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Atomic memory based on recoil-induced resonances
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In this work, we perform a detailed theoretical and experimental investigation of an atomic memory based
on recoil-induced resonance in cold cesium atoms. We consider the interaction of nearly degenerate pump and
probe beams with an ensemble of two-level atoms. A full theoretical density matrix calculation in the extended
Hilbert space of the internal and external atomic degrees of freedom allows us to obtain, from first principles, the
transient and stationary responses determining the probe transmission and the forward four-wave-mixing spectra.
These two signals are generated together at the same order of perturbation with respect to the intensities of pump
and probe beams. Moreover, we have investigated the storage of optical information on the spatial modes of
light beams in the atomic external degrees of freedom, which provided a simple interpretation for the previously
reported nonvolatile character of this memory. The retrieved signals after storage reveal the equivalent role of
probe transmission and four-wave mixing, as the two signals have similar amplitudes. Probe transmission and
forward four-wave-mixing spectra were then experimentally measured for both continuous excitation and after
storage. The experimental observations are in good agreement with the developed theory, and they open another

pathway for the reversible exchange of optical information with atomic systems.
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I. INTRODUCTION

Similarly to the way in which light energy and momentum
can be transferred to atoms altering their state of motion, the
inverse process in which atomic kinetic energy and momen-
tum are transferred to the light field can modify the light field
state as well. This last process leads to the observation of
various phenomena associated with laser-cooled atoms, such
as, for instance, the so called recoil-induced resonance (RIR)
phenomenon, where the exchange of energy and momentum
between two light beams is mediated by the atomic external
degrees of freedom. This phenomenon was first predicted
theoretically by Guo et al. [1,2], and soon after it was observed
experimentally [3]. Since then, the RIR phenomenon has re-
ceived considerable attention, and a number of applications
that are associated with it have been demonstrated [4]. For
instance, RIR was used for a temperature diagnostic of cold
atomic ensembles both in free atoms at stationary [5,6] and
transient [7] domains, and in atoms confined in optical lattices
[8]. More recent applications of RIR for atomic thermometry
can be found in Refs. [9,10]. It was also used for optical
switching [11] and to probe the transient dynamic of atoms
in one-dimensional (1D) optical lattices [12].

The RIR phenomenon was also employed to observe very
high optical gain in an anisotropic medium [13] as well as to
observe collective effects, e.g., in the collective atomic recoil
laser (CARL), which was first proposed theoretically in [14]
and was demonstrated experimentally in [15]. Using a four-
wave mixing (FWM) configuration in a degenerate two-level
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system of cold cesium atoms, where Zeeman coherence as
well as coherence between momentum states via RIR can
be excited, our group has observed a giant optical gain and
self-oscillation [16] through coupled cascading parametric
backward- and forward-FWM (FFWM).

In another context, we have also recently demonstrated the
storage of information on spatial modes of light based on
external atomic degrees of freedom, using both the nonlocal-
ized degrees of freedom associated with the RIR phenomenon
[17], and the quantized energy levels of atoms localized in
a 1D optical lattice [18]. This type of memory using atomic
external degrees of freedom is particularly attractive since
it is less sensitive to external magnetic and electric fields.
Indeed, differently from the memories based on ground-state
coherences associated with the Zeeman sublevels, we have
demonstrated its nonvolatility and robustness to the reading
process, which does not destroy the stored information, so
its storage time is mainly determined by the atomic motion.
Moreover, using the gain mechanism described in [16], we
have also demonstrated the operation of an atomic memory
that can amplify the stored signal during the reading process
[19].

In view of these experimental developments in different
directions, the aim of the present work is to report a de-
tailed theoretical and experimental investigation of the RIR
phenomenon and its role in the storage of light through the
modeling and observation of both the probe transmission and
FFWM spectra, in the writing and reading phases, considering
the simplest case of an ensemble of two-level atoms. Although
the RIR effect is sometimes interpreted as Rayleigh scattering
into a density grating [3], we followed a different approach
that we consider more amenable to model our experimental
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FIG. 1. (a) Visualization of the three phases of the theoretical
model: (I) interaction with the excitation (l_c;, w,) and probe (lzp, wp)
coplanar fields; (II) dark evolution of the system; (III) reading phase
using only the excitation field. The time duration of the dark phase is
upscaled. (b) Excitation time sequence.

data. Our first-principles approach models it, in the lowest
order of perturbation, as Raman scattering between differently
populated momentum states [1]. This process creates a coher-
ence grating between momentum states of the ground-state
manifold, which later scatters the incident optical fields. Most
importantly, this process does not require any dislocation of
atoms in space to form density gratings, being robust with
respect to the power of the excitation fields.

