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Abstract: Focusing hard x-ray free-electron laser radiation with extremely 
high fluence sets stringent demands on the x-ray optics. Any material 
placed in an intense x-ray beam is at risk of being damaged. Therefore, it is 
crucial to find the damage thresholds for focusing optics. In this paper we 
report experimental results of exposing tungsten and diamond diffractive 
optics to a prefocused 8.2 keV free-electron laser beam in order to find 
damage threshold fluence levels. Tungsten nanostructures were damaged at 
fluence levels above 500 mJ/cm2. The damage was of mechanical character, 
caused by thermal stress variations. Diamond nanostructures were affected 
at a fluence of 59 000 mJ/cm2. For fluence levels above this, a significant 
graphitization process was initiated. Scanning Electron Microscopy (SEM) 
and µ-Raman analysis were used to analyze exposed nanostructures. 
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1. Introduction 

New high-brightness hard x-ray free-electron laser (XFEL) facilities offer radiation with 
femtosecond pulse duration and exceptional coherence enabling novel and exciting 
experiments in a variety of scientific fields [1–3]. Nevertheless, although the brightness of 
these new sources is far superior than any other one that is currently available, it is in many 
experiments important to additionally focus the XFEL beam down to spot diameters in the 
nanometer regime; especially coherent x-ray imaging of single particles (high resolution), x-
ray absorption spectroscopy (fluence), or nonlinear optics in the hard x-ray regime (peak 
intensity). Today, there are different types of x-ray optics available which are based on 
different physical mechanisms like, e.g., diffraction, refraction, or reflection of x-rays [4–6]. 
Promising diffractive optics are Fresnel zone plates (FZPs), providing excellent resolution 
and a clean wavefront with negligible aberrations [7]. However, the extremely high fluence 
imposed on zone plates from an XFEL beam can be problematic. Any structural changes in 
the zone plate material, caused directly by ionizing radiation or heating through absorption, 
could result in a decreased performance or even failure of the device. 

High-Z materials, e.g., tungsten [8], gold [9], and iridium [10], are commonly used for 
hard x-ray zone plates as they provide high diffraction efficiencies and fairly simple 
fabrication methods exist. However, these metals efficiently absorb x-ray radiation which 
leads to a strong heating of the material. The temperature increase of the material exposed to 
an unfocused XFEL beam may be as high as many hundreds of Kelvins [11]. For this reason 
XFEL applications require metal zone plates placed on a substrate with good thermal 
conductivity, e.g., diamond. As reported in a previous study [11], tungsten zone plates which 
are bonded to a diamond substrate survive in the unfocused XFEL beam without damage. 

However, an increased x-ray fluence, e.g., by prefocusing the beam, will result in higher 
temperatures in the zone plate material and larger temperature fluctuations between 
subsequent XFEL pulses. This could result in higher stress and strain variations in the 
material, possibly inducing mechanical fatigue. An interesting alternative is to produce 
combined metal-diamond zone plates, where both the high-Z metal and the diamond have 
been structured and are in close contact. These zone plates benefit from both the high 
diffraction efficiency of the high-Z metal and from the excellent heat dissipation of diamond. 
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David et. al. [12] have demonstrated that iridium-filled diamond zone plates remain 
undamaged when exposed to an unfocused XFEL beam. 

However, at future XFEL facilities with very high fluence and high repetition rates, like 
the European XFEL, high-Z materials will most likely not be able to survive the XFEL beam 
for a long time. Instead, low-Z materials, e.g., diamond, are considered suitable [13]. 
Diamond with its low absorption and excellent thermal conductivity dramatically increases 
the damage threshold fluence. 

In this paper we present experimental results from the Linac Coherent Light Source 
(LCLS) where tungsten and diamond diffractive optics were exposed to an 8.2 keV, 
prefocused XFEL beam, demonstrating at what fluence levels each of the optics degrades. 
These results will provide guidance for future design of XFEL diffractive optics 
instrumentation. 

2. Fabrication of tungsten and diamond diffractive optics 

Tungsten and diamond nanostructures were fabricated from identical multi-layer material 
stacks. A resist put on top of the stack was patterned using electron-beam lithography. The 
exposed pattern was transferred to the tungsten and diamond layers via reactive ion etching 
(RIE) [14]. 

