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Abstract: Quantum metrology utilizes nonclassical states to improve the
precision of measurement devices. In this context, strongly squeezed vac-
uum states of light have proven to be a useful resource. They are typically
produced by spontaneous parametric down-conversion, but have not been
generated at shorter wavelengths so far, as suitable nonlinear materials do
not exist. Here, we report on the generation of strongly squeezed vacuum
states at 532nm with 5.5dB noise suppression by means of frequency
up-conversion from the telecommunication wavelength of 1550nm. The
up-converted states are employed in a model Mach-Zehnder interferometer
to illustrate their use in quantum metrology.

© 2015 Optical Society of America

OCIS codes: (190.7220) Upconversion; (270.6570) Squeezed states; (190.4970) Parametric
oscillators and amplifiers; (120.3180) Interferometry.

References and links

1.

H. Vahlbruch, M. Mehmet, S. Chelkowski, B. Hage, A. Franzen, N. Lastzka, S. GoBler, K. Danzmann, and
R. Schnabel, “Observation of squeezed light with 10-dB quantum-noise reduction,” Phys. Rev. Lett. 100, 033602
(2008).

T. Eberle, S. Steinlechner, J. Bauchrowitz, V. Hindchen, H. Vahlbruch, M. Mehmet, H. Miiller-Ebhardt, and
R. Schnabel, “Quantum enhancement of the zero-area Sagnac interferometer topology for gravitational wave
detection,” Phys. Rev. Lett. 104, 251102 (2010).

M. S. Stefszky, C. M. Mow-Lowry, S. S. Y. Chua, D. A. Shaddock, B. C. Buchler, H. Vahlbruch, A. Khalaidovski,
R. Schnabel, P. K. Lam, and D. E. McClelland, “Balanced homodyne detection of optical quantum states at audio-
band frequencies and below,” Classical Quantum Gravity 29, 1-14 (2012).

E. S. Polzik, J. Carri, and H. J. Kimble, “Spectroscopy with squeezed light,” Phys. Rev. Lett. 68, 3020-3023
(1992).

N. Treps, N. Grosse, W. P. Bowen, C. Fabre, H.-A. Bachor, and P. K. Lam, “A quantum laser pointer,” Science
301, 940-943 (2003).

R. Schnabel, N. Mavalvala, D. E. McClelland, and P. K. Lam, “Quantum metrology for gravitational wave as-
tronomy,” Nat. Commun. 1, 121 (2010).

D. E. McClelland, N. Mavalvala, Y. Chen, R. Schnabel, “Advanced interferometry, quantum optics and optome-
chanics in gravitational wave detectors,” Laser Photonics Rev. 696, 677-696 (2011).

The LIGO Scientific Collaboration, “A gravitational wave observatory operating beyond the quantum shot-noise
limit,” Nat. Phys. 7, 962-965 (2011).

The LIGO Scientific Collaboration, “Enhanced sensitivity of the LIGO gravitational wave detector by using
squeezed states of light,” Nat. Photonics 7, 613-619 (2013).

#235791 - $15.00 USD Received 12 Mar 2015; revised 29 May 2015; accepted 1 Jun 2015; published 9 Jun 2015
© 2015 OSA 15 Jun 2015 | Vol. 23, No. 12 | DOI:10.1364/0OE.23.016035 | OPTICS EXPRESS 16035



10. H. Grote, K. Danzmann, K. L. Dooley, R. Schnabel, J. Slutsky, and H. Vahlbruch, “First long-term application
of squeezed states of light in a gravitational-wave observatory,” Phys. Rev. Lett. 110, 181101 (2013).

11. M. Mehmet, S. Ast, T. Eberle, S. Steinlechner, H. Vahlbruch, and R. Schnabel, “Squeezed light at 1550 nm with
a quantum noise reduction of 12.3dB,” Opt. Express 19, 25763-25772 (2011).

