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Introduction 

High-energy ultrashort pulses in the short-wave infrared (SWIR, 1.3–3 µm) spectral region 

have emerged as a major area of interest in both industrial and scientific fields. In semiconductor 

manufacturing, pulses with durations of a few picoseconds are used for the internal modification of 

silicon, which is transparent at SWIR wavelengths but exhibits strong nonlinear absorption at high 

intensity levels [1]. Additionally, the ability to generate femtosecond pulse durations in this 

wavelength range enables the study of high-field physics, including efficient high-harmonic [2] and 

terahertz generation [3]. 

Currently, there exist a number of established technologies for this spectral range. These 

include thulium (Tm3+) and holmium (Ho3+) doped fiber and solid-state lasers which provide direct 

emission around 2 µm, as well as optical parametric chirped pulse amplifier (OPCPA) systems which 

offer wide spectral tunability [4]. However, many of these systems suffer from significant technical 

trade-offs. For example, fiber lasers are generally restricted in terms of their ability to produce high 

peak powers due to parasitic nonlinearities and lower optical damage threshold. In contrast, high 

energy OPCPA systems require multiple stages and strict phase-matching conditions. Furthermore, 

obtaining temporal compression with respect to the original pump pulse is a major technological 

hurdle, requiring a large number of expensive and bulky external dispersive compressors [5], [6] that 

reduce the efficiency of the entire system and increase its physical size. 

Stimulated Raman scattering (SRS) in pressurized molecular gases like hydrogen (H2) can 

provide a scalable alternative for high-energy wavelength conversion. The gaseous medium provides 

high optical damage threshold and low group velocity dispersion (GVD) [7] compared to solid-state 

nonlinear crystals. As a result, it is possible to maintain relatively short pulse durations over long 

interaction lengths. Although SRS is well-established in terms of wavelength conversion when using 

steady-state regime, there exists a significant research gap in the high-power transient regime of SRS. 

Here the laser pulse duration is significantly shorter than the vibrational dephasing time (T2) of the 

molecules [8]. Operating in the transient SRS regime introduces higher excitation threshold [9], lower 

conversion efficiency [10] and competition between different nonlinear processes [11]. To date, 

hydrogen-filled hollow-core photonic crystal fiber (HC-PCF) has been the primary tool for managing 

these effects, achieving quantum efficiencies near 50% [12]. However, HC-PCFs remain impractical 

for high-energy industrial applications due to their physical lengths (often exceeding 5 m) [13], 

fragility, and low energy ceilings, resulting in Stokes pulse energy of less than 20 µJ [12]. As a result, 

a transition toward bulk pressurized gas cell configurations appears necessary to achieve the 

scalability and energy-handling requirements for high-energy SWIR sources. 
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To overcome the inherent inefficiencies associated with the transient regime, the technique of 

stimulated Raman amplification (SRA) initiated by an external seed can be employed. Based on our 

prior successful implementation of SC seed in rotational SRA [14], we are now examining it for 

vibrational SRA. Additionally, another hypothesis explored in this study is that the vibrational 

coherence of hydrogen gas can be used as a dynamic gain medium. We therefore examined the 

relationship between high-gain Raman amplification and self-phase modulation (SPM) as it relates 

to achieving pulse compression directly within the conversion medium. 

This work investigates transient stimulated vibrational Raman scattering in high-pressure 

hydrogen gas cell using supercontinuum seed. The aim of this thesis is to experimentally investigate 

this process with 1030 nm, 1.3 ps pump pulses to identify the conditions necessary to generate 

1.8 µm, sub-picosecond pulses without additional pulse compression. 

The following tasks were set during the study: 

1. To investigate stimulated Raman scattering in the transient regime and identify the 

processes limiting the SRS conversion efficiency. 

2. To employ supercontinuum seed for stimulated Raman amplification in order to enhance 

conversion efficiency. 

3. To evaluate the vibrational Stokes pulse duration and spatial beam profile, and to determine 

the optimal conditions for generating a pulse with a smooth temporal envelope. 

4. To evaluate the influence of hydrogen gas pressure on the Stokes pulse generation threshold 

and conversion efficiency. 

5. To evaluate the potential for "self-compression" – where nonlinear effects and Raman gain 

dynamics produce Stokes pulses significantly shorter than the original pump. 
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1. Literature Overview 

1.1. Applications of short-wave infrared ultrashort pulses 

In recent years, there has been a growing demand for high-energy ultrashort pulses in the 

short-wave infrared (SWIR) spectral range. This wavelength range is of particular interest across both 

industrial and scientific fields. Radiation above 1.4 µm is frequently termed as “eye-safe” as it has 

strong absorption in the cornea and vitreous body, therefore, does not reach the sensitive retina. This 

physical property results in an increase in the maximum permissible exposure for the human eye by 

several orders of magnitude compared to 1 µm laser radiation. As such, SWIR sources are highly 

suitable for free-space optical communications and long-range LIDAR in open air environments [15].  

A transformative application for SWIR lasers is the nonlinear processing of narrow-bandgap 

semiconductor materials, most notably silicon (Si) and germanium (Ge) [16], [17]. While silicon is 

opaque to standard 800 nm or 1030 nm radiation due to linear absorption, it becomes transparent in 

the SWIR range (beyond 1.1 µm). This transparency, combined with high peak intensities from 

ultrashort pulses, enables in-volume modification through multi-photon absorption [1]. This is critical 

for 3D optical data storage, and the fabrication of internal photonic structures or waveguides within 

silicon-on-insulator (SOI) platforms [18]. The optimal duration is considered to be 1 ps – 10 ps [19]; 

in this range, the peak intensity is high enough to trigger two-photon absorption (TPA), but not so 

high that it triggers Kerr effect before the light reaches the focal point. For a 100 fs pulse, self-

focusing in silicon is triggered at energies as low as ~1 nJ. However, because the energy required for 

permanent structural modification in silicon exceeds these few-nanojoule levels, the optical Kerr 

effect and pre-focal plasma formation inevitably deplete the pulse energy prior to delivery at the target 

focus [1]. In contrast with conventional CPA systems generating Gaussian pulses, the typical 

asymmetry and steep front on Stokes pulses [20] generated by transient SRA processes in hydrogen 

could provide an advantage in the in-volume modification of silicon. The delivery of the maximum 

intensity at a time when no significant defocusing plasma has formed may prevent "plasma shielding" 

and spatial filamentation which would allow for higher precision 3D structuring throughout the 

volume of silicon. 

From a fundamental science perspective, high-energy femtosecond SWIR pulses serve as 

driving sources for high-harmonic generation (HHG). According to the 2 scaling law of the 

ponderomotive energy (𝑈𝑝 ∝ 𝐼𝜆2), it is possible to generate higher photon energies by going from a 

1 µm to a 2 µm laser source. This extends the harmonic cut-off into the "water window" (280-530 eV) 

enabling soft X-ray imaging of biological samples in their native state [2]. Additionally, these pulses 

can be employed as driving sources for high-field terahertz (THz) generation in organic crystals, 

where the SWIR pump avoids the multi-photon absorption limits found with NIR pumps [3]. 
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1.2. Ultrashort SWIR laser sources 

The pursuit of high-energy, ultrafast SWIR sources has led to the development of several 

distinct laser architectures, yet each one has its own set of limitations that restrict further scaling. 

