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Abstract

We experimentally demonstrate programmable multimode phase-
sensitive amplification multiplexed in the frequency domain for
flexible control of a multimode squeezed state. We utilize the
unique phase-matching condition of a type-11 PPKTP crystal and
pulse shaping technique to fully control the frequency-domain
parallel generation of squeezed states in the optical
telecommunication band. We experimentally verified the
independent programmability of squeezers with a coherent probe
beam from a degenerate synchronously pumped optical parametric
oscillator.
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Fig. 1 Conceptual scheme of photon pair generation by SPDC with
(a)spectral correlation, (b)no spectral correlation.
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2. Numerical simulation
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Fig. 2(a) Pump envelope amplitude, (b)Phase matching amplitude, (c)Joint
spectrum amplitude, (d)Schmidt number of 7.2 mm type-Il PPKTP pumped
by 785 nm(FWHM 1.47 nm)-mode locked pulse laser.
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Fig. 3 (@) Pump envelope amplitude, (b)Phase matching amplitude, (c)Joint
spectrum amplitude, (d)Schmidt number of 7.2 mm type-Il PPKTP pumped
by 783, 787 nm(FWHM 1.2 nm)-mode locked pulse laser.

3. Experiment and results, discussions
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Fig. 4 The experimental setup for SPOPO. HWP(Half wave plate),
PBS(Polarizing beam splitter),EOM(Electro magnetic modulator), BPF(Band
pass filter), PZT(Piezo actuator), OC(Output coupler), LPF(Long pass filter),
PD(Photo detector).
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Fig. 5 (a) Intensity waveform of probe and error signal and (b)spectrum of

probe
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Fig. 6 The experimental setup for squeezing in 7.2 mm type-Il PPKTP.
HWP(Half wave plate), DM(Dichroic mirror), AL(Achromatic lens), LPF(Long
pass filter), PBS(Polarizing beam splitter), PD(Photo detector). Caption:

Phase shift compensation by KTP pairs.
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Fig. 7 (a) Classical parametric gain versus relative phase at pump power
of 400 mW, (b)classical parametric gain versus pump power.
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Fig. 8 The experimental setup for frequency 2 mode pulse shaping,
squeezing, detection. LCOS-SLM(Liquid crystal on silicon-spatial light
modulator), HWP(Half wave plate), DM(Dichroic mirror), PBS(Polarizing
beam splitter), PD(Photo detector).
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ARFFE X, T— RRM OV A L —F—DJRKWE B
HHPBE AT L7 BBk L ER A A — XK
HAERR FIEIZ DWW TERMEIEZIT - 72, type-ll
PPKTP g DNLFEHEAIZE H L, pump JEOHRIE -
AT 5 2 & C, JEEEIR T 15 1 khhe i il
SNTZZEAT A — X RHEERT 2 RBLERE %
117257,
AREBRIZBWCRAZ A =V 77 A 1%, pump it
& probe DE— R~ v F L 7 L VHIREZ T,
WEICITE— LA X, WmEeEDOERE— R~
v F NG R LRI L 22D, F T pump LT
—IZHT DA ORI N o7l

A LI K D E S AN IR I L Dk
EHELEZOND,

F T — NI AT TR S BB 5
HEDIVLD, JE ISy %kpmwimﬁﬂﬁ®w
BIZEXVY FL—F ﬁ7@%%%méo%—kﬁﬁ
LRI E A 2T 5,

References

1. Irfan Ali-Khan, Curtis J. Broadbent, and John C. Howell,
“Large-Alphabet Quantum Key Distribution Using Energy-
Time Entangled Bipartite States”, Phys. Rev. Lett. 98,
060503(2007).

2. Soren Wengerowsky, Siddarth Koduru Joshi, Fabian
Steinlechner, Hannes Hubel & Rupert Ursin, “An
entanglement-based wavelength-multiplexed quantum
communication network”, Nature, 564, 225-228(2018)

3. Benjamin P. Lanyon, Marco Barbieri, Marcelo P. Almeida,
Thomas Jennewein, Timothy C. Ralph, Kevin J. Resch, Geoff
J. Pryde, Jeremy L. O’Brien, Alexei Gilchrist & Andrew G.
White, “Simplifying quantum logic using higher-dimensional
Hilbert spaces”, Nat. Physics, 5, 134-140(2009).

