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We investigate the light propagation dynamics in ultra-cold Rydberg medium with inverted-Y configuration based on
the superatom theory. It is viable to store light information in two types of atomic spin coherence (trivial spin coherence and
Rydberg spin coherence), which makes the system a prospective platform for versatile light manipulation. A normal feature
is to realize efficient light storage with simultaneous resonant control fields applied. An intriguing feature is to split light
into two beams with different intensities and statistical properties if the control fields are applied separately. The beam of
light retrieved from the Rydberg spin coherence is severely attenuated and shows anti-bunching character accompanied by
the cooperative optical nonlinearity. Moreover, generation and manipulation of beating signal are achievable by applying

the non-resonant control fields.
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1. Introduction

Photons are the prospective carriers for quantum infor-
mation owing to the fast velocity, but it is still a herculean
task to directly control photons or obtain effective interac-
tions between photons.[!! Electromagnetically induced trans-
parency (EIT) is a well-known quantum coherence effect that
can suppress resonant absorption to achieve nonlinearity and
to reduce the group velocity of propagation pulse to zero to
attain the light storage.!”) With the EIT technique, one can
map the quantum state of the slowly propagating photons into
the stationary wave packet of spin coherence in the atomic
medium, thus the desirable control of photons can be realized
by manipulating the atomic coherence.>* Many schemes
based on EIT-medium have been proposed to achieve manip-
ulation of light in atomic ensembles, e.g., light storage and
retrieval, !> generation of beating signals,!”-8! and stationary
light pulses. 19!

Rydberg-EIT medium!'!'=13 is also a promising tool
for light manipulation, which provides an efficient way for
transferring photons to Rydberg excitations. The long-
range dipole—dipole interaction between Rydberg atoms
will be mapped to the photons in turn, enabling to ob-

tain effective photon—photon interaction. !4l

The large in-
teraction between Rydberg atoms will cause the dipole-
blockade effect, which makes Rydberg-EIT medium exhibit
enhanced optical nonlinearity.['>1®] Owing to this, Ryd-

berg medium has emerged as a platform to realize quantum
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gate,[17‘20] entanglement, [21-25] bound state,[26-27] and quan-

[28-31

tum devices, ! including single-photon sources, switches,

transistors, and absorbers. Recently, light propagation and

32-38] have been realized ex-

storage in Rydberg-EIT medium!
perimentally. In these experiments, nonlinear manipulation
of photons can be achieved via the conversion between Ry-

dberg spin coherence and the photons. Some theoretical

[39-44] ¢ o effective field theory (EFT) and superatom

methods,
(SA) theory, to simulate the propagation and storage processes
have also been proposed. In Ref. [42], an SA model is ap-
plied to study light storage and retrieval process in a Rydberg
atomic medium with three-level ladder configuration. The re-
trieved field energy exhibits the saturation effect against the
input field energy accompanied by the anti-bunching feature.
Apart from the Rydberg atomic medium with ladder config-
uration, the media with other complex configurations, which
show the combination behaviors of the regular EIT and the
Rydberg EIT,[*>4] have attracted some attention owing to
the flexibility of coherent optical control. However, the stud-
ies are restricted to the steady-state optical response such as
normal ! and abnormal nonlinear EIT.[®] Considering the
dynamic response, it is viable to achieve multiple manipula-
tions of light such as splitting the light into beams with differ-
ent intensities and statistical properties and generating beating
signal. To realize the multiple light manipulations, we present
an approach based on the atomic system with inverted-Y con-
figuration showing the combination behaviors of the regular
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EIT and the Rydberg EIT. We focus on how to make the sys-
tem exhibit different behaviors to realize different kinds of
light manipulation.

We adopt the SA theory to simulate the light propagation
dynamics in the Rydberg atomic ensemble. By modulating
the control fields, a part of light propagates in the formation of
trivial dark-state polariton (TDP) while the other part of light
propagates as the Rydberg dark-state polariton (RDP). Switch-
ing off the control fields means to store light in the trivial and
Rydberg atomic spin coherence. Owing to the different stor-
age and retrieval channels, the system can exhibit trivial EIT
behavior or Rydberg EIT behavior only by adjusting the con-
trol fields, then it is viable to realize the dynamic manipula-
tion of light in the following ways during the retrieval process.
Firstly, we will retrieve the stored light that is not severely
attenuated if the resonant control fields are applied simulta-
neously during the retrieval process. Secondly, two beams of
light with different intensities and statistical properties will be
released at different times if the control fields are applied sep-
arately, which can be explored to implement the beam splitter.
The light retrieved from the Rydberg spin coherence experi-
ences serious loss and shows the cooperative optical nonlin-
earity arising from the dipole-blockade effect. Thirdly, gen-
eration of beating signal is achievable by applying the non-
resonant control fields. Adjusting the detunings of the control
fields can help to manipulate the beating frequency.

