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Abstract: We investigate four-wave mixing in hydrogen gas using a gas cell and a hollow 

fiber for the generation of high-energy, multicolor femtosecond (fs) optical pulses. Both a 

hydrogen-filled gas cell and hollow fiber lead to the generation of multicolor fs pulses in  

a broad spectral range from the deep ultraviolet to the near infrared. However, there is a 

difference in the energy distribution of the multicolor emission between the gas cell and the 

hollow fiber. The hydrogen-filled gas cell generates visible pulses with higher energies 

than the pulses created by the hollow fiber. We have generated visible pulses with energies 

of several tens of microjoules. The hydrogen-filled hollow fiber, on the other hand, 

generates ultraviolet pulses with energies of a few microjoules, which are higher than the 

energies of the ultraviolet pulses generated in the gas cell. In both schemes, the spectral 

width of each emission line supports a transform-limited pulse duration shorter than 15 fs. 

Four-wave mixing in hydrogen gas therefore can be used for the development of a light 

source that emits sub-20 fs multicolor pulses in a wavelength region from the deep 

ultraviolet to the near infrared with microjoule pulse energies. 

Keywords: multicolor laser; ultrashort optical pulses; four-wave mixing; high-order 

sideband generation 
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1. Introduction 

Four-wave mixing (FWM) has been investigated and used in the past few decades to generate 

multicolor laser emission in various wavelength regions. In 1981, more than 40 laser emission lines 

spanning from the deep ultraviolet (DUV) to the near infrared (NIR) were generated by focusing a 

two-color nanosecond pulse into hydrogen gas [1]. The generation of multicolor laser emission via 

FWM has hitherto been extensively studied in deuterium and hydrogen gases [2–5] and extremely 

short optical pulses with durations shorter than 2 fs have been generated [3,5] by Fourier synthesis of 

the emission lines [6,7]. 

The generation of multicolor laser emission via FWM has also been investigated in the  

femtosecond (fs) regime [8–21]. Resonant and non-resonant FWM has been investigated in bulk  

media [11,13,15–17], leading to multicolor laser emission with a pulse energy of about 1 microjoule [17]. 

By employing the pre-compression technique, multicolor emission with short pulse durations  

less than 20 fs has been demonstrated [16]. Such short multicolor pulses can be used in ultrafast 

spectroscopy [22–24], as well as in nonlinear optical microscopy [25]. The efficiency of the multicolor 

generation can be improved by more than one order of magnitude using gaseous media rather than 

bulk media. In addition, the spectral range from the DUV to the NIR has been covered by employing 

Raman active gases as the nonlinear media for FWM [9,10,12,14,20,21]. When pumping with short fs 

pulses with high intensities, self-phase modulation (SPM) and cross-phase modulation (XPM) are 

simultaneously induced, which results in a broad spectral width for each multicolor emission. The 

broad spectral width is advantageous for generating a short optical pulse after adequate dispersion 

compensation. The maximum spectral width of each multicolor emission is limited by the frequency 

separation between the center frequencies of the adjacent multicolor emission, which is determined by 

the Raman shift of the medium used. When using the vibrational transition of molecular hydrogen with 

a large Raman shift frequency of 4155 cm−1 [26], it is possible to generate multicolor fs pulses with 

spectral widths supporting transform-limited pulse durations of about 10 fs. Multicolor generation via 

the vibrational transition has been investigated both in a hydrogen-filled hollow fiber using two-color 

fs pump pulses at 800 and 600 nm [12] and in a hydrogen-filled gas cell using shorter two-color NIR 

pump pulses emitting at 800 and 1200 nm [20]. These investigations have reported multicolor laser 

emission covering from the DUV to NIR. The use of a hollow fiber [12] and gas cell [20], however, 

has been investigated under independent experimental conditions. Therefore, a quantitative discussion 

of the efficiency of multicolor generation and the characteristics of the pulses has been hindered. 

Information related to the pulse energy of each multicolor emission has not been reported to date;  

these data are important for evaluating the multicolor laser pulses. 