12. W. Koechner, Solid-State Laser Engineering (Springer, 2006).

13. R. E. Slusher, L. Hollberg, B. Yurke, J. Mertz, and J. Valley, “Observation of squeezed states generated by four-
wave mixing in an optical cavity,” Phys. Rev. Lett. 55, 2409-2412 (1985).

14. K. Bergman and H. A. Haus, “Squeezing in fibers with optical pulses,” Opt. Lett. 16, 663-665 (1991).

15. H. Tsuchida, “Generation of amplitude-squeezed light at 431 nm from a singly resonant frequency doubler,” Opt.
Lett. 20, 2240-2242 (1995).

16. P. Kumar, “Quantum frequency conversion,” Opt. Lett. 15, 1476-1478 (1990).

17. J. Huang and P. Kumar, “Observation of quantum frequency conversion,” Phys. Rev. Lett. 68, 2153-2156 (1992).

18. M. T. Rakher, L. Ma, O. Slattery, X. Tang, and K. Srinivasan, “Quantum transduction of telecommunications-
band single photons from a quantum dot by frequency upconversion,” Nat. Photonics 4, 786-791 (2010).

19. C. Baune, A. Schonbeck, A. Samblowski, J. Fiura$ek, and R. Schnabel, “Quantum non-Gaussianity of frequency
up-converted single photons,” Opt. Express 22, 22808-22816 (2014).

20. J. FiuraSek, C. Baune, A. Schonbeck, and R. Schnabel, “Analysis of counting measurements on narrowband
frequency up-converted single photons and the influence of heralding detector dead time,” Phys. Rev. A 91,
013829 (2015).

21. C. E. Vollmer, C. Baune, A. Samblowski, T. Eberle, V. Héndchen, J. Fiurdsek, and R. Schnabel, “Quantum
up-conversion of squeezed vacuum states from 1550 to 532nm,” Phys. Rev. Lett. 112, 073602 (2014).

22. M.J. Collett and C. W. Gardiner, “Squeezing of intracavity and traveling-wave light fields produced in parametric
amplification,” Phys. Rev. A 30, 1386-1391 (1984).

23. F. Briickner, D. Friedrich, T. Clausnitzer, M. Britzger, O. Burmeister, K. Danzmann, E.-B. Kley, A. Tiinnermann,
and R. Schnabel, “Realization of a monolithic high-reflectivity cavity mirror from a single silicon crystal,” Phys.
Rev. Lett. 104, 163903 (2010).

24. A. Samblowski, C. E. Vollmer, C. Baune, J. FiuraSek, and R. Schnabel, “Weak signal conversion from 1550 to
532nm,” Opt. Lett. 39, 2979-2981 (2014).

25. S. Kawamura, T. Nakamura, M. Ando, N. Seto, K. Tsubono, K. Numata, R. Takahashi, S. Nagano, T. Ishikawa,
M. Musha, K. Ueda, T. Sato, M. Hosokawa, K. Agatsuma, T. Akutsu, K. Aoyanagi, K. Arai, A. Araya, H. Asada,
Y. Aso, T. Chiba, T. Ebisuzaki, Y. Eriguchi, M. Fujimoto, M. Fukushima, T. Futamase, K. Ganzu, T. Harada, T.
Hashimoto, K. Hayama, W. Hikida, Y. Himemoto, H. Hirabayashi, T. Hiramatsu, K. Ichiki, T. Ikegami, K. Inoue,
K. Ioka, K. Ishidoshiro, Y. Itoh, S. Kamagasako, N. Kanda, N. Kawashima, H. Kirihara, K. Kiuchi, S. Kobayashi,
K. Kohri, Y. Kojima, K. Kokeyama, Y. Kozai, H. Kudoh, H. Kunimori, K. Kuroda, K. Maeda, H. Matsuhara,
Y. Mino, O. Miyakawa, S. Miyoki, H. Mizusawa, T. Morisawa, S. Mukohyama, I. Naito, N. Nakagawa, K.
Nakamura, H. Nakano, K. Nakao, A. Nishizawa, Y. Niwa, C. Nozawa, M. Ohashi, N. Ohishi, M. Ohkawa, A.
Okutomi, K. Oohara, N. Sago, M. Saijo, M. Sakagami, S. Sakata, M. Sasaki, S. Sato, M. Shibata, H. Shinkai, K.
Somiya, H. Sotani, N. Sugiyama, H. Tagoshi, T. Takahashi, H. Takahashi, T. Takano, T. Tanaka, K. Taniguchi, A.
Taruya, H. Tashiro, M. Tokunari, S. Tsujikawa, Y. Tsunesada, K. Yamamoto, T. Yamazaki, J. Yokoyama, C. Yoo,
S. Yoshida, and T. Yoshino, “The Japanese space gravitational wave antenna — DECIGO,” Classical Quantum
Grav. 23, 125-131 (2006).

