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Abstract—Stimulated Raman scattering (SRS) enabled by5
the emerging gas-filled low-loss anti-resonant hollow-core fiber6
(ARHCF) technology opens up a competitive way towards the7
development of novel lasers in the molecular fingerprint region.8
In this article, the characteristics of noise and long-term stability9
of near- and mid-infrared (near-IR and mid-IR) gas-filled fiber10
Raman lasers have been investigated for the first time. The results11
reveal that an increase in Raman pulse energy is associated with12
a decrease in noise, and that the relative pulse peak intensity13
noise (RIN) is always lower than the relative pulse energy noise14
(REN). We also demonstrate that long-term drift of the pulse energy15
and peak power are directly linked with the high amount of heat16
release during the Raman Stokes generation. The demonstrated17
noise and long-term stability performance provide necessary ref-18
erences for potential spectroscopic applications as well as further19
improvements of the emerging IR gas-filled ARHCF Raman laser20
technology.21

Index Terms—Laser noise, laser stability, optical fiber lasers,22
Raman lasers.23

I. INTRODUCTION24

THE emerging gas-filled hollow-core fiber (HCF) Raman25

laser technology has attracted enormous attention due to26
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its compelling features that enable efficient stimulated Raman 27

scattering (SRS) process, high damage threshold, broad trans- 28

mission range, compact fiber structure, high freedom on wave- 29

length selection, etc. [1]–[3]. Especially, with the recent advent 30

of low loss anti-resonant HCF (ARHCF) technology [4]–[6], the 31

laser wavelength has been extended to the mid-infrared (mid-IR) 32

region where the high silica loss could be significantly mitigated 33

by confining most power of the laser beam within the fiber core 34

(gas) region [7]–[9]. A series of gas-filled fiber Raman lasers 35

have been reported from the UV to mid-IR region [7], [10]–[15]. 36

Despite their unique advantages compared to other counterparts, 37

high noise is an intrinsic issue of Raman lasers since the SRS 38

process is usually initiated by the quantum noise [16]–[18]. 39

The noise of Raman laser has extensively been investigated 40

in the frame of a bulk gas cell usually filled with hydrogen 41

(H2) [19]–[22], but yet remains unexplored for the gas-filled 42

fiber technology. The noise characteristics of the latter is worth 43

further investigation since the SRS process in gas-filled HCF is 44

much more efficient than the conventional bulk gas cell structure. 45

Besides, for the Raman Stokes emission involving a large photon 46

energy difference between the pump and Stokes, the energy of 47

the released phonon is high and thus could easily lead to a large 48

amount of heat release within the core region of the HCF, where 49

the gas circulation speed is much slower than its counterpart of 50

using bulk gas cell. As a result, the temperature and therefore 51

the Raman gain coefficient will be directly affected. In the last 52

few years, several efficient Raman lasers operating at ∼4 μm 53

wavelength have been reported with H2-filled ARHCFs by using 54

1.5μm fiber laser as a pump [7], [10], [11], where the generation 55

of one Stokes photon is accompanied by phonon emission with 56

up to ∼60% of pump photon energy. Consequently, the heat 57

pulse energy of these mid-IR Raman lasers is calculated to 58

be μJ level, which could impose a significant impact on the 59

laser stability. However, as an emerging laser technology, these 60

issues have not been investigated yet. 61

In this work, we thoroughly investigated the noise and stability 62

performance of two different Raman lasers based on an H2-filled 63

ARHCF, at 1.68 μm and 4.2 μm. The Raman lasers were gen- 64

erated by pumping with a custom-made linearly polarized fiber 65

laser at 1532.8 nm. The pump laser has a pulse energy of∼80μJ, 66

pulse duration of 7 ns, repetition rate of 8 kHz, and linewidth 67

of ∼0.06 nm. The ARHCF is designed with two transmission 68

windows around 1.3–1.8 μm, and 2.5–4.5 μm, separated by a 69

resonance peak at ∼2 μm [11]. 70
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Fig. 1. Noise measurement setup of gas-filled fiber Raman laser. M1-M4
are silver mirrors. L1-L3 are C-coated plano-convex silica lenses, L4-L5 are
uncoated plano-convex CaF2 lenses. W1 and W2 are respectively optical wedge
and window used to extract a small part of the laser beam for pulse detection
with photodetectors.

II. EXPERIMENT SETUP AND METHOD71

Fig. 1 shows the details of the experimental setup used for72

this investigation. H2 is filled into the ARHCF through two gas73

cells. At the pressure range of 5-20 bar, H2 inside the ARHCF74

quickly reaches to equilibrium state within one minute. The75

fiber length was optimized to 3.95 m, to obtain a maximum76

vibrational Raman laser pulse energy of 16 μJ at 20 bar H2 [11].77

The output from the H2-filled ARHCF is first collimated and78

then the residual pump is removed by a long-pass filter (LPF).79

The remaining 4.22 μm Raman part is passed through a CaF280

window (∼95% transmission at 4.22 μm) and monitored by a81

thermal power meter. A small part of the Raman laser reflected82

from the front surface of the CaF2 window is focused onto83

a photodetector (PDAVJ10, Thorlabs) which is connected to84

an oscilloscope (Teledyne Lecroy HD09000) for pulse profile85

monitoring. The pulse duration of the Raman laser is estimated86

to be a few nanoseconds, which is comparable with the rise87

time of the photodetector (∼3.5 ns), as a result, the Raman laser88

pulse profile couldn’t be accurately measured. Here we use the89

deconvolution method to retrieve the original pulse profile, as90

described in Appendix A. Based on this method, we found that91

both pulse energy and peak power of the Raman laser could be92

correctly and respectively reflected by the pulse area and peak93

intensity measured from the oscilloscope, as long as the Raman94

power is attenuated to the linear region of the photodetector.95

Because the 4.22 μm Raman line here has a high polarization96

extinction ratio (PER) (>20 dB) (see Appendix B), a polarizer97

was used to continuously attenuate the average power, so that98

most of the pulses could be appropriately measured in the linear99

response region of the photodetector. The characterization of the100

photodetector is provided in Appendix A. The pump laser was101

also simultaneously monitored by focusing a minor part of the102

pump into a near-infrared (near-IR) photodetector (DET01CFC,103

Thorlabs).104

From the setup in Fig. 1, due to the fact that the pump is105

linearly polarized, the rotational Raman line at 1.68 μm has a106

near-zero power (see the measured spectrum in Fig. 2) and thus107

negligible influence on the generation of a vibrational Raman108

line at 4.22 μm. Nevertheless, for the purpose of comparison,109

Fig. 2. Spectra comparison of the Raman lines with linear and circular
polarized pumps.

