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Optical quantum memories based on Er, with its telecom-compatible optical transition, could benefit
quantum networking and linear optics quantum computing applications, if the requirements for high
memory efficiency, fidelity, and storage capacity can be met simultaneously. Here, we demonstrate the
first high efficiency memory in Er, with spin-state storage for 25 μs and classical efficiencies up to 81%,
using the rephased amplified spontaneous emission protocol. We show quantum storage along with high-
fidelity entanglement of an output state and the state stored in memory, and a demonstration of
multiplexing, storing 70 modes in the temporal domain. We use the results to discuss how, with
modifications to the pulse sequences and experimental geometry only, the performance can be improved to
meet the requirements for practical quantum applications.

DOI: 10.1103/bgbx-ph24

I. INTRODUCTION

Quantum memories are a critical component for optical
quantum information processing, allowing the synchroni-
zation of non-deterministic events. In this role quantum
memories have been proposed for applications such as
quantum repeaters [1,2], circuit-based linear optics quan-
tum computing, and in cluster state generation [3,4] for
measurement-based quantum computing [5,6]. Beyond
this synchronization role, recent work has suggested that
integrating memories into quantum computers may reduce
physical qubit requirements for fault-tolerant operation
100-fold [7]. Further, memories can be used to perform
other key processing operations such as mode switching,
mode mixing, and entanglement generation [8–12].
Protocols already exist for combining some of these tasks
in a single element, such as combining entanglement
generation and quantum storage for quantum repeaters
[13,14], minimizing the losses associated with passing
information into and out of multiple discrete components.
Quantum networks are likely to benefit from even more
complex multi-tasking components, for tasks like routing.
Such devices are essentially small linear optics quantum
computers (LOQC), and there is, indeed, the potential for
quantum memories to reduce the complexity and losses
currently encountered in scaling current photonic quantum

processors, while greatly increasing the time quantum
information can be held within a calculation.
The widespread uptake of quantum memories for

quantum information processing in computers and net-
works is awaiting the development of a quantum memory
technology with high performance along with wavelength
compatibility with existing optical technology and, ideally,
the ability to multi-task as described above. Key perfor-
mance metrics are the memory efficiency, fidelity, data
storage capacity, and storage time. For instance, global-
scale quantum repeater networks would require memory
components with efficiencies above 90% [2,12], near unity
fidelity, 100 ms storage times [15] and compatibility with
fiber telecommunications bands. No fixed thresholds have
been set for data capacity; however, MHz data rates would
require 100,000 modes, for a global network. More general
linear optics quantum processing applications require
similar performance, albeit with lower storage times.
These metrics have proven challenging to optimize indi-
vidually, and extremely difficult to optimize simultane-
ously. For instance, a small handful of quantum memories
have shown efficiencies above 70% [16–22], reaching
94.6% (0.24 dB loss) for Rb gas ensembles [22]. This latter
impressive result is already comparable with the storage
efficiencies of the delay lines currently used for quantum
storage in commercial LOQC systems (e.g. typical >
0.1 dB chip-to-fiber loss [23]), but these systems are not
readily solid-state or telecom compatible, and their
material properties limit storage time and mode capacity.
167Er-based crystals represent an attractive class of candi-
dates where optical performance may be possible across all
performance metrics for optical quantum processing
applications. 167Er has an optical transition in the telecom
C-band, where the lowest-loss photonic components are
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available. Long coherence times can be achieved on its
optical (4 ms [24]) and hyperfine (1.3 s [25]) transitions by
choosing low decoherence materials such as Y2SiO5 and
applying some combination of highmagnetic fields and low
temperatures. 167Er∶Y2SiO5, specifically, has small optical
inhomogeneous linewidths (150 MHz) compared to its
OðGHzÞ hyperfine splittings (ranging between 790–
1000MHz), which, coupled with its long hyperfine lifetime
(180 s [26]) in high fields, allows spectral preparation of the
ensemble into a pure state [25,26]. The complete control
over the atomic state offered by this feature allows high
bandwidth operation (for high storage capacity across
spectro-temporal degrees of freedom)while retaining access
to long hyperfine storage times, two characteristics other-
wise traded off in materials without pure state preparation.
A small number of quantummemory protocols have been

demonstrated to date in 167Er3þ∶Y2SiO5: a non-classical
two-level atomic frequency comb (AFC) with an efficiency
of 22% [26] and two classical two-level revival of silenced
echo (ROSE [27]) demonstrations with efficiencies up to
44% [28,29]. These results highlight the potential of 167Er,
as observed efficiencies were constrained by technical
challenges rather than intrinsic material properties.
However, these existing demonstrations did not employ a
memory protocol capable of simultaneous high efficiency,
fidelity, storage time, and storage capacity, as required for
repeater and general LOQC applications. Here, we imple-
ment a memory protocol with the potential to meet these
requirements, 4-level rephased amplified spontaneous
emission (RASE) [14,30,31], in 167Er3þ∶Y2SiO5, demon-
strating simultaneous storage of tens of modes with effi-
ciencies up to 81% and low noise.

II. EXPERIMENT

A. Material and spectral preparation

All experiments in this work used the 1538 nm tran-
sition between the lowest doublets of the 4I15=2 ground and
4I13=2 excited state in site 2 of a 0.005% 167Er3þ∶Y2SiO5

crystal, grown by Scientific Materials, with an isotopic
purity of 92%. The crystal had dimensions of 3 × 4 ×
5 mm cut along the optical extinction axes (D1 ×D2 × b)
[32]. To suppress electron spin flips, which lead to
excessive decoherence and short hyperfine lifetimes in
Er crystals, we used the regime identified in earlier work
[25]: the crystal was cooled to 1.5 K in a pumped liquid
helium cryostat and a magnetic field of 6 T was applied.
This field was aligned ∼1° off the crystal’s D1 axis to
spectrally separate the magnetically inequivalent sub-
groups of Er ions [33]. All experiments were then
performed on a single subgroup. Optical access to the
crystal was only available through a single window at the
bottom of the cryostat. Light entered via this window,
propagating ∼1° off theD1 axis, and was reflected through
the crystal by a mirror. All measurements were made in

this double pass configuration, with the small angle
separating the two beams chosen to avoid optical standing
waves across the crystal.
In the above regime, the optical transition chosen has an

optical coherence time of 1.35 ms [34] and a ground state
hyperfine coherence time of 1.3 s [25] (nuclear spin 7=2).
Further, the 180 s hyperfine lifetime means the population
can be readily spectrally prepared intovery high optical depth
features on minimal absorption backgrounds via optical
pumping. The preparation used here involves first optically
pumping the entire ensemble into a single hyperfine state
(j − 7

2
i) [25,26]. Then, anOðMHzÞ sub-ensemble is pumped

into the opposite hyperfine state (j þ 7
2
i) [26], achieving a

large spectral and angular momentum separation between
thismemory feature and the bath of unused Er ions that limits
relaxation pathways for the memory ions.
Using a similar magnetic field, temperature and spectral

preparation process, a two-level AFC [26] was previously
demonstrated with an efficiency of 22%, almost two orders
of magnitude higher than earlier, low-field memory dem-
onstrations in Er [35,36]. The 22% efficiency was limited
by background absorption at the memory frequency. Here,
this issue has been addressed by improving the laser
frequency stability to allow better control of the population
during spectral preparation.