The model and calculation developed here allow us to
obtain the transient and stationary responses of the system,
and they provide a simple interpretation of the nonvolatility
mentioned above for the RIR memory. We also performed
a complete experimental investigation measuring simultane-
ously the probe transmission and FFWM excitation spectra,
as well as the corresponding spectra for the retrieved signals
after a specific storage time. These measurements are in good
agreement with our theoretical description. This pair of sig-
nals constitutes an overall quasi-phase-matching process that
could be explored in the future for its classical and quantum
correlations.

The article is organized as follows: In Sec. II we intro-
duce the basic assumptions of our theoretical model, and
we present the main results of a density matrix calculation
performed in the combined internal and external Hilbert-space
state. In Sec. III we present our experimental apparatus and
measurements. In Sec. IV we compare and discuss the main
experimental observations with our theoretical predictions. In
Sec. V we present our main conclusions.

II. THEORETICAL MODEL

In this section, we present a theoretical approach to de-
scribe the nonvolatile robust memory associated with the RIR
phenomenon. Explicitly, we consider an initially free cold
atomic cloud subjected to three subsequent processes (see
Fig. 1): An interaction with excitation and probe beams (the
writing phase), then a dark evolution where no fields act on the
atomic cloud (dark/storage phase), and finally an interaction

with only the excitation beam (the reading phase). We are
interested in the signals generated along the probe beam and
the FFWM directions. Further details of the theoretical model
for each phase will be given in the respective subsections.

A. The writing phase

For the writing phase, we consider an ensemble of cold
two-level atoms interacting with two fields that can be ap-
proximated by plane waves, a (strong) excitation field with
wave vector k, and frequency w,, and a (weak) probe field
with wave vector 12,, and frequency w,:

E(t) = [E, cos(k, - F — wot) + E,cos(k, - £ — wpr)]e, (1)

where &, and &£, are the excitation and probe amplitudes,
respectively, and é is the polarization vector common to both
fields. The wave vector k, points in the longitudinal z di-
rection, and the y axis will be referred to as the transverse
direction. These two define the zy plane containing both exci-
tation and probe fields. We assume a small angle 6 between
the directions of the two fields, and excitation and probe
frequencies close to the atomic resonance at wg, but with
detunings A, = wy — w, and A, = wy — w, much larger than
the excited-state natural linewidth I, i.e., A,, A, > I'. The
atomic internal ground state |1) has energy Ej, and the in-
ternal excited state |2) has energy E,. The atom also has a
linear momentum p, associated with a state | ) for its external
degrees of freedom.
Considering the ground-state energy E; = 0, the Hamilto-
nian for a single atom in the ensemble can be written as
52
H= §—m+hw0|2)(2|—ef)-E(t) 2)

in the dipole interaction approximation, with D the atomic
electric dipole operator and m the atomic mass. Using the
basis of the internal states, the Hamiltonian then becomes

82

A ;’_ + o [2) (2] = (il 1)42] + a1 12)(1])
m

X [E,cos(k, - — wet) + Eycos(k, - # — wpt)],  (3)

with w1, the dipole moment of the |1) — |2) transition. Con-
sidering both internal and external degrees of freedom, the
density matrix for the system is defined as
2
p=2
ij=1

/dﬁdﬁ' P (B, BB G @)

= =/

with p;;(p, p') providing the general populations and co-
herences in all degrees of freedom. The density matrix
components can now be grouped in five different families of
terms:

(1) p11(p, p) = ground-state populations.

(ii) p22 (P, p) = excited-state populations.

(iii) p12(p, p’) = optical coherences.

(iv) p11(p, p') = ground-state coherences (p # p’).

(v) p22(p, p’) = excited-state coherences (p # p’).

We anticipate that our initial state is restricted to the
ground-state populations [family (i)] obeying a Maxwell-
Boltzmann distribution in momentum. The core of the
temporal dynamics, however, will unfold in the ground-state
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coherences [family (iv)] resulting in the observed traces in the

light emitted by the ensemble [from the optical coherences of

family (iii)].

J

= oy

The time evolution of the density matrix components will
be dictated by the Liouville equation:

dpij(P:P') _ 0 o
— - h(P|<l|[P,H]|J)|P ). 4)

Defining a rotating frame where p12(p, p’) = € o1,(p, p’) and using the rotating-wave approximation, we obtain

W =iAB, pPpu (B, P 1) — i[2012(B, P’ + ke, 1) + Qp012(B, P’ + Tk, t)e™™ — H.c.], (6)
dop(p, p',t) oo oo . ot L S
— - i[Ae + AP, p)low(p, p', 1) — {Se[p11(P, p* — hke, 1) — p2o(p + hke, P, 1)]
+ Qe [p11(B, ' — By 1) = po2(P + By, B, D1}, (7)
[
where A(p, p') = % . Q= pupé 2k and Q, = inated the dynamics of the internal degrees of freedom of

w12€, /2R are the Rabi frequencies associated with the
excitation and probe fields, § = w, — w, is the two-photon
detuning, and H.c. denotes the Hermitian conjugate. We
can now express the assumption that the probe field is
much weaker than the excitation field as 2, << ..
Considering a large detuning from the excited state
(A, >T,6, p2/2hm), we can adiabatically eliminate the
excited state, approximating

p2(p, p', 1) =0, ®)

donp 5.1 o

I €))

