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Abstract:



Time resolved extreme ultraviolet (EUV) transient reflectivity measurements on non-equilibrium amorphous carbon (a-C) have been carried out by combining optical and free electron laser (FEL) sources. The EUV probing was specifically sensitive to lattice dynamics, since the EUV reflectivity is essentially unaffected by the photo-excited surface plasma. Data have been interpreted in terms of the dynamics of an expanding surface, i.e., a density gradient rapidly forming along the normal surface. This allowed us to determine the characteristic time ([image: there is no content] 1 ps) for hydrodynamic expansion in photo-excited a-C. This finding suggests an extremely narrow time window during which the system can be assumed to be in the isochoric regime, a situation that may complicate the study of photo-induced metastable phases of carbon. Data also showed a weak dependence on the probing EUV wavelength, which was used to estimate the electronic temperature ([image: there is no content] 0.8 eV) of the excited sample. This experimental finding compares fairly well with the results of calculations, while a comparison of our data and calculations with previous transient optical reflectivity measurements highlights the complementarities between optical and EUV probing.
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1. Introduction


The interaction of an ultrafast laser pulse with a solid state specimen can induce phase transitions [1]. Depending on the laser flux, the photo-excited sample can reach the liquid phase (ultrafast melting [2]) or more exotic states, such as, e.g., the warm dense matter [3] or the dense plasma phase [4], where the kinetic energy of the photo-excited free electrons compares or exceeds the potential energy of ion–electron interactions. In almost all cases, laser-driven excited states are characterized by short lifetimes, typically ranging from sub-ps to a few ps. After this narrow time window, the excited portion of the sample starts to interact with the surrounding (unexcited) regions. The energy equilibration process between excited and unexcited regions ineluctably leads to an hydrodynamic expansion, which literally blows up the sample. The experimental investigations are therefore hampered by (i) the need to probe the system at such ultra-fast scales; and (ii) the availability of many identical samples (for data averaging and reproducibility). The pump–probe approach can tackle both issues, since it can ensure fs time resolution (in terms of both accuracy and reproducibility) and allows to perform sequential measurements on extended (homogeneous) samples; i.e., the repetition rate of the pump–probe pulse sequences can be synchronized with a sample translation, so that each sequence interacts with a fresh portion of the sample.



In this manuscript, we combined ultrafast optical (pump) and free electron laser (FEL, probe) sources to carry out transient extreme ultraviolet (EUV) reflectivity measurements on amorphous carbon (a-C), in a time-scale range (∼0–5 ps) that includes the one expected for the hydrodynamic expansion. The choice of the sample was driven by the fact that many of its properties are still disputed. For example, the carbon phase diagram in the high pressure and temperature regime, transiently reachable by laser-excitation, is not uniquely defined and there are indications of the presence of two distinct liquid phases (characterized by different densities and resistivity) [5,6,7]; a phenomenology likely connected with the general (and highly debated) concept of liquid phase polymorphism; in this context, water is the most notable example [8,9].



The study of carbon in extreme thermodynamic conditions was pioneered more than 50 years ago by Bundy, who performed a flash heating experiment to induce fast melting in a graphite sample [10]. In this experiment, only a fraction of the energy was effectively used to stimulate the phase transition and, later, it was shown how a faster heating system can improve the excitation efficiency. The natural evolution of this concept is the use of an ultrafast pump–probe technique, an approach followed, e.g., by Reitze et al. [11], who measured the transient optical reflectivity and transmissivity in photo-excited graphite and diamond, finding evidence of an ultrafast metallization of the sample (ascribed to a solid–liquid transition). However, the effects of the surface plasma screening, inherently related to the use of an optical probe, raised some questions regarding the probe’s sensitivity to bulk properties. This issue is overcome by the EUV probe employed in the present work, because the photon frequency of the probe (varied in the 40–65 eV range) largely exceeds that of the photo-induced plasma, hence ensuring bulk sensitivity. Furthermore, the presence of photo-excited electrons (and holes), responsible for the surface plasma, may strongly affect the time evolution of the optical reflectivity and trasmissivity, even over the typical time scales of the hydrodynamic expansions [12,13]. This makes data interpretation much less straightforward.