B. Memory protocol

4-level RASE [30,31,37] is a spin-state quantum
memory protocol that creates two entangled, time-
separated optical states [30,31], where the second optical
state is stored and recalled from the ensemble. The 4-level
RASE protocol is, thus, a source of entangled light states,
allowing it to replace both the quantum light source and the
quantum memory components of a quantum network or
other LOQC component.
The 4-level RASE protocol is depicted in Fig. 1. The

first output state is amplified spontaneous emission, ASE,
generated from an ensemble inverted by πi. The ASE
photonic state is entangled with the atomic state on the
optical levels of the Er ions. This atomic state is then stored
on the hyperfine-levels using a π-pulse (π1) and then
recalled after a programmable time delay (tb) by a second
π-pulse (π2). The resulting state emitted from the ensemble
is rephased amplified spontaneous emission, RASE, time-
symmetric with the original ASE state. The 4-level version
of RASE has the advantage over the earlier, 2-level RASE
protocol [30,38] of reduced noise, since all control pulses
are spectrally resolved from the ASE and RASE fields, and
hyperfine storage [31]. Here, the storage time is limited to
Oð10 μsÞ, due to inhomogeneity on the hyperfine tran-
sition, but can be extended to the 1.3 s hyperfine coherence
time by using hyperfine rephasing pulses.
Figure 1 also depicts the inverted-four-level echo (I4LE)

protocol [37], which can be implemented at the same time
as RASE by probing the ASE transition with a weak,

JAMES STUART et al. PRX QUANTUM 7, 043031 (2026)

043031-2



coherent pulse, a method used here to characterize the
memory. In this case, the ensemble emits both RASE and an
echo of the probe [37]. RASE itself is not a read-write
quantummemory because it does not have an input, and due
to the gain arising from the inversion, I4LE is not suitable
for quantum storage. However, the 4-level RASE protocol
can be transformed into the noiseless photon echo (NLPE)
protocol [39], a read-write memory, with only minor
changes to the pulse sequence in Fig. 1 (see Sec. IV).
Thus, the results here inform on the performance of read-
write quantum memories in 167Er3þ∶Y2SiO5 as well.
RASE was first demonstrated in Pr∶Y2SiO5 using the

two-level protocol [14], followed by demonstrations of the
4-level RASE and I4LE protocols in the same material
[30,31,37]. Non-classical correlations were observed [31],
with optimized recall efficiencies of 14% [37]. In both
demonstrations, the low recall efficiency was identified as
due to the distortion of the rephasing π-pulses at higher
optical depths, so the peak efficiency was reached at a low
optical depth of αL ≈ 1 [37]. Pulse distortion arises when
bright pulses are applied on transitions with high oscillator
strengths, unavoidable in Pr∶Y2SiO5 since the only avail-
able transitions for the π-pulses have similar oscillator
strengths to the ASE and RASE transitions. This is a
fundamental limitation on the efficiency of echo-based
protocols in Pr∶Y2SiO5 in a free-space configuration.
There is some prospect of improving the low rephasing

efficiency of Pr∶Y2SiO5 using cavity enhancement [40],
but the visible operation frequency (606 nm), small
hyperfine structure (Oð10 MHzÞ) and thus bandwidth,
and large inhomogeneous broadening (Oð10 GHzÞ) are

also not well suited for quantum information applications.
These reasonsmotivated the choice here of 167Er∶Y2SiO5. It
has more favorable oscillator strength ratios, explained
further in Sec. III A, and much narrower inhomogeneous
linewidths than Pr∶Y2SiO5. The large, resolved hyperfine
structure in the high field regime has several benefits for
memories: higher bandwidth operation and better spectral
preparation, as already discussed, along with much better
spectral isolation of quantum memory features, reducing
loss via background absorption. We previously reported an
optimized spectral preparation process for quantummemo-
ries in 167Er∶Y2SiO5 [26] that makes best use of these
features; here, we concentrate on the implementation of the
RASE protocol and what information it provides on the
quantum memory performance possible in future devices.

C. Experimental setup

The experimental setup, Fig. 2, was similar to Ref. [26].
For each experiment performed, the ensemble was spin
polarized into the j − 7

2
ig hyperfine level and then a 1 MHz

wide sub-ensemble was prepared into the j − 7
2
ig hyper-

fine level.

FIG. 2. Experiment setup. Two lasers were used: a frequency-
locked laser for the RASE sequence, and a spin-pumping laser
for spectral preparation into a single hyperfine state [26]. The
free-space acousto-optic modulator (AOM) was used to gate
ASE produced by the Er-doped fiber amplifier (EDFA) during
the RASE experiments. Otherwise, broadband ASE produced by
the EDFA drives the ASE transitions and acts as background
noise in the RASE window. The local oscillator was an amplified
pick-off of the frequency-locked laser passed through an in-
phase and quadrature electro-optic modulator (IQ EOM) that
was operating in carrier-suppressed single-sideband mode.
Operating this way meant only one sideband from the ampli-
tude-modulating EOM (AM EOM) was detected.

FIG. 1. 4-level RASE protocol. Top: level diagram indicating
the optical transitions used for RASE. The ensemble was spin
polarized into the j − 7

2
ig and a narrow, MHz wide, feature was

prepared into the j þ 7
2
ig hyperfine level (highlighted in blue).

Bottom: RASE pulse sequence with an added input pulse to
provide an echo (I4LE). The separation between π1 and π2
defines the memory storage time tb. The gain on the ASE
transition can be controlled by attenuating πi.
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Several practical considerations influenced the choice of
pulse intensities and timing of the RASE pulse sequence,
Fig. 1. First, the gain on the ASE transition, which could be
controlled by changing the amplitude of πi at fixed
duration, reached a maximum of ≈36 dB when πi was
a π-pulse. At this high gain, the I4LE input pulses had to be
kept weak to avoid over-driving the ensemble; to meet this
condition, we used ≪ 0.1% of a π-pulse. Second, the time
delay between the input and rephasing pulses, ta, was
chosen to be long enough (> 10 μs) that an ASE signal
could be detected between the I4LE input pulse and the
rephasing π-pulses, except for the results in Sec. III A.
All results were recorded with continuous-variable-type

(CV) detection. Specifically, a balanced heterodyne detec-
tion system was used to detect all output fields. The ASE/
input and RASE/echo signals were recorded at the same
heterodyne beat frequency, 13 MHz, by phase-coherently
switching the frequency of the local oscillator during the
rephasing pulses, π1 and π2. The πi, π1, and π2 pulses were
all applied to transitions at least 800MHz detuned from the
local oscillator (see Appendix B for the specific splittings),
well beyond the bandwidth of the detection system. In
addition to the RASE sequence pulses, three phase-
reference pulses were added to the sequence, offset from
the local oscillator by: 8, −12, and 15 MHz, to correct for
trigger time jitter on the oscilloscope and interferometer
phase noise on the heterodyne detection [16,26].
Figure 3(A) shows the heterodyne time trace of a high-

gain I4LE shot. 60 μs windows, used when analyzing each
shot, are highlighted for the ASE and RASE fields along
with a vacuum window (with only the local oscillator on),
used as a noise reference. ASE was emitted at all times
between πi and π1, as seen by the increase in noise relative
to the vacuum window. In this high gain regime, the
correlations between the ASE and RASE fields can easily
be observed by eye in a single shot, Fig. 3(b). There, the
ASE/RASE windows have been digitally frequency-
shifted to homodyne and overlapped. The RASE signal
RðtÞ was transformed to match the ASE window using

RðtÞ0 ¼ R†ð−tÞ=η · eta=T · eiθ: (1)

This transformation takes the time-reversed complex
conjugate of the RASE field, scales it by the rephasing
efficiency (η), accounts for the dephasing that occurred
while the field was stored on the optical transition,
characterized by the write-time T, and adds a phase shift
(θ) between the ASE and RASE fields. These three
parameters η, T, and θ were independently measured;
the efficiency and phase shift were determined from the
I4LE and the decay time was measured from the data in
Figs. 4 and 5. The solid lines in Fig. 3(b) are the in-phase
component of the ASE and RASE field amplitude, while
the dashed lines are the out-of-phase components. The
I4LE input and echo also appear at 165 μs. The strong

correlation between the ASE and RASE fields is evident in
the clear overlap of the two signals.

