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Abstract. Quantum frequency conversion of quantum memory compatible photons

to telecom wavelength is a requirement for the implementation of scalable quantum

repeaters, a key ingredient for long distance quantum communications in optical fibers.

In this work we characterize a quantum frequency converter implemented with a

non-linear waveguide, meant to be coupled to a rubidium atomic ensemble quantum

memory. We show promising results allowing us to work in the quantum regime, being

this the first demonstration of quantum frequency conversion with quantum memory

compatible photons using a solid state device.
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1. Introduction

Quantum communication is the art of transmitting quantum information over long

distances. In classical communication the common way of transferring information

between two distant places is to send pulses of light through optical fibers. Due to

the exponential damping of the signal, in a typical fiber 99% of the signal is lost

after 100 km. The solution for this is to place a series of repeaters along the fiber,

commonly every 50-100 km, which are devices that amplify the signal by copying it

and sending it along with the original one. A fundamental characteristic of the nature

of quantum states is that, due to the no cloning theorem [1], they can not be copied,

so the classical solution does not work for quantum communications. A proposal to

solve such a problem is to use quantum repeaters [2], which are based on entanglement.

Entanglement is a fundamental resource in quantum communication which leads to

non-classical correlations between remote particles. Distributing a pair of entangled

particles over long distances is an important process since it can be used for quantum

teleportation or quantum key distribution amongst others.

1.1. Quantum repeaters

Quantum repeaters are (still theoretical) systems that will allow us to share

entanglement between two distant particles. The basic process is to split the
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total distance in several links, distribute entanglement in each link and extend the

entanglement distance using entanglement swapping. The distribution of entanglement

within each link, though, is a probabilistic process, and this makes the time required

to entangle the whole chain to scale exponentially with the number of segments. This

problem is solved if one has a device capable of storing a quantum state, i.e. a quantum

memory (QM). One of the most successful proposals for achieving this goal is the DLCZ

protocol [3] which we summarize in figure 1. The QMs A and C1 are excited by a

common coherent pump and they emit a photon (Stokes) which is strongly correlated

with a spin excitation in the ensemble. This photon travels towards the detector couple

D1 passing through a beam splitter, so when one of these detectors clicks we have no

way to know from which memory it came. This projects A and C1 into an entangled

state, and the entanglement is stored in the quantum memories. In the other side B

is entangled with C2 in a similar way with the D2 detectors. Then by performing an

entanglement swapping operation with memories C1 and C2 using the detectors in D3

one can leave A entangled with B. Such a process would make the repeater scalable, i.e.

with a sub exponential scaling with time.

Figure 1. Schematic representation of the setup performing the DLCZ protocol.

Several systems have been proposed to implement a QM [2], for example atomic

ensembles of rubidium or cesium atoms working at 780 nm and 852 nm wavelength

respectively, or rare earth doped crystals like prosedimium working at 606 nm. On the

other hand optical fibers for telecommunications have the lowest transmission loss for

wavelengths in the range from 1530 nm to 1565 nm (the so called C-band). This creates

the need for a device capable of transforming a photon at a given wavelength into a

photon suitable for propagation into an optical fiber. Such a device is what we call a

quantum frequency converter (QFC) (see figure1).

1.2. The Quantum Frequency Conversion experiment

In our case we dispose of an experimental quantum memory based on rubidium atoms

working at a wavelength of 780 nm. This type of atomic ensemble has proven to be one

of the best quantum memories to date [4, 5]. Our final goal will be then to convert the

wavelength of these photons to 1550 nm while preserving their quantum properties.

The frequency conversion is performed via difference frequency generation (DFG)

which is a second order nonlinear process involving three wave mixing in such a way that,

by energy conservation, ωs=ωi−ωp, where ωi (idler) is the frequency corresponding to
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the photons we intend to convert (λi=780.24 nm), ωs (signal) is the one corresponding

to the converted photons (λs around 1550 nm) and ωp (pump) is the one corresponding

to the auxiliary beam we will use in the process (λp=1569.0 nm). With these numbers:

λs =
1

1
λi
− 1

λp

= 1552.05nm. (1)

In our experiment we use a periodically poled potassium titanyl phosphate

(PP-KTP) waveguide acting as the nonlinear medium, and in order to conserve

momentum the quasi phase matching condition must be also fulfilled. We work in

collinear propagation configuration, implying this that we must send the idler and pump

beams overlapping each other at the input of the waveguide, and that at the output we

have a superposition of signal, idler and pump propagating along the same direction, so

a filtering stage is required. This makes the experiment itself quite challenging, since

one must be able to distinguish a single photon from the background noise, which can

be originated from different sources. Since the pump beam is only 20 nm away from

the signal there can be some leakage in the filtering stages, or even the pumping laser

can emit some light at 1550 nm. Another noise source can be Raman scattering in the

waveguide, in such a way that some of the pump photons at 1570 nm are converted into

1550 nm photons and mixed with the signal.

