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Abstract: We experimentally demonstrate the generation of optical
squeezing at multiple longitudinal modes and transversemiie-Gauss
modes of an optical parametric amplifier. We present measemts of
approximately 3 dB squeezing at baseband, 1.7 GHz, 3.4 G#i5.4nGHz
which correspond to the first, second and third resonancteamplifier.
We show that both the magnitude and the bandwidth of the zingat
the higher longitudinal modes is greater than can be obdetvbaseband.
The squeezing observed is the highest frequency squeezginged to date.
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1. Introduction

There have been numerous proposals for future technolbgiesd on the unique properties
of isolated quantum systems. These include quantum keyhdigon [1], ultra-high precision
sensing [2, 3] and even quantum computers [4]. In real agiptics the functional specifications
that emerge are low noise, high bandwidth and the abilityntmbde information into multiple
degrees of freedom. Since quantum optics promises to mesd 8pecifications, it is seen as a
strong contender as the platform for a number of these qoatgchnologies.

Key resources required by quantum optical systems are lagsical states of light, which
are commonly generated via non-linear optical processes sQch process is parametric down
conversion (PDC), in which a high energy pump photon is cdedeinto two lower energy
photons, via a second order nonlinear interaction [5]. PEtBé underlying nonlinear process
in optical parametric amplifiers (OPA), devices that arealjdised in quantum optics exper-
iments as sources of entangled photon pairs in discretablarsystems [6] and as sources
of squeezing in continuous variable systems [7]. Entangleston pairs exhibit stronger than
classical correlations, and squeezed light exhibits nibistuations that are smaller than the
guantum noise limit (QNL).

Cavity enhancement of PDC, which has been widely used teaser the strength of the
non-linear process, leads to spectral filtering of the doamverted output. Multimode behav-
ior in cavity enhanced PDC has been observed in the discagteble domain [8] and cavity
enhancement has been identified in continuous variables e early work of Wiet. al.[7].
Recent theoretical predictions have suggested that sgdetates should exist at all higher or-
der longitudinal and transverse modes of a sub-threshold[@FL.0]. However until recently it
was not possible to observe squeezing at the higher ordgitloimal modes due to the limited
bandwidth of sub-shot noise limited photodetectors. Adeann engineering design techniques
for microwave photo-receivers have removed this limitafibl].

In this paper we report the first observation of squeezingtspén four longitudinal cavity
modes: baseband; 1.7 GHz; 3.4 GHz; and 5.1 GHz; and simoltahetwo transverse modes:
the TEMyp and TEM,g modes. Squeezing of microwaves has been observed in theniggry
frequency (VHF) band [12], however to the authors’ knowkedge report here the widest
optical squeezing bandwidth.
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Fig. 1. Schematic of the experimental setup. Photodetector PD-1 deted? MHz phase
modulated signal emitted by the laser and generates an error signalig/béit to a mirror
on a piezo-electric transducer PZT-1 to lock the mode transfer cavityC)MThe electro-
optic modulator (EOM) is used to impose 1 MHz and 16 MHz phase modulagedls on

the transmitted MTC beam. These two signals are detected on PD-2 whicis tesd to

derive error signals that are sent to PZT-2 and PZT-3 to lock the Oy ¢a the seed and
to lock the OPA to de-amplification. The Pound-Drever-Hall locking teahaid 3] is used
in all the locking loops. The local oscillator (LO) phase is swept using B2xith respect
to the phase of the squeezing to observe the amplitude and phase qusdratu

2. Experimental Setup

Squeezed light is produced using an OPA operating belovshbtd, see Fig. 1. The OPA is
pumped with 532 nm light from a frequency-doubled diode-pacthNd:YAG laser operating
at 1064 nm. The OPA crystal has dimensions25 x 6.5mn? and is made from bulk LiNb®
which is 7% doped with MgO and phase-matched &@0rhe OPA cavity is linear and is
formed by the rear surface of the crystal (radius of cuneatu8 mm, high reflector at 532 nm,
R=99.9% at 1064 nm) and an external mirror (radius of cureatu75 mm, R=13% at 532 nm
and R=96% at 1064 nm). The front surface of the crystal hagliagaf curvature of 8 mm
and is anti-reflection coated at both 1064 nm and 532 nm. Ttieabpath length (OPL) of the
OPA cavity is approximately 90 mm giving an FSR of 1.7 GHz.

