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with a Quantum Noise Reduction of up to 10 dB
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Mirror thermal noise will be a main limitation for the sensitivities of the next-generation ground-based
gravitational-wave detectors (Einstein Telescope and Cosmic Explorer) at signal frequencies around
100 Hz. Using a higher-order spatial laser mode instead of the fundamental mode is one proposed method
to further mitigate mirror thermal noise. In the current detectors, quantum noise is successfully reduced by
the injection of squeezed vacuum states. The operation in a higher-order mode would then require the
efficient generation of squeezed vacuum states in this mode to maintain a high quantum noise reduction. In
our setup, we generate continuous-wave squeezed states at a wavelength of 1064 nm in the fundamental
and three higher-order Hermite-Gaussian modes up to a mode order of 6 using a type-I optical parametric
amplifier. We present a significant milestone with a quantum noise reduction of up to 10 dB at a
measurement frequency of 4 MHz in the higher-order modes and pave the way for their usage in future
gravitational-wave detectors as well as in other quantum noise limited experiments.
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During the third joint observation run in 2019 and 2020,
the sensitivities of the gravitational-wave detectors
Advanced LIGO and Advanced Virgo were mainly limited
by quantum noise and mirror thermal noise in the frequency
range around 100 Hz [1,2]. Squeezed vacuum states were
injected into the detectors’ output ports to effectively
reduce the quantum shot noise by about 3 dB and low-
loss optical coatings were used to mitigate the mirror
thermal noise. The prospects for the future ground-based
detectors Einstein Telescope (ET) and Cosmic Explorer
(CE) include major advances in the quantum noise reduc-
tion with an envisaged effective squeezing level of 10 dB
[3.4]. Mirror thermal noise is likely to become one of the
dominating factors in the overall noise budget of ET and
CE, even though advances regarding this noise source are
expected as well. A proposal for its further mitigation,
which is currently beyond the baseline of the ET and CE
designs, is the usage of higher-order spatial laser modes
instead of the fundamental Gaussian TEM,, mode [5].
After several experiments revealed that astigmatism con-
stitutes a large challenge for higher-order Laguerre-
Gaussian modes [6-9], the research focus switched to
Hermite-Gaussian (HG) modes [10-12]. Here, one remain-
ing question is whether squeezed vacuum states can be
efficiently generated in these higher-order modes to main-
tain a high quantum noise reduction.

Other important fields of application are, e.g., quantum
imaging [13] and quantum information, where entangled
higher-order modes can convey several independent chan-
nels for communication and spatial sensing [14].
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The generation of continuous-wave squeezed vacuum
states in the TEM,) , mode for gravitational-wave detectors
is based on cavity-enhanced second harmonic generation
(SHG) and subsequent parametric down-conversion in an
optical parametric amplifier (OPA), where both processes
are conducted in nonlinear crystals [15,16]. This scheme
can be adapted to higher-order spatial modes in two distinct
ways. In the indirect method, the squeezed states are first
generated in the TEM,) y mode which is then converted into
a higher-order mode. While the generation of squeezed
states in the TEM,, mode can be performed with high
efficiency [17], currently available mode conversion tech-
niques add optical loss to the squeezed field due to
absorption and the partial conversion into unwanted modes
[10,18]. Hence, the results for this indirect method have
remained below 3 dB of quantum noise reduction so
far [19].

In the second method, the OPA directly modifies the
quantum statistic of the higher-order mode without an
intermediate TEM,,, squeezing. Here, no spatial manipu-
lation of the squeezed field is required, which renders this
method the theoretically more efficient one. 3 dB have,
however, also been the upper limit for the direct generation
of squeezing and entanglement so far [20,21].

We chose to directly generate squeezed states in the
Hermite-Gaussian modes HG;;, HG,,, and HG;; to
compare their quantum noise reduction (squeezing level),
pump power, optical loss budget, and phase noise to the
squeezing process of the TEM,) y mode in one setup using the
same type-I OPA. To efficiently generate squeezed states
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directly in a higher-order mode via parametric down-
conversion, the harmonic pump field has to be spatially
adapted to the squeezed mode. The optimum pump field is
characterized by a minimum threshold power—which, in
the absence of phase noise, corresponds to the pump power
for which the highest squeezing level is obtained—and can
be derived from the following dependence of the threshold
power Py, on the squeezed field Ay, and pump field A, [22]:

Py o \ [ it wav|” ()

where Ay, and A , are the corresponding three-dimensional
amplitude distributions and the integral is evaluated over
the volume of the nonlinear medium. This volume integral
can be split up into a surface integral, evaluated over the
cross-section of the nonlinear medium, and a line integral,
evaluated along the propagation axis. The surface integral
tells us that the pump field for the mode HG,,, can, in
general, be any arbitrary normalized superposition of the
harmonic HG modes which have a nonzero spatial overlap
with HGZ, ,,:

n

AP (HGmn) = Z Z aZk’szng’zj’ (2)
j=0
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where ay »; are complex-valued coefficients and the super-
script & denotes the harmonic modes which have a reduced
waist size (@) = wy/ v/2) and twice the frequency. The line
integral assesses the phase matching between the squeezed
and pump field. These two integrals are typically not
maximized by the same pump field such that the optimum
pump field has to be derived as a trade-off which additionally
depends on the focusing parameter [23].