26. R. C. Eckardt, C. D. Nabors, W. J. Kozlovsky, and R. L. Byer, “Optical parametric oscillator frequency tuning
and control,” J. Opt. Soc. Am. B 8, 646-667 (1991).

27. A. Samblowski, State Preparation for Quantum Information Science and Metrology, Ph.D. thesis, (Leibniz Uni-
versitdt Hannover, 2012).

1. Introduction

The improvement of measurement devices with nonclassical states has been widely explored in
many experiments. Squeezed vacuum states of light [1-3] in particular have successfully been
employed in quantum metrology; they were used to enhance the sensitivity in spectroscopy [4],
imaging [5] and gravitational wave detectors [6—10]. So far, squeezed states were only used
to enhance the sensitivities in experiments, where the operating wavelength was in the near-
infrared regime. However, spectroscopic measurements are performed at various optical wave-
lengths — including the visible regime. Consequently, squeezed states at these wavelengths are
an interesting resource for nonclassical sensitivity improvements, too. In addition, the shot-
noise sensitivity of interferometric measurement devices generally increases with the inverse
of the wavelength giving another motivation to generate squeezed vacuum states at short wave-
lengths.
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Squeezed vacuum states of light are most successfully generated at near-infrared wave-
lengths by degenerate parametric down-conversion [11] from a strong second-harmonic field.
However, the generation of squeezed states at visible wavelengths by using parametric down-
conversion exhibits technical difficulties. Intense second harmonic fields at ultraviolet wave-
lengths would be required, which leads to high absorption and photorefractive damage [12].
Other techniques like four-wave mixing [13] also have not been successful to produce strongly
squeezed vacuum states at short wavelengths so far. Furthermore, self-phase modulation [14]
and second-harmonic generation [15] techniques are not able to produce squeezed vacuum
states, i.e. squeezed states without a carrier field.

Frequency up-conversion of squeezed states from near-infrared wavelengths into the visible
spectrum evades the problem of intense ultraviolet fields. The signal combines with a strong
idler beam via sum-frequency generation to generate a signal at a higher optical frequency.
The up-converted signal’s wavelength is the shortest one involved in the process and crys-
tal damage is avoided because its intensity is very low. If the frequency conversion is very
efficient, the quantum statistics are maintained [16, 17]; it was shown that this quantum up-
conversion maintains features like g(>)-functions with values smaller than unity [18] or quantum
non-Gaussianity [19,20].

The up-conversion of squeezed vacuum states of light from 1550 to 532 nm was shown for
the first time in [21], where nonclassical noise suppression of 1.5dB below shot noise was
achieved. Here, we present the design of nonlinear cavities optimized for low pump powers and
demonstrate significantly higher squeezing in the up-converted field. The level of squeezing
clearly exceeds the 3 dB threshold, often considered a benchmark level in quantum applica-
tions. In metrology this value provides a signal to shot noise enhancement that corresponds to
doubling the light power when using coherent states only.