The OPA is seeded with either a Tiglybr TEM;g mode at 1064 nm, with oscillation thresh-
old at 200 mW and 350 mW pump power respectively. The systempeasated as a de-amplifier
with gains of 0.3 and 0.45 for the TEj¢land TEM modes respectively. Due to the fact
that the system is operating in de-amplification mode lovwan galues produce greater de-
amplification. When operated as a squeezer, the OPA is seeitled wmW incident on the
greater than 99.9% reflecting surface.

The spatial mode of the seed and the local oscillator deterwhich spatial mode of the
squeezed beam will be observed and is controlled by a moasféracavity (MTC) (see Fig.1).
The MTC can couple energy from the Thlspatial mode of the incoming beam to higher or-
der modes resonant in the cavity by misaligning the inputrbdéae output of the MTC is used
to seed the OPA from the rear surface and as the local oscilfasubsequent measurements.

The squeezed light was detected on a single detector aftey interfered with a strong lo-
cal oscillator on a 90/10 beamsplitter, resulting in 90%h&f squeezed light and 10% of the
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local oscillator light reaching the detector.. The locatithator power after the 90/10 beam-
splitter was 7 mW for TENp, and 4.2 mW for TEMp. The quantum noise level calibration
was achieved by direct measurement of the local oscilldttivesappropriate photocurrent.
This is a non-standard way to perform the measurementseTdrertwo disadvantages to
using this technique, the first being that the observableezjng is reduced by the 10% lost
at the beamsplitter and the second being that the noise ffdbeaneasurement is set by the
noise of the local oscillator. The latter is of no conseqeehere because the local oscillator
is shot noise limited at microwave frequencies. Although tachnique reduces the observed
squeezing, the advantage is that it does not require a phalafhced detectors and broadband
subtracting circuitry as needed for homodyne detectiopréwved levels of observed squeezing
are expected with the future use of a balanced homodynegamaant. Balanced receivers with
appropriate bandwidth are available commercially for #tledcommunications market (see for
example [14]), however the sensitivity is not yet apprariar the detection of squeezing.
Two different detectors were used to make the measurentemtbaseband measurements,
photodetectors have been developed in-house using lunigee et design methods with read-
ily available photodiodes and electronic components [tgparticular, the baseband squeezing
measurements were taken using a 308 diameter InGaAs photodiode with quantum effi-
ciency of more than 95% using an AD829 amplifier in transingreg mode. This detector
had greater than 10 dB clearance between electronic nadsguamtum noise from DC and 30
MHz. Note that the locking detectors for both the MTC and tiRA@vere of a lumped element
design using 1 mm InGaAs photodiodes and LMH6624 amplifietsainsimpedance mode.
Higher bandwidth photodetectors require consideratianamismission-line effects that oth-
erwise limit the utility of the lumped-element approach anowave frequencies [16]. In [11]
we describe such a photodetector that consists of a retasedpin InGaAs photodiode,
a microwave bandwidth amplifier and an inter-connectingcimag network. This matching
network achieves a broad-band power match between the Athsise power developed by
the photodiode and the amplifier's 8Dinput impedance. The photodetector is constructed as a
microstrip circuit allowing close integration of the phdiode and associated bias circuitry, mi-
crostrip matching network and amplifier components (MiimieGits ERA MMIC [17]). Care-
ful management of technical noise sources and circuit liegchieved a quantum efficiency of
more than 92% and approximately 3 dB separation betweetr@écnoise and quantum noise
from 1.5 GHz to approximately 6 GHz, see [11] for more details

3. Theory

A brief summary of the theoretical predictions for the ougpof the OPA is provided in this
Section, more details may be found in references [9, 10]n@ifést here are the variances of
the output amplitude and phase quadrature fluctuationsaled to the QNL as a function
of Fourier frequency. The variance in the amplitude quadeats denoted/,(w), and the
variance in the phase quadrature is dendgglw) wherew is the Fourier frequency, i.e. the
difference frequency between the optical carrier and thelsinds. The output variances are:

oot \ 2
2 1wt
(kx)? = (22)7) |
o Vin (@), (1)
()
where the cavity decay rateis=T /T and it is assumed to be set only by the transmisSiof
the output coupling mirror and the cavity round trip timél'he nonlinear frequency conversion

rate isx and the down conversion bandwidth of the crystal is takenetéalbge compared to
the Fourier frequencies of interest. The nonlinear frequezonversion rate iy = 20 x?

