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DLCZ-like elementary repeater link 

How to distribute entanglement between two distant nodes ? 

Node A Node B 
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Single-mode storage: rate limited by c/L0 
N-mode storage: rate limited by N.c/L0 
 
‘Multimode DLCZ’ scheme necessary for “fast” repeaters 
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Our goal: 
Solid state repeater link with REID crystals 
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DLCZ-like elementary repeater link 
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Challenge: 

Large inhomogeneous broadening 

off-resonant fields for high cooperativity 

C. Ottaviani et al, Phys. Rev. A 79, 063828 (2009) 

But low electric dipole for REIDC ... 

Our goal: 
Solid state repeater link with REID crystals 
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Rare-earth ion doped crystals 

Properties of rare earths:  

λ (nm) =                 606  880                 580                                 1530         980 

§  Weak interaction with crystal enviroment  
    - "atom" like energy structure for 4f-4f transitions  
    - "frozen gas" of ions, no motional decoherence 
 
§  High number of stationary ions (107-1012)  
   strong light-matter coupling 

§  Long optical coherence times (T < 4K), T2
opt = 1 µs – 10 ms 

§  Long spin coherence times (T < 4K), T2
hyp = 1 ms – 6 h* 

§  Large optical inhomogeneous broadenings 100 MHz – 10 GHz 

*M. Zhong et al., Nature 517, 7533 177-180 (2015) 
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Rare-earth ion doped crystals 

Properties of rare earths:  

λ (nm) =                 606  880                 580                                 1530         980 

§  Weak interaction with crystal enviroment  
    - "atom" like energy structure for 4f-4f transitions  
    - "frozen gas" of ions, no motional decoherence 
 
§  High number of stationary ions (107-1012)  
   strong light-matter coupling 

§  Long optical coherence times (T < 4K), T2
opt = 1 µs – 10 ms 

§  Long spin coherence times (T < 4K), T2
hyp = 1 ms – 6 h* 

§  Large optical inhomogeneous broadenings 100 MHz – 10 GHz 

*M. Zhong et al., Nature 517, 7533 177-180 (2015) 

P. Goldner A. Ferrier 

0.1%   151Eu3+:Y2SiO5 
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Inhomogeneity in REID crystals 
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Absorption of an input photon by the ensemble 
creates a coherence... 
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Inhomogeneity in REID crystals 

Absorption of an input photon by the ensemble 
creates a coherence... 
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...which dephases quickly 
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The AFC Protocol 

The idea: only keep the atoms whose detuning is equal to 

At time             , the selected atoms are back in phase !  

Such that the new state that evolves is d 

2 MHz wide comb on the jgi − jei transition through precise
spectral hole burning (see Ref. [32] for details). It is followed
by the storage sequence [see Fig. 1(b)], which is repeated 18
times in order to increase the effective rate of the experiment.
The performance of the AFC spin-wave memory is first

characterized without applying the spin-echo sequence.
In this case the storage time is limited by T!

2 ≈ 20 μs,
corresponding to a spin linewidth of 27 kHz (FWHM).
Figure 2(a) shows an example of storage with a mean
photon number of μ ¼ 1.1# 0.1 in the input mode. The
spin-wave storage time was set to TS ¼ 11 μs, resulting in
an overall memory efficiency of η ¼ 5.7# 0.4%. The noise
of the memory is measured by blocking the input state
while executing the complete memory scheme, which gives
an unconditional noise probability of pn ¼ 5# 1 × 10−3.
Since the overall efficiency is much higher than the noise
floor, the memory has a high SNR at the single photon
level, as seen in Fig. 2(a). The source of the noise is a
mixture of incoherent and coherent emissions from the
active 151Eu3þ ions, caused by the application of the second
optical control pulse. The noise was characterized in more
detail in Ref. [29]. The level of noise we observe here is
similar, but the SNR is 1 order of magnitude higher, which
can be attributed to a significantly increased memory
efficiency. This is possible due to an optimized AFC
preparation [32] and a custom-grown Eu3þ∶Y2SiO5 crys-
tal, which has been optimized in terms of absorption
coefficient and optical inhomogeneous broadening. The
higher optical depth of this crystal increases the maximum
storage efficiency.
The performance of the memory can also be expressed

