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Multichannel synchronous amplifications are an inevitable key problem in quantum communication process,
which can broaden the bandwidth of transmitted signals and establish correlation among different optical
channels. Here we study a nonreciprocal system with four concurrent amplification channels using hot cesium
atoms, both theoretically and experimentally. For the forward probe field, the double—electromagnetically
induced transparency structure is formed and the phase-matching condition of the multiwave mixing process is
satisfied, which are both destroyed when the probe field is reversed. In addition, the four-channel nonreciprocal
amplifications are formed in the Zeeman sublevels of the system with special selection of light field polarization,
which will also dramatically enhance the signal-to-noise ratio by suppressing the spontaneous emission noise

of the system. In our experiment, the quadruple nonreciprocal amplifications are achieved with the maximum
forward gain reaching 30 dB and the reverse suppression reaching—23 dB. The gain adjustability allows the
construction of a gain-loss balanced system, providing a scheme for an atomic system to engineer a parity-time-

symmetric (or -antisymmetric) structure.

DOI: 10.1103/PhysRevA.107.053716

I. INTRODUCTION

Nonreciprocal devices [1-6] exhibit anisotropic transmis-
sion and isolation properties by breaking Lorentz reciprocity
[7], which always holds true in nonmagnetic linear me-
dia guaranteed by Maxwell equations. These devices have
boosted the development of communication networks due to
their ability of protecting coherent information processing
from noise and backscattering. Common schemes related to
nonreciprocity are based on magneto-optical materials that
provide asymmetrical permittivity tensors [8]. As the de-
mand for on-chip integration grows, numerous alternative
linear schemes have been proposed without a reliance on
magneto-optical effects, including indirect interband photonic
transitions [9,10], spatiotemporal modulation [11-15], op-
tomechanical interaction [16—19], etc.

Unlike linear schemes, strong nonlinear interactions be-
tween photons are beneficial to the observation of quantum
effects in optics and the compensation for the inevitable loss
in the transmission process. Studies that combine nonlinear-
ity and nonreciprocity include second harmonic generation
in asymmetric waveguides [20], metastructure [21-23], and
photonic quasicrystals [24,25]. Also, atomic systems, which
have the advantage of high tunability and strong quantum
interference, are an indispensable implementation to achieve
nonreciprocal amplifications, based on Kerr optical nonlinear-
ities [5,26-29], multiwave mixing [30] and nonlinear Raman
interaction [31]. However, these pioneering nonreciprocal
atomic systems with amplification normally contain just one
signal channel.

Since multichannel interaction in atomic systems is cru-
cial for long-distance quantum communication [32], it is of
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great significance to develop multichannel nonreciprocal sys-
tems. Particularly, the associated photon pairs generated using
spontaneous parametric down-conversion processes [33] and
spontaneous four-wave mixing processes [34] provide useful
bipartite entanglement in, e.g., energy time [35-38], polar-
ization [39], and orbital angular momentum [40,41]. Thus
it is worthwhile to construct multiple associated channels to
realize nonreciprocal gains synchronously.

In this work we provide an all-optical nonreciprocal system
with multiple amplification channels in cesium (Cs) atoms by
breaking both the time-reversal symmetry [1] and the spacial
inversion symmetry [42]. The technique we utilize here is
electromagnetically induced transparency (EIT), an effective
method in atomic systems to reduce the absorption of the
probe field, which has been integrated onto chips [43—47]. The
requirement for the EIT effect is the two-photon resonance
condition, which is irrelevant with the propagation directions
of the fields in the absence of Doppler effect. This reciprocal
nature of EIT will be broken once we consider the inevitable
microscopic Doppler effect in warm atoms, which will shift
the frequencies of the fields. The frequency shifts are related
to the propagation directions of the fields, which means that
it will be different when the probe field propagates in the
opposite direction and thus breaks the time-reversal symme-
try. As for the spatial inversion symmetry, the generation and
amplification of the weak fields are all based on the multi-
wave mixing processes, where the phase-matching condition
is always indispensable. This condition is a request for the
spatial relationship of the wave vectors, which is related to the
momentum conservation. That is to say, once we input a probe
field from the opposite direction with the directions of other
fields unchanged, this condition will be also broken, leading
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to the breaking of the spatial inversion symmetry. These two
breakings indicate that the transparency windows and non-
linear amplifications are nonreciprocal. To our knowledge,
this study is the first realization of multichannel nonrecipro-
cal amplifications, which has potential applications in, e.g.,
preparing the nonreciprocal entangled (superentangled) pho-
ton pairs [40].

The paper is organized as follows. In Sec. II we introduce
the model of the multichannel nonreciprocal amplifications.
The experimental results are shown in Sec. III, and dis-
cussions and conclusions are given in Sec. IV. Also, some
theoretical results used for explaining the experimental obser-
vations are given in the Appendix.

