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Fig. 1.: (Left) Experimental Set-up. Schematic of the experimental setup. Two squeezed 
beams coming from a monolithic and a half-monolithic squeezed light resonator, MSLR and 
HSLR, are overlapped at a 50:50 beamsplitter, thereby producing a bi-partite EPR entangled 
state. (Right) Timeline of unconditional continuous-variable experiments that were able to 
demonstrate EPR steering in various physical systems. 
 
 
Figure 1(left) shows a schematic of our experimental setup [SBE1-12]. Two squeezed-light 
resonators (SLRs) produced amplitude-quadrature squeezed light fields at a wavelength of 
1064 nm. These were overlapped with a relative phase of /2 on a 50:50 beam splitter, 
thereby creating two-mode squeezing. The quadrature amplitudes X and P of the two output 
modes were detected with two balanced homodyne detectors at Alice’s and Bob’s sites. All 
conditional variances were measured with a spectrum analyzer at a Fourier frequency of 
5MHz and a resolution bandwidth of 300 kHz. We used type I parametric down-conversion in 
periodically-poled potassium titanyl phosphate (PPKTP) to generate the squeezed input fields. 
The two squeezed light resonators differed in that one was monolithic (MSLR), with cavity 
mirror coatings directly applied to the crystal’s curved end faces, while the other was half-
monolithic (hemilithic) (HSLR), with the cavity between one crystal surface and a separate, 
piezo-actuated mirror. In both cases, one crystal surface was highly reflecting at both the 1064 
nm fundamental wavelength and the 532 nm pump field. The outcoupling mirrors each had a 
power reflectivity of 90% for the fundamental and 20% for the harmonic field. Peltier 
elements were thermally connected to both nonlinear crystals and used to temperature 
stabilize to the phase-matching condition. The second harmonic pump powers at 532 nm for 
the parametric down-conversion process in the squeezed light resonators were about 60mW. 
Sub-milliwatt control fields carrying radio-frequency phase modulations were injected into 
both squeezing resonators through their highly reflective mirror coatings. They were used to 
lock the monolithic as well as the hemolithic cavities on resonance by actuating the laser 
frequency and the piezo-driven outcoupling mirror, respectively. The same phase modulations 
were also employed to control the phase of the pump field and to lock the homodyne 
detectors’ quadrature angles. A small fraction of light was tapped off the main laser beam and 

 



spatially filtered in a mode-cleaning ring-cavity. This beam was then divided to provide about 
10mW local oscillator power for each homodyne detector. 
 
We observed an unprecedented strong unconditional Einstein-Podolsky-Rosen (EPR) 
entanglement. The product of the measured conditional variances was as low as 0.04, where 
values below unity quantify steering (Fig. 1 right). By overlapping the light from the two 
OPOs, each with a mode with more than 99% overlap with a single spatial mode of the optical 
local oscillators, we also could prove their applicability in high-power laser interferometers. 
The results go well beyond the current state-of-the-art. Clearly exceeding the original plan of 
6 dB squeezing we achieved even about 10 dB of two-mode squeezing 
 
Publication:  
[SBE1-12] S. Steinlechner, J. Bauchrowitz, T. Eberle, and R. Schnabel, arXiv:1112.0461 
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Strong continuous-variable EPR-steering with a detection efficiency above 96%

Sebastian Steinlechner,1 Jöran Bauchrowitz,1 Tobias Eberle,1 and Roman Schnabel1

1Institut für Gravitationsphysik, Leibniz Universität Hannover and Max-Planck-Institut für
Gravitationsphysik (Albert-Einstein-Institut), Callinstraße 38, 30167 Hannover, Germany

In 1935, Einstein, Podolsky, and Rosen reported a gedanken experiment which became famous as
the EPR-paradox. In the same year, Schrödinger introduced the terms entanglement and steering
in order to describe the underlying effect that a measurement on subsystem A of a certain class
of entangled states may apparently allow for a remote steering of the measurement outcome at
subsystem B, without the presence of a physical interaction between the subsystems. In this work we
report on the observation of unprecedented strong EPR-steering in the gaussian regime, quantified
by an EPR co-variance product of about 0.04<1, where 1 is the critical value. Together with a high
detection efficiency of more than 96%, our result is an important milestone towards applications of
gaussian entanglement distribution.