The experimental approach is to start by converting a beam at 780 nm coming

from a continuous wave laser, then create artificial pulses of light with a certain mean

number of photons µ (recall the Poissonian statistics for classical pulses of light) and

then decrease µ as much as possible, ideally until much less than 1, always keeping a

signal to noise ratio (SNR) above 1. The figure of merit of our experiment will be then

the mean number of photons µ1 required to have SNR=1.

Quantum frequency conversion at the single photon level from visible to telecom

wavelength has been demonstrated in a few experiments recently [6–10], but so far never

with QM compatible photons.

The present experiment was the subject of a previous Master thesis at ICFO [11],

and the best results achieved show µ1=120. Thanks to the filtering system designed it

was possible to show that the noise detected is not due to pump leakage or the pump

laser emitting at 1550 nm. The aims of the current project will be then the following:

• Characterize the noise: check if the main source of noise is indeed Raman noise

and try to reduce it.

• Characterize the filtering stage: check if by reducing the bandwidth of the

filtering stage one can decrease the noise level while keeping the same signal, thus

increasing the SNR.

• Reduce the mean number of photons: find mechanisms to decrease the mean

number of photons per pulse required to have SNR=1, ideally getting into the

quantum regime (µ1 <<1).
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2. Experimental methods and results

2.1. Experimental setup

In figure 2 we show a simplified scheme of the experimental setup. The idler laser

(780 nm) is an external cavity diode laser locked on the 87Rb D2 line at 780.24 nm. We

send its light to an acousto-optic modulator in double passage (AOMx2) that allows us

either to send a beam in continuous wave or to generate light pulses. The half wave-

plate (HWP1) and the polarizing beam splitter (PBS) in front of the AOM line allow

us to control the 780 nm power. This light is then coupled into a fiber and sent to the

second stage of the experiment in which we overlap it with the pump beam (1570 nm),

that comes from a tunable laser typically fixed at 1569.0 nm connected to an erbium

doped fiber amplifier (AMP). The pump beam passes through a polarization controller

(PC1) that helps to increase the efficiency of the diffraction grating (DG1) used to

spectrally filter the light, ensuring this way that we will see no 1550 nm photons coming

from the pump. Then it is coupled again into a fiber and overlapped with the 780 nm

beam with the help of a dichroic mirror (DM). Both beams are then coupled into the

waveguide (WG) using an aspheric lens of 11 mm focal length (L1). The WG is a 2.6 cm

PP-KTP crystal with a poling period of 19.9 µm and with a normalized efficiency for

DFG of around 38%/W. HWP2 and PC2 are used to set the right polarization for the

WG in order to achieve maximal conversion efficiency, which is measured to be around

6% for the power we use. Inside the WG the signal is generated via DFG, and at the

output the three beams (signal, idler and pump) are collimated with the help of L2.

The signal filter (SF) blocks the 780 and the 1570 beams having a transmission window

that ranges from approximately 1545 nm to 1554 nm. DG2 is used to further filter the

signal, where HWP3 is used to optimize the diffraction efficiency. After that the signal

beam is coupled into a fiber that brings the light to an InGaAs single photon avalanche

detector (SPAD). This type of detector works in gated mode, i.e. it is active only during

a short period of time τ . The SPAD and the AOM are synchronized by a digital delay

generator (DDG).

Figure 2. Experimental setup.
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2.2. Pulse measurements

To understand a typical measurement in our experiment it is important to understand

what we see when we look at the SPAD. In the first stage, to simulate photons coming

from the 87Rb atomic ensemble, we generate pulses with a temporal width of 30 ns,

which is approximately the life-time of the atomic transition of interest. Then we have

to set a τ in the SPAD suitable for this, and typically we will choose it to be of 20 ns.

