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Optimizing the efficiency of a quantum memory based on rephased amplified spontaneous emission
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We studied the recall efficiency as a function of optical depth of rephased amplified spontaneous emission
(RASE), a protocol for generating entangled light. The experiments were performed on the 3H4 → 1D2 transition
in the rare-earth doped crystal Pr3+:Y2SiO5, using a four-level echo sequence between four hyperfine levels to
rephase the emission. The efficiency of RASE was observed to increase from 3% to 14% as the optical depth was
reduced from 2.0 to 0.8. This is a significant improvement over the previously reported nonclassical result but is
well short of the predicted efficiency. We discuss the possible mechanisms limiting the protocol’s performance,
and suggest ways to overcome these limits.
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I. INTRODUCTION

Quantum entangled states of light are a fundamen-
tal resource for quantum communication [1]. These states
are most commonly created with spontaneous parametric
down-conversion (SPDC) [2], however, for quantum repeater
applications, the light source needs to be interfaced with
a quantum memory, which can be challenging for SPDC
sources [3]. Alternative approaches, such as the well-known
Duan-Lukin-Cirac-Zoller (DLCZ) scheme [4], integrate the
memory with the light source, eliminating the need to inter-
face two different physical devices. These methods all operate
by first generating entanglement between an ensemble of
atoms and an optical field, and then later recalling the stored
atomic state as a second optical field.

Rephased amplified spontaneous emission (RASE) is an
example of such an approach [5]. RASE can be treated as
an optical amplifier in which gain is generated by driving an
ensemble of atoms into an optical excited state. The inverted
ensemble produces an optical field, via amplified spontaneous
emission (ASE), that is entangled with the state of the ensem-
ble. This state can be later recalled as a second optical field
(the RASE field) by applying a rephasing π pulse to the opti-
cal transition in a process analogous to a Hahn echo [6]. The
storage portion of the protocol is enabled by the resonant na-
ture of the RASE amplifier, in contrast to the far-off-resonant
parametric amplifier of SPDC, for which the two optical fields
can only be emitted simultaneously. If RASE is implemented
in a material with multiple ground and excited states, further
functionality is gained, such as long-term storage by using
spin ground states, and the ability to recall the ASE and RASE
fields at spectrally distinct frequencies [7].

A similar protocol to RASE is the atomic frequency
comb implementation of the DLCZ scheme (AFC-DLCZ) [8],
which differs from RASE primarily in the rephasing method
used: A periodic spectral grating rather than a π pulse. Ex-
perimental demonstrations of RASE and AFC-DLCZ have
used rare-earth crystals for their long optical and spin co-
herence times. RASE has been demonstrated in two-level [9]

and four-level [10,11] systems, including demonstrations of
nonclassical correlations between the recalled fields [9,11],
spin-state storage [10,11], and multimode storage [11]. Sim-
ilarly, AFC-DLCZ has shown nonclassical, spin-state storage
of multiple modes [12,13].

Theoretical efficiencies of RASE and AFC-DLCZ can be
as high as 100% [14,15], but all experimental efficiencies
have been limited to roughly 3% [11–13]. To gain insight into
these limited efficiencies we revisit the RASE demonstration
in Pr3+:Y2SiO5 of Ferguson et al. [11], characterizing its
operation as a function of the optical depth of the inverted
ensemble.

II. EXPERIMENTAL SETUP

The experimental setup was identical to that of Fergu-
son et al. [11]. All measurements were made on a 0.005%
Pr3+:Y2SiO5 sample cut along the optical extinction axes to
dimensions of 4 × 5 × 2 mm (D1 × D2 × b). We drove the
605.977-nm (vac.) optical transition between the lowest crys-
tal field levels of the 3H4 ground and 1D2 excited multiplets
for Pr3+ ions located in the C1 symmetry site labeled “site
1” [16]. The I = 5

2 nuclear spin of the single Pr3+ isotope
141Pr3+ means both ground and excited states are split into
three doubly degenerate hyperfine states |g1,2,3〉 and |e1,2,3〉 in
zero magnetic field, with splittings O(10) MHz. All optical
transitions between these levels are allowed, although the
relative oscillator strengths do vary by two orders of magni-
tude [17].

