectra of thermally degraded LVO500 oil Ar atmosphere or in air.
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Figure 1. External appearance of LVO 500 oil after (a) γ dose and (b) neutron dose at different total dose levels. 
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Figure 2. Fluorescence spectra of LVO500 oil in hexane depending on the dose of gamma radiation. 
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Figure 3. Fluorescence spectra of LVO500 oil in hexane depending on the wavelength of excitation for (a) original oil and after gamma irradiation with the dose: (b) 2 MGy, (c) 4 MGy, and (d) 6 MGy. 






Figure 3. Fluorescence spectra of LVO500 oil in hexane depending on the wavelength of excitation for (a) original oil and after gamma irradiation with the dose: (b) 2 MGy, (c) 4 MGy, and (d) 6 MGy.



[image: Lubricants 11 00287 g003]







[image: Lubricants 11 00287 g004 550] 





Figure 4. Fluorescence spectra of LVO500 oil depending on the dose of neutron radiation: (a) samples which remain liquid (spectra in hexane solution), (b) solidified after irradiation (spectra in solid state). 
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Figure 5. Representative fluorescence spectra of LVO 500 after neutron irradiation with the dose: (a) 0.17 MGy, (b) 0.34 MGy (solutions in hexane) and (c) 1.7 MGy, (d) 3.3 MGy (solid state fluorescence) depending on the excitation wavelength λexc. 
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Figure 6. Representative integral fluorescence intensity of LVO500 oil (solution in hexane or solid state) and variation of viscosity of the oil depending on the dose of radiation. Red color signs and lines correspond to neutron irradiated and blue ones to gamma irradiated samples. Solid circles or diamonds correspond to relative PL intensity and open triangles to relative viscosity values. Dashed lines correspond to a linear (neutrons) and exponential (gamma) fit of the viscosity data. Solid lines for PL data are a guide for the eye. 
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Figure 7. 1H NMR spectra of the original LVO500 oil sample (blue) and those after exposure to 6 MGy gamma radiation (red) and 1.7 MGy neutron radiation (olive). Spectra recorded for oil solutions in CDCl3 (20 mg/mL). The inserts show characteristic regions where changes are observed under radiation with blue arrows pointing to the corresponding parts of the survey spectrum. Red arrows point to two new peaks corresponding to oxygen-containing groups (aliphatic ketone), which are generated in higher concentration in comparison to other groups. 
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Figure 8. FTIR spectra of original and irradiated LVO 500 oils (6 MGy gamma and 1.7 MGy neutron dose). 
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Figure 9. Suggested model of aggregation-induced chromophores under the influence of radiation. Radiation damage of oil molecules causes formation of oxygen-containing groups. Molecules with polar oxygen defects are then expelled from the rest of the material due to microphase separation and form clusters kept together by hydrogen bonds. These clusters simultaneously act as physical crosslinks increasing viscosity and chromophores responsible for PL properties. 






Figure 9. Suggested model of aggregation-induced chromophores under the influence of radiation. Radiation damage of oil molecules causes formation of oxygen-containing groups. Molecules with polar oxygen defects are then expelled from the rest of the material due to microphase separation and form clusters kept together by hydrogen bonds. These clusters simultaneously act as physical crosslinks increasing viscosity and chromophores responsible for PL properties.



[image: Lubricants 11 00287 g009]







[image: Lubricants 11 00287 g010 550] 





Figure 10. Comparison of the relative integral intensity of emission for thermally degraded (in Ar atmosphere or in air) and radiation-degraded LVO500 mineral oil (0.34 MGy neutron or 2 MGy gamma dose). In accordance with the observed red-shifted emission maxima (λmax) different excitation wavelengths (λexc) were applied in each case as shown in the diagram. 
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Table 1. Characteristic optical and physical properties of LVO500 oil exposed to radiation.
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Sample

	
Dose

[MGy]

	
Emission

Peak Max

λmax [nm]

	
Excitation

Max. *

λexc [nm]

	
Color

	
Aggregate State






	
Original

	
None

	
300

	
270

	
Colorless

transparent

	
Viscous liquid




	
Gamma

irradiated

	
2

	
375

	
320

	
Slightly yellowish

	
Viscous liquid




	
4

	
375

	
320

	
Yellowish

	
Highly viscous liquid




	
6

	
389

	
330

	
Amber

	
Highly viscous liquid




	
Neutron

irradiated

	
0.17

	
367

	
310

	
Slightly yellow

	
Viscous liquid




	
0.34

	
367

	
320

	
yellow

	
Viscous liquid




	
0.68

	
372

	
320

	
Yellow-amber semitransparent

	
Highly viscous liquid




	
1.7

	
460

	
400

	
Amber

	
Sticky wax




	
3.3

	
470

	
420

	
Amber

	
Tough solid








* Excitation wavelength corresponding to the observed highest intensity of the emission peak.
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