Rare-earth-doped fiber lasers (Fig. 1), primarily those utilizing Thulium (Tm3+) and Holmium (Ho3+) 

ions, have emerged as the leaders in average power scaling. Recent milestones in spectral beam 

combining have pushed these systems toward the 2 kW average power regime [21]. However, for 

applications requiring femtosecond pulses, the energy available from fiber lasers is limited µJ-level 

due to the high peak intensity confined within the small core area of the fiber. This leads to the early 

onset of the undesirable nonlinear effects including transverse mode instability and stimulated 

Brillouin scattering (SBS), that degrade the beam profile and limit the extractable energy. 

Furthermore, managing thermal loads at fiber splice points and implementing complex chirped-pulse 

amplification (CPA) schemes to prevent fiber damage remain significant barriers to achieving 

millijoule-level femtosecond pulse energies using compact laser designs [22] (Fig. 2a, b). 

 

Fig. 1. SWIR wavelength range and possible fiber-based laser mediums [23]. 

Alternatively, bulk solid-state and thin-disk lasers based on Holmium-doped crystals such as 

Ho:YAG or Ho:YLF can provide the high pulse energies required for scientific and industrial 

processing [24], [25]. Unlike fibers, these systems can handle high peak powers in free-space 

geometry. However, Ho-doped media present unique integration challenges, most notably the 

requirement for non-standard, in-band pumping (typically at 1.908 µm). This necessitates secondary 

laser sources, such as Thulium-fiber lasers which increase system footprint and cost (Fig. 2c). 

Furthermore, these systems are fundamentally limited by the quasi-three-level transition of the Ho 

ion, which involves a thermally populated lower laser level. At room temperature, this results in 

significant reabsorption losses and high lasing thresholds, necessitating complex and costly cryogenic 

cooling systems [26] to achieve high efficiency and mitigate thermal lensing.  

While thin-disk geometry improves heat dissipation by allowing one-dimensional heat flow, 

it introduces a conflict between the high inversion levels required to compensate for the limited disk 

thickness and the resulting increase in non-radiative losses, such as excited-state absorption and up-

conversion [27]. To overcome the low single-pass absorption associated with such thin media, highly 

complex multi-pass pumping schemes are required. These schemes significantly increase the 

mechanical complexity and alignment sensitivity of the laser resonator. Due to these cumulative 
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challenges, 2 µm thin-disk technology remains in an earlier developmental stage compared to its 

established 1 µm counterparts. 

Table 1. Different 2 µm lasers and their parameters. MOPA – master oscillator power amplifier, osc – oscillator, amp – 

amplifier. 

Laser type Gain medium Pulse duration, ps Pulse energy Repetition rate Ref. 

Fiber  Tm/Ho:Fiber 0.4 – 0.6  1 – 50 nJ 10 – 100 MHz [28] 

Fiber (MOPA) Tm:Fiber 0.5 – 2  10 – 500 µJ 0.1 – 1 MHz [29] 

Bulk (osc) Ho:YAG/YLF 0.3 – 2  1 – 5 µJ 10 – 80 MHz [30] 

Bulk (amp) Ho:YAG/YLF 2 – 15  50 – 260 mJ 0.1 – 1 kHz [31] 

Thin-disk (osc) Ho:YAG 0.2 – 1.2  2 – 10 µJ 20 – 20 MHz [32] 

Thin-disk (amp) Ho:YAG Mostly CW Average power 50 W [27] 

 

   

Fig. 2. Examples of high-energy ultrashort 2 µm lasers. Schematic diagram of a) the Tm laser system and b) detailed 25-

pass regenerative amplifier; ouput parameters: 1 mJ, 1 kHz, 265 fs [33]. c) Layout of the Yb-fiber MOPA pumped OPA 

seed source and Ho:YAG CPA system (22-pass regenerative amplifier); output parameters: 3 mJ (before compression), 

5 kHz, 530 fs [30]. 

 

To obtain the shortest pulse duration, the finite gain bandwidth of rare-earth-doped media can 

be overcome using nonlinear post-compression. Although thulium-doped fiber lasers support pulses 

down to ~200 fs [34], and holmium-doped solid-state lasers are generally limited to 500 fs [24], both 

of these pulse durations are still an order of magnitude too long to drive attosecond physics directly 

[35]. Therefore, nonlinear pulse compression methods are employed, e.g., self-phase modulation 

induced spectral broadening in gas-filled multi-pass cells (MPC) [5] or hollow-core fibers [6]. 

Researchers have successfully demonstrated pulse compression down to 10.2 fs (1.5 optical cycles) 

by filling a capillary with a noble gas and pumping it with a high-energy 2 µm source [36]. 

An alternative method for generating the high peak power, few cycle SWIR pulses is optical 

parametric chirped pulse amplification (OPCPA) systems that have been shown to be an advanced 

a) 

b) 
c) 
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state-of-the-art [37]. OPCPA systems transfer energy from a narrowband, high-energy pump to a 

broadband, low energy seed within a nonlinear crystal. It provides pulse durations as short as three 

optical cycles [38], and offers wide wavelength tunability. The seed sources used in most OPCPA 

systems are generated using Ti:sapphire oscillators coupled with difference frequency generation 

(DFG). In contrast, Ytterbium-driven front-ends, while offering better power scalability, present 

greater architectural complexity, typically necessitating supercontinuum generation and secondary 

OPA stages to reach the desired seed wavelengths. Despite its high performance, OPCPA requires 

complex multi-stage amplification and compression configurations that increase system size and 

operational cost. Moreover, the performance of OPCPA systems is strongly dependent upon 

maintaining temporal synchronization between the pump and signal pulses at sub-picosecond levels 

to ensure stable parametric gain [39]. Additionally, average power scaling is also limited due to 

residual absorption and optical damage threshold inherent to the nonlinear crystals. High average 

power operation of these crystals results in thermal lensing effects that distort the wavefront and limit 

long-term system stability. The cumulative challenges associated with current technologies 

emphasize the necessity of developing simplified and scalable frequency conversion architectures. 

 

1.3. SRS for SWIR spectral range 

An alternative solution for reaching the SWIR spectral region is stimulated Raman scattering 

(SRS) in compressed molecular gas. In comparison to solid-state Raman crystals, whose thermal 

conductivity is constrained to a specific temperature value and that have a rigid laser induced damage 

threshold, gaseous media like pressurized hydrogen (H2), nitrogen (N2), or methane (CH4) can be 

considered as "self-healing", and thus allow for circulation to mitigate thermal effects within high 

average power systems [40]. The vibrational Raman shift in H2 is particularly significant (4155 cm-

1), this represents a great opportunity to make a large spectral leap (from the standard 1030 nm Yb-

doped laser emission to the 1.8 µm range) in a single Raman conversion step, with quantum 

efficiencies theoretically reaching up to 57 %. Furthermore, the interaction strength can be 

dynamically tuned via adjustment of the gas pressure, and therefore, the nonlinear gain can be 

optimized precisely [14]. 

However, as laser technology evolves towards shorter pulse durations, the SRS process enters 

the transient regime where the pump pulse duration (τp) becomes significantly shorter than the 

molecular dephasing time (T2), which for hydrogen at high pressures is typically in the range of 

several hundred picoseconds. Under these conditions, the coherence of the medium cannot follow the 

rapid intensity fluctuations of the pump pulse [8], so the Raman gain will depend on the integrated 

energy of the pump pulse instead of the instantaneous pump intensity. As a result, substantial increase 

in the Raman threshold values is observed, along with a decrease in the maximum achievable 
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conversion efficiency in respect to what can be obtained under steady-state conditions [9]. Moreover, 

besides SRS, other nonlinear effects occur simultaneously during high intensity ultrashort pulse 

excitation. For example, supercontinuum generation, self-focusing and self-phase modulation may 

consume part of the pump energy either completely depleting it, or deviating into undesired anti-

Stokes components [11], [41]. Therefore, it is critical to manage these effects for achieving an 

efficient coherent Stokes generation with good beam quality and smooth pulse envelope. 