We generate the pump field for the higher-order HG
modes via the second harmonic generation of the TEM,
mode and one spatial light modulator (SLM, type:
Hamamatsu LCOS) which then converts the harmonic
TEM,(, mode into the used pump field. This SLM type
only modulates the transverse phase distribution of the
incoming field, not the intensity distribution. With this
limited influence, it cannot produce any arbitrary super-
position such that we simplified our considerations about
the optimum pump field to only one single pump mode per
squeezed mode. If the harmonic modes in Eq. (2) are

analyzed individually, HGgm,2n provides the highest spatial

overlap to HG?, as well as the best phase matching.

Hence, we use the harmonic HG,,,,, mode to directly
generate squeezed states in the HG,,, , mode. Assuming this
choice of spatial pump mode, Table I shows the threshold
powers calculated with Eq. (1).

For gravitational-wave detectors, the OPAs are typically
operated as a dual-resonant cavity, where the pump and
squeezed field are simultaneously resonant and the pump

TABLE 1. Calculated threshold power Py, for the different
HG,, , modes, when pumped by the HGé‘m_zn mode, in the same
OPA. Py, is normalized to 1 for the TEM,, (=HG,) mode.

m, n 0,0 1,1 2,2 3,3
Py 1.0 4.0 7.1 10.2

field is used for the OPA length stabilization [15,16]. In our
experiment, the squeezed mode and the corresponding
pump mode do, however, not share the same mode order
(except for the TEM,, mode squeezing) and are, in
general, nondegenerate in a cavity. This does not render
the typical OPA design impossible, but given that we aimed
to compare four modes with the same OPA cavity, we chose
a single-resonant cavity design instead, where the squeezed
field is resonating while the in-coupling mirror is com-
pletely transmissive for the pump field. We then use an
OPA control field at the fundamental frequency in the
spatial mode which is squeezed to stabilize the OPA length
via the Pound-Drever-Hall scheme. About 2% of this
control field is transmitted by the OPA cavity and causes
a coherent amplitude in the squeezed field. We thus
generate bright squeezed states in the respective HG modes.
Furthermore, we need an additional control loop to stabilize
the relative phase between the pump field and this OPA
control field to simultaneously stabilize the measured
squeezing quadrature angle.

Our hemilithic linear OPA cavity contains a periodically
poled potassium titanyl phosphate (PPKTP) crystal which
measures 1.0 x 2.0 x 9.3 mmin the x, y, and z (propagation)
direction. The curved crystal face serves as a highly reflective
end mirror, Rend.1064 am = 99.96% and Rend,532 am — 99.9%,
while the plane face is antireflective coated for both wave-
lengths. The nominal reflectivities of the in-coupling mirror
are Ry, 1064 nm = 92% and Rj, 535 ym < 0.2% such that the
OPA’s half width at half maximum (bandwidth) is about
25 MHz. The radii of curvature are R.;, = 25 mm and
R, eng = 12 mm, setting the waist of the squeezed field’s
eigenmodes to about 33 ym in radius near the crystal center.
A peltier element stabilizes the crystal temperature via a
control loop and is used to optimize the phase matching. The
SHG cavity has the same design besides a reflectivity of
the in-coupling mirror of R;, 1064 nm = 90%.

Figure 1 shows a schematic of our experimental setup.
It is operated with a 2 W nonplanar ring laser (NPRO)
continuously emitting light in the TEM,, mode at a
wavelength of 1064 nm. The quarter-wave plate optimizes
the linear polarisation and the half-wave plate in combi-
nation with the Faraday isolator (FI) determines the power
injected into the whole experiment. A phase modulation at
a frequency of 120 MHz, driven by the rf-generator (1f),
is imprinted by the electro-optical modulator (EOM) for
the length stabilization of the SHG cavity, and the mode
cleaner (MC) via the Pound-Drever-Hall scheme. The light
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FIG. 1.