We investigate here two approaches of FWM in a hydrogen-filled gas cell and a hydrogen-filled 

hollow fiber. We compare the results to analyze laser sources of multicolor fs pulses. By maintaining 

the experimental parameters at a constant—except for the gas pressure, which has been optimized in 

each experiment—the two schemes can be directly compared with one other. We find that the  

gas-filled hollow fiber with a longer propagation distance than that of the gas cell does not always lead 

to higher efficiencies in the multicolor generation. The gas cell gives rise to visible multicolor pulses 

with higher pulse energies than those generated in the hollow fiber. On the other hand, the latter 

produces higher-energy multicolor pulses in the ultraviolet range.  
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2. Experimental Section  

Figure 1 shows the experimental setup. A part of the NIR pulse emerging from a Ti:sapphire 

regenerative amplifier (800 nm, 35 fs, 4 mJ, 1 kHz, Legend Elite-USP, Coherent Inc., Santa Clara,  

CA, USA) was used as the pump source for an optical parametric amplifier (OPA, OPerASolo,  

Coherent Inc., Santa Clara, CA, USA). The OPA generated a NIR pulse at 1200 nm, whose frequency 

separation from the Ti:sapphire amplifier (800 nm) was adjusted to the vibrational Raman shift 

frequency of molecular hydrogen (4155 cm−1). The output of the OPA (pump 1; P1) was spatially 

combined with the remaining part of the output beam of the regenerative amplifier at 800 nm (pump 2; 

P2). The beam was focused with an off-axis parabolic mirror (with a focal length of 655 mm) into a 

gas cell filled with hydrogen or a fused-silica hollow fiber (core diameter, 320 μm; length, 600 mm) 

placed inside a gas cell (length, 1 m) filled with hydrogen (hereafter denoted as a hollow fiber 

chamber). The core diameter of the hollow fiber of 320 μm was chosen for keeping the same focusing 

condition as for the gas cell, and the fiber length of 600 mm was the maximum possible length for the 

hollow fiber chamber. The gas cell and the hollow fiber chamber were equipped with 0.5-mm-thick 

windows made of fused silica. The time delay between the two pulses (P1 and P2) was optimized to 

obtain the highest energy in the highest-order anti-Stokes Raman emission generated at a gas pressure 

of 0.4 atm. The spectra of the output beams from the gas cell and hollow fiber chamber were measured 

using a multichannel spectrometer (Maya2000pro, Ocean Optics, Dunedin, FL, USA). The spectral 

response was calibrated using a deuterium-halogen light source over a wavelength range of 220–900 nm. 

Figure 1. The experimental setup. GM, gold mirror; SM, silver mirror; DM, dichroic mirror; 

PM, off-axis parabolic mirror; BS, beam splitter; DMM, dielectric multi-layer mirror; 

VND, variable neutral density filter. 

 

3. Results and Discussion 

3.1. Generation of the Multicolor Emission in the Gas Cell and the Gas-Filled Hollow Fiber  

When we used a hydrogen-filled gas cell, the FWM efficiently occurred in the vicinity of the foci at 

which the input beams have high intensities. The confocal parameter (2πW0
2/λ) is a measure of the 

interaction length, where W0 and λ are the beam waist radius and the wavelength of the laser beam, 
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respectively. From the measured focal beam diameters of P1 and P2—300 μm and 200 μm—the 

confocal parameters of the beams were calculated. The value for P2 was 80 mm, which was shorter 

than that of P1 (120 mm). The interaction length for the gas cell was, therefore, estimated to be 

approximately 80 mm, which was shorter than that of the hydrogen-filled hollow fiber.  

The energies of the input and output pulses measured in front of the evacuated gas cell and hollow 

fiber chamber are listed in Table 1. From these values, the transmittance of the gas cell was calculated 

to be 90% for both P1 and P2. This value is in good agreement with the value calculated from Fresnel 

losses on the surfaces of the fused-silica windows of the gas cell. On the other hand, the throughput for 

the hollow fiber chamber was calculated to be 50% and 67% for P1 and P2, respectively. The smaller 

throughput for the hollow fiber may be due to coupling losses at the entrance of the hollow fiber and 

the linear propagation losses inside the fiber. For propagation of the EH11 mode inside the hollow 

fiber, the linear propagation loss through the hollow fiber is calculated to be 9% at 1200 nm and 4% at 

800 nm [27]. By assuming a coupling into the EH11 mode and propagation of the mode inside the 

hollow fiber, the efficiency of coupling at the entrance of the hollow fiber is calculated to be 61% and 

78% for P1 and P2, respectively. The smaller coupling efficiency for P1 than P2 arises from the too 

large beam diameter of P1 (300 μm) to be perfectly coupled into the hollow fiber.  

