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Broadband detection of 18 teeth in an 11-dB squeezing comb
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Squeezed vacuum is a versatile resource of bipartite entanglement for quantum metrology and infor-
mation. Optical parametric oscillators generate these states in a frequency comb structure. We show the
simultaneous detection of 18 teeth with 11 dB of squeezing each. We built a 1.5-m-long optical resonator
to increase the spectral teeth density and significantly increase the detection bandwidth by employing
unbalanced homodyne detection instead of balanced. Our approach can be a crucial step in using the
scaling potential of high-frequency squeezed states in quantum information.
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Squeezed states are continuous-variable (cv) quan-
tum states featuring lower quantum uncertainty in one
observable at the cost of higher uncertainty in the con-
jugate observable. Apart from applications in quantum
metrology, such as the extension of detection range in
gravitational wave detectors [1-3] or noise reduction in
spectroscopy [4—6], squeezed states are used for applica-
tions in quantum information, including quantum random
number generation [7], quantum key distribution (QKD)
[8-10], entanglement swapping [11—13] and quantum tele-
portation [14—16]. A major limitation of squeezing is its
vulnerability to optical loss which negatively impacts long-
distance applications. In contrast to single-photon qubits,
squeezed states can be generated and detected determinis-
tically, which makes them highly attractive for cv quantum
information processing [17].

Parametric  down-conversion  generates  bipartite
squeezed quantum states frequency-independently over
multiple terahertz [18]. Squeezed light sources based on
this process offer a unique scaling potential in the field
of quantum information. Frequency multiplexing allows
interaction with various entangled modes independently
[19-23]. By introducing further temporal or spectral entan-
glement, these states can be extended to multidimensional
cluster states which form a promising foundation for one-
way quantum computing [24-28].
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Single-pass squeezers without resonant enhancement of
the squeezed field provide a continuous squeezing spec-
trum [29]. Still, the highest squeezing levels are obtained
with optical resonators forming an optical parametric oscil-
lator (OPO) [30-35]. These resonators exhibit longitu-
dinal modes such that the squeezed output state has a
frequency comb structure with a separation between the
“teeth” corresponding to the resonator’s free spectral range
(FSR) [36].

Usually, balanced homodyne detectors are used to
measure squeezed states under an arbitrary quadrature
angle. However, high-quantum-efficiency (HQE) shot-
noise-limited detectors are not fast enough to measure
multiple FSRs over gigahertz frequencies. Three factors
limit the bandwidth of balanced photodetectors: the photo-
diode’s capacitance, the amplifier’s bandwidth, and asym-
metries between the photodiodes [37]. So far, the limited
efficiency of broadband balanced detectors has prevented
measuring more than 2 dB of squeezing at gigahertz fre-
quencies [23,38,39]. Therefore, alternative methods such
as bichromatic detection [33,40—42] or parametric amplifi-
cation [18,43—45] are usually employed.

In this paper we use a different approach, demonstrating
broadband homodyne detection of 18 teeth of a squeez-
ing comb within a span of 3.6 GHz. We measured 11.1
dB of squeezing (up to 9.3 dB without dark noise subtrac-
tion) using a two-track approach. Firstly, we built an OPO
with a roundtrip length of 1.5 m, corresponding to an FSR
of only 200 MHz. Secondly, we implemented an unbal-
anced homodyne detection scheme drastically increas-
ing the detector’s bandwidth compared to our balanced
design. Compared to previous reports on broadband homo-
dyne detection [23,38,39,46], our results are a milestone
achievement.

Published by the American Physical Society


https://orcid.org/0000-0002-7290-9411
https://orcid.org/0000-0002-3051-4374
https://orcid.org/0000-0002-5577-2273
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.21.L031002&domain=pdf&date_stamp=2024-03-04
http://dx.doi.org/10.1103/PhysRevApplied.21.L031002
https://creativecommons.org/licenses/by/4.0/

WILKEN, JUNKER, and HEURS

PHYS. REV. APPLIED 21, L031002 (2024)

Our squeezed light source offers a versatile resource
for the field of quantum information. Implementing long
squeezers allows the detection of more than 10 times
the number of sideband modes compared to compact lin-
ear designs. This approach enables easy up-scaling for
applications operating at small bandwidth or single fre-
quency per resonance, such as multiplexed QKD [8,9,22]
or one-way quantum computing [27,28].

