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A compact Einstein—Podolsky—Rosen entangled light source*
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We present a stable entangled light source that integrates the pump laser, entanglement generator, detectors, and
electronic control systems. By optimizing the design of the mechanical elements and the optical path, the size of the source
is minimized, and the quantum correlations over 6 dB can be directly provided by the entangled source. The compact and
stable entangled light source is suitable for practical applications in quantum information science and technology. The
presented protocol provides a useful reference for manufacturing products of bright entangled light sources.
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1. Introduction

Quantum entanglement is an important resource for quan-
tum communication and quantum computation.!!=3] A va-
riety of quantum information protocols, including quantum
key distribution,*3! entanglement swapping,®’! quantum re-
lays, quantum repeaters,'®°! quantum teleportation,!'%-'? and
quantum computation,>* have been experimentally real-
ized. Quantum information science studies are progressing
towards practical applications in the real world. The Einstein—
Podolsky—Rosen (EPR) entanglement state of light is a nec-
essary resource for implementing quantum information tasks
with continuous variables (CVs) of a quantized optical field.
Reid and Drummond theoretically proved the possibility of
obtaining the EPR entangled state via intracavity frequency
down-conversion in the 1980s.[13! In 1992, the CV EPR entan-
gled light was first generated experimentally by Ou et al. with
a non-degenerate optical parametric amplifier (NOPA) oper-
ating below the oscillation threshold.!'*! Subsequently, scien-
tists around the world experimentally obtained the EPR en-
tangled light with various wavelengths,!42%1 which were de-
sirable to enhance the correlations of amplitude or/and phase
quadrature. So far, CV entangled states with high entangle-

ment degrees over 10 dB?"

and multipartite CV entangled
states used for quantum networks!>?!:?? have been realized
experimentally. To establish practical quantum information
systems, we need compact and robust entangled light sources.
For gravitational wave detection, scientists in Germany have
built a compact and long-term stable setup to generate the
squeezed vacuum state of light. The squeezed light source,
with a degenerate optical parametric oscillator (DOPO) of
a type-I periodically poled potassium titanyl phosphate (PP-
KTP) crystal, has a dimension of 1.5 m?.123?4 To achieve an
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entangled light source, the scheme should be larger in size.
EPR entangled states of light can be directly prepared
by applying an NOPA involving a type-II noncritical phase-

matching crystal.[3:18-21]

To generate an optical entangled
state, the two non-degenerate subharmonic waves with orthog-
onal polarizations have to resonate simultaneously within the
NOPA. The double resonance of the two modes is sensitive
to any thermal, mechanic, or electronic disturbance, thus a
practical entangled light source should have high mechanical
and thermal stability. In addition, the entangled light source
should have a small size and it should be easy to use. In 2010,
our group experimentally demonstrated a 6 dB EPR entangled
light.?!) However, the work, including two narrow-linewidth
mode cleaners (MCs) to suppress the laser noise, was finished
on an optical table, which did not consider the practical use.
Limited by the transmission efficiency of the MCs, we had to
use a high-power laser system to obtain enough pump power.
The additional locking system of the MCs also made the exper-
imental setup more complex. Thus, the EPR state generation
system has some disadvantages, such as large size, high power
consumption, and poor stability.

Here, we present a compact entangled light source in
which the resonating frequency of the NOPA is stably locked
on the signal beam and the temperature of the nonlinear crys-
tal in the NOPA is well-controlled around the phase-matching
point. The single-frequency laser, the NOPA cavity, and all
other optical and mechanical elements in the entangled light
source are minimized and optimized for a stable entangled
state operation. The laser output power meets the needs of
the NOPA. Our design not only minimizes the laser size and
power consumption, but also reduces the laser noise, which
makes the inclusion of MCs unnecessary. The total dimen-
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sion, weight, and power consumption of the entangled light
source are only 60 cm x50 cm, 30 kg, and 150 W, respectively.
We also optimize the design to obtain the shortest optical path
from the laser to the NOPA. The shortest optical path weakens
the influence of the air disturbance, and improves the stability
and repeatability of the system, without reducing the quantum
correlation. The bright entangled light beams with quadrature
amplitude and phase correlation over 6 dB are produced and
the system can operate stably. The source consists of three
modules: the pump laser, the entanglement generator, and the
entanglement detector. All of the optical elements are fastened
on a small breadboard made of duralumin. The present design
provides a useful technique reference for constructing a prac-
tical entanglement light source.