4. Shota Yokoyama, Ryuji Ukai, Seiji C. Armstrong, Chanond
Sornphiphatphong, Toshiyuki Kaji, Shigenari Suzuki, Jun-ichi
Yoshikawa, Hidehiro Yonezawa, Nicolas C. Menicucci &
Akira Furusawa, “Ultra-large-scale continuous-variable
cluster states multiplexed in the time domain”, Nat. Photonics,
7, 982-986(2013)

5. Joonsuk Huh, Gian Giacomo Guerreschi, Borja Peropadre,
Jarrod R McClean, and Al an Aspuru-Guzik. "Boson sampling
for molecular vibronic spectra." Nat. Photonics, 9(9):615,
2015.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Mitsuyoshi Yukawa, Ryuji Ukai, Peter van Loock, and Akira
Furusawa, “Experimental generation of four-mode
continuous-variable cluster states”, Phys. Rev. A, 78,
012301( 2008).

Xiaolong Su, Yaping Zhao, Shuhong Hao, Xiaojun lJia,
Changde Xie, and Kunchi Peng, “Experimental preparation of
eight-partite cluster state for photonic qumodes”, Opt. Lett.,
37(24), 5178-5180(2012).

Shota Yokoyama, Ryuji Ukai, Seiji C. Armstrong, Chanond
Sornphiphatphong, Toshiyuki Kaji, Shigenari Suzuki, Jun-ichi
Yoshikawa, Hidehiro Yonezawa, Nicolas C. Menicucci &
Akira Furusawa, “Ultra-large-scale continuous-variable
cluster states multiplexed in the time domain”, Nat. Photonics,
7, 982-986(2013).

Jonathan Roslund, Renn’e Medeiros De Araujo, Shifeng Jiang,
Claude Fabre, and Nicolas Treps. "Wavelength-multiplexed
quantum networks with ultrafast frequency combs." Nat.
Photonics, 8(2):109, 2014.

La Volpe, Luca, et al. "Multimode Single-Pass Spatio-
temporal Squeezing." arXiv preprint arXiv:2001.03972 (2020).
Rui-Bo Jin, Ryosuke Shimizu, Kentaro Wakui, Hugo Benichi,
and Masahide Sasaki, “Widely tunable single photon source
with high purity at telecom wavelength.”, Opt. Express,
21(9):10659-10666(2013).

K Fradkin, A Arie, A Skliar, and G Rosenman. "Tunable
midinfrared source by difference frequency generation in bulk
periodically poled ktiopo 4." Applied physics letter,
74(7):914-916, 1999.

Friedrich K'onig and Franco NC Wong. "Extended phase
matching of second-harmonic generation in periodically poled
ktiopo 4 with zero group-velocity mismatch. " Applied physics
letters, 84(10):1644-1646, 2004.

Samuel T Wong, Konstantin L VVodopyanov, and Robert L
Byer. "Self-phase-locked divideby-2 optical parametric
oscillator as a broadband frequency comb source. " JOSA B,
27(5):876-882, 2010.

Eric D Black. "An introduction to pound-drever—hall laser
frequency stabilization.” American journal of physics,
69(1):79-87, 2001.

Yujiro Eto, Takashi Tajima, Yun Zhang, and Takuya Hirano.
"Observation of quadrature squeezing in a  (2) nonlinear
waveguide using a temporally shaped local oscillator pulse."
Opt. Express, 16(14):10650-10657, 2008.

Chonghoon Kim, Ruo-Ding Li, and Prem Kumar.
D"eamplification response of a traveling-wave phasesensitive
optical parametric amplifier. ", Opt. Let,t .19(2):132-134,
1994.

Gideon Alon, Oo-Kaw Lim, Amar Bhagwat, Chao-Hsiang
Chen, Muthiah Annamalai, Michael Vasilyev and Prem
Kumar. O" ptimization of gain in traveling-wave optical
parametric amplifiers by tuning the offset between pump-and
signal-waist locations.", Opt. Lett,. 38(8):1268-1270, 2013.
Eugene Frumker and Yaron Silberberg, “Phase and amplitude
pulse shaping with two-dimensional phase-only spatial light
modulators”, JOSA B, 24(12), 2940-2947(2007).