we also monitored the noise and long-term stability of the 110

rotational Raman line generated at 1.68 μm when replacing the 111

half-wave plate (HWP) with a quarter-wave plate (QWP) in front 112

of the ARHCF to make the pump light circularly polarized [23]. 113

When using circularly polarized pump light, the H2 pressure 114

was reduced to 8 bar to suppress the vibrational Raman line, 115

which finally provided a quantum efficiency and pulse energy 116

of the rotational Raman line of 45% and 27 μJ, respectively, 117

whereas the average power of the vibrational Raman line was 118

measured to be less than 1 mW (see Fig. 2). Then, the pulse 119

profile of the rotational Raman line was precisely measured by 120

the other near-IR photodetector with the same parameters as 121

the one used for monitoring the pump. Because of the circular 122

polarization of the rotational Raman line, the polarizer was 123

replaced by a continuously variable near-IR neutral density filter 124

(NDF) (NDL-10C-2, Thorlabs), to precisely attenuate the pulse 125

peak power. 126

III. RESULTS AND ANALYSIS 127

A. Noise Performance 128

In the noise measurement, we collected a train of 10000 129

Raman pulses and corresponding pump pulses, for each pump 130

power level. The influence of the pump noise is suppressed by 131

discarding the pump pulses whose peak intensity falls outside 132

2% of its average value. After the data processing, the number of 133

pairs is reduced to ∼9500, and the relative noise (defined as the 134

ratio of the standard deviation to the mean value) of the pump 135

peak intensity is reduced from ∼1.7% to ∼1%. Fig. 3(a) and 136

3(b) present the measured relative pulse energy noise (REN) and 137

relative pulse peak intensity noise (RIN) of the vibrational and 138

rotational Raman lasers. It shows that both of them gradually 139

decrease, and in Fig. 3(a) they finally approach a stable level 140

as the Raman laser power exceeds ∼80 mW (corresponding to 141

∼45% quantum efficiency). This is attributed to the stabilization 142

effect of Stokes pulse energy induced by the depletion of pump 143

power as well as H2 molecules in the ground state during the 144

SRS [24]. Meanwhile, at the same pulse energy level, it can be 145

seen that the RIN is always lower than the REN. For instance, at 146

the highest power of 132.8 mW in Fig. 3(a), the REN is 16.8%, 147

whereas the RIN is as low as 2.9%. This difference is supposed 148

to be caused by the dependence of the SRS efficiency on the 149

light intensity: the SRS process in the peak region of the Raman 150

pulse is more efficient than at its edge regions, whereas high SRS 151
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Fig. 3. (a) and (b) are the measured REN and RIN of the 4.22 µm and 1.68 µm Raman lines as a function of their average powers, respectively. (c)–(e)
are histograms of measured pulse energy at different levels of output Raman laser power (4.22 µm). (f)–(h) are histograms of measured pulse peak intensity
corresponding to (c)–(e).

efficiency is associated with the low noise level. More details152

about this deduction are provided in Appendix C.153

Fig. 3(c) shows a histogram of the pulse energy of the vi-154

brational Raman line at low power of less than 1 mW, where it155

approaches a negative exponential distribution. If one compares156

with the reported experimental results in [19] and [25], this dis-157

tribution slightly deviates from an ideal exponential distribution,158

which might be attributed to the influence of the relatively high159

background noise of the photodetector. A shred of evidence for160

this deduction is the comparison of the corresponding histogram161

of the peak intensity in Fig. 3(f), where the distribution is even162

closer to an exponential distribution due to the less influence of163

the background noise on the peak intensity when compared to the164

pulse area. When the laser power increases, the distributions of165

both pulse energy and peak intensity gradually evolve towards166

a symmetrical Gaussian-like shape with a narrower width, as167

shown in Fig. 3(c)–3(e) as well as Fig. 3(f)–3(h). This evolution168

is consistent with the theoretical prediction and other experi-169

mental results of conventional Raman lasers based on a bulk gas170

cell configuration [19], [25].171

B. Long-Term Stability172

As mentioned in the introduction, the generation of one173

4.22 μm Stokes photon from its 1.53 μm pump is accompanied174

by high energy phonon release. Here, the average heat release175

from each pump pulse at the quantum efficiency of∼70% (at the176

pressure of 15 bar) is as high as∼25μJ. In terms of spatial distri-177

bution, heat energy is supposed to be mainly concentrated in the178

output end part of the ARHCF due to the rapid increase of Stokes179

pulse energy in this region [7]. Therefore, the temperature field180

is supposed to have a non-uniform distribution along the fiber,181

consequently leading to a gas circulation inside the laser system.182

Meanwhile, since Raman lines initiated by quantum noise have a183

relatively high fluctuation, the heat release from each pump pulse184

consequently fluctuates also. The combination of gas circulation185

and fluctuation of the released heat energy could easily result186

in an irregular variation of the gas-filled ARHCF temperature 187

and thus the Raman gain coefficient, thereby compromising 188

the laser’s long-term stability. In order to verify this, we first 189

observed the long-term stability at two different power lev- 190

els, as shown in Fig. 4(a), where the fluctuation of the pulse 191

peak intensity was monitored over ∼30 minutes by recording 192

120000 pulses with 14.4 ms average time separation between 193

two adjacent pulses. The long-term stability measurement was 194

implemented after 1 hour of warming-up the laser system, to 195

avoid the coupling efficiency drift and ensure that the system 196

had reached a stable state (see Appendix D). It can be seen 197

that the peak intensity of the Raman laser at the power level of 198

132.8 mW exhibits obvious drift (red curve in the bottom, right) 199

when compared to that observed when using less than 1 mW 200

power (grey curve in the bottom, left), whereas the pump laser 201

fluctuation remains at a low and stable level without obvious 202

drift (curves in the top). Note that a similar drift could be 203

observed in terms of pulse energy, and these phenomena are 204

highly repeatable in our experiment. The Allan deviation, which 205

is a numerical model widely used for the evaluation of a system’s 206

stability [26], [27], is introduced here to quantitatively describe 207

the drift effect, as shown in Fig. 4(b), where the Allan deviation 208

of the pulse peak intensities are presented at four average power 209

levels. Initially, because it is white noise-dominated, the Allan 210

deviation linearly decreases with increasing time [26]. When 211

the time is sufficiently long to include the drift effect, the Allan 212

deviation gradually deviates from the linear decrease and finally 213

starts to increase again, i.e., entering the drift-dominant region 214

[26]. The time tmin at the point of inflection is, therefore, a sign 215

of the magnitude of drift. Here tmin is ∼106 s at a Raman laser 216

power of less than 1 mW and it then gradually decreases to 48 s 217

when the power increases to 132.8 mW, indicating that obvious 218

drift is induced when increasing the power. 219

Note that the pump drift maintains a similar level at different 220

powers. Fig. 4(c) presents the Allan deviations of the pump laser 221

corresponding to Fig. 4(b). It can be seen that, although their 222

values at the beginning time have a slight difference, they evolve 223
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Fig. 4. (a) Long term stability monitoring of the pulse peak intensity of the pump laser (top) and corresponding vibrational Raman laser (bottom) at two different
Raman laser powers of <1 mW (left) and 132.8 mW (right). (b) Allan deviation of the vibrational Raman pulse peak intensity at different Raman laser power
levels. (c) Allan deviation of the pump pulse peak intensity corresponding to (b). (d) Allan deviations of pump pulse intensity by filtering out their drift parts, as
well as the corresponding Allan deviations of the Raman lasers (PumpA and pumpB in (d) donate the pump corresponding to the Raman laser with powers of less
than 1 mW and equal to 132.8 mW, respectively).