2.1. Tungsten nanostructures 

Tungsten nanostructures are prepared in a trilayer process. First, a tungsten layer of 1 µm 
thickness is sputter-deposited onto a 100 µm thick CVD diamond substrate (Diamond 
Materials GmbH). A thin chromium layer of 30 nm thickness is electron-beam evaporated 
onto the tungsten, and a 100 nm thick positive e-beam resist (Zep 7000, Zeon Chemicals L.P.) 
is subsequently spin-coated on top of the stack. The sample is exposed to a focused electron 
beam, which is scanned across the surface according to a predefined pattern in a direct-write 
electron-beam lithography step (Raith 150 system). The e-beam pattern is transferred to the 
chromium layer via a Cl2/O2-based RIE process (Oxford Instruments, Plasmalab 100 system), 
producing a chromium hardmask. A SF6/O2-based RIE step finally etches the tungsten layer, 
producing high aspect-ratio structures. For the damage experiment at LCLS, a matrix of 
tungsten zone plates with 75 µm diameter, 50 nm outermost zone width and 300 nm - 1 µm 
etch depth (line-width dependent) was fabricated. Figure 1(a) shows scanning-electron 
microscopy (SEM) images of fabricated tungsten nanostructures. 

2.2. Diamond nanostructures 

Diamond nanostructures are made in a similar process as tungsten, but with an additional O2-
based RIE step (Oxford Instruments, Plasmalab 80 + system). Tungsten is, in this case, used 
as hardmask for the diamond etch step. The diamond structures manufactured were linear 
gratings with a period of 200 nm and 1.4 µm thickness. Also, a 200 nm thick tungsten layer 
remained on the top after the diamond etch step. Figure 1(b) displays SEM images of 
fabricated diamond nanostructures. 

 

Fig. 1. (a) Tungsten nanostructures, (b) Diamond nanostructures with a thin remaining 
tungsten layer on the top. 
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3. Tungsten damage investigations 

3.1. Methods 

The experiment was conducted at the Matter in Extreme Conditions (MEC) instrument at the 
LCLS facility. The x-ray beam had a photon energy of 8.2 keV, a pulse rate of 120 Hz, and an 
average energy of 1.24 mJ with a pulse duration of about 50 fs. The beamline transmission 
was 65%. The fluence of the unattenuated and unfocused beam in the end-station hutch was 
approximately 100 mJ/cm2. Exposures of samples were done in vacuum. 

Figure 2 depicts the general experimental arrangement. To increase the fluence on the 
damage samples, a set of beryllium prefocusing lenses was used. Table 1 shows the 
parameters of the prefocusing lens set (Be lens stack 1) used for the tungsten zone plate 
sample. 

Table 1. Parameters of prefocusing beryllium lenses. 

 Pulse energy 
(mJ) 

Number of lenses x 
radius of curvature 

(µm) 

Irradiated area 
on sample 

(µm) 

Total 
transmission 

Max. fluence at 
sample position 

(mJ/cm2) 
Be lens stack 1 (W) 1.24 3x100 60 x 90 0.088 2 000 
Be lens stack 2 (Di) 1.24 6x300 + 1x200 Ø = 20 0.17 220 000 

A pair of slits placed in front of the lenses defined a square aperture of 400 µm x 400 µm. 
The tungsten samples were placed downstream of the lenses so that a 90 µm x 90 µm area 
was illuminated. Due to the nonuniform intensity profile of the original beam, only an 
effective area of 60 µm x 90 µm of uniform illumination was considered for the fluence 
calculations. The fluence in the tungsten sample exposure is simply obtained by multiplying 
the incoming pulse energy with the total transmission of lenses divided by the irradiated area 
(fluence for diamond is obtained in another way, cf. section 4). An estimated fluence of 2000 
mJ/cm2 of the incident beam reached the sample without any attenuation filters. A scintillator-
based high-resolution x-ray detector placed approximately 1 m behind the zone plate samples 
recorded the + 1st and −1st diffraction order. In this way it was possible to continuously 
monitor the diffracted intensity. A reduction in diffracted intensity would indicate a damage 
of optics. Moreover, a beam stop (Cu-wire) placed right before the microscope stopped the 
direct XFEL beam. 