field is then split up into two paths. The major fraction of
the power propagates to the SHG for the generation of the
harmonic pump field which is separated from the incoming
field by a dichroic beamsplitter (DBS). Another combina-
tion of a half-wave plate and an FI controls the pump power
sent to the OPA. We can then use two removable mirrors to
switch between bypassing SLM, for the TEM,, squeezed
light generation and converting the harmonic TEM, , mode
into a higher-order pump mode with SLM,. In both cases,
we get a harmonic power of up to 1 W at a wavelength of
532 nm downstream this stage. The pump field is injected
into the OPA cavity and a second DBS separates the
squeezed field (dashed line) from the pump field. The
squeezed field is sent to the balanced homodyne detector
and a spectrum analyzer displays the variance of the
detected signal with a resolution bandwidth of 300 kHz
and a video bandwidth of 300 Hz in the frequency range of
1 to 20 MHz (“full-span”).

The lesser fraction of the infrared power in reflection of
the T = 92% beam splitter can also either bypass SLM; for
the TEM,, , operation or be converted into a higher-order
mode by SLM;. The subsequent mirror can be controlled
via a piezo-electric transducer (PZT) to stabilize the relative
phase between the pump field and the OPA control field to
the state of parametric de-amplification of the control field
in the OPA. The corresponding error signal is generated by
demodulating the signal from the photodiode at the FI port
(to the right of the OPA in Fig. 1). The length of the MC
cavity is stabilized to the resonance condition for the
respective mode that is squeezed to obtain an optimal
local oscillator field downstream. The subsequent half-
wave plate determines how the transmitted power is then
split up at the polarizing beam splitter (PBS). The trans-
mitted fraction serves as the local oscillator field at the
balanced homodyne detector and is set to a power of about
17 mW. Another half-wave plate adjusts the polarization of
the local oscillator field to the one of the squeezed field.
The PZT mirror in this path stabilizes or scans the relative
phase between the squeezed field and the local oscillator

Schematic of the experimental setup.

field to enable the measurement of the squeezing and
antisqueezing level. Here, the corresponding error signal
results from demodulating the signal from the homodyne
detector. The part that is reflected by the PBS is the OPA
control field. The second EOM imprints a phase modula-
tion at a frequency of 45 MHz which is used for the length
stabilization of the OPA cavity as well as for the two phase
stabilizations mentioned above. The combination of the
half-wave plate downstream of this EOM and the sub-
sequent FI controls the power in the OPA control field
which we set to about 500 uW. The half-wave plate
between the FI and the OPA adjusts the polarisation to
the one of the squeezed field.

Figure 2 shows the results we deduced from individual
full-span measurements (see Fig. 3 as an example) for a
measurement frequency of 4 MHz and a varied total
harmonic power. Table II summarizes the maximum squeez-
ing levels for the four modes together with the correspond-
ing antisqueezing level and total harmonic power. In Fig. 2,
the higher-order modes require significantly more pump
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FIG. 2. Squeezing and antisqueezing results at a measurement
frequency of 4 MHz. The measurement points were derived from
individual full-span measurements (see Fig. 3). Solid lines:
theoretical model fitted to our measurement data.
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FIG. 3. Measurement result for the HG,; mode at a total
harmonic power of 610 mW. LO: local oscillator field. Resolution
bandwidth: 300 kHz, video bandwidth: 300 Hz, electronic dark
noise (not shown): about —25 dB over full span and not
subtracted from the data.

power than expected from Table I to achieve the same
squeezing levels as the TEM;, mode because we do not
filter the harmonic field downstream SILM, and because the
mode matching of the pump mode to the OPA cavity rapidly
decreases with increasing mode order [24]. We estimate that
the pump field effectively consists of the intended pump
mode to only 20% to 30%, at most, and distinguish between
the effective pump power and the measured “total harmonic
OPA pump power” (short: total harmonic power).
Nevertheless, we only measure vacuum or squeezed noise in
the intended mode due to the mode-filtered local oscillator.

We also compare our measurement results to a theoreti-
cal model. Below threshold and in the absence of phase
noise, the squeezed (—) and antisqueezed (4) quadrature
variances of the squeezed field leaving the OPA cavity can
be computed as [25]

4 V P/Pthr (3)
(1 F /P/Py)” + 4

where 774, is the detection efficiency, P is the total harmonic
power as explained above, P, now relates to the total
harmonic power, f is the measurement frequency and

A2X+,— = 1 £ 1get

TABLE II. Maximum squeezing levels together with the
corresponding antisqueezing level and the total harmonic power.

y =c¢(T+ L)/l is the cavity decay rate with the speed
of light ¢, the in-coupling mirror’s power transmissivity 7,
the round-trip loss L and the round-trip optical path length
[. The effect of fluctuations in the relative phase (phase
noise) between the local oscillator field and the squeezed
field can be included by assuming that the homodyne
detector measures at a phase offset 0:

V,_=A%X, _cos’0+ A2X__ sin%6. (4)

We varied the parameters 74, @ and Py, to obtain the best
match between this theoretical model and our measurement
results (solid lines in Fig. 2). The fitted parameters are
shown in Table III apart from the threshold power because
its value is misleading due to the discrepancy between the
effective pump power and the total harmonic power.