After choosing the detection width we have to synchronize the SPAD with the arrival

of the pulses with the DDG. To see what are we exactly measuring when doing this

we choose momentarily the biggest detection gate possible (100 ns) and take an arrival

time histogram measurement to see the shape of the pulse. The results are shown in

figure 3.a), where in the horizontal axis we have the time in units of the full width

half maximum (FWHM) of the signal pulse and in the vertical we have detector counts

normalized to the noise level, which we will explain next. The green constant line

indicates the dark counts (DC) which are inherent to the detector. We can measure the

DC level just by blocking all the light coming to the detector. The blue line represents

the noise counts (N) plus the dark counts. N+DC is measured by blocking the 780 nm

beam, so what we observe is the noise produced by the pump laser that passes through

the different filters of the experiment. Finally the red curve is the sum of the signal (S)

the noise and the dark counts. The vertical lines indicate the usual 20 ns gate for pulses

of 30 ns FWHM corresponding to the normalized time t∗ = τ
FWHM

= 0.66.

Now we define SNR as the ratio between the area under the signal and the noise

curves inside of the chosen τ :

SNR =

∫
τ S dt∫
τ N dt

(2)

where the dark counts are not taken into account because they are a technical artifact

that do not depend on the conversion process. We can define now the effective detection

Figure 3. a) Histogram measurements for the signal (S), the noise (N) and the

dark counts (DC) for µ = 16 and a pump power coupled into the WG of 107 mW.

b) Dependence of the SNR and the detection efficiency as a function of the detection

gate time.
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efficiency as the ratio between the integral of the detected signal over the whole signal:

Deff =

∫
τ S dt∫+∞
−∞ S dt

. (3)

We see that by decreasing τ we increase SNR but at the same time we decrease Deff ,

so we have to get to a compromise between these two. In figure 3.b) we show how this

two parameters change, where the red curve represents the SNR normalized to the SNR

we would have for τ→0 and the blue one represents the detection efficiency.

2.3. Dependence of the SNR with the filtering width

Now we want to study how the filtering bandwidth affects the SNR, to check if a

narrower filter implies a lower level of noise while keeping the same amount of signal.

There exist a dependence of the filtering width with the transversal shape of the signal

beam in such a way that for vertical shapes the filtering is narrower than for horizontal

shapes. The explanation for this fact is that since we use a diffraction grating to filter,

that separates the different wavelengths in the horizontal plane, if one uses horizontally

shaped beams the different spectral components overlap more than if one uses vertically

shaped beams. The transversal shape can be modified by changing the longitudinal

position of the output lens L2. In figure 4.a) we can observe different transmission

curves for different beam shapes and the corresponding filtering widths. The wider one

(in red) corresponds to a horizontally shaped beam whilst the narrower one (blue) is for

a vertically shaped beam. The central curve (yellow) corresponds to a circular beam,

and we plotted also two intermediate cases (orange and green). The difference between

the best and the worst case is quite significant, ranging from 0.6 nm to 4.0 nm FWHM.

There appears an extra effect that we are not able to explain consisting of a shift of the

central frequency, which is of high relevance since it modifies the transmission for the

signal (at 1552 nm). The change in the beam shape also modifies slightly the efficiency

of the diffraction grating and the coupling to the optical fiber. In figure 4.b we present

Figure 4. a) Normalized transmission curves of the filtering stage for different beam

shapes. b) Different efficiencies of the filtering stage for different filtering widths.
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how these parameters change as a function of the corresponding filtering width, where

the yellow dashed line is the transmission at 1552 nm, the green dotted line is the

diffraction efficiency, the blue dot-dashed line is the coupling efficiency and the red solid

line is the total efficiency, equal to the product of all the previous parameters. As we

can observe the total efficiency has a minimum at the center. This causes some troubles

when aligning the setup because when doing so one tries to maximize the signal, and

starting with a circular beam it is extremely easy to end up going towards wider filtering

widths.

The next step is to study how the filtering width affects µ1. In figure 5.a) we

show the results of such study, conducted by measuring the SNR for different µ and for

different filtering widths. The graphic in logarithmic scales shows how we can decrease

µ1, starting by the rightmost curve (red) corresponding to 4.0 nm bandwidth to the

leftmost one (blue) corresponding to 0.6 nm. In figure 5.b) we see more clearly how µ1

decreases with the filtering bandwidth. We can extract from the measurement that the

noise is broadband, which is an expected characteristic of Raman noise.

Figure 5. a) SNR as a function of µ for different filtering widths. b) µ1 as a function

of the filtering width.