Four different tungsten zone plates were exposed to 105 pulses at 27%, 45%, 77%, and 
100% of the total beam intensity, respectively, corresponding to fluence levels of 500, 900, 
1600, and 2000 mJ/cm2. Attenuation of the XFEL beam was accomplished with silicon 
attenuators of varying thicknesses. Besides looking at the diffraction efficiency during the 
experiment, exposed samples were analyzed afterwards for damage with SEM. 

 

Fig. 2. Experimental arrangement for the damage experiment at LCLS. Damage samples were 
placed in the prefocused XFEL beam and the diffracted intensity ( + 1 and −1 orders) could be 
monitored during exposure. 

3.2. Results and discussion 

In Fig. 3 SEM images demonstrate the results of the tungsten zone plate samples exposures. 
At 500 mJ/cm2 fluence, see Fig. 3(a), no visible damage is observed. At 900 mJ/cm2 fluence, 
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see Figs. 3(b) and 3(e), small areas in the outer regions of the zone plate indicate some initial 
damage. Since it is reasonable to believe that small structures are more susceptible to damage 
such behavior was expected. At increased fluence, 1600 and 2000 mJ/cm2, damage is 
obvious, see Figs. 3(c) and 3(d). Large areas of the zone plates have been destroyed and the 
tungsten material has even vanished. Figures 3(e) and 3(f) display close-up SEM images of 
damaged areas that still remain on the substrate. Visual inspection reveals that the failure is of 
mechanical origin rather than melting. This can be explained by stress and strain imposed on 
the structures due to the rapid thermal fluctuations caused by the intense beam. 

 

Fig. 3. SEM images of tungsten zone plates exposed to 105 single pulses at (a) 500 mJ/cm2 - no 
damage observed, (b) 900 mJ/cm2 fluence - some damaged areas observed in the lower and 
outermost part of the zone plate, cross indicates position in (e), (c) 1600 mJ/cm2 fluence - 
structures totally destroyed, (d) 2000 mJ/cm2 fluence – structures totally destroyed, cross 
indicates position in (f), arrows indicate size of the irradiated area, (e) Zoomed-in on damage 
in (b), 52° tilt angle, (f) Zoomed-in on damage in (d), 52° tilt angle. 

The recordings from the x-ray detector revealed additional information. At 500 mJ/cm2 
fluence, the diffracted intensity was unchanged throughout the whole exposure. At 900 
mJ/cm2 fluence, it was difficult to see any changes in intensity, most likely because only very 
small areas were affected by the beam. At 1600 mJ/cm2 fluence, the diffracted intensity 
shown in Fig. 4 was constant for a couple of thousand pulses. Then the signal from outer parts 
of the zone plate starts to diminish and eventually gets weaker also for the central part. This 
indicates that the damage initiates in the periphery of the zone plate where small structures 
are present. 
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Fig. 4. Upper-left image shows diffracted intensity after 131 000 pulses at a fluence level of 
500 mJ/cm2 to show appearance of diffracted light from an undamaged zone plate. Other 
images demonstrate diffracted intensity recorded after different number of pulses at a fluence 
level of 1600 mJ/cm2. 

Table 2. Exposure parameters for tungsten zone plate samples. 

Fluence levels 
(mJ/cm2) 

Average dose absorbed per atom
(eV/atom) 

Temperature
(K) 

Melting temperature 
(K) 

500 0.15 940 3695 
900 0.27 1340
1600 0.47 2000
2000 0.59 2430

Our experimental findings indicate that damage initiates at a fluence level of 900 mJ/cm2. 
Using data on tungsten transmission and density, this fluence can be translated to an average 
dose absorbed per atom of 0.27 eV/atom, which is well below the melting dose of 1.5 
eV/atom. The absorbed dose corresponds to a calculated temperature increase of 1300 K, 
which is obtained via the heat capacity of tungsten. Fluences of 1600 and 2000 mJ/cm2 were 
also not high enough in order to initiate melting of tungsten, see Table 2. This confirms the 
findings from the SEM images where the damage appears not to be caused by melting, but 
rather by mechanical stress and strain during many heating and cooling cycles. 