Table 1. Input and output energies of P1 and P2. 

 
Gas Cell Hollow Fiber 

Input Output Input Output 

P1, 1200 nm 262 μJ 236 μJ 278 μJ 140 μJ  
P2, 800 nm 245 μJ 220 μJ 252 μJ 168 μJ 

The pulse durations of the input pulses were measured based on cross-correlation  

frequency-resolved optical gating, which allows for the characterization of the two unknown pulses 

simultaneously [28]. The pulse durations obtained were 50–60 fs.  

The spectra of the output beams measured at different pressures for both the gas cell and the hollow 

fiber chamber are shown in Figure 2. The efficiency in the generation of the anti-Stokes emission 

increased with increasing gas pressure for both cases. The spectral width of the emission increased 

because of SPM and XPM induced by the intense input pump pulses [9,10,12,14]. In the case of the 

gas cell, the anti-Stokes emission lines were well separated from each other in the spectrum at 

pressures ranging up to 2 atm, while the spectrum became continuous above 1 atm in the case of the 

hollow fiber. The difference could be explained by the longer interaction length in the hollow fiber 

than in the gas cell. The spectrum of the output beam from the hollow fiber became a continuum at  

2 atm, as shown in Figure 3. Even at a pressure of 0.8 atm, the influence of the phase modulation was 

appreciable in the case of the hollow fiber. An image of the output beam from the hollow fiber is 

shown in Figure 4, which was taken after passing the beam through a fused-silica prism and projecting 

the separated beam on a white screen. The spots are not separated from each other because of the broad 

bandwidth of the emission induced by the phase modulations. The spectral width of the anti-Stokes 

emission generated in the hollow fiber supported a sub-10 fs pulse duration, even at a pressure of  

1 atm; no spectral overlap between adjacent anti-Stokes emission features was observed. Similar 

results were reported by Sali et al., in which these authors used longer pump pulses emitting at shorter 
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wavelengths than in this work [12]. The hollow fiber thus may be able to generate sub-10 fs multicolor 

laser pulses covering a wavelength region from the DUV to NIR by relying on proper dispersion 

compensation for each emission feature. 

Figure 2. The spectra of output beams at different hydrogen pressures. (a) Gas cell;  

(b) Hollow fiber. 

 

Figure 3. Spectra of output beams from the hollow fiber (black solid line) and the gas cell 

(red solid line) at a pressure of 2 atm. The spectra for P1 are not shown in the figure. 

 

Figure 4. Photograph of the multicolor emission. 
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Although the efficiency of the XPM is smaller and the spectral width of anti-Stokes emission is 

narrower for the gas cell, the spectral widths of the multicolor emission achieved for the gas cell at a 

pressure of 2 atm support transform-limited pulse durations shorter than 15 fs. The spectral widths of 

the emission were 1200 cm−1 (AS1), 1300 cm−1 (AS2), 1200 cm−1 (AS3), and 1000 cm−1 (AS4). 

Similar to the case of the hollow fiber, the generation of sub-20 fs multicolor pulses may be possible 

after appropriate dispersion compensation. 

3.2. Energies of the Multicolor Emission 

For estimation of the energy of the anti-Stokes emission, the gas cell was first evacuated. Only P2 

was focused into the gas cell and the pulse energy of P2 emerging from the cell was measured using a 

power meter. The spectrum of the output P2 was measured using a sensitivity-calibrated spectrometer, 

the position of which was kept unchanged during the subsequent experimental procedure. The 

measured pulse energy was divided by the integral of the spectral intensity of P2. The resulting value 

is hereafter referred to as the calibration factor. The gas cell was then filled with hydrogen gas and 

both P1 and P2 were focused into the gas cell. The spectrum of the output beam from the cell was 

measured using the spectrometer at different gas pressures. The integral of the spectral intensity for 

each anti-Stokes emission was multiplied by the calibration factor to estimate the pulse energy of the 

emission. The same procedure was repeated for the hydrogen-filled hollow fiber. Because of the nearly 

continuous structure of the spectrum observed at pressures higher than 1 atm, the pulse energy could 

not be estimated for the hydrogen-filled hollow fiber at high pressures.  

