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ABSTRACT The level of quantum noise in measurements is bounded from below by the Heisenberg
uncertainty principle, but it can be unequally distributed between two noncommuting observables: it can
be “squeezed.” Since 2019, all gravitational-wave observatories have been using squeezed light for in-
creasing the astronomical reach. Squeezed laser light is efficiently produced by degenerate parametric
down-conversion in a nonlinear crystal located inside an optical resonator. A spontaneously generated
initial pair of indistinguishable photons is amplified to a squeezed vacuum state. Overlapped with bright
coherent light, the photo-electric measurement shows a sub-Poissonian photon statistics. Squeezed states
have ample applications in nonlocal quantum sensing, device-independent quantum key distribution, and
quantum computing. Here, we present our continuous-wave 1550-nm “squeeze laser” with a footprint of
80 x 80 cm. The well-defined output beam has an interference contrast of = 99% with an overlapped 10-mW
beam being in an almost perfect TEMO00 mode. The interference result shows 13-dB squeezing of the photon

shot noise in balanced detection.

INDEX TERMS Quantum computing, quantum sensing, squeezed states, nonlocality.

I. INTRODUCTION
Coherent light is the basis of high-precision measuring de-
vices, such as optical clocks [1], [2], [3] and gravitational-
wave observatories [4], [5], [6]. Single-mode ultrastable laser
light with frequency widths down to 10 mHz was realized [7],
[8]. The reciprocal of the frequency width defines a minimal
coherence time At, which is given by the Fourier transform.
This fact guarantees that an ensemble of short measurements,
each of duration AT <« At, has no classical or technical
noise, just quantum noise, unless the measurement device
itself adds significant noise. In the case of a conventional
laser, the ensemble data correspond to those of a coherent
state |o), where « is the expectation value of the dimension-
less complex-valued amplitude representing the optical field
strength. The expectation value of the coherent state’s photon
number is well defined and reads («|a) = (71). The individ-
ually measured numbers of photons per short measurement
are not all identical, but provide a histogram with a Poisson
distribution with a standard deviation of A = /() [9].
Shortly after the theoretical description of the coherent
states by Roy Glauber in 1963 [9], the squeezed states of
the optical field were theoretically analyzed [10], [11], [12].
The squeezed state can be written as |«, §, 0), where = e
is the squeeze factor with r the squeeze parameter, and 6 is

the squeeze angle. The squeeze factor is usually given on the
decibel scale 10 - log;,8. As an example, a “3-dB squeezed
state” has a squeeze factor of 8 & 2, and thus, an about 50%
smaller variance of the electric field uncertainty compared to
a coherent state. For § = 0 we have an amplitude squeezed
state and for & = 90° a phase (quadrature) squeezed state. A
state with « = 0 is called a squeezed vacuum state, whose
excitation number is typically just a couple of photon pairs
per Fourier-limited mode. A largely displaced amplitude-
squeezed state |o > 1,8 > 1,0 = 0) provides an almost
Gaussian photon number histogram with a squeezed standard
deviation of Afi = /(7)/B and is called “sub-Poissonian”
[13]. The sub-Poisson statistics of photon numbers per short
time window AT < At is remarkable [14], [15]. According
to John S. Bell [16], the photon numbers are not defined
“locally” — i.e., not per single short time window AT — but
all of them only jointly and nonlocally over At. The photon
numbers are “quantum correlated.” The light of the squeeze
laser is therefore referred to as “nonclassical,” whereby the
term “nonlocal” expresses the special property even more
clearly. A conventional laser is unable to produce a squeezed
state.

Here, we summarize the properties of laser beams that
carry squeezed states and discuss their applications in
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quantum sensing, quantum key distribution, photometry,
and quantum computing. We present a squeeze laser at the
telecommunication wavelength of 1550 nm with a footprint
of 80 x 80 cm that squeezes the photon counting statistics
at sideband frequencies from about 1 kHz to about 100 MHz
with a maximal squeeze factor of up to 8 &~ 20 (13 dB).