2. Model and equations

Here we consider a cloud of atomic gas envisioned
as a one-dimensional medium (length L) with the four-
level inverted-Y configuration (as shown in Fig. 1). The
medium interacts with a weak quantum probe field £, (z,¢) =

280‘,5 (z,r)eikoz=®) | hc. with the central frequency
@, (the amplitude €p (z,¢)) and two strong classical con-
trol fields with the central frequencies @, and @y (Ec(z,7) =
Ec(t)ellkes=ot) L he and Eq(z,1) = Eq(r)e!*az=@1)  h.c.),
respectively; k¢ is the projection of the wave vector of the
corresponding field along z direction with § € {p,c,d}. The
probe field with Rabi frequency Q,(z,1) = g&, (z,¢) cou-
ples the atomic ground state |g) to a short-lived excited state
le), with g = 2/ @p/(2h€)V) being the single-photon cou-
pling strength, . the electric dipole moment of transi-
tion |g) <> |e), V the local quantum volume (V = AL), and
A the cross section area of both the quantum field mode
and the atomic medium. The control field with Rabi fre-
Ec(t) me /20 (Qq(t) = Ea(t) 2er/21) couples
the excited state |e) to a metastable state |m) (a long-lived
highly excited Rydberg state |r)), where @ (#%r) is the
electric dipole moment of transition |m) <> |e) (|e) <> |r)).

quency Q.(t) =

The detunings between the fields and the transitions are Ap
= Wp — Weg, A = @ —
tively, where @eg em,re TEpresent the atomic transition fre-

Wy and Ag = @q — Wy, TESPEC-

quencies. The decay rates of states |e) and |r) are 27,
and 2%, respectively. In the following discussion, we will
adopt P (z,1) =
larization, S (z,¢) =

V/N6ge(z,1) to describe the slowly varying po-
\/Né'gm(at) and S (z,1) = \/N(s)'gr(z,t)
to describe the spin fields, with N being the atomic vol-
ume density and G (z,1) = NLZNZ 630 € K05 (Ggm(z,t) =
¥ Z e ilkp— kc)zj Ggr(Z 1) = Al/ 1sz Ggr —i(kptkq) %j) be-
ing average atomic transition operator in the small volume AV
centered at z;. Here 6}, = |u;) <vj‘ represents single atomic
transition operator for jth atom with N, being the number of

atoms at position z; (i, v € {g,e,m,r} and u # v).

Fig. 1. (a) Schematic illustration of the probe pulse propagating in a sample of cold Rydberg atoms envisioned as a collection of SAs. (b)
Schematic of a four-level inverted-Y system of interacting cold 8 Rb atoms driven by two classical control fields Q. and £4 and one quantum

probe field Qp.
In the limit of very low atomic excitations ({Gye) —
1), the relative operators (& ,1375’175'2) satisfy the same-time
bosonic commutation relations in Ref. [47]. If a pair of atoms

located at z; and z; are excited to the Rydberg state |r) simul-

taneously, they will interact through the van der Walls (vdW)
potential A (z; —zj) = Cs/ ‘z,- —zj ]6. Then we can write down

the corresponding Hamiltonians:

I:I = ﬁp +I:]ap +F1inta
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I:Ip _ ihc / dz g’T (2,1) 0, g (1), to infinity, indicating that these atoms behave like a three-level
A system which decouples from state |r). On the contrary, for
p]ap — _h / dz[A P(z,1) the atoms in an SA without a Rydberg excitation, (Al) tends
R ot R to be negligible, which manifests that these atoms behave like
+ 4187 (2,0) 81 (2,1) + 4283 (2,1) $2 (z,1)] the four-level inverted-Y system. Moreover, the interactions
L 3l p different SAs are generally t k to be considered
_5 dz[g\/ﬁ (Z,0)P(z1) among differe s are generally too weak to be considered.
o A Thus the dynamic evolution of each atom should be the com-
+82:(1)S { (z,1) P(z:1) bination of three-level and four-level systems and the propor-
—|—Qd(t) (z,t) P(z,¢) +h.c], tions for these two systems are merely subject to the prob-
A ability for a single Rydberg excitation occurring in the SAs.
Hiy = = /dz/ szzztST(z 1) . . gery g. ) g.
2 Regarding this, we can obtain the dynamic equations for the
xA(z—2)8 (1) $(z.1), (1)  polarization and spin fields:
where H denotes the total Hamiltonian of the system while A, 9,pW (z,t) = —[1. —i4p)] pA) (z,)
H,p and Hjy, are the kinetic term, atom-field coupling term and +iQu(1) §(4) (2,0) +1Q5 (1) §(4) (2,1)