The results of the energy estimation are shown in Figure 5. In both the experiments using the gas 

cell and the hollow fiber, the energy of P2 was notably depleted by the generation of the anti-Stokes 

emission. The energies of the low-order anti-Stokes emission, i.e., AS1 and AS2, generated in the gas 

cell were 1.8 times higher than those generated in the hollow fiber. This result indicates that the gas 

cell is superior to the gas-filled hollow fiber in generating high-energy visible pulses. The conversion 

efficiency from P2 into the anti-Stokes emission was similar in these two cases (see the observed 

conversion efficiencies shown in Figure 5). This fact suggests that if there are no propagation and 

coupling losses for the hollow fiber, the anti-Stokes emission of AS1 and AS2 would have energies 

close to those for the gas cell. The energies of the higher-order anti-Stokes emission, on the other hand, 

were larger for the hollow fiber than those for the gas cell. The conversion efficiencies from P2 to the 

anti-Stokes emission of AS5 and AS6 were three times and four times larger than those generated in 

the gas cell, respectively, as shown in Figure 5c,f. 

The energies of P1 and P2 for the gas cell were reduced until the output energies were the same as 

those in the hollow fiber experiment (140 μJ for P1 and 160 μJ for P2). For the energy reduction, the 

neutral density filters placed in the input beam paths were employed (see Figure 1). The filters with 

thicknesses of 2 mm would not have stretched the pump pulses appreciably; each filter stretches a  

35-fs pulse at 800 nm by only 0.5 fs. The resultant spectrum of the output beam from the gas cell 

pressurized at 2 atm is shown in Figure 6, together with the spectrum measured using the hollow fiber 

without a reduction in the pump energy. No notable difference was observed in the energies of the 

first- and second-order anti-Stokes emission under these conditions, although the spectral intensities of 

the emission were higher for the gas cell. This result suggests that the pulse energy of the visible 
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emission from the hollow fiber does not exceed that from the gas cell, even under the ideal condition 

that there are no propagation and coupling losses for the hollow fiber.  

Figure 5. The pressure dependence of the energy for the output beams. (a–c) The gas cell 

and (d–f) the hollow fiber. The maximum energy obtained for each anti-Stokes emission is 

indicated together with the conversion efficiency from P2 to the anti-Stokes emission. For 

P2, the ratio of the output energy measured at a specified pressure and the output energy 

measured at 0 atm is listed in each panel.  

 

Figure 6. Spectra of the output beam from the gas cell (red solid line) and the hollow fiber 

(black solid line) measured at a pressure of 2 atm. The energies of the input pump pulses 

for the gas cell are lower than those for the hollow fiber.  
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3.3. Four-Wave Mixing 

The efficiency in FWM is determined by parameters such as the intensities of the pump pulses, 

phase mismatch, and the interaction length. Under the assumption that no depletion occurs for pump 

pulses, the intensity of the first-order anti-Stokes emission, IAS1, can be described as [29,30]: = ω 2 |ε | |ε | sin (−∆β2 ) (1) 

where , c, n, n2, z, and ωAS1, are the vacuum permittivity, the velocity of light in vacuum, the linear 

and nonlinear refractive indices of the gas, the interaction length, and the angular frequency of AS1, 

respectively. The intensities of P1 (IP1) and P2 (IP2) are proportional to the square of the corresponding 

electric field amplitudes, εP1 and εP2, respectively. The phase mismatch ∆β in the equation is expressed 

as βP1 + βAS1 − 2βP2, where βP1, βAS1, and βP2 stand for the propagation constants for P1, AS1, and P2. 

The phase mismatch in the hollow fiber can be calculated by taking into account the contributions of 

the gas and the waveguide [27,29,30].  

