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Abstract

:

The field of ultrafast science has experienced significant growth over the last decade, largely attributed to advancements in optical and laser technologies such as chirped-pulse amplification and high-harmonic generation. The distinctive characteristics of intense ultrafast free-electron lasers (FELs) have introduced novel prospects for investigating molecular dynamics, as well as providing an opportunity to gain deeper insights into nonlinear processes in materials. Therefore, high-power ultrafast FELs can be widely used for both fundamental research and practical applications. This study presents a novel approach for producing high-power femtosecond FEL pulses, utilizing chirped-pulse amplification in echo-enabled harmonic generation. Chirped seed pulses are employed to induce frequency-chirped energy modulation in the electron beam. The generated FEL pulse, which inherits the chirped frequency, can be compressed through the gratings in the off-plane mount geometry to provide ultraintense ultrafast pulses. The numerical modeling results indicate that peak power exceeding 20 GW and a pulse duration in the order of several femtoseconds can be achieved.
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1. Introduction


High-power and ultrafast free-electron lasers (FELs) have become an indispensable tool across a multitude of scientific disciplines, including physics, chemistry, biology, and so on [1,2,3,4]. The shorter pulse duration leads to better temporal resolution in pump-probe experiments. Taking single-particle imaging as an example, the use of ultrafast photon pulses is necessary to prevent any alterations to the sample’s structure during the probe pulse duration [5]. Specifically, achieving subnanometer resolution requires photon pulses with durations of less than 10 fs. High-power FEL pulses facilitate the exploration of nonlinear phenomena arising from their interaction with atoms and molecules [6]. Experiments, such as stimulated Raman scattering [7], are heavily reliant on the available peak intensity of the photon pulses. As indicated in [7], a three-fold increase in the incoming FEL peak power can result in a four-order-of-magnitude rise in the emission signal. Therefore, the generation of high-power and ultrafast FEL pulses is a critical necessity in numerous FEL experiments.



To shorten the time duration of FEL pulses, several approaches have been proposed and developed recently [8,9,10,11,12,13]. These methods involve only a portion of the electron bunch in the lasing process, resulting in limited output pulse energy. Several enhanced self-amplified spontaneous emission (SASE) schemes are proposed to increase the peak power of FEL pulses [14,15,16,17,18]. However, the output FEL pulses inherit the stochastic temporal characteristics of SASE, which limits the applicability of the methods. Moreover, the extremely high peak current required by a number of methods tends to cause the devastating microbunching instabilities and coherent synchrotron radiation.



An alternative approach to generate high-power and ultrafast FEL pulses simultaneously is applying chirped-pulse amplification (CPA) [19] to FELs. The feasibility of CPA-SASE has been studied both theoretically and experimentally [20,21,22]. However, it is difficult to guarantee the phase relationship starting from the shot noise, leading to a limited compression ratio. By virtue of the coherent interplay between crystal optics and FEL, a novel “self-seeding” CPA scheme has been proposed recently, which utilizes Bragg crystals as the pulse stretcher and compressor instead of gratings [23]. This approach can potentially deliver femtosecond hard X-ray pulses with high peak power. Represented by high-gain harmonic generation (HGHG) [24] and echo-enabled harmonic generation (EEHG) [25,26,27,28], the seeded FELs can inherit the proprieties of the external seed lasers, exhibiting notable advantages such as full coherence, precise phase control, and so on. Therefore, employing external seeded FEL schemes appears to be a more-viable approach towards integrating the CPA technique. A preliminary CPA experiment based on direct seeding at 800 nm has been performed at BNL, which showed a noticeable shortening of the FEL pulse after compression [29]. Theoretical studies on CPA-HGHG have demonstrated the potential to generate femtosecond UV pulses (∼260 nm) with peak powers of ∼100 MW [30]. In [31], the researchers demonstrated the possibility of carrying out CPA-HGHG at FERMI@Elettra. However, the harmonic up-conversion coefficient of HGHG imposes a constraint on its potential for broadening applicable wavelengths towards shorter regimes [32].



The aforementioned limitations can potentially be overcome by employing the EEHG technique, which involves the implementation of two modulator-chicane modules to induce substantial bunching at high harmonic numbers. Successful attainment of coherent emission at the 75th harmonic of the seed laser has been demonstrated at SLAC using the EEHG technique [33]. Furthermore, coherent signals up to the 101st harmonic have been observed at FERMI@Elettra [34].