Ever since the landmark article by A. Einstein,
N. Podolsky, and B. Rosen (EPR) [1] was published, en-
tanglement has been demonstrated in a large variety of
physical systems [2–6]. Recent theoretical and experi-
mental work in quantum information [7–9] has sparked an
interest in EPR steering, an effect that can be observed
only in a distinct subset of the class of entangled states.
The term itself was already coined by E. Schrödinger in
1935 [10] in response to the original EPR gedanken ex-

periment.

The steering effect can be described as follows. One
party, Alice, repeatedly sends a defined physical system
to another party, Bob. She then proves to Bob that she
can predict his measurement outcomes on this system
with more precision than would be possible for a sepa-
rable state. In the actual case of shared entanglement,
Bob would find rather broad distributions of his measure-
ment results for two non-commuting observables. When
he evaluates the discrepancies between Alice’s predictions
and his measurement results, however, Bob realizes that
the according mutual uncertainties are less than allowed
for a pure separable minimum uncertainty state, as quan-
tified by Heisenberg’s uncertainty principle. It there-
fore seems that Alice accomplishes a phase space steering
of the measurement outcomes at Bob’s side, merely by
performing measurements on her subsystem. Of course,
other than the term steering might suggest, in the course
of Alice’s measurements no information is sent to Bob’s
subsystem. Only when she sends her predictions, Bob re-
alizes that her knowledge exceeds the fundamental limit
for a separable state and its non-commuting observables,
such as position and momentum.

EPR as well as Schrödinger considered the example of
an idealized, pure bipartite entangled state of continu-
ous variables (CV). In 1989, M.D. Reid proposed a cri-
terion that captures the distinct steering as a property
of EPR entanglement for non-idealized gaussian, contin-
uous variable systems, i.e. for decohered, mixed gaussian
states [11]. Using her criterion, the first demonstration of
EPR steering was achieved by Z.Y.Ou et al. in 1992, fol-
lowed by several other experiments in the CV regime [12–
17]. In 2003, W. P.Bowen et al. experimentally demon-

strated in the gaussian regime that EPR entanglement is
indeed more demanding than just establishing entangle-
ment [14]. In 2004 J.C.Howell demonstrated the EPR
paradox for continuous variables of single photons us-
ing post-selection [18]. A review on these experiments
is given in [19]. More recently, E.G.Cavalcanti et al.

[20, 21] derived criteria for non-idealized discrete sys-
tems, and H.M.Wiseman and co-workers developed a
general theory of experimental EPR-steering criteria ap-
plicable to discrete as well as continuous-variable observ-
ables [7, 8]. It was shown that the Reid criterion men-
tioned above can be re-derived within this formalism.
Based on these theoretical works, EPR-steering was also
observed in several experiments with discrete variables,
based on photon counting and post-selection [9, 22–24].
In these experiments, past difficulties associated with the
post-selection procedure and insufficient quantum effi-
ciencies of photon counters were solved using different
approaches.

The quantum efficiency of the photo detectors is also
a critical issue in the (unconditional) gaussian regime
of continuous variables, since for too low detection ef-
ficiencies no EPR steering can be observed [14, 17]. Al-
though the threshold values were already experimentally
achieved, higher detection efficiencies are still important
to minimize information loss to the environment. Pos-
sible applications such as quantum key distribution thus
gain from an increased secure key rate [25]. In addition, a
maximization of the setup’s overall efficiency is interest-
ing from a fundamental point of view, because it reduces
the vacuum noise contribution and thus the mixedness
of the EPR entangled state. Hence, the idealized situa-
tion of pure continuous-variable EPR entangled states is
asymptotically approached.