by μ1, which we define as the mean photon number in the
input that results in a SNR of 1 in the output, i.e.,
μ1 ¼ pn=η, which is μ1 ¼ 0.1# 0.02 for the memory
without spin-echo manipulation. We here consider the
theoretical upper limitation of the storage fidelity due to

μ1 in the case of storing a qubit encoded into a true single
photon. In this case we can consider the fidelity conditional
on the detection of a photon at the output of the memory
(postselected). A straightforward calculation shows that a
memory characterized by a certain μ1, for a single mode,
can achieve a two-mode qubit storage with a fidelity given
by F ¼ ð1þ μ1=pÞ=ð1þ 2μ1=pÞ, where p is the proba-
bility of having the qubit before the memory. This is valid
assuming that the noise is state independent (white noise
spectrum) and that the fidelity is only limited by noise
(complete phase coherence). Storage of a qubit encoded
into a true single photon has a classical fidelity limit of
F ¼ 2=3 [33], which is surpassed if p exceeds μ1. Since p
is a probability it follows that quantum storage can be
achieved if μ1 < p < 1. In this regime one can also
preserve the nonclassical correlations when storing a single
photon out of a two-mode squeezed state. Hence, we use
this parameter to qualify the potential performance of our
memory in the quantum regime.
We now turn to the AFC spin-wave storage experiments

in the millisecond regime, where a spin-echo sequence is
applied in between the optical control pulses, see Fig. 1(b).
The main challenge of spin-echo manipulation is to
maintain a low unconditional noise probability in order
to allow operation in the quantum regime. We therefore first
investigate the precision of two different spin-echo sequen-
ces in order to minimize the impact of this noise source.
The precision of the spin-echo sequence depends on the

precision of the individual population inversion pulses and
the design of the sequence itself. Note that one requires a
sequence with an even number of pulses to restore the
weak spin excitation in jsi before optically reading out the
memory. To increase the precision and robustness per pulse
one can use chirped adiabatic pulses, which also allow a
more uniform manipulation of the spins over the entire spin
linewidth. We theoretically estimate the error per pulse to
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FIG. 2 (color online). Photon counting histograms. In (a) we show AFC spin-wave storage without spin-echo manipulation. In (b) and
(c) we show spin-wave storage with spin-echo manipulation of a single mode (b) and of five input modes (c). Each histogram shows data
recorded with (dark trace) and without (bright trace) the input pulse, which allows one to measure the SNR in the output mode. The SNR
is 11# 2 in (a), 10# 2 in (b). and 7# 1 in (c). The input mode(s) have mean photon numbers of μ ¼ 1.1# 0.1 in (a) and μ ¼ 2.0# 0.1
in (b) and (c). The storage efficiencies were here (a) η ¼ 5.7# 0.4%, (b) η ¼ 5.1# 0.4%, and (c) η ¼ 3.1# 0.3%. In the case of
five-mode storage all parameters are given as averages over the modes. Indicated errors are statistical.

PRL 114, 230502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
12 JUNE 2015

230502-3

Two level AFC 
photon echo 

Atomic Frequency Comb 
(AFC) 

P. Jobez et al., Phys. Rev. Lett. 114, 230502 (2015) 

M. Afzelius et al., Phys. Rev. A 79, 
 052329 (2009)	  
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2 MHz wide comb on the jgi − jei transition through precise
spectral hole burning (see Ref. [32] for details). It is followed
by the storage sequence [see Fig. 1(b)], which is repeated 18
times in order to increase the effective rate of the experiment.
The performance of the AFC spin-wave memory is first

characterized without applying the spin-echo sequence.
In this case the storage time is limited by T!

