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Optical quantum memories, which store and preserve the quantum state of photons, rely on a
coherent mapping of the photonic state onto matter states that are optically accessible. Here we
outline a new physical mechanism to map the state of photons onto the long-lived but optically
inaccessible collective state of noble-gas spins. The mapping employs the coherent spin-exchange
interaction arising from random collisions with alkali vapor. We analyze optimal strategies for high-
efficiency storage and retrieval of non-classical light at various parameter regimes. Based on these
strategies, we identify feasible experimental conditions for realizing efficient quantum memories with
noble-gas spins having hours-long coherence times at room temperature and above.

Optical quantum memories enable the storage and
retrieval of non-classical photonic signals. High perfor-
mance memories are vital for various quantum-optics
applications, including quantum communication, entan-
glement distribution, and universal quantum computa-
tion [1–5]. The memory storage duration is ultimately
limited by the coherence time of the material state uti-
lized by the memory [6]. Nuclear spins of rare isotopes
of noble gases are enclosed by complete electronic shells
and are thus well isolated from the environment. These
spins feature hours-long lifetimes even when kept above
room temperature [7, 8]. While not directly interact-
ing with photons, these spins can be accessed via colli-
sions with other, optically-accessible, atoms. A singular
and challenging proposal from 2005, to utilize noble-
gas spins for storage of squeezed-vacuum light, employs
strong exchange collisions with meta-stable helium pop-
ulation sustained by electric discharge [9].
Recently a new mechanism for coherent coupling to

noble-gas spins was identified, relying on weak spin-
exchange collisions with alkali-metal atoms [10]. These
collisions constructively accumulate to couple the col-
lective quantum states of the noble-gas and alkali spins.
The coupling is controllable and efficient at readily avail-
able experimental conditions. It enables the reversible
transfer of quantum spin excitations, such as squeezed
states, to and from the noble-gas spins [11].
In this Letter, we propose to use the spin-exchange

interface for realizing a quantum memory, employing
the alkali spins either as stepping-stones in a sequential
process or as mediators in a single adiabatic process.
By analyzing the dynamics in terms of collective canon-
ical operators, we derive optimal control strategies for
efficient mapping of the quantum state of an incoming
light pulse onto the long-lived spin state of the noble gas.
The schemes we identify, which circumvent the loss due
to the shorter-lived alkali spins, are applicable to any
physical four-level system with similar constrains. Fi-

nally, we present feasible experimental conditions for a
quantum memory with helium-3.

The system we consider, shown in Fig. 1(a), com-
prises a noble gas mixed with alkali-metal vapor. The
optical signal field Ê interacts only with alkali atoms
via the electric dipole interaction. Each alkali atom
is modeled as a Λ system with two ground-level states
|�〉, |�〉 and one excited state |p〉, as shown in Fig. 1(b).
To simplify the intuitive explanation, we assume that
Ê is a single mode of a cavity and thus excites the
symmetric, collective, optical dipole of all Na alkali
atoms P̂ ≡ 1√

Na

∑
a |�〉a 〈p|a. A classical control field

with Rabi frequency Ω (t) drives the |p〉–|�〉 transition,
thereby coupling the signal field to the collective spin co-
herence Ŝ ≡ 1√

Na

∑
a |�〉a 〈�|a of the alkali atoms [12].

This two-photon process circumvents the rapid deco-
herence of the optical dipole (e.g., due to spontaneous
emission or pressure broadening) and, by modulation of
Ω (t), allows for the storage of the optical signal on and
its retrieval from the spin Ŝ. At this point, Ŝ may serve
as a quantum memory whose lifetime is limited by the
relaxation rate γs of the alkali spins [13–18]. We choose
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Figure 1. Optical quantum memory using noble-gas spins.
(a) The input optical signal (green) is coherently mapped
onto the collective state of noble-gas spins (blue) via colli-
sions with alkali spins (red). (b) Modeled states of a polar-
ized alkali atom. (c) Modeled states of a noble-gas atom.
(d) Collective states of the alkali and noble-gas ensembles
for a single input photon.
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the states |�〉 and |�〉 such that Ŝ is the annihilation op-
erator of the total alkali spin, removing one quantum of
spin from the alkali ensemble [19]. This choice subjects
Ŝ to coherent exchange with the noble-gas spins [10].
We consider Nb spin-1/2 noble-gas atoms with down
and up spin states |⇓〉,|⇑〉, as shown in Fig. 1(c). These
spins weakly interact with their surroundings, and their
collective spin K̂ ≡ 1√