The experimental setup is shown in Fig. 1(a). The sample
was maintained at 4.2 K in a liquid-helium bucket cryostat
using exchange gas cooling. Light from a frequency-stabilized
Coherent dye laser was separated into a control beam and a
local oscillator. The control beam was gated with a double-
pass acousto-optic modulator and entered the cryostat from
a window at the top, traveling down the vertical axis. The
beam was reflected from a mirror placed behind the crys-
tal, executing a double pass of the sample, and was coupled
into the collection fiber with an efficiency of 45%. The light
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FIG. 1. (a) Experimental setup showing the control and local
oscillator (LO) arms of the optical setup. HWP and QWP are half
and quarter wave plates, respectively, and BS is the beam splitter.
(b) Hyperfine structure of the optical ground and excited states of
Pr3+:Y2SiO5 in zero field with transitions used for the RASE and in-
verted four-level echo (I4LE) indicated. The transitions have relative
oscillator strengths of 0.05 for |g1〉 ↔ |e1〉, 0.40 for |g2〉 ↔ |e1〉, 0.55
for |g3〉 ↔ |e1〉, 0.60 for |g2〉 ↔ |e2〉, and 0.38 for |g3〉 ↔ |e2〉 [17].
(c) The pulse sequence used for RASE and I4LE. The 10-µs win-
dows used for calculating the ASE and RASE quadrature values are
shown. The rephasing pulses (π1 and π2) were 1.7 and 2.5 µs long,
respectively.

propagated down the 2-mm b axis, with a beam diameter at the
sample of 47 ± 20 µm, and was polarized along the D2 axis.
Signals were detected using a heterodyne detection system
with a bandwidth of 20 MHz and a visibility of 90%. The
polarization of the local oscillator was matched to that of the
signal using two wave plates. The phase of the interferometer
was not locked and drifted between shots. This drift was
corrected in postprocessing with the use of phase-reference
pulses, as described in Ref. [11].

Experiments began with the preparation of a narrow spec-
tral feature from the inhomogeneously broadened line using
spectral hole burning, similar to Refs. [7,17]. First, we burnt
a 2-MHz-wide trench in the line, and then we pumped a
200-kHz-wide feature composed of ions in a single hyper-
fine ground state back into the middle of this trench. This
pumping was performed before each repetition of the experi-
ments, limiting the repetition rate to 10 Hz.

Two pulse sequences were used to characterize the RASE
protocol, shown in Figs. 1(b) and 1(c). The first is the RASE
sequence itself [Figs. 1(b)(i) and 1(c)(i)]. A portion of the pre-
pared ensemble was inverted with a pulse on the |g1〉 → |e1〉

FIG. 2. Spectrum of the amplified (pink) and rephased (blue) sig-
nals are shown with the respective background levels (dashed) at an
optical depth of 1.4. (a) The RASE experiment, where the prepared
feature amplifies the vacuum state. (b) The I4LE experiment, where
the spectrum has been normalized to the input pulse.

transition chirped across 300 kHz in 8 µs, with the degree
of inversion controlled by the pulse amplitude. The resulting
amplification of the vacuum state causing emission at the ASE
frequency was monitored for 10 µs and then two rephasing π

pulses were applied, with the separation between these pulses
τs, determining the spin-storage time of the sequence. We used
two storage times for the results presented here, τs = 0 and
5 µs. The resulting RASE signal was monitored for the same
time window as the ASE, and then two phase-reference pulses
(not shown) were sent through the system as described above.
The second sequence, the inverted four-level echo (I4LE)
[Figs. 1(b)(ii) and 1(c)(ii)], was very similar to RASE except
that a 1-µs-long pulse replaced the vacuum state as the input
to the inverted system. Importantly, this means the RASE and
I4LE have different transverse spatial modes of the stimu-
lating field, with the weak coherent pulse mode of the I4LE
defined by the input optics and the vacuum state of RASE not
constrained. Comparing the behavior of the I4LE and RASE
as the amount of inversion is increased allows the sensitivity
of the rephasing sequence to the input mode (to the crystal)
to be investigated. Figure 2(a) [Fig. 2(b)] shows examples of
the signals recorded for the RASE sequence (I4LE sequence)
for the ASE (input) and RASE (echo) windows, compared to
the corresponding background signals when no inversion was
applied.

III. OPTICAL DEPTH MEASUREMENTS

The optical depth of the created gain feature was deter-
mined by measuring the transmission of a weak, 10-µs-long
probe pulse both in the presence and absence of the inversion
pulse. The optical depth was tuned by changing the intensity
of the inverting pulse. To confirm the validity of this measure-
ment of the optical depth, the level of the variance of the ASE
as a function the optical depth was also measured. These two
quantities are related by

〈
ô2

A

〉 = l (2eαL − 1) + (1 − l ). (1)

where 〈ô2
A〉 is the average variance in the two ASE quadra-

tures, αL is the optical depth, and l represents signal losses,
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FIG. 3. Optical depth measured after the inversion pulse via two
measures: The optical depth seen by a probe pulse compared to the
average variance of the ASE signal. 1σ error in x is shown (the y
error is negligible). The model was constructed using Eq. (1).

which are incorporated into the model as a single beam split-
ter [11]. This model assumes the light can be represented as an
infinite plane wave and that the loss is independent of optical
depth. For this experiment, the signal loss was 89%, arising
from the two beam splitters and the visibility of the detection
system.