These two conditions result in
o B 1) = A7 [Qepn(P. P — ke, t)
+Q,001(P. P’ — hky, )], (10)

In this way, we now only need to focus on calculating
o1 (P, p’,t), whose Eq. (6) becomes

don(@.p'.t) . . -
—a iAp, pHen(p, p's 1)
t

—iQLou (P, p' + Ak, 1)e™
+ pn(p, P — Ak, 1)e™™ —H.c.], (11)
with Ak = l_ée — Izp and Q = Q,Q,/A,. Equation (11) gener-
ates the whole dynamics between different atomic momentum
states. It is important to note that we have completely elim-

J

1

_>’->/,t — 0 -»8 F - —Q{—
pu(p, pst) = p (PSP —p) ST AG
1

R —
3+ A(p,

which fully determines p1(p, p’,t) in a first-order approx-
imation. Note that p1,(p, p’,t) represents a ground-state
population for the internal degrees of freedom of the atoms,

=8P — B+ RAD[(e™ —
P')

the atom, making it explicit that the RIR phenomenon arises
primarily from the dynamics of the external degrees of free-
dom. For perturbative calculations, a more suitable form of
Eq. (11)1is

p1(p, p',t) =pu(p, p’,0)
+iQ{/0tdt’Go(t,t/)
x [on (P, p' + Ak, 1))
+ p11 (P, p' — hAK, t)e ™ — H.c.]}, (12)

where Gy(z, 1) = ¢! 2P-P) =IABP) ig 3 Green’s function for
the operator [% — iA(p, p')], and 2 becomes the perturbation
parameter.

We are interested in a first-order solution for py{(p, p’, ),
which means we should substitute the zeroth-order solution
PV (B, P', 1) = pu(P, P, 0) in the integrand. At t = 0, how-
ever, we have no coherences established between different
momenta states of the atom, only populations. This condition

can be expressed as

o (P, p',0) = o0 (PSP — '), (13)

where ,0?1 (p) is given by the standard Maxwell-Boltzmann
distribution for the momenta of the atomic ensemble:

P () = e P (14)

27 )? pu

with p, = o/mkgT and T the ensemble’s temperature. We
obtain then

)8(13 — 5 — RAR)[(e — PPN (00, (5) — p¥, (F — FAR))]

e"A(ﬁ'ﬁ,)z)(P?l (p) — p(l)l P+ hAl_é))] }’ (15)

(

but it describes both populations and coherences of the mo-
mentum states describing the atomic external degrees of
freedom. These terms act as “sources” for the optical co-
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herences as in Eq. (10). In this order of perturbation, they
take into account effects that depend on one single “kick” of
momentum, Ak, generating signals in different directions. If
we were interested in a second-order solution for py1(p, p’, t),
we would proceed in an analogous manner, substituting the
first-order solution we found into the integrand of (12). This
would lead to second-order terms taking into account now
two kicks of momentum (and a correction for the “zero-kicks”

J

pra(fit) = ——~
A2 h)?

1
—8+ AP, p' — Tik,)

- QQeei‘“”’|:

1
+ — =
8+ A(p, p’ — hk.)

All observed signals originate from this equation, which de-
serves a closer look. The Dirac §’s express the momentum
conservation required for any process. The first two terms
give the linear response of the atomic medium, while the last
two terms originate from the third-order nonlinearity of the
medium in momentum space. We turn our attention to the
latter, noting that the first term inside the brackets describes
the gain-attenuation of the probe field, since —hAK + hik, =
m?p. The second term inside the brackets, on the other hand,
describes a FFWM generation process. We can see that the
efficiency of these processes is proportional to the difference
in population of the external levels |p) and |p £ hAl?). More-
over, note that these two processes arise at the same order
of perturbation, which goes to show that a more complete
understanding of the RIR phenomenon should consider both
processes as equivalent.

1. Transmission signal

To obtain the transmission signal, we need to look at the
plane waves seeded in the l;,, direction. Those arise from the
terms containing §(p — p’ — RAK + hk,) = 8(p — p' + hl_é,,)
in (17). Explicitly, we have

oo QQeef(iI;,,'Ffw,,l) . 1
P (Fit) = 3 /dp — =
A.(2mh)?2 —6+ A(p, p — hAk)
X (1 = " SEFIDD0 00, () — pf, (5 — HAK)).
(18)

Note that using the small-angle approximation, the momen-
tum exchange only happens on the transverse y direction,
which implies that

5 — hAK|2 — p? Ak Tk
(p T=p) Ak R e

AP, P — hAK) = ~
(P, p ) o " 7

m
19)

8(p— P’ — hAK + hk,) (e —

solution) that would result, in the conditions considered here,
in the creation of much weaker signals in other directions.