2. Results


The measurements have been carried out at the EIS-TIMEX beamline of the FERMI seeded FEL facility (Elettra, Trieste, Italy) [14]. The FEL pulses (time duration ∼70 fs full-width-half-maximum (FWHM) [15], pulse energy ∼0.7 [image: there is no content]J) were focused on a 30 × 15 [image: there is no content]m2 spot size and spatially overlapped with the optical pump beam. The latter was a Ti:sapphire laser pulse frequency up-converted to the third harmonic (wavelength 260 nm, pulse duration 100 fs FWHM, pulse energy 45 [image: there is no content]J, spot size 70 × 100 [image: there is no content]m2) and synchronized with the FEL pulse with a jitter less than 10 fs [16]. The FEL probe wavelength ([image: there is no content]) was varied in the 19–31 nm spectral window. The sample was an a-C layer (70 nm thick) deposited on a Si substrate. The pulse energy of the pump pulse was large enough to induce, at least, the melting of the a-C sample. The employed parameters for the laser correspond to a fluence of ∼0.6 J/cm2, roughly six times that needed to melt graphite. Moreover, damage was observed in the sample after the pump exposure, which is clear evidence that an irreversible transition took place. On the contrary, the probe energy was selected to not alter the sample. This can be indicated by looking at Figure 1, top left panel; here, the data set (blue diamonds) collected without the pump can be superimposed to pump–probe data (black circles) at negative delays. This indicates that the FEL pulses, arriving at the sample before the pump pulse, do not alter the reflectivity. Moreover, visual inspection of the sample surface did not reveal evidence of damage after prolonged exposure to the FEL probe pulses. Finally, taking into account the beam line transmission (∼60%), the fluence at the sample position results to be ≈0.09 J/cm2, which is below the damage threshold reported in the literature [17]. EIS-TIMEX was operated in a single-shot mode, moving the sample in a pristine region after exposure to a single pulse sequence, which consists of (i) three probing FEL pulses arriving well before (i.e., more than 100 ms) the pump; (ii) an optical-pump/FEL-probe sequence in which the two pulses are separated by a time delay ([image: there is no content]) variable in the −1∼+10 ps range; and (iii) a FEL probing pulse arriving ∼100 ms after the pump. The [image: there is no content]-dependence of the reflected intensity ([image: there is no content]) of the probe pulses arriving at steps (i), (ii) and (iii) of the aforementioned sequence are reported in Figure 1, top left panel, as blue diamonds, black circles and green squares, respectively. This approach accounts for the reflectivity differences revealed upon scanning the sample surface (see, e.g., the fluctuation of the blue diamond data set in Figure 1, top left panel) and guarantees a precise evaluation of the [image: there is no content] variation induced by the laser pump. In order to measure the dependence of [image: there is no content] on the EUV probe wavelength, we changed the harmonics of the seeded FEL emission [18,19]. The full data set includes five FEL wavelengths and is presented in Figure 1. One can readily appreciate how [image: there is no content] monotonically decreases in about 2 ps from the unexcited value (data at [image: there is no content]) to that recorded by the probe pulse arriving ∼100 ms after the main pump–probe sequence (Figure 1 top left), hence showing how the whole dynamics has been recorded in a time window of about 4 ps. For large pump–probe delays, the reflectivity decrease is likely because of the ablation of the carbon layer; see Figure 2. This makes the probe sensitive to the silicon substrate, which is characterized by a lower reflectivity. Moreover, the flatness of the surface is not preserved after the interaction with the pump and this may also cause a (permanent) decrease in the reflectivity.