Il. QUANTIZED ELECTROMAGNETIC WAVE

The photon view on coherent states and largely displaced
amplitude squeezed states is outlined in the introduction.
Apart from the photon view, the coherent state can also be de-
scribed in the phase-space spanned by two normalized field
amplitudes of the optical wave with a 90° phase difference.
These are the field quadratures X and ¥, which obey the com-
mutation relation [X Y 1 =i/2[17], where the normalization
is chosen such that the sum of the quantum noise variances
equals the zero point occupation number (A2X + A2Y =
1/2). The field quadratures are variables with a continuous
spectrum.

Coherent and squeezed states have Gaussian field uncer-
tainties, which are fully described by the standard deviations
AX and AY and potential correlations between the two quan-
tities. The product of the standard deviations has a lower
bound according to the Heisenberg uncertainty relation [18],
whichreads AX - AY > 1/4. The phase space representation
reflects the wave view of quantum optics.

The general electromagnetic wave is time-dependent and
the field quadratures are also time-dependent. A good de-
scription is thus given by the measured frequency spectra
of time-dependent field quadratures )A(Q, aq(t) and IA/Q, aq(t)
[19]. In the optical regime, measurement electronics are
much slower than the field oscillation at angular frequency
wp, and XQ’AQ(Z‘) and ?Q’ Aq(t) are the time-dependent am-
plitude modulation depth and phase quadrature modulation
depth at the angular modulation frequency €2 with resolution
bandwidth AQ2 as they are used in optical communication
and measured in optical sensing. The graphical illustration of
these field modulations is given in [20, supplement’s figure
1]. They are normalized in such a way that at any point in
time ¢ they obey the same Heisenberg uncertainty principle
as above, i.e.,

AXg g - Afg g > 1/4. (1

For every angular sideband frequency 2 > 0, the coherent
state |o)Q Aq 1s a quantum state of the respective modula-
tion. Its phase space representation is the circular Gaussian
uncertainty area of the ground state according to A)?S‘?CAQ =
AYES o = 1/2 displaced by (Xo aq) and (Yo, aq). The ex-
pectation values of the quadratures define the complex-
valued amplitude o« = (XQ, AQ) + i(?Q’AQ). The ground
state (o = 0, vacuum state) has (XSV{?CAQ) = ()A’f‘f‘CAQ) = 0and
is free of any correlations. Fig. 1(a) and (b) show the phase
space representations of the ground state and of a displaced
coherent state, respectively. The radius of the uncertainty
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FIGURE 1. Phase space presentations of pure states of the optical field.
(a) Coherent state without displacement (ground state). (b) Coherent
state with displacement. (c) Squeezed vacuum state with respect to
some arbitrarily chosen phase reference. (d) Amplitude squeezed state.
The shaded areas represent Gaussian minimal uncertainty products.

area is normalized to the standard deviation of ideal en-
semble measurements, i.e., when every mode serves for a
single quadrature measurement. The phase space represen-
tation of a modulation’s squeezed state |«, 8, 0)q A 1s an
elliptical Gaussian uncertainty area with the half semiminor
axis smaller than the radius of the ground state uncertainty.
In full analogy to the coherent states, the uncertainty area
might be displaced by (Xq. aq) and (Yo aq). Fig. 1(c) shows
a squeezed vacuum state, which is defined to have zero dis-
placement. Squeezed vacuum states need to be distinguished
from the actual vacuum state; their excitation numbers are
not zero. For a pure squeezed vacuum state, the excita-
tion number of the modulation at 2 with bandwidth A is
given by (0, B, Oliig, a0l0, B, 0) = (B + 1/B)/4 — 0.5 [19],
where 7ig aq describes the photon number in the two optical
frequency ranges wg + (2 &= AQ) and wg — (2 £ AQ).

Fig. 1(d) shows an amplitude squeezed state, which has a
nonzero displacement along the semiminor axis of the un-
certainty area. The displacement represents a semiclassical
excitation of the modulation, which adds the photon number
(@ a)o Aq-

All kinds of optical loss, i.e., photons that are not
measured, reduce the squeeze factor and increase the
quadrature uncertainty product. A pure squeezed state with
Azﬁg’AgAz?&AQ = 1/16 is converted to a mixed, less
squeezed state. The relative energy loss ¢ changes the
squeezed and the antisqueezed quadrature variances accord-
ing to [19]

ARG pq = MRS aq(1 — O + € A*XFSq

ATE pq = ATY Aol — O +EATYS . (2)
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The measurements of the left-hand sides in the above equa-
tions give an uncertainty product that allows the quantifica-
tion of £, which is a useful feature for applications in quantum
photometry and quantum communications, see Section V1.