After substitution of (15) into (10), we now obtain the usual
local optical coherence, given by [1]:

-

/ dpdp'e’™ pia(p, p',0)e” . (16)

1
Fr) =
p12(7:1) iy

Since 2, << Q,, we disregard terms of order €2, yielding

/ dpdp'er?7)7 { Q¢ pl (PSP — B’ + ky) + Qo€ o0, (P)S(P — P’ + Tik,)

APT N (o (B) — piy (B — hAK))

8(p — B+ Ak + Tik,) (e — 8PP =1k (59 (5) — o0 (5 + m»} } "

(

Now, if such momentum exchange is small when compared to
the average momentum of atoms, we may also approximate
307 (py)
P (py) = p1 (py — TiAK) = (—hAk)#, (20)
)

where we use the one-dimensional version of (14). The probe
transmission signal is proportional to the imaginary part of
the slowly varying coherence, of,(F, t) = e+t pl (7 1),
Using (19) and (20), we obtain then

» oo QQ.(mAk)t
Im[o},(F, )] = — —————
A.(2m)?h> p2
Ak h
X /dpy sinc|:< —§5—p,— + —Ak2>t]
S m 2m
%
X e_mpy. 2n

This expression for the transmission signal has already been
found in the literature [7], where the term of second order
in Ak was discarded. Figure 2 shows the transient and sta-
tionary transmission spectra predicted by the theory using
Ak=12x10°m™, a temperature of 7 = 500 uK, and m
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FIG. 2. Theoretical prediction for the transmission spectrum at
t >~ 100 wus (dashed line) and at ¢ > t (solid line).
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FIG. 3. Transmission signal (black) and singled-out momentum
component (upscaled) p, = p,, in orange/light gray. We use a de-
tuning of § = 200 kHz.

as the cesium mass. Ak was calculated considering an angle
0 = 1° between excitation and probe fields. We will use this
set of parameters throughout all theoretical considerations.
Note that the other parameters only amount to a global scaling
factor, which is irrelevant to the discussion presented here.
To obtain a rough estimate of the time 7 it takes for the
system to achieve a stationary state, we take the inverse of
the corresponding Doppler width, to find T & 325 us. This
Doppler width is then directly responsible for the width of the
stationary spectrum. Note that the RIR spectrum in Fig. 2 is
broader for ¢ < t, since it is then limited by the interaction
time window itself. We do not include any phenomenological
homogeneous decay in our model, meaning that the stationary
state is reached purely due to the inhomogeneous dephasing of
the various atomic velocity groups. To highlight this property,
we plot in Fig. 3 the time evolution of the transmission signal
of a single velocity group (with p, = p,) versus the evolution
of the ensemble of velocity groups, for a single detuning §.
The signal for a single velocity group should describe then a
simple oscillation, while the signal for the ensemble reaches
the usually observed stationary state.

2. Forward four-wave mixing

Now, we can turn to the problem of obtaining the FFWM
signal. To do so, we need to look at the contributions in
the 21_53 — I_ép direction. Those arise from the terms contain-
ing 8(p — p' + WAk + fik,) = 8(p — p' + h(2k, — k,)). Ex-
plicitly, we have
QQ, (hmAk) pitvet p=iQ2hke—Fy) T it

A (27171)213”

x [dpy(l Oy +h4E o

”

e 2[)Mp‘
8+p) +hA](2.

pia (1) =

(22)

The FFWM signal is then proportional to the modulus squared
of pl¥M(#, 1), yielding the spectrum presented in Fig. 4. As
we can see, the theory generates a symmetric spectrum with a
peak at § ~ 0, which evolves in time. As with the structure in
Fig. 2, the central peak becomes narrower as it approaches the
stationary state. Figure 4 also presents, in its inset, theoretical
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FIG. 4. Theoretical prediction for the FFWM spectrum at t ~
100 ps (dashed line) and at¢ > t (solid line). Inset: FFWM temporal
evolution for § = 0 (black) and § = £8 kHz (orange/light gray).

predictions for the FFWM signal evolution in time. These
explicitly show the constructive interference resulting in the
maximum of the central peak, and the oscillation coming from
partial interference defining the values on the side of the peak.

The spectra shown here give the global behavior of the
FFWM and transmission signals when continuously generated
by the excitation and probe fields. A further study of how
these spectra evolve in time will be given in Sec. IV. In
practice, even though it is simpler to calculate and interpret
the stationary states of the signals described above, it is quite
common to be restricted to transient spectra in cold atoms. As
the ensemble becomes colder, the time to reach the stationary
state becomes longer and may become on the order of or even
surpass typical times for spurious optical pumping to any dark
state in the system. This will be the case for the experiments
described below.