2. Efficient frequency up-conversion of squeezed vacuum states
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Fig. 1. Schematic of the experimental setup involving four nonlinear optical processes. A
532 nm beam of about 0.7 W power was split at a low transmission beam splitter (BS).
Bright 810 and 1550 nm fields were produced via cavity-assisted non-degenerate optical
parametric oscillation (NOPO). Squeezed vacuum states (illustrated by dashed lines) at
1550 nm were produced in a degenerate optical parametric amplification cavity (OPA) and
up-converted in the sum-frequency generation cavity (SFG) to 532nm. All cavities are
decoupled from each other with optical isolators (not shown). The local oscillator for ho-
modyne detection was provided by the second output port of the BS to ensure frequency
stability with the up-converted state. SHG: second harmonic generation, DBS: dichroic
beam splitter, BBS: balanced beam splitter, RR: retro-reflector.
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The setup for quantum up-conversion of squeezed vacuum states from 1550 to 532 nm is
schematically shown in Fig. 1. A continuous-wave 532 nm beam (700 mW) was used to pump
a non-degenerate optical parametric oscillator (above threshold, NOPO). The generated fields
at 1550 and 810 nm (100 and 190 mW) pumped a second harmonic generation cavity (SHG)
and the sum-frequency generation cavity (SFG), respectively. An illustration of all nonlinear
processes is shown in Fig. 2.

NOPO SHG OPA SFG
|1550 Moo 21550nm | 1550 nm?
532 nm 775nm| 775nm| Y 532 nm
810nm | 4550 nm S1550nm | 810N
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Fig. 2. Energy level diagrams of the nonlinear processes involved in the experiment: Non-
degenerate optical parametric oscillation (NOPO), second harmonic generation (SHG), op-
tical parametric amplification (OPA) and sum-frequency generation (SFG). Strong classical
beams are illustrated by solid lines and weak quantum states by dashes lines. Underneath
each picure the operator of the corresponding process is outlined. The coupling constants
and the hermitian conjugate parts of full Hamiltonians are omitted for readability.

In contrast to our previous experiment reported in [21], here, the SHG and the optical para-
metric amplification cavity (OPA) were optimized for the low pump powers available in our
setup. The nominal reflectivities of the incoupling mirrors were chosen to be 85 % at 1550 nm
and 97.5 % at 775 nm for both cavities, while a highly reflective mirror for both wavelengths
was directly coated onto the opposite crystals’ surfaces. Simultaneous resonance of the funda-
mental and harmonic wavelengths was achieved by temperature fine-tuning of the periodically
poled potassium titanyl phosphate (PPKTP) while maintaining quasi-phase matching condi-
tions. If the doubly resonant condition and quasi-phase matching could not be achieved simul-
taneously right away, the crystal for the NOPO process was iteratively temperature tuned to
slightly change its output wavelengths.

The advantage of a doubly resonant SHG cavity is that the harmonic light can be used for
Pound-Drever-Hall locking of the cavity length providing an error signal that is not attenuated
with increasing conversion efficiency. A conversion efficiency of more than 75 % was measured
(for a pump power of 100 mW) — compared to only 18 % in our previous experiment [21].

We estimated that more than 10dB of squeezing at 1550 nm was coupled into the SFG.
Due to the compactness of our setup the fringe visibility at the homodyne detector at 1550 nm
was limited to 95 %, and the actual squeezing strength available for up-conversion could not be
directly measured. However, we still measured more than 8.8 dB nonclassical noise suppression
with a respective anti-squeezing of 18 dB, which indicates the presence of significantly higher
squeezing values compared to 4 dB available for up-conversion in [21].