III. RESULTS

Here, we present results from a series of experiments
arranged into three categories: I4LE, RASE characteriza-
tion, and non-classical RASE results.

A. Inverted-four-level echo

To characterize the recall efficiency and storage time of
the protocol and level scheme outlined in Fig. 1, we
performed a series of I4LE experiments investigating the
gain on the ASE transition, the rephasing efficiency, and
the effect of the delay times (ta and tb). Since the protocols
are essentially identical, this approach allows us to
characterize RASE performance using much brighter
fields than seen in RASE itself, albeit using a classical
memory protocol. Non-classical measurements are pre-
sented in Sec. III C.
Figure 4 shows the echo amplitude as a function of ta for

a fixed tb ¼ 0.1 μs, and Fig. 5 shows the echo amplitude as
a function of tb for a fixed ta ¼ 10 μs. The e−1 point in
Figs. 4 and 5 determines the write-time and spin-state
storage time of the memory, respectively. Here, write-time
describes the amount of time available for encoding
information on the optical transition before decoherence
necessitates its transfer to the spin transition. The write-
time, along with the bandwidth, determines the temporal
multiplexing capacity of the memory.
An upper limit on the write-time is given by the optical

coherence time of 1.35 ms [34], and similarly, the storage

FIG. 3. (a) High gain I4LE time trace illustrating the exper-
imental pulse sequence, with the windows used for ASE, RASE,
and the vacuum reference highlighted. Three phase-correcting
reference pulses were used to account for phase and timing jitter
between experimental shots. (b) Comparison of ASE and RASE
fields for the high gain data. The fields have been digitally beaten
to homodyne, and the RASE field has been transformed to match
the ASE field [Eq. (1)]. The solid lines are the in-phase
component of the two fields, while the dashed lines are the
out-of-phase components, offset vertically.
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time’s upper limit is given by the hyperfine coherence time
of 1.3 s [25]. The decays observed are non-exponential and
far faster than these limits: the e−1 point gives a storage
time of 25.1 μs and a write-time of 157.8 μs. The short
decay times and non-exponential behavior in both sets of
data arise from the same effect: “inhomogeneous spin
dephasing” [41–43], which arises when the hyperfine
transition frequencies in the ground and excited state
are not perfectly correlated with each other and the optical
transition frequency. The decay profile seen is given by the
Fourier transform of the relevant inhomogeneous line
shape. For the storage time, the decay is determined by
the inhomogeneous spin dephasing on the ground state
hyperfine transition. Dephasing due to this frequency
distribution can be easily corrected by applying microwave
rephasing pulses on this hyperfine transition, but such
pulses were not applied here. For the write-time, the decay
is determined by the difference in frequencies of individual
ions between the ASE and RASE transitions, since the
rephasing is only perfect when these are identical. This
difference is given by the difference in ground and excited
state hyperfine transition frequencies. Because the dephas-
ing arises from the difference of two transitions, rephasing
pulses cannot be applied to reverse it, placing a funda-
mental limit on the write-time. The same limitation will
arise in any other four-level quantum memory protocols,
where light is recalled on a different transition to the one it
was encoded on.
In addition to inhomogeneous spin dephasing, there is

some broadening due to a magnetic field gradient across
the 3 mm crystal. With the crystal in the center of the

superconducting magnet, the latter effect is small, con-
tributing Oð100Þ Hz of broadening (see Appendix A), and
the intrinsic linewidths can be extracted by fitting the
decay profiles in Figs. 4 and 5. In both cases, the broad-
ening is approximated by a Voigt profile. The extracted
ground state linewidth of 14.8 kHz is smaller than the
linewidths seen for optically selected subgroups in other
rare earth-doped Y2SiO5 crystals (e.g. Pr, 26 kHz [42] and
Eu, 69 kHz [44]), which we attribute to Er’s lower nuclear
magnetic sensitivity. The linewidth extracted from the
write-time data is lower, 4.3 kHz, indicating a moderate
degree of correlation in the excited and ground state
hyperfine frequencies.
Figure 6 shows the I4LE rephasing efficiency (classical

memory) for a series of gains on the input/ASE transition,
with ta ¼ 6 μs and tb ¼ 0.1 μs. RASE efficiencies are also
shown for the gain range from 8 to 30 dB, with 250 shots
per data point. These data show that I4LE efficiency is an
accurate representation of the RASE efficiency at the same
gain, with the advantage of a much higher signal requiring
less acquisition time to see clear trends. In the rest of this
section, we focus on the I4LE results.
The gain in Fig. 6 was measured by comparing the

intensity of the input pulse with, and without, πi applied
to the sub-ensemble. The rephasing efficiency increased
with gain up to a peak efficiency of 81% at 36 dB. Also
shown are two models for the efficiency data. The first
(the Ledingham model) is an analytical model derived in
Refs. [37,45] using theory presented by Ledingham
et al. [14]. This model gives the theoretical upper bound
on efficiency in a two-level ensemble as a function of
gain, αL, on the ASE transition:

FIG. 4. I4LE write-time. The echo amplitude for an I4LE is
shown as a function of delay time ð2ta þ tbÞ between the input
pulse and the echo. Here tb was fixed at 0.1 μs and ta varied from
10 to 400 μs. The fit accounts for inhomogeneous spin dephasing
and a magnetic field gradient across the sample (explained in
Appendix A). From the fit, we measure a 157.8 μs write-time
and predict 165 μs without the field gradient.

FIG. 5. I4LE spin-state storage. The spin-state storage time of
the I4LE was measured by changing tb, the time between the two
rephasing π-pulses, while ta was fixed at 10 μs. The fit accounts
for inhomogeneous spin dephasing and a magnetic field gradient
across the sample (explained in Appendix A). The fit gives a
25.1 μs spin-state storage time.
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η ¼ 8sinh2ðαL
2
Þ

2eαL − 2
: (2)

The observed efficiency will always be below this upper
bound, because it assumes a homogeneous driving field
(spatially and spectrally), no background absorption, no
pulse errors or other loss mechanisms, no decoherence,
and no dispersive effects from the gain feature. The
efficiency seen here is well below this bound for all gains.
To better understand the experimental trend, we employed
a more realistic, although still highly simplified, model of
the system (see Appendix C). We used a numerical
Maxwell Bloch Equation (MBE) model to calculate the
efficiency of an inverted two-level echo on a narrow
ensemble with decoherence included. We fitted two
parameters, a non-unity rephasing efficiency (78%) and
non-zero background absorption (0.3 dB), to the exper-
imental data to obtain the second fit line in Fig. 6. Here
“rephasing efficiency” is a catch-all term that includes all
losses, other than background absorption, as an instanta-
neous decoherence event after the rephasing π-pulses. The
MBE model fits the data very well in the low to medium
gain regimes, relevant to quantum level measurements
and confirms that the data falls short of the theoretical
upper bound due to the combination of background
absorption and loss. The fitted background absorption
agrees with measurements of < 0.5 dB. Despite having
this measurement, we chose to leave the background
absorption as a fitting parameter because experimental
instabilities caused this absorption to vary between
experiment runs.
The model does lose accuracy at high gain, where the