The relationship between the ASE variance (normalized to
the vacuum level) and the optical depth measured is shown
in Fig. 3. The optical depth was determined by averaging
the signal over the full width at half maximum linewidth of
the spectral feature. This linewidth increased from 100 to
300 kHz as the inversion pulse intensity was increased. The
ASE variance was determined for a 10-µs time window, 3.5 µs
after the end of the inversion pulse over a spectral range of
100 kHz [see Fig. 1(c)]. The variance predicted by Eq. (1) con-
forms to the measured variance for optical depths below 2.0.
For optical depths greater than 2.0, we see the optical depth
measured via the probe pulse saturates. This result indicates
that probe pulse measurements with αL > 2.0 are likely to
significantly underestimate the true value of the optical depth.
For this reason, measurements of the RASE efficiency in the
following section are limited to αL < 2.0.

The difference in the sensitivity of the ASE and optical
depth measurements to the level of the inversion could indi-
cate the presence of a loss mechanism dependent on the level
of inversion. This is a consequence of the different spatial
input modes, as described earlier. Because of this difference,
the probe pulse transmission measures the net optical depth:
The total optical depth minus any loss in the system, while the
ASE variance is sensitive to where the loss occurs along the
beam path. For example, if the loss occurs at the front face of
the crystal it will have no effect on the input state of light for
the ASE measurement, which will continue to be the vacuum
state, and hence will have no effect on the ASE variance.
However, if the loss occurs on the back face of the crystal it
will attenuate the output and reduce the variance. Possible loss
mechanisms that will depend on the level of inversion include
the off-resonant excitation by the inversion pulse populating

FIG. 4. Efficiency of RASE and inverted four-level echo (I4LE)
with optical depth. The I4LE result was calculated using the emission
spectrum while RASE result was calculated using the photon count.
1σ error in y is shown (the x error is negligible). The model was
constructed using Eq. (2). Both the I4LE result and model are scaled
to the optical delay time used in the RASE experiment using the
measured optical decay constant.

|g2〉 and the distortion of the transverse optical mode due
to the presence of the gain feature reducing the coupling
efficiency into the detection mode. Further investigation is
required to determine the exact mechanism.

IV. REPHASING EFFICIENCY MEASUREMENTS

Figure 4 shows the rephasing efficiencies of the RASE and
I4LE protocols as a function of the measured optical depth of
the initial gain feature. The I4LE efficiency was determined
by taking the ratio of the amplified input pulse and the echo
signal area in the emission intensity spectra over a 100 kHz
range. To account for the different delay times, the I4LE
result, and model curve, are scaled to the optical delay time
used for the RASE experiment (20 µs). The scaling was done
using an optical decay time measured using the 4LE [7] of
59.2 ± 1.4 µs.

The RASE efficiency model curve shown in Fig. 4 was
constructed by taking the ratio of the mean ASE and RASE
photon number expected to arrive at the detection system for
a single run of the experiment, based on the theory presented
by Ledingham et al. [5]:

η =
〈
ô2

R

〉 − 1
〈
ô2

A

〉 − 1
= 1 + 8 sinh2

(
αL
2

) − 2

2eαL − 2
. (2)

For both RASE and the I4LE the observed efficiency as a
function of optical depth follow the same trend. RASE and
the I4LE efficiency peaks at roughly 14% in the range αL =
0.8–1.5. The observed efficiency is significantly less than that
predicted by Eq. (2), with the deviation increasing with optical
depth.

That both observed RASE and I4LE efficiency have a sim-
ilar dependency of the gain suggests that inversion-dependent
losses proposed in Sec. III to explain the discrepancy be-
tween the level of ASE and the measured gain (for gains
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greater than 2.0) are not responsible for the saturation of
the rephasing efficiency with gain. A likely explanation is
due to the increased optical depth seen by the control pulse
π1. The transition |g3〉 → |e1〉 has an oscillator strength 40%
larger than the ASE transition |g3〉 → |e1〉, with the pop-
ulation in the |e1〉 state it is expected that there will be
significant amplification of the π1 pulse for large initial in-
versions. As a result of this amplification of the pulse area
will change as it propagates through the ensemble, making
it impossible to achieve efficient rephasing across the entire
ensemble.