In order to overcome some of these issues, researchers have used hydrogen-filled hollow-core 

photonic crystal fibers. These fibers take advantage of very long interaction lengths and high 

intensities (Fig. 3.) and achieve quantum efficiencies close to 50% even in transient SRS regime with 

300 fs pump pulse duration [12]. Nevertheless, HC-PCF systems remain largely limited to laboratory 

demonstrations due to mechanical fragility, high costs, size constraints (lengths are often exceeding 

5 m) [13] and low energies (the Stokes output is typically lower than 20 µJ [12]. 

 
Fig. 3. Simplified schematic diagram of laser radiation and gas interaction in a) conventional Raman gas lasers and b) 

hollow-core photonic crystal fiber Raman gas lasers. [42]. 

 

A more scalable alternative investigated in this work is seeded stimulated Raman 

amplification (SRA). Seeding the Raman process at the Stokes wavelength with an external seed light 

allows the Raman scattering to start from deterministic condition instead from quantum noise. In 

previous studies performed in our laboratory it was demonstrated that by employing a 

supercontinuum as a seed source for Raman scattering, the SRS threshold decreases, energy stability 

is enhanced, and competing nonlinearities are suppressed [14], [43]. Up-to-date, high efficiency 

Raman conversion in the transient regime is realized mainly exploiting H2-filled HC-PCFs. In 

contrast, transient SRA in compressed hydrogen cells has not been as extensively studied. Although, 

cell geometry offers an evident advantage with respect to simple structure and higher compatibility 

with high-energy, picosecond, 1 µm-class pump sources, it is however required that competing 

nonlinear effects are managed with particular care in the transient regime. Therefore, this work 

investigates the realization of SRA in a high-pressure H2 gas cell, aiming for the efficient generation 

of sub-ps radiation at 1.8 µm. 
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2. Theory 

2.1. Stimulated Raman Scattering 

Spontaneous Raman scattering was first experimentally observed in 1928 by C. V. Raman 

and K. S. Krishnan [44]. It is characterized as an inelastic, non-coherent scattering process arising 

from the interactions of monochromatic light with matter. This interaction induces a spectral shift of 

the scattered light, called the Raman shift given by the relation: 

𝜔𝑅 = 𝜔𝑝 − 𝜔𝑠.      (1) 

The Raman shift represents the difference in energy between the incident pump frequency 

(𝜔𝑝) and the scattered frequency (𝜔𝑠). There are two distinct regimes: Stokes and anti-Stokes. Stokes 

scattering corresponds to the case when the scattered photons possess a lower frequency (longer 

wavelength) than the incident light (𝜔𝑝 − 𝜔𝑅); conversely, anti-Stokes scattering corresponds to the 

case when the scattered photons have higher frequency (shorter wavelength) than the incident light 

(𝜔𝑝 + 𝜔𝑅).  

The cause of spontaneous Raman scattering is microscopically rooted in the thermal or 

quantum mechanical induced fluctuations within the illuminated medium. Due to the relatively small 

cross-section of scattering (approximately ~10-6 cm-1 per unit volume in solids) the process is 

inherently inefficient. Only a fraction (roughly 10-6) of the incident pump radiation is converted into 

Stokes radiation over 1 cm of propagation length. However, high-intensity laser sources allow for the 

condition to be met such that the system transitions into the stimulated Raman scattering regime, 

which was first reported by E. J. Woodbury’s group using ruby laser in 1962 [45]. In SRS, the material 

interacts simultaneously with photons of two frequencies, 𝜔𝑝 and 𝜔𝑠. While the initial Stokes photon 

is typically generated via spontaneous Raman scattering, the stimulated process results in the 

emission of additional 𝜔𝑠 photons which are coherent with the incident field. Therefore, the 

conversion efficiencies can reach several tens of percent [46]. 

When the Stokes pulse is being amplified, the gain will initially follow an exponential curve 

as it approaches saturation due to pump pulse depletion. Once a high conversion efficiency has been 

obtained, the primary Stokes wave acts as a secondary pump source 𝜔𝑠 −  𝜔𝑅 =  𝜔𝑝 − 2𝜔𝑅 enabling 

the generation of multiple order Stokes components. For example, after the first-order Stokes wave 

has grown out of quantum noise and is amplified within the pump field until saturation is reached and 

most of the pump has been depleted, this wave acts as the pump for generating a second-order Stokes 

component. Additionally, under certain phase-matching conditions, anti-Stokes radiation may be 

generated in a conical emission pattern. This specific process is governed by the third-order nonlinear 

susceptibility of the medium, creating a nonlinear polarization that oscillates at the frequency equal 
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to 𝜔𝑎 = 𝜔𝑝 +  𝜔𝑝 − 𝜔𝑠 =  𝜔𝑝 + 𝜔𝑅, a mechanism fundamentally equivalent to four-wave mixing 

(FWM) [47]. 

 

2.2. Transient Stimulated Raman Scattering 

The amplification of Stokes radiation within the Stimulated Raman Scattering (SRS) 

framework follows an exponential growth model, defined by the total gain increment GSS and the 

Raman gain coefficient gR. The temporal evolution of this process is intrinsically linked to the 

dephasing time (T2) of the medium's vibrational modes – when using hydrogen with 3 MPa pressure, 

this parameter is around 250 ps [48]. 

The interaction is classified into two temporal domains based on the relationship between the 

pump pulse duration (τp) and the molecular relaxation dynamics. In the steady-state regime (τp > 

GSST2), the gain scales linearly with the incident pump intensity and the interaction length: 

𝐺𝑠𝑠 = 𝑔𝑅𝐼𝑝𝑙.      (2) 

A distinctive feature of this regime is the observed spectral narrowing of the Stokes signal, a direct 

consequence of the preferential amplification at the peak of the Raman gain profile [49]. 

As pulse durations decrease into the picosecond or femtosecond range (τp < GSST2), the system 

enters the transient regime. Here, the gain GT follows a sub-linear (square-root) dependence on the 

steady-state parameters: 

𝐺𝑇 = √4𝐺𝑆𝑆
𝜏𝑝

𝑇2
 ,     (3) 

where 𝑇2 =  1/𝜋𝑐∆𝜔𝑅, ∆𝜔𝑅 – spontaneous Raman scattering spectral width. 

While the transient regime is characterized by a diminished conversion efficiency and a higher 

operational threshold [50], it offers distinct advantages for pulse manipulation. The transient regime 

is often accompanied by complex nonlinear phenomena, including substantial spectral broadening 

via self-phase modulation [51] and competition with parasitic effects such as multiphoton absorption, 

self-focusing and supercontinuum generation [11]. 

 

2.3. Nonlinear effects 

In high-intensity regimes, the optical response of a medium becomes nonlinearly proportional 

to the incident electric field. In centrosymmetric gases like hydrogen, third-order nonlinearities (𝜒(3)) 

dominate, primarily through the optical Kerr effect. This effect induces an intensity-dependent 

refractive index (𝑛 = 𝑛0 + 𝑛2, where n0 and n2 are the linear and nonlinear refractive indices of the 

media), which triggers self-action phenomena such as self-focusing and self-phase modulation 

(SPM). Self-focusing occurs if the pump peak power exceeds a critical power value: 

𝑃𝑐𝑟 =
0.612𝜋𝜆2

8𝑛0𝑛2
,       (4) 



14 

 

causing the medium to act as a converging lens [47]. Simultaneously, SPM causes the creation of new 

frequency components by modulating the phase of the pulse in time, leading to significant spectral 

broadening or even supercontinuum generation.  