4. Diamond damage investigations 

4.1 Methods 

Figure 2 shows the experimental arrangement for the exposure of the diamond sample. The 
slit size was 600 µm x 600 µm and prefocusing was achieved with Be lens stack 2 (cf. Table 
1), resulting in an illuminated area of approximately 20 µm x 20 µm at sample position. To 
obtain a reconstruction of the illumination profile and find fluence levels, an imprint series 
with single pulses at varying fluence levels was exposed on a flat surface on the diamond 
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sample with a 200 nm thick tungsten layer. Stated fluences are estimations of the maximum 
fluence at the center of the illuminated area, where most damage was observed. Diamond 
gratings were exposed to 105 pulses at fluence levels of 59 000, 99 000, and 220 000 mJ/cm2. 
The x-ray detector downstream recorded the first-order diffraction intensity of the gratings. 

Imprints and exposed gratings were analyzed with SEM and µ-Raman spectroscopy to 
further investigate damage. µ-Raman spectroscopy has proven to be an excellent way of 
characterizing structural properties of carbon materials. Studies show that samples containing 
different phases of carbon, i.e., diamond, graphite, and amorphous carbon, can be clearly 
distinguished from one another [15, 16]. Spectroscopic studies were performed with an 
Alpha300 R from WITec (WITec GmbH), equipped with an optical microscope and a focused 
532 nm laser beam (300 nm spot). 

To further investigate the effect of thermal heating on diamond, diamond control samples 
(without tungsten) were annealed at 1300, 1470, 1800, and 1940 K. Annealing was performed 
in inert (Ar) atmosphere. For temperatures up to 1470 K substrates were annealed for 20 
minutes in an Ulvac-Riko Mila 5000 furnace, and for higher temperatures substrates were 
annealed for approximately 30 minutes in an Activator 150 furnace. Annealed samples were 
investigated with µ-Raman spectroscopy. 

4.2 Results of imprints 

Figure 5(a), 5(b), and 5(c) depict single-pulse imprints at three different attenuation levels. 
From the patterns it can be seen that the intensity profile of the prefocused beam in the 
sample plane is clearly inhomogeneous. This can be explained by imperfections in the shape 
of the prefocusing lenses introduced by manufacturing errors and variations in the XFEL 
illumination. The beam intensity distribution at sample position was determined by an imprint 
technique where a series of single-pulse imprints in tungsten was recorded. The intensity in 
consecutive imprints was varied by changing the beamline transmission by a set of solid 
silicon attenuators. The outline of the area in which the tungsten has melted in each imprint 
can be used to create a contour map of the intensity, where each contour line has a height 
proportional to the inverse of the beamline transmission in that imprint. Finally this intensity 
map is normalized to have a total energy equal to the known pulse energy incident on the 
sample [17]. Figure 5(d) shows the result. 

 

Fig. 5. Single-pulse imprints. (a) Imprint at 59 000 mJ/cm2, (b) Imprint at 99 000 mJ/cm2, (c) 
Imprint at 170 000 mJ/cm2, diamond is damaged in the center of the imprint. Cross indicates 
position for µ-Raman spectroscopy, (d) Reconstructed beam intensity profile. 

4.3 Results and discussion of exposed diamond nanostructures 

Figure 6 displays SEM images of exposed diamond structures at a fluence of 59 000, 99 000, 
and 220 000 mJ/cm2, respectively. At 59 000 mJ/cm2 fluence (Fig. 6(a)), the tungsten layer 
has evaporated, but no crater is observed. However, the nanostructures have tilted and joined, 
resulting in lower spatial frequencies. This is in agreement with detected diffracted intensities 
corresponding to lower-frequency positions. Hence, even at this fluence level structures were 
affected by the beam. At 99 000 and 220 000 mJ/cm2 fluence, the tungsten layer has 
evaporated and craters in the structures are clearly visible, as seen in Fig. 6(b) and 6(c). 
Figure 6(d) shows a close-up of the crater in (c). Here the grating structure has partially 
vanished and the remains are distorted and believed to have undergone a phase transition, see 