Here we report on the continuous and unconditional
observation of strong EPR steering in the gaussian
regime. The EPR steering strength is quantified to
E
2 = 0.041 ± 0.005 < 1, where unity is the benchmark

above which no steering effect is present. This value is,
to the best of our knowledge, the strongest unconditional
EPR entanglement measured to date and a sevenfold im-
provement over the previous record [26]. A special prop-

http://lanl.arxiv.org/abs/1112.0461v1
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FIG. 1: Graphical representation of the continuous-variable EPR steering task. Alice and Bob share an entangled state with
probability distributions for each quadrature as given by the four broad projections for X̂ and P̂ in red and blue, respectively.
From a measurement result XA (solid red line) at her side, Alice can predict the measurement outcome at Bob’s detector with
an uncertainty as given by the dashed red lines. The same applies to a measurement of PA, as indicated by the blue lines. The
two narrow gaussian projections and thus the area enclosed by the orange circle are measures for Alice’s ability to predict Bob’s
measurement results. In our experiment, this conditional uncertainty circle has about one fifth the variance of the vacuum
(black circle), which would be the lower uncertainty limit had Alice and Bob not shared an entangled state. For continued
measurements, Bob gains the impression that Alice is able to steer his state through his phase space.

erty of our EPR state is its high purity. During prepa-
ration, propagation, and detection, a vacuum state con-
tribution of just 8% is added to the idealized state and
thus to our steering data. Less than half of this loss is due
to the non-perfect detection efficiency of our setup. The
EPR entanglement is contained in a well-defined TEM00

mode and is therefore ideally suited for possible applica-
tions in optical networks.
The actual steering protocol proceeds as follows. First,

Alice and Bob agree on a certain continuous sequence of
measurement time intervals. For each interval, Alice and
Bob independently perform a local measurement on their
respective subsystems, A and B. They randomly choose
to measure one of two non-commuting observables, X̂
and P̂ , and each obtain a single measurement result. Af-
ter a large number of measurements have been performed
Bob requests Alice’s predictions of his results. Prior to
the sending, she is allowed to apply scaling parameters
gX and gP to her measurement results XA and PA in
a way she believes that they would improve her predic-
tions. For about half the intervals, both parties inciden-
tally chose the same observable and for those the steering
effect should be visible.
In order to qualify and quantify the success of Alice’s

EPR-steering, we use the EPR-Reid criterion [11]

E
2

B|A = ∆2

B|AX̂ ·∆2

B|AP̂ < 1 , (1)

where ∆2

B|AÔ = mingO ∆2(ÔB − gOÔA) is the condi-

tional variance and ∆2Ô denotes the variance of the ob-
servable Ô. The goal for Alice is to minimize the mu-
tual uncertainty, i.e. the conditional variances. If Alice
is able to fulfill inequality (1), Bob will be convinced
that they indeed share an entangled state. The criti-
cal value of unity in (1) comes from the fact that clas-
sical correlations between two beams can only be deter-
mined with at most the accuracy of the vacuum’s zero-
point fluctuations. Throughout this paper, we normal-
ize the variance of this so-called vacuum noise to unity,
∆2X̂vac = ∆2P̂ vac

≡ 1.

Figure (1) illustrates the EPR steering task per-
formed in this work. Shown is the joint two-mode
quasi-probability distribution of the EPR entangled state
shared by Alice and Bob. The four broad gaussian dis-
tributions give the measurement statistics for measuring
one or the other non-commuting observable X̂ and P̂ on
the respective subsystem A or B. The figure further il-
lustrates the success of our experiment drawn to scale.
For the cases where Alice and Bob by chance measured
the same observable, Alice’s predictions of Bob’s results
showed a rather narrow mutual uncertainty. For both
quadratures we achieved a conditional variance about
five times smaller than the minimal uncertainty product
possible for separable states. This is represented in the
illustration by the orange circle on the right, compared
to the black circle.

Experiment—Figure 2 shows a schematic of our ex-
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FIG. 2: Schematic of the experimental setup. Two squeezed
beams coming from a monolithic and a half-monolithic
squeezed light resonator, MSLR and HSLR, are overlapped
at a 50:50 beamsplitter, thereby producing a bi-partite EPR
entangled state. The measurements at Alice and Bob are
performed by balanced homodyne detection.

perimental setup. Two squeezed-light resonators (SLRs)
produced amplitude-quadrature squeezed light fields at a
wavelength of 1064nm. These were overlapped with a rel-
ative phase of π/2 on a 50:50 beam splitter, thereby cre-
ating two-mode squeezing. The quadrature amplitudes
X̂ and P̂ of the two output modes were detected with
two balanced homodyne detectors at Alice’s and Bob’s
sites. All conditional variances were measured with a
spectrum analyzer at a Fourier frequency of 5MHz and
a resolution bandwidth of 300 kHz.

