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Nonclassical optical frequency combs play essential roles in quantum computation in the continuous variable
regime. In this work, we generate multimode nonclassical frequency comb states using a degenerate type-I syn-
chronously pumped optical parametric oscillator and directly observe the squeezing of the leading five temporal
modes of femtosecond pulsed light. The overlapping spectra of these modes mean that the temporal modes are
suitable for use in real-world quantum information applications.
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Nonclassical light is not only a fundamental concept in
physics but also plays a significant role in quantum infor-
mation processing applications?. Recently, considerable
research has been devoted to the sources of multimode
nonclassical states of light, which will not only be of great
value in quantum key sharing and quantum cooperation
but will also be an important tool for the expansion of
the quantum channel capacity. Recently, continuous-
variable (CV) multimode entanglement using a high-
dimensional optical parametric oscillator (OPO) was
demonstrated in both the frequency domain®? and the
spatial domain®Z. These multimode sources can also be
used to generate compact and scalable multipartite en-
tangled states®X| which are essential for quantum
communication and computation.

Optical frequency combs, which span thousands of
different frequency modes, have the coherence properties
of continuous-wave (CW) lasers and the high peak powers
of pulsed lasers simultaneously, and have thus become po-
tential tools for temporal multimode nonclassical light
generation. Pinel et al. experimentally demonstrated a
nonclassical frequency comb for the first time in 2012
and obtained amplitude squeezing of —1.2 dB using a
synchronously pumped optical parametric oscillator
(SPOPO)Y. Recently, wavelength-multiplexed quantum
networks and a quantum spectrometer have been realized
based on nonclassical optical frequency combs'. In 2013,
we observed —2.58 dB phase quadrature squeezing of the
TEMj, mode by a type-I degenerate SPOPO that was op-
erating below its oscillation threshold™. We subsequently
obtained amplitude quadrature squeezing of —0.7 dB us-
ing an SPOPO that operated in a higher-order transverse
mode state in 2016221 which is promising for three-
dimensional space-time measurement applications.

In this work, we generated multimode nonclassical fre-
quency comb states using a degenerate type-I SPOPO and
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directly observed the squeezing of the leading five tempo-
ral “supermodes”™d. Unlike transverse spatial modes,
these temporal modes are naturally suited to use with
existing high-efficiency single-mode fiber networks. In ad-
dition, they are insensitive to stationary and slowly vary-
ing medium perturbation effects, such as linear dispersion,
because of their overlapping spectra, which makes them
suitable for use in real-world applications®?.

We consider a degenerate SPOPO with a type-I nonlin-
ear crystal. The Langevin equation of the intracavity sig-
nal field is given by:

dgﬁb
dt

= _75§m - ySGZLm,qgj]r + 27/s§in,m' (1)
q

On the right side of this equation, the first term describes
the effect of cavity damping, and y, is the decay rate. The
third term is the input coupling term, which reflects the
effects of seed light on the intracavity signal field. The sec-
ond term describes the parametric interaction that occurs
between the two frequency modes. §; are the annihilation
operators of the downconversion fields, which are labeled
using the integer index k (where k£ = m, ¢), and k = 0 cor-
responds to the phase-matched mode. L,, , denotes the
coupling matrix, which is related to the phase-mismatch
factor and the frequency domain profile of the pump and
characterizes the coupling strengths s,, and s, in the non-
linear interaction, and o is the coupling constant, which is
normalized with respect to the CW threshold for a simple-
mode OPO&,