#183492 - $15.00 USD Received 15 Jan 2013; revised 1 Mar 2013; accepted 12 Mar 2013; published 26 Mar 2013
(C) 2013 OSA 8 April 2013 / Vol. 21,  No. 7 / OPTICS EXPRESS  8057



below. However, outside the crater’s center there are regions where the gratings look 
unaffected by the exposure (indicated by dashed lines in Figs. 6(b) and 6(c)). It was also 
noticed that at these fluences the diffracted intensity, measured with the x-ray detector, in the 
center of the exposed grating decreased during exposure, indicating structural damage. 

 

Fig. 6. Tungsten-coated diamond gratings exposed to 105 single pulses at (a) 59 000 mJ/cm2 
fluence - tungsten vanished, but gratings survived, (b) 99 000 mJ/cm2 fluence - damage 
observed, (c) 220 000 mJ/cm2 fluence - damage observed, (d) close-up of the damaged area in 
(c), 52° tilt angle. Crosses in figures (a) and (c) indicate position for µ-Raman spectroscopy. 

It is possible that the initial tungsten layer has an effect on the observed damage to the 
diamond gratings. For the lower fluences it is likely that the diamond surface was in contact 
with a hot tungsten layer before evaporation occurred. If the tungsten did not directly 
evaporate from the surface, but instead melted and solidified again a couple of times before 
vanishing, this process could have caused stress and strain in the gratings, resulting in the 
tilting of structures. At the lowest fluence level this tungsten phase cycle may have been 
present over the whole focus region, which would explain why most of the gratings have 
tilted. 

The highest fluences were high enough to melt and evaporate all tungsten in a single 
pulse. According to the high-fluence imprints where the tungsten had melted, vanished, and 
the diamond beneath was exposed and damaged (Fig. 5(c)), the Raman-analysis showed that a 
phase transition had taken place. However, it was not to the same extent as in the crater-like 
damaged regions which had been exposed to 105 pulses. This indicates that some initial phase 
transition may have been caused by the present tungsten layer, but since this damage process 
continued after the tungsten layer had disappeared this on-going phase transition can only be 
explained by the interaction of the XFEL beam with diamond. 

At higher fluences, the most intense regions caused a phase transition as described 
previously, but in the unaffected regions the fluence may not have been high enough to 
induce structural damage but sufficient to evaporate the tungsten very quickly, i.e., in a single 
pulse. The tungsten would then not have had any time to affect the gratings, and this would 
explain why this region looks unaffected. Further out the fluence was decreased and the 
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tungsten would have had time to go through several heat and cooling cycles and cause tilting 
in these regions. 

4.4 Diamond phase transition 

Diamond phase transition was studied with Raman spectroscopy. Raman analysis of as-
ordered (unprocessed) diamond is shown in Fig. 7. The strong peak at 1342 ± 4 cm−1 is 
characteristic of the CVD diamond (sp3-bonding). Raman analysis of processed diamond 
(subject to etching and other nanofabrication methods) was also performed, but no change 
from the original spectrum was observed. A spectrum from an imprint (cross in Fig. 5(c)) is 
seen in Fig. 7 where the tungsten had evaporated and the diamond surface had been damaged 
in a single pulse. A broad peak centered at 1577 cm−1 corresponding to graphite (sp2-bonding) 
can be observed. Raman spectra of XFEL-exposed gratings are also displayed in Fig. 7. The 
diamond grating that had been exposed to the lowest fluence level (cross in Fig. 6(a)) was 
quite similar in spectrum to the unprocessed diamond substrate spectrum. However, a weak 
signal at 1560-1630 cm−1 is also seen, possibly indicating some initial graphitization. 
Diamond gratings with crater-like damage revealed a significant difference in spectrum 
appearance from undamaged grating areas. Whereas undamaged areas (cross 2 in Fig. 6(c)) 
mainly display the intense diamond peak at 1342 cm−1, damaged areas (cross 1 in Fig. 6(c)) 
have a much weakened and broadened signal around 1345 cm−1 and an additional peak at 
1577 cm−1 (graphite peak – sp2-bonding), indicating that the diamond has undergone a 
graphitization process [15]. The peak at 2700 cm−1 is also characteristic of graphitic materials 
[18]. 
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Fig. 7. Raman spectra of as-ordered (unprocessed) diamond substrate, diamond-tungsten 
surface exposed to a single XFEL pulse (diamond damaged), diamond-tungsten gratings 
exposed to XFEL beam (undamaged and damaged) at different attenuation levels. Data are 
normalized and shown in semi-logarithmic scale. 