Unbalanced detection [47] has been demonstrated pre-
viously for high-frequency measurements (3 dB squeezing
and three teeth) but was described as a workaround solu-
tion as adequate balanced detectors were not available
[46]. Still, designing a sufficiently balanced high-speed
HQE detector remains a challenge; there is currently no
technical or fundamental solution on the horizon. There-
fore, focusing on unbalanced homodyne detection might
be a key factor in exploiting the scaling potential of
squeezed states, in particular when combined with long
OPO resonators.

For balanced homodyne detection, the signal field g is
superimposed on a 50 : 50 beam splitter with a strong local
oscillator ay, [48,49]. The two outputs are detected, and the
photocurrents are subtracted. After decomposing the signal
and local oscillator fields into constant terms as, a;, and
time-varying terms §ds, 8ay,, the fluctuating photocurrent
of a balanced setup reads

A 1 /. 4 N
8lpar E <a108X9,S + asaXfe,lo) . (1)

Here, the small §a° terms are neglected and S)A((; =
1 (sa’e” + sae~") describes the quadrature operator
for the fluctuating field da under an arbitrary readout
angle 6. To fulfill the homodyne approximation, the
local oscillator (LO) power needs to be much stronger
than the signal (aj, > as) such that 2158)?_9,10 can be
neglected.

Work on high-speed, shot-noise-limited balanced detec-
tors to measure squeezing at radio frequencies is the topic
of ongoing research in the field. Sensors based on pack-
aged components on printed circuit boards usually achieve
bandwidths significantly below 1 GHz [50-53]. Higher
bandwidth can be achieved using a higher level of inte-
gration employing photonic integrated circuits or custom
amplifiers [38,54-57].

However, none of these detectors provides enough band-
width and close to unity quantum efficiency to detect
high levels of squeezing over many FSRs yet. The main
bandwidth limitation of these balanced detectors arises
from frequency-dependent electrical asymmetries or opti-
cal path length differences between the two ports of the
detector. In this case, the photocurrents of the two pho-
todiodes are not equally subtracted, causing a distorted
quadrature measurement. These imperfections lead to a
reduction in common-mode rejection ratio.

Balancing is a technical challenge that gets increasingly
difficult with bandwidth. We circumvented the bandwidth
limitation of balanced detection using a single-photodiode
detector. For a homodyne measurement on a beam split-
ter with amplitude reflectivity » and transmissivity ¢, the
fluctuating current of a single photodiode reads

(Sising x tc_llol”(sjfe,s + tzalofsf(l,lo + 1’6_1515)?—6,10 + rzc_ls(Sf(l,s,
(2

with amplitude quadrature (Sf(@:o =X 1. Compared to the
balanced case, there is no noise suppression eliminat-
ing 8X; terms. Even without classical noise, these terms
carry vacuum fluctuations and act as a loss channel for
the squeezing with losses equal to #2. Therefore, we have
chosen a power transmission of only 1% to avoid strong
degradation of the squeezed state at the cost of increasing
the demand for LO power.

In our experiment, amplitude quadrature noise suppres-
sion is not required. We utilize an optically pumped solid-
state laser that is shot noise limited a few megahertz above
its relaxation oscillation at about 1 MHz [58]. However,
it is crucial to select carefully and, if necessary, stabilize
the laser source when applying our approach in a different
setup.

To acquire a signal for phase control, we displace our
signal with a bright but weak seed field. Opposed to the
balanced case, the interference between this seed field and
the LO changes the shot noise level. This can be avoided
by maintaining a constant photocurrent through adjust-
ments to ay, (applied here) or a5 or by alternatively using a
frequency-shifted control field [59].

Our squeezing comb is generated using a subthreshold
OPO with an optical roundtrip length of 1.5 m, arranged
in a folded bow-tie layout corresponding to an FSR of 200
MHz as illustrated in Fig. 1. The resonator consists of a
closed aluminum spacer with a partially reflective coupler
with an 81.7% reflectivity, along with five high-reflective
(HR) mirrors and a type-0 periodically-poled potassium
titanyl phosphate (PPKTP) crystal. The pump light is pro-
duced by a similar four-mirror second harmonic generation
(SHG) resonator with a coupler reflectivity of 90%. For
the measurement presented, a pump power of 846 mW at
532 nm was utilized. A stable nonplanar ring oscillator
Nd:YAG laser by Coherent operating at the fundamen-
tal wavelength of 1064 nm serves as the laser source,
which is amplified to 4 W using a neoVAN-2s amplifier
by neoLASE.