Nb

∑
b |⇓〉b 〈⇑|b, which we propose

to employ as a quantum memory, has extremely low
decoherence rate γk ≪ γs.
The mapping of the optical signal onto the long-lived

spin K̂ is mediated by multiple, weak, spin-exchange
collisions between alkali and noble-gas atoms. The cu-
mulative effect of these collisions is manifested as mu-
tual exchange of collective spin excitations between the
gases: {∂tŜ}ex = −iJK̂ and {∂tK̂}ex = −iJ Ŝ. If the
ensembles are highly polarized, particularly if all spins
point downwards |0〉 =|�〉⊗Na |⇓〉⊗Nb in the absence of
excitations, then the exchange rate of a single collective
excitation is J = ζ̃

√
NaNb, where ζ̃ is a constant [10].

The collective quantum operators P̂, Ŝ, and K̂ are
considered here in the rotating frame [12]. These op-
erators satisfy the bosonic commutation relations and
produce a single collective excitation when P̂†, Ŝ†, or
K̂† operate on the ‘vacuum’ state |0〉. Similarly, the
input and output optical signals in a specific temporal
mode are represented by the operators Êin, Êout which
satisfy the commutation relations [Êin(t), Ê†in(t′)] =
[Êout(t), Ê†out(t′)] = δ(t− t′).
The atom-photon interaction strength inside the cav-

ity is parametrized by the cooperativity C, proportional
to the product of the cavity finesse and the optical depth
of the atomic medium [20, 21]. In the fast-cavity limit,
the output field Êout satisfies [12]

Êout = Êin + i
√

2γpCP̂, (1)

where γp denotes the dephasing rate of the atomic opti-
cal dipole, and γpC corresponds to its stimulated emis-
sion rate.
In Ref. [22], we derive the equations of the atomic

operators using the Bloch-Heisenberg-Langevin model.
While the full equations are stochastic, the memory effi-
ciency and bandwidth are governed by the deterministic
part [23],

∂tP̂ = −[γp(1 + C) + i∆]P̂ + iΩŜ + i
√

2γpCÊin, (2)
∂tŜ = −(γs + iδs)Ŝ + iΩ∗P̂ − iJK̂, (3)
∂tK̂ = −(γk + iδk)K̂ − iJ Ŝ. (4)

Here ∆ denotes the frequency detuning of the atomic
optical transition from the cavity resonance, δs is the
Raman (two-photon) detuning, and δk is the overall
detuning of the full process. Figure 1(d) shows the

corresponding four-level diagram for the simple but
quintessential case of a single-photon signal.

We aim to find a controllable and reversible process
that efficiently transfers the quantum excitations from
Êin to K̂ and then back from K̂ to Êout. Controlling the
exchange Ê ↔ P̂ ↔ Ŝ is done externally by varying the
control field Ω(t). However, the same cannot be done
for Ŝ ↔ K̂, as the collisional coupling J is constant.
Instead, one can externally vary the Ŝ ↔ K̂ frequency
mismatch δ ≡ δk − δs = δ[B(t)], given by the difference
in spin precession frequencies of the two species, which
linearly depends on the bias magnetic field B(t). In-
tuitively, the exchange Ŝ ↔ K̂ is enabled when B(t) is
tuned to resonance (δ = 0) and is suppressed away from
resonance.

We assume an input pulse with typical duration T and
bandwidth 1/T , containing N =

∫ T
−∞ dt〈Ê†in(t)Êin(t)〉

photons. We search for the temporal shapes of Ω(t), δ(t)
and δs(t) that maximize the storage efficiency η =
〈K̂†K̂〉/N , where 〈K̂†K̂〉 is the number of noble-gas exci-
tations after storage. From here on, we focus on the rele-
vant regime of strong atom-photon coupling γpCT � 1,
where the optical dipole P̂ follows Êin and Ŝ and can
be adiabatically eliminated [12, 22]. We can then safely
take ∆ = 0 while maintaining 〈P̂†P̂〉 � 1.