This paper presents a proposal that explores the generation of high-power and ultrafast FEL pulses through the combination of the CPA technique with EEHG. The simulation results demonstrate that this approach has the potential to produce coherent   13.5   nm FEL pulses, with a peak power exceeding 20 GW and a pulse duration in the order of several femtoseconds. The off-plane mount (OPM) geometry [35] was employed to implement the compressor in grazing incidence. The detailed design and transmission efficiency simulation of the compressor are also included.




2. Proposed Method


2.1. Chirped-Pulse Amplification in EEHG


The schematic layout of CPA-EEHG is illustrated in Figure 1a. The frequency-chirped seed laser pulses are obtained by stretching the commercial laser pulses with a pair of gratings. These chirped seed laser pulses interact with the same segment of the electron beam in two modulators to generate the desired frequency-chirped energy modulation. With two precisely tuned dispersion sections, the electron beam generates the frequency-chirped bunching at the harmonics of the seed lasers. When passing through the radiator, this bunched electron beam produces the FEL pulse, which inherits the chirped frequency of the seed lasers. Such a chirped pulse can be compressed by a double-grating compressor in the OPM geometry to generate a high-power ultrafast radiation pulse.



The linearly chirped Gaussian pulse can be written mathematically as:


  E  ( t )  =  E 0  exp  −   ( t /  τ t  )  2   exp  i (  ω 0  t + β  t 2  )  .  



(1)







Hence, the instantaneous frequency is    ω  i n s   =  ω 0  + 2 β t  , as  β  determines the chirp rate. To further amplify this chirped pulse, the electron beam should have an energy chirp that matches the resonance condition:


  γ  ( s )  =     n  λ u    2  λ  s e e d    ( s )     ( 1 +  a  w  2  )    ,  



(2)




where n is the harmonic number,    λ  s e e d    ( s )    denotes the seed laser wavelength distribution along the longitudinal position s, and   λ u   and   a w   denote the undulator period and strength in the radiator, respectively.



As demonstrated in [31], when the seed pulse has considerable frequency dispersion, the FEL pulse bandwidth can be estimated as


    ( Δ ω )   F E L   ≈  n  1 − α     ( Δ ω )   s e e d   ,  



(3)




where    ( Δ ω )   s e e d    denotes the bandwidth of the seed laser. The factor  α  is closely linked to the FEL amplification process, which is about   1 / 3   when the FEL reaches saturation. This broadening of the FEL pulse bandwidth results from the competition between the frequency up-conversion process and the nonlinear interactions between the laser pulse and electron beam during the modulation. The above equation points out that the frequency up-conversion at higher harmonics will increase the FEL pulse bandwidth, leading to a smaller FEL pulse duration after compression. Since the harmonic up-conversion number of EEHG is usually larger than that of HGHG, this indicates that, in principle, the compressed FEL pulses in CPA-EEHG will be shorter compared with CPA-HGHG.




2.2. The Double-Grating Compressor in OPM Geometry


Figure 1a illustrates the fundamental setup of a grazing-incidence double-grating compressor in the OPM geometry, which comprises two identical plane gratings and mirrors. Figure 1b shows the reflection grating of the compressor in the OPM geometry. The grating equation can be written as [35]


  sin ζ ( sin μ + sin ν ) = m λ σ ,  



(4)




where  σ  denotes the groove density,  ζ  is the altitude angle of the incidence rays, and  μ  and  ν  denote the azimuth angles of the incidence and diffracted rays, respectively. The diffraction efficiency of the grating reaches its maximum when the blaze angle  δ  equals   ( μ + ν ) / 2  . In order to realize the symmetry of the configuration, the azimuth angles  μ  and  ν  should satisfy the conditions of    μ 2  =  ν 1    and    ν 2  =  μ 1   , where the indices represent the first and second gratings, respectively.



The commercially available reflection gratings in the OPM geometry have a proven peak diffraction efficiency up to 60% for EUV and soft X-rays, which is much higher than the gratings in the classical diffraction mount (CMD) geometry [36]. The total transmission efficiency guarantees the sufficiently high power of the compressed laser pulses.