II. MODEL

A. Physical mechanism of the multichannel amplifications

The development of double-EIT [48] and even double-
double EIT [49] provides us the opportunity to achieve
multichannel systems with transparency windows. Moreover,
the degenerated Zeeman sublevels of Cs atoms [50], on the
one hand, offer us a subtle platform to construct multi-tripod-
type energy-level structures with only one or two coupling
fields but on the other, suffer from the complexity of its
large numbers of the sublevels. By skillful design of the
field polarization, we manage to overcome this weakness
and consequently achieve a nonreciprocal optical system with
four amplification channels in the Zeeman sublevels of Cs
atoms.

As schematically shown in Fig. 1(a), the Cs atomic vapor
cell is embedded in a magnetic shield barrel, where two -
polarized coupling fields [coupling field 1 (blue arrow) and
coupling field 2 (green arrow)] and a o™ - and o ~-polarized
probe field (red arrow) nearly colinearly pass through the va-
por cell. Here we only consider the two ground states (6°S 2,
F, =3, F, =4) and one excited state (6%P, 2, Fe =4) in the
D1 line of Cs atoms [cf. Figs. 1(b) and 1(c)], where F,.
is the total angular momentum, and the frequency splitting
between the two hyperfine ground energy levels is 6/27 =
9.2 GHz. For convenience, we denote these Zeeman sublevels
bY law,) (68172, Fy = 3), [bw,) (6212, Fy = 4) and |cy,)
(6*Pi)2, F. = 4), with mp (= —Fge, —Fge+ 1, ..., Fye —
1, Fy.) being the projection of Fy. along the y axis. Since
the geomagnetic field is screened, the Zeeman sublevels |a,,,.)
(Ibmg)s |cmy)) are degenerate [S51]. The coupling field 1 with
frequency w; (blue arrow) is set to be in resonance with
the transition |c,,, ) — |a;,), while the coupling field 2 with
frequency w, (green arrow) is blue detuned from the transi-
tion |cy,) — |by,) by A/27 ~ 40 MHz. The frequency w,
of the probe laser is scanned around the transition frequency
between the two states |c,,, ) and |b,,, ).

In the steady state, due to the forbidden nature of the tran-
sition between |bg) and |cy), almost all atoms are in the state
|bo). This special population case as well as the symmetric
energy-level structure of Cs atoms allow us to draw a simpli-
fied picture [see Fig. 1(c) and Appendix B for more details].
As shown in Fig. 2(a), the injected probe field (red solid
arrow) generates the conjugated field (with frequency weonj =
w, + & — A; blue dotted arrow) via interaction with the two

Backward case

Forward case

FIG. 1. Illustration of the principles of nonreciprocal multi-
channel synchronous amplification system based on a Cs atomic
vapor cell. (a) Experimental apparatus. Blue and green arrows: (-
polarized) coupling fields 1 and 2; Red arrow: (¢ *- and o ~-polarized
with equal components) probe field. § denotes the linear polarization.
The probe field and coupling fields are mixed by a polarizing beam
splitter before entering into the Cs atomic vapor cell and then sep-
arated by another polarizing beam splitter after exporting from the
Cs atomic vapor cell. In addition, the spatial distribution of these
input fields is illustrated, where the relative angles between each
coupling field and the probe field are chosen as 6, = 6, = 3.45 mrad
(see Appendix A). (b) The hyperfine energy levels in the Cs D1 line
[50]. Note that the energy level 6P, 2, Fe = 3 is decoupled from the
two coupling fields and the probe field. (c) The diagram of Zeeman
sublevels. (d) The conceptual view of the nonreciprocal behavior in
the atomic system with probe field injected from two directions.