2. Basic principles of entangled state generation
and detection

A simple schematic diagram to analyze the principles of
the entanglement generation and detection is shown in Fig. 1.
The NOPA is one of the essential optical devices that are used
for preparing the squeezed and entangled states of light. When
an NOPA with a type-II nonlinear crystal is used and an in-
jected seed wave at the fundamental frequency @ is pumped
by an intense optical field a® at the harmonic frequency 2w, a
pair of bright entangled light beams will be generated through
an intracavity frequency down-conversion process.>>20! If the
intensity of the pump field is below the oscillation threshold of
the optical cavity, the NOPA can be operated at the paramet-
ric amplification or de-amplification state with different quan-
tum correlations, which corresponds to the relative phase be-
tween the pump and seed waves of 2nmw or 2n+ )7 (n is
an integer), respectively.[?®! The quantum correlations can be
directly measured by Bell-state detection (self-homodyne de-
tection) without the need for a local oscillator in the usual bal-
ance homodyne detection when the NOPA is operated at the

(23] Thus, to simplify the configuration

de-amplification state.
of entangled light generation, the present light source is de-
signed to provide entangled optical beams with anticorrelated
amplitudes and correlated phases under de-amplification. In
the type-II nonlinear crystal, the injected seed wave a™ will
be decomposed to signal ailn and idler aizn modes with identi-
cal frequency but orthogonal polarizations. The input-output
equations between the amplitude and the phase quadrature of
the input seed wave and the output subharmonic field are ex-

pressed as!1326]
X; = X{"cosh(r) — Xi"sinh(r),

Y1 = YI"cosh(r) + Yi"sinh(r),
X, = Xi"cosh(r) — X{"sinh(r),

Y, = Yi"cosh(r) + Y{"sinh(r), (1)

where X" (Xin) and Yi" (Yi") are the amplitude and the phase
quadrature of the input signal (idler) mode, respectively; X
(X») and Y7 (Y») are the amplitude and the phase quadrature
of the output signal mode a; (idler a,), respectively; and, r
(from 0 to +o0) is the correlation parameter between modes
a; and a, which depends on the strength and the time of
the parametric interaction, and is determined by the length
L and the second-order nonlinear coefficient x> of the non-
linear crystal, as well as the power of the pump field. For a
given NOPA, r is proportional to the pump power only. The
r =0 and r = oo correspond to the zero correlation (SNL)
and the perfect correlation, respectively. To obtain the possi-
bly maximal correlation, the two modes a; and a, should be
balanced; that is, their intensities and frequencies should be
exactly the same. To meet the condition, the intensities of a;
and a, should be equal, and the intracavity losses of the sig-
nal and the idler modes should be balanced in the NOPA. We
also have to force the signal and the idler modes with the or-
thogonal polarizations simultaneously resonating in the same
optical cavity. Under these conditions, the correlation vari-
ances of the amplitude and phase quadrature between a; and

a, can be calculated from Eq. (1) as[?%!

(2 (X1 +X))=(8* (Y1 1)) =2e 7, )

where the variances have been normalized to the short noise
limit (SNL). The coupled mode of a; and a, at +45° po-
larization is a squeezed state of light with the amplitude-
quadrature (for +45°) or phase-quadrature (for —45°) squeez-
ing of e 2116241 Thys, the designed entanglement source can
be also used for a squeezer, if needed.

The output signal and idler modes of the NOPA, a; and
ap, are separated by a polarizing beam splitter (PBS) and then
the quantum correlations between them are directly measured
by a Bell-state detection system consisting of a /2 phase
shifter (z/2 PS), a 50/50 beam splitter (50/50 BS), two photo
detectors (D; and D;). The phase of a; is shifted by /2 by
the 7 /2 PS. Then, a; is combined with @, on the 50/50 beam
splitter. The two output beams from the beam splitter, ¢ and d,

are CXpreSSCd as (23]
1 .
c = %(al +ian),
1 .
d = %(a] 71612). (3)