the vdW interaction term, respectively, with A; = A, — A; and

+iVNQ, (z,1),

Ay = Ap+ Aq. a(4) L a@) . 5(4)
Using Hamiltonian A, we obtain Heisenberg—Langevin 9S8y (2,1) = 1A18, " (z,1) +1Q (1) P (2,1),
equations for the field Q, (z,7), the polarization and the spin 8,5'54) (z.t) = — [ —i (A —(4))] SA§4) (z,1)
field operators P(z,7), S1(z,t), and S2(z,1): +iQq(1)PD (2,1), 3)
(1) =~ — IAF]P< 1)+ (z.1) for the four-level inverted-Y system, and
+1Q4(1)52 (z.1) + l\f Q (2,1), "
R . 5(3 A 103 - &
381 (z1) = 14181 (z.1) +1Q¢ (1) P(z,1), IP) (2,1) = (1o — 18] (2,0) +1Q:(0)S}” (2,1)
atSZ(ZJ) = [%—1(A2—< >)}S2(Z t) I.Qd() (Z l) ) —|—i\/<1Tf).Qp(z,t),
A a3 : a3 c Mk h(3
30y (z,1) = —cd.Qy(z,1) +ig*VV/NP(z,1), 2) 987 (@) = 1A} (z,1) +1Q2 (1) PP (2,1), )
where Ay = 1 [ dZS}(2,1)A(z—2)82(Z 1) refers to the vdW-  for the three-level A system.
induced frequency shift, making Eq. (2) difficult to solve. To Next, we will consider the dynamics of individual SA in

deal with this dilemma, we consider all ng, = NV, atoms terms of collective states and operators to calculate the single
in the blockade sphere Vg, = 47ng /3 as an SA, with radius ~ Rydberg excitation probability in each SA. The ground state is
Ry~ [Ce¥e/(|Q2:(1)|* +|Q4(2)|*]"/°. In the mean-field approx-  expressed as |G) = | g)®"™ and single Rydberg collective ex-
imation, for the atoms in the SA with an assured Rydberg ex-  cited state is ’R(1)> = (1//nsa) LI 1815+ Tis- - -1 8ng)» With
citation, the average vdW-induced frequency shift (As) tends  other collective states

Nga . J Nsa J
[ X 6lyeitr] [ £ h-ettobon]
ED) = —F— —(G), M) == —[G).
nsa!]!/(nsa_])! nsa-]!/(nsa_])!
["Z Gl eikpz;l}’. Y 6k eillotho) ["Z Gl - eilko- kc)z;l}’. ¥ 6L eilkotha)
. u:] n 1) [J,Zl
[EVRW) = . . G), MYRY) = . : G),
\/nsa!]!/(nsa— —1)! \/nsa!]!/(nsa—Jfl)!
|:nil G ikpzu] |: Z G kp ke Z[l:| i kp+kd)
EG MRy = =1 G), (5)
\/nsa!s!]!/(nsa—s—]— 1)!
|
containing at most one Rydberg excitation. s,j € {1,2,...}. The SA projection operator Srr should be
We define the operators X;; = |I)(J| to de-  specially attended, which is indispensable for obtaining the

scribe the collective transition (I # J) or projection  effective probe polarizability conditioned upon the Rydberg

(I = J) for SAs, where X = 2;, with {I,J} € excitation. In the weak probe limit, that is merely contributed

{G, RO MWD EWD EDRMD MORM EOMUIRD |/} and by state |[R(D) with written as Sgg ~ Z(l IRMY(RW),
044205-3
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whose expected value can be calculated through Egs. (Al)
and (A2). However, in the general case, other higher-order
collective states (JE(MRM), [MMRM, JEMMMRM), )
are also essential to evaluate Rydberg excitation Sgg ~
2}53 JrZA,(ei) +ZAI(§!) +--- [see Appendix A].