coupling fields, where the four-wave mixing (FWM) process,
ie., |b;) = [c1) = |bg) = [co) — |by), amplifies both the
probe and conjugated fields. Then the amplified probe field
will repump the atoms from |bg) to |c;), which leads to a
six-wave mixing (SWM) process, i.e., |b;) — [c1) — |bg) —
[c1) — lag) — |co) — |by) [see Fig. 2(b)], where the Stokes
(with frequency w; = w, — A; yellow dotted arrow) and the
anti-Stokes (with frequency w,s = w), + §; purple dotted ar-
row) fields are generated. Furthermore, the FWM process in
the SWM process [i.e., |by) — [c1) — |ag) = [co) — |b1);
see Fig. 2(c)] also amplifies the two generated fields. The two
FWM processes form the two double-EIT (DEIT) structures
[48,49], where one DEIT structure consists of the states |b;),
[c1), |ag), and [by), and the other is formed by |a;), |c;), |ag),
and |bg) [cf. Fig. 2(d)]. This provides the four corresponding
transparency windows for the amplified probe, conjugated,
Stokes, and anti-Stokes fields.
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FIG. 2. (a)-(d) Simplified level diagrams with the most pop-
ulated sublevels. (a) The generation and amplification process of
the probe and conjugated fields by a FWM process. (b) A medi-
ated SWM process that connects the probe and Stokes/anti-Stokes
fields. (¢) The FWM process in the SWM process will further
amplify the Stokes and anti-Stokes fields. (d) The injected probe
field and the generated conjugated, Stokes and anti-Stokes fields,
are all in the transparency windows of two DEIT structures. (e)
Population of the sublevels, |by), |bi;), and [ap), vs the tem-
perature 7' of the atomic vapor cell, which are calculated using
Egs. (C5)—(C9) in Appendix C. Inset: the enlarged view of the
population of the sublevel |ag) and |by;). The parameters used in
the simulation are y.,,/2m = 4.6 MHz, Q| = 8.7y, Q2 = 14y,
Ay =0, Ay/2r =40MHz, and y, ., /27 = Yoy, /27 = 9xn(T),
where k ~ 6 x 10719 cm3s™!, and the collisional dephasing effect
has been neglected [51]. The atomic density is given by n(7T) =
P, /kpT, with the Boltzmann constant kg and the pressure P,(T) =
]O7A04673830/T [50]

In the above processes, almost all Cs atoms in the sublevel
|bg) are forbidden to interact with the coupling fields due
to the selection rules, leading to weak spontaneous emission
noises. On the other hand, other sublevels have so few Cs
atoms that the corresponding noises are also weak, despite
that they are coupled to near-resonant coupling fields. Thus
the noises are tremendously suppressed in our system, and
the signal-to-noise ratio of the multichannel nonreciprocal
amplifications can be significantly improved [52].

B. Theoretical results

In this section we derive the susceptibilities x; and x, of
the weak fields, where x; contains @, and wcon; [cf. Fig. 2(a)],

while x, contains w; and wy [cf. Fig. 2(c)]. In the interaction
picture the Hamiltonian for the FWM processes in Figs. 2(a)
and 2(c) are [53-57]

H_ 1 i(kyz—A i(kaz—As
HY = E[Qle’( 1% ")(acla, + Ucobo) + Qe tlg

int
+ @t g Qe Aeng 4 H ]
(1)
and
HY = I[Q1€" M52 (0,0, + Oca) + Q26" ® 2y,
+ Qase"(k“szfA”t)oclao + Qse"(k"zfA”)ocobl + H.c.],
(2)

respectively, where w, is the eigenenergy of state |x), kj»
and 215 (kp,conj,s,as and €2, conj,s,as) Stand for the wave vectors
and the Rabi frequencies of the coupling fields (weak fields),
and Oxy = ) (vl (fx, v} = {ampa bﬂl[-“’ Cmp}, x #y) denote the
atomic transition operators with transition frequency w,, =
wx — wy. When we consider the Doppler frequency shifts
induced by atomic thermal motion, the frequency detunings
can be expressed as A; = (w1 + kjv) — 0¢a,, A2 = (w2 +
kov) — Weby s Ap,s = (wp,s + kp,sv) — Qe by> and Aconj,as =
(a)conj,as + kconj,asv) — Wcay» where +kp,sv and +kc0nj,asv
(—kp,sv and —kconj asv) correspond to the forward (backward)
probe field, and v is the velocity of Cs atoms.

With the Hamiltonians in Egs. (1) and (2), we can obtain
the susceptibility x of the weak fields by solving the master
equations (see Appendix D) [48,49,51]:

X = X1+ x2 (3)
°© iN|de,b |2 Ak
Xl:/ — o (Chirr + Cis + Crape ) f(w)dv,
—00 GQQP
“4)
® iN|de,q N
x2 =/ dew) (CSI;IT + C(SZR)S + C;ZV)VMelAk'(W)VMZ)f(”)dU’
—00 EOQaS
&)

where N stands for the atomic density, d.,,, = (c1|d|bg) and
de,a, = (c1|d|ap) are the corresponding matric elements of the
dipole moment d of Cs atoms, €; denotes the permittivity
of free space, and f(v) = exp(—v?/u®)/u/7 is the Maxwell
velocity distribution, with u = /2kgT,/m being the most
probable velocity, kg the Boltzmann constant, 7 the temper-
ature of atoms, and m the mass of a Cs atom. The coefficients
Cgé)T, C(slli?’ and CSWZI\),[ given in Appendix D are func-
tions of the two-photon detunings Ay = (w, £ kpv) — (w2 +
kZU)’ Aconjl = (wconj + kconjv) - (wl + klv)y Ags2 = (a)as +
kasv) — (w0 + 6 + kov), and Ag = (ws + 6 £ ksv) — (w1 +
kyv), while AkQyy = ki 4k Fky T keonj and Aklayy =
ki + ky F kas F ky denote the momentum-mismatching of the
two FWM processes in Figs. 2(a) and 2(c). For simplicity,
we assume ky A ky X k, R keonj A kas A ks in the following
analysis.