V. INSEPARABILITY MEASUREMENT

Finally, we quantify the nonclassical correlation be-
tween the amplified and rephased fields of the RASE
experiment using the inseparability criterion [18] at two
optical depths (0.8 and 1.6). The criterion is constructed
by expressing a maximally entangled state as a coeigen-
state of a pair of Einstein-Podolsky-Rosen (EPR)-type
operators [19],

û =
√

bx̂A + √
1 − bx̂R, (3)

v̂ =
√

bp̂A − √
1 − bp̂R, (4)

where b ∈ [0, 1] is an adjustable parameter describing the
weight given to the ASE and RASE fields. For any separa-
ble state, the sum of the variance of the EPR-type operators
satisfies

〈(�û)2)〉 + 〈(�v̂)2)〉 � 2. (5)

For any inseparable state the total variance is bounded below
by zero. The variances of the two EPR-type operators û (v̂) are
equal to the covariances of the measured amplitude (phase)
quadratures. Figure 5 shows the inseparability criterion as a
function of the weighting parameter b using a spin-storage
time of 5 µs. When b = 0(1) the curve is purely the summation
of the variance in the RASE (ASE) quadratures. The value of
b corresponding to the curve minimum suggests how the fields
need to be weighted to maximise the correlation between the
fields. At the lower optical depth (0.8), the curve minimum
is 1.972(15) at b = 0.11, violating the inseparability criterion
with 1.8σ confidence. At the higher optical depth (1.6), the
curve minimum is 1.992(15) at b = 0.04, violating the insep-
arability criterion with 0.5σ confidence. In both cases, the
nonclassical result was maximized by reducing the detection
windows from 10 to 4 µs.

The theoretical inseparability criterion curves shown in
Fig. 5 were calculated using the model in Ref. [11]. In this
model, the ASE and RASE fields are assumed to initially be
maximally entangled. The transmission losses (see above),
that act on both fields equally, are then accounted for. Extra
loss on the RASE field due to imperfect rephasing is also
included. Each source of loss is assumed to only attenuate the
field, mixing in a vacuum state.

At an optical depth of αL = 0.8 there is good agreement
between the observed and predicted inseparability curves.
This indicates that there is little added classical noise or mix-
ing in of states other than the vacuum state associated with the

FIG. 5. The inseparability criterion [see Eq. (5)] as a function
of weighting parameter [see Eq. (3)] for different optical depths
αL. Solid lines show the experimental result and 1σ error averaging
over 9000 measurements using τs = 5 µs, and dashed lines show the
model. Further detail on the calculation method can be found in
Refs. [9,11].

loss in the experiment. For αL = 1.6 the agreement between
the model and the observations is marginal, suggesting the
level of added noise is becoming significant. This could be
due to the classical noise, such as the laser phase noise which
is on the timescale of an individual measurement, having a
larger impact on the brighter fields, or could be noise directly
related to the rephasing process.

Both the loss mechanisms proposed in Sec. III, to explain
the high level of ASE for αL > 2.0, are also potential sources
of degradation of the correlation between the ASE and the
RASE fields. Any population off-resonantly pumped into |g2〉
will result in emission at the RASE frequency after the sec-
ond rephasing pulse is applied which will be uncorrelated
with the ASE field. Distortion of the spatial modes due to a
spatially dependent high optical depth will mix RASE fields
corresponding to different ASE modes.

VI. CONCLUSION

We have investigated the RASE efficiency as function of
optical depth of the gain feature in Pr:Y2SiO5. We demon-
strate that at an optical depth of αL = 0.8 the efficiency is
maximized at roughly 14% and confirmed a nonclassical cor-
relation between the ASE and RASE fields. In addition, we
observe that RASE does not follow the theoretical behavior
with optical depth and suggest reasons why. First, we observe
that our measurement of optical depth underestimates the true
value for values greater than 2.0. We suggest that this is due to
the presence of a gain-dependent loss mechanism which only
affects the probe pulse. Second, the rephasing efficiency was
observed to saturate, instead of increase with optical depth.
We suggest that this could be due to the area of the first
rephasing pulse changing along the length of the crystal. In
both cases, the proposed mechanisms need to be investigated
in future detailed work.
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To further improve the efficiency of the RASE protocol
it will be necessary to increase the optical depth on the
ASE and RASE transitions while maintaining or reducing the
optical depth experienced by the control pulses. This could be
achieved by employing an energy-level scheme in which the
control fields excite transitions with lower oscillator strength,
or through the use of an optical cavity, such that the ASE and
RASE fields are supported by the cavity modes and the control
pulses are applied in modes which are not supported. The use
of an optical cavity could also reduce the noise associated

with the mode distortion between the ASE and RASE fields
by selectively enhancing the amplitude of the desired spatial
modes.
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