2 ≈ 20 μs,
corresponding to a spin linewidth of 27 kHz (FWHM).
Figure 2(a) shows an example of storage with a mean
photon number of μ ¼ 1.1# 0.1 in the input mode. The
spin-wave storage time was set to TS ¼ 11 μs, resulting in
an overall memory efficiency of η ¼ 5.7# 0.4%. The noise
of the memory is measured by blocking the input state
while executing the complete memory scheme, which gives
an unconditional noise probability of pn ¼ 5# 1 × 10−3.
Since the overall efficiency is much higher than the noise
floor, the memory has a high SNR at the single photon
level, as seen in Fig. 2(a). The source of the noise is a
mixture of incoherent and coherent emissions from the
active 151Eu3þ ions, caused by the application of the second
optical control pulse. The noise was characterized in more
detail in Ref. [29]. The level of noise we observe here is
similar, but the SNR is 1 order of magnitude higher, which
can be attributed to a significantly increased memory
efficiency. This is possible due to an optimized AFC
preparation [32] and a custom-grown Eu3þ∶Y2SiO5 crys-
tal, which has been optimized in terms of absorption
coefficient and optical inhomogeneous broadening. The
higher optical depth of this crystal increases the maximum
storage efficiency.
The performance of the memory can also be expressed

by μ1, which we define as the mean photon number in the
input that results in a SNR of 1 in the output, i.e.,
μ1 ¼ pn=η, which is μ1 ¼ 0.1# 0.02 for the memory
without spin-echo manipulation. We here consider the
theoretical upper limitation of the storage fidelity due to

μ1 in the case of storing a qubit encoded into a true single
photon. In this case we can consider the fidelity conditional
on the detection of a photon at the output of the memory
(postselected). A straightforward calculation shows that a
memory characterized by a certain μ1, for a single mode,
can achieve a two-mode qubit storage with a fidelity given
by F ¼ ð1þ μ1=pÞ=ð1þ 2μ1=pÞ, where p is the proba-
bility of having the qubit before the memory. This is valid
assuming that the noise is state independent (white noise
spectrum) and that the fidelity is only limited by noise
(complete phase coherence). Storage of a qubit encoded
into a true single photon has a classical fidelity limit of
F ¼ 2=3 [33], which is surpassed if p exceeds μ1. Since p
is a probability it follows that quantum storage can be
achieved if μ1 < p < 1. In this regime one can also
preserve the nonclassical correlations when storing a single
photon out of a two-mode squeezed state. Hence, we use
this parameter to qualify the potential performance of our
memory in the quantum regime.
We now turn to the AFC spin-wave storage experiments

in the millisecond regime, where a spin-echo sequence is
applied in between the optical control pulses, see Fig. 1(b).
The main challenge of spin-echo manipulation is to
maintain a low unconditional noise probability in order
to allow operation in the quantum regime. We therefore first
investigate the precision of two different spin-echo sequen-
ces in order to minimize the impact of this noise source.
The precision of the spin-echo sequence depends on the

precision of the individual population inversion pulses and
the design of the sequence itself. Note that one requires a
sequence with an even number of pulses to restore the
weak spin excitation in jsi before optically reading out the
memory. To increase the precision and robustness per pulse
one can use chirped adiabatic pulses, which also allow a
more uniform manipulation of the spins over the entire spin
linewidth. We theoretically estimate the error per pulse to
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FIG. 2 (color online). Photon counting histograms. In (a) we show AFC spin-wave storage without spin-echo manipulation. In (b) and
(c) we show spin-wave storage with spin-echo manipulation of a single mode (b) and of five input modes (c). Each histogram shows data
recorded with (dark trace) and without (bright trace) the input pulse, which allows one to measure the SNR in the output mode. The SNR
is 11# 2 in (a), 10# 2 in (b). and 7# 1 in (c). The input mode(s) have mean photon numbers of μ ¼ 1.1# 0.1 in (a) and μ ¼ 2.0# 0.1
in (b) and (c). The storage efficiencies were here (a) η ¼ 5.7# 0.4%, (b) η ¼ 5.1# 0.4%, and (c) η ¼ 3.1# 0.3%. In the case of
five-mode storage all parameters are given as averages over the modes. Indicated errors are statistical.