We can write down the conditional probe polarizability:

P(z,t) = PO (2,0)(Ere(z,1)) + PY (2,0) (1 — (Ere(z,1)))- (6)

By solving the coupling Egs. (3)—(6), it is possible to attain the
dynamic evolution of the probe field:

0.9,(z,1) = ig?VV/NP(z,1), (7

with O(z,¢) = (O(z,t)) representing the expectation value of
operator O(z,?). In addition, we have removed the time deriva-
tive d;, which is negligibly in the slow-light regime.

introduce the correlation

) {8 @)E € (z)Ep ()
1) = 2 Y
8 () = B ) E e ola)

modification of photon statistics based on the dipole-blockade
effect:

Lastly we two-photon

in order to quantify the

.87 (z,1)

PO (z,1)—PW (2t

QP(ZJ) gp (Zat)' (8)

3. Results and discussion

In this section, we show the dual channel storage and re-
trieval processes by numerical calculations via the dynamic
Rydberg-EIT technique. The medium of length L = 800 um

consists of cold 3’Rb atoms with density N = 7.5 x 10! cm—3.

The corresponding states are |g) = |SS]/2,F = 1>, m)y =
5S1)2,F =2), |e) = |5P3 5, F =2), and |r) = |60S, ), with
Ye = 6.0 x 2r MHz, % = 1.0 kHz, and Cs = 1.4 x 10" x
27 s 'um~!. The sequence of the probe and control fields
is shown in Fig. 2(a).

The simulation proceed from a Gaussian shape incident
probe field with amplitude 2,(0,1) = Qe (/5" detun-
ing A, = 0 MHz and two-photon correlation g}gz)(O,t) = 1.0,
where o = 1.25 us, and 6 = 0.5 ps. At the beginning we
apply two control fields with amplitudes Q. = Q4 = 5.0 x
2w MHz. Meanwhile, the probe field propagates at a slow
group velocity, indicating the formation of the two-mode dark-

state polariton (DSP) ¥(z,t) = ¥rpp(z,1) + Frop(z,t) with
lPFDP(Z;t) = eiAct [1 7ERR(Z,t)]COSG(Z,[)QP(Z,[)
—5in0(z,1)\/1 — Zgr(2,1)S1(2,1),
%DP(ZJ) = eiiAdtZRR(ZJ) COSG(th)QP(th)
— sin 0(z,1)\/ Zrr(z,1)S2(z,1), )

where tan0(z,t) = g\/N/ (Q2(t)+Q23(r)). In this propa-
gation process, the corresponding blockade radius is R, =~

4.51 um and each SA contains on average ng, ~ 384 atoms.
Subsequently, we turn off two control fields adiabatically, then
the probe field is completely mapped on the spin fields S; and
S», indicating the dual channel light storage process. In the fol-
lowing, we consider the retrieval process including two cases
as shown in Fig. 2(a). In case A, we turn on the control fields
simultaneously and retrieve one beam of light, in which the
blockade radius Ry, does not change. In case B, the control
fields are applied separately, thus we can get two beams of
light. In this procedure, the blockade radius Ry, ~ 5.06 um and
each SA contains on average ng, ~ 543 atoms. It is notewor-
thy that the two storage channels are not identical as S5 is the
Rydberg spin field showing the different properties compared
with the trivial spin field S arising from the dipole-blockade
effect. As a consequence, the two beams of light we get from
the sample exit will exhibit different properties, and the stor-
age process is expected to realize the beam splitter.

Stage [T THNDIINN -II'IIIIIVI
(a) Do ; P B

Transmission

A, (MHz)

Fig. 2. (a) The sequences of the storage and retrieval processes in dif-
ferent cases. Stages I and II in both the cases correspond to the in-
put and storage procedures of pulses, respectively. Stage Il in case
A corresponds simultaneous retrieval, while stages Il and IV in case
B correspond to separate retrieval processes. (b) Transmission spec-
trum in different retrieval cases for Q. = Q4 = 5.0 x 2r MHz with
A. = Aqg = 0 MHz (black dash-dotted), Q. = 5.0 x 27, 4 =0 MHz
with A. = Ag = 0 MHz (blue solid), 2. = 0 MHz, Q4 = 5.0 x 2r MHz
with A = Aq = 0 MHz (red square) and Q. = Q4 = 5.0 x 2r MHz with
Ac = Aq = 1.0 x 2 MHz (olive circle). Relevant parameters are given
at the beginning of Section 3 except £;" = 0.1 x 27 MHz.