B. The dark phase

We now turn to the modeling of the dark phase, where no
fields act on the atomic medium. From now on, we shall use
o; /(p ', t) for coherences and populat1ons in the first (writ-
ing) phase of the theoretical model, ,o L(p, p’, t) for the second
(dark) phase, and ,olH(* p’,t) for the th1rd (reading) phase.
Turning back to (11) and (10), and noting that turning off both
fields means 2, = 2, = Q = 0, these equations simplify to

—>—>/

9o 7. F.1) )=iA(ﬁ,13’)p 5.5,
dt
012 p.p,t)= (23)

whose solution is
,011(ﬁ p'it) = 1011(_' p’ tl)em(p’p e=n, (24)

where we take r = #; as the instant the fields are turned off,
and we assume continuity of the solution throughout the pro-
cess. We also get directly

p1o(B, B’ 1) =0, (25)

which immediately tells us that we should expect no signals at
all to be observed, as there is no optical polarization. Although
we may not be able to promptly measure it, Eq. (24) shows
that in fact the information that was written in the first phase
of the experiment is stored in the atomic medium when we
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turn off the writing fields in the form of coherences between
different momentum states. All that is left to do now is the
retrieval of this information.

Note that the model predicts that the reading results de-
pend on the storage time because, in the dark period, the
off-diagonal elements of the density matrix in the ground-state
manifold all evolve with different frequencies, given by the
various A(p, p’) when p # p’. Thus the evolution in the dark
phase can be understood exactly as a free-induction decay,
with A(p, p’) providing the free-evolution phases of the dif-
ferent energy states of the inhomogeneous system at finite
temperature.

C. The reading phase

In the reading phase, only the excitation field is turned on
while the probe field stays off. This implies €2, # 0 and 2, =
2 = 0. Equations (11) and (10) now imply

d 11 —>’ —»/’t
WLPPLD _inp, 5 ol 5. 500,
dt
.. Q . -
oy (B, P 1) =~ pi\ (P, B’ — Fike, ). (26)

A,

We already note that the time evolution for p{lll(ﬁ, p',t)
does not change from the dark phase, that is, our
coherences/populations seem to be unaffected by the reading
process. This is the first sign of the robustness of the RIR-
based memory modeled here. We can solve for p{lll(ﬁ, p,t)

directly, obtaining
Pl (B, B 1) = pli (B, P/, )X PPIR) - (27)

But, note that

-

Pl (B, P’ 1) = piy (P, P/, 1) PP B0 (28)
which then implies that
Pt (B, B 1) = piy (P, P, 1p)e! S PP~
— ph(ﬁ’ P ) AP P B=1) i AG Pt —1)

= o1 (B, B, 1)e! 8PP, (29)
And consequently,

- - Q = = 7 iA(P, P! —Tik, ) (1 —
O_llg(p’ p/’ l) — A_E p{l(p’ p/ _ hkg, f )elA(P,P Nike)(t—t1)
e

(30)

for t > t,. This is the main result of this section: Our theo-
retical model shows in a very direct manner that the reading
process does not destroy any information stored in the atomic
medium, and the retrieved signal is completely indifferent to
the moment ¢ =, at which the reading process begins and
depends only on the time frame of the writing phase, #;. In
this way, we provide a theoretical picture that explains the core
experimental observations reported in [17]. We now proceed
to take a closer look at each mode generated from the atomic
memory.

1. Retrieved transmission signal
Using Eq. (15), we may write

My = =/
opp, P ’t)

= Z— PP IRN 00, (PSP — B + ko)
e

—Q[p\ P (B, B — lke,1))8(F — B — hAK + Tik,)

— o1t (P, B = Bke, 1) 8(P — P’ + RAK + Tik,)] },
(31)

where we defined

1 . o,
Ip) = =/ . 5t iA(P,p' Y
P (PP ) =———————(" —e )
H =8+ A(p, p)
x (0%(P) — p% (P — hAK)),  (32)
1 . o,
IFWM) (= =/ _ —isty NG
P PP )=z (™ —e )
1 8+ AP, P

x (p)(P) — 0\ (B+ RAK)).  (33)

These will generate, respectively, the retrieved signal in the
direction of the probe field and in the FFWM direction. The
component in the probe direction of the local optical coher-
ence is then given by

QQ,
A, (27h)?

iw,,te—ik,,-?

Juit -
:012(P)(rs )= —

[ apesor a0 pak ),
(34)

with the measured signal being proportional to the modulus
squared of ,o{lzl(p)(?, t). The blue curves in Fig. 5 present the
theoretical spectra [panel (a)] and temporal evolutions [panel
(b)] of the retrieved probe signal. Note that the spectrum of
the retrieved probe beam is now a peak, similar to the contin-
uously generated FFWM spectrum, as they are generated from
similarly excited coherences between external momentum
states of the atoms. Moreover, the temporal evolution reveals
a decay much shorter than the time to reach the stationary
state in the writing process for these same conditions (Fig. 2).
The time of tens of microseconds for the decay is related to
the diffusion time of atoms between fringes of the coherence
grating printed in the ensemble, as already pointed out in [17].