Vour() =

#80435 - $15.00 USD Received 26 Feb 2007; revised 2 Apr 2007; accepted 6 Apr 2007; published 16 Apr 2007
(C) 2007 OSA 30 Apr 2007/ Voal. 15, No. 9/ OPTICS EXPRESS 5313



wherex @ is the second order coefficient of nonlinearity for the noedir material ang, is
the amplitude of the pump field (assumed to be real withowd tdsgenerality). Equation 1
describes the frequency and phase dependent amplificanaplitude quadrature variance) or
de-amplification (phase quadrature variance) of the ndifieecseed. Minima in the squeezing
spectrum are separated in frequency by the cavity freetgppeange (FSR) and occur at Fourier
frequencies otv = mwesr= 2rmm/ 71 for m=0,1,2, ... within the downconversion bandwidth.
Note that the resonance mt= 0 is the baseband squeezing spectrum. The downconversion
bandwidth in a bulk nonlinear material of length L is estiathto be 18/nL (c is the speed of
light in vacuum, n is the refractive index of the materiaB].1Therefore, we estimate an upper
bound ofm= 60 for the crystals described herein.

The theory as it stands does not account for losses, whiaghadeled by a single beamsplit-
ter placed after the OPA output using the standard bearesp@iuation [19]. The total loss in
the system comprises terms due to:

1 intracavity loss of the OPA plus escape efficiency of ougmuipling, (23+ 3)%;
2 optical losses between the OPA and the detection beatesgli+ 1)%;

3 the quantum efficiency of the photodetector, worst ¢8se2)%;

4 non-ideal overlap of the local oscillator with the squeklzeam (7 + 2)%; and

5 loss of squeezing at the 90/10 detection beamspl{tt€r- 0.1)%.

The estimates indicated for each form of loss lead to a lowand on the total system loss of
(54+4)%.

4. Experimental Results

Figures 2 and 3 show measurements of squeezing at basebamedl as the first, second and
third FSRs of the OPA for both TEp§ and TEMp. On average the observed Thdbqueezing
at baseband is approximately 2.5 dB and 3 dB at the highenaeses. Similarly, the observed
TEM31o squeezing at baseband is approximately 2 dB and 2.5 dB aighertresonances. Note
that the shape of the squeezing is dictated by the linewifitheocavity and thus the profile
of squeezing at higher FSRs is symmetric and the bandwidtwice that of the baseband
spectrum.

Overlaid on the upper traces of these figures are theorgtiedictions of the output spectra
of the OPA cavity assuming that the seed is quantum noisgelthm both quadratures and at all
frequencies. The theory curves were fitted to the measusetdtsausing:T, which determines
the frequency at which maximum squeezing is obseryedyhich determines the magnitude
of squeezingk, which determines the width of the squeezing spectrum; haddtal losses
in the experiment, which determine the degree to which theeezjng is degraded and the
anti-squeezing is attenuated. Table 1 shows the paramestedsfor each simulation.

Intuitively, one would expect that the magnitude of the smireg should be identical at all
resonances. This intuition arises from the expectationdeamplification should be identical
at each cavity resonance, which is indeed observed expetathe However the input noise at
baseband is very different to the input noise at higher feegies and hence the output noise
at baseband, which is simply de-amplified input noise, iy whfferent to the output noise
at higher frequencies. At low frequencies, laser noise actrical noise from the locking
loops are dominant and act to corrupt the baseband sque&tiadarge oscillations observed
in the spectrum of the baseband measurements are from laiser that is present from the
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Fig. 2. TEMyp mode power spectrum of squeezing, normalised to the quantum noise limit.
Upper traces show frequency measurements and theoretical presliotier a 15 MHz
span at baseband, and 30 MHz span at the first, second and third|IB&&straces show
zero span spectra as a function of sweeping the LO phase over atlgeaind. Zero span
measurements are shown relative to the quantum noise level for the ateplitadrature.
The measurement resolution bandwidth is 1IMHz and video bandwidth iszlfdtthe

high frequency results. Note that the baseband results show excesg#noise due to

the imposed locking modulation signals.