simplified rephasing efficiency and background absorption
overcompensate for the effects of inhomogeneous driving

fields. The model is spatially one dimensional, but in
reality all π-pulses have a Gaussian spatial mode that is
mode-matched to the collection fiber for detection. This
spatial distribution means the Rabi frequency varies
radially. For the inversion pulse, this results in a radially
dependent gain feature, and for the rephasing pulses,
inhomogeneous rephasing. The RASE mode is defined
by the effects from these pulses, and in the low-gain
regime, the RASE mode is well matched to the collection
fiber. However, in the high gain regime, the effects of the
inhomogeneous gain feature scale exponentially, leading
to mode distortion and reducing the coupling efficiency to
the collection fiber. Further, the refractive index of the
crystal locally is dependent on gain, so a radially depen-
dent gain feature creates a radially dependent dispersion
profile, similar to a gradient refractive index lens. This
changes the shape of the RASE mode, which could further
affect the fiber coupling efficiency.
Regardless of the additional effects operating in the high

gain regime, we can make some initial inferences on the
performance of the rephasing π-pulses based on Fig. 6. 8%
of the observed rephasing inefficiency is explained bywrite-
time decoherence. Thus, we bound the inversion efficiency
of each rephasing π-pulse to≥ 93%, if the π-pulses were the
dominant source of rephasing inefficiency.
The 81% maximum observed efficiency here includes

spin-state storage and exceeds the best demonstrations
observed in other solid-state systems (up to 75%, with
only Ref. [17] demonstrating spin-wave storage)
[16,17,28,46–48], and approaches those seen in atomic
gases (up to 95%) [18–22]. The efficiency is also similar to
the 80% efficiency achieved recently in Eu∶Y2SiO5 [49] by
using cavity enhancement, an approach that can also be
applied here to further increase the efficiency. The sub-
stantial improvement over previous RASE demonstrations
(14% [37]) can be attributed to the level scheme used. All
π-pulses were applied to transitions with weak oscillator
strengths: 3.2%, 7.3%, 7.0% (πi, π1, π2) relative to the ASE
transition (see Appendix B), which minimizes pulse dis-
tortion when propagating through the crystal. In the dis-
cussion, we will explain that a non-classical memory can
achieve these efficiencies without operating at high gain.
Further improvements to the efficiency could be

achieved by two main measures. First, eliminating the
remaining π-pulse inefficiencies by using composite
pulses [50] more tolerant to pulse errors than the single,
temporally square, π-pulses used here. Second, creating a
gain profile with a more uniform radial distribution, either
by composite pulses or complex hyperbolic secant pulses
[29,51,52] for the inversion. Reducing the background
absorption during the memory preparation step with better
level-cleaning protocols may also improve efficiencies, but
this effect is likely to be small.
In summary, the above results show that the level

scheme used here is capable of high recall efficiencies

FIG. 6. I4LE efficiency as a function of the gain on the input
transition, j þ 5

2
ig → j þ 5

2
ie, with delay times ta ¼ 6 μs and

tb ¼ 0.1 μs. RASE efficiencies over a smaller gain regime are
also shown. The gain was measured by comparing the amplified
input pulse to the pulse recorded without a gain medium. The
Ledingham model comes from Eq. (2). The MBE model was
developed to account for background absorption and imperfect
rephasing.
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in a free-space experiment, along with write and storage
times that are sufficient for the storage of many temporal
modes, investigated below.

B. Characterization of RASE

The next series of experiments characterized the per-
formance of the RASE protocol directly. We studied
correlations between the ASE and RASE windows, polari-
zation mode mixing, and the temporal mode capacity.

1. Correlations

The time varying correlations between ASE and RASE
fields were measured to investigate whether noise was
present in the signals at the classical level. The correlations
were studied for a series of gains between 4 and 30 dB. For
each gain level, 500 RASE shots were recorded. To
calculate the correlations, first the ASE and RASE
windows were digitally frequency-shifted to homodyne,
with a low-pass filter applied. Then, the two windows were
convolved,

CXðτÞ ¼
Z

AðtÞ · Rðt − τÞdt; (3)

CAðτÞ ¼
Z

AðtÞ · A†ð−ðt − τÞÞdt: (4)

Equation (3) gives the time-varying cross-correlation,
CXðτÞ, between the ASE, AðtÞ, and the RASE, RðtÞ, time
windows, while Eq. (4) gives the auto-correlation of the
ASE window with itself. A similar expression exists for
the RASE auto-correlation. Time-varying correlations are
complex-valued; however, the auto-correlations are always
in phase and are therefore purely real-valued. The auto-
correlations were used to reference the cross-correlation’s
amplitude back to the ASE or RASE field’s amplitude.
Figure 7(a) shows the auto-correlation of both fields and
the cross-correlation between them. The correlations are
maximal at time τ ¼ 0, when the two windows are aligned.
The amplitude then decays according to the bandwidth of
the ensemble, with a FWHM of 1.95 μs. The narrow peaks
in the center of the auto-correlations are from a vacuum
auto-correlation. This has effectively, an infinite band-
width and therefore infinitesimal temporal linewidth, but
the vacuum signal is then broadened by the low-pass filter
applied to the data in frequency space. In Fig. 7(b) the
vacuum auto-correlation has been removed by fitting a
Gaussian and a Voigt profile to the vacuum and ASE/
RASE auto-correlations, respectively, and then subtracting
the Gaussian from the data. Also shown in this figure is the
expected cross-correlation (CX) calculated from the vac-
uum-subtracted auto-correlations. Given that the RASE
field’s amplitude is the time-reversed complex conjugate
of the ASE field scaled by the square root of the rephasing
efficiency and a phase term, we can write the expected

cross-correlation in terms of the ASE field, assuming
perfectly correlated fields,

CXðτÞ ¼
Z

AðtÞ · ffiffiffi
η

p
A†ð−ðt − τÞÞeiθdt; (5)

CXðτÞ ¼
ffiffiffi
η

p
CAðτÞeiθ; (6)

where θ is the phase between the ASE and RASE fields.
The magnitude of the cross-correlation is then the magni-
tude of the ASE auto-correlation scaled by the square root
of the efficiency, if the two fields are perfectly correlated.
Classical noise present in the data would reduce the cross-
correlation, so comparison of the expected and actual
cross-correlation can be used to identify classical noise.
Figure 7(c) shows good agreement between the expected
and measured cross-correlations, across all gains, indicat-
ing a strong correlation between the ASE and RASE fields
and no measurable added classical noise, within error.