PRL 114, 230502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
12 JUNE 2015

230502-3

Three level AFC 
photon echo 

P. Jobez et al., Phys. Rev. Lett. 114, 230502 (2015) 

By adding a third level, the optical  
coherence can be transferred to a nuclear 
spin coherence 

On-demand storage and retrieval of 
optical excitations 

2 MHz wide comb on the jgi − jei transition through precise
spectral hole burning (see Ref. [32] for details). It is followed
by the storage sequence [see Fig. 1(b)], which is repeated 18
times in order to increase the effective rate of the experiment.
The performance of the AFC spin-wave memory is first

characterized without applying the spin-echo sequence.
In this case the storage time is limited by T!

2 ≈ 20 μs,
corresponding to a spin linewidth of 27 kHz (FWHM).
Figure 2(a) shows an example of storage with a mean
photon number of μ ¼ 1.1# 0.1 in the input mode. The
spin-wave storage time was set to TS ¼ 11 μs, resulting in
an overall memory efficiency of η ¼ 5.7# 0.4%. The noise
of the memory is measured by blocking the input state
while executing the complete memory scheme, which gives
an unconditional noise probability of pn ¼ 5# 1 × 10−3.
Since the overall efficiency is much higher than the noise
floor, the memory has a high SNR at the single photon
level, as seen in Fig. 2(a). The source of the noise is a
mixture of incoherent and coherent emissions from the
active 151Eu3þ ions, caused by the application of the second
optical control pulse. The noise was characterized in more
detail in Ref. [29]. The level of noise we observe here is
similar, but the SNR is 1 order of magnitude higher, which
can be attributed to a significantly increased memory
efficiency. This is possible due to an optimized AFC
preparation [32] and a custom-grown Eu3þ∶Y2SiO5 crys-
tal, which has been optimized in terms of absorption
coefficient and optical inhomogeneous broadening. The
higher optical depth of this crystal increases the maximum
storage efficiency.
The performance of the memory can also be expressed

by μ1, which we define as the mean photon number in the
input that results in a SNR of 1 in the output, i.e.,
μ1 ¼ pn=η, which is μ1 ¼ 0.1# 0.02 for the memory
without spin-echo manipulation. We here consider the
theoretical upper limitation of the storage fidelity due to

μ1 in the case of storing a qubit encoded into a true single
photon. In this case we can consider the fidelity conditional
on the detection of a photon at the output of the memory
(postselected). A straightforward calculation shows that a
memory characterized by a certain μ1, for a single mode,
can achieve a two-mode qubit storage with a fidelity given
by F ¼ ð1þ μ1=pÞ=ð1þ 2μ1=pÞ, where p is the proba-
bility of having the qubit before the memory. This is valid
assuming that the noise is state independent (white noise
spectrum) and that the fidelity is only limited by noise
(complete phase coherence). Storage of a qubit encoded
into a true single photon has a classical fidelity limit of
F ¼ 2=3 [33], which is surpassed if p exceeds μ1. Since p
is a probability it follows that quantum storage can be
achieved if μ1 < p < 1. In this regime one can also
preserve the nonclassical correlations when storing a single
photon out of a two-mode squeezed state. Hence, we use
this parameter to qualify the potential performance of our
memory in the quantum regime.
We now turn to the AFC spin-wave storage experiments

in the millisecond regime, where a spin-echo sequence is
applied in between the optical control pulses, see Fig. 1(b).
The main challenge of spin-echo manipulation is to
maintain a low unconditional noise probability in order
to allow operation in the quantum regime. We therefore first
investigate the precision of two different spin-echo sequen-
ces in order to minimize the impact of this noise source.
The precision of the spin-echo sequence depends on the