The fitted detection efficiencies are in good agreement
with our expectations which are derived from the expected
total optical loss. Included in the total optical loss are the
OPA escape efficiency T/(T + L) = 99.0(5)%, the quan-
tum efficiency of the homodyne detector’s photodiodes
[99.0(5)%] and loss from optics in the path of the squeezed
field [0.4(2)%]. We assume these three values to be equal
for the four modes. Finally, the homodyne detector only
measures the quantum noise reduction in the fraction of the
squeezed field which is mode matched to the local
oscillator field. The corresponding mode-matching term
for the expected detection efficiency is equal to the square
of the measured homodyne contrast which can also be
found in Table III. A high homodyne contrast becomes
more challenging with increasing mode order [24].

The effect of phase noise only becomes clearly visible in
the regime of high antisqueezing. For the HG,, and HGg; 3
mode, the available harmonic power was not sufficient to
reach this regime. In the range of the expected detection
efficiency, our fitting routine did not resolve phase noise
below 50 mrad for the HG, , mode such that the generated
phase noise values are not conclusive. For the HG; 3 mode,
the harmonic power did not suffice to take enough data
points for a reasonable fit in Fig. 2, at all. Our HG; 3
measurement can be explained with a detection efficiency

TABLE 1III. Measured homodyne contrast and the expected
detection efficiency. The fitted detection efficiency and phase
noise are the parameters used to obtain the theoretical curves in
Fig. 2. [not conclusive (n.c.)].

Maximum Corresponding Corresponding Measured Expected Fitted Fitted phase

squeezing antisqueezing total harmonic homodyne  detection detection noise

level (dB) level (dB) power (mW) contrast (%) efficiency (%) efficiency (%)  (mrad)
TEM 11.8(3) 19.9(3) 41.8(4) TEMy, 98.5(5) 94.6(12) 94.4(3) 4 (<10)
HG; 10.1(3) 17.9(3) 608(6) HG; ; 98.0(5) 93.6(12) 92.7(3) 16 (>15)
HG,, 7.5(3) 10.7(3) 1005(10) HG,, 96.0(5) 89.8(12) 89.0(3) n.c.
HG;; 4.5(3) 6.4(3) 1000(10) HGs; 3 95.5(5) 88.8(12) n.c. n.c.
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of 87(6)% and a phase noise of 80(70) mrad such that both
parameters cannot be properly inferred from the theoreti-
cal model.

There is, however, a clear difference of at least 5 mrad in
the fitted phase noise of the TEM, , and HG; ; mode. Since
the only differences in the setups for these two modes are
the two SLMs, we expect their discrete operation which
works with a frame repetition rate of 60 Hz to be the most
likely cause for the higher phase noise.

Figure 3 shows one HG, ; full-span measurement where
we achieved a squeezing level of 10 dB at 4 MHz for a total
harmonic power of about 610 mW. For the squeezing and
antisqueezing curves, we stabilized the relative phase
between the squeezed field and local oscillator field,
accordingly. Both curves decrease towards higher frequen-
cies in agreement with effects due to the OPA bandwidth.
For the “scanned LO phase” curve, we scanned this relative
phase over more than two cycles during the scan time of the
spectrum analyzer. This results in the oscillation between
the squeezing and antisqueezing levels. The increased noise
in the squeezing curve at low frequencies is the residual
technical laser noise of the fraction of the OPA control field
which is transmitted through the OPA and also measured by
the balanced homodyne detector.

In conclusion, we demonstrated the general feasibility of
experiments which require a high quantum noise reduction
in higher-order spatial modes. To our knowledge, this is the
first time that squeezing levels above 3 dB are reported for
any higher-order mode. Besides the 12 dB in the TEM,
mode, we thus present a significant new benchmark with
10 dB in the HG;; mode, 7.5 dB in the HG,, mode and
4.5 dB in the HG; ;3 mode, where the last two results were
primarily limited by the available pump power. The fitted
detection efficiencies are in good agreement with our
expected optical loss budgets and the spatial light modu-
lators used to generate the higher-order modes most likely
increased the phase noise of the higher-order mode mea-
surements. The adaptation of our scheme to other fre-
quency bands (e.g., the audio band for gravitational-wave
detectors) and the generation of squeezed vacuum states are
now technical steps which can be carried out in the same
way as for the TEM,, mode [26].
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