In Fig. 2(b), we show the transmission spectrum of the
system in different retrieval cases. If we apply two control
fields with amplitudes Q. = Q4 = 5.0 x 27 MHz and detun-
ings A. = Aq = 1.0 x 2 MHz, there will exist two EIT win-
dows centered at Ap = Ac = 1.0 X 27 MHz and Ay = —Agq =
—1.0 x 2w MHz, respectively [shown as the olive solid curve
with circles in Fig. 2(b)]. However, if we consider the res-
onance control fields, which means A, = Ay = 0 MHz, the
two EIT windows merge and the degenerate window is cen-
tered at A, = 0 MHz [black dash-dotted curve in Fig. 2(b)].
In addition, if we apply the single control field Q. (€£4) with
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A. =0 MHz (A4 = 0 MHz), the transmission spectrum of the
system shows only one EIT window [blue solid curve and red
solid curve with squares in Fig. 2(b)]. As the EIT window of
the red solid curve is caused by the Rydberg state |r), the peak

800 1.0
(a)
0.8
600
— 0.6
é 400
N 0.4
200 0.2
192,12/ 1628:|?
0 0
0 2 4 6 8
t (us)
800 1.000
(b)
0.999
600
— 0.998
£ 400
= 0.997
N
200 0.996
s
0 0.995
0 2 4 6 8

t (us)

value of the red solid curve is smaller than the blue one, in-
dicating the dipole-blockade effect. It is also notable that the
widths of the EIT windows in different cases are not same,
leading to different broadenings of the probe field.

0.995
0

t (us)

Fig. 3. Dynamic evolution of the scaled light intensity (a) and the two-photon correlation (b) for the incident probe pulse with 7" = 0.1 x
27w MHz. Intensity profile (c) and two-photon correlation (d) of the probe field at the sample entrance (left) and exit (right) as functions of
time with different input intensities (_QI’," /27 =0.001 MHz, 0.01 MHz, 0.05 MHz, 0.1 MHz). The control field sequence is shown in case A
(Fig. 2(a)) and relevant parameters are the same as those in Fig. 2 except A = Aq = 0.

800 1 1.0
(a)
600 0-8
= 0.6
é 400
- 0.4
200 0.2
192,12/ 1628:|?
0 0
0 4 8 12 16
t (us)
800 1 1.0
(b) 0.8
600 :
— 0.6
E 400
= 0.4
N
gy
0 0
0 4 8 12 16
t (us)

(c)

1.0
= 0.8
S0,
S 06
S 0.4
& 0.1
S 0.2 5 d
% T 0.01
8 12 15 0.001 (¥
t (us)
(d)
1.0
0.8
53? 0.6
0.4 01
0.2 0.05
0 4 ©
8 12 1 ~0.001 Qv
t (ps)

Fig. 4. Dynamic evolution of the scaled light intensity (a) and the two-photon correlation (b) for the incident probe pulse with Q" = 0.1 X
21 MHz. Intensity profile (c) and two-photon correlation (d) of the probe field at the sample entrance (left) and exit (right) as functions of time
with different input intensities (Ql;" /27 = 0.001 MHz, 0.01 MHz, 0.05 MHz, 0.1 MHz). The control field sequence is shown in case B and

other relevant parameters are the same as those in Fig. 3.

Figure 3 shows the evolution of the probe field intensity
and two-photon correlation during the storage and retrieval
processes of case A. We can see that the probe field propa-
gates at a slow group velocity of v, 230 m/s when the control
fields are switched on (stage I). If we turn off the control fields,

the probe light is stored in the medium via two channels: one is

the trivial spin field (S1) channel and the other is the Rydberg
spin field (S,) channel. Hereafter, we turn on the two control
fields together with amplitudes Q. = 4 = 5.0 x 2r MHz and
detunings Ac = Aq = 0 MHz. It can be seen that the stored
probe field is released at the sample exit. The steady transmis-

sion spectrum of the retrieval process is shown as the black
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dash-dotted curve in Fig. 2(b) and we can find only one EIT
window centered at A, = 0 MHz. Figures 3(a) and 3(b) show
that the loss of the storage is not so serious and the two-photon
correlation does not change obviously. In Figs. 3(c) and 3(d),
we also check how the light intensity and the two-photon cor-
relation change with the probe intensity to examine the cooper-
ative optical nonlinearity. However, we find that both of them
seem to be almost immune to the probe intensity which is well
explained in Ref. [45] that when two EIT windows merge in
the inverted-Y configuration, the linear optical response over-
whelms the cooperative optical nonlinearity. This is very dif-
ferent from the storage process of the ladder configuration. [4]