In the generation of multicolor beams through cascaded FWM, the anti-Stokes emission is 

generated in the first step and higher-order anti-Stokes emission is then generated during the 

propagation in the gas. The energy of the first anti-Stokes emission is higher than that of the high-order 

anti-Stokes emission and it is a good measure of the efficiency of the multicolor generation.  

Figure 7. Spectra of the output beam from the hollow fiber at 0.4 atm (black solid line) and 

0.5 atm (blue solid line) and the gas cell (red solid line) at 2 atm. The spectrum is 

normalized by the intensity of the highest peak. 
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lengths in the hollow fiber and the gas cell (600 mm/80 mm), the gas pressure in the hollow fiber, 

which provides the same value of IAS1/IP2 as for the gas cell, is calculated to be 0.4 atm. In Figure 7,  

we show the spectra of the output beams from the hollow fiber at 0.4 and 0.5 atm and the gas cell at  

2 atm for comparison. Excellent agreement is observed between the spectra for the hollow fiber at  

0.4–0.5 atm and for the gas cell at 2 atm, although no pump depletion is assumed to occur in the model 

used in Equation (1).  

3.4. Phase Mismatch in the Generation of High-Order Anti-Stokes Emission 

In Table 2, the values of ∆βz/2 in the generation of anti-Stokes emission are shown for the pathways 

with the energy conservations of −ωP1 + ωP2 + ωASN-1 − ωASN = 0, where ωP1, ωP2, ωASN−1, and ωASN are 

the angular frequencies of P1, P2, (N – 1)th-order anti-Stokes, and Nth-order anti-Stokes emission. In 

the calculation, the propagation length is assumed to be 600 mm for the hollow fiber and 80 mm for 

the gas cell and the gas pressures are assumed to be 1 atm and 2 atm, respectively. The value of ∆βz/2 

for AS1 is lower than π in the both cases of the gas cell and hollow fiber. As shown in Figure 5, the 

conversion efficiency from P2 to AS1 saturated at pressures higher than 1 atm and 0.5 atm for the gas 

cell and the hollow fiber, respectively. The saturated conversion efficiency from P2 to AS1 was similar 

in both cases (23% for the gas cell and 18% for the hollow fiber). From these facts, the saturation 

would be related to the consumption of the energy for the generation of high-order anti-Stokes 

emission rather than the phase mismatch. In other words, the waveguide dispersion of the hollow fiber 

does not have notable influence to the conversion efficiency from P2 to AS1. Change in the parameters 

of the hollow fiber, such as use of a longer hollow fiber and a hollow fiber with a smaller core 

diameter, therefore, would not lead to a higher conversion efficiency to AS1. It just shifts the 

saturation pressure to a lower pressure. The energy of the visible multi-color emission (AS1) emitted 

from a gas cell is therefore expected to be always higher than that from a hollow fiber.  

Table 2. Calculated value of ∆βz/2 for anti-Stokes emission. 

 
∆βz/2 (rad) 

AS1 AS2 AS3 AS4 AS5 AS6 

Hollow fiber, 1 atm 1.39 4.36 8.61 14.14 21.15 29.89 
Gas cell, 2 atm 0.66 1.57 2.75 4.26 6.15 8.49 

The values of the ∆βz/2 are non-negligible for all the anti-Stokes emission and exceed π, except 

AS1 for the hollow fiber and except AS1, AS2, and AS3 for the gas cell. This fact does not explain the 

increase in the energy of the high-order anti-Stokes emission with increasing gas pressure, which was 

observed in the experiment (Figure 5c). For high-order anti-Stokes emission, other pathways therefore 

need to be considered.  