The SFG cavity was modified from what was reported in reference [21] by changing the
incoupling mirror reflectivities. To lower the effect of intra-cavity loss on the squeezed input
field the reflectivity at 1550 nm was reduced to 91 %. Consequently, the pump power build-
up had to be enhanced and the reflectivity at 810 nm was increased to 97 %. The maximum
up-conversion efficiency was thereby improved from 84.4 % to 90.2 %.
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The homodyne detector at 532 nm was built with two photodiodes from Hamamatsu (Type
S5973-02). The protection windows were removed and the diodes were tilted horizontally by
about 45 degrees. Surface reflections were decreased by using p-polarized light. We could not
see improvements by increasing the angle even further. Residual reflections were re-focused
onto the photodiodes with highly reflective concave mirrors (focal length 25 mm). The detec-
tion efficiency of the photodiodes could thereby be increased from about 85 % to up to 90 %,
which was determined independently by directly measuring the photocurrent when a diode was
illuminated with a well known light power.
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Fig. 3. Measurement of the up-converted squeezed vacuum states at 532 nm. On the left
hand side, we show a power spectrum of the squeezed (orange) and anti-squeezed (cyan)
quadrature noise normalized to the vacuum noise reference as well as a theoretical model
(red and blue). It was recorded with a resolution bandwidth of 100 kHz. The dark noise was
subtracted from the data to allow for a comparison with the theory. For frequencies below
2 MHz the dark noise of our homodyne detector dominated the measurement and the dark
noise correction was too poor to reveal the full squeezing strength. The spikes at 21 MHz
and 26 MHz were due to electronic pick-up in the dark noise caused by a modulation fre-
quency used for cavity locking. On the right hand side, our best zero-span measurement at a
Fourier frequency of 5 MHz is shown, recorded with a resolution bandwidth of 300 kHz and
without corrections for dark noise. Here, also a continuous phase scan of the signal quadra-
ture (green) is shown. The variance of the squeezed quadrature dropped 5.5 dB below the
shot noise, whereas the anti-squeezed quadrature variance was 18 dB above. The asymme-
try is due to the optical losses to which squeezing is more sensitive than anti-squeezing.

Figure 3 shows a measurement of a power spectrum and a zero-span measurement of the
signal field. We demonstrated a non-classical noise suppression over a wide frequency range
from 1 to 50 MHz. About 5.5 dB shot noise reduction was measured at a sideband frequency
of 5SMHz with a respective anti-squeezing of 17.9dB. This state corresponded to an initial
squeezing value of 19.3 dB subject to 27 % optical loss. (To calculate the optical loss, the dark
noise was subtracted from the data, which led to slightly higher measured squeezing and anti-
squeezing values; -5.55 and 17.94 dB, respectively.) We estimated the contribution of phase
noise to be negligible in our experiment. The major optical loss sources were the up-conversion
efficiency and the quantum efficiency of the photodiodes in the homodyne detector (both about
10 % losses). Minor contributions came from non-perfect mode-matchings (2.5 % loss), a lim-
ited visibility at the homodyne detector (2 % loss), and propagation losses (5 % loss, mainly
induced by an optical isolator in the path between the OPA and the SFG).

The theoretical fits for the (anti-)squeezed power spectra S~ (S*) were obtained with the
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formulae (based on [22])
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where @/27 is the sideband frequency, 7 is the detection efficiency, ¥/27 and k /27 are the
bandwidths (HWHM) of the OPA and SFG, respectively, and € is the pump parameter. The
parameters (Y = 2760 MHz, k = 2r40 MHz, € = 0.77y) were in good agreement with inde-
pendently determined values. We deduced ¥ from the shape of a measured squeezing spectrum
at 1550 nm. The power dependent parameter € was measured by comparing the OPA’s input
power with its measured threshold power. The SFG bandwidth k was determined by scanning

the SFG cavity and comparing the Airy pattern with frequency markers from a phase modula-
tion [23].

3. Quantum enhancement of a Mach-Zehnder interferometer at 532 nm
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Fig. 4. Setup (left) and experimental results (right) of a squeezed light enhanced Mach-
Zehnder interferometer. The carrier at 532 nm and the up-converted squeezed vacuum were
the inputs of the interferometer, that consisted of two highly reflective mirrors and two
balanced beam splitters (BBS). The two output ports were analyzed with a balanced de-
tector. An electro-optic modulator (EOM) in one of the interferometer arms generated a
phase modulation at 5 MHz, which is clearly visible in the spectrum (right). When the
up-converted squeezing was applied, the noise floor dropped and the signal-to-noise ra-
tio improved. The resolution and video bandwidth were 300 kHz and 300 Hz, respectively,
and no dark noise subtraction was performed. PZT: piezo-electric transducer to lock the
interferometer at mid-fringe, RR: retro-reflector.