The mode-locked femtosecond pulse laser exports pulse
trains of the order of 10*-10° pulses, so the coupling
matrix is very large and complex; this means that the
parameter downconversion procedure is a highly complex
multimode interaction process. The multimode correla-
tions can be simplified into single-mode squeezed states
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by the process of Bloch—Messiah reduction?; in math-
ematics, the Bloch-Messiah reduction is the diagonaliza-
tion of the coupling matrix L, ,. The newly obtained
eigenbases are temporal modes, which are defined as
“supermodes.” Additionally, if the pump profile is Gaus-
sian, these supermodes are very close to being a set of
modes with orthogonal Hermite—Gauss profiles in the time
domain. Analogously, the supermode operators 3;(¢)
satisfy the following equation:

d » A A N
aSk = _}/ssk - ysaAkS; + \ 2ysSin,ka (2)

where (1) = YA n3m(t), Ay represents the coupling
coefficients of the different frequency modes §,,, and A, is
the eigenvalue of the kth eigenmode of the coupling ma-
trix, where the absolute values decrease with increasing
order k2,

In the Fourier domain, when the input-output relation-
ship is used as a basis, the quadrature noise spectrum of
the output signal field of the SPOPO can be expressed as:

_ rs(FrA/Ag)* + o
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where 8 = §4+ 87 and 87 = —i(§— 87) represent
the amplitudes and the phase quadrature values of the
supermodes, respectively. r = 6/ is the normalized am-
plitude pumping rate, which is related to both the pump
power and the SPOPO oscillation threshold?. We can
now see that the SPOPO has the characteristics of a gen-
eral single-mode OPO, including optimal squeezing gener-
ation at the threshold and a low analysis frequencys;
however, the SPOPO output is a set of independently
squeezed modes (supermodes), where the squeezing levels
are associated with the eigenvalues Aj. The squeezing
quadrature alternates between successive supermodes be-
cause of the alternating sign of the A, values. The squeez-
ing levels are reduced continuously with increasing
order k.

Asshown in Fig. 1, a Ti:sapphire mode-locked femtosec-
ond pulsed laser produced 130 fs pulse trains that were
centered at 850 nm and had a repetition rate of
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76 MHz. Its second harmonic, which was centered at
425 nm, served to pump the SPOPO. The SPOPO out-
puts were measured using a balanced homodyne detection
(BHD) schemeZ with a local oscillator (LO) pulse beam
that was produced using a pulse shaper and a mode
cleaner (MC). Finally, the differences in the photocurrent
fluctuations of the BHD were analyzed using a spectrum
analyzer (SA).

The SPOPO consists of two plane mirrors denoted by
M1 and M4, two concave mirrors denoted by M2 and M3
with a radius of curvature R = 30 cm, and a 350-pm-long
nonlinear BiB3;O4 (BIBO) crystal located centrally
between M2 and M3 that allows a reasonable nonlinear
efficiency to be maintained. M1 has a high reflectivity
at 850 nm and an antireflection coating for 425 nm and
is used as the input coupler; M4 has 20% transmission
at 850 nm and a high reflectivity at 425 nm and is used
as the output coupler. The cavity round-trip length is
3.94 m, which is equal to the resonant cavity length of
the laser. The cavity finesse is F' = 25, which leads to a
cavity bandwidth of 3 MHz and an escape efficiency of
79.6%. An 850 nm pulse laser that is synchronized with
the pump pulse in both time and space is injected
into the SPOPO to act as the seed beam and lock the
SPOPO using the Hansch—Couillaud frequency locking
technique2. The pump power (175 mW) is lower than
the SPOPO threshold in our case; simultaneously, the rel-
ative phase between the seed and pump beams is locked in
the deamplification regime using PZT1.

The pulse shaper with the so-called 4f line2*2 consists of
two diffraction gratings, two lenses with equal focal
lengths of f = 50 c¢m, and a programmable 128-pixel spa-
tial light modulator (SLM) in the Fourier plane (i.e., the
rear focal plane of the lens). We can arbitrarily manipulate
the output pulse shape by loading a suitable function on
the SLM. In addition, we placed an MC after the pulse
shaper to filter the spatial modes. The MC structure is
identical to that of the SPOPO but without the nonlinear
crystal.