In the transient SRS regime, these nonlinear processes compete with Raman scattering for the 

energy of the pump pulse. While SPM expands the available bandwidth, it can simultaneously 

decrease the efficiency of stimulated Raman scattering. In high-intensity systems, managing this 

competition is essential to ensure that the pump pulse energy is efficiently channeled into the Stokes 

pulse rather than being lost to parasitic nonlinear effects. However, finding the balance between SPM 

and SRS could potentially allow to generate Stokes pulse with short duration while still maintaining 

sufficiently high efficiency. 

 

2.4. Stimulated Raman amplification 

The development of stimulated Raman scattering schemes started with nanosecond-scale 

pulses and gaseous media, which were favored for their large frequency shifts and high optical 

damage thresholds. However, when switching to ultrashort pulses, in the picosecond and femtosecond 

regime, the interaction moved from steady-state into the transient regime, which is defined by the 

condition where the pump pulse duration is shorter than the vibrational dephasing time (T2) of the 

Raman-active molecules. In this regime, the process is often accompanied by significant spectral 

broadening and pulse compression. One of the main challenges associated with operating in the 

transient regime is the competition between SRS and the optical Kerr effect, which can degrade 

conversion efficiency and beam quality.  

To mitigate this competition, the concept of chirped pulse Raman amplification was 

developed. It was demonstrated in 1994 [52] that using chirped pump pulses reduces the impact of 

self-focusing and allows for the generation of Stokes pulses as short as 85 fs. Temporally stretching 

the pump pulse also enables the use of waveguides with long interaction lengths, such as hollow-core 

fibers. For instance, in 2020 [53], a deuterium-filled HCF was used to demonstrate efficient 

conversion from 10 ps chirped pump pulses into 920 fs Stokes pulses at 2.68 µm. 

Due to generally low energy conversion efficiency in a single stage of transient SRS, multi-

stage architectures have become common. While gaseous media like hydrogen can achieve high 

conversion efficiency using 1 ps pulses, they are often limited by thermal lensing at high repetition 

rates (e.g., >1 kHz) [54]. Solid-state crystals, such as Ba(NO3)2 or KGW, offer superior thermal 

conductivities and therefore are more suitable for high average power operation. It was shown that a 

two-stage amplifier using barium nitrate could successfully amplify 200 ps chirped pulses, which 

were subsequently compressed to 100 fs while maintaining the phase of the pump [55].  
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The stability and quality of the Stokes output can be significantly improved by replacing the 

initial Raman generator with supercontinuum seed. It was demonstrated that seeding a hydrogen-

based Raman amplifier with a supercontinuum significantly improved both the energy stability and 

spectral control [56]. This approach was further investigated, and it was found that the use of 

compressed versus a chirped pump pulse in KGW crystals drastically affects the resulting Stokes 

output [57]. Specifically, transform-limited pump pulse led to a five-fold increase in spectral width 

compared to a chirped pump pulse, due to increased phase modulation. Previous research in our 

laboratory has also shown that using a supercontinuum seed can reduce the rotational SRS threshold 

four-fold, while increasing conversion efficiency threefold in pressurized hydrogen gas [58]. Seeded 

stimulated Raman amplification represents one of the most promising methods for efficiently 

extending the range of ultrashort lasers into the SWIR region. 

 

  



16 

 

3. Experimental layout  

The pump source used for the stimulated Raman scattering (SRS) experiments was developed 

during the first coursework (based on previous studies [59]). The Yb:YAG/Yb:LuAG chirped-pulse 

amplifier generates pulses at a 100 Hz repetition rate with an energy of 10 mJ, a spectral bandwidth 

of 1.6 nm (FWHM), and a central wavelength of 1030 nm. These pulses were compressed to a 1.3 ps 

duration using a diffraction grating pulse compressor. An attenuator, consisting of a half-wave plate 

(/2) and a thin-film polarizer (TFP), was used to adjust the pump pulse energy. The pump beam 

diameter is 2 mm (at the 1/e2 level), and the maximum energy was selected to prevent optical damage 

to the gas cell windows. The optical layout for the SRS excitation is shown in Fig. 4. 

 

Fig. 4. Experimental layout of the excitation of SRS in compressed hydrogen gas. /2 – half-wave retardation plate, TFP 

– 45o thin film polarizer, L – focusing lens. 

The experimental layout for stimulated Raman amplification (SRA) is illustrated in Fig. 5. A 

supercontinuum generated in a 130 mm long YAG crystal rod (with spectral broadening extending 

up to 2.5 µm) serves as the seed source.  

 

Fig. 5. Experimental layout of a stimulated Raman amplification with a seed signal. /2 – half-wave retardation plates, 

TFP – 45o thin film polarizers, NDF – neutral density filter, AP – aperture, L1, 2, 3, 4 – focusing lenses, F – interference 

filter, AOPDF – acousto-optic programmable dispersive filter, DM – dichroic mirror, M – 45o mirror, DL – delay line. 

The supercontinuum radiation is collimated by an achromatic lens and directed into an 

acousto-optic programmable dispersive filter (AOPDF) (Dazzler WB45-1450-3000, Fastlite, France). 
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The AOPDF is used to select the seed's central wavelength to match the vibrational Stokes shift and 

spectrally filter the bandwidth to 100 nm (FWHM) in order to prevent unintended seeding of 

rotational Stokes components. Additionally, the second- and third-order dispersion are adjusted to 

compensate for the dispersion accumulated in the YAG rod and the AOPDF crystal, ensuring the 

generation of transform-limited pulses. 

The pump and seed beams were focused into the center of a 1 m long gas cell using lenses 

with identical focal lengths. Collinear spatial alignment was achieved via a dichroic mirror (DM; 

HR @ 1030 nm / HT @ 1700-2400 nm), while the precise temporal overlap of the pulses was 

controlled using a delay line (DL). To determine the optimal focusing conditions, lenses with focal 

lengths of 500, 750, 1000, and 1500 mm were tested. For the seed beam, CaF2 lenses were utilized. 

The 500 mm focal length lens was found to be unsuitable because the high intensity induced air 

plasma generation before the SRS threshold could be reached. Conversely, with the 1500 mm focal 

length lens, the maximum pump pulse energy was limited to 1 mJ due to the small beam size at the 

cell windows (increasing the risk of optical damage). No significant differences in the SRS threshold 

or conversion efficiency were observed between the 750 mm and 1000 mm focal length lenses. All 

results presented in this work were obtained using the 750 mm focal length lens to ensure a larger 

beam diameter at the cell windows. Following SRS excitation in the compressed hydrogen cell, 

conversion efficiency measurements and output spectral analysis were performed to optimize the gas 

pressure and pump pulse energy for maximum first-order Stokes generation. In this study, the SRS 

threshold is defined as the input pulse energy required to reach a 1% conversion efficiency. 
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4. Measurement methodology 

4.1. Pulse width measurement 

In order to fully characterize ultrashort pulses, measurements in the time and frequency 

domains are required. Thus, we used frequency-resolved optical gating (FROG) method [60]. The 

principle of FROG measurement is based on the autocorrelation of the pulse being measured; as the 

pulses overlap in space and time, changes are recorded depending on the type of interaction. In this 

work, the Stokes pulses were measured using a laboratory-built second-harmonic generation 

frequency-resolved optical gating (SHG-FROG) setup.  