2. Retrieved FFWM signal

Now, it is straightforward to obtain the retrieved FFWM
signal. In fact, we may write the FFWM component of the
local optical coherence as

III(FWM) /-
1012( )(rst)

_ Q€2 . e[w,,tefi(Zl;eflzl,)-P / dp eiA(ﬁ,fwﬁAE)(tft])
A,(2mh)>
< i (B, P+ RAK, 1), (35)

The measured sli%nal is then also given by the modulus
squared of ,0{121( M)(?,t), which generates the spectrum

shown in Fig. 5. Note the peak at § ~ 0 and its symmetric
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FIG. 5. (a) Theoretical spectra for the signals in the probe and
FFWM direction, taken at r = 133 us considering #; = 102 us and
t, = 107 us, which corresponds to a reading time of about 26 us.
(b) Theoretical time profiles for the signals in the probe and FFWM
direction for (from top to bottom) § &~ 0 and § =~ £8 kHz. Note that
the last two are superimposed due to the symmetric nature of the
spectrum.

structure, just as the spectrum in the probe direction. We
may also investigate the time profile of this signal, and we
note again the similarities between the signals in the FFWM
and probe directions. As we pointed out above, this is no
coincidence: Our theory shows that these signals originate
from the same process and have the same behavior. The only
differences we saw in the writing phase were due to the
manner in which we observed each signal. In the reading
phase, the measurements are performed in the same way in
both directions, and the differences we once observed vanish.
Figure 5 illustrates this behavior.

III. EXPERIMENT AND RESULTS

To test the validity of the previously developed theory,
we have also investigated experimentally the probe transmis-
sion and FFWM spectra, both during the writing and reading
phases and in transient and close to the steady-state regimes.
We have used a cloud of cold cesium atoms with a temperature
of hundreds of uK and an on-resonance optical density of
about 3, obtained from a magneto-optical trap (MOT). The
experiment is performed in the absence of the trapping and
repumping beams as well as the MOT quadrupole magnetic
field, with the trapping beams and the quadrupole magnetic
field being switched off 1 ms before the repumping beam
in order to pump the atoms in the hyperfine 65;,,(F =4)
ground state. The residual magnetic field is compensated by
three pairs of independent Helmholtz coils, whose current
is adjusted by using a microwave spectroscopic technique

Laser %
‘ PBS PMF
1 aow1 L PBS ‘
b
AOM-2 pheam
N FFWM ~pvw
PBS %\”\ - , PD-1
(a) e beam U . - '
PMF %‘ Cs-MOT TBw
PD-2
MOT +
Repumping
21ms ] 200us
Geeemennnn >
(b) Writing phase 100 ps l
€-->
Ts
Reading phase [ ,_7,5_ “_S_

FIG. 6. (a) Simplified experimental beam configuration to ob-
serve the RIR and the FFWM signals. (b) Time sequence specifying
the writing, storage, and reading phases. AOM: Acousto-optic
modulator; PMF: Polarization maintaining fiber; PBS: Polarizing
beam splitter; A/2: Half-waveplate; A/4: Quarter-waveplate; PD:
photodetector.

[17], which allows the residual field to be reduced to less
than 10 mG. The simplified experimental scheme is shown
in Fig. 6(a). All the beams are provided by an external-cavity
diode laser locked using a saturated absorption signal to the
cesium closed transition 65, (F = 4) — 6P3;,(F' =5). The
excitation beam (E) and the probe beam (P) have the same cir-
cular polarization, and their directions form a small angle
of & = 1°. The amplitude and frequency of beams E and
P are controlled by independent acousto-optic modulators
(AOMs). The frequency of the excitation beam is red-detuned
by 10 MHz from the transition (F = 4) — (F’ = 5), while
the frequency of the probe beam is scanned around the fre-
quency of the excitation beam. The probe transmission and
the generated FFWM intensities are detected by fast photode-
tectors. The time sequence of the experiment is shown in
Fig. 6(b). The excitation and probe beams are kept on for a
period of 100 s during the writing phase, and then they are
both turned off for a controlled period of time, tg =1, — 1.
After this storage phase, the excitation beam E is turned back
on to retrieve both the probe and the FFWM beams, which are
detected by the same pair of photodetectors.