The simulation results for the pulse shapes of the lead-
ing five LOs (i.e., Sy, Si, S9, S5, and S;) are shown in
Fig. 2. Figure 2(a) shows the five different phases that
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Fig. 1. Experimental setup for the generation and measurement of multimode squeezed frequency comb states. SHG: second harmonic

generator; Local: local oscillator.
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Fig. 2. (Color online) Simulation results for the shaped LO
pulses. Sy—S, represent the five different modes.

were loaded (red line) on the SLM, with the phases shown
from top to bottom corresponding to Sy to S,. If nothing is
loaded on the SLM, the output pulse shape is identical to
the input shape (Sy). In Fig. 2(b), the solid curves (black)
indicate the corresponding spectral shapes for the five
shaped LOs in the experiment by loading the phase in
the corresponding parts of Fig. 2(a). The dotted curves
(green) show the standard spectrum shapes for each of
the Hermitian—Gaussian polynomial forms. As the results
in Fig. 2(b) show, the spectrum shapes of the experimental
LOs cannot perfectly match the standard forms. This is
because only the phase modulation is loaded on the
SLM in the experiment, with no amplitude modulation.
In contrast, the spectral widths of the theoretical superm-
odes increase with the increasing order number
(AL =2k + 1+ Aky), but the spectrum width of the light
that is used to generate the LOs is narrower than that of
the higher-order supermodes. Therefore, a higher super-
mode order number leads to a greater mismatch between
the experimental form and the theoretical form. In our
case, the degrees of matching between the leading five ex-
perimental forms and the corresponding theoretical forms
are 100%, 79.8%, 66.0%, 59.0%, and 56.8%. This mis-
match will thus cause inefficiency in the squeezing mea-
surement process. Figure 2(c) shows the experimental
pulse envelopes of the LOs in the temporal domain.
Using the tailored LOs, we measured the output noise,
which was normalized with respect to the shot-noise limit

(SNL) at the analysis frequency of 1.2 MHz with a reso-
lution bandwidth (RBW) of 470 kHz and a video band-
width (VBW) of 620 Hz while the phases (controlled by
PZT5) of the LOs were scanned. As shown in Fig. 3,
we observed approximately —2.0 dB of amplitude quadra-
ture squeezing for the first supermode, Sy; —1.0 dB of
phase quadrature squeezing for the second supermode,
S1; —0.7 dB of amplitude quadrature squeezing for the
third supermode, Sy; —0.4 dB of phase quadrature squeez-
ing for the fourth supermode, S3; —0.1 dB of amplitude
quadrature squeezing for the fifth supermode, §,. We
see that the squeezing levels decreased continuously with
increasing order k, which agrees well with the theoretical
results above. In addition, as shown in Fig. 2, the main
factor that causes the inability to match the bandwidths
of the higher-order supermodes with the fixed bandwidth
of the LO beam also accounts for the reduction in the
observed squeezing levels.

The measured squeezing values were also degraded by
various inefficiencies in the experiment; we estimate this
efficiency to be 1,,; = ¢né&, where ¢ = 0.99 is the propaga-
tion efficiency, n = 0.86 is the quantum efficiency of the
photodiode (Hamamatsu S5971), and £ = 0.94 is the spa-
tial overlap efficiency between the LO beam and the signal
beam. The total estimated detection efficiency is therefore
N1 = 0.80. From these efficiencies, the inferred squeezing
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Fig. 3. (Color online) Squeezing traces for the five leading
supermodes. In each trace, the blue line represents the SNL,
the black dotted line shows the experimental result, the red solid
line shows the corresponding fitting curve, and the bottom and
top dashed lines indicate the squeezing and anti-squeezing levels,
respectively.
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levels were —2.69 dB (5), —1.25 dB (S;), —0.90 dB (.S,),
—0.52 dB (53), and —0.17 dB (9,).

In conclusion, we experimentally generate the temporal
multimode squeezed light of femtosecond frequency combs
using a degenerate type-I SPOPO operating below thresh-
old. However, the results cannot represent the upper limit
because of additional losses and the narrow spectrum
bandwidth of the LO. These temporal multimode
squeezed states are promising for use in applications such
as quantum measurements of time synchronization and
multiplexed quantum communications.
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