1Il. PROPERTIES OF THE SQUEEZE LASER

Devices that emit squeezed light are simply referred to as
“squeezed light sources” or “squeezers.” What is missing is
a name that better expresses the physical properties of these
devices. In this article, we introduce the new name “squeeze
laser,” which we think is well founded. In the following, we
compare the squeeze laser with the conventional laser.

The first squeeze lasers were demonstrated in the mid
1980s [21], [22]. Over the decades, the squeeze factor 8 was
increased [23], [24], [25], [26], [27] to the currently highest
value of B &~ 32 (15 dB) [28]. The squeeze factor is not only
embodied in the shape of the phase-space uncertainty area
but also in the sub-Poissonian photon number statistics, but
only in the cases of strongly displaced amplitude squeezed
states.

Squeezed light, regardless of whether it is in a squeezed
vacuum state or in a displaced squeezed state, is efficiently
produced by pumping a crystal inside an optical resonator;
the resonator provides optical feedback, introduces an os-
cillation threshold, and defines Fourier limited transverse
spatial modes, i.e., Gaussian beams. All these properties are
those of a laser.

An important characteristic of the generic laser is stim-
ulated emission of radiation. Stimulated emission describes
the amplification of light through a pumped medium. In the
particle view, a mode of light that is excited by at least
one photon stimulates quantized energy transfer from the
medium [29]. In the wave view, the excitation of a mode
of light is amplified through constructive interference with
a mode excited by the pumped medium. The latter descrip-
tion of stimulated emission fits well with the parametric am-
plification that takes place inside the squeeze resonator in
the course of parametric downconversion (PDC). Arguably,
the contributions of higher order photon pairs to a squeezed
vacuum state can be understood as the result of stimulated
emission induced by a spontaneous photon pair.

A special property of the conventional laser is its capability
of converting incoherent pump light, e.g., from a thermal
source, into coherent light. This requires the conventional
laser to be operated far above oscillation threshold.

A special property of the squeeze laser is the need for
coherent pump light, which is usually quasi-monochromatic
and at twice the frequency of the squeezed field. The coher-
ence of the pump makes the squeeze laser produce coherent
light even below oscillation threshold. In the theoretical case
of zero optical loss and zero pump depletion, the squeeze fac-
tor becomes infinite exactly when the oscillation threshold is
reached [19]. Fig. 2 illustrates this theoretical situation. The
critical amplitude gain per round trip is given by geit = /71,
where r% is the power reflectivity of the resonator’s coupling
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FIGURE 2. Concept of the ideal squeeze-laser resonator. A continuous
sequence of well-defined ground-state modes (upper left) is coupled to
the squeeze resonator, which contains a pumped parametric gain
medium and is assumed here to be free of absorption and scatter loss.
Generally, most of the mode is directly reflected by the first mirror with
power reflectivity r?. The fraction (1 — r?) is transmitted into the
resonator. The field quadratures of the transmitted field at resonance
frequency built up to X, and ¥, in the course of constructive
interference of many round trips. Depending on the pump phase, X..,
includes a parametric gain while ¥,., includes parametric damping. If the
amplitude gain per round trip reaches g = 1/r, the oscillation threshold
is accomplished. In case of an ideal cavity with r, =1, g = 1/r, is also
the condition for an impedance matched cavity for the incoming
¥-quadrature. Due to the superposition indicated, the reflected
Y-quadrature approaches zero, while the reflected X-quadrature
approaches infinity. The result are modes on cavity resonance in a
perfectly squeezed state, which propagate to the left [19]. The small
circle labels the phase space orientation of the quantum uncertainty
which is necessary to illustrate the destructive interference.

mirror while all other resonator mirrors are perfectly reflec-
tive. If the resonator round-trip amplification exceeds the
total round-trip loss, the squeeze laser is above threshold and
becomes a degenerate optical parametric oscillator (OPO).
OPOs are also laser devices. While they have been usually
used in the nondegenerate regime to produce laser beams at
new wavelengths, the degenerate far-above threshold case is
also possible, as demonstrated in [30].