The definition of the group delay dispersion (GDD) is given by   G D D ( ω ) = ∂ O P ( ω ) / c ∂ ω  , where   O P ( ω )   denotes the optical path length at frequency  ω . As the optical path increases with the wavelength of incident light in most cases, the introduced GDD in the OPM geometry is always negative. In the case of a narrowband pulse with   Δ ω / ω < 10 %  , specifically in the context of FELs, the GDD is estimated as [35]


  G D D = −   L c   ω c 3       2 π σ   cos μ    2  ,  



(5)




where L is the distance between two gratings and    ω c  = 2 π c / λ   denotes the central pulse angular frequency.



After the compressor, the pulse will have its different frequency components separated in the spatial distribution that is perpendicular to the propagation direction. This is called spatial chirp, which may broaden the spot size and degrade the quality of the compressed pulses. For a narrow bandwidth pulse in the FEL, the spatial chirp can be expressed as


  S C =   L σ    cos 2  μ     2 π c   ω c 2   Δ ω .  



(6)







As different frequency components of the pulse are focused in different places, the spatial chirp will lead to an asymmetrical broadening of the spot size. Nonetheless, taking the significant geometric demagnification of the FEL beamline into consideration, the influence of this spatial chirp on the pulses is effectively negligible, as observed at FELs operated in EUV and X-rays [35].





3. Simulation Results


3.1. Simulation Results of CPA-EEHG


In order to investigate the feasibility of CPA-EEHG, a simulation was carried out based on the parameters listed in Table 1. The electron beam energy is   2.5   GeV with a relative slice energy spread of about   10  − 4   . The electron bunch charge is around 510 pC, and the electron bunch length is about 600 fs. Two laser pulses at 270 nm have been stretched to 300 fs (FWHM) and employed as seed lasers. The peak powers of the stretched seed pulses are about 25 MW and 100 MW, respectively. The Wigner distributions of the seed laser pulses are shown in Figure 2. Two seed lasers have the same linear chirp with a bandwidth (  Δ λ / λ  ) of about 1.5%. The modulation section contains two 2 m-long modulators with a period length of 90 mm and two chicanes with total lengths of 10 m and 5 m, respectively. The radiator consists of two 4 m-long variable-gap undulators with a 43 mm period length. The gaps of the undulators are tuned to amplify   13.5   nm (20th harmonic) radiation pulses. The FEL’s performance and radiation pulse propagation were simulated with GENESIS [37] and OCELOT [38], while the design of the compressor was performed with GSolver and XOP [39].



To match the resonance condition in the radiator, a 3.2% energy chirp was imprinted on the electron beam in the simulation. The distributions of the electron beam energy and current are demonstrated in Figure 3. It is noteworthy that there might be a quadratic component in the energy chirp due to the RF curvature in acceleration during the experiment, which will broaden the FEL pulse bandwidth. This effect will slightly degrade the quality of the compressed pulses, leading to the performance degradation of CPA-EEHG. Optimized with the analytical equations in [40], the dispersion strengths   R 56   of two chicanes are ∼  2.20   mm and ∼  0.12   mm, respectively. After the second dispersion section, the electron beam generates microbunching, which has frequency components at the high harmonics of the seed laser. The relative slice energy spread at the entrance of the radiator is about   3.6 ×  10  − 4    . The utilization of such an electron beam enables the generation and amplification of coherent radiation pulses at   13.5   nm (  n = 20  ) in the radiator.



The simulation results along the radiator and electron bunch are shown in Figure 4. The red and gray lines in the left panel demonstrate the evolution of the FEL pulse energy and electron beam bunching factor, respectively. The pulse energy reaches 651  μ  J  after two undulators. The optimized 20th harmonic bunching factor (∼8.30%) distribution along the electron bunch at the entrance of the radiator is shown in the right panel. The power profile and the spectrum of the radiation pulse at the end of radiator are also illustrated in Figure 4. The peak power of the output radiation is around   3.94   GW, and the FWHM pulse duration is about 186 fs. The spectral bandwidth of the radiation pulse is approximately 0.81%, which is close to the theoretical expectation of 0.55%.



The Wigner distribution of the radiation pulse after the radiator is shown in Figure 5. Since the gain bandwidth of the modulator (∼4.5%) is several times broader than the bandwidth of the seed laser, all frequency components of the seed pulses effectively contribute to the energy modulation of the electron bunch. Consequently, the linear frequency chirp in the seed laser remains well-preserved in FEL pulses, which enables the compression of the radiation pulses through an optical pulse compressor. As shown in Appendix A, the analysis of the collective effects indicates a slight decrease in the bunching factor (from   8.3 %   to   8.1 %  ), which is not expected to have a significant impact on the FEL performance.