In the experiment, for a given excitation-probe frequency
detuning 8, we record the signals propagating along the di-
rections of the incident probe beam and the generated FFWM
beam, both in the writing and reading phases. In Fig. 7 we
show these signals as a function of time for excitation-probe
detunings of § ~ —8, 0, and 48 kHz, respectively. In panels
(a) and (c), we plot the curves for the writing period of 100 us.
In panels (b) and (d), the time evolutions are plotted for a
reading period of 75 us after a storage period of tg =5 us.
The power of the excitation and probe beams is equal to
50 and 1 uW, respectively. First, we should note that the
probe transmission signal is indeed associated with homodyne
detection between the generated signal propagating along the
probe beam and the incident probe beam, which correspond
to the measurement of the imaginary part of the nonlinear
susceptibility, while the FFWM signal is a measure of its
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FIG. 7. Time evolution of the probe transmission and the gener-
ated FFWM beams during the writing, (a) and (c), and the reading,
(b) and (d), phases for § ~ —8 kHz (orange/light gray), 6 ~ O0kHz
(black), and § &~ +8 kHz (red/dark gray). In (a) we have normalized
the signal by the intensity of the incident probe, as explained in the
text.

squared modulus. Therefore, in frame (a) of Fig. 7 we have
normalized the measured probe transmission signal by the
incident probe intensity signal. The retrieval of the probe and
FFWM signals in the reading phase demonstrates that the
information on these beams has been stored in the atomic
ensemble. As can be observed in panels (a) and (c), both the
probe transmission and the generated FFWM signals present
a transient regime strongly dependent on the excitation-probe
detuning. This effect has already been observed on previous
RIR experiments for the transmitted probe [7]. Our results
show that the same transient regime is also present in the
generated FFWM signal. Nevertheless, all the signals reach
a stationary regime even in the absence of any homogeneous
decay rate as predicted by the developed theoretical model.
It is also worth noting that both of the retrieved signals, at
the beginning of the reading phase, are always maximum
for zero detuning, with their decays coming from the atomic
motion, as we have already reported in [17]. The amplitudes
measured for the retrieved signals along the probe and FFWM
directions have the same order of magnitude, but the signal in
the direction of the probe beam is still larger by a factor of 4.
Our theoretical analysis predicts the same amplitudes for the
retrieved signals, and presently we do not fully understand this
discrepancy. One possible cause could be a larger sensitivity
of the FFWM signal to the phase-matching conditions in the
system, with beams of finite transversal dimensions.

Figure 8 shows the measured signal intensity spectra. The
intensities are measured at the end of the writing phase and
at the beginning of the reading phase. We clearly see that
the retrieved spectra for the signal propagating along the di-
rections of the probe and the FFWM beams have essentially
the same spectral width as the corresponding signals in the
writing phase, which evidentiates that they are determined by
the same physical mechanism. We may also note the similar
structure of the spectra predicted by the theoretical model
introduced in Sec. II.

IV. DISCUSSIONS

In this section, we aim to provide at first a global com-
parison between the theoretical model predictions and the

kS
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FIG. 8. Measured spectra for the probe transmission in (a) the
end of the writing phase and (b) the beginning of the reading phase,
and corresponding spectra for the FFWM in the (c) writing and
(d) reading phases. Panel (a) is normalized as Fig. 7(a).

experimental results. Secondly, we study the time profiles
of these signals and delve into the limits of our theoretical
model. During the writing phase of the experiment, we expect
a progressive establishment of coherence between different
momentum states, which translate into a transient dynamics
of the measured spectra that converges to a stationary shape.
During the reading phase, the loss of coherence due to atomic
motion implies that the shape of the measured spectra is
only slightly time-dependent. To achieve the first goal of this
section, we obtain the time evolution of the linewidths of
each signal (for the writing and reading phases). The signal’s
linewidths (for the probe transmission signal, the linewidth is
defined as the frequency separation between the gain and ab-
sorption peaks) in the writing phase are strongly dependent on
the time we perform the measurement. For very short times,
the widths are large and Fourier-limited, evolving to stationary
values for long times. This behavior was verified experimen-
tally, as shown in Fig. 9(a), and is in reasonable agreement
with the predictions of the developed theory as shown in
Fig. 9(b). We note that the construction of coherence makes
the measured spectra sharper in time. As was demonstrated
previously in [5], the stationary value of the probe transmis-
sion signal linewidth is determined by the temperature of the
atomic ensemble. Therefore, our results suggest a different
way to measure the temperature of the atoms through the
measurement of the linewidth of the FFWM signal, which is
background-free. Figures 9(c) and 9(d) show the experimental
and theoretical time evolution for the retrieved linewidths,
which theoretically get larger in time, and one should note
that an experimental observation of this dynamics becomes
very limited by noise for longer times. Note that despite the
good global agreement, the theoretical model does not show
any difference between the probe and FFWM linewidths in
the reading phase, even though the experiment shows a slight
difference of about 1 kHz.