Figure 1. Top left: values of [image: there is no content] recorded well before (more than 100 ms) the main pump–probe sequence (blue diamonds); at a given value of [image: there is no content] after the optical pump pulse (black circles); and ∼100 ms after the main pump–probe sequence (green squares). Data correspond to [image: there is no content] = 19 nm. Other panels refer to the time resolved reflectivity change at the different free electron laser (FEL) wavelengths. Continuous lines are an exponential fit to data, while dashed lines are the confidence interval. Data have been scaled in order to match the tabulated extreme ultraviolet (EUV) reflectivity values [20] for negative [image: there is no content]’s.
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Figure 2. Image of the sample before exposure to the pump (panel a) and after exposure (panel b). Damage is clearly visible.
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The decay times, determined through Equation (3), as function of [image: there is no content], are reported in Figure 3 and show a weak dependence on the FEL wavelength. A decay time in the ps range can be typically ascribed to lattice dynamics or to the recombination of photo-excited carriers. The latter process may lead to transient changes in the photo-excited free electron (and hole) density and hence to the surface plasma frequency and refractive index. This turns into large changes in the optical reflectivity, where the photon frequency of the probe ([image: there is no content]) is below the plasma frequency ([image: there is no content]), while the use of an EUV probe with [image: there is no content] minimizes the effects of such carrier dynamics on the measured data. In order to estimate [image: there is no content] in our experimental conditions, we carried out calculations in the frame of a density-dependent two temperature model (nTTM), following Ref. [12]; see Materials and Methods for details.


Figure 3. Function [image: there is no content] (red solid line) obtained by fitting the experimental [image: there is no content] values obtained in Figure 1. Equation (2) yields a maximum average electron temperature of 0.8 eV. Dashed lines are the expected [image: there is no content]s for electron temperatures of 1.2 and 0.4 eV.
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Using such a calculation, we found [image: there is no content] 5 eV, which leads to expected reflectivity changes below 1 % (more details further below), while the observed reflectivity variations are almost one order of magnitude larger. On the other hand, the short wavelength of EUV photons, as compared to optical ones, enhances the sensitivity of transient EUV reflectivity to surface displacements, which reflects the dynamics of the lattice [21]. An expanding surface can indeed introduce a dependence of [image: there is no content] on [image: there is no content] [11,22,23], which is compatible with the weak dependence of [image: there is no content] on [image: there is no content] observed in our experiment (see Figure 3); unfortunately, the large scattering of the present data does not allow the analysis of the wavelength dependence to be pushed beyond a mere qualitative comparison. Further and more accurate data are definitely needed to improve data interpretation.




3. Discussion


Transient EUV reflectivity displays a clear drop occurring at a ∼0.8 ps scale with a weak dependence (with respect to the poor accuracy of the present data) on the probe wavelength. This trend is markedly different with respect to that reported for optical reflectivity [11], which consists of a fast (≪ps) increase of reflectivity, followed by a slower (>ps) decay. These differences can be accounted for by the different probing wavelengths and highlight the complementarities between the optical and EUV probe. Indeed, the interaction with the pump leads to an increase in the free electrons density (see, e.g., calculations shown in Figure 4) which turns into a metallic-like behaviour of the system. This drastically enhances/weakens the optical reflectivity/transmissivity on a time scale comparable with the time duration of the excitation pulses, since the photo-excitation of the free electron density occurs on the scale of a few fs [24], but loosely affects the EUV response because of the high frequency probing photons. In the visible photons, the subsequent decrease of optical reflectivity can be ascribed both to the relaxation of the free electron density, due to electron–hole recombination ([image: there is no content] ps, estimated through nTTM calculations, see below for further details), and to the hydrodynamic expansion of the lattice. The concurrence of these two processes complicates the analysis and interpretation of the data. On the other hand, in similar excitation conditions the EUV probe is essentially sensitive to lattice dynamics, via surface expansion.


Figure 4. Panel (a) reports the trend for the electronic (blue curve) and lattice temperature (red curve) using an electron phonon coupling (EP) of 10 fs. Panel (b) is the calculated conduction electron density. Panels (c,d) show the expected ratio between the static un-perturbed reflectivity and the Drude one for visible (2.3 eV) and EUV (40 eV) photons.