The generated frequency-chirped FEL pulse propagates through a double-grating compressor, as shown in Figure 1. When the introduced GDD is equal to and opposite the intrinsic GDD of the FEL pulse, the correction of the second-order effects on the phase will lead to a reduction of the pulse duration. The OPM geometry of the grating was adopted for the higher transmission efficiency. The compressor parameters are listed in Table 2. The designed gratings were selected to be commercially available. For the narrow-bandwidth pulses, the GDD introduced by the compressor is about   − 160   fs2.



The two ruthenium-coated mirrors of the compressor were employed to deflect the FEL beam in the same direction as the input. Figure 6 shows the diffraction efficiency of the gratings and the reflectance of the mirrors at   13.5   nm. Taking the surface roughness and the misalignment of the grating pitch into consideration, the total transmission efficiency of the compressor was up to 15 % at a central wavelength of   13.5   nm.



The compressor also introduces the spatial chirp, which could potentially cause the quality degradation of the compressed FEL pulse. For the compressor designed in the simulation, the spatial chirp calculated in the FWHM bandwidth is about   0.55   mm at the exit of the compressor according to [35]. The transverse spot size of the simulated FEL pulse is 140  μ m with a divergence of around 24  μ rad. The FEL pulse diameter at the compressor entrance is ∼4 mm when the compressor is installed 80 m after the FEL source. Therefore, the introduced spatial chirp is negligible. Moreover, the influence of spatial chirp on the spot size can be mitigated by using an appropriately shaped concave mirror to focus the radiation beam.



Figure 7 shows the Wigner distribution of the FEL pulse after the compressor. Comparing with Figure 5, the pulse length is compressed by roughly 70 times, from   186.43   fs to   2.70   fs, while the peak power correspondingly increases by about 6 times, from   3.94   GW to   23.93   GW. The time–bandwidth product (∼0.486) is only a factor of 1.1 above the transform limit for a Gaussian pulse, which is in satisfactory agreement with the experimental result in [31].



By adjusting the rotations and translations of the two gratings, the azimuth angles  μ  can be tuned to modify the GDD of the compressor according to Equation (5). An important factor for analyzing the influences of such tunability on the final FEL pulses is the diffraction efficiency of the grating at different azimuth angles. The simulation results indicated that the diffraction efficiency of the grating remains virtually unchanged (varying from 43% to 46%) at the altitude angle of 3    ∘   when the azimuth angle is tuned within ± 3    ∘  .



The GDD at variable azimuth angles is shown in Figure 8, which provides significant flexibility for the performance of the compressor. When tuning the azimuth angle, the FEL pulses will experience a process from under-compression to over-compression. This leads to the variation of the peak power and pulse duration of the compressed FEL pulses. As can be seen from Figure 8, the pulse duration features a declining trend at the beginning and rising up in later period, while the peak power shows an opposite tendency. The critical point is found at the designed azimuth angle, with the final compressed pulse shown in Figure 7. The spatial chirp when the gratings are rotated is also demonstrated in Figure 8. This introduced spatial chirp is significantly smaller than the spot size of the FEL pulse at the entrance of the compressor and is, therefore, negligible. The peak power can still remains above 20 GW even when the incidence azimuth angle is tuned from ∼26    ∘   to 29    ∘  .



In comparison to the previous CPA-HGHG method, there are noticeable advantages of the proposed CPA-EEHG scheme. On the one hand, the larger harmonic up-conversion number in CPA-EEHG leads to a shorter wavelength and smaller FEL pulse duration according to Equation (3). On the other hand, the compressor in the OPM geometry with much higher diffraction efficiency guarantees an increase of the peak power by orders of magnitude. It is worth mentioning that extending the wavelength of the output FEL pulses to the X-ray regime is achievable without any compromise in the FEL peak power at CPA-EEHG.




3.2. Simulation Results of a Two-Color Scheme


The generation of two-color FEL pulses with extraordinary brightness presents new prospects for numerous pump-probe experiments in the VUV to hard X-ray spectral regions. Inspired by [30,41], a similar two-color method has been proposed and simulated based on CPA-EEHG.