There are several possible pathways useful for the generation of the high-order anti-Stokes 

emission. For instance, four paths—−ωP1 + ωP2 + ωAS3 − ωAS4 = 0, −ωP2 + ωAS1 + ωAS3 − ωAS4 = 0,  

−ωAS1 + ωAS2 + ωAS3 − ωAS4 = 0, and −ωAS2 + ωAS3 + ωAS3 − ωAS4 = 0—would contribute to the 

generation of the fourth-order anti-Stokes emission, AS4. Among them, the phase mismatch, ∆β, is the 

highest for the first pathway and lowest for the fourth pathway. ∆βz/2 is calculated to be 1.5 rad for  

the fourth path in the case of the gas cell with a pressure of 2 atm. This value is lower than π/2 and the 
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path would contribute to the increase in the anti-Stokes signal intensity at high pressures. Since the 

degree of phase mismatch is proportional to the gas pressure, the path most effective for the generation 

of the Raman emission would change depending on the gas pressure, even under the same 

experimental conditions for the propagation length and the input pulse intensities. This effect may be 

of importance, particularly in the DUV, at which numerous possible pathways are plausible for the 

generation of Raman emission. For the gas-filled hollow fiber, it should be necessary to take into 

account the contributions from high-order propagation modes. For several combinations of high-order 

propagation modes, the gas pressure at which phase matching is satisfied becomes higher than the 

phase-matching gas pressure for the lowest-order propagation modes [29–32]. 

3.5. Spectral Blueshift in the Ultraviolet Sidebands  

A spectral blueshift was observed for the anti-Stokes emission in the ultraviolet region when a 

hollow fiber was filled at pressures higher than 0.4 atm. As can be seen in Figure 5b, the wavelengths 

of the emission are continuously blueshifted with increasing gas pressure. This blueshift was not 

observed for the gas cell at pressures up to 2 atm. The blueshift can be explained in terms of the pulse 

chirp of each emission. In Figure 8, we calculate the group delay of each emission with respect to P2 

for (a) the gas cell and (b) the hollow fiber under the propagation mode of EH11 after the propagation 

length of z = 80 and 600 mm, respectively. The results suggest that the group delay of the high-order 

anti-Stokes emission in the hollow fiber (AS4–6) significantly increases with an increase in gas 

pressure. The anti-Stokes emission delayed with respect to the pump pulses would temporally overlap 

at the trailing edges of the pump pulses and the phase could be modulated via XPM induced by the 

pump pulses, resulting in a spectral blueshift. On the other hand, the group delay is small in the gas 

cell for all orders of the anti-Stokes emission. Thus, the group delay could have a negligible effect on 

the frequency of the anti-Stokes emission in the case of the gas cell, as shown in the experimental 

results of Figure 2a.  

Figure 8. Group delay calculated for each emission against that of P2 for the gas cell (a) 

and the hollow fiber (b) at different gas pressures. 

 

The group delays of AS4, AS5, and AS6 exceed the pulse durations of the pump pulses of 50 fs at 

pressures higher than 1.2 atm in the case of the hollow fiber (Figure 8b). These delays make the 

interaction between pump pulses and the high-order anti-Stokes pulses difficult for the generation of 
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higher-order anti-Stokes emission via FWM. For this reason, combinations of frequency components 

with small phase mismatches for FWM should be effective for the generation of high-order anti-Stokes 

emission at high pressures for the hollow fiber (Figure 5f). 

4. Conclusions 

We have compared two approaches using a gas cell and a hollow fiber to generate high-energy 

multicolor fs pulses. The gas cell provides multicolor emission in the visible range with higher 

energies than those obtained using the hollow fiber. The pulse energies were several tens of 

microjoules, which were one order of magnitude larger than those obtained based on FWM in bulk 

media. Because of the simultaneous generation of SPM and XPM, the spectral bandwidth of the  

anti-Stokes emission increased with increasing gas pressure. The resultant bandwidth using the gas cell 

supports transform-limited pulse durations shorter than 15 fs. A broader bandwidth was obtained for 

multicolor emission generated in the gas-filled hollow fiber. In this case, multicolor laser pulses 

obtained in the DUV region had higher energies than pulses obtained using the gas cell, where the 

energy range was a few microjoules. The high-energy visible pulses generated in the gas cell are 

suitable for spectroscopic studies in the gas phase, such as multiphoton ionization of aromatic 

compounds and condensed-phase compounds. The ultraviolet pulses generated by the gas-filled hollow 

fiber, on the other hand, may be applied to spectroscopy of liquid and solid phases, such as the ultrafast 

transient absorption spectroscopy in biologically significant molecules [33].  
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