With the upper-case operator O(t) = o(t)e!®’ at the center
frequency wy in the rotating frame, the Fourier transformation
0(Q) = 1/V/2x [ dtO(t)e ¥ at the modulation frequency
Q can be obtained.>! By consulting Ref. [25], the amplitude
and the phase quadrature can be written as

X (2)=0(2)+0"(Q),
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1 1 1
Yo(Q)==-(0(2)-0"(Q)). 4 iy = —(ie+ig) = — (X1 +X2),
01(Q) =< (0(R)-0"(Q)) ) + \/5( a) ﬁ(l 2)

The beams ¢ and d are detected by photodetectors Dy and D, i = R (ic —ig) = R Y, —Ys). (6)
respectively, and the normalized photocurrent spectra are!*! V2 V2
. 1 As we can see, the sum and the difference photocurrents
e =clc=5 X1+ -1 +Xa), simply denote the amplitude-quadrature sum and the phase-
. 1 drature diff f d ap. Thus i di_ b
= did= S (X — Y+ 4 X). ) qu'a' rature difference of a; and a; .us iy an z' can be
2 utilized to measure the quantum correlation of amplitude and
The sum and the difference of i, and i; are equal to phase quadrature.
RF splitter
' (82(X1—X3))
D, == -T—*
D, Q—
! m (*(V1—Yz))
entanglement } |
generator 50/50 BS /2 RE splitter
pump laser NOPA az 25
T c L a —IL, IPIBfS)
SL-laser ‘==%\_l—> b ,.F,M P detector
aln KTP as Va A 1

Fig. 1. (color online) Basic principles of entangled state generation and Bell state detection in the state of deamplification of the
NOPA. PBS: polarizing beamsplitter; NOPA: nondegenerate optical parameter amplifier; KTP: potassium titanyl phosphate; FM: flip
mirror; Dy, Dy: detector; SL-laser: single-longitudinal mode laser; RF splitter: radio frequency splitter; 7 /2 PS: 7/2 phase shift;

50/50 BS: 50/50 beam splitter.

3. Experimental setup

A schematic diagram of the optical setup for the entan-
gled light source is shown in Fig. 2, which is comprised of
three modules: a frequency-stabilized laser, an EPR beam gen-
erator, and a Bell-state detection system. At first, we optimize
the design to obtain the shortest optical path from the pump
laser to the NOPA and the least optical components needed
for realizing the optimal mode-matching between the pump
laser and the NOPA. This helps to minimize the configuration
of the source, weaken the influence of the air distribution, and
improve the system performance. All of the optical compo-
nents, with the laser beam height of 55 mm from the bread-
board plane, are fixed on a custom-made breadboard with di-
mensions of 60 cm x 50 cm (Fig. 3). The breadboard with a
thickness of 15 mm is strengthened by a grid frame to provide
a high mechanical stability. The three modules of the EPR
light source are described as follows.

The frequency-stabilized laser module consists of a
home-made single-frequency Nd:YAP/KTP laser, a high-
stability Fabry—Perot (F-P) cavity, and a feedback circuit
(laser locking in Fig. 2). The laser directly provides the pump
beam at 0.54 um and the seed wave at 1.08 um for the NOPA.
The output powers of the laser at 0.54 um and 1.08 wm are
330 mW and 50 mW, respectively. The laser is especially
designed for the entangled light source. The F-P cavity is

employed as both frequency standard and longitudinal-mode
monitor. The error signal is detected by a photodetector (PD1),
and is fed back via a feedback circuit to the piezoelectric trans-
ducer (PZT) that is mounted on one of the laser cavity mirrors
that is used to lock the laser frequency to the resonance fre-
quency of the F-P cavity. By means of the active electronic
feedback system, the frequency drift of the pump laser is re-
duced from 60 MHz at free operating state to ~ 500 kHz.

The EPR light beam generation module mainly includes
an NOPA and two electronic control circuits, NOPA locking
and 7 phase locking in Fig. 2, which are used to stabilize the
length of the optical cavity and the relative phase between the
pump laser a” and the seed wave @ and @i injected into the
NOPA, respectively. The NOPA with semimonolithic configu-
ration consists of an a-cut type-II potassium titanyl phosphate
(KTP) crystal of 10 mm long and a concave mirror of 50 mm
curvature radius. The front face of the KTP crystal is coated as
the input coupler (7 54 > 95% and Tj gg < 0.5%) and the other
face is coated with dual-band antireflection at both 0.54 um
and 1.08 um. A concave mirror is used as the output coupler
of the EPR beam at 1.08 um (77,93 = 5% and Ry 54 > 99.5%).
The output coupler is mounted on PZT5 to actively lock the
cavity length of the NOPA at the double resonance of the sig-
nal and idler waves. The total length of the NOPA is about
53 mm. The finesse of the NOPA is about 120 for 1.08 pm.