Fig. 5. Comparison of the Allan deviations of the vibrational and rotational
Raman lasers under the same quantum efficiency of ∼45%.

with similar trend and gradually overlap with each other. In order224

to exclude the influence of the pump drift on the drift of the225

Raman laser, we discarded the pulse pairs where the pump peak226

intensity falls outside 0.1% of its average value. Then, the time227

separation of adjacent measured pulses is reset to 14.4 ms, to228

calculate the Allan deviation. The pump Allan deviations after229

the data processing are presented in Fig. 4(d), where their powers230

are corresponded with the Raman laser powers of 132.8 mW and231

<1 mW, respectively. Both Allan deviations linearly decrease as232

a function of time, indicating that the drift is effectively mitigated233

after the data processing. In this case, as shown by the red and234

green curves in Fig. 4(d), the Allan deviation of Raman laser235

with 132.8 mW power still exhibits an obvious inflection point236

at tmin = 43 ms, whereas linearly decreases at the power <1237

mW as a result of the low amount of heat release. This suggests238

that the high heat release caused by the high Raman laser energy239

indeed induces drift of the Raman laser.240

The other experimental evidence for the heat-induced drift241

effect is the comparison of the Allan deviations between the242

rotational and vibrational Raman lasers, where the Stokes photon243

at 1.68 μm accounts for ∼91% pump photon energy and thus244

a low heat release. Fig. 5 shows a comparison of the two Allan245

deviations at the same quantum efficiency of ∼45%, i.e., 85.9 246

mW for the vibrational Raman laser and 215.7 mW for the 247

rotational Raman laser. Different from the Allan deviation of 248

vibrational Raman laser, the rotational Raman laser has its Allan 249

deviation continuously decreasing as a function of time. This 250

implies that the drift of the rotational Raman laser here is quite 251

weak due to its small amount of heat release when compared to 252

the vibrational Raman laser. 253

IV. DISCUSSION AND CONCLUSION 254

The noise and drift of the Raman laser could compromise its 255

potential applications such as gas sensing, biology imaging, etc. 256

For instance, in the field of gas monitoring, a long integration or 257

average time is required to offset the influence of the strong noise 258

of the Raman laser, which however slows down the speed of gas 259

detection [26], [28], [29]. Particularly, for some optical sensing 260

methods such as photoacoustic sensing which the detected signal 261

intensity is proportional to the optical pulse energy, the high 262

REN level of the Raman laser (e.g., the minimum REN in 263

this experiment is still up to 16.8%) inevitably induces a high 264

noise to the final detected signal [30]. Meanwhile, the detection 265

signal drifts due to the drift of Raman laser, therefore limiting 266

the possibility of noise offset through prolonging integration or 267

average time [26], [31], and finally compromising the detection 268

limit. The Raman laser drift induced by the heat release could be 269

mitigated by avoiding the generation of the phonon, which can 270

be achieved through satisfying the phase matching condition of 271

the generation of anti-Stokes photon [32]. However, it is usually 272

difficult to satisfy the conditions of both phase matching and the 273

efficient emission of mid-IR Raman Stokes with the same fiber 274

parameters and gas pressure. The other possible way to mitigate 275

the Raman laser noise is to suppress the laser fluctuation by 276

reducing the effect of quantum noise by using an external seed. 277

Here, the noise of the 4.22 μm vibrational Raman laser could 278

be effectively suppressed by seeding it with a mid-IR quantum 279
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Fig. 6. (a) Output peak intensity of the mid-IR photodetector (PDAVJ10, Thorlabs) as a function of the input power of a 4.2 µm femtosecond laser. (b) The
impulse function of the photodetector measured in the linear region of (a), with the average over 1000 pulses. (c) Fourier spectrum of the impulse function in (b).
(d) The Fourier spectrum of a stimulated Raman laser pulse based on the experimental parameters, where the pump energy is set to a maximum value of ∼80 µJ,
and H2 pressure to 15 bar. The inset of (d) is the corresponding pulse profile. (e) The measured pulse profile of a 4.22 µm Raman laser (red curve), as well as the
deconvoluted result (black curve). (f) Evolution of deconvoluted average pulse area and peak intensity as a function of the input power of the 4.22 µm Raman laser
(The output Raman laser from HCF is fixed at 132 mW, and the power coupled to photodetector is precisely attenuated through a polarizer).

cascade laser which is known for its low-noise level and narrow280

linewidth.281

In conclusion, we investigated the noise and long-term sta-282

bility of an H2-filled Raman laser in both the near- and mid-IR283

spectral regions. Both REN and RIN of the presented IR Raman284

lasers continuously decrease with increasing pulse energy. At285

the same Raman laser power level, the RIN is always lower286

than the REN. The mid-IR Raman laser emission is associated287

with a large amount of heat release and long-term stability288

monitoring demonstrated some drift in the pulse peak intensity289

and pulse energy over time. Both the relatively high noise level290

and long-term drift could be underlying issues for the emerging291

IR gas-filled Raman lasers, despite their promising advantages292

of high quantum efficiency and both high energy and the high293

power laser emission.294

APPENDIX295

Appendix A296

In this experiment, the measured pulse profile of the 4.22 μm297

Raman laser has a low accuracy because the ∼3 ns rise time298

of the mid-IR photodetector is comparable with the pulse dura-299

tion of the Raman laser. Since the photodetector with a much300

shorter rise time is not commercially available, here we use the301

deconvolution method to overcome this technical limitation and302

improve the accuracy of the pulse profile.303

It is known that the output signal O(t) from a photodetector is304

the convolution of the input signal I(t) and the impulse function305

R(t) of the photodetector: 306

O(t) =

∫ τ

−∞
I(τ)R(t− τ)dτ (1)

We denote the Fourier transformation of O(t), I(t), and R(t) 307

as Õ(ω), Ĩ(ω), and R̃(ω), respectively. From the convolution 308

theorem, the Fourier transform of O(t) can be expressed as: 309

Õ (ω) = Ĩ (ω) R̃ (ω) (2)