Figure 4 shows the evolution of the probe field intensity
and two-photon correlation during the storage and retrieval
processes of case B. The storage process is exactly the same
as that in case A while the difference mainly appears in the
retrieval process. First, we switch on the control field Q.
to retrieve the light stored through the trivial spin channel.
Then, after the first retrieval process finished, we switch on
the control field Q4 to retrieve the light stored via the Ryd-
berg spin channel. The steady transmission spectrum of the
retrieval process is shown by the blue solid curve (trivial spin
channel) and the red solid curve (Rydberg spin channel) in
Fig. 2(b). It is notable that the transmission window caused
by Rydberg state is lower than the trivial window, leading to
the unbalanced losses for the two retrieval processes as shown
in Fig. 4(a). From Figs. 4(a) and 4(b), it is obvious that the
light retrieved from the Rydberg spin channel is weaker than
that from the trivial spin channel and the two-photon correla-
tion changes only in the Rydberg retrieval channel. It is also
shown that the group velocity of the retrieved light changes to
vg & 115 m/s in case B. From Figs. 4(c) and 4(d), we notice
that the cooperative optical nonlinearity exists in the Rydberg
retrieval channel, which is illustrated by the fact that the re-
trieved light intensity and the two-photon correlation are sensi-
tive to the incident probe intensity. When the probe intensity is
weak, the nonlinearity is not so obvious owing to the low exci-
tation probability of the Rydberg state. Moreover, comparing
Fig. 4(a) (Fig. 4(c)) with Fig. 3(a) (Fig. 3(c)), we can see that
the temporal broadening in case B is much more evident than
that in case A. This can be explained by the width of the EIT
window. Figure 2(a) shows that the EIT window is narrower
if we switch on the control fields separately compared with
the simultaneous retrieval case. Thus the sideband frequency
losses for the probe field are much larger in the separated re-
trieval process (case B), resulting in the wider broadening in
time domain.

Further we calculate the retrieved field energy versus the
input field energy in different retrieval cases in Fig. 5. One of
the most obvious features we observe is that only the field en-
ergy retrieved from the Rydberg spin channel in case B varies
nonlinearly with the increase of the input field energy. How-

ever, the field energy retrieved in case A or retrieved from
trivial spin channel in case B shows the linear increasing ver-
sus input field energy. The reason is intuitionistic. With the
stronger input field, the number of the stored photon becomes
larger, thus the retrieved field energy increases. The retrieved
light propagates in the medium with the transmissivity 7. In
case A and the trivial retrieval channel of case B, the sys-
tem shows the linear EIT behavior, indicating that 7' does not
change obviously with probe intensity varying, so the energy
we get from the sample exit varies linearly with the increasing
input field energy. The nonlinear behavior is caused directly
by the Rydberg blockade effect. Specifically, the transmissiv-
ity T of the Rydberg retrieval channel in case B exhibits coop-
erative nonlinearity with the incident probe intensity owing to
the blockade effect,*] which manifests that 7 decreases with
the increasing probe intensity. Then the retrieved light from
the Rydberg spin channel in case B will experience nonlinear

absorption with the increasing input field energy.>*

0.61
0.51
0.4r
0.31

|29ut|2d¢ (MHz)

0.2

J

v

0 0.2 0.4 0.6 08 1.0
[ 16212t (M)

Fig. 5. Retrieved field energy versus input field energy for case A (black
square), case B (olive circle), trivial storage channel in case B (red upper
triangular) and Rydberg storage channel in case B (blue lower triangu-
lar). Other parameters are the same as those in Figs. 3 and 4, except that
!21’3"/277: is increased from zero up to 0.2 MHz.

Comparing the black solid curve with the olive solid
curve, we can see that the total retrieved field energy in case
A is larger than that in case B, which can be well explained by
the following considerations. For one thing, from Fig. 2(b) we
notice that if we apply two resonant control fields together, the
EIT window is wider than the case of applying just one con-
trol field, so the losses of the sideband frequencies are larger
for the separate retrieval process (case B). For the other, we
have shown in Fig. 2(b) that the EIT window caused by the the
Rydberg state |r) for the separate retrieval process (case B)
is lower than the EIT window for the simultaneous retrieval
process (case A), resulting in the serious loss for the sepa-
rate retrieval process (case B). Moreover, comparing Fig. 3(a)
with Fig. 4(a), we can see that the group velocity of the re-
trieval light for the separate retrieval process (case B) is slower
than that for the simultaneous retrieval process (case A), which
means that the light stays in the medium longer for the separate
retrieval process (case B), leading to more loss.
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Fig. 6. Dynamic evolution of the probe field intensity inside the cold atomic sample [(a), (c), (¢)] and the probe field intensity at the sample
entrance and exit as a function of time ¢ [(b), (d), (f)] for the incident probe pulse with Q;" = 0.1 x 2m MHz. The two control fields with
Q. =04 =5x2nr MHz and A = Aq = 0 MHz are applied for the first 3 ps. Then we turn off the control fields and after 2 ps storage, we turn
on the control fields with amplitudes 2, = Q4 = 5 x 2w MHz and detunings A; = Aq = 0.5 X 27 MHz [(a), (b)], Ac = Aqg = 1.0 x 27 MHz [(c),
(d)], and A; = Aq = 2.0 x 2 MHz [(e), (f)]. Other parameters are the same as those in Fig. 3.