The pulses are overlapped in a 250 µm thick lithium iodate (LiIO3) crystal, and the second-

harmonic spectrum is recorded using an Avantes AvaSpec-ULS3648 spectrometer (covering the 432-

980 nm spectral range) with a resolution of 1.1-1.3 nm. Once the complete spectrogram (FROG trace) 

is measured, the temporal and spectral envelopes and phases are reconstructed using a difference map 

algorithm. 

 

4.2. Pulse energy measurement 

Pulse energies were measured using an Ophir StarBright power meter equipped with an Ophir 

PE9-ES-C pyroelectric sensor, which features a spectral range of 0.15-3 µm and a measurement range 

of 0.1-200 µJ. For higher energy pulses, a Coherent LabMax-TOP meter with a J-10MT-10kHz 

EnergyMax sensor was utilized (spectral range: 0.19-12 µm; measurement range: 0.01-100 mJ). The 

spectral sensitivity of these sensors is well-suited for measuring both the pump and Stokes pulse 

energies. The experimental layout for energy measurements is shown in Fig. 6. For Stokes pulse 

energy measurements (Fig. 6a), a dichroic mirror (DM) was employed to reflect the pump radiation, 

combined with a long-pass spectral filter (F) to transmit wavelengths above 1050 nm (FELH 1050, 

Thorlabs). To isolate the anti-Stokes pulse energy (Fig. 6b), a short-pass spectral filter (F) with a cut-

off below 1000 nm was used (FESH 1000, Thorlabs).  



19 

 

          

 

Fig. 6. Experimental setup for a) Stokes and b) anti-Stokes pulse energy measurement. L – focusing lens, DM – dichroic 

mirror, F – interference filter. 

 

4.3. Pulse spectral envelope measurement 

The spectral envelope of the Stokes pulses was measured using an Avesta ASP-IR-3.5 

spectrometer (covering the 1100-3500 nm spectral range). At the output of the gas cell, the pump 

(1030 nm) and Stokes (1800 nm) radiation were separated by a dichroic mirror (Fig. 7., DM). To 

prevent nonlinear effects in the optical fiber at higher pulse energies, a neutral density filter (NDF) 

was placed before the fiber input. Following the NDF, a long-pass spectral filter (FELH 1050, 

Thorlabs) was installed to transmit only wavelengths above 1050 nm. 

 

Fig. 7. Experimental setup for spectrum measurements. L – focusing lens, DM – dichroic mirror, NDF – neutral density 

filter, F – interference filter, PM – 45o silver-coated parabolic mirror. 

 

Anti-Stokes spectra were recorded using an Avantes AvaSpec-ULS3648 spectrometer (432-

980 nm range) with a resolution of 1.1-1.3 nm. To isolate these signals, a short-pass filter transmitting 

radiation below 1000 nm (FESH 1000, Thorlabs) was positioned before the fiber input. 

The spectral envelope of the pump pulses was measured using an Ando AQ-6315A spectrum 

analyzer (covering the 350-1750 nm spectral range) with a resolution of 0.05 nm. 

 

a) 

b) 
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4.4. Beam profile measurement 

The spatial profiles of the amplified Stokes radiation were recorded using a DataRay 

WinCamD-LCM CMOS camera. Since the sensor's spectral sensitivity (355-1150 nm) does not cover 

the Stokes wavelength, the beam was focused onto the sensor to visualize the profile via two-photon 

absorption (TPA). 

The anti-Stokes beam profiles were captured using a digital camera.  

For the spatial alignment of the seed and pump beams, a Xeva 1.7 320 InGaAs camera was 

utilized (spectral sensitivity: 900-1700 nm). 

 

5. Results and discussion 

5.1. Stimulated Raman amplification of a seed signal 

Initially, the 1030 nm pump beam was focused into the pressurized hydrogen cell, and the 

SRS generation threshold was determined by increasing the pulse energy from 0.1 mJ. The gas 

pressure was set to the maximum value of 3.5 MPa. Vibrational Stokes radiation at 1.8 µm was 

observed at a pump pulse energy of approximately 0.9 mJ. As the energy was further increased, 

changes in the SRS spectrum were recorded (Fig. 8a). While initially increasing the pump pulse 

energy improved the conversion efficiency, at 1.7 mJ, the vibrational Stokes pulse began to trigger 

rotational Stokes radiation at 2 µm, corresponding to the 587 cm-1 rotational Raman shift in H2. 

Subsequently, anti-Stokes radiation at 1.6 µm was also observed. The conversion efficiency reached 

only 1.5% (Fig. 9a, red curve), with a maximum vibrational Stokes pulse energy of 25 µJ. table shows 

a sharp decline at higher energies, where competing nonlinear effects becomes dominant: the pump 

generates a white-light supercontinuum, as shown in the beam profile photograph inset in the graph. 

Furthermore, multiple orders of anti-Stokes pulses were generated (Fig. 8b), which in turn triggered 

additional rotational Stokes components. 
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Fig. 8. SRS spectral profiles using different input pump pulse energy in the case of a) non-seeded SRS and c) seeded 

SRA. Spectral profiles in the visible spectral range (anti-Stokes) in the case of b) non-seeded SRS using pump pulse 

energy of 1.8 mJ and d) seeded SRA using different pump energies. VS – vibrational Stokes, VS-RAS – rotational anti-

Stokes from vibrational Stokes, VS-RS – rotational Stokes from vibrational Stokes, VAS – vibrational anti-Stokes.  

As anticipated, high conversion efficiency was not achievable in the transient Raman 

scattering regime; beyond a pump pulse energy of 1.8 mJ, the efficiency began to decline (Fig. 8a) 

due to competing nonlinear effects. Consequently, the experimental setup was transitioned to a seeded 

SRS (SRA) configuration (Fig. 5). 

A supercontinuum generated in a YAG crystal served as the seed source, which was spectrally 

filtered using an AOPDF to match the central wavelength of the vibrational Stokes radiation. The 

spectral width was limited to 100 nm at FWHM in order to prevent unwanted seeding of rotational 

Stokes. The pump and seed pulses were synchronized in time, aligned spatially, and focused into the 

center of the H2 gas cell at a pressure of 3.5 MPa. The Stokes pulse energy was measured as a function 

of pump pulse energy, and the resulting conversion efficiency curve is presented in Fig. 9a. Using a 

pump pulse energy of 1.2 mJ, a maximum conversion efficiency of 30.2% was achieved (quantum 

efficiency of 52.8%), yielding a Stokes pulse energy of 370 µJ. The Stokes beam profile remained 

undistorted, exhibiting a Gaussian distribution. 
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The seed not only enhanced the conversion efficiency but also reduced the SRS generation 

threshold by a factor of six: a 1% conversion efficiency was reached at just 0.2 mJ, whereas 1.2 mJ 

was required in the unseeded regime. Furthermore, the threshold for supercontinuum generation 

increased by approximately 1.5 times, as vibrational SRS became the dominant nonlinear process. In 

the unseeded regime, the vibrational and rotational Raman modes compete for the available pump 

pulse energy (Fig. 8a, b). However, the introduction of the seed provides a significant initial photon 

density for the vibrational transition at 1.8 µm. This leads to rapid pump depletion into the vibrational 

channel, preventing the competing rotational transition (587 cm-1 shift) from reaching its threshold. 