(1) indicates that Ĩ(ω) could be calculated by Õ(ω)/R̃(ω), and 310

then I(t) could be retrieved from Ĩ(ω) through the inverse Fourier 311

transformation. 312

There are three prerequisites for the accurate retrieving of the 313

I(t): 314

1) The impulse function R(t) needs to be known. Here, we 315

use a ∼250 fs linearly polarized laser at 4.22 μm to 316

accurately measure the R(t). This femtosecond laser is 317

generated by an optical parametric amplifier (OPA) based 318

on a 10 mm periodically-poled fan-out MgO: LiNbO3 319

crystal. First, the power of the OPA laser is precisely 320

controlled by a polarizer to search the linear region of the 321

photodetector, as shown by Fig. 6 (a). With the increase in 322

average power, it can be seen that the pulse peak intensity 323

slowly increases until it reaches a saturation level. Then, 324

the impulse function is measured by controlling the peak 325

intensity to the center of the linear region, i.e., ∼14 mV. 326

The measured profile of the impulse function is presented 327

in Fig. 6(b), where 1000 pulses are averaged to smooth the 328

background noise. Fig. 6(c) shows the Fourier transform 329

spectrum of the impulse function in Fig. 6(b), where its 330

maximum frequency fimpulse_max is ∼200 MHz. 331
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2) According to the expression of Õ(ω) = Ĩ(ω)R̃(ω), in332

order to include the complete information of Ĩ(ω) into the333

output signal of Õ(ω), the frequency range of Ĩ(ω)should334

be comparable or less than R̃(ω). This point is analyzed335

by comparing the Fourier spectrum of a typical simulated336

Raman laser pulse profile with the spectrum of R(t). The337

simulation model is referred to [33], and the parameters338

are consistent with the experiment setup. The quantum339

noise model is referred to in [25]. The result is presented340

in Fig. 6(d), where one can see that the Raman laser341

pulse (simulated at 15 bar H2 pressure and maximum342

pump pulse energy of ∼80 μJ) and the measured R(t) has343

a comparable frequency range, thus, indicating that the344

pulse profile of the Raman laser could be approximately345

retrieved. Inset of Fig. 6(d) presents the corresponding346

pulse profile with a pulse duration of ∼4.8 ns.347

3) Because the output signal from the photodetector is sam-348

pled by an oscilloscope, according to the Nyquist sampling349

theorem, the maximum frequency foutput_max of the out-350

put signal must be less than half of the sampling frequency351

of the oscilloscope. From the above analysis, the value of352

foutput_max must less than 200 MHz, whereas the sampling353

frequency of the oscilloscope is up to 40 GHz. Therefore,354

this condition is well satisfied.355

Since the vibrational Raman laser in our experiment approxi-356

mately satisfies the above all prerequisites, its pulse profile could357

be basically retrieved. Fig. 6(e) shows a typical comparison358

of the Raman pulse profiles before and after deconvolution.359

Compared with the pulse profile before deconvolution with an360

obvious oscillation at its trailing edge region, the one after361

deconvolution has a reasonable Gauss-like pulse profile.362

The correctness of this method is verified by investigating363

the evolution of the deconvoluted pulse area and peak intensity364

as a function of the average Raman laser power, as shown in365

Fig. 6(f). It should be noted here that the gas-filled Raman laser366

operates at a high quantum efficiency of∼70% and pulse energy367

of ∼16 μJ at the H2 pressure of 15 bar, to maximally minimize368

the noise. The power coupling into the photodetector is precisely369

attenuated by a polarizer. The measured results show that both370

the peak intensity and pulse area initially increase in a linear371

dependence on the input power, and gradually deviates from the372

linear region because of the saturation effect of the photodetec-373

tor. This indicates that the noise of both pulse energy and peak374

power of the Raman laser could be correctly and respectively375

reflected by the pulse area and peak intensity measured from the376

oscilloscope, as long as the Raman power is attenuated to the377

linear region.378

Appendix B379

The 4.22 μm Raman laser in our experiment shows a high380

PER of over −20 dB because of the use of a linear polarized381

pump as well as the weak birefringence of the ARHCF. As382

an example, the measured PER of the Raman laser was up383

to −27 dB and −22 dB at average powers of 132.8 mW and384

32.3 mW, respectively, as shown in Fig. 7(a) and 7(b). The385

PER of the vibrational Raman laser with lower power could386

Fig. 7. PER measurement of the 4.22 µm Raman laser at the average power
of (a) 132.8 mW and (b) 32.3 mW, respectively.

Fig. 8. (a) Instant noise distributions of the 4.22 µm vibrational Raman laser
and 1.68 µm rotational Raman laser from the pulse leading edge to the trailing
edge region. The zero time position is the position where the pulse peak power
most probably appears. (b) A simulated Raman laser pulse and its corresponding
pump pulse at the maximum pump energy of ∼80 µJ and H2 pressure of 15 bar.

not be accurately measured since the minimum power after the 387

polarizer approaches the background noise level of the thermal 388

power meter. 389

Appendix C 390

Fig. 8(a) shows the relative noise distributions of the instant 391

pulse intensity from the pulse leading edge to the trailing edge 392

region, for both the 1.68 μm rotational Raman laser and 4.22 μm 393

vibrational Raman laser, at the same quantum efficiency of 394

∼45%. 10000 pulses are used for each case. The statistics for 395

the 4.22 μm Raman laser were computed using the pulses after 396

deconvolution (see Appendix A). The time at zero is the position 397

where the pulse peak most probably appears. It can be seen that 398

the pulse peak region has a lower noise level when compared to 399

the pulse edge regions, indicating that the relative noise of the 400

pulse peak intensity is lower than the pulse energy. This could 401

be attributed to the dependence of the SRS efficiency on the 402

laser intensity, as indicated by the simulation results in Fig. 8(b), 403

where a typical Raman pulse and its corresponding pump pulse 404

are presented for comparison. It can be seen that the peak regions 405

of the Raman laser and pump laser are overlapped, because of the 406

negligible dispersion effect of the gas-filled ARHCF. In this case, 407

the peak region of the Raman pulse has higher SRS efficiency 408

and therefore lower noise level than the pulse edge regions. 409

Appendix D 410

We observed that the coupling loss from the pump laser to 411

the ARHCF can lead to power drift of the coupled pump power 412

due to the heat release. In order to exclude the influence of the 413

coupling efficiency drift during this experiment, the setup was 414

always warming-up over 1 hour before the measurement, so that 415
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Fig. 9. (a) Long-term stability monitoring of the pump pulse peak intensities
before and after the ARHCF by filling ambient air. Pump power was set to the
maximum value of 1.4 W. These results were recorded after one hours warming-
up of the experiment system. (b) The calculated Allan deviations of the signals
in (a).