Highest squeeze factors can be produced by operating the
squeeze laser slightly below threshold [28], [31]. The results
are strongly squeezed vacuum states. The typical mode of
operation of a squeeze laser is thus different from all con-
ventional lasers. The down-converted field is, nevertheless,
fully coherent due to the quasi-monochromatic pump field
at frequency 2wq. The key feature of the squeeze laser is
the fact that despite its full coherence the down-converted
degenerate field at frequency @ is much less monochromatic
than the pump field. In this situation, energy conservation
and symmetry enforce correlations in the number of mea-
sured photons resulting in the nonlocal property of squeezed
light. Elaborating the precise connection between energy
conservation, symmetry, and nonlocal properties is beyond
the scope of this paper and will be published in upcoming
work.

Like any laser, a squeeze laser uses a cavity length where
the transverse spatial modes are nondegenerate. Then the
TEMOO mode can be chosen to be emitted in a squeezed
vacuum state while all others remain in the ground state.
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However, squeeze lasers can also be operated to squeeze
higher order transverse modes [32], [33].

Squeezed light is most efficiently observed by a bal-
anced homodyne detector (BHD) that uses the overlap of the
squeezed field with an optical local oscillator in the same
mode on a balanced beamsplitter. The two beam splitter
outputs are measured with two photo diodes having close to
perfect quantum efficiency. The differential voltage is either
analyzed by a spectrum analyzer or sampled by an analog-
to-digital converter and then further processed. The actually
observed squeeze factor is usually not limited by the PDC,
but by the quantum efficiency of the photodiodes and by the
interference contrast achieved at the balanced beam splitter.

Finally, we note that the squeeze laser uses the same PDC
process as photon pair sources [34], [35], [36]. Photon pair
sources, however, usually do not have a resonator for optical
feedback, no mode confinement, and no oscillation thresh-
old. In the case of photon pair sources, the induced emission
does not play a role and one often speaks of “spontaneous”
PDC. The photon pairs of such a source are all spontaneous,
but never the less as coherent as the pump field.

IV. SQUEEZED LIGHT FOR ASTRONOMY
Gravitational-wave observatories, such as GEO 600 [37],
Kagra [38], LIGO [39], and Virgo [40] target oscillations in
spacetime at audio-band frequencies, such as those caused
by two merging black holes. The first gravitational wave
(GW) was observed by LIGO on September 14, 2015 [4].
GW-observatories are resonator-enhanced Michelson laser
interferometers. Properly polarized GWs produce a differen-
tial arm length oscillation. The topology of a Michelson in-
terferometer suppresses a large fraction of the classical noise
on the laser light due to destructive interference in the signal
output port. Nevertheless, GW observatories require highly
coherent continuous-wave light to achieve the required sen-
sitivities.

Increasing the light power in the Michelson arms only
improves sensitivity if photon shot noise is the dominant
measurement noise. Other sources of noise must be reduced
by other means. At some point, however, increasing the
light output will become more and more challenging for
fundamental and practical reasons. In this case, squeezing
the quantum noise is a valuable alternative, as proposed in
1981 [41]. Squeezing the variance of the photon shot noise in
the signal output port by the factor 8 improves the sensitivity
as does increasing the light power in the arms by the same
factor [41]. The first squeezing-enhanced laser interferome-
ters were realized shortly after the first ever observation of
squeezed light in the mid 1980 s [46], [47]. The shot-noise
was squeezed by factors of up to two (3 dB). But at the
end of the last century, the time of the squeeze laser had
not yet come, because laser technology and the qualities of
optical components were continuously improving, and light
powers in interferometer arms could be scaled up by orders
of magnitudes. In the first decade of the new century, it
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FIGURE 3. Photograph of the first squeeze laser designed and built for
continuous operation in gravitational-wave observatories for improving
their astronomical reach. It was realized by the group of RS at the
Leibniz Universitdt Hannover in 2010 [42]. Since then it has been used by
GEO 600 [43], [44], [45]. The circle highlights the resonator of the
squeeze laser. Wavelength: 1064 nm; footprint of the breadboard: 135 x
113 cm; portable.

became apparent that the light powers in all GW observa-
tories could no longer be easily increased and that the design
values could not necessarily be achieved. For instance, one
issue was thermal lensing in the Michelson beam splitter that
could no longer be compensated for. Another problem were
parametric instabilities of internal mirror vibrations driven
by radiation pressure.