precision of the individual population inversion pulses and
the design of the sequence itself. Note that one requires a
sequence with an even number of pulses to restore the
weak spin excitation in jsi before optically reading out the
memory. To increase the precision and robustness per pulse
one can use chirped adiabatic pulses, which also allow a
more uniform manipulation of the spins over the entire spin
linewidth. We theoretically estimate the error per pulse to
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FIG. 2 (color online). Photon counting histograms. In (a) we show AFC spin-wave storage without spin-echo manipulation. In (b) and
(c) we show spin-wave storage with spin-echo manipulation of a single mode (b) and of five input modes (c). Each histogram shows data
recorded with (dark trace) and without (bright trace) the input pulse, which allows one to measure the SNR in the output mode. The SNR
is 11# 2 in (a), 10# 2 in (b). and 7# 1 in (c). The input mode(s) have mean photon numbers of μ ¼ 1.1# 0.1 in (a) and μ ¼ 2.0# 0.1
in (b) and (c). The storage efficiencies were here (a) η ¼ 5.7# 0.4%, (b) η ¼ 5.1# 0.4%, and (c) η ¼ 3.1# 0.3%. In the case of
five-mode storage all parameters are given as averages over the modes. Indicated errors are statistical.

PRL 114, 230502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
12 JUNE 2015
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Force of the protocol: multimode capacity 

C. Laplane et al., New J. Phys. 18, 0130062 (2016) 

The AFC Protocol 

Wenow investigate how thefidelity varies as a function of themean photon number in the input.We also
use themultimode capacity in order to increase the rate of the experiment, as it would be the case in a quantum
repeater [8]. The counts of the fivemodes are summed to achieve statistics that would otherwise take five times
(the number ofmodes stored) longer to accumulate. The results are summarized in table 1.

Themeasured fidelity is reduced as themean photon number is lowered. To understand this behavior we
derive an equivalent of equation (2) for thefidelity Fq in the case where the stored state is at the single photon
level. An additional parameter has to be considered in this regime: the unconditional noisefloor pn [28]. It
corresponds to the probability of recovering a photon in the output timewindow after storagewithout any
input, and allows for the definition of a newparameter p1 nm h= where η is thememory efficiency. The 1m
parameter is themean photon number in the input that gives a SNRof 1 in the output. Using thisfigure ofmerit,
we can estimate the fidelity of thememory assuming that the noise of thememory is state independent [29, 30].
As shown in table B1 in appendix B this assumption is valid in our case. Thefidelity at the single photon level can
be calculated using equation (2):

F
S

S S
, 3q

q

q q
max

max min

=
+

( )

where Smax
q = Fcmh +pn and Smin

q = F1 cmh -( )+pn, given that the input containsμ photons. Then

F
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p

F

2 1 2
. 4q
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c
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hm
hm

m
m
m
m

=
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+
=

+

+
( )

This formula is valid for aweak coherent statewith amean photon numberμ as well as for a single photonwhere
μ (with 0 1m< < )would be the probability tofind the photon before thememory. Infigure 3we compare the
fidelities predicted by equation (4) and themeasured ones. The agreement is excellent for allmean photon

Figure 2.Photon counting histogrammeasured for a Dñ∣ encoded input withμ=1.4. Thefive input and output pulses are shown in
blue, starting at 0 and 515μs, respectively. The output ismeasured in the Dñ∣ basis. The noise produced by thememory (the
unconditional noise floor) is shown in green, whichwasmeasuredwith no input pulse but still implementing the entirememory
protocol. TheCP1 andCP2 regions showwhere the 5μs long control pulses are applied. Note the leakage of the control pulse through
the AOMgate in regionCP2.