[image: Photonics 04 00023 g004]






In order to quantify the experimental observation, following the same reasoning as outlined in Ref. [11], we consider that after the interaction with the pump, the sample surface develops a density gradient along the normal surface, whose spatial extension varies with time and depends on the velocity ([image: there is no content]) of the expanding surface. In such a condition, a numerical treatment based on the Helmotz wave equations is required to properly describe the reflectivity and, according to Ref. [22,23], during an expansion process, the reflectivity experiences a decrease when the characteristic length scale [image: there is no content] of the density gradient compares with [image: there is no content]. The value of [image: there is no content] can be estimated using the expression for a surface experiencing a shock wave [11,25]:


[image: there is no content]



(1)




where [image: there is no content] is the ratio of electronic heat capacities at constant pressure and volume (∼1.6 for hot carbon [26]), Z is the effective ion charge (4 for carbon [26]), [image: there is no content] is the Boltzmann constant, [image: there is no content] is the electronic temperature, and M is the mass of a carbon atom. Based on the assumption that [image: there is no content] is constant within the probed time window, the observed time decay of the EUV reflectivity can be associated with the time needed by the density gradient to reach a spatial extension comparable with the probe wavelength (i.e., to meet the condition [image: there is no content]). The hypothesis of a constant value for ([image: there is no content]) hence turns into [11]:


[image: there is no content]



(2)




where f ([image: there is no content]) is a parameter depending on the probe polarization and on the exact form of the density gradient [22,23]. A best fit of the experimental data (confidence bound of 95%) in Figure 3 with Equation (2) provides an angular coefficient, defined as [image: there is no content], of 0.03 ± 0.01 ×[image: there is no content] s/m and, using the value [image: there is no content] reported for graphite [11], one obtains [image: there is no content] nm/ps, which is, as expected, in the same order as the sound velocity (≈18 nm/ps [27]) in the material. Finally, we used Equation (1) to calculate the corresponding electronic temperature, which results to be [image: there is no content] eV. A similar value for [image: there is no content] can be obtained by numerical calculations using a nTTM model [12], as shown in Figure 4a. This comparison supports the choice for the value of the parameter f, thus endorsing the proposed data interpretation essentially based on the (lattice) dynamics of an expanding surface. nTTM model simulations permit to calculate the temperatures of the electronic and lattice subsystems, as well as the density of the conduction electron induced by the pump pulse, see Figure 4b. In correspondence with the peak of the excitation pulse, the induced electron density is ∼1.6 × 1022 cm−3, corresponding to [image: there is no content]∼ 5 eV, then rapidly decreases (in ∼0.1–0.2 ps), but maintains a quite high value (order of 1021 cm−3) in the 1–10 ps range, which still corresponds to [image: there is no content] values in the optical regime (≈eV). Using the output of nTTM calculations and hypothesizing a Drude model for the reflectivity, one can estimate the ratio between the un-perturbed value and the one induced by the free electron density. For an optical ([image: there is no content] 2.3 eV) photon, this ratio is of ∼4 (see Figure 4c), while in the EUV the variation is negligible and the reflectivity is almost unaffected by the laser induced plasma, even at the lowest EUV photon energy (∼40 eV) used in the present work (see Figure 4d). nTTM calculations provide indications of the time evolution of the temperature of photo-excited electrons and the lattice. The temperature equilibration process proceeds very fast (sub-100 fs) and mainly depends on the characteristic time of electron–phonon ([image: there is no content]) coupling (see Materials and Method for further details). Assuming [image: there is no content] fs, in agreement with indications found in the literature [28], such a process is essentially “instantaneous” and, consequently, one may assume that the system, even though in metastable state, reaches a (nearly equilibrium) temperature of about 0.8 eV (see Figure 4a). This value is in remarkable agreement with the one estimated from the dependence of the transient EUV reflectivity data on [image: there is no content]. It is also worth noting that the same asymptotic temperature is reached even for values of [image: there is no content] in the ≈100 fs range, even though the initial electronic temperature is substantially higher. However, in light of the time resolution (≈100 fs) of the present experiment, the temperature equilibration process would also appear “instantaneous” at such [image: there is no content]-values, which can be assumed to be an ample upper limit for this parameter. Such a comparison, together with the estimated negligible contribution of the free electron plasma to the EUV reflectivity, corroborates the assumption that the EUV probing is mainly sensitive to lattice dynamics. Furthermore, such a temperature value (≈104 K), rapidly reached by both the electronic and lattice sub-systems, confirms that the used pump fluence is, in principle, large enough to stimulate phase transitions. We finally remark how, on time scales longer than a few ps, both the sample temperature and electron density are expected to decrease more than what has been shown by our calculations, because of the hydrodynamic expansion and transport phenomena, not implemented in the nTTM calculations. A refinement of the data analysis should include a more accurate determination of f, taking into account the band structure of the a-C sample [23], as well as explicitly accounting for the expectedly small contributions (below 1%) of the carrier excitation and recombination to the EUV transient reflectivity. These additional steps are therefore expected to lead to minor modifications to the overall picture. On the other hand, a more exhaustive experimental campaign, which includes the parallel detection of transient EUV and optical reflectivity (and transmissivity) as well as a study as a function of the pump intensity is expected to provide more information on this phenomenology.