In the same period, the squeeze laser technology for GW
observatories was developed, for reviews see [48] and [49],
culminating in the first squeeze laser designed and built
for continuous operation in gravitational-wave observato-
ries [42], see Fig. 3, which is in operation in GEO 600, since
2010 [43], [44], [45]. It turned out that all GW observatories
require squeezed light to come closer to their design sensi-
tivities. Since 2019, all GW observations are improved by
squeezing the quantum noise of light [5], [6], [50], [51].

We note that squeezed light can further enhance GW
observatories in ways fundamentally beyond what can be
achieved by scaling light output. Squeezing allows for the
simultaneous suppression of photon shot noise (pSN) and
photon radiation pressure noise (pRPN) [52], [53]. While
pSN arises in the context of the photodiode measurement,
pRPN arises from the transfer of uncertain momentum from
the light to the reflecting interferometer mirrors. After reflec-
tion, the uncertain mirror displacement is quantum correlated
with the uncertain phase of the reflected light [54], [55]. An
appropriately selected measurement phase exploits the quan-
tum correlations to simultaneously suppress pSN and pRPN
below the values of conventional laser light having the same
power. This further development is already in preparation in
all GW observatories [56], [57], [58], see also Section VI-A.

V. OUR 1550-NM SQUEEZE LASER

The optimal laser wavelength for fiber-based communication
is 1550 nm, where state-of-the-art glass fibers have very
low optical losses. Crystalline silicon also shows low losses
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FIGURE 4. Photograph of the currently most compact squeeze laser in
the >10 dB range. It was designed and built by AS at the Universitat
Hamburg. The dashed line shows the 80 x 80 cm breadboard, and thus,
the footprint of the squeeze laser. The circle marks the squeeze
resonator. The pump light from a fiber laser is coupled to the breadboard
via an optical fiber (ellipse). Alternatively, the pump laser can also be
placed on the breadboard (free space in front left). Wavelength:

1550 nm; portable.

at this wavelength. 1550 nm laser light thus opens up the
possibility of synergies between optical and semiconductor
technologies. The wavelength might also enable new optical
materials with less Brownian noise from mirror surfaces in
the next generations of GW observatories [59], [60], [61].

The first strongly squeezed light at 1550 nm was reported
in [62]. Fig. 4 shows a photo of our latest squeeze laser at
1550 nm. It is the first squeeze laser with a footprint of well
under one square meter. It is built on a breadboard with the
dimensions 80 x 80 cm. A fiber laser, which supplies the
pump light at 1550 nm, and our home-made second har-
monic generator, which produces the coherent pump field at
775 nm, have space on the breadboard. The power supplies
and the servo control electronics are in a separate rack.