the heat distribution can reach an equilibrium state. For better416

clarity, Fig. 9(a) shows a comparison of the long-term mon-417

itoring of pump peak intensities before and after the ARHCF.418

Two near-IR photodetectors (10Gbps PIN-TIA Detector, Nortel,419

Oclaro; and DET01CFC, Thorlabs) were placed before and after420

the ARHCF respectively, to simultaneously record the pulse421

peak intensities. This measurement was implemented by filling422

ambient air into the ARHCF, to avoid Raman laser-induced noise423

and drift. The pump laser was set to the maximum power of424

1.4 W. The recording started after one-hour warming-up. It can425

be seen that the signals before and after the ARHCF exhibit a426

similar fluctuation. This can also be reflected by the calculated427

Allan deviations in Fig. 9(b), where both curves show a similar428

evolution tendency as a function of time, and present a common429

inflection point at ∼10 s, indicating that there is no coupling430

efficiency drift.431
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4

Abstract—Stimulated Raman scattering (SRS) enabled by5
the emerging gas-filled low-loss anti-resonant hollow-core fiber6
(ARHCF) technology opens up a competitive way towards the7
development of novel lasers in the molecular fingerprint region.8
In this article, the characteristics of noise and long-term stability9
of near- and mid-infrared (near-IR and mid-IR) gas-filled fiber10
Raman lasers have been investigated for the first time. The results11
reveal that an increase in Raman pulse energy is associated with12
a decrease in noise, and that the relative pulse peak intensity13
noise (RIN) is always lower than the relative pulse energy noise14
(REN). We also demonstrate that long-term drift of the pulse energy15
and peak power are directly linked with the high amount of heat16
release during the Raman Stokes generation. The demonstrated17
noise and long-term stability performance provide necessary ref-18
erences for potential spectroscopic applications as well as further19
improvements of the emerging IR gas-filled ARHCF Raman laser20
technology.21

Index Terms—Laser noise, laser stability, optical fiber lasers,22
Raman lasers.23

I. INTRODUCTION24

THE emerging gas-filled hollow-core fiber (HCF) Raman25

laser technology has attracted enormous attention due to26
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its compelling features that enable efficient stimulated Raman 27

scattering (SRS) process, high damage threshold, broad trans- 28

mission range, compact fiber structure, high freedom on wave- 29

length selection, etc. [1]–[3]. Especially, with the recent advent 30

of low loss anti-resonant HCF (ARHCF) technology [4]–[6], the 31

laser wavelength has been extended to the mid-infrared (mid-IR) 32

region where the high silica loss could be significantly mitigated 33

by confining most power of the laser beam within the fiber core 34

(gas) region [7]–[9]. A series of gas-filled fiber Raman lasers 35

have been reported from the UV to mid-IR region [7], [10]–[15]. 36

Despite their unique advantages compared to other counterparts, 37

high noise is an intrinsic issue of Raman lasers since the SRS 38

process is usually initiated by the quantum noise [16]–[18]. 39

The noise of Raman laser has extensively been investigated 40

in the frame of a bulk gas cell usually filled with hydrogen 41

(H2) [19]–[22], but yet remains unexplored for the gas-filled 42

fiber technology. The noise characteristics of the latter is worth 43

further investigation since the SRS process in gas-filled HCF is 44

much more efficient than the conventional bulk gas cell structure. 45

Besides, for the Raman Stokes emission involving a large photon 46

energy difference between the pump and Stokes, the energy of 47

the released phonon is high and thus could easily lead to a large 48

amount of heat release within the core region of the HCF, where 49

the gas circulation speed is much slower than its counterpart of 50

using bulk gas cell. As a result, the temperature and therefore 51

the Raman gain coefficient will be directly affected. In the last 52

few years, several efficient Raman lasers operating at ∼4 μm 53

wavelength have been reported with H2-filled ARHCFs by using 54

1.5μm fiber laser as a pump [7], [10], [11], where the generation 55

of one Stokes photon is accompanied by phonon emission with 56

up to ∼60% of pump photon energy. Consequently, the heat 57

pulse energy of these mid-IR Raman lasers is calculated to 58

be μJ level, which could impose a significant impact on the 59

laser stability. However, as an emerging laser technology, these 60

issues have not been investigated yet. 61

In this work, we thoroughly investigated the noise and stability 62

performance of two different Raman lasers based on an H2-filled 63

ARHCF, at 1.68 μm and 4.2 μm. The Raman lasers were gen- 64

erated by pumping with a custom-made linearly polarized fiber 65

laser at 1532.8 nm. The pump laser has a pulse energy of∼80μJ, 66

pulse duration of 7 ns, repetition rate of 8 kHz, and linewidth 67

of ∼0.06 nm. The ARHCF is designed with two transmission 68

windows around 1.3–1.8 μm, and 2.5–4.5 μm, separated by a 69

resonance peak at ∼2 μm [11]. 70

0733-8724 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. Noise measurement setup of gas-filled fiber Raman laser. M1-M4
are silver mirrors. L1-L3 are C-coated plano-convex silica lenses, L4-L5 are
uncoated plano-convex CaF2 lenses. W1 and W2 are respectively optical wedge
and window used to extract a small part of the laser beam for pulse detection
with photodetectors.

II. EXPERIMENT SETUP AND METHOD71

Fig. 1 shows the details of the experimental setup used for72

this investigation. H2 is filled into the ARHCF through two gas73

cells. At the pressure range of 5-20 bar, H2 inside the ARHCF74

quickly reaches to equilibrium state within one minute. The75

fiber length was optimized to 3.95 m, to obtain a maximum76

vibrational Raman laser pulse energy of 16 μJ at 20 bar H2 [11].77

The output from the H2-filled ARHCF is first collimated and78

then the residual pump is removed by a long-pass filter (LPF).79

The remaining 4.22 μm Raman part is passed through a CaF280

window (∼95% transmission at 4.22 μm) and monitored by a81

thermal power meter. A small part of the Raman laser reflected82

from the front surface of the CaF2 window is focused onto83

a photodetector (PDAVJ10, Thorlabs) which is connected to84

an oscilloscope (Teledyne Lecroy HD09000) for pulse profile85

monitoring. The pulse duration of the Raman laser is estimated86

to be a few nanoseconds, which is comparable with the rise87

time of the photodetector (∼3.5 ns), as a result, the Raman laser88

pulse profile couldn’t be accurately measured. Here we use the89

deconvolution method to retrieve the original pulse profile, as90

described in Appendix A. Based on this method, we found that91

both pulse energy and peak power of the Raman laser could be92

correctly and respectively reflected by the pulse area and peak93

intensity measured from the oscilloscope, as long as the Raman94

power is attenuated to the linear region of the photodetector.95

Because the 4.22 μm Raman line here has a high polarization96

extinction ratio (PER) (>20 dB) (see Appendix B), a polarizer97

was used to continuously attenuate the average power, so that98

most of the pulses could be appropriately measured in the linear99

response region of the photodetector. The characterization of the100

photodetector is provided in Appendix A. The pump laser was101

also simultaneously monitored by focusing a minor part of the102

pump into a near-infrared (near-IR) photodetector (DET01CFC,103

Thorlabs).104

From the setup in Fig. 1, due to the fact that the pump is105

linearly polarized, the rotational Raman line at 1.68 μm has a106

near-zero power (see the measured spectrum in Fig. 2) and thus107

negligible influence on the generation of a vibrational Raman108

line at 4.22 μm. Nevertheless, for the purpose of comparison,109

Fig. 2. Spectra comparison of the Raman lines with linear and circular
polarized pumps.