2. Polarization mode mixing

Polarization mode mixing is important to characterize
because, if present, it would remove polarization

FIG. 7. (a) Shows the real component of the time-varying auto-
correlation for the ASE window and the RASE windows and the
magnitude of the ASE, RASE cross-correlation.. The bump in the
center of the auto-correlations is the vacuum auto-correlation. (b)
shows the same graphs with the vacuum auto-correlation re-
moved, with a time-bandwidth of 1.95 μs. The red dashed line
shows the expected cross-correlation, given the amplitude of the
ASE cross-correlation and the rephasing efficiency. (c) shows the
expected and measured cross-correlation amplitudes as the gain
on theASE transition is increased. (a), (b) shows the gain¼ 25 dB
data set.
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multiplexing as a viable method for increasing memory
mode capacity, and it could introduce uncorrelated ASE/
RASE fields into the detection mode. Y2SiO5, like many
rare earth quantum information materials, is birefringent,
so the polarization of the input light field is transformed as
it propagates through the crystal in the general case. The
behavior of polarized light in quantum memory protocols
is not well understood, but it is possible that this effect
could lead to cross-talk between polarization modes in
some circumstances.
To study polarization mode mixing we recorded RASE,

at maximum gain, with the heterodyne local oscillator
polarization either aligned with, or orthogonal to, the
polarization of the π-pulses, which define the polarization
mode of the RASE signal. When the local oscillator is
aligned with the π-pulses, we measure the “aligned” signal
while for a local oscillator orthogonal to the π-pulses we
measure the “orthogonal” signal. Figure 8(a) shows a time
trace from both data sets, while Figs. 8(b) and 8(c)
show the power spectrum of the ASE window, RASE
window, and a reference pulse for the two polarization
measurements.
The data show that the reference pulses (which do not

interact with the atoms) are emitted (ð99.1� 0.4Þ%) in the
same polarization as the π pulse, as expected. The ASE
field is emitted fairly evenly in both aligned and orthogo-
nal polarizations. This behavior is expected; the ASE
polarization is only determined by the nature of the
transition dipole moment, and our previous echo and
absorption studies have shown fairly flat polarization
dependence in this propagation direction [53]. In contrast,
the data show that the RASE field is predominately emitted
in the polarization of the π-pulses. This can be anticipated
because of the phase matching conditions for RASE recall,
which are as follows. The π-pulses imprint a longitudinal
phase relationship on the crystal that is dependent on the
crystal birefringence, with a wavelength given by the
polarization beat length, bL ¼ λ=Δn. These π-pulses are
effective at rephasing ASE signals with the same longi-
tudinal phase relationship (i.e. the aligned ASE polariza-
tion), and somewhat ineffective at rephasing the
orthogonal ASE polarization. If the π-pulses are exactly
polarized along one of the principal refractive index
directions (the D1, D2, and C2 directions), there is zero
rephasing of the orthogonal signal. This phase matching
condition applies when the crystal is significantly longer
than the polarization beat length of ≈100 μm.
While this partial rephasing of the orthogonal ASE

signal into is a perfectly reasonable explanation for the
presence of the ð6� 3Þ% orthogonal RASE signal, we
need to eliminate the possibility that part of the aligned
ASE is being rephased into the orthogonal RASE signal. If
the rephasing was splitting the aligned ASE into both
polarization modes in this way it would indicate polari-
zation mode mixing was present. We can differentiate

between these two sources by calculating the correlations
between the fields. It was not feasible in the experiment
to directly measure the correlation between the aligned
ASE and orthogonal RASE, since this would require fast
polarization switching. However, we can place an upper
bound on the aligned ASE—orthogonal RASE correlation
by considering the correlation of the orthogonal ASE—
orthogonal RASE fields in Fig. 9. The very strong
correlation seen certainly indicates the orthogonal ASE
field was the main source of the orthogonal RASE field,
not mode mixing. Comparing the measured correlation to
the expected correlation (black line) suggests that ð80�
10Þ% of the ð6� 3Þ% orthogonal RASE mode was
correlated with the orthogonal ASE mode, limiting the
polarization mode mixing to ≤ 1.2� 0.6%. Thus, there is
minimal polarization mode mixing in the experiment. The
existence of the orthogonal RASE mode will not affect the
RASE measurements because the heterodyne detection
filters the orthogonal polarization.

3. Temporal multiplexing capacity

We demonstrate temporal multiplexing by subdividing
the ASE and RASE temporal windows into smaller sub-
windows. Figure 10(a) shows a RASE data set with a
160 μs time gap between the inversion and rephasing
π-pulses in which 70 sub-windows, each 0.5 μs long and
separated by 2 μs, are defined. Figure 10(b) shows three
correlation amplitudes for each time window: the ASE

FIG. 8. (a) High gain 4-level RASE time traces, with the local
oscillator’s polarization aligned with (blue) and orthogonal to
(orange) the light coming out of the cryostat. The ASE and RASE
windows, along with one of the reference pulses, are highlighted.
(b) and (the power spectrum of the highlighted windows for the
aligned and orthogonal polarization, respectively.
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auto-correlation, the cross-correlation, and the neighbor
cross-correlation (the cross-correlation between the nth

ASE window and the ðnþ 1Þth RASE window). The
cross-correlations decay over the 158 μs write-time, within
which 40 modes are stored, with the dashed line indicating
the 1=e point. This gives the memory a time-bandwidth-
product of 40, in agreement with the value of 39.5 that can
be calculated from the write-time and memory bandwidth
(from the time-varying cross-correlation, Fig. 7). Finally,
the near-zero neighbor cross-correlation suggests no signs
of temporal mode mixing.
Taken together, the results of this section show strong

correlations between the ASE and RASE fields, with no
clear evidence of mode mixing. The mode purity also
allowed temporal multiplexing using the full time-band-
width-product of the memory.

C. Verification of quantum entanglement

The results discussed thus far have operated over a range
of gains, with high gain used to achieve high efficiency,
given by Eq. (2), and strong signals observable at the
classical level. The high gain measurements also showed
no evidence of classical-level noise, albeit with small, 500
shot, data sets. Non-classical tests are far more sensitive to
noise. The inseparability criterion for continuous variable
states [54] requires no greater than 1 vacuum unit of noise.
Given this constant noise budget, it is common to perform
non-classicality experiments with dim optical signals, near
the single photon level. In the following results, a
conservative gain of 7 dB was used for the same reason,
with a recorded ASE signal equivalent to 2.75 vacuum

noise units. In this regime, the efficiency was lower, 17%,
following the trend in Fig. 6.
The inseparability criterion for continuous variable

states [54], used in previous RASE demonstrations
[31,37,38], uses a pair of Einstein-Podolsky-Rosen-type
operators,

û ¼
ffiffiffi
b

p
IA þ

ffiffiffiffiffiffiffiffiffiffiffi
1 − b

p
IR; (7)

v̂ ¼
ffiffiffi
b

p
QA − ffiffiffiffiffiffiffiffiffiffiffi

1 − b
p

QR: (8)

I and Q are the in-phase and out-of-phase quadrature
amplitudes for both fields, with the subscripts A and R
referring to ASE and RASE, respectively. b∈ ½0; 1� is a
free parameter that weights the ASE and RASE fields. The
inseparability line (λ) is defined as,

λðbÞ ¼ hðΔûÞ2i þ hðΔv̂Þ2i: (9)

The inseparability criterion states that if λðbÞ ≥ 2 for all
b, then the two operators are separable, and if 0 ≤ λðbÞ <
2 for any b, then they are inseparable, and thus, entangled,
forming a two-mode squeezed state.
Figure 11 shows the inseparability line, calculated from a

5000-shot data set. Similar to the correlationmeasurements,
the ASE and RASE windows were first digitally beaten to
dc and low-pass filtered. A window length of 13.2 μs and
cut-off frequency of 280 kHz gave the best inseparability
criterion violation. The inset in Fig. 11 zooms in on the
inseparability criterion minimum, 1.81� 0.05 at b ¼ 0.17.

FIG. 9. Classical correlations in the weak orthogonal RASE
data set, shown on a log scale. The green line shows the strong
orthogonal ASE—orthogonal RASE correlation, in line with the
expected value, indicates that polarization mode mixing is not
making a significant contribution to the orthogonal RASE signal.
The large uncertainties are due to the weak signal from this
largely suppressed RASE mode.