The seed wave a', at 1.08 pum polarized at the angle of
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45° relative to the ¢ axis (in the paper plane) and the b axis
(perpendicular to the paper plane, see Fig. 1) of the KTP, is
injected into the cavity. Then, ¢ is decomposed to the input
signal and idler waves with identical intensity and orthogonal
polarizations along ¢ and b axes, respectively. To compen-
sate for the difference of the optical paths resulting from the
KTP birefringence, and to force the signal and the idler waves
to doubly resonate inside the optical cavity of the NOPA, we

have to finely tune the temperature of the KTP within its mode-
matching range. Once the double resonance of the signal and
the idler waves is realized, the temperature of the KTP crystal
is kept at that point by an active temperature controller. The
length of the optical cavity is also locked on the frequency
o of the injected seed wave by the NOPA locking electronic

feedback circuit.
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y Isolator2 5 I EOM 7 1080 1m LockingMPZT6
|l|mip lasing u w FH
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Entangled Light; —— Shielded line.

Fig. 2. (color online) Optical and electronic apparatus for the entangled light source. F—P: Fabry—Perot cavity; NOPA: nondegenerate optical parameter
amplifier; EOM: electro-optical phase modulator; isolator: optical isolator; PD: photodetector; PZT1-6: piezoelectric transducer.

Fig. 3. (color online) Photograph of the entangled light source. The
breadboard dimensions are 60 cm x 50 cm. The total weight of the
system is approximately 30 kg.

The fundamental wave at 1.08 um from the pump laser is
also used for the initial alignment of the NOPA, the measure-
ment of its classical parametric gain, and the reference light
for the cavity length control. The 1.08 um laser reflected from
the resonator is detected by a photodetector (PD2) and then
an error signal at a modulation frequency of 60 MHz is gen-
erated via the Pound-Drever-Hall (PDH) technique (NOPA

locking in Fig. 2).1>”] The electronic error signal is fed back

to PZT5 mounted on the NOPA output mirror to control the
cavity length.

Another control circuit (7 phase locking in Fig. 2) is uti-
lized to actively lock the relative phase between the pump
laser a® and the seed wave a™. For the phase locking, a sig-
nal of 38 kHz is modulated on the pump laser by PZT4 and
the error signal is extracted from the output signal of a high
gain photodetector (PD4) by means of the standard lock-in
technique. ! The error signal is then fed back to PZT3 placed
at the path of the seed wave to lock the relative phase between
the pump laser a” and the injected light a'” to (2n+ 1)7

To conveniently measure the quantum correlations of the
produced output light a; and a,, a diagnostic module for Bell
state detection is integrated on the source, which consists of
three beam splitters, a half wave plate, two photodetectors, and
a relative phase locking circuit (/2 phase locking in Fig. 2)
between the two entangled EPR beams. A flip mirror (FM)
is installed at the exit of the NOPA to switch the transmission

direction of the EPR beams to outside of the source for ap-
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plications or into the diagnostic module for the entanglement
detection. In the detection system, the two entangled beams
a; and aj are separated by a polarizing beam splitter (PBS1)
first and they are then combined again in a 50/50 beam splitter,
which is constructed by two PBSs (PBS2 and PBS3) and a half
wave plate. The interference phase of a; and a; on PBS2 can
be changed by scanning PZT6 to control the difference of the
optical paths between a; and a;. The two output beams ¢ and
d of PBS3 are injected into two high-gain detectors consisting
of FD500W-1064 photodiodes (PD5 and PD6), respectively.
An error signal is extracted from the direct current (DC) out-
put of PD5 or PD6, which is fed back to PZT6 to lock the
relative phase between a; and a, to /2. The output alternat-
ing currents (AC) i. and iy of PD5 and PD6 are combined by
a positive or a negative power combiner to produce the pho-
tocurrent i of the amplitude sum (8% (X; +X>)), or i of the
phase difference (8% (Y] —Y»)), respectively. Then, i\ (i)
is analyzed by an electronic spectrum analyzer to obtain the
noise level of the anticorrelated amplitude (correlated phase)
quadrature between the entangled beams a; and a;. When
blocking the pump laser of the NOPA and locking the optical
cavity to resonate with the seed wave at 1.08 um, the output
of the NOPA is the coherent state of light at 1.08 pm. Thus,
in this case, when the output power exactly equals that of the
entangled beams, the measured noise power of the amplitude