Overall, by adjusting the different control field sequences,
we can retrieve the beams of light with different properties. On
the one hand, if we switch on the control fields simultaneously
(case A), we can get only one beam of light with little loss and
the retrieved field energy shows linear dependence against the
input field energy. On the other hand, if we switch on the con-
trol fields separately (case B), we can get two beams of light
with different properties. Firstly, the retrieved light from triv-
ial spin channel experiences little loss while the retrieved light
from Rydberg spin channel is greatly attenuated in intensity
accompanied by the anti-bunching feature. Secondly, the in-
tensity and the two-photon correlation are immune (sensitive)
to the incident probe intensity for the light retrieved from triv-
ial spin (Rydberg spin). With the increase of the incident inten-
sity, the loss and the anti-bunching effect become stronger for
the light retrieved from Rydberg spin. Thirdly, the retrieved
field energy from the trivial spin channel is linearly dependent
while that from the Rydberg spin channel is nonlinearly de-
pendent on the input field energy. Also, the energy retrieved
from the Rydberg spin will show an intriguing saturation ef-
fect.

In the following, we show the generation and manipulat-
ing of the beating signal in the dual channel storage and re-
trieval processes. In order to generate the beating signal, we
need to make the system work in case A. Notably, we apply
two resonant control fields at the beginning, but the control
fields applied in the retrieval process are detuned. In Fig. 6,
we show how the light intensity evolves in this process and
we also compare the cases with different retrieval control field
detunings. We choose A, = Ag = 0.5 X 27 MHz in (a) and

(b), Ac = Ag = 1 x27x MHz in (c) and (d), and A, = Aq =
2 x 27 MHz in (e) and (f). It is clear that we can get the beat-
ing signal at the sample exit. We also note that the retrieved
field intensity oscillates fast with the increase of |A, + Ag].[%!
Thus, by adjusting the detunings of the control fields, we can
manipulate the beating frequency. DSP ¥(z,t), which is de-
fined at the beginning of Section 3, helps to gain a deeper in-
sight into the physical description for the generation of beat-
ing signal. Equation (9) shows that the slow TDP and RDP
will turn into the fast probe fields e'4<’ [1 — Zgp(z,1)] 2 (z,1)
and e~ 144 Xpp(z,1)Q2p(z,1), respectively. If the detunings of
the retrieval fields are nonzero, the fields converted from TDP
and RDP gain phases and interfere with each other, indicat-
ing the generation of perfect beating signal which is the man-
ifestation of the first order correlation. Here we give the de-
tailed calculation for the beating frequency wg. In the retrieval
process, if the detuned coupling fields are applied simulta-
neously, the fast probe field parts e 'A< [1 — Zgg (z,1)] 2, (z,1)
and e~ 44 Xpp (2,1) Q) (z,1) in the slow TDP and RDP will
convert into the field, and then we can get the superposed field

14! [1 — Epp (2,1)] 2, (z,1) ¢ (0= 0n1)
+ e A Tpp (2,1) 2p (2,1) eilboi—ont) 4o

Ac—4y

_ Ane (52 ’+"’>Qp(z,t)ei(kpz’“"”)+c.c., (10)

with

A1) = /14 253(2.0) (1~ Zre (2.0)) (1 +cos[(Ac + A)])

and tan¢ = [1 —2Xgg (z,1)] tan(%t), calculated according

to the field superposition principle. Choosing A, = Ay, we can
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get the retrieval field A(z,1)€, (z,1) ei(kz=mpr+0) 4 ¢ ¢ Obyi-
ously, the intensity of the retrieved field |A(z,#)p|* will oscil-
late with the frequency @ = |Ac + Aql, which can be certified

in Fig. 6.

4. Conclusions

In summary, we have studied the dual channel storage and
retrieval processes in Rydberg atomic ensemble with inverted-
Y configuration by adopting the SA theory. It is found that the
retrieval for single or double beams of light pulse is achievable
by modulating the control fields. Turning on the control fields
simultaneously means the retrieval for one beam of light pulse
which experiences little loss. One can retrieve two beams of
light pulse with different intensities and different statistical
properties by switching on the control fields separately. The

Appendix A: Rydberg excitation of superatom

It is obvious that |G) and first-order collective states (|E!