The squeezing comb is measured by superimposing it
with a LO on a 99 :1 beam splitter and detecting the
combined beams on an rf photodetector (PDyge) developed
in-house. It is based on a HQE photodiode with 80-um
active diameter (manufactured by Laser Components),
which detects an optical power of 8.7 mW. Using a bias tee,
the detector splits the signal into a low-frequency dc stage
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Schematic of the generation and detection of the squeezing comb. Grayed-out components show the fields and control loops

for resonator length and phase control. The OPO has a roundtrip length of 1.5 m, corresponding to an FSR of approximately 200 MHz.
The readout quadrature phase 6 is adjusted by PZT),. SA, spectrum analyzer; EOM, electro-optical modulator; PD, photodetector;

PZT, piezoelectric phase shifter.

and a high-frequency ac stage employing commercial tran-
simpedance and rf amplifiers. A detailed publication on the
detector is currently under preparation.

Several control loops are implemented to stabilize the
roundtrip length of the resonators and the phase relations of
the fields. The SHG and OPO are locked using the Pound-
Drever-Hall (PDH) technique [60]. The PDH control field
for the OPO is injected in the opposite direction to the
squeezing via a pickoff mirror with R = 99.5%. To control
the phase of the squeezing, a phase-modulated seed field
(as) with a frequency of 72.9 kHz is injected through an HR
mirror. The deamplification of the seed field in the crystal
is monitored by PDg..q and the phase is controlled using a
lock-in scheme accordingly. The seed field interferes with
the LO on the homodyne detector. After demodulation, this
allows locking to the amplitude quadrature (destructive
interference), or the phase quadrature (mid-fringe) after
subtracting a reference voltage (see Fig. 1). The rf output is
measured with a Keysight N9020a spectrum analyzer. The
shot noise reference is recorded with the squeezing path
blocked.

The measured squeezing comb is depicted in Fig. 2. It
consists of individual data sets for the single teeth sepa-
rated by the FSR of 199.47 MHz merged into a full-band
measurement. The raw data are presented in (a). After sub-
tracting the electronic dark noise and normalizing the data
to shot noise, the comb exhibits periodic behavior with
constant squeezing and antisqueezing values (b). Three
exemplary teeth are presented in (c). An animation of all
teeth is shown in Video 1.

To see the full potential of our squeezing source, we
subtract the dark noise contribution from our squeez-
ing measurement. The squeezing levels (red trace) are

often below the dark noise. Accordingly, subtracting
dark noise makes the squeezing traces noisier (compare
to the light red trace). Therefore, we conducted addi-
tional 2-second zero-span measurements to determine the
squeezing levels more precisely. We measured an aver-
age squeezing of 11.1 & 0.2 dB squeezing and an aver-
age anti-squeezing of 19.2 £ 0.1 dB across all teeth. The
error margin corresponds to the standard deviation of
these values. The higher fluctuation of the squeezing
values is most likely explained by the influence of the
dark noise but could also indicate frequency-dependent
excess loss (< 0.7%) [61]. Without dark noise subtrac-
tion, 9.3 dB of squeezing was measured at the first
FSR.

The performance of the setup can be characterized by
the total efficiency and the phase noise. These values are
acquired by fitting the spectra of the first FSR for different
pump powers [62,63]. The total efficiency was determined
to be 93.3%. The escape efficiency of the OPO is 98.7%,
corresponding to a roundtrip loss of 0.23%. The prop-
agation efficiency of the beam splitters and lenses was
measured to be 98.5%, while the visibility’s efficiency is
98.0%. Similar to [30], we determine the quantum effi-
ciency (QE) of the detector to be at least 97.9%. These
contributions are the basis for further improvements. From
the same fit, we estimate the phase noise below 5 mrad.
The contribution of the OPO’s HR mirrors to the overall
loss is negligible, suggesting the feasibility of construct-
ing longer OPO cavities with additional mirrors and higher
teeth density.