The amplitude of the bunching factor in EEHG can be found in [40]. At a given harmonic order and the seed lasers, the strengths of two dispersion section dominate the bunching factor, which further influences the FEL radiation proprieties. A relatively modest change in the settings of the dispersion strengths will result in the “pulse splitting” effect [42,43,44], which has essential impacts on the output-pulse profiles. With the increasing of two dispersion strengths, the pulse will split into two well-separated sub-pulses since the electrons at the pulse center are overbunched, while those close to the head and tail are optimally bunched. These two sub-pulses will exhibit distinct carrier wavelengths due to the considerable frequency chirp present in the initial seed pulses.



In the simulation, the dispersion strengths   R 56   are increased to ∼  4.03   mm and ∼  0.22   mm, while the seed lasers remain unchanged. The Wigner distributions of the FEL pulses before and after the compressor are demonstrated in Figure 9. The pulse durations of the two compressed pulses were effectively reduced from   14.4   fs and   51.3   fs to   4.5   fs and   7.2   fs, respectively. The peak powers can be maintained at approximately 1 GW, which is sufficient for the majority of two-color pump-probe experiments. The generated FEL twin pulses have a relative time delay of about 109 fs and central wavelengths of   13.63   nm and   13.39   nm. Figure 10 shows the variations of the FEL pulse properties when the gratings are rotated. The relative time delay of the compressed FEL twin pulses can be precisely controlled by tuning the azimuth angle, which might be of great benefit to certain two-color pump-probe experiments.





4. Conclusions


Feasibility studies of CPA-EEHG were conducted both analytically and numerically with the achievable parameters of the seed lasers and electron beams at existing FEL facilities. By adopting the proposed CPA-EEHG scheme, coherent high-power ultrafast EUV FEL pulses can be generated directly from the commercial seed lasers. A compressor adopting the OPM geometry was designed at a central wavelength of   13.5   nm. Some practical issues were discussed, including the spatial chirp induced by the compressor and the tunability of the scheme. The generation of two-color FEL pulses based on the CPA-EEHG was also investigated. The simulation results demonstrated the possibility of generating femtosecond two-color pulses with a finely controllable relative time delay. The proposed method for generating ultrafast coherent FEL pulses with high peak power is expected to extend the ultrafast nonlinear spectroscopy technique to the extreme ultraviolet and soft X-ray regime.
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Appendix A. The Influence of Collective Effects


The collective effects can potentially result in a deterioration of the FEL performance in EEHG. In this Appendix, we conducted an investigation into the impact of coherent synchrotron radiation (CSR) through simulations, as well as the effect of incoherent synchrotron radiation (ISR) and intra-beam scattering (IBS) via theoretical calculation:



	•

	
Coherent synchrotron radiation (CSR):







The strong chicane in the first dispersion section makes the system vulnerable to the CSR effect. It imprints a long-wavelength energy modulation on the electron bunch. Such an energy modulation will interfere with the bunching process, which eventually leads to a decrease of the bunching factor [45]. In order to evaluate this influence on the proposed scheme, the simulation was performed with OCELOT.



Each dipole has a length of   0.3   m. The drift lengths between the first and second dipoles in two chicanes are 4 m and   1.5   m, respectively. This leads to relatively small bend angles in the dipoles, which are about 0.0162 rad for the first chicane and 0.0059 rad for the second chicane. The influence of the CSR on the bunching factor can be found in Figure A1. The electron beam is slightly lengthened after modulation, and the bunching factor remains largely unaffected. This indicates a relatively minor influence of the CSR on the electron beam. However, it should be emphasized that the extent of the CSR’s impact is subject to variation based on the specific configurations of the chicanes.



	•

	
Incoherent synchrotron radiation (ISR):







Despite the CSR, the ISR effect induced by the strong chicane will also smear the fine structure of the longitudinal phase space. The ISR quantum-diffusion-induced energy spread growth can be written as [46]


    (  σ  Δ E   )   I S R   =     7 ℏ   15 m c   L  r c   γ 4   k  ω  3   K  μ  2  F  (  K μ  )    − 1 / 2   ,  



(A1)




where   r c   is the classical radius of the electron and   k ω   and   K μ   denote the undulator wavenumber and the strength of the undulator, respectively.   F  (  K μ  )  = 1.2  K μ  + 1 /  ( 1 + 1.33  K μ  + 0.4  K  μ  2  )   . According to the parameters specified in Table 1, the ISR-induced quantum diffusion effect was calculated to be about   13.2   eV, which is much smaller than the spacing of adjacent energy bands (~  140   keV) and, therefore, negligible.