We adopt the optimal-control tools developed for
a standard three-level memory [24]. We solve
Eqs. (2-4) with an input optical signal 〈Ê(t)†Ê(t)〉 =
A
√

2/Te(t−T )/T for −2T ≤ t ≤ T , where A guarantees
the pulse contains a single photon. We then iterate on
Ω(t), δ(t), and δs(t) using the gradient ascent method
[22]. The optimization calculations for given J, γs, and
T are done with no relaxation of the noble-gas spins
γk = 0 (since γk ≪ 1/T ) and with cooperativity C � 1,
yielding the ideal storage efficiency η∞. Finite coopera-
tivity will lower the storage efficiency to η = ( C

C+1 )η∞,
as well as the total memory efficiency (storage and re-
trieval) which is approximately given by η2 [12, 22].
For a sufficiently long pulse (T � 1/J) or in the

absence of alkali relaxation (γs = 0), we recover as
expected the ideal result of the three-level memory:
η∞ → 1 and η = C

C+1 [12]. Furthermore, we find that
the mapping is optimal when the two-photon transition
is tuned on resonance δs(t) = 0 [22]. However for finite
γs and T , the memory operation depends on two addi-
tional parameters γsT and J/γs, and indeed we reveal
qualitatively-different optimal solutions. The optimal
efficiencies, shown in Fig. 2(a), approach unity when
the spins are strongly coupled (J � γs) or when the
input pulses are long (T � 1/J, γs/J

2). These regimes
correspond to two distinct storage schemes, presented
in Fig. 3 and exemplified in Fig. 4.

For short signal pulses T � 1/γs and T . 1/J in
the strong-coupling regime [Figs. 3(bottom) and 4(a)],
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Figure 2. Optimal storage efficiency η∞ obtained from (a)
the gradient ascent optimization and compared to (b) the
analytic prediction for the sequential and adiabatic schemes.
The efficiency approaches unity when the coupling strength
J between the alkali and noble-gas spins increases (compared
to the alkali relaxation rate γs), and when the pulse dura-
tion T increases. The actual efficiency η = C

C+1η∞ depends
also on the atom-photon cooperativity C. We associate an
optimal solution with the sequential scheme if the single in-
put excitation is first predominately stored on the alkali spin
〈Ŝ†(T )Ŝ(T )〉 ≥ 0.95 and only later transferred to the noble-
gas spin. We associate a solution with the adiabatic scheme
if 〈Ŝ†(t)Ŝ(t)〉 ≤ 0.05 throughout the process. The dashed
lines in (a) mark the boarders of these regimes.

a sequential scheme is optimal, where the alkali spins
are used as a temporary memory before transferring
the excitations to the noble-gas spins. For long pulses
[Figs. 3(top) and 4(b)], an adiabatic scheme is optimal,
where the excitation goes directly to the noble-gas spins,
and the alkali spins act as mediators that adiabatically
follow. We provide below an analytic description for the
two schemes, and their efficiencies in the relevant lim-
its for exponentially-shaped signals. The efficiencies are
also given in Fig. 3 and can be intuitively understood in
terms of the competition between the relaxation rates
γp, γs, γk and the respective stimulated rates Cγp, γΩ,
γJ as given in the figure.
We begin with short pulses T � 1/γs in which the se-

quential scheme is optimal. In the first stage, the input
field Êin is mapped onto the alkali spins Ŝ(T ) while the
noble-gas spins are decoupled by δ � J . The standard
three-level mapping is given by [12]

Ŝ(T ) =
∫ T

−∞
hΩ(t)Êin(t)dt. (5)

The function hΩ(t) = aΩ(t) exp[−
∫ T
t

(γs + γΩ)dt′]
depends on the stimulated-coupling rate γΩ ≡
|Ω|2/[γp(C+1)] and on aΩ = −