A closer look at the theoretical time profiles of the signals
provided in Fig. 10 shows some limitations of our model. In
fact, comparing Figs. 7(a) and 7(c) to Figs. 10(a) and 10(c), for
example, we note that the experimental signals are noticeably
more asymmetric than the theoretical ones. More importantly,
Figs. 7(b) and 7(d) show experimental decay times smaller
than the ones predicted by our theory, and the shape of the

013101-8



ATOMIC MEMORY BASED ON RECOIL-INDUCED ...

PHYSICAL REVIEW A 106, 013101 (2022)

a b
N (a) (b)
T 20
=
2
=] OFrrwm Grrwm
= 15
=
Orir
10 Orir
40 60 80 100 40 60 80 100
Time (us) Time (us)

15
E (C) Okrwm
3
= 10 .
% MMM\‘QMN{’&&*I'J. S em 50 ....'.
w Opir * ‘.'-'.""\."‘ *

5 .

15

~ d ,
5

§ ( ) FFWM
s 10
e GF;IR
=
o

110 115 120

Time (us)

125 130

FIG. 9. (a) Experimental temporal evolution of the spectral width
of the probe transmission spectrum (frequency separation between
the gain peak and the absorption peak) and the full width at half-
maximum of the generated FFWM spectrum measured in the writing
phase. (b) Theoretical curves corresponding to (a). (c) Experimental
temporal evolution of the spectral full width at half-maximum of the
retrieved FFWM and transmission spectrum measured in the reading
phase. (d) Theoretical curves corresponding to (c).

13

12

11

1.0

0.9

0.8

Probe intensity (arb. units)

0.012

nits)
o
o
I
o

b.u
<) o o
o o o
o o o
S o 0

FFWM intensity (arl

o
=}
S
[N}

0.000

(@)

(b)

()

(d)

o 20

40

Time, t (us)

60

80

100

120

140
Time, t (us)

160

=
o

0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005

0.000

0.012

0.010

0.008

0.006,

0.004

0.002

(suun "que) as|nd pansLIaY - 2qoid

3s|nd paAallay - WM44

(suun “que

FIG. 10. Theoretical time evolution of the probe transmission
signal in the (a) writing and (b) reading phases. Generated FFWM
signals during the (c) writing and (d) reading phases for § ~ —8kHz
(orange/light gray), § ~ 0kHz (black), and § ~ 8§kHz (red/dark
gray).

experimental signal follows a more exponential-like decay
than a Gaussian-like one, as predicted by our theoretical
model. In Ref. [17], however, we had previously reported
a curve corresponding to Fig. 7(b) that followed a more
Gaussian-like shape. In our view, this discrepancy may result
from different structures of the residual magnetic field in
our experimental apparatus. For example, if the residual field
contains a larger component perpendicular to the propagation
direction, it may remove atoms from the cycling transition into
which we pumped them. We could then introduce this mech-
anism as a simple decaying exponential depletion of atoms
that participate in the process. In this manuscript, however, we
opted not to introduce any phenomenological modification of
the theory in order to highlight the limits of our first-principles
approach. Additional effects such as induced heating of the
atomic ensemble by the interacting fields are also not included
in our theoretical model but could play a role in the time
dynamics, as already pointed out in [17].

V. CONCLUSIONS

In this paper, we presented a theoretical model from first
principles for a RIR-based atomic memory, and we provided
experimental results to corroborate it. Our theory puts the
probe transmitted signal on an equal footing with the FFWM
signal. This is first directly illustrated via the calculations
of the temporal evolutions and line shapes during the read-
ing process, which showed the same structure and amplitude
for both signals. Furthermore, the theory predicted that both
probe transmission and FFWM are connected to nonvolatile
memories, as previously observed only for the transmitted
signal. This means that the stored information can be retrieved
without its simultaneous destruction. These signals were then
in fact experimentally observed, with good agreement with
the core theoretical predictions. For the writing and reading
phase, both (probe and FFWM) experimental spectra showed
the same structures predicted by the model. The global com-
parison between theory and experiment was then carried out
in more detail through the time evolution of the linewidths
experimentally observed and theoretically predicted for the
structures in the writing and reading phases. This comparison
showed a good qualitative agreement between experimental
data and theoretical predictions, even though some differences
could still be noticed. The fact that the theory shows the
FFWM and transmission signals as originating from the same
phenomenon, at the same order of perturbation, suggests the
use of this pair of signals as a source of quantum correlations.
Recently, our group reported the observation of the analog to
the nonvolatile memory for the spontaneous scattering of light
from an ensemble of two-level atoms at the single-photon
level [20]. We also reported the observation of nonclassical
correlations in the continuous generation of photon pairs in
the backward four-wave-mixing excitation of an ensemble of
two-level atoms [21], an effect theoretically proposed in 2007
[22]. Thus, our present work points to the possibility of ex-
tending these previous results to explore the correlations in the
probe transmission and FFWM at the single-photon level with
memory.
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