Consequently, the SRA configuration yields a much cleaner spectral output by effectively suppressing 

parasitic rotational components (Fig. 8c, d). 

Observation of the visible beam profiles (Fig. 9a, insets) shows a single red ring before the 

saturation point, corresponding to first-order anti-Stokes radiation at 720 nm central wavelength. 

Upon reaching saturation, a green ring appears (second-order anti-Stokes at 554 nm central 

wavelength), followed by a blue ring (third-order anti-Stokes at 450 nm central wavelength), 

eventually leading to the onset of white-light supercontinuum generation. The presence of these 

higher-order anti-Stokes components supports the assumption that higher-order Stokes pulses are also 

being generated. The central wavelength of the second-order Stokes radiation is estimated to be 

approximately 7.15 µm; however, due to the lack of suitable detection equipment for this spectrum 

range, the focus of the subsequent analysis remains on the first-order Stokes pulses. 
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Fig. 9. a) Dependence of SRA Stokes (black curve, circles), anti-Stokes (blue curve, squares) and SRS Stokes pulse 

conversion efficiency on input pump pulse energy. SC – supercontinuum. Insets – photographs of the beam in the visible 

spectral range (anti-Stokes) and Stokes beam profile measured via TPA. b) Dependence of SRA conversion efficiency on 

the input pump pulse energy using different hydrogen pressure. 

Conversion efficiency curves were also measured with different hydrogen pressures (Fig. 9b). 

Decreasing the H2 pressure in the cell leads to an increase in the SRS threshold and a reduction in the 

maximum achievable conversion efficiency. When the pressure was reduced from 3.5 MPa to 
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0.5 MPa, the threshold increased nearly eightfold, while the maximum conversion efficiency 

decreased by a factor of 3.6. Notably, at the minimum pressure of 0.5 MPa, supercontinuum 

generation began before the Stokes pulse could reach conversion saturation. Spectral envelopes were 

also compared for pressures ranging from 3.5 MPa to 1 MPa at similar points along the efficiency 

curves – specifically before, near, and well beyond the saturation point. The spectrum remained 

similar across all pressures. 

The Stokes pulse spectrogram was measured, and a full pulse characterization was obtained 

via FROG retrieval. The pulse envelope (solid black curve), temporal phase (dashed curve), and the 

measured and retrieved spectrograms are presented in Fig. 10a. The measured (black curve) and 

retrieved (red curve) spectral envelopes, along with the spectral phase (dashed curve), are shown in 

Fig. 10b. The FROG retrieval error was 0.36% RMS with a grid size of 512×512. During this 

measurement, a pump pulse energy of 0.9 mJ was selected to ensure the conversion efficiency 

approached saturation (Fig. 9a) without triggering second-order Stokes generation. The conversion 

efficiency at this point reached ~28% (corresponding to a quantum efficiency of 49%), with a Stokes 

pulse energy of approximately 250 µJ. Pulse shape is consistent with typical Stokes pulse 

characteristics [20], exhibiting an asymmetric profile with a steep front. The Stokes pulse is 2.3 times 

shorter than the pump pulse, with a duration of 575 fs. The measured Stokes pulse spectrum 

corresponds to a transform-limited duration of 573 fs (Fig. 10b, inset), indicating that the retrieved 

575 fs pulse is nearly transform-limited. 
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Fig. 10. a) Temporal profile (solid) and temporal phase (dashed); b) measured (black), retrieved (red) spectral profiles 

and spectral phase (dashed) of the Stokes pulse retrieved from SHG‑FROG measurements for temporally overlapped 

WLC seed. Insets: a) measured and retrieved FROG traces with <1% error using a 512×512 grid; b) FTL temporal shape 

calculated from the measured spectra of the Stokes pulse. 

The output pump spectrum was measured to get an understanding of why the Stokes pulse is 

shorter than the initial pump pulse duration. Input pump spectrum and output pump spectra with 

different input energies are shown in Fig. 11 for SRS and SRA. In the seeded regime (Fig. 11b), the 

pump spectrum exhibits extreme asymmetric broadening toward longer wavelengths, far exceeding 

the broadening observed in the unseeded case (Fig. 11a). This could be attributed to the rapid growth 
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of the Stokes pulse as well as the temporal steepening of the pump's trailing edge; both characteristics 

are consistent with operation in a transient Raman scattering regime. At higher pump pulse energies, 

the pump spectrum was significantly broadened toward longer wavelengths and eventually 

approaching complete depletion of the spectral intensity at the initial central wavelength of 1030 nm.  
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Fig. 11. Input (black) and output pump spectral profiles in case of a) non-seeded SRS and b) seeded SRS using different 

input pump pulse energy. 

In order to see how the Stokes pulse spectrum broadened relatively to the pump pulse we can 

plot their spectra in wavenumbers. Firstly, the wavelength was converted to absolute 

wavenumbers [cm-1]: 

𝑣̃𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 =
1

𝜆
.      (5) 

The Raman shift (4155 cm-1) was applied to the Stokes pulse data, and the pump pulse central 

wavelength was set as 0. The received spectral mapping is shown in Figure 12. The Stokes spectrum 

is three times broader than the input pump spectrum which is a clear visual indicator of SPM and 

transient SRS dynamics. 
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Fig. 12. Normalized spectra of the 1.03 µm input and output pump and the 1.8 µm vibrational Stokes signal mapped to a 

relative wavenumber axis. The Stokes spectrum is shifted by the Raman vibrational mode of hydrogen (4155 cm-1) to 

facilitate a direct comparison of spectral broadening and pump depletion. 
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As the results demonstrate, the SRA configuration in a high-pressure hydrogen gas cell is 

highly efficient, achieving a quantum conversion efficiency of 53%. This setup generated near-

transform-limited 575 fs first-order Stokes pulses that are centered at 1.8 µm wavelength. To maintain 

a smooth temporal profile, we need to operate the system at pump energies below the conversion 

saturation threshold, beyond which the first-order Stokes pulse is depleted due to energy transfer into 

higher-order Stokes components. The spectrum and duration of Stokes pulses remained consistent 

over the entire tested range of hydrogen pressure (0.5-3.5 MPa), even though the conversion 

efficiency decreased at lower pressures.  

As we see from SRS spectral profiles in Fig. 8c, with increasing pump pulse energy it is 

possible to get an even broader Stokes spectra. However, when the conversion efficiency saturation 

is reached, the first-order Stokes pulse is depleted due to second-order Stokes generation. Thus, if we 

want to use more energy of the pump pulse and get a shorter, non-depleted broadband Stokes pulse, 

we should decrease the SRS efficiency below the second-order Stokes pulse generation threshold. 

This can be done by decreasing the pressure of hydrogen; however, as seen from the experiments, at 

saturation point, the Stokes spectrum bandwidth with different pressures is almost identical. That 

could be explained by the fact that decreasing pressure decreases the nonlinear refractive index of the 

medium and thus the threshold of nonlinear effects is also changed. Another possible way to decrease 

the SRS conversion efficiency while maintaining the same nonlinear refractive index is changing the 

temporal overlap between pump and seed pulses.  

 

5.2. Controlling the balance between nonlinear effects  

To achieve further shortening of the Stokes pulse, we sought a balance between competing 

nonlinear effects by tuning the pump-seed temporal delay. Whereas the nonlinear response of the 

medium is related to vibrational dephasing time (T2 ≈ 250 ps), we can expect that SRA would still be 

excited even without the temporal overlap between seed and pump pulses. It is expected that the 

conversion efficiency would drop when the pulses are not temporally overlapped and, in this case, 

we could use more energy of the pump pulse without reaching the threshold of second-order Stokes 

generation. The spectrum should broaden a lot more due to SPM and the first-order Stokes pulse 

would not be depleted. 
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Fig. 13. Schematic diagram of the relative temporal delay between pump and seed pulses. Positive delay Δ corresponds 

to the case when the seed pulse comes before the pump pulse. 