√
2γpCγΩ/Ω. Efficiency

is maximized upon optimizing the temporal form of the
control field Ω(t) such that h∗Ω(t) follows the complex
amplitude of the incoming pulse [12, 25–27]. For the
exponentially-shaped input signal we consider, the op-
timal control field Ω(t) is approximately constant. In
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Figure 3. Optimal mapping schemes of an optical signal
Ê onto a long-lived coherence K̂ (noble-gas spin) via short-
lived coherences P̂ and Ŝ (alkali optical dipole and alkali
spin, respectively). The fully-adiabatic scheme (top) is op-
timal for long optical pulses. The respective mapping ef-
ficiency ηadiabatic approaches 1 when the relaxation rates
γp, γs,≫ γk are small compared to the corresponding stimu-
lated coupling rates Cγp, γΩ, γJ . A sequential scheme (bot-
tom) is optimal for short optical pulses. Here an adiabatic
mapping of Ê onto Ŝ, as in standard light storage, is fol-
lowed by tuning Ŝ and K̂ to a resonant exchange (δ = 0).
The respective mapping efficiency ηsequential comprises the
efficiencies of both stages and can approach 1 when Ŝ and
K̂ are strongly coupled (i.e., when J � γs, where J is the
collective spin-exchange rate). Setting γΩ = 1/T − γs for
retrieval of an exponentially-shaped pulse in the sequential
scheme, or γΩ = TJ2 − γs (i.e., γJ = 1/T ) for the adia-
batic scheme, we obtain the expressions in black, which also
provide a rough approximation for a general signal with du-
ration ∼T ≪ 1/γk and bandwidth ∼1/T .

the second stage, the control field is turned off, and
the collisional coupling between the collective alkali and
noble-gas spins is tuned to resonance [δ(B) = 0] for the
duration T ′ − T = π/(2J) for J � γs. This maxi-
mizes the coherent transfer of the excitation, K̂(T ′) ≈
e−πγs/(4J)Ŝ(T ). This scheme features the same band-
width T−1 > γΩ as alkali-based memories, increasing
with the control power. The efficiency ηsequential, pre-
sented in Fig. 3, approaches unity for large cooperativity
(C � 1), strong spin-exchange coupling (J � γs), and
strong control field (γΩ � γs).

We now turn to the regime of long pulses T � 1/J ,
where the adiabatic scheme is optimal. Remarkably,
here the input field Êin is mapped directly onto the
noble-gas spins K̂(T ), keeping the alkali spins unexcited
〈Ŝ†Ŝ〉 � 1. The collisional coupling is tuned to reso-
nance [δ(B) = 0] from the onset, effectively hybridizing
Ŝ and K̂. For γΩ � J , the alkali spin Ŝ adiabatically fol-
lows Êin and K̂, satisfying Ŝ = i(aJ Êin− γJ K̂)/J , where
γJ = J2/(γΩ + γs) is the stimulated-coupling rate to
the noble-gas spin, and aJ = iaΩγJ/J . Substituting
this state in Eq. (4) yields the linear mapping between
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Figure 4. Numerical calculations of optimal storage and retrieval for a polarized potassium\helium-3 mixture at feasible
experimental conditions. (a) High-bandwidth memory of a short (T = 15µs) single-photon pulse. The input pulse (yellow)
is first mapped onto the collective alkali spin (red) employing standard 3-level storage and then transferred to the collective
noble-gas spin (blue). (b) Memory in the adiabatic regime of a long (T = 15ms) single-photon pulse. The input pulse is
mapped directly onto the collective noble-gas spin, by only virtually exciting the alkali spins. The total memory efficiency is
η2 = 0.93 for the sequential scheme and η2 = 0.97 for the adiabatic scheme at the proposed experimental conditions.

the optical signal and the noble-gas spins

K̂(T ) =
∫ T

−∞
hJ(t)Êin(t)dt, (6)

where hJ(t) = aJ(t) exp
(
−
∫ T
t

[γk +γJ ]dt′
)
. Maximal ef-

ficiency is again achieved upon optimal shaping of Ω(t)
such that now it is h∗J(t) that follows the complex ampli-
tude of the incoming pulse. The memory bandwidth is
now reduced to approximately T−1 > γJ . The storage
efficiency ηadiabatic is presented in Fig. 3 for a constant
γΩ and 2T = 1/γJ . The efficiency approaches unity
for large cooperativity (C � 1) and strong control field
(γΩ � γs).
To illustrate the competition between the se-

quential and adiabatic schemes, we present
max{ηadiabatic, ηsequential} in Fig. 2(b). We use
the analytic expressions from Fig. 3, with γΩ → ∞
for the sequential scheme and γΩ = J2T for the
adiabatic scheme, which maximizes ηsequential within
the bandwidth constraints. Interestingly, the analytic
results provide a good approximation to the optimal
efficiency [Fig. 2(a)] even away from their validity limits
(J � γs or T � 1/J).