	•

	
Intra-beam scattering (IBS):







The IBS describes multiple Coulomb scatterings in the electron beam, which leads to an increasing electron beam size and energy spread [47]. The IBS-induced energy spread growth can be expressed as [48]


    (  σ  Δ E   )   I B S   ≃   2  π  3 / 2   ln Λ  r c   I  I A    1  4 π  σ  x  3      β x  γ  s   1 / 2    E 0  ,  



(A2)




where I denotes the beam current,    I A  ≈ 17   kA is the Alfven current,   σ x   and   β x   denote transverse beam size and transverse  β -function, s is the distance along the beamline, and    E 0  ≈ 511   keV is the static electron energy.   ln Λ   denotes the Coulomb logarithm, which is calculated as


  ln Λ = ln    2  6    ϵ  N  3    r c   σ  x  2       I  I A     − 1 / 2    γ  1 / 2    − ln    2  ϵ N    η  σ x     ,  



(A3)




where   ϵ N   denotes the electron beam normalized emittance.



The decreasing bunching factor can be estimated by    b h  =  b  h   ( 0 )    e  − l / L     [49], where   L = 2  σ  E  2  / D  m 2   B  2  2   . By utilizing the parameters listed in Table 1, the IBS-induced energy spread growth is about   8.6   keV, and the bunching factor decreases from   8.3 %   to   8.1 %  .
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Figure 1. (a) Schematic layout of the CPA-EEHG. G and M represent the gratings and mirrors in the compressor, respectively. (b) The reflection grating of the compressor in the OPM geometry. 
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Figure 2. The Wigner distribution of seed lasers. The projections show the power profiles and spectra of the seed lasers. 
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Figure 3. The distribution of the electron beam energy (green) and current (red). 
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Figure 4. The simulation results along the radiator (left) and electron bunch (right) of CPA-EEHG. 
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Figure 5. The Wigner distribution of the FEL pulse before the compressor. 
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Figure 6. The diffraction efficiency of the gratings at different altitude angles (top) and the reflectance of the mirrors at different incidence angles (bottom) at   13.5   nm. 
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Figure 7. The Wigner distribution of the FEL pulse after the compressor. 






Figure 7. The Wigner distribution of the FEL pulse after the compressor.



[image: Applsci 13 10292 g007]







[image: Applsci 13 10292 g008] 





Figure 8. The variation of the GDD, spatial chirp introduced by the compressor (top), as well as the peak power and pulse duration of the compressed pulses (bottom) when tuning the azimuth angle within ±3   ∘  . 
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Figure 9. The Wigner distributions of the FEL pulses before (left) and after (right) the compressor. 
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Figure 10. The relative time delay (green), the peak power (blue), and the pulse duration (orange) of the compressed pulses when the azimuth angles are tuned within ±3   ∘  . 
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Figure A1. The influence of the CSR on the bunching factor. 
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Table 1. Simulation parameters.
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Section

	
Parameter

	
Value

	
Unit






	
Electron beam

	
Beam energy

	
2.5

	
GeV




	
Emittance

	
0.4/0.4

	
mm   ·   mrad




	
Peak current

	
800

	
A




	
Bunch length

	
600

	
fs




	
Seed laser

	
Wavelength

	
270

	
nm




	
Pulse length

	
300

	
fs




	
Peak Power

	
∼25/∼100

	
MW




	
Modulator

	
Period length

	
0.09

	
m




	
Total length

	
∼2

	
m




	
Dispersion

	
Dipole Length

	
0.3

	
m




	
Total length

	
10/5

	
m




	
Radiator

	
Period length

	
0.043

	
m




	
Undulator length

	
4

	
m




	
Resonant wavelength

	
13.5

	
nm











 





Table 2. The designed grating parameters.






Table 2. The designed grating parameters.










	Parameter
	Value
	Unit





	Central wavelength
	13.5
	nm



	Bandwidth
	0.81%
	



	Groove density
	3600
	gr/mm



	Blaze angle
	28   ∘  
	



	Altitude angle
	3   ∘  
	



	G1–G2 distance
	2.2
	m



	Coating
	Gold
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