1)>7 |M(1

light read out from the Rydberg spin channel is greatly atten-
uated in intensity and shows cooperative optical nonlinearity
as a consequence of dipole-blockade effect in Rydberg-EIT
medium. The dipole-blockade effect also leads to the nonlin-
ear dependence on the input field energy for the retrieved field
energy from the Rydberg spin channel. Moreover, it is vi-
able to generate beating signal in this system by applying non-
resonant control fields and the beating frequency is determined
by the detunings of the control fields. Thus the system can be
used to realize the light manipulation. The application is not
only limited to store light information. It is also expected to
split the light into two beams with different properties, to gen-
erate and control the beating signal. We also expect to achieve
the other precise light manipulation in Rydberg atomic ensem-
ble.

)y and [RM)) could form a four-level inverted-Y config-

uration of superatom, neglecting other higher-order collective states safely in the weak probe limit. At this time, the Rydberg
excitation probability in an SA is similar to that of a single atom. For a single atom with inverted-Y configuration, we have the
Heisenberg Langevin equations:

atﬁgg(zvt) = 2YePee(2,1) — iQ ( )ﬁe (th)+1 (Z’t pg€<Z7 ),

0P (2,1) = 2¥ePee(2,1) — [ (1) Pem (2,1) — () Pem (z:1)]

0iPrr(2:1) = =2%Prr(2,1) + 1[Qa()Pre(2,1) — 4 (1) Per(z.1)],

O Pgm(z,1) = 1(Ap — Ac)Pgm(z,1) — i p(2:1)Pem(z,1) +1Q2¢ (2 )pge(Z 1),

Pge(2,1) = —[Ye — 14p]Pge(2,1) + 12 (2,1) [yg (2,1) — Pee(2,1)] + 12 (1) P (2:1) + 1925 (1) Pyr (2,1),
0/ Pgr(z,1) = — [7’_1 (AP+Ad)] Per(z,1) =i p(zat) Der(2,1) + 1Qd( )Pge(Z 1),

IPme(2,) = —[Yo — 1Ac]Pme (2,1) + 1 (2, )ng( 1) 4124 () Pmr(2,1) +1Q2c (1) [P (2,1) — Pee(2,1)]

z

01 Pmr(2,1) = = [ — 1 (Ac + Ag)] Pr(2,1) — 12 (7) er(ZJ)JriQd(t)ﬁme(ZJ)’

OrPer(z:t) = —[Ye + ¥ — 1Ad]fer(2,1) — i~Qp (Zat)pgr(zvt) —1Q8 (1) Pmr(2,1) +1Q4(t) [Pee (2,1)

Also, note that, in an SA, the probe (coupling) coefficients are ,/nsafz (QC, Q4) on transition |G) — |E (1>> (|E (1)> —
s > IEWY — [RWY); /2(n — 1), (\fQC, de) on trans1t10n |EU ) — |E N (E®Y = [EOMWY, |E@)Y — |[EMWRMDY)Y,
Visa — 12, (V2Q, Qd) on transition M)y — |[EMMDY (EOMD)Y — M@, [EOMDY - [mMRM)
we obtaln (ZRR( )) = <21(e}e) (2)) + (ZA,%) (2))+ (ﬁgg (z)) +---, with the first-, second-, and third-order components. As we notice
from Eq. (A1), dynamic evolutions of these operators are accompanied with the replacement of 7 (2)€,(z) — M€ (2)€25(2).
Q> = 1| Qc|? and |Q4]? — Na|Qa|* with 1p, Mes Na being the corresponding substitution coefficients. Thus, compared to the
Pl (2)2

—Prr(z,1)]. (AT)

)), etc. In this case,

single atomic counterpart (Px(z)) = b(2), 2|2, 1Q4[%], with k € {e,r,m}, each order steady-state populations of

SA can be expressed as

QP(Z)v "Qc|2a |'Qd‘2]a

(i) = P12 ()2 (), 122 1], (ERR (@) = By 10 (2)2p(2), 12 . 1 Q4 ],
(ER @) = (Em (@) Prl(na — 107 05,210 1942+ (EL2(2)) P25 — 1) 0y, 2], 212,
(i (@) = (Ein () Pl (150 — 1) 9,212,120, [ (150 — 2)2f B, 3| [, | 2l?]

+ (S (@) Peellnea — 1212y 212, |Qa) - 5, 20050 — 2)@'9 412 [2,2| Q)

+(EL00)) Peel2nga — 1)) 05,2122, 2|24 P] - B B0 — 2)05 By, 312 2, 31 2[). (A2)
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