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We demonstrate experimentally quantum frequency up-conversion of a continuous variable entangled

optical field via sum-frequency-generation process. The two-color entangled state initially entangled

at 806 and 1518 nm with an amplitude quadrature difference squeezing of 3.2 dB and phase quadra-

ture sum squeezing of 3.1 dB is converted to a new entangled state at 530 and 1518 nm with the

amplitude quadrature difference squeezing of 1.7 dB and phase quadrature sum squeezing of 1.8 dB.

Our implementation enables the observation of entanglement between two light fields spanning

approximately 1.5 octaves in optical frequency. The presented scheme is robust to the excess ampli-

tude and phase noises of the pump field, making it a practical building block for quantum information

processing and communication networks. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937569]

For future quantum information processing and commu-

nication networks, quantum interface capable of converting

quantum states between different carrier frequencies is a

required building block.1,2 In quantum key distribution, such

quantum-state-preserving frequency conversion (QFC)

allows for the optimal single photon detection by converting

near infrared photons to visible or near visible band pho-

tons.3 QFC can greatly facilitate the efficient connection of

different quantum devices that operate at diverse optical fre-

quencies in quantum networks,4 such as the connection

between quantum memory devices consisting of alkaline

atoms with operation wavelengths around 0.8 lm and quan-

tum communication devices with operation wavelengths

around 1.5 lm. QFC can also be employed to prepare com-

plex multi-color entangled states where direct generation of

such states are usually difficult or even impossible, due to

the availability and limitation of relevant laser sources, non-

linear media, or the preparation protocols.

So far, various impressive results of discrete variable

QFC have been reported, including single photon and

entangled photon frequency conversion employing three-

wave mixing in a nonlinear crystal,5–16 in a cold Rb vapor,17

and four-wave mixing in a photonic crystal fiber.18

Continuous variables (CV) quantum communication and

information processing protocols utilizing the degree of free-

dom of quadrature amplitudes of the quantized electromag-

netic field have attracted great interests recently.19–24 By

using sum-frequency generation (SFG) process, the up-

conversion of nonclassical intensity correlations25 and

squeezed vacuum state26 have been realized. The quantum

frequency down-conversion of a bright amplitude-squeezed

optical field via difference frequency process is also

achieved recently.27 At present, only QFC of single mode

CV quantum states or intensity correlation between two

light fields have been realized in the field of CV. However,

QFC of more complex quantum states, in particular, CV

entangled states which are one of the most important resour-

ces for quantum information processing and play a pivotal

role in quantum information science, has not been achieved

so far.

In this letter, we propose and experimentally demonstrate

a scheme to achieve robust quantum frequency up-conversion

of entangled CV quantum states. The scheme is based on dual

pump-enhanced SFG processes, the first one serves as the fre-

quency conversion device of the entangled states and the other

one is used for frequency conversion of the corresponding

local oscillator (LO). We verify the successful entanglement

transfer according to the inseparability criterion28 through

measuring the quantum correlations of amplitude quadrature

difference and phase quadrature sum between the up-

conversion beam and the remaining beam. Meanwhile, our

quantum frequency conversion setup enables the preparation

of entanglement between two light fields bringing approxi-

mately 1.5 octaves in optical frequency, which is the two-color

entangled light field with the largest frequency span so far.

The schematic diagram of the experimental setup is

depicted in Fig. 1. The initial bright two-color CV entangled

light field at 806 and 1518 nm is prepared using a periodically

poled KTiOPO4 based phase-insensitive signal-injected optical

parametric amplifier (for the details of the entangled source,

refer to Ref. 29). The emitted signal field (entangled state) and

the LO are separated by two dichroic beamsplitters (DBS) and

then directed to two homodyne detectors, respectively (for sim-

plicity, the homodyne detector at 806 nm is not shown here).

The recorded quantum correlation spectra at analysis frequency

of 3 MHz are plotted in Fig. 2, and the observed quantum cor-

relations for the amplitude quadrature difference and phase

quadrature sum are 3.2 dB and 3.1 dB, respectively, which sat-

isfy the inseparability criterion for CV quantum entanglement

hD2ðX̂þ1518 � X̂
þ
806Þi þ hD2ðX̂�1518 þ X̂

�
806Þi ¼ 0:96 < 2. Here,

X̂
þ

and X̂
�

denote the amplitude quadrature and the phase

quadrature of the light field, respectively.