Our squeeze laser uses a periodically poled KTP crys-
tal inside a double-resonant cavity for producing 12-mW
quasi-monochromatic pump light at 775 nm from 20 mW
at 1550 nm. With 12-mW pump power, which accounts for
about 87% of the oscillation threshold power, our squeeze
laser generates up to 13-dB-squeezed vacuum states (8 ~
20). We measure the squeeze factor at sideband frequencies
/(2m) between 3 and 5 MHz with a home-built balanced
homodyne detector (BHD) using a cavity-filtered 1550-nm
local oscillator (LO) beam of 12 mW. The interference con-
trast between LO and squeezed beam was about 99%, at-
testing to the quality of the latter’s transverse mode. Local
oscillator power does not affect the observed squeeze factor.
We chose 12 mW because it was high enough to achieve
a clearance of almost 25 dB between shot noise and dark
noise of our BHD electronics, and low enough not to dam-
age the BHD [31]. The breadboard can be covered with a
solid case and is portable. It serves as a concept study for
high-quality squeeze lasers with an even smaller footprint to
make squeeze lasers usable for researchers and developers
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who are not experts in laser optics. Squeeze lasers have mul-
tiple degrees of freedom that must be passively stable and/or
actively servo-controlled. That is why all previous setups
for generating squeezed light have an area of square meters.
First of all, a squeeze laser requires ultrastable laser light
at the wavelength of the squeeze laser. Commercial lasers
are often suitable. Parts of the light must be frequency dou-
bled to coherently pump the squeeze resonator. Other parts
are needed for downstream sensing or communication ap-
plications and also for the local oscillator to characterize the
squeezed light. The differential path of the squeezed light and
the coherent light at the same wavelength must be stable and
feedback-controlled. This requires that the second harmonic
pump field also be phase stable. The resonator for generating
the second harmonic pump light and the squeeze resonator
must have feedback-controlled lengths. Our squeeze laser
uses double resonant standing wave cavities, the length of
which can be adjusted via a piezoelectric element. They are
controlled to resonate at 1550 and 775 nm simultaneously,
maximizing frequency conversion efficiency. The nonlinear
material used in the cavities is periodically poled KTP. The
poling period roughly establishes a quasi-phase matching
between the two wavelengths. The fine-tuning of the quasi-
phase matching is achieved through precise adjustment and
feedback-control of the crystal temperature. Tuning the crys-
tal temperature, in turn, changes the resonance conditions
for the two wavelengths. The rather stringent double reso-
nance requirement can be achieved by a tradeoff between
operating with slightly suboptimal quasi-phase matching. In
order to achieve mode overlaps with interference contrasts
close to one, mode-cleaning cavities [27] are used, which all
have to be controlled to resonance. All components are on a
mechanically stable breadboard to ensure that perturbations
are low enough for the dynamic ranges of the counteracting
piezoelectric elements.

VI. APPLICATIONS

There are several ways that squeezed light can save resources
in nonlocal quantum sensing, but also in nonlocal quantum
photometry, communication, and optical computation. It is
important to note that quantum technologies cannot solve
tasks that are in principle impossible with conventional tech-
nology, but quantum technologies are able to realize these
tasks with fewer resources, e.g., energy. This is crucial for
any application and the main motivation for the development
of quantum technologies.

A. NONLOCAL QUANTUM SENSING

A sensor using an ensemble of identical quantum systems,
for instance identical Fourier-limited modes of light, is a
“quantum sensor’” in common parlance. It is a sensor whose
sensitivity can be further improved by upscaling the number
of quanta. According to this, GW observatories were already
quantum sensors before squeeze lasers were implemented. It
is therefore useful to introduce another term when nonlocal
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resources enhance the sensing: “nonlocal quantum sensing.”
We can distinguish between different regimes.

Sub-Poissonian Sensing is largely covered by Section IV.
GW observatories had been limited in their upper signal
band by Poissonian photon shot noise (pSN) for many years.
At a certain point, exploiting the nonlocal property of the
squeezed light turned out to be more cost-effective to im-
prove the signal-to-noise ratio than further upscaling the co-
herent light power. Squeeze lasers have been used in GW
observatories since 2010 [5], [6], [42], [43], [44]. They are
not just used to demonstrate their potential, but to solve a
problem that is not easily solvable without a squeeze laser.
In this sense, the sub-Poissonian, nonlocal sensing due to the
squeeze laser is already a user application.