we also monitored the noise and long-term stability of the 110

rotational Raman line generated at 1.68 μm when replacing the 111

half-wave plate (HWP) with a quarter-wave plate (QWP) in front 112

of the ARHCF to make the pump light circularly polarized [23]. 113

When using circularly polarized pump light, the H2 pressure 114

was reduced to 8 bar to suppress the vibrational Raman line, 115

which finally provided a quantum efficiency and pulse energy 116

of the rotational Raman line of 45% and 27 μJ, respectively, 117

whereas the average power of the vibrational Raman line was 118

measured to be less than 1 mW (see Fig. 2). Then, the pulse 119

profile of the rotational Raman line was precisely measured by 120

the other near-IR photodetector with the same parameters as 121

the one used for monitoring the pump. Because of the circular 122

polarization of the rotational Raman line, the polarizer was 123

replaced by a continuously variable near-IR neutral density filter 124

(NDF) (NDL-10C-2, Thorlabs), to precisely attenuate the pulse 125

peak power. 126

III. RESULTS AND ANALYSIS 127

A. Noise Performance 128

In the noise measurement, we collected a train of 10000 129

Raman pulses and corresponding pump pulses, for each pump 130

power level. The influence of the pump noise is suppressed by 131

discarding the pump pulses whose peak intensity falls outside 132

2% of its average value. After the data processing, the number of 133

pairs is reduced to ∼9500, and the relative noise (defined as the 134

ratio of the standard deviation to the mean value) of the pump 135

peak intensity is reduced from ∼1.7% to ∼1%. Fig. 3(a) and 136

3(b) present the measured relative pulse energy noise (REN) and 137

relative pulse peak intensity noise (RIN) of the vibrational and 138

rotational Raman lasers. It shows that both of them gradually 139

decrease, and in Fig. 3(a) they finally approach a stable level 140

as the Raman laser power exceeds ∼80 mW (corresponding to 141

∼45% quantum efficiency). This is attributed to the stabilization 142

effect of Stokes pulse energy induced by the depletion of pump 143

power as well as H2 molecules in the ground state during the 144

SRS [24]. Meanwhile, at the same pulse energy level, it can be 145

seen that the RIN is always lower than the REN. For instance, at 146

the highest power of 132.8 mW in Fig. 3(a), the REN is 16.8%, 147

whereas the RIN is as low as 2.9%. This difference is supposed 148

to be caused by the dependence of the SRS efficiency on the 149

light intensity: the SRS process in the peak region of the Raman 150

pulse is more efficient than at its edge regions, whereas high SRS 151
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Fig. 3. (a) and (b) are the measured REN and RIN of the 4.22 µm and 1.68 µm Raman lines as a function of their average powers, respectively. (c)–(e)
are histograms of measured pulse energy at different levels of output Raman laser power (4.22 µm). (f)–(h) are histograms of measured pulse peak intensity
corresponding to (c)–(e).

efficiency is associated with the low noise level. More details152

about this deduction are provided in Appendix C.153

Fig. 3(c) shows a histogram of the pulse energy of the vi-154

brational Raman line at low power of less than 1 mW, where it155

approaches a negative exponential distribution. If one compares156

with the reported experimental results in [19] and [25], this dis-157

tribution slightly deviates from an ideal exponential distribution,158

which might be attributed to the influence of the relatively high159

background noise of the photodetector. A shred of evidence for160

this deduction is the comparison of the corresponding histogram161

of the peak intensity in Fig. 3(f), where the distribution is even162

closer to an exponential distribution due to the less influence of163

the background noise on the peak intensity when compared to the164

pulse area. When the laser power increases, the distributions of165

both pulse energy and peak intensity gradually evolve towards166

a symmetrical Gaussian-like shape with a narrower width, as167

shown in Fig. 3(c)–3(e) as well as Fig. 3(f)–3(h). This evolution168

is consistent with the theoretical prediction and other experi-169

mental results of conventional Raman lasers based on a bulk gas170

cell configuration [19], [25].171

B. Long-Term Stability172

As mentioned in the introduction, the generation of one173

4.22 μm Stokes photon from its 1.53 μm pump is accompanied174

by high energy phonon release. Here, the average heat release175

from each pump pulse at the quantum efficiency of∼70% (at the176

pressure of 15 bar) is as high as∼25μJ. In terms of spatial distri-177

bution, heat energy is supposed to be mainly concentrated in the178

output end part of the ARHCF due to the rapid increase of Stokes179

pulse energy in this region [7]. Therefore, the temperature field180

is supposed to have a non-uniform distribution along the fiber,181

consequently leading to a gas circulation inside the laser system.182

Meanwhile, since Raman lines initiated by quantum noise have a183

relatively high fluctuation, the heat release from each pump pulse184

consequently fluctuates also. The combination of gas circulation185

and fluctuation of the released heat energy could easily result186

in an irregular variation of the gas-filled ARHCF temperature 187

and thus the Raman gain coefficient, thereby compromising 188

the laser’s long-term stability. In order to verify this, we first 189

observed the long-term stability at two different power lev- 190

els, as shown in Fig. 4(a), where the fluctuation of the pulse 191

peak intensity was monitored over ∼30 minutes by recording 192

120000 pulses with 14.4 ms average time separation between 193

two adjacent pulses. The long-term stability measurement was 194

implemented after 1 hour of warming-up the laser system, to 195

avoid the coupling efficiency drift and ensure that the system 196

had reached a stable state (see Appendix D). It can be seen 197

that the peak intensity of the Raman laser at the power level of 198

132.8 mW exhibits obvious drift (red curve in the bottom, right) 199

when compared to that observed when using less than 1 mW 200

power (grey curve in the bottom, left), whereas the pump laser 201

fluctuation remains at a low and stable level without obvious 202

drift (curves in the top). Note that a similar drift could be 203

observed in terms of pulse energy, and these phenomena are 204

highly repeatable in our experiment. The Allan deviation, which 205

is a numerical model widely used for the evaluation of a system’s 206

stability [26], [27], is introduced here to quantitatively describe 207

the drift effect, as shown in Fig. 4(b), where the Allan deviation 208

of the pulse peak intensities are presented at four average power 209

levels. Initially, because it is white noise-dominated, the Allan 210

deviation linearly decreases with increasing time [26]. When 211

the time is sufficiently long to include the drift effect, the Allan 212

deviation gradually deviates from the linear decrease and finally 213

starts to increase again, i.e., entering the drift-dominant region 214

[26]. The time tmin at the point of inflection is, therefore, a sign 215

of the magnitude of drift. Here tmin is ∼106 s at a Raman laser 216

power of less than 1 mW and it then gradually decreases to 48 s 217

when the power increases to 132.8 mW, indicating that obvious 218

drift is induced when increasing the power. 219

Note that the pump drift maintains a similar level at different 220

powers. Fig. 4(c) presents the Allan deviations of the pump laser 221

corresponding to Fig. 4(b). It can be seen that, although their 222

values at the beginning time have a slight difference, they evolve 223
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Fig. 4. (a) Long term stability monitoring of the pulse peak intensity of the pump laser (top) and corresponding vibrational Raman laser (bottom) at two different
Raman laser powers of <1 mW (left) and 132.8 mW (right). (b) Allan deviation of the vibrational Raman pulse peak intensity at different Raman laser power
levels. (c) Allan deviation of the pump pulse peak intensity corresponding to (b). (d) Allan deviations of pump pulse intensity by filtering out their drift parts, as
well as the corresponding Allan deviations of the Raman lasers (PumpA and pumpB in (d) donate the pump corresponding to the Raman laser with powers of less
than 1 mW and equal to 132.8 mW, respectively).