4. Materials and Methods


The experimental geometry realized inside the TIMEX experimental end-station is shown in Figure 5. The experimental set-up consisted of an AXUV photo-diode (Opto-Diode) with a response time much shorter than 100 ms (the FEL repetition rate is 10 Hz), screened from the background radiation of the pump by means of a 100 nm thick Al-foil. The FEL probe and the optical pump beams impinged onto the sample almost collinearly. The sample was rotated by 40∘ in order to send the reflected EUV beam into the photo-diode. The FEL beam was focussed by a gold-coated ellipsoidal mirror down to 30 × 15 [image: there is no content]m FWHM, while the pump laser spot was 70 × 100 [image: there is no content]m FWHM. The FEL (probe) spot size was much smaller than the optical (pump); this situation ensures that the EUV beam probes an almost (spatially) homogeneously excited sample.


Figure 5. Sketch of the set-up in which the FEL pulses are separated by 100 ms. The first three FEL pulses probe the un-pumped reflectivity, while the last one probes the sample after the main pump–probe sequence. The blue pulse is the optical pump pulse which is time delayed with respect to the fourth FEL pulse.
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For each sample position, we recorded data in three steps:

	(i)

	
three EUV reflectivity values well before the arrival of the pump (un-pumped reflectivity);




	(ii)

	
one value for the pumped reflected intensity (main pump–probe sequence);




	(iii)

	
one value 100 ms after the arrival of the pump (post-expansion reflectivity).









After each sequence, the sample was moved to a new, non-irradiated position. Each acquired value for the reflectivity was separated by 100 ms; this value is dictated by the FERMI repetition rate of 10 Hz, so that the reflectivity values obtained from the EUV pulse arriving after the main pump–probe sequence (pulse at step (iii)) can effectively be considered as the asymptotic value for this quantity. On the contrary, the delay between the FEL and the pump laser, which encoded the sample dynamic, was set through a delay line. The pump–probe sequence defined above was repeated ten times for each value of the pump–probe delay. The experimental data obtained in this configuration are reported in Figure 1. The un-pumped (pulses at step (i)) and pumped (pulses at step (ii)) series are superposed for negative delays. This is the evidence that any damage occurred after the three FEL shots (pulses at step (i)) used to obtain the reference value for the reflected intensity. The experimental points were obtained by binning the raw data with a step-size of 0.2 ps; error bars are one standard deviation.



The pumped reflected intensity as a function of the delay was fitted through the following empirical model:


[image: there is no content]



(3)







In this case, it is not necessary to convolute the model with a Gaussian miming the time resolution of the set-up, since the detected dynamics develops on a much longer time scale than the time duration (≲100 fs) of the incoming pulses.