The Mach-Zehnder interferometer consisted of two beam splitters and two highly reflective
mirrors. A schematic of the device is shown in Fig. 4. An electro-optic modulator (EOM) gen-
erated a phase modulation at S MHz. The output was measured with a balanced detector. Again,
the reflected light was re-focused onto the photodiodes to increase the detection efficiency. We
mounted one of the highly reflective mirrors of the Mach-Zehnder interferometer onto a piezo-
electric transducer. This enabled us to scan the interferometer’s phase to adjust the visibility
and eventually lock it to mid-fringe. The signal could be detected with a higher signal-to-noise
ratio compared to vacuum (black), when squeezed vacuum (red trace) was injected into the sig-
nal port of the interferometer. The observation of about -3.3 dB squeezing improves the phase
sensitivity by the equivalent of a 2.1-fold increase in coherent light power, i.e. by a factor of
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V2.1 = 1.46. A lower conversion efficiency (80 %) and additional optics (including the EOM)
increased the optical loss, which degraded the observable squeezing from 5.5 dB to 3.3 dB. The
lower conversion efficiency was mainly caused by a degraded mode shape of the 810 nm pump
beam, possibly caused by a dust particle on the NOPO crystal’s surface to which the access
is difficult. However, this result reaches the regime of practical usefulness in shot noise lim-
ited experiments. The measured quantum enhancement is comparable to large state-of-the-art
squeezed light interferometers at infrared wavelengths like GEO 600 (despite their much higher
complexity) [10].

4. Conclusion and outlook

We demonstrated frequency up-conversion of strongly squeezed vacuum states of light with
a conversion efficiency of up to 90.2 %. The up-converted states at a wavelength of 532 nm
were measured with a noise suppression of up to 5.5dB below shot noise, when the align-
ment, servo phase control as well as the temparature for phase matching of all subsystems —
which included four nonlinear cavities — were optimized. A squeezing resonator that was also
resonant for the pump light (doubly resonant) helped to produce good squeezing levels, even
for the low pump power available. The linewidth of the up-conversion cavity was increased to
minimize the effect of intra-cavity loss for given pump powers [24]. Furthermore, the detection
efficiency of the homodyne detector was optimized by re-focussing reflected light onto the chip.
The observed squeezing spectrum is in excellent agreement with our theoretical model that in-
corporates transfer functions of not only the squeezing resonator but also the up-conversion
cavity.

The compatibility of the up-converted states with an application in a Mach-Zehnder inter-
ferometer was demonstrated by a nonclassical improvement of the signal-to-noise ratio by a
factor of 1.46. This result illustrates that highly efficient up-conversion of squeezed vacuum
states opens the possibility of sensitivity enhancements of phase measurements, such as those
for gravitational wave detectors, where the operating wavelength is reduced to 532 nm [25].
Furthermore, spectroscopic measurements might greatly benefit from this technique, as in prin-
ciple the entire visible wavelength regime can be covered by means of quantum up-conversion.

The optimum working point of our experiment was difficult to maintain, as infrequent mode
hops of the NOPO slightly changed the precise wavelengths of the pump fields at 810 and
1550 nm [26, 27]. Consequently, the phase matching conditions of the subsequent nonlinear
cavities varied and the conversion efficiencies decreased. This problem could possibly be cir-
cumvented by amplifying the 1550 nm pump field for the SHG with a fiber amplifier to ensure
that enough pump power for the OPA is always available to produce strongly squeezed states. In
this case, only the NOPO and SFG have to be adjusted to provide high up-conversion efficiency.
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