FIG. 10. Data storage capacity (a). Demonstration of 70 RASE
temporal modes, achieved by splitting the ASE and RASE
windows into 0.5 μs long sub-windows separated by 2 μs. (b)
the RASE cross-correlation, ASE auto-correlation and the cross-
correlation between an ASE window with the next RASE
window, with the top x axis showing the total delay time. The
black dashed line indicates the cross-correlation amplitude 1=e
point, intercepting with the 40th mode.
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The theory line, red dash-dotted, uses amodel developed by
Ferguson et al. [31], where losses and rephasing ineffi-
ciencies are treated as beamsplitter operations that mix
vacuum into the ASE and RASE fields. The model derives
expressions for û and v̂,

hðΔûÞ2i¼ bðlhI2Aiþð1−lÞÞ
þð1−bÞðlðηhI2Riþð1−ηÞÞþð1−lÞÞ
þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bð1−bÞ

p
l

ffiffiffi
η

p hIAIRi; (10)

with a similar expression for hðΔv̂Þ2i. Here, η is the
rephasing efficiency (17%) and l accounts for all losses
between the crystal and the detectors (24% through
cryostat windows, 50% from the heterodyne detection
beamsplitter, and 20% loss due to detector quantum
efficiency). The inseparability criterion is violated with
a certainty of 3.7σ and shows excellent agreement with
the theoretical model, indicating the absence of mode
mixing other than with the vacuum state associated with
losses in the experiment.
Finally, we can infer the squeezing factor of the two-

mode squeezed state was 0.4 dB at the detectors, given the
inseparability minimum, 1.81. This value includes all the
losses in the experiment from crystal to detector, including
the heterodyne detection. We can also calculate the
squeezing factor at the output of the crystal, without
experimental losses, using the inseparability model to
give at 1.5 dB, which is limited by the rephasing efficiency.

IV. DISCUSSION

In this paper we made the first demonstration of
quantum state storage in Er using an operating regime
(temperature, magnetic field, choice of levels, and spectral
preparation strategy) that can allow high performance
across all quantum memory metrics relevant for both
quantum repeater operation and other LOQC-based com-
ponents. We showed non-classical correlations between
time separated optical fields with a certainty of 3.7σ;
storage efficiency up to 81%; a storage time of 25 μs; and
memory write-time of 158 μs, giving storage of 70 distinct
temporal modes with a time-bandwidth product of 40.
Here, we first briefly discuss the broader applicability of
the approaches and results here to other quantum memo-
ries, before discussing the prospects for further improve-
ments in performance in this system.
The rationale behind the choice of material and operat-

ing regime here is applicable to other quantum memory
approaches. As is now well recognized [25], by freezing
the electron spin of a Kramers dopant, we recover (optical
and nuclear spin) coherence times in Kramers ions as good
as those of non-Kramers ions, with the added advantage
that the electron spin freezes out the nearby nuclear spin
bath (frozen core effect [55]), slowing spectral diffusion.
Next, by choosing a material with large hyperfine structure
relative to its inhomogeneous broadening, we can spec-
trally prepare the ensemble in a single hyperfine state, and
then pump the selected memory ions to a spectrally well-
isolated level. Thus, the memory ions are prepared in a
spectral region with very low background absorption, and
their spin-spin relaxation is strongly suppressed by the spin
projection mismatch with the rest of the Er ensemble.
Further, the bandwidth of the quantum memory in this
regime is limited by the optical inhomogeneous linewidth
only. Finally, by choosing a set of levels where any
π-pulses see weak oscillator strengths while signal fields
see strong oscillator strengths (Appendix B), we can
achieve much higher memory efficiencies, even with
simple temporally square rephasing π-pulses. This reason-
ing applies to any multi-level memory protocol that uses
π-pulses, and this pattern of oscillator strengths is in no
way unique to 167Er∶Y2SiO5, so the approach here could
profitably be used in other systems to reduce errors
associated with π-pulse distortion.
We also highlighted here two important considerations

for characterizing the performance of four-level quantum
memory protocols. First, we described the concept of the
write-time, the time available on the optical transition for
encoding information. In a two- or three-level, photon-
echo memory (i.e. ROSE, two- and three-level RASE), the
write-time reaches the fundamental limit imposed by
the coherence time. However, in this four-level system
where the signal is recalled on a different optical transition
to the input, a much shorter time applies, determined by
uncorrelated spin inhomogeneous broadening [56]. The

FIG. 11. Inseparability criterion violation, showing a minimum
of 1.81� 0.05 with the 1σ and 2σ confidence intervals shaded.
The inset magnifies the inseparability minimum. The insepa-
rability line dips below the classical boundary with a certainty of
3.7σ. Also shown is a theoretical model of the inseparability line,
red dashed line.
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write-time is a fundamental material limit, providing
further motivation to use materials with low optical
inhomogeneous broadening. This write-time limit applies
to all four-level quantum memories, regardless of proto-
col. However, note that two- and three- level non-photon-
echo protocols will not reach the fundamental coherence
time write-time limit seen in photon echo memories.
Non-photon-echo memories, including the AFC [57] and
the gradient echo memory [58], have additional limita-
tions on their write-time arising from, for instance, the
sharpness of the prepared spectral features used to recall
the stored state.
The second consideration introduced here is the concept

of polarization mode mixing, the recall of part of an input
state into a polarization orthogonal to the input. Such mode
mixing would limit how a memory can be used to store
polarization qubits. In a birefringent crystal-like Y2SiO5,
for input light of arbitrary input polarization, polarization
mode mixing is, in fact, expected, although the amount of
mixing seen here was negligible for the polarization
chosen. Polarization mode mixing can always be elimi-
nated by polarizing light only along the principal axes of
the refractive index tensor, indicating that some care
should be taken with the polarization of light in any
quantum memory in a birefringent crystal. We will discuss
mode mixing, and the interaction of polarized light with
birefringent quantum memories in general, in much more
detail in an upcoming paper.
The RASE performance seen here is, in itself, promising

for applications of 167Er quantum memories. More impor-
tantly, though, this study has allowed us to determine how
to improve the critical memory parameters of fidelity,
efficiency, storage time, and storage capacity, as none of
these parameters are yet limited by the material properties
of 167Er3þ∶Y2SiO5. Here, we use these results to lay out
the pathway for further improvement of Er-based quantum
memories. We will first discuss improvements to the
RASE scheme specifically and then explain how these
results are relevant to a more general-purpose, read-write
quantum memory. Based on the arguments above, aspects
of this approach are likely to be relevant to other materials
and protocols.
Fidelity—The inseparability condition used here to

quantify the entanglement of ASE and RASE fields is
not immediately translatable into fidelity, but the fact that
the theoretical model, which includes no sources of
infidelity, matched the data extremely well indicates the
fidelity of the quantum storage step is high. The non-
classical measurements support this conclusion. Infidelity
arises from mixing of occupied modes into the signal, and
we saw no sign of temporal mode mixing, while the
polarization mode mixing was bounded above by 1.2%. At
this stage, no improvements to the protocol are needed to
improve fidelity beyond ensuring a polarization with
negligible mode mixing.