Table 1. Parameters used to fit the theoretical simulations to the meassuétd.r

Spatial Mode| Frequency| 1 (GHz 1) | x/k | Losses

Baseband 0.5 0.32 47%
TEMoo 1st FSR 0.586 032 | 57%
2nd FSR | 0.58337 | 0.32 | 57%
3rd FSR 0.58111 | 0.325| 57 %
Baseband 0.55 0.17 | 45%
TEMo 1st FSR 0.5844 0.2 50 %

2nd FSR | 0.58295 | 0.19 | 50 %
3rd FSR 0.58117 | 0.15 | 50 %

#80435 - $15.00 USD Received 26 Feb 2007; revised 2 Apr 2007; accepted 6 Apr 2007; published 16 Apr 2007
(C) 2007 OSA 30 Apr 2007/ Voal. 15, No. 9/ OPTICS EXPRESS 5315



o T
I
‘ J‘ N
L4
il
Il
I

Power (dB wrt QNL)

|
0 15.0 1710.5 3431.3

10

Power (dB wrt QNL)
W
T
1
|
1
1
1
|
1
1
1
|
=
I
—_ ]
}
1
R !
e
1
=
== |
=1
=
—_ !
=
|
=
T
o
=
|
=
— |
= :

AN w A
TATATATRVATA L ATRIBLTAYA
W Y % WF { |
5 Freq=5.0 Freq=1710.5 Freq =3431.3 Freq =5164.0

0 20 Timze(sgc) 20 2

Fig. 3. TEMyg mode power spectrum of squeezing, normalised to the quantum noise limit.
Upper traces show frequency measurements and theoretical presliotier a 15 MHz
span at baseband, and 30 MHz span at the first, second and thirdIB&Rstraces show
zero span spectra as a function of sweeping the LO phase over aigegmd. Zero span
measurements are shown relative to the quantum noise level for the ategjitadrature.
The measurement resolution bandwidth is 1IMHz and video bandwidth iszlfdthe

high frequency results. Note that the baseband results show excess&noise due to

the imposed locking modulation signals.

modulations used to lock the seed light to the OPA cavity.Mbdulations occur at the imposed
modulation frequencies as well as the intermodulation fregtiencies.

By contrast, the seed at the higher longitudinal modes &dfdéechnical noise that is often
present at baseband. It therefore follows that the squgézaxpected to be of the same magni-
tude at all higher resonances and stronger at higher reses#imn at baseband. This is consis-
tent with the observations and reinforced by noting thengtl@greement between measurement
and theory based on a QNL seed at higher resonances andoihg disagreement at baseband.
Note that the presence of the seed field produce a squeezmd that is bright in comparison
to the vacuum, where as the squeezing at the higher freaapectges is not contaminated by
the seed light and is truly a squeezed vacuum.

It is observed that there is less squeezing for the TiEode than observed for the Tk
This is because the OPA is pumped with the second harmonieedded beam at 532 nm in
the TEMyg spatial mode. This pumping scheme is optimal when gengratinEMy, squeezed
beam but results in reduced squeezing in comparison to 1pEMis effect is described in
detail in Lasseret. al.[20] and accounted for in Eq. 1 by a reduction in the valug of

An interesting feature of our spectra is that the minima fog TEMy (1706.3 MHz,
3428.2 MHz and 5162.5 MHz) and TEM (1710.5 MHz, 3431.3 MHz and 5164.0 MHz)
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modes do not occur at the same frequencies, nor are successivna separated by the same
frequency spacing. The frequency of the first minimum of tiEMpy mode implies that the
OPL of the OPA cavity is 87.7 mm compared to 87.9 mm inferrednfthe first minimum of
the TEMyp mode. Each of the subsequent minima in the squeezing for EMyd mode im-
ply that the OPL of the cavity successively shortens by gé@ Differences in the inferred
OPL are not insignificant compared to the total OPL of thetyaiVihis effect requires further
investigation.

Baseband squeezing has been observed at very low freqsexdiee cost of considerable
technical effort [21, 22], leading to the potential to ohsevery low frequency signals with a
squeezed noise floor. However, squeezing produced at higpieis can be observed without
the requirement of eliminating very low frequency techhiuzise.
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5. Conclusion

In conclusion, we have shown the only reported measurenfagugezed light at microwave
sideband frequencies. Such optical states might be useddage 'multiplexed entanglement’
for quantum communications applications. Moreover we t@w&erved squeezing in higher-
order transverse modes, which provides additional degfdesedom for the quantum systems.
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