2.4. Dependence of the SNR with the pump wavelength

Using the tunable laser we are able to scan the pump wavelength with the intention to

see if we are in a Raman peak of noise and if there is a better wavelength at which we can

work. In figure 6.a) we show the measurements of µ1 in a scanning range from 1567.0 nm

to 1569.5 nm, taking points every 0.5 nm. Indeed for different pump wavelengths we

have a different noise level which is a characteristic feature of Raman noise. Finally to

ensure that this result is not an artifact produced by a possible change of the filtering

width when changing the pump wavelength we perform the corresponding transmission

measurements, shown in figure 6.b). We can appreciate how the filtering bandwidth is

practically constant, and so we can conclude that there is a noise peak around 1568 nm

which should be avoided.
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Figure 6. a) µ1 as a function of the pump wavelength. b) Normalized transmission

curves for different pump wavelengths.

2.5. Polarization study

To finish with the characterization we would like to further analyze the noise and to

see if we can filter it by polarization means. With the help of an extra half wave-plate

and a polarizing beam splitter placed at the output of the WG we are able to study the

polarization of both signal and noise separately. The results as a function of the angle

of the wave plate θ are shown in figure 7 where the signal is represented by the red

dotted line and the noise by the blue dashed one. Superimposed we have a sinusoidal

fit for both cases. In the bottom plot we see the SNR in green, fitted by the quotient of

the previous sinusoidal fits. The data show how the signal, with a visibility of 0.95, is

completely polarized, which is to be expected. The noise, in contrast, with a visibility

of 0.72, is not totally but mostly polarized, feature that can also be seen in the SNR

plot since for S and N equally polarized we would expect a flat line. Filtering the signal

by polarization means, however, would not result in a substantial improvement.

Figure 7. Top: signal (S) and noise (N) counts as a function of the polarization

angle θ. Bottom: behavior of the SNR with respect to θ.
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3. Discussion about the noise

We have seen that the noise is broadband and that it depends on the pump wavelength.

This is consistent with Raman noise. In figure 8.a) we show a superimposed image of

figure 6.a) over the Raman spectrum for bulk KTP [12]. We can appreciate how the

shape of the peak at 1568 nm is in accordance with the data, even though there is a

frequency shift. This shift may be possibly partly explained by the fact that we don’t

know the absolute calibration of the tunable laser. Moreover some discrepancies are to

be expected since we work in a waveguide and the study of [12] is done in bulk crystal.

On top of the same figure we plot the dependence of the noise with the pump power,

where the horizontal dashed line marks the dark counts level. As we can see the noise

increases linearly with the power as it would be expected, since Raman scattering is a

linear process. All this information strongly supports the hypothesis of Raman noise.

4. PP-LN waveguide

Towards the end of the stay we received a new waveguide made of a periodically poled

lithium niobate crystal (PP-LN) which in principle is much more efficient than PP-KTP.

In only one week, and thanks to all the experience previously obtained, we could achieve

much better results than with the old one. In figure 8.b) we show a comparison of both

materials, where the blue line represents the best result obtained with the PP-KTP

and the red dashed line represents the new results with the PP-LN. With this new

waveguide we passed from µ1 = 8.2 to µ1=0.13, way into the quantum regime, but some

more improvement can still be done.

Figure 8. a) Qualitative comparison between our data and the Raman spectrum for

bulk KTP [12] and noise dependence with the pump power showing a linear behavior.

b) Comparison of the SNR as a function of the mean number of photons per pulse

between the old PP-KTP and the new PP-LN waveguides.
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5. Conclusions and future directions

In this work we have studied the noise generated in the difference frequency generation

of a weak pulse from 780 nm to 1550 nm, using a strong pump at 1569 nm. We have

also shown how we can reduce the required number of photons per pulse in order to

have SNR=1 by decreasing the filtering bandwidth. Thanks to this we were able to

reduce this number from an original 120 photons per pulse to slightly more than 8

with the PP-KTP waveguide and to 0.13 with the PP-LN one, which still holds some

room for improvement. This last result represents the first demonstration of quantum

frequency conversion with quantum memory compatible photons realized with a solid

state device. Taking these results into account we have plans to insert an ultra narrow-

band Bragg diffraction fiber filter which should help to increase the SNR by more than

an order of magnitude. Then once the system is efficient enough we can connect it to

the rubidium quantum memory and work with real single photons, and proceed to check

if the quantum properties are conserved after the frequency conversion.
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