 

The pump pulse was temporally delayed in respect of the supercontinuum seed (Fig. 13). The 

dependence of SRA conversion efficiency and Stokes pulse duration on the pump-seed temporal 

delay is presented in Figure 14. The maximum SRA conversion efficiency was achieved when the 

seed and pump pulses temporally overlapped. In case when the pump pulse comes before the seed 

pulse, the conversion efficiency drops sharply, and only non-seeded SRS with a conversion efficiency 

of ~1 % is observed. When the pump pulse comes after the seed, conversion efficiency drops sharply 

from 27.6% to 17% over 5 ps delay and then decays to 15% in 80 ps. 

The Stokes pulse duration was measured simultaneously (Fig. 14b). When the input pump 

pulse energy is 1.7 mJ, and the pulses are temporally overlapped, we observe significant spectral 

broadening of the output pump spectrum; however, the Stokes pulse was depleted due to the second-

order Stokes generation. As the pump-seed temporal delay was increased, the Raman gain dropped 

thus stopping the generation of second-order Stokes component but allowing the pump spectrum 

sufficiently broaden via SPM and thus we obtained short, non-depleted Stokes pulse. Temporal delay 

also allows the pump to arrive when the vibrational coherence in the medium is fully established but 

has not yet decayed. 

0 20 40 60 80
10

15

20

25

30

Stokes energy = 0.27 mJ

a)

Input pump energy = 1.7 mJ

C
o

n
v

er
si

o
n

 e
ff

ic
ie

n
cy

 [
%

]

Delay [ps]

Stokes energy = 0.47 mJ

0 20 40 60 80
0.0

0.2

0.4

0.6

0.8

1.0

1.2

-1 0 1 2
0.0

0.5

1.0

In
te

n
si

ty
 [

a.
u

.]

Time [ps]

 FROG-retrieved 

          pulse

-1 0 1 2
0.0

0.5

1.0

In
te

n
si

ty
 [

a.
 u

.]

Time [ps]

 FROG-retrieved 

          pulse

S
to

k
es

 p
u

ls
e 

d
u

ra
ti

o
n

 [
p

s]

Delay [ps]b)  
Fig. 14. Dependence of a) conversion efficiency and b) Stokes duration on the pump-seed delay. Insets in b) are FROG-

retrieved Stokes pulses when the pump and seed are temporally overlapped and when the pump is delayed by 20ps. 
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The spectrogram of the Stokes pulse in case of temporally delayed pump was measured, and 

a full pulse characterization was obtained via FROG retrieval. The pulse envelope (solid black curve), 

temporal phase (dashed curve), and the measured and retrieved spectrograms are presented in Fig. 

15a. The measured (black curve) and retrieved (red curve) spectral envelopes, along with the spectral 

phase (dashed curve), are shown in Fig. 15b. The FROG retrieval error was 0.3% RMS with a grid 

size of 512×512. The efficiency reached ~15.9% (corresponding to a quantum efficiency of 28%), 

with a Stokes pulse energy of approximately 270 µJ. The Stokes pulse in this case is almost 4 times 

shorter than in the case of temporally overlapped seed-pump, with a duration of 146 fs. The measured 

Stokes pulse spectrum corresponds to a transform-limited duration of 145 fs (Fig. 15b, inset), 

indicating that the retrieved pulse is transform-limited. The total group delay dispersion (GDD) in 

this spectral region is estimated at ~74 fs2, arising from the 1 m hydrogen path and two 5 mm CaF2 

windows of the cell. Given the negligible group velocity dispersion (GVD) of hydrogen 

(0.16 fs2/mm), the spectrally broadened pulses remain near the transform limit, eliminating the need 

for pulse-compression stages. 
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Fig. 15. a) Temporal profile (solid) and temporal phase (dashed); b) measured (black), retrieved (red) spectral profiles 

and spectral phase (dashed) of the Stokes pulse retrieved from SHG‑FROG measurements for temporally delayed WLC 

seed. Insets: a) measured and retrieved FROG traces with <1% error using a 512×512 grid; b) FTL temporal shape 

calculated from the measured spectra of the Stokes pulse. 
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Fig. 16. Normalized spectra of the 1.8 µm vibrational Stokes signal mapped to a relative wavenumber axis. Green – 

overlapped pump and seed pulses, black – temporally delayed pump pulse. The Stokes spectrum is shifted by the Raman 

vibrational mode of hydrogen (4155 cm-1) to facilitate a direct comparison of spectral broadening and pump depletion. 
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From the results obtained during the research, we can calculate the time-bandwidth product 

(𝐾 = Δ𝜏 ∙ 𝑐 ∙ ∆𝜈), which shows the relationship between the measured pulse duration and the spectral 

width of the Stokes signal. This value is critical for determining the pulse shape and identifying the 

presence of residual chirp, for an ideal Gaussian pulse K = 0.441. At a pump pulse energy of 0.9 mJ 

with temporally overlapped pulses, the system generated a 575 fs Stokes pulse with a 19 cm-1 

bandwidth, resulting in K ≈ 0.327. This value is below the Gaussian limit and sits closer to sech2 

profile (K = 0.315), which indicates a highly asymmetric, steep-fronted profile confirmed by FROG 

measurements. In the context of SRS, this is a signature of the transient regime, where the Stokes 

signal must wait for the pump to build up vibrational coherence in the hydrogen, leading to 

preferential amplification of the trailing edge and a characteristic sharpening of the pulse front. 

Increasing the pump pulse energy to 1.7 mJ and delaying it relative to the seed allowed the 

spectral bandwidth to broaden five-fold to 97 cm-1. The resulting K value of 0.425 is very close to the 

transform-limited Gaussian. This suggests that the temporal delay allows the Stokes signal to interact 

more effectively with the pre-excited material vibrations. This mitigates the non-instantaneous 

response of the transient process, maximizing spectral broadening while maintaining nearly 

transform-limited profile. 

The future research will focus on increasing the repetition rates of the system to levels suitable 

for practical use in laser processing. In addition to addressing thermal accumulation and density 

perturbations in the hydrogen, we plan to implement an additional nonlinear compression stage using 

an argon filled gas cell that will broaden the spectrum of the Stokes pulse via self-phase modulation 

and thus enable us to obtain high energy pulses in the SWIR range with durations approaching the 

few-cycle regime. 
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6. Conclusions 

In this work, we demonstrate that transient stimulated vibrational Raman scattering in 

compressed hydrogen provides an alternative route to generate SWIR femtosecond pulses. Driven by 

~1.3 ps pump pulses at 1030 nm, the white light supercontinuum seeded transient SRS achieves 

conversion efficiencies exceeding 30%. After optimization, near transform limited 575 fs Stokes 

pulses at 1.8 µm with energies up to 0.25 mJ were obtained. By tuning the temporal delay between 

the pump and seed pulses, pulse shortening to 146 fs was achieved without the need of additional 

pulse-compression stages.  

Summarizing the investigation results, the following conclusions were formulated: 

1. In the transient SRS regime, rotational Stokes and anti-Stokes generation and 

supercontinuum generation suppresses efficient vibrational SRS, maximum conversion 

efficiency reached only 1.5%. 

