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In optical physics, the boundary between quantum and classical 
realms is often delineated by the strength of the interaction of an atom 
or molecule with the vacuum electromagnetic-field compared to that 
with the field from an exciting laser. In quantum optics the atom-
vacuum interaction through spontaneous emission plays a central 
role. Experimentally, this regime of light-matter interaction is 
encountered, e.g, in cavity quantum electro-dynamics [1] or in 
spontaneous parametric down-conversion, wherein the photon 
statistics exhibit non-classical features. On the other side of this 
boundary lies the predominantly classical regime of lasers and 
nonlinear optics. This regime applies e.g. to attoscience [2] through 
the generation of multi-octave coherent optical “comb” via high-
harmonic generation (HHG) or higher-order stimulated Raman 
Scattering (SRS) [3] in gases.  In both processes, the regime of light-
matter interaction is classical and the medium coherence is driven so 
quantum vacuum-fluctuations play no direct role. Because of these 
seemingly opposite light features, quantum optics and “fast” optics 
have progressed, hitherto following different paths. Recently we have 
shown experimentally that the spectral components of a multi-octave 
optical-comb-like spectrum created by SRS in a hydrogen-filled 
hollow-core photonic-crystal fibre exhibit strong self-coherence and 
mutual coherence within each driving 12 ns laser-pulse [4, 5]. This 
coherence arises in spite of the field’s initiation being from quantum-
noise. At the same time, the spectral components show an overall 
large phase fluctuation and large energy fluctuation with super-
Poissonian statistics; inherent from the initiating quantum zero-point 
fluctuations. The results indicate that the comb is triggered by two 
highly correlated spontaneously-emitted photons at the 1st order 
Stokes and anti-Stokes frequencies, which point to the intriguing 
possibility of a nonclassical spectral comb, thus creating a new 
platform that bridges attoscience and quantum optics. 
Fig. 1(A) shows the interferometeric set-up used to measure the 
mutual coherence and the photon statistics of the comb components. 
Two pieces of identical H2-filled HC-PCF[4] [6] are excited with a 
single-frequency 12 ns large Nd-YAG laser pulses with a 50-Hz 
repetition rate to independently generate identical Raman combs. The 
interferometer acts as a versatile phase auto- and cross-correlator. A 
section of a typical comb-like spectrum from each HC-PCF is shown 
in fig.1 (B) along with the interferograms of selected degenerate 
spectral line-pairs of the combined combs. All comb-line spatial 
interferograms exhibit deep interference-fringes, despite that the two 
combs are initiated by separate uncorrelated and independent 
quantum events. This indicates “self-coherence” of each Raman line 
arises from our distinctive transiency and the guided nature in the 
Raman process in HC-PCF [7]. In this configuration, the number of 
spatial-temporal modes of the vacuum-initiated Stokes field that are 
amplified to the macroscopic level is reduced to one.  Fig. 2 
illustrates the “dual” nature of the photon statistics in the Raman 
comb. Fig. 2(A) shows the shot-to-shot distributions of the visibility 
and the phase difference between 2 shots (i.e. ( ) ( 1) ( )i i iϕ ϕ ϕ+Δ = − ) of 
the Raman lines, which, despite exhibiting self-coherence, show a 
strongly fluctuating visibility and a uniform phase distribution. The 
measured average visibilities are consistent with the theoretical 

prediction for with the interference of two spatially-
coherent, monochromatic, thermal light beams. 
These indicate the underlying quantum nature of the 
S/AS lines. Furthermore the self-coherence of each 
comb line substantiates that the initiating multimode 
vacuum field becomes heavily filtered temporally 
and spatially during amplification, thus selecting a 
single coherent wave-packet with a deterministic but 
random amplitude and phase for each shot.  

In parallel, fig. 2(B) shows that the intra-shot mutual 
phase between two arbitrary Raman orders n and m 
(i.e. ( ) ( )i i

nm n mm nφ φΦ = Δ − Δ ) exhibits histogram with 
Gaussian distribution. The strong peaking of the 
distribution around zero unambiguously indicates 
the presence of strong phase correlation between the 
Raman comb components. Furthermore a quantum 
theoretical model shows that under our experimental 
conditions the growth of S1 and AS1 takes place 
simultaneously and are constituents of a non-
classical squeezed state.  
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Figure 2. (A) Shot-to-shot visibility and phase-distribution. 
(B) Comb-component mutual coherence.   

Figure 1. (A) Self and mutual coherence experimental-setup. 
(B) Comb Self-coherence 
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