(phase) quadrature corresponds to the shot noise limit.

4. Operational procedures and output charac-
teristics

To utilize the source to generate the EPR entangled light

and measure its quantum correlations, four procedures should

(i)

—92}
—o4f
= —96f
& C
Z
g —98[ 02(X1+X3)
g R
2
@ —100 -
3 L
Z
—lo2p (iii)
P AN Ak AW
—104 electronics noise
© (2)
" 1 " 1 " 1
—106 5 10 15 20

Time/ms

be carried out in order: 1) lock the frequency of the pump laser
to the high-stability F-P cavity; 2) carefully adjust the tem-
perature of the KTP crystal within the range of KTP phase-
matching temperature to achieve the simultaneous resonance
of a; and a; inside the NOPA, and then actively lock the cav-
ity length of the NOPA to achieve stably double resonance of
ai and ay; 3) lock the relative phase between a® and 4" to
(2n+ 1)7; and, 4) lock the relative phase between a; and a,
in the detection module to /2.

In the experiment, the intensity of the pump laser before
the NOPA is 240 mW, which is 80% of its oscillation thresh-
old of 300 mW. In this case, a parametric gain of 20 is reached.
When the power of the seed wave injected into the NOPA is
about 1 mW, the intensity of the output EPR entangled beams
is 67 uW due to parametric deamplification. The detection ef-
ficiency and the interference efficiency of the detection system
are 95% and 99.5%, respectively.

The measured quantum correlations of the entangled
states at the analysis frequency of 2 MHz are shown in Fig. 4.
Trace (i) represents the SNL obtained with a coherent light of
67 uW, which delivers a large dark noise clearance of 11 dB.
Traces (ii) in Figs. 4(a) and 4(b) are the measured correla-
tion variances of the quadrature amplitude sum (8% (X; 4+ X2))
and the quadrature phase difference (82 (Y, —Y»)), which are
5.1£0.2 dB and 5.2+0.2 dB below the corresponding SNL,
respectively. The correlation variances satisfy the insepara-
bility criteria for entanglement states in Ref. [28]; that is,
<52 (Xl +X2)> + <62 (Y] — Y2)> = 0.62 < 2. Considering the
influence of the electronic noise in the detection module, the
real quantum correlations of the generated EPR beams should
be (6% (X1 +X2)) =6.4+0.2dB and (§2(Y) —Y2)) = 6.5+
0.2 dB below the SNL.

M
<
S~
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Fig. 4. (color online) The measured entangled light noise powers of (a) amplitude sum and (b) phase difference at 2 MHz: (i) shot noise limit,
(ii) correlation noise, (iii) electronics noise. The RBW and VBW of spectrum analyzer are 39 kHz and 30 Hz, respectively.
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5. Conclusion

We present a stable entangled light source that integrates
the pump laser, entanglement generator, detectors, and elec-
tronic control systems. Based on the requirements of the
NOPA, we design a single-frequency laser with suitable output
power, which not only minimizes the size and the power con-
sumption of the system but also reduces the laser noise. The
pump laser reaches the quantum noise limit above 1.5 MHz.
Therefore, it is not necessary to insert the MCs, which sim-
plifies the EPR generator’s configuration. By optimizing the
optical path from the laser to the NOPA, the influence of the
air disturbance is reduced. Finally, correlations over 6 dB can
be directly provided by the entangled light source, and the to-
tal dimension, weight, and power consumption of the entan-
gled light source are only 60 cm x50 cm, 30 kg, and 150 W,
respectively. This compact and stable entangled light source is
suitable for practical applications in quantum information sci-
ence and technology. The presented protocol provides a useful
reference for manufacturing products of bright entangled light
sources.
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