Fig. 5. Comparison of the Allan deviations of the vibrational and rotational
Raman lasers under the same quantum efficiency of ∼45%.

with similar trend and gradually overlap with each other. In order224

to exclude the influence of the pump drift on the drift of the225

Raman laser, we discarded the pulse pairs where the pump peak226

intensity falls outside 0.1% of its average value. Then, the time227

separation of adjacent measured pulses is reset to 14.4 ms, to228

calculate the Allan deviation. The pump Allan deviations after229

the data processing are presented in Fig. 4(d), where their powers230

are corresponded with the Raman laser powers of 132.8 mW and231

<1 mW, respectively. Both Allan deviations linearly decrease as232

a function of time, indicating that the drift is effectively mitigated233

after the data processing. In this case, as shown by the red and234

green curves in Fig. 4(d), the Allan deviation of Raman laser235

with 132.8 mW power still exhibits an obvious inflection point236

at tmin = 43 ms, whereas linearly decreases at the power <1237

mW as a result of the low amount of heat release. This suggests238

that the high heat release caused by the high Raman laser energy239

indeed induces drift of the Raman laser.240

The other experimental evidence for the heat-induced drift241

effect is the comparison of the Allan deviations between the242

rotational and vibrational Raman lasers, where the Stokes photon243

at 1.68 μm accounts for ∼91% pump photon energy and thus244

a low heat release. Fig. 5 shows a comparison of the two Allan245

deviations at the same quantum efficiency of ∼45%, i.e., 85.9 246

mW for the vibrational Raman laser and 215.7 mW for the 247

rotational Raman laser. Different from the Allan deviation of 248

vibrational Raman laser, the rotational Raman laser has its Allan 249

deviation continuously decreasing as a function of time. This 250

implies that the drift of the rotational Raman laser here is quite 251

weak due to its small amount of heat release when compared to 252

the vibrational Raman laser. 253

IV. DISCUSSION AND CONCLUSION 254

The noise and drift of the Raman laser could compromise its 255

potential applications such as gas sensing, biology imaging, etc. 256

For instance, in the field of gas monitoring, a long integration or 257

average time is required to offset the influence of the strong noise 258

of the Raman laser, which however slows down the speed of gas 259

detection [26], [28], [29]. Particularly, for some optical sensing 260

methods such as photoacoustic sensing which the detected signal 261

intensity is proportional to the optical pulse energy, the high 262

REN level of the Raman laser (e.g., the minimum REN in 263

this experiment is still up to 16.8%) inevitably induces a high 264

noise to the final detected signal [30]. Meanwhile, the detection 265

signal drifts due to the drift of Raman laser, therefore limiting 266

the possibility of noise offset through prolonging integration or 267

average time [26], [31], and finally compromising the detection 268

limit. The Raman laser drift induced by the heat release could be 269

mitigated by avoiding the generation of the phonon, which can 270

be achieved through satisfying the phase matching condition of 271

the generation of anti-Stokes photon [32]. However, it is usually 272

difficult to satisfy the conditions of both phase matching and the 273

efficient emission of mid-IR Raman Stokes with the same fiber 274

parameters and gas pressure. The other possible way to mitigate 275

the Raman laser noise is to suppress the laser fluctuation by 276

reducing the effect of quantum noise by using an external seed. 277

Here, the noise of the 4.22 μm vibrational Raman laser could 278

be effectively suppressed by seeding it with a mid-IR quantum 279
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Fig. 6. (a) Output peak intensity of the mid-IR photodetector (PDAVJ10, Thorlabs) as a function of the input power of a 4.2 µm femtosecond laser. (b) The
impulse function of the photodetector measured in the linear region of (a), with the average over 1000 pulses. (c) Fourier spectrum of the impulse function in (b).
(d) The Fourier spectrum of a stimulated Raman laser pulse based on the experimental parameters, where the pump energy is set to a maximum value of ∼80 µJ,
and H2 pressure to 15 bar. The inset of (d) is the corresponding pulse profile. (e) The measured pulse profile of a 4.22 µm Raman laser (red curve), as well as the
deconvoluted result (black curve). (f) Evolution of deconvoluted average pulse area and peak intensity as a function of the input power of the 4.22 µm Raman laser
(The output Raman laser from HCF is fixed at 132 mW, and the power coupled to photodetector is precisely attenuated through a polarizer).

cascade laser which is known for its low-noise level and narrow280

linewidth.281

In conclusion, we investigated the noise and long-term sta-282

bility of an H2-filled Raman laser in both the near- and mid-IR283

spectral regions. Both REN and RIN of the presented IR Raman284

lasers continuously decrease with increasing pulse energy. At285

the same Raman laser power level, the RIN is always lower286

than the REN. The mid-IR Raman laser emission is associated287

with a large amount of heat release and long-term stability288

monitoring demonstrated some drift in the pulse peak intensity289

and pulse energy over time. Both the relatively high noise level290

and long-term drift could be underlying issues for the emerging291

IR gas-filled Raman lasers, despite their promising advantages292

of high quantum efficiency and both high energy and the high293

power laser emission.294

APPENDIX295

Appendix A296

In this experiment, the measured pulse profile of the 4.22 μm297

Raman laser has a low accuracy because the ∼3 ns rise time298

of the mid-IR photodetector is comparable with the pulse dura-299

tion of the Raman laser. Since the photodetector with a much300

shorter rise time is not commercially available, here we use the301

deconvolution method to overcome this technical limitation and302

improve the accuracy of the pulse profile.303

It is known that the output signal O(t) from a photodetector is304

the convolution of the input signal I(t) and the impulse function305

R(t) of the photodetector: 306

O(t) =

∫ τ

−∞
I(τ)R(t− τ)dτ (1)

We denote the Fourier transformation of O(t), I(t), and R(t) 307

as Õ(ω), Ĩ(ω), and R̃(ω), respectively. From the convolution 308

theorem, the Fourier transform of O(t) can be expressed as: 309

Õ (ω) = Ĩ (ω) R̃ (ω) (2)