During the long memory time, the collective noble-
gas spin is susceptible to alkali-induced relaxation γJ =
J2γs/(γ2

s + δ2). Fortunately, it is possible to effectively
decouple the two spins following the storage process by
either applying a large magnetic field δ(B)� J

√
γs/γk

or by letting the alkali atoms depolarize. Finally as
shown in Fig. 4, retrieval of a signal with the same typ-
ical duration T can be realized by time-reversing the
storage sequence [12, 25, 28].
Our model uses only two states, |�〉 and |�〉, to rep-

resent the alkali spin. Real alkali atoms, however, pos-
sess more spin states due to the nonzero nuclear spin

I > 1/2. Among these states, |�〉 and |�〉 are chosen so
as to enable the coherent exchange with the noble-gas
spin via collisions. Between collisions, the strong hyper-
fine interaction renders the total alkali spin F = I⊕ S a
good quantum number. However during a collision, only
the electron spin of the alkali atom (S = 1/2) interacts
with the nuclear spin of the noble-gas atom (K=1/2),
exchanging not more than one unit of spin [29, 30]. Effi-
cient exchange of spin excitations is thus possible if the
difference between |�〉 and |�〉 is a single unit of spin,
and the excitation is encoded on the orientation (first
moment) of the total alkali spin [31]. An optical Λ-type
coupling to the alkali spin orientation is possible even at
high noble-gas pressures [5, 26, 32]. Consequently, for
highly polarized alkali spins, |�〉 and |�〉 are both in the
F = I + 1/2 hyperfine manifold, and their spin projec-
tion along the polarization axis are I+ 1/2 and I−1/2,
respectively. This particular combination of states is
also free from relaxation by alkali-alkali spin-exchange
collisions [19, 33].

Before concluding, we analyze an experimental con-
figuration in which the proposed memory schemes can
be realized. We consider a mixture of potassium and
helium-3, enclosed in a spherical glass cell with a 1 cm
radius. We take helium-3 density of nb = 2 · 1020 cm−3

(7.5 atm at ambient conditions), potassium density of
na = 3.5 · 1014 cm−3 (220◦C), and 30 Torr of N2 to mit-
igate radiation trapping. The alkali spins can be ini-
tialized using standard optical-pumping, reaching high
spin-polarization pa ≥ 95% [29], and the noble-gas spins
can be initialized via spin-exchange optical-pumping,
reaching pb & 75% hyperpolarization [8, 34]. As long as
magnetic-field inhomogenities are minimized, the noble-
gas spin state can exhibit coherence times of up to
1/γk = 100 hours, limited by self dipole-dipole inter-
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actions [8, 35]. These parameters yield J = 1000 s−1

and γs = 17 s−1 for the lowest-order diffusion mode
[36, 37], and an optical cooperativity of C ≈ 100 [22].
The memory operates in the regime known as SERF
(spin-exchange relaxation free), and therefore γs is un-
affected by rapid spin-exchange collisions of alkali-atom
pairs [19, 33, 38, 39].
Any nonclassical state of light, such as squeezed states

and single photons, can be stored in the proposed mem-
ory. To illustrate this, we present in Fig. 4 calcula-
tions of storage and retrieval of a single photon, at the
above physical conditions, with γΩ = 104 s−1. We ob-
tain a total memory efficiency (storage and retrieval) of
η2 ≈ 0.93 for a T = 15µs input pulse with the sequen-
tial storage scheme, and an efficiency of η2 ≈ 0.97 for a
T = 15ms input pulse with the adiabatic scheme.
In conclusion, we present a model for a hybrid sys-

tem comprising light and an ensemble of collisionally-
coupled spins and identify reversible and efficient pro-
cesses for mapping the photons onto the optically inac-
cessible spins. Although we solve the cavity model, we
expect that, in the fast-cavity limit we consider, it also
captures the main features of a free-space realization. A
fully adiabatic process is optimal for long pulses, while a
sequential process prevails for short pulses. These pro-
cesses enable on-demand storage and retrieval of quan-
tum states of light onto noble-gas spins at feasible ex-
perimental conditions. This work lays the groundwork
for applications of noble-gas spins in optical quantum
memories with potentially hours-long storage times.
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