Efficiency—For applications, the first bar for quantum
memory efficiency is 90%, because exceeding this thresh-
old would relax the resources needed for quantum error
correction [12]. In Sec. III A, we showed that the remain-
ing inefficiency in this system is due primarily to rephasing
inefficiencies, with a small contribution from background
absorption. There was no optimization of the pulse shape
here for rephasing efficiency, but the suggested approaches
in Sec. III A (composite and complex hyperbolic secant
pulses) have been successful in improving efficiency of
π-pulses in nuclear magnetic resonance experiments and
quantum memories [29,50–52]. Given that Ledingham’s
model predicts > 99% efficiency for perfect pulses at high
gain, > 90% efficiency is likely when these measures are
applied here.
In the current setup, high efficiencies can only be

reached at high gain, but placing the crystal in a Q-
switchable, impedance-matched cavity [46,47] would
allow the same high efficiencies in the low-gain regime
[40] needed for quantum-level measurements. Such a
setup offers further improvements to take the efficiency
well beyond 90%: the spatial mode distortion effects seen
in the high gain regime can be avoided, and thinner crystals
can be used, which then reduces the background absorp-
tion and any residual absorption of the rephasing π-pulses.
Here, for our quantum-level measurements, we chose a

gain of 7 dB (and resulting efficiency of 17%) as
sufficiently low to avoid classical noise. The improve-
ments above will allow much higher efficiencies at this
gain, but we also note that this was an overly conservative
choice of gain, as the results of Sec. III B show minimal
classical noise, even at high gain. However, a cavity-
enhanced implementation would use optical depths at, or
below, 7 dB, as has been used in previous cavity-enhanced
memories [46–48]. Operating at higher single pass gain, or
in an impedance-matched cavity, will push up both the
quantum storage efficiency and squeezing factor achiev-
able in an impedance-matched system.
Storage time—The 25 μs storage time here, limited by

dephasing on the hyperfine transition, is sufficient for
networking demonstrations over a < 5 km network and is
equivalent to the longest delay lines used in LOQC
experiments. It is straightforward to extend this storage
time significantly by adding rephasing pulses on the
storage hyperfine transition to the RASE pulse sequence
[59,60]. This change allows the storage time to be
extended to the > 1 s [25] hyperfine coherence time.
Work to reach a storage time of 3.7 s using this approach
will be reported separately.
Mode capacity—The temporal mode capacity shown

here, determined by the write-time, is ultimately limited by
fundamental material properties: the uncorrelated inho-
mogeneous broadening on the different transitions
employed. Improving the mode capacity, therefore,
requires using other degrees of freedom. While it is
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experimentally complex to access, significant capacity is
available in the spatial domain, given a spot size of
100 μm2 compared to an average crystal size of 1 cm2.
Spectral multiplexing is more straightforward. Here, it
would involve simply preparing multiple spectrally
resolved antiholes, and running the RASE sequence on
each antihole concurrently. The preparation of multiple
antiholes has already been shown in this material [26]. For
the level scheme shown here, the optical splittings between
π-pulses and between the ASE and RASE fields limit
spectral multiplexing, setting an upper bound of 95 MHz
(spectra shown in Appendix B). Given the 95 MHz limit,
and the 158 μs write-time, the storage of ∼7000 modes is
theoretically possible within a single spatial mode.
Applications of the current system—Since RASE com-

bines a source and memory, it can form the basis of a
quantum networking demonstration with minimal addition
infrastructure. The current efficiencies and storage times
are sufficient for initial demonstrations that are Oð1 kmÞ.
The underlying performance of the system is similar to, or
better than, the performance seen in other recent demon-
strations [61–65]. Such a demonstration is also consider-
ably less experimentally complicated in 167Er3þ∶Y2SiO5,
because this previous work relied on frequency conversion
to interact with telecom-band photons.
Read-write memory implementation—The source-

memory combination created by RASE is well suited to
repeaters as well the state generation and initial storage
steps in other LOQC-based components. However, it is not
a read-write quantum memory for arbitrary states. Read-
write capability is, instead, provided by closely related
protocols to RASE, particularly the noiseless photon echo
(NLPE) [27,39], a four-level variant of ROSE, which can
operate using exactly the same set of levels as RASE.
RASE can be transformed into the NLPE by adding an

input pulse (i.e. an I4LE), removing the inversion pulse
(πi), and changing the rephasing pulse sequence from
ðπ1; π2Þ to ðπ1; π2; π2; π1Þ, with the requirement that the
wavevectors of π1; π2 must break the phase matching
conditions that produce the echo (e.g. by using counter-
propagating pulses [27]). Given the similarities between
the two pulse sequences, and assuming good overlap of
counter-propagating pulses, we expect NLPE to shown
similar performance to what is reported here in terms of
storage time, write-time, and lack of mode mixing. The
extra pair of rephasing pulses may lower the efficiency
from 81% to ≥ 70%, given the ≥ 93% bound on the
rephasing π-pulse efficiency, assuming the memory is
operated in backwards recall [27]. The steps described
above to improve the RASE performance will have a
similar effect on the NLPE.

V. CONCLUSION

We reported the first demonstration of a quantum
memory protocol capable of high efficiency, fidelity and

storage capacity in a telecom compatible material. We
showed strong entanglement between an output state and
the state retained in memory, violating the inseparability
criterion by 3.7σ. The temporal multiplexing capacity (70
modes demonstrated) was the only parameter of the
memory that is reaching the fundamental material limits,
but the addition of spectral multiplexing provides a data
capacity up to a (calculated) 104 spectro-temporal modes
per spatial mode. We achieved memory efficiencies up to
81% (in the classical regime), the highest storage effi-
ciency seen with any rare earth quantum memory protocol
in a free-space, while also operating as a spin-wave
memory. Modifications to the pulse sequences can
improve this efficiency above 90% in the quantum regime
and extend the 25 μs storage time out to the Oð1 sÞ
coherence times. Further improvements are expected by
employing an impedance-matched cavity. Such a memory
could exceed the performance of fiber delay lines for
LOQC and allow the demonstration of global-scale quan-
tum networks.
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APPENDIX A: FIELD GRADIENT MODEL

This section details a numerical model used to describe
the effects of a parabolic magnetic field gradient on the
write-time and storage time of the ensemble. The field
gradient exists due to inhomogeneities in the 6 T magnetic
field from the superconducting solenoid. Figure 12 shows
two I4LE write-time measurements. The blue data set is
the write-time data presented in the main text, where the
crystal was within 1 mm of the magnet center. In the
orange data set, the crystal was moved 3 mm, in the axial
direction, from the magnet center. In this data set, the echo
decay has a very pronounced modulation, arising from the
magnetic field gradient across the crystal.
The change in magnetic field shifts the hyperfine levels

of the Er ions, which causes different regions of the crystal
to dephase at different rates. The dephasing leads to
constructive and destructive interference between different
spatial regions of the crystal.
By measuring the magnetic field, and corresponding

gradient, across the crystal we determine the Er frequency
along with the density of ions at a given frequency
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detuning, giving an effective spectral lineshape. The echo
modulation is simply the inverse Fourier transform of this
lineshape. In a trivial case, a purely linear field gradient,
the lineshape will be a top hat and the echo modulation
follow a jsincj function. For a parabolic field gradient, as is
the case here, the lineshape is numerically estimated.
Finally, the decays in Fig. 12 are the convolution of the
echo’s modulation and the inhomogeneous spin dephasing
[41–43].
Figure 13 shows the magnetic field as a function of axial

distance from the center of the solenoid, roughly parallel
with the light propagation in the main text, with the
solenoids radial direction perpendicular to the laser beam.
As such, the axial and radial directions of the both the
solenoid and the laser beam are equivalent. We consider
field gradients along the interaction region between the
crystal and the laser beam. Radial field gradients are
neglected because they are significantly smaller than the
axial gradients; the 30 μm beam waist is much smaller
than the 3 mm crystal length.
The fitted parabola in Fig. 13 is then transformed into an

atom frequency detuning by,

BðxÞ ¼ ax2 þ bxþ c; (A1)

fðxÞ ¼ g · BðxÞ; (A2)

where BðxÞ is the magnetic field strength, fðxÞ is the atoms
frequency detuning along the axial direction, x, and g is the
magnetic field sensitivity of the storage transition. For
simplicity, we assume that the field direction does not
change.
We now estimate the density of ions at a given detuning

frequency, ρðfÞ, assuming the Er ions are homogeneously
distributed through the crystal, ρðxÞ ¼ c.