Table 1.Conditional fidelitiesmeasured for variousmean input photon num-
bersμ prepared in Dñ∣ . The fidelity was found via tomographic state-reconstruc-
tion using amaximum likelihoodmethod, and the errors are estimated via
Monte-Carlo simulation. Shown are also the storage efficiency η, the uncondi-
tional noisefloor pn and the 1m parameter (see text).

μ η (%) pn (10−3) 1m Fidelity (%)

0.8±0.1 4.3±0.4 11.0±1.0 0.25±0.04 79.5±0.2
1.4±0.1 3.6±0.3 10.1±1.2 0.28±0.04 85.5±0.1
3.6±0.3 3.8±0.2 10.9±1.4 0.29±0.04 93.6±0.1
8.2±0.6 3.7±0.2 12.1±1.4 0.33±0.05 95.7±0.04

5

New J. Phys. 18 (2016) 013006 CLaplane et al

Storage of five polarisation qubit modes 
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A homogeneous-like system 

Thanks to the AFC rephasing effect, the system behaves 
like an homogeneous system at a precise instant, the instant 
of re-emission.  

Fields can be applied on resonance 

Idea of the protocol: the control field 
is replaced by a spontaneous decay 

P. Sekatski et al., Phys. Rev. A 83, 053840 (2011) 
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The AFC-DLCZ protocol 

A weak ‘write’ pulse is sent on the AFC transition  

{

{
W

0.1%   151Eu3+:Y2SiO5 
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{

{
W S

Stokes photons are spontaneously emitted on  
the strongest transition, before the AFC echo of the write pulse 

The AFC-DLCZ protocol 
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W S

A radio-frequency pulse is sent to invert the populations on 
the      and      states...  

{

{

The AFC-DLCZ protocol 
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A radio-frequency pulse is sent to invert the populations on 
the      and      states...  

... so that read and write pulses have the same frequency... 

{

{
W

R
S

The AFC-DLCZ protocol 
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A radio-frequency pulse is sent to invert the populations on 
the      and      states...  

... so that read and write pulses have the same frequency... 

... and Stokes and anti-Stokes as well. 

{

{
W

R
S AS

The AFC-DLCZ protocol 
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The rephasing of the Stokes field occurs thanks to the AFC, 
leading to the emission of its echo: the anti-Stokes  

Both are correlated in time: temporal multiplexing capacity ! 

The AFC-DLCZ protocol 

W
R

S AS
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Experimental apparatus 

Need for a high-quality filtering: 
-  spatial angle between write/read and Stokes/aStokes 
-  Fabry-Perot cavity to detect only Stokes and aStokes 
 

Double-pass configuration to double d and use only one cavity 
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Experimental apparatus 
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Results 

Integration time: 52.1069 h, 
2 626 190 experimental runs 
2 268 coincidences 

W
R

S AS
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Results 

If we plot the cross-correlation function gsi as a function of  

-10 -5 0 5 10
τ (µs)
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g s
i

Fitted peak width: 414 ns FWHM 

capacity of at least 10 modes in 10 µs gates 
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Results 
Peak gsi as a function of the Stokes probability (100 ns bin) 

Model : 
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Experimental results
Model without free parameters
Classical limit

Measured efficiency: 
Intrinsic noise: 

Noise dependant on pS: 
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Results 
Peak gsi as a function of the Stokes probability (100 ns bin) 

0 0.002 0.004 0.006 0.008 0.01 0.012
ps

1

2

3

4

5

g s
i

Experimental results
Model without free parameters
Classical limit

Non-classical correlation up to pS=10% (in 1µs) 
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Conclusion 
§  An inhomogeneously broadened medium can be excited 
on resonance and still lead to a coherent emission 
 
§  Non-classical correlation between two single photons  
separated by 1 ms were demonstrated 
 
§  Temporal multiplexing up to 10 modes 
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Perspectives 
§  Measure the autocorrelation of Stokes and aStokes photons 
    to prove the non-classical correlation un-ambiguously 
 
§  Explore new configurations to explain the low efficiency 
 
§  Prove the generation of delayed energy-time 

entanglement 
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