In order to perform the QFC, one member of the

entangled state (806 nm) and the corresponding LO beam are

injected into the quantum frequency up-conversion system.
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The system consists of two SFG devices in which a 1 W

1550 nm single frequency fiber laser is employed as the com-

mon pump laser. Both SFG devices consist of a 30-mm-long

MgO doped periodically poled lithium niobate (MgOPPLN)

nonlinear crystal and two concave mirrors with 30 mm radii

of curvature. Both end-faces of the MgOPPLN are anti-

reflected at 1550, 806, and 530 nm, i.e., the wavelengths of

pump, signal, and the up-conversion signal. The input cou-

pler is coated for partial transmission (�4%) at 1550 nm and

high transmission at 806 nm. The output coupler is coated

for high reflectivity at 1550 nm and high transmission at both

530 and 806 nm. Such coating designs ensure a high circulat-

ing intra-cavity pump power, which is around 17 W at 350

mW pump input as well as broadband quantum frequency

up-conversion process. Here, the broadband denotes that the

quantum frequency converter has negligible cavity-

resonance effect and actually acts as a near-ideal single-pass

device for the input signal state. The bandwidth of the quan-

tum frequency converter is a crucial parameter which

determines the effective frequency conversion range of the

input quantum state during the conversion process. In our

experiment, this frequency range is limited by the phase-

matching bandwidth of the nonlinear crystal in principle,

which is on the order of 1 nm.

After the input signal field at 806 nm and the corre-

sponding LO are frequency up-converted through the two

pump-enhanced SFG devices, the residual 806 nm and

1550 nm beams are separated from the generated 530 nm up-

conversion signal field using optical filters. The filtered

530 nm up-conversion signal and LO are combined on a

polarizing beamsplitter (PBS) and then interfering at a 50:50

beamsplitter consists of a half-waveplate and a PBS for fur-

ther homodyne detection.

To achieve a noiseless and high fidelity quantum fre-

quency up-conversion for bright entangled states, one must

consider the excess amplitude and phase fluctuations of the

pump laser which may contaminate the up-converted signal

state due to the existence of the bright carrier. In the phase ref-

erence of the up-conversion LO, the dual SFG devices with

the same pump source utilized here can effectively cancel the

classical phase noises of the up-conversion signal field coming

from the pump laser. To reduce the effect of the excess ampli-

tude noise of pump, the pump intensity is set at the maximum

conversion efficiency point. In this case, the first-order deriva-

tive of the up-conversion signal amplitude with respect to the

pump field amplitude will be zero due to the conversion effi-

ciency curve of the SFG is a smooth concave function.

Therefore, the frequency up-converted quantum state will be

robust to the small amplitude noises of the pump field.

When the cavity length is actively locked on resonance

with the pump frequency and the temperature of the

MgOPPLN is adjusted at optimal phase-matching point, the

maximum classical up-conversion efficiency (photon-num-

ber conversion efficiency) for the weak 806 nm input field to

the 530 nm up-conversion field is observed to be 79 6 1%.

The corresponding 1550 nm pump power for the SFG1 and

FIG. 1. Schematic of the experimental setup for quantum frequency up-

conversion of continuous variable entangled states. LO, local oscillator;

DBS, dichroic beamsplitter; PD1-PD4, photodetectors; PBS, polarizing

beamsplitter; and F1, F2, optical filters.

FIG. 2. Measured quadrature noise

spectra for the initial 806 and 1518 nm

two-color entangled state at an analysis

frequency of 3 MHz. The resolution

and video bandwidths of the spectrum

analyzer are 300 kHz and 100 Hz,

respectively.
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SFG2 are 370 and 390 mW, respectively. The quantum char-

acteristics of the frequency-converted signal state are investi-

gated by measuring the correlated quadrature noise spectra.

To this end, both the 1518 nm field and the generated 530 nm

field are detected by balanced homodyne detectors, and the

photocurrent signals are subtracted or added and succes-

sively recorded using a spectrum analyzer.

Figure 3 illustrates the quadrature noise spectra between the

1518 nm field and up-conversion 530 nm field. The quantum

noise limit (QNL) is recorded with the input signal field blocked.

The phase quadrature sum noise spectrum is measured with the

LO phase fixed to the phase quadrature of each signal field,

while the amplitude quadrature difference noise is recorded with

the LO phase fixed to the amplitude quadrature of each signal

field. At an analysis frequency of 3 MHz, the observed quantum

correlations for the amplitude quadrature difference and phase

quadrature sum are 1.7 dB and 1.8 dB, respectively, which sat-

isfy the inseparability criterion for CV quantum entanglement

hD2ðX̂þ1518� X̂
þ
530ÞiþhD2ðX̂�1518þ X̂

�
530Þi¼ 1:33< 2. In Fig. 3,

the electronic dark noises of the detectors, which are �14dB

below the QNL, are not subtracted from the data. The measured

correlated quadrature noise spectra prove that CV entangled

states, which are more complex than CV single mode nonclassi-

cal quantum states, can be converted faithfully between different

optical frequency ranges. It should be noted that our QFC setup

also yields an entangled state between two light fields spanning

approximately 1.5 octaves in optical frequency.