Some effects currently limit the detection, which can
be overcome in the future. The measurement span is lim-
ited by the bandwidth of the spectrum analyzer. Recent
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FIG. 2. Measurement of the squeezing comb. The raw data is presented in (a). The data is a combination of a full span measurement
(span 3.65 GHz, resolution bandwidth (RBW) 1 MHz, video bandwidth (VBW) 200 Hz, sweep time 60 s) and individual measurements
at each tooth (span 20 MHz, RBW 100 kHz, VBW 20 Hz, sweep time 30 s). (b) shows the measurement after normalization to shot
noise and subtraction of the dark noise. Here, the gray line indicates the difference between shot noise and dark noise. Whenever
the dark noise clearance is small, the squeezing trace broadens. In the full span picture, this is shown as varying squeezing levels.
To reduce this effect, a rolling average over five points was applied. Furthermore, additional zero-span measurements (black dots)
were performed to narrow down the measurement uncertainty. Three exemplary teeth measurements are displayed in (c), showing an
additional squeezing trace without dark noise subtraction (light red). An animation of all individual teeth measurements is shown in

Video 1.

measurements in our lab indicate shot-noise limitation up
to 6.5 GHz. Furthermore, the necessity to subtract dark
noise is a limiting factor and is often not possible in actual
applications. The detector utilizes commercially available
packaged components; a future iteration with a higher
level of integration and customization could improve the
dark noise clearance and increase the bandwidth, providing
access to additional sidebands with a better signal-to-noise
ratio.

In previous stages of this experiment, we used bal-
anced homodyne detection and observed degradation of

squeezing levels above 500 MHz. Early iterations of our
balanced detector design were used for publications such
as [23,39] observing reduced squeezing values at gigahertz
frequency. Accordingly, we infer that these detectors were
also limited by insufficient balancing. The same behavior
was observed by [64].

Bichromatic homodyne detection with two LO fre-
quencies at + the measurement frequency is a com-
mon approach to measure squeezing over multiple giga-
hertz [33,40-42]. This optical demodulation enables
measurements at gigahertz frequencies on a low-bandwidth
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VIDEO 1. Animation of all 18 teeth of the squeezing comb

after normalization to shot noise. Three teeth are shown in
Fig. 2(c).

detector. While this approach reliably provides access to
high frequencies, there are two drawbacks. First, mea-
suring different frequency modes requires an adaptation
of the LO’s frequency. Second, the measurement can-
not distinguish between a resonance’s upper and lower
side. An unbalanced bichromatic detection could measure
a high number of modes simultaneously with the option
of shifting the center frequency to higher modes. Still, the
scheme could not differentiate between an upper or lower
FSR.

A third option for measuring a squeezing comb is to
amplify it phase-sensitively to a state well above the quan-
tum regime using an optical parametric amplifier [18,43,
44]. This allows for detection with lower-efficiency detec-
tors without degradation of the squeezing level. Recently,
a squeezing measurement combining parametric amplifica-
tion and a commercial broadband balanced photodetector
has been demonstrated, reaching 43 GHz bandwidth [45].
A similar measurement would be possible with an unbal-
anced commercial detector where a bandwidth surpassing
100 GHz seams in reach.

These two alternative methods enabled the detection
of moderate levels of squeezing over high bandwidth
and a large number of teeth [44,65]. Bichromatic detec-
tion allowed the detection of three sidebands of a 10-dB
squeezing comb [33]. Our approach of combining unbal-
anced detection with long OPO enables us to measure both
strong squeezing levels and many modes.

We demonstrated a long and efficient OPO resonator
generating a squeezing comb with tooth separation of only
200 MHz and the broadband detection of 18 sideband
pairs squeezed by 11.1 dB achieving a bandwidth of 3.6
GHz. Previously, broadband homodyne detection [23,38,
39,46] was either limited by the balancing bandwidth or
the efficiency to either low frequency or low squeezing

values not exceeding 2 dB. Our solution circumvents the
balancing problem while allowing the implementation of
off-the-shelf HQE photodiodes.

High-speed and broadband detection will be a crucial
factor in harnessing the scaling potentials of squeezing
combs and spectral or temporal cluster states. While cur-
rent research focuses on balanced schemes and is lim-
ited by either bandwidth or efficiency, we question this
paradigm and encourage the investigation of unbalanced
designs as a viable alternative. The balancing and effi-
ciency issue will be challenging for years, and even
with improvements achieved, unbalanced designs will
remain faster than their balanced counterparts. Our scheme
increases the number of accessible modes and potentially
reduces the number of required detectors and demand for
lossy demultiplexers in the field of quantum information.
We have shown that long OPOs with low FSR are feasible,
extendable, and an easy solution to increasing the number
of accessible sideband modes.
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