Results of the annealing experiment of control substrates are shown in Fig. 8. Raman 
analysis of diamond substrates annealed up to a temperature of 1300 K shows no significant 
change in spectrum from untreated substrates. At 1470 K a broad peak from 1400 to 1500 
cm−1 slowly starts to appear, which indicates a structural transformation. At 1800 K this broad 
peak increases, and also at 1940 K this peak is present. These results are in good agreement 
with the diamond manufacturers’ (Diamond Materials GmbH) specifications regarding heat-
induced structural transformations, which states that diamond transformations initiate at 1800 
K. However, in none of these spectra is the same distinct graphite peak visible as observed for 
the LCLS-exposed damaged diamond gratings. 
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Fig. 8. Raman spectra of annealed diamond substrates at 1300, 1470, 1800, and 1940 K. Data 
are normalized and shown in semi-logarithmic scale. 

We have also calculated the absorbed dose per atom, see Table 3. For a fluence of 59 000 
mJ/cm2 the average dose per atom is calculated to 0.027 eV/atom, which corresponds to a 
temperature increase of 280 K. At 99 000 mJ/cm2 fluence the diamond structures have been 
damaged by the beam. The absorbed dose is calculated to 0.046 eV/atom, corresponding to a 
temperature increase of 400 K. The phase transition threshold fluence is found between 59 
000 and 99 000 mJ/cm2. The highest fluence of 220 000 mJ/cm2 also resulted in phase 
transition. 

Table 3. Exposure parameters for diamond. 

Fluence levels 
(mJ/cm2) 

Average dose absorbed per atom
(eV/atom) 

Temperature
(K) 

Graphitization temperature 
(K) 

59 000 0.027 570 1800 
99 000 0.046 700
220 000 0.10 1010

From these results some interesting observations can be made. When transferring 
damaging fluence levels into absorbed dose energies or temperature elevations, we notice that 
graphitization has occurred even though the induced heat in the diamond structures is well 
below the graphitization temperature. One should bear in mind that the tungsten layer may 
have had an effect on the diamond, but since this layer is quickly evaporated, the diamond 
graphitization is probably caused by the hard x-ray interaction with diamond itself. Therefore, 
we believe that the damage mechanism caused by the intense XFEL beam is different from 
damage caused by simple heating of diamond. 

5. Summary 

We have investigated the damage to tungsten and diamond diffractive optics at a free-electron 
laser facility (LCLS). Tungsten zone plates survived 105 pulses at a fluence of 500 mJ/cm2, 
and initial damage was observed at 900 mJ/cm2 fluence. This should be compared with a 
fluence of 100 mJ/cm2 delivered by the unfocused LCLS-beam. The damage was not caused 
by melting of the material but by disintegrating of the nanostructures, most likely caused by 
stress and strain during rapid heating and cooling cycles. 

Diamond optics survived 105 pulses at a fluence of 59 000 mJ/cm2. At this fluence level, 
tilting of structures was observed, assumed to be caused by the tungsten layer on top. 
However, structures have not been subject to graphitization. At higher fluences we observed 
damage to the diamond material itself. The material was analyzed to contain both diamond 
and graphite signals, indicating graphitization at fluences higher than 59 000 mJ/cm2. 
However, the calculated temperature increase in the diamond at the highest fluence levels was 
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not sufficient to overcome the thermally induced graphitization barrier. Instead, the 
experiment indicates that the transformation process is better described as a nonthermal 
transition or a combination of temperature and radiation damage caused by a high intensity, 
ultrashort hard x-ray FEL beam. Medvedev et. al. [19] also predicts nonthermal phase 
transitions for diamond using ultrashort EUV laser pulses, which further supports our 
conclusion. 
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