We used type I parametric down-conversion in
periodically-poled potassium titanyl phosphate (PP-
KTP) to generate the squeezed input fields. The two
squeezed light resonators differed in that one was mono-
lithic (MSLR), with cavity mirror coatings directly ap-
plied to the crystal’s curved end faces, while the other was
half-monolithic (hemilithic) (HSLR), with the cavity be-
tween one crystal surface and a separate, piezo-actuated
mirror. In both cases, one crystal surface was highly re-
flecting at both the 1064nm fundamental wavelength and
the 532 nm pump field. The outcoupling mirrors each had
a power reflectivity of 90% for the fundamental and 20%
for the harmonic field. Peltier elements were thermally
connected to both nonlinear crystals and used to temper-
ature stabilize to the phase-matching condition. The sec-
ond harmonic pump powers at 532 nm for the parametric
down-conversion process in the squeezed light resonators
were about 60mW. Sub-milliwatt control fields carry-
ing radio-frequency phase modulations were injected into
both squeezing resonators through their highly reflective
mirror coatings. They were used to lock the monolithic
as well as the hemilithic cavities on resonance by actuat-

FIG. 3: Variance of the sum and difference of the ampli-
tude and phase quadratures at Alice and Bob. The traces
were measured at a Fourier frequency of 5MHz and are nor-
malized to the vacuum’s zero-point fluctuations, ∆2Xvac =
∆2P vac

≡ 1. Steering as characterized by the EPR-Reid cri-
terion is clearly visible, here with scaling parameters gX = 1
and gP = −1, i.e. ∆2(X̂A − X̂B) · ∆2(P̂A + P̂B) < 1. The
traces were recorded with an RBW of 300 kHz, and VBW of
300Hz. Detection dark-noise was 22 dB below the vacuum
noise and was not subtracted from the measurement data.

ing the laser frequency and the piezo-driven outcoupling
mirror, respectively. The same phase modulations were
also employed to control the phase of the pump field and
to lock the homodyne detectors’ quadrature angles. A
small fraction of light was tapped off the main laser beam
and spatially filtered in a mode-cleaning ring-cavity. This
beam was then divided to provide about 10mW local os-
cillator power for each homodyne detector.
Results—A bipartite gaussian entangled state is com-

pletely defined by its covariance matrix γ. Given the
entries of γ, the EPR-Reid criterion (1) can be restated
as [28]

E
2

B|A =

(

∆2X̂B −
Cov(X̂A, X̂B)

2

∆2X̂A

)

×

(

∆2P̂B −
Cov(P̂A, P̂B)

2

∆2P̂A

)

. (2)

We performed six different measurements on our en-
tangled system in order to partially reconstruct its as-
sociated covariance matrix. These included the am-
plitude and phase quadratures at Alice and Bob, re-
spectively, and the cross-correlations ∆2(X̂A − X̂B) and

∆2(P̂A + P̂B). From the latter we were able to calculate
the covariances between measurements at Alice and Bob
via the identity

Cov(Ô1, Ô2) =
1

2

(

∆2(Ô1 + Ô2)−∆2Ô1 −∆2Ô2

)

. (3)

An example of the measured traces is given in Figure 3.
These clearly show the EPR steering effect, E2 = 0.042 <
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1, where we chose the scaling factors gX = 1 and gP =
−1. The same traces also show the inseparability of our
system as expressed by the Duan criterion [29], ∆2(X̂A−

X̂B) + ∆2(P̂A + P̂B) < 4. From our measurements the
left side evaluates to 0.41, thus falling below the Duan
threshold by almost a factor of ten.
The reconstructed covariance matrix reads

γ =







18.41 (0) 18.09 (0)
(0) 35.49 (0) −34.95

18.09 (0) 17.98 (0)
(0) −34.95 (0) 34.61






, (4)

where the bracketed zeros come from symmetry consider-
ations of the entangled modes (see e.g. [14] for a detailed

argument). The P̂ quadratures show roughly twice the

variance of the X̂ quadratures, which can be attributed to
almost 3 dB more anti-squeezing produced in the mono-
lithic squeezed light resonator. Inserting the entries of
the covariance matrix γ into Eq. (2) yields E2