The quantum frequency up-conversion of the CV entan-

glement demonstrated here can be modeled with a linearized

Gaussian channel with X̂
6

530 ¼
ffiffiffi

g
p

X̂
6

806 þ
ffiffiffiffiffiffiffiffiffiffiffi

1� g
p

X̂
6

Vac. Here,

X̂
6
530, X̂

6
806, and X̂

6
Vac are the amplitude quadratures (þ) or

phase quadratures (�) of the up-conversion 530 nm signal

field, the input 806 nm signal field, and the vacuum field,

respectively. g is the transmissivity with g ¼ gTgQgD, where

gT ¼ 0:87 is the optical propagation transmission, gQ ¼ 0:79

is the frequency-conversion efficiency, and gD ¼ 0:87 is

the quantum efficiency of the photodiodes at 530 nm. Using

the following experimental values (the numbers in parentheses

denote the values of phase quadrature): hðDX̂
6

1518Þ2i ¼ 4:5

ð5:0Þ, hðDX̂
6
806Þ2i ¼ 5:23ð5:6Þ, hDX̂

6
1518DX̂

6
806i ¼ 4:42ð4:87Þ,

and hD2X̂
6

Vaci ¼ 1, one can obtain the theoretical quadrature

noise spectra between the up-conversion 530 nm field

and remaining 1518 nm field straightforwardly: h½DðX̂þ1518

�X̂
þ
530Þ�2iT ¼ 2:4dB, h½DðX̂�1518 þ X̂

�
530Þ�2iT ¼ 2:2dB.

The discrepancy between the theoretical prediction and

the observed values (h½DðX̂þ1518 � X̂
þ
530Þ�2iE ¼ 1:7dB and

h½DðX̂�1518 þ X̂
�
530Þ�2iE ¼ 1:8dB) is attributed mainly to the

limited accuracy of phase locking between the 530 nm signal

and LO due to the long propagating path before they reach the

50:50 beamsplitter. Such phase fluctuations will introduce the

anti-squeezing noises and result in degradation of the

observed squeezing.30 The above results show that the degra-

dation of the entanglement in our QFC is mainly due to the

linear loss deriving from the optical propagation transmission

and the imperfect frequency-conversion efficiency. The QFC

process itself adds negligible amount of excess noise.

A perfect QFC requires that all frequency components

of the input quantum states should be faithfully converted.

Since any optical quantum states cover inevitably certain fre-

quency band, especially for ultra-short pulse quantum states,

which span a wide frequency range and play a key role in

high speed quantum information processing. As mentioned

above, the design of our scheme considers the broadband

quantum frequency conversion capability, a feature crucial

for a high fidelity QFC. Figure 4 shows the quadrature noise

spectra from 3 MHz to 12 MHz for the initial entangled state

between 806 nm and 1518 nm fields, and the frequency up-

converted entangled state between 530 nm and 1518 nm

fields, respectively. The observed conversion of continuous

variable entangled states in a wide spectral range demon-

strates the broadband conversion feature of the QFC device.

In summary, we have experimentally demonstrated

quantum frequency up-conversion of continuous variable

FIG. 3. Quadrature noise spectra

between the up-converted 530 nm field

and the remaining 1518 nm field at an

analysis frequency of 3 MHz. The set-

tings of the spectrum analyzer are the

same as those in Fig. 2.
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entangled states via efficient sum-frequency-generation pro-

cess. The two-color continuous variable entangled state ini-

tially entangled in the infrared spectrum (806 and 1518 nm)

is converted to a new entangled state between the visible

wavelength of 530 nm and the telecommunication wave-

length of 1518 nm spanning approximately 1.5 octaves in op-

tical frequency. We thus prove that the complex continuous

variable entanglement can be well preserved in sum-fre-

quency-generation process. The scheme presented remains

robust to the excess amplitude and phase noises of the pump

field and is well suited for future deployment in quantum in-

formation processing and communication where quantum

interface of frequency conversion of continuous variable

entangled states is essential. It also opens up avenues in

preparation of complex multi-color entangled states where

direct generation of such states are difficult.
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FIG. 4. Quadrature noise spectra for

the initial entangled state (i) and for

the frequency up-converted entangled

state (ii) from 3 MHz to 12 MHz. (a)

and (c) Amplitude quadrature differ-

ence noise spectrum; (b) and (d) Phase

quadrature sum noise spectrum.
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