The temperature estimated through the dependence of [image: there is no content] vs. [image: there is no content] has been compared to the temperature obtained using calculations based on nTTM calculation, see Figure 4. Such a computational method is based on a set of coupled rate equations to describe the time evolution of the temperatures of the electronic and lattice subsystems. These are coupled through a parameter, defined as the ratio between the carrier specific heat and the electron–phonon relaxation time. In addition to that, nTTM also takes into account the variation of the free electron density induced by the pump pulse. According to this model, the free electron density is increased through linear absorption, two photon absorption (negligible in the present case) and impact ionization, which describes the probability of a free electron impacting a valence one and promoting it into the conduction band. The relaxation of the free electron density is instead given by Auger recombination and current gradients; the latter process is usually negligible [12]. The energy carried by the pump pulse is initially deposited in the carrier subsystems, mainly through single photon absorption, free carrier absorption (leading to a density-dependent absorption coefficient) and two photon absorption, while it is drained out of the interaction region by heat density gradients, negligible in thermal insulators (as in the present case), and transfers to the lattice subsystem. The deposited energy—amended by the contribution of the gap closure and by the energy spent varying the free electron density at a given temperature and value of the electronic gap—is translated into an electronic temperature value through the heat capacity, which in the current model is density dependent. In this formulation, there is no direct coupling between the pump pulse and the lattice subsystem. The energy is transferred to the lattice only through electron–phonon coupling, the strength of which is modulated by the carrier heat capacity and equilibrates to the environment through heat diffusion, which is negligible on short (<ns) time scales. The energy in the lattice subsystem is related to the lattice temperature through the (macroscopic) heat capacity of the material. Using this approach, it is quite straightforward to calculate the optical properties of the system through, for example, a Drude model, and to take into account, e.g., the reflectivity variation at the pump wavelength during the time evolution of the excitation pulse. For further details on the employed model, we refer readers to more exhaustive works [12,13,29]. The input parameters (besides those of the input beams, quoted in the text) for nTTM calculations are band gap 3 eV [30], temperature-dependent lattice-specific heat [31], Auger recombination rate of 1 × 1031 cm−6 [32] and temperature-dependent impact ionization coefficient [33].



We verified that reasonable variations of the values of these parameters with respect to those found in the literature do not substantially affect the overall results. In this specific case, the parameter that affects the simulation results more strongly is [image: there is no content]. In Figure 6, we show the results of the calculations as a function of this parameter, hypothesizing a value of 1 fs [28] (Figure 6a), 10 fs (Figure 6b) and 100 fs (Figure 6c). In all cases, the lattice temperature has already reached an asymptotic value of ∼0.8 eV, compatible with the one estimated by the [image: there is no content] vs. [image: there is no content] relation, in the ≲100 fs scale. Moreover, the assumption of [image: there is no content] 10 fs gives an initial electronic temperature compatible with the one determined in our experiment. nTTM also permitted to calculate the electron density in the conduction band, from which it is possible to estimate the plasma frequency and consequently the expected reflectivity in the visible and EUV photons (Figure 4).


Figure 6. Lattice and electronic temperature trend calculated using [image: there is no content] =1 fs (panel a), 10 fs (panel b) and 100 fs (panel c).
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5. Conclusions


We have shown that an intense 260 nm laser pulse can induce a large decrease in the EUV reflectivity, with a weak dependence on the probe wavelength. We interpreted this phenomenology as the hydrodynamic expansion of the sample surface after laser excitation, occurring on a characteristic time scale of about 0.8 ps. Data have been analyzed within a simple empirical model based on the dynamics of an expanding surface, and this allowed us to estimate the average electronic temperature ([image: there is no content] eV) reached by the excited sample. This experimental finding was positively compared with calculations, which also show (i) an ultra-fast thermalization of the electron–lattice subsystem given by the very efficient electron–phonon coupling; (ii) a high peak electron density, ∼1.6 × 1022 cm−3; and (iii) an induced [image: there is no content] of ∼5 eV. A comparison of the present results with those achieved by using an optical probe [11] underlines how the optical probe is sensitive to both carrier and lattice dynamics, even when the hydrodynamic expansion of the lattice becomes the dominant parameter to define the thermodynamic state of the system. Such sensitivity to both dynamical processes ineluctably complicates the data interpretation, in particular in cases similar to the present one, i.e., when the hydrodynamic expansion occurs on time scales similar to that typical of carrier dynamics [12,13,34]. However, since the EUV probing is more sensitive to the lattice dynamics, one can speculate on the possibility to perform a combined campaign of an optical/EUV transient reflectivity measurements, able to disentangle electron and lattice dynamics. This is a concept of general validity, not strictly connected to the investigated sample. In the particular case of a-C, such a fast (sub-ps) time scale for the hydrodynamic expansion suggests a very short time duration of the isochoric regime, during which one can define the concept of the thermodynamic phase in a more meaningful way (even in metastable conditions). This situation may severely complicate the use of photo-excitation to study the exotic states of carbon, such as high pressure/high temperature liquid phases and their properties.
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	FEL
	free electron laser
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	Extreme Ultra Violet



	a-C
	amorphous carbon



	FWHM
	full-width-half-maximum
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	electron phonon coupling
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