B|A = 0.039

for the case where Alice steers the measurement outcome
at Bob’s detector. This result is slightly better than ex-
pected from Figure 3, therefore we conclude that initially,
Alice’s scaling parameters were not perfectly chosen. The
reverse setup, E2

A|B, performs similar with an EPR value

of 0.041.
A comparison of γ to a theoretical loss model yields

an overall efficiency intrinsic to our physical system of
ξ = 92%. Internal losses of the squeezed light res-
onators (about 2.5%), propagation losses (1%) and im-
perfect mode overlap at the entanglement beamsplitter
(about 1.4% loss due to a fringe visibility of 0.993) lead
to an EPR state preparation efficiency of η = (95± 1)%.
We therefore obtain a homodyne detection efficiency of
ξ/η = (97± 1)%, which is a reasonable value assuming a
quantum efficiency of our custom made photo-diodes of
99%, additional propagation losses of 0.6%, and again a
fringe visibility of about 0.993.
Discussion and conclusion—In this work we demon-

strate EPR-steering using continuous, unconditional
measurements of position- and momentum-like variables.
Our setup is quite close to the idealized case discussed by
EPR and Schrödinger in 1935, since our entangled state
is quite pure, containing an unprecedented small contri-
bution of the vacuum state of just 8%.
In recent years a large number of continuous-variable

demonstrations of EPR steering have been performed.
Figure 4 presents an overview of the steering strengths
achieved so far according to Eq. (1), thereby updating a
similar graph shown in [19]. In all experiments gaussian
entanglement, so-called two-mode squeezing, was con-
sidered. The first ever demonstration in 1992 by Ou
et al. [3] achieved E2 = 0.70 exploiting type II para-
metric down-conversion. In 2003, Bowen et al. reached
E
2 = 0.56 employing two squeezed modes generated indi-

vidually via type I parametric down-conversion [14]. In
2004, J. Laurat et al. improved that value to E

2 = 0.42
[15]. More recently, B.Hage et al. [30] achieved a value of

FIG. 4: Timeline of unconditional continuous-variable ex-
periments that were able to demonstrate EPR steering (i.e.,
E
2 < 1, shaded grey area) in various physical systems.

E2 = 0.36 using the interference of two squeezed modes
similar to [14]. Using just a single mode of squeezed light,
overlapped with a vacuum mode on a balanced beam-
splitter, a value of E2 = 0.31 was recently achieved by our
group [26]. Now we improve the strength of the steering
effect as quantified by Eq. (1) by almost an order of mag-
nitude to E

2 = 0.04. This value corresponds to an insep-
arability according to Duan et al. [29] of 0.41 < 4 and to
a logarithmic negativity [31, 32] of − log

2

(

f(γ)
)

/2 = 3.3.

Our improvement is closely linked to the high purity
of our entangled state. During state preparation, resid-
ual optical loss results in a vacuum state admixture of
just 5%, attributed to optical losses inside the nonlin-
ear squeezing resonators and to propagation and mode-
matching losses prior to the detector sites. The imper-
fect detection efficiency of our balanced homodyne detec-
tor of better than 96% results in another 3% admixture
of the vacuum state. The high detection efficiency of
our detector is only possible because the EPR entangled
state shows a high visibility to the spatially filtered and
well-defined transversal modes of the detectors’ local os-
cillator beams. The high quality of the state’s spatial
mode makes them also applicable in more complex op-
tical networks, such as in interferometers, where an ex-
cellent mode-matching is essential to achieve an overall
high efficiency.

A further reduction of the vacuum state contribution
to an overall value of 5% should be possible with current
optical technologies. In this case the E2-value would drop
by another factor of four. The required (single-mode)
squeezing value of 13 dB was nearly achieved in a recent
experiment [27]. Further reducing the optical loss lowers
the information loss to the environment, which is of
interest for applications of quantum information such as
quantum key distribution. From a fundamental point of
view, it is interesting to note that the setting used in
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this work is able to indeed asymptotically approach the
original idealized gedanken experiment considered by
Einstein, Podolsky, Rosen and Schrödinger.
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