(1) indicates that Ĩ(ω) could be calculated by Õ(ω)/R̃(ω), and 310

then I(t) could be retrieved from Ĩ(ω) through the inverse Fourier 311

transformation. 312

There are three prerequisites for the accurate retrieving of the 313

I(t): 314

1) The impulse function R(t) needs to be known. Here, we 315

use a ∼250 fs linearly polarized laser at 4.22 μm to 316

accurately measure the R(t). This femtosecond laser is 317

generated by an optical parametric amplifier (OPA) based 318

on a 10 mm periodically-poled fan-out MgO: LiNbO3 319

crystal. First, the power of the OPA laser is precisely 320

controlled by a polarizer to search the linear region of the 321

photodetector, as shown by Fig. 6 (a). With the increase in 322

average power, it can be seen that the pulse peak intensity 323

slowly increases until it reaches a saturation level. Then, 324

the impulse function is measured by controlling the peak 325

intensity to the center of the linear region, i.e., ∼14 mV. 326

The measured profile of the impulse function is presented 327

in Fig. 6(b), where 1000 pulses are averaged to smooth the 328

background noise. Fig. 6(c) shows the Fourier transform 329

spectrum of the impulse function in Fig. 6(b), where its 330

maximum frequency fimpulse_max is ∼200 MHz. 331
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2) According to the expression of Õ(ω) = Ĩ(ω)R̃(ω), in332

order to include the complete information of Ĩ(ω) into the333

output signal of Õ(ω), the frequency range of Ĩ(ω)should334

be comparable or less than R̃(ω). This point is analyzed335

by comparing the Fourier spectrum of a typical simulated336

Raman laser pulse profile with the spectrum of R(t). The337

simulation model is referred to [33], and the parameters338

are consistent with the experiment setup. The quantum339

noise model is referred to in [25]. The result is presented340

in Fig. 6(d), where one can see that the Raman laser341

pulse (simulated at 15 bar H2 pressure and maximum342

pump pulse energy of ∼80 μJ) and the measured R(t) has343

a comparable frequency range, thus, indicating that the344

pulse profile of the Raman laser could be approximately345

retrieved. Inset of Fig. 6(d) presents the corresponding346

pulse profile with a pulse duration of ∼4.8 ns.347

3) Because the output signal from the photodetector is sam-348

pled by an oscilloscope, according to the Nyquist sampling349

theorem, the maximum frequency foutput_max of the out-350

put signal must be less than half of the sampling frequency351

of the oscilloscope. From the above analysis, the value of352

foutput_max must less than 200 MHz, whereas the sampling353

frequency of the oscilloscope is up to 40 GHz. Therefore,354

this condition is well satisfied.355

Since the vibrational Raman laser in our experiment approxi-356

mately satisfies the above all prerequisites, its pulse profile could357

be basically retrieved. Fig. 6(e) shows a typical comparison358

of the Raman pulse profiles before and after deconvolution.359

Compared with the pulse profile before deconvolution with an360

obvious oscillation at its trailing edge region, the one after361

deconvolution has a reasonable Gauss-like pulse profile.362

The correctness of this method is verified by investigating363

the evolution of the deconvoluted pulse area and peak intensity364

as a function of the average Raman laser power, as shown in365

Fig. 6(f). It should be noted here that the gas-filled Raman laser366

operates at a high quantum efficiency of∼70% and pulse energy367

of ∼16 μJ at the H2 pressure of 15 bar, to maximally minimize368

the noise. The power coupling into the photodetector is precisely369

attenuated by a polarizer. The measured results show that both370

the peak intensity and pulse area initially increase in a linear371

dependence on the input power, and gradually deviates from the372

linear region because of the saturation effect of the photodetec-373

tor. This indicates that the noise of both pulse energy and peak374

power of the Raman laser could be correctly and respectively375

reflected by the pulse area and peak intensity measured from the376

oscilloscope, as long as the Raman power is attenuated to the377

linear region.378

Appendix B379

The 4.22 μm Raman laser in our experiment shows a high380

PER of over −20 dB because of the use of a linear polarized381

pump as well as the weak birefringence of the ARHCF. As382

an example, the measured PER of the Raman laser was up383

to −27 dB and −22 dB at average powers of 132.8 mW and384

32.3 mW, respectively, as shown in Fig. 7(a) and 7(b). The385

PER of the vibrational Raman laser with lower power could386

Fig. 7. PER measurement of the 4.22 µm Raman laser at the average power
of (a) 132.8 mW and (b) 32.3 mW, respectively.

Fig. 8. (a) Instant noise distributions of the 4.22 µm vibrational Raman laser
and 1.68 µm rotational Raman laser from the pulse leading edge to the trailing
edge region. The zero time position is the position where the pulse peak power
most probably appears. (b) A simulated Raman laser pulse and its corresponding
pump pulse at the maximum pump energy of ∼80 µJ and H2 pressure of 15 bar.

not be accurately measured since the minimum power after the 387

polarizer approaches the background noise level of the thermal 388

power meter. 389

Appendix C 390

Fig. 8(a) shows the relative noise distributions of the instant 391

pulse intensity from the pulse leading edge to the trailing edge 392

region, for both the 1.68 μm rotational Raman laser and 4.22 μm 393

vibrational Raman laser, at the same quantum efficiency of 394

∼45%. 10000 pulses are used for each case. The statistics for 395

the 4.22 μm Raman laser were computed using the pulses after 396

deconvolution (see Appendix A). The time at zero is the position 397

where the pulse peak most probably appears. It can be seen that 398

the pulse peak region has a lower noise level when compared to 399

the pulse edge regions, indicating that the relative noise of the 400

pulse peak intensity is lower than the pulse energy. This could 401

be attributed to the dependence of the SRS efficiency on the 402

laser intensity, as indicated by the simulation results in Fig. 8(b), 403

where a typical Raman pulse and its corresponding pump pulse 404

are presented for comparison. It can be seen that the peak regions 405

of the Raman laser and pump laser are overlapped, because of the 406

negligible dispersion effect of the gas-filled ARHCF. In this case, 407

the peak region of the Raman pulse has higher SRS efficiency 408

and therefore lower noise level than the pulse edge regions. 409

Appendix D 410

We observed that the coupling loss from the pump laser to 411

the ARHCF can lead to power drift of the coupled pump power 412

due to the heat release. In order to exclude the influence of the 413

coupling efficiency drift during this experiment, the setup was 414

always warming-up over 1 hour before the measurement, so that 415
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Fig. 9. (a) Long-term stability monitoring of the pump pulse peak intensities
before and after the ARHCF by filling ambient air. Pump power was set to the
maximum value of 1.4 W. These results were recorded after one hours warming-
up of the experiment system. (b) The calculated Allan deviations of the signals
in (a).

the heat distribution can reach an equilibrium state. For better416

clarity, Fig. 9(a) shows a comparison of the long-term mon-417

itoring of pump peak intensities before and after the ARHCF.418

Two near-IR photodetectors (10Gbps PIN-TIA Detector, Nortel,419

Oclaro; and DET01CFC, Thorlabs) were placed before and after420

the ARHCF respectively, to simultaneously record the pulse421

peak intensities. This measurement was implemented by filling422

ambient air into the ARHCF, to avoid Raman laser-induced noise423

and drift. The pump laser was set to the maximum power of424

1.4 W. The recording started after one-hour warming-up. It can425

be seen that the signals before and after the ARHCF exhibit a426

similar fluctuation. This can also be reflected by the calculated427

Allan deviations in Fig. 9(b), where both curves show a similar428

evolution tendency as a function of time, and present a common429

inflection point at ∼10 s, indicating that there is no coupling430

efficiency drift.431
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