Quantum Back-Action Evading Sensing can also be
achieved with a squeeze laser. In the optical domain, quan-
tum back-action noise manifests itself in the form of the
photon radiation pressure noise (pRPN). Without changing
the optical power in the interferometer, the optical input path
of the squeezed light must be changed by a quarter wave-
length compared to sub-Poissonian sensing. This changes the
squeeze angle by 90°. While the photodiode now measures
an antisqueezed photon statistic, the photon statistic in the
arms is squeezed, causing the pRPN to decrease. The latter
effect arises from the way any interferometer works, accord-
ing to which it rotates the phase quadrature into the amplitude
quadrature. It is an example of the basic principle according
to which more precise monitoring leads to stronger quantum
back-action. It is possible, however, to optimize the squeeze
angle for every individual signal frequency by reflecting the
squeezed light from a detuned filter cavity. Different frequen-
cies then experience different path lengths, thereby produc-
ing a frequency-dependent squeeze angle [53], [57], [58],
[63]. The pRPN is already limiting current GW observatories
at low signal frequencies [54], [64], although they are not yet
operated at the high light outputs according to their design
values. The reason for this is that no filter cavities are used
yet and a squeezed pSN forces an antisqueezed pRPN. In the
near future, the pRPN must also be squeezed at frequencies
below about 50 Hz, while maintaining the shot noise squeez-
ing at higher frequencies. This can be realised by 300-m long
high-quality detuned filter cavities [56]. The installations of
these filter cavities are immediate projects at the current GW
observatories [57], [58].

Quantum Non-Demolition (QND) Sensing is even more
advanced [65]. It concerns the situation, when pSN and
PRPN contribute about equally to the overall quantum noise
within the same frequency band. In this case, squeezing one
or the other noise does not reduce the total quantum noise,
and the sum of the balanced uncorrelated pSN and pRPN de-
fine the so-called standard quantum limit (SQL). One known
QND approach, however, uses squeezed light injection with
the purpose of introducing quantum correlations between
the pSN and pRPN. This way, it is possible to surpass the
standard quantum limit [52], [54], [55]. The filter cavities
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that are in preparation at current GW observatories can in
principle achieve QND sensing to some degree. The chal-
lenge is that with pSN and pRPN being of the same magni-
tude also thermal noise is usually relevant. Thermal noise is
due to thermally induced movements of the mirror surfaces,
and cryogenic cooling of the mirrors might be required to
turn a GW observatory into a deep-QND sensor. A further
reduction in optical loss is also required, which could also
enforce even longer filter cavities. Einstein—Podolsky—Rosen
(EPR) entangled light beams generated from two squeezed
light fields [66], [67] could be a more cost-effective approach
since the existing cavities of the GW observatory can then be
used [68], [69], [70].

Quantum Dense (QD) Sensing is able to simultaneously
monitor two noncommuting observables of a signal field with
uncertainties below that of the ground state. Here, too, two
entangled EPR light beams are required, which are generated
from two squeezed beams. QD sensors make it possible to
identify parasitic interference from modulated backscattered
light [20], [71], [72], [73], [74]. Eventually, conventional
techniques to avoid these parasitic disturbances become ex-
pensive and QD sensing becomes a cost-effective comple-
ment.

B. NONLOCAL QUANTUM PHOTOMETRY

The coherent states remain such even under arbitrarily strong
optical loss. They remain pure, i.e., their uncertainty product
remains at the lower bound of (1). The uncertainty product
of squeezed states, on the other hand, increases with loss, see
(2). The possibility of estimating the total loss £ on squeezed
light from the uncertainty product has an application in pho-
tometry. The absolute calibration of the quantum efficiency
of a photosensor 1y, by a calibrated light source (*standard
candle”) is difficult, time-consuming, and the error bars are
relatively large at short infrared wavelengths between 1.4
and 3 um and beyond. The resource-saving alternative is
to let the photo sensors detect strongly squeezed light [28].
Measuring the squeezed noise as well as the antisqueezed
noise quantifies the degree of mixedness and hence the total
amount of optical loss £ according to (1) and (2).

The photosensor’s imperfect quantum efficiency con-
tributes just the optical loss (1 — npp) < €. The independent
determination of the sum of all other loss contributions, such
as absorption in the nonlinear crystal and residual reflection
and scattering at surfaces of lenses and mirrors in the prop-
agation path of the squeezed light allows to determine npp
from €. A standard candle is not required.