ρðfÞ ∝ ρðxÞ · dx
df

: (A3)

For a parabolic field gradient, dx
df becomes undefined at

x ¼ 0. To deal with this discontinuity, the crystal was
divided into finite slices in the frequency domain, with the
slice boundaries chosen to avoid discontinuities.
Figure 14 shows the frequency detuning as a function of

axial displacement for the write-time transitions (for both
data sets in Figure 12), with the crystal location for the
< 1 mm data set shown in orange.
The frequency density function, ρðfÞ, for the < 1 mm

data is shown in Figure 15. For this data set the frequency
detuning is small, at most 300 Hz, compared to the 4.3 kHz

FIG. 12. Two I4LE write-time data sets, with the crystal axially
displaced in the magnetic field by < 1 mm (blue) and 3 mm
(orange).

FIG. 13. Measured magnetic field as a function of axial
distance, taken in the center of a 6 T magnetic field. The orange
line shows a parabolic fit to the data. The gray shaded region
shows the position of our 3-mm-thick crystal.

FIG. 14. Frequency detuning for the write levels as the crystal
is displaced axially in the magnetic field. The orange section of
the line shows the crystals position in Figure 4. Note that the
parabola is slightly lopsided.
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inhomogeneous spin dephasing (see main text). Thus, the
effect of the field gradient is small compared to the 158 us
write-time. Figure 16 shows the two write-time decay
components: inhomogeneous spin dephasing and field
gradient dephasing, for the < 1 mm axial offset (top)
and 3 mm axial offset (bottom), respectively.
Ultimately, the effects of magnetic field gradients shown

in the main text are rather minimal. However, this does
indicate the importance of homogeneous magnetic fields,
and the results shown here will be used when considering
crystal size and field homogeneity. For the < 1 mm data,
the field gradient was ∼1 mT and shows a small, but
observable effect on the write-time.
This effect can be minimized by using thin crystals,

which the main text indicates that thin crystals will be used
in impedance-matched cavities. Further ways to minimize
this effect, if needed, are a smaller magnetic field
(Ref. [25] suggests that fields as low as 3 T could be
used) or shimming gradient coils.

APPENDIX B: OSCILLATOR STRENGTHS
AND SPECTRA

Here, we present thermal spectra of 167Er3þ∶Y2SiO5

along with the relative oscillator strengths and relative
transition frequencies of the transitions used in the RASE
protocol. Figure 17 shows the spectra of 167Er3þ∶Y2SiO5

in thermal equilibrium, with an inhomogeneous linewidth
of 150 MHz [25]. The black dots each indicate a unique
optical transition, and the transitions used in the RASE
transition are labelled πi, π1, π2, ASE, and RASE. This
figure can be used to understand the limitation of the
bandwidth of the photon memory. The ultimate limit of
bandwidth of a memory is the optical inhomogeneous
linewidth, here 150 MHz, but there can be lower protocol-
dependent limits. Here, the bandwidth is limited by off-
resonant excitation of other transitions during any step of

FIG. 15. Ion density at different frequency detunings on the
storage levels of the I4LE, due to a magnetic field gradient. For
clarity, all the ions have the same optical transition frequency.
There is a small step on the high frequency side of the graph, this
is because the crystal was not perfectly centered in the field, so
one edge side of the crystal had a slightly larger field gradient
than the other side.

FIG. 16. Fitting for both write-time data sets. Also shown is the
decay due to inhomogeneous broadening (using an identical
Voigt profile for both data sets) and the dephasing due to the field
gradient.

FIG. 17. 6 T site 2 167Er3þ∶Y2SiO5 spectra. Each black dot
represents an optical transition, with the ASE, RASE, and
π-pulse transitions labelled.
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the pulse sequence, as this will cause errors. For this
particular level scheme, the ASE and RASE transitions are
the closest, separated by 95 MHz, which defines the
maximum memory bandwidth.
Table I shows the relative oscillator strengths and

transition frequencies of the transitions used in the 4-level
RASE pulse sequence. As discussed in the text, the π-pulse
transitions are all significantly weaker than the ASE and
RASE transition, allowing the gain on the two output
transitions to be high, while the π-pulses experience low
absorption and thus minimal distortion.

APPENDIX C: MAXWELL BLOCH MODEL OF
MEMORY EFFICIENCY

To better model the I4LE efficiency, Fig. 6, we
employed a simplified, one-dimensional Maxwell Bloch
model, using the standard assumptions. We considered an
ensemble of two-level atoms (states jai and jbi) driven by
a classical light field E ¼ E0eiðkz−ω0tÞ in the weak inter-
action limit such that the rotating wave approximation
applied. The light polarization was ignored, and the
(electric) dipole transition moment dab was chosen to
match the 36 dB peak absorption for this 6 mm, 0.005% Er
sample. The atoms were represented by a density matrix,
and relaxation was included via phenomenological decay
constants T1 ¼ 10 ms and T2 ¼ 1 ms (which had minimal
effect over the short, Oð1 μsÞ, delay times modeled). This
resulted in optical Bloch equations in the rotating frame:

ρ̇aa ¼ − i
2
½ρbaχ� − ρabχ� þ

1

T1

ð1 − ρaaÞ;

ρ̇bb ¼ þ i
2
½ρbaχ� − ρabχ� − 1

T1

ρbb;

ρ̇ab ¼ − i
2
ðρbb − ρaaÞχ� þ iΔρab − 1

T2

ρab; (C1)

where χ ¼ − 1
ℏ dabE0eikz is the Rabi frequency andΔ is the

atomic detuning. The electric field generated by the atoms

was calculated by adding a source term,

P ¼ NTrðdabρÞ;

where N is the atomic number density, to Maxwell’s wave
equation:

∇2E − n2

c2
∂2E
∂t2

¼ μ0
∂2P
∂t2

: (C2)

Here, μ0, n, and c are the free-space permittivity,
refractive index, and speed of light respectively.
Applying the usual slowly varying amplitude approxima-
tion and translating to the co-moving frame z ¼ ξ and τ ¼
ðt − nz

c Þ allows expressing this in terms of a single variable,

∂E
∂ξ

þ c:c: ¼ iμ0Nωc
n

d�abρab þ c:c: (C3)

The crystal was divided into optically thin slices
(0.5 mm thick), and the above equations were used to
calculate the electric field generated at each slice, which
was then fed in as the input field for the following slice.
To model the I4LE, we considered a 400 kHz-wide

atomic ensemble with an initial inversion ranging from 0
(0 dB gain) to 1 (36 dB gain). This ensemble was driven by
a weak input pulse (< 1% of a π-pulse), and then, after a
short wait time (7 μs), a hard π-pulse. The I4LE efficiency
was calculated by comparing the resulting echo to the
input pulse. Losses were modelled with a single rephasing
efficiency parameter that attenuated ρab after the π-pulse.
Background absorption was included as a reduction of gain
in each crystal slice, after the π-pulse. These parameters
were fit to the experimental data to provide the curve in
Fig. 6. To efficiently fit the data, the fitting parameters
were bounded to reasonable values. The background
absorption and rephasing efficiency was bounded between
0–3 dB, and the fit was weighted to prioritize the low-mid
gain regime (0–20 dB), as the model breaks down in the
high gain regime.
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