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Strong phase-locking in quantum seeded of Raman comb

We demonstrate strong and stable phase-locking between the pump and the quantum generated Stokes/anti-Stokes spectral-pair in a comb generated in the regime of a single spatiotemporal coherent mode transient stimulated Raman scattering in H2-filled HCPCF. © 2022 The Author(s)

In conclusion, we demonstrated strong and stable phase-locking between the pump, 1 st Stokes and 1 st anti-Stokes of a Raman comb generated using H2-filled IC-HCPCF.

Transient stimulated Raman scattering (TSRS) in inhibited-coupling guiding hollow-core photonic crystal fiber (IC-HCPCF) proved to be a promising means to generate several octave bandwidth coherent optical spectral comb [1][2]. This in turn could represent a powerful means for optical waveform synthesis [3] and attosecond optical pulse generation. Because the TSRS spectrum is initiated from the vacuum noise, the phase locking between the different spectral components of the comb generated by TSRS has been a raised question as it strongly depends on the quantum initial conditions of the spontaneous Stokes field. One approach to ensure robust phase locked spectral components is a scheme that could "single out" and amplify only one spatio-temporal mode (STM) from the spontaneously emitted Stokes field Es. STMs are coherent modes that can form a basis for Es. More specifically, the latter can be expressed as a linear combination of individual coherent STM using Karhunen-Loève modal decomposition, i.e. ))) [4]. If only one STM is amplified, the resulting Stokes pulse is a transformlimited pulse with a well-defined phase, and in turn the generation of a broadband coherent comb via Raman cascade and four wave mixing processes. This remarkable dynamics was experimentally demonstrated using hydrogen molecule filled IC-HCPCF excited with nanosecond optical pulses [1][2]. Here, the fiber close-to single mode guidance allows to act as a "spatial filter" for the Stokes spatial modes ,𝜙 𝑘 (𝑟), so only the spatial mode with the highest Raman gain survives the propagation. Furthermore in [5], we extended this filtering approach to the time-domain by pumping a H2-filled IC-HCPCF with optical pulses with duration of less than 10 ps. This allowed the generation of a train of sub-20 fs pulses spaced by 57 fs. However, to date no direct experimental evidence was reported on the phase relation between the pump and the first order Stokes and anti-Stokes, which is a key indicator to the coherence of the generated comb and for the potential pulse to pulse locking. Here, we demonstrate strong phase locking between the pump, the Stokes and the anti-Stokes pulse of TSRS based spectral comb using a novel spectrally resolved interferometry. The results show a very stable phase with a Gaussian statistical distribution with a standard deviation of ~2°. Fig. 1(a) shows the contour plot of the calculated energy extinction ratio between the highest gain STM, and the 80 first higher order STM, (𝑅 𝑒 = 10 * |log(𝑏 1

-1 ∑ 𝑏 𝑘 ) 𝑘 2
| ) in function of pump-pulse energy and duration. The dashed region of the contour plot shows the pulse energy-duration range where 𝑅 𝑒 >30dB and the TSRS is void of parasitic phenomena such as Kerr effect. The result shows that for pulse energy range ~1.5-7 J, the pulse duration range for single STM excitation and amplification is ~1-9ps. Fig. 1(bc) shows the typical frequency-resolved optical gating (FROG) and auto-correlator traces of the first 3 Raman orders from the generated comb [5]. Fig. 1(d) presents the experimental set-up used in this work. The TSRS spectral comb generated in the H2-filled IC-HCPCF is split into two arms. The first beam (arm 1) is spectrally filtered to have only the pump and Stokes lines and acts as the reference signal with a variable delay line achieved using stable motorized plate with 0.25 m resolution. The second beam (arm 2) can be spectrally filtered to have a chosen number of lines and acts as the spectrum under test. The two beams are then focused on a BBO crystal and the generated sum frequency spectrum (SFS) is recorded for varying delays on a photo-spectrometer. Fig. 1(e-g) shows examples of spectra for both arms and the resulted sum frequency spectrum generated in the BBO for a given position of the movable mirror. Under the assumption of a Raman comb field of the form 𝐸 = ∑ 𝐴 𝑛 (𝑡)𝑒 -𝑖(𝜔 𝑛 𝑡+𝜙 𝑛 ) 𝑛 with 𝑛, 𝐴 𝑛 , 𝜔 𝑛 , and 𝜙 𝑛 the Raman line order, amplitude, angular frequency and phase respectively, the intensity of the line 𝑝 of the SFS (i.e. 𝜔 ̃𝑝 = 2𝜔 0 + 𝑝Ω) can be express as function of the delay time:

𝐼 (𝑝) (𝜏) = 𝐽 1 0,𝑝 (𝜏) + 𝐽 1 -1,𝑝+1 (𝜏) + 2𝐽 2 0,𝑝,-1,𝑝+1 (𝜏) cos(Ωτ + Δϕ p )
(1) with Δϕ p = (𝜙 0 + 𝜙 𝑝 ) -(𝜙 -1 + 𝜙 𝑝 +1 ), and where 𝐽 1 𝑛,𝑚 (𝜏)and 𝐽 2 𝑛,𝑚,𝑝,𝑞 can be seen as correlation functions of the different Raman lines combined to produce the line 𝑝 in the BBO. Eq. 1 predicts an oscillation of the intensity with the delay as experimentally observed in Fig. 2(a-b) for the line 𝑝 = 0, (𝜆=515 nm), and a laser pulse of 3 ps and 5 ps respectively. This oscillation is due to the beating between the pump, Stokes and anti-Stokes lines. The large value of the interference contrast clearly demonstrates the strong phase locking between these thre lines of the Raman comb. This is further supported in Fig. 2 which shows the oscillations realized over a large number (200 repetitions) (Fig. 2ab) and the histogram of Δ𝜙 0 demonstrating the stability of the phase for the Raman lines involved (Fig. 2c-d).

Additionally, for a spectrum under test comprising only the pump and 1 st Stokes, and assuming a Gaussian pulse profile, the temporal profile of the SFS lines of order p=0 (i.e.𝜆=515 nm) , p=-1(530 nm) and p=-2 (550 nm) are

{ 𝐼 (0) (𝜏)𝛼𝑒 -( 𝜏 𝜏0 ) 2 𝐼 (-1) (𝜏)𝛼𝑒 -( 𝜏+Δ𝑡 𝜏0 ) 2 + 𝑒 -( 𝜏-Δ𝑡 𝜏0 ) 2 + 2𝐶𝑒 -( Δ𝑡 𝜏0 ) 2 𝑒 -( 𝜏 𝜏0 ) 2 cos(Ωτ) 𝐼 (-2) (𝜏)𝛼𝑒 -( 𝜏 𝜏0 ) 2 (2) 
where Δ𝑡is the time delay between the pump and the Stokes emission and 𝐶 is a parameter due to experimental imperfection. Eq. 2 predicts reconstruction of the pulse temporal profile of the pump and the Stokes (i.e. 𝐼 (0) and 𝐼 (-2) ) and oscillation of the intensity in the presence of phase coherence between the 1 st Stokes and the pump (Fig. 2ef). 

Fig. 1 .

 1 Fig. 1. (a) Extinction ratio between the highest gain STM and the 80 first higher order STM. (bc) FROG and auto-correlator traces of the first three Raman orders from the generated comb. (d) Experimental scheme. (efg) Optical spectra recorded on arm 2, arm 1 and after the BBO respectively.

Fig. 2 .

 2 Fig. 2. (ab) Measured 515 nm oscillations repeated over 200 times for an unfiltered spectrum under test (cd ) Statistical distribution of the fitted phase of 515 nm oscillations. (ef) Measured SFS intensity temporal profile for orders 0 (515nm), -1 (530nm), and -2 (550nm) for a spectrum under test comporting only the pump and the 1 st Stokes. The insets show a plot of Eq. 2 for Δ𝑡 = 200𝑓𝑠(e) and Δ𝑡 = 700𝑓𝑠(f).

We acknowledge financial supports from BPI (Grant