C. NONLOCAL QUANTUM KEY DISTRIBUTION

Quantum key distribution (QKD) [75] builds on the pos-
sibility of estimating the upper bound of information loss
in distributed light, i.e., its decoherence. QKD primarily
secures the quantum channel. Advanced QKD uses non-
local light to provide additional security for the devices
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that generate and measure the light [76]. “One-sided de-
vice independent QKD” secures the channel as well as the
devices at the remote station B (“Bob”). In the implementa-
tion in [77], the local station A (Alice) generates two con-
tinuous EPR-entangled light beams by superimposing two
squeezed beams on a balanced beam splitter, and sends one
of them to Bob. Alice and Bob perform a large number of
synchronised quadrature measurements, randomly switching
between between XQ’ Aq and IA/Q, Aq. After the measurement
phase, Bob sends a randomly selected subset of the measured
quadrature values to Alice, where the entanglement between
the dataset at Alice (superscript A) and Bob (superscript B)
is quantified. From the data in which accidentally the same
quadrature was measured at the same time ¢;, the squeeze fac-
tors in the nonlocal observables X3 o (t) £ X5 , (%) and
f’é" IO E= f’g) Aq(t)) are determined. (The signs have to be
chosen such that the variances of the two nonlocal quadra-
tures are squeezed and not antisqueezed.) The maximum loss
of the entangled states ¢ is then calculated using (2) and
assuming initially perfectly squeezed nonlocal observables.
It represents the upper limit of the relative amount of infor-
mation that an eavesdropper could in principle have gathered.
This is because it is impossible to increase the squeeze factor
in the nonlocal quadratures if you only have access to the
channel and equipment on Bob’s side [78], [79].

In principle, devices can also be secured by conventional
monitoring. This is for instance required in order to enable
QKD that is based on the BB84 protocol [75] in order to
defuse side channel attacks [76], [80]. Squeeze lasers can
arguably achieve remote device security more effectively
and with fewer resources than constantly pushing traditional
surveillance to its technical limits to stay one step ahead of
potential eavesdroppers.

D. ALL-OPTICAL CONTINUOUS VARIABLE QUANTUM
COMPUTATION

Roughly speaking, doubling the number of conventional
computers doubles the computational speed. A quantum
computer doubles its speed when the number of entangled
qubits increases from N to N + 1. Quantum computers, once
they are deterministic, scalable, and universal, are thus able
to save resources. Quantum computing is always a “nonlo-
cal” approach, since it always requires quantum correlated
states. Knill et al. [81] proposed an all optical quantum com-
puter based on superpositions of the optical ground state
and the single-photon Fock state as the qubit space. In this
discrete variable setting, however, the realization of deter-
ministic gates is rather demanding, see also [82].

In recent years, all optical quantum computing with
strongly squeezed vacuum states as a continuous-variable
nonlocal resource attracted more and more attention, because
squeezed states are a deterministic quantum resource, and
optical multiplexing techniques provide high scalability [83],
[84]. All-optical continuous-variable quantum computation
can also be made universal. For this, the easy to implement
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Gaussian gates, such as the beam splitter, phase shifter, dis-
placement operation, and squeezing operation need to be
complemented by a non-Gaussian gate. The latter is difficult
to implement. Arguably, the most promising approach is a
nonlinear phase gate that encodes a qubit into the light’s
amplitude and phase quadratures by measuring parts of the
squeezed light via number-resolving photon counters [85].

VIl. CONCLUSION

Squeeze lasers emit diffraction-limited Gaussian beams with
long coherence times. Their central components are laser
resonators with nonlinear materials that are pumped with co-
herent light of the second harmonic frequency with a power
close to the oscillation threshold. Due to the high spatial and
temporal coherence of squeezed light, we propose to use the
name “squeeze laser” instead of the less descriptive term
“squeezed light source.”

Squeezed light, be it in a squeezed vacuum state or in a
displaced one, is nonlocal. Depending on the coherence time
At, the photon number measured in a first short time window
AT <« At is quantum correlated with those of all subsequent
such time windows. For amplitude-squeezed light, the non-
local correlation leads to sub-Poissonian photon statistics.

Squeezed light has many uses. We consider it to be the
most relevant resource in the fields of nonlocal quantum
sensing, nonlocal quantum key distribution, nonlocal pho-
tometry, and optical quantum computing.

In the past, squeeze lasers had footprints of more than one
square meter. Here we present a squeeze laser that delivers up
to 13 dB of squeezing at 1550 nm with a footprint of 0.64 m?.
We consider our setup as a concept study to commercialize
the squeeze laser.
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