2. White light continuum seed (spectrally filtered with AOPDF) allows 6-fold reduction of 

SRS threshold and the conversion efficiency is increased 20 times reaching 30%. One 

can obtain a smooth Stokes pulse envelope before depletion to higher-order Stokes, i.e., 

before conversion efficiency saturation. Stokes pulse with a central wavelength of 

1.8 µm, an energy of 250 µJ, and duration of 575 fs was obtained, the Stokes beam has 

no spatial distortions.  

3. The higher hydrogen gas pressure in the cell allows to reduce the threshold of SRS 

generation and achieve higher efficiency, however it does not affect the duration of the 

Stokes pulses. 

4. The temporal delay between the pump and seed pulses allowed to balance SPM and SRS 

processes and obtain nearly transform-limited 146 fs Stokes pulse with 15.9% conversion 

efficiency corresponding to an energy of 270 µJ. 

5. While the pump peak power was 1.23 GW, the optimized 146 fs Stokes pulse reached a 

peak power of 1.91 GW. This enhancement occurs because the temporal shortening factor 

(~9 times) outweighs the energy conversion losses, demonstrating the capability of the 

hydrogen-filled cell to generate SWIR radiation exceeding the peak intensity of the 

driving laser. 
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Santrauka 

Augustė Grigaravičienė 

ULTRATRUMPŲJŲ IMPULSŲ GENERACIJOS TYRIMAS TRUMPABANGĖJE 

INFRARAUDONOJOJE SPEKTRO SRITYJE TAIKANT PRIVERSTINĘ RAMANO SKLAIDĄ  

 

Didelės energijos ultratrumpųjų impulsų generacija trumpabangėje infraraudonojoje (SWIR) 

spektro srityje šiuo metu yra viena iš vystomų lazerių fizikos sričių, apimanti taikymus nuo 

puslaidininkių apdirbimo iki aukštesniųjų harmonikų generacijos. Visgi pasiekti SWIR sritį vis dar 

yra sudėtingas, neefektyvus ir daug išteklių reikalaujantis procesas. Skaiduliniai tuliu legiruoti 

lazeriai dažnai pasižymi ribota smailine galia dėl parazitinių netiesinių reiškinių, o kieto kūno holmiu 

legiruoti lazeriai reikalauja nestandartinio bangos ilgio kaupinimo šaltinių bei brangaus kriogeninio 

aušinimo. Gerai išvystytoms šiuolaikinėms optinių parametrinių čirpuotų impulsų stiprinimo 

(OPCPA) sistemoms būdingos sudėtingos daugiapakopės konfigūracijos, griežtas fazinis 

sinchronizmas ir didelių matmenų išoriniai impulsų spaustuvai, norint pasiekti kelių optinių ciklų 

trukmę. 

Šiame magistro darbe tiriama nenuostovioji priverstinė Ramano sklaida (SRS) suslėgtų 

vandenilio dujų kiuvetėje. Vandenilis pasižymi dideliu vibraciniu Ramano poslinkiu (4155 cm-1), 

kuris leidžia tiesiogiai generuoti SWIR srities ~1,8 µm bangos ilgio Stokso impulsus kaupinimui 

naudojant standartinį 1 µm lazerį. Eksperimentinėje schemoje naudoti 1,3 ps trukmės, 1030 nm 

centrinio bangos ilgio kaupinimo impulsai ir superkontinuumo užkratas, kuris išfiltruojamas taip, kad 

centrinis bangos ilgis atitiktų vibracinio Stokso spinduliuotės centrinį bangos ilgį. 

Pasiektas rekordiškai aukštas SRS keitimo efektyvumas lygus 30,2% (atitinkantis 52,8% kvantinį 

efektyvumą), Stokso impulsų energija siekė 0,36 mJ. Kitas svarbus šio darbo rezultatas – nustatyta 

laikinio vėlinimo tarp kaupinimo ir užkrato impulsų svarba. Nors impulsams persiklojant pasiektas 

aukštas efektyvumas ir gauti 575 fs trukmės Stokso impulsai, laikinis vėlinimas leido pasiekti devynis 

kartus didesnį impulsų spektrinį plitimą, suformuojant Stokso impulsus, kurių trukmė 146 fs, o 

keitimo efektyvumas lygus 15,7%. Stokso impulso smailinė galia siekė 1,91 GW ir 1,55 kartų viršijo 

kaupinimo impulso smailinę galią.  

Ateities tyrimai bus orientuoti į sistemos impulsų pasikartojimo dažnio didinimą, taip pritaikant 

šią sistemą lazeriniam apdirbimui. Tam bus būtina spręsti šiluminės akumuliacijos vandenilio terpėje 

problemas. Be to, panaudojus papildomą netiesinės spūdos pakopą (pvz., argono dujų kiuvetę) galima 

formuoti didelės energijos kelių optinių ciklų trukmės impulsus SWIR srityje. 
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Summary 

Augustė Grigaravičienė 

INVESTIGATION OF ULTRASHORT PULSE GENERATION IN THE SHORT-WAVE 

INFRARED SPECTRAL REGION USING STIMULATED RAMAN SCATTERING 

 

The goal of creating high-energy, ultrashort pulse sources in the short-wave infrared (SWIR) 

spectral region has become a major area of interest due to their potential applications ranging from 

semiconductor manufacturing to high-harmonic generation. There are several technologies that have 

been used to generate radiation in the SWIR region including thulium and holmium doped lasers and 

optical parametric chirped pulse amplifiers (OPCPAs). However, these technologies also present 

some limitations. For example, fiber-based thulium architectures are often limited in peak power by 

parasitic nonlinearities. Additionally, bulk holmium-based systems typically require non-standard 

pumping and expensive cryogenic cooling. Lastly, state-of-the-art OPCPAs necessitate complex 

multi-stage configurations, strict phase-matching conditions and bulky external compressor stages to 

produce few-optical cycle durations. 

In this master’s thesis we propose a scalable alternative by investigating transient stimulated 

Raman scattering (SRS) in a high-pressure hydrogen gas cell. The hydrogen was chosen because of 

its relatively large vibrational Raman shift of 4155 cm-1. Therefore, standard 1 µm Yb-based laser 

radiation can be directly converted into the 1.8 µm SWIR region in a single Raman conversion step. 

The experimental setup employed 1.3 ps pump pulses centered at 1030 nm wavelength and a 

supercontinuum seed filtered via an acousto-optic programmable dispersive filter (AOPDF).  

Key experimental results include a record-high energy conversion efficiency of 30.2% 

(corresponding to a quantum efficiency of 52.8%), which resulted in Stokes pulse energies of up to 

0.36 mJ. Another finding of this work is the significant role of the temporal delay between the pump 

and seed pulses. Specifically, when no temporal delay existed between the pulses, near-transform-

limited Stokes pulses of 575 fs were generated. However, when a temporal delay was introduced, it 

enabled a nine-fold temporal self-compression, resulting in Stokes pulses as short as 146 fs. As a 

result, the peak power of the Stokes pulse reached 1.91 GW, whereas the peak power of the pump 

laser was 1.23 GW.  

The future research will focus on increasing the pulse repetition rate of our system to levels 

suitable for practical use in laser processing. In addition to addressing thermal accumulation and 

density perturbations in the hydrogen, we plan to implement nonlinear compression stage using an 

argon filled gas cell that will broaden the spectrum of the Stokes pulse via self-phase modulation and 

thus enable us to obtain high energy pulses in the SWIR range with durations approaching the few-

cycle regime. 