To quantitatively describe the four-channel nonreciprocal
amplifications, we define the gain

P
g = o~ = exp[—kLIm(x)], (6)

_r
Py
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FIG. 3. Theoretical simulations of the gain spectra at (a) room
temperature 7 = 25 °C and (b) warm temperature 7 = 43 °C us-
ing Eq. (6), where the ToP rate, y,, = «n(T), is y,,/2m =30Hz
in (a) and y;, /27 = 166 Hz in (b), respectively. Other parameters
are chosen to be y.,/2m = ., /2m = 4.6 MHz, y, = 9v.,/7, 2 =
8. 7Veys Q2 = 14y, Qp = Qconj = Q25 = Qs = 0.2y, A1 =0, and
A, /2w = 40MHz.

where Py (P,) is the input (output) power of the weak field,
and L is the length of the vapor cell. In Fig. 3 we plot the gain
g versus the detunings A,/2m of the probe field at different
temperatures. At T = 25 °C, the Doppler-broadened absorp-
tion background is clearly visible for both the forward and
backward cases, while the four transparency windows only
occur in the forward case [see Fig. 3(a)]. This nonreciprocity
results from the fact that the two-photon resonance condi-
tions in the EIT structures and the momentum conservation
conditions in the FWM processes are broken in the back-
ward case. The two-photon resonance Apy = Acopji = Aggr =
A1 = 0 is essential in the EIT structures. When the system is
Doppler-free for the forward probe field (i.e., Ay, = @, — w2,
Aconjl = Wconj — W1, Agr = Wy —wr + 6, and Ag) = w; +
8 — wy), the two-photon detunings, Ap, Aconji, Aas2, and
A1, can be tuned to zero by setting w, = w1, Weonj = W1,
wys = wy + 6, and w; + 8 = w;. Then the absorption of the
probe field can be totally eliminated due to the destructive
quantum interference between the excitation pathways [43].
When the probe and coupling fields have opposite directions,
it is difficult to satisfy the two-photon resonant conditions,
because the Cs atoms have different velocities v. Thus the EIT
effect will be destroyed. Moreover, for the momentum con-
servation Aké'vz,M =ki +ky — kp — keonj = 0 and Ak}%z,M =

ki + ko — kos — ky = 0 in the forward case, it is also violated
for the backward case, i.e., Akl(:{,g,M =ki +ky +kp + keonj #
0 and Ak = ki + ko + kas + ky # 0.

When increasing the temperature, e.g., from 7 = 25°C
to T =43°C (related to the steady-state population of Cs
atoms), the four transparency windows become four giant
gain peaks in the forward case and there are some sideband
peaks due to the Autler-Townes effect [58] [cf. Figs. 3(a)
and 3(b)]. For the low temperature (corresponding to low
population of Cs atoms in |b ;) and |ag)), the FWM processes
are very weak, and there are only four-channel transparencies
without amplifications. When increasing the temperature, the
spin-exchange collisions among Cs atoms will transfer the
population of hyperfine ground levels [51]. This gives rise to
the decrease of the population in |by) while increasing the
population in |by;) and |ag) [see Fig. 2(e)]. It strengthens
the FWM and SWM processes for realizing the four-channel
amplifications.

III. EXPERIMENTAL RESULTS

Experimentally, we measure the transmission and ampli-
fication properties of the scanned probe field in a Cs atomic
vapor cell and explain the experimental results with our the-
oretical model. Here the powers of the two coupling fields
1 and 2 and the probe field are tuned to P, = 128 mW,
P, =147 mW, and P, =4 uW, and the beam diameters are
dy =0.12cm, d, = 0.08 cm, and d, = 0.03 cm, respectively.
Correspondingly, the Rabi frequency 2; (j = 1, 2, p) is given
by Q; = ach\/(4Pj/ndf)/215m [51], where « denotes the
C-G coefficient, y,, is the decay rate of excited state |co),
and I = 2.5 mW/cm2 is the saturated intensity [50]. To
distinguish the outgoing coupling fields and the four outgoing
weak fields, the relative angles between each coupling field
and the probe field are chosen as 8; = 6, = 3.45 mrad, which
may result in both a slight shift of the locations of the four
giant gain peaks and a slight decrease of the amplification
effect (see Appendix A). In Figs. 4(a) and 5(a), we show the
measured gain g versus the detuning A,/27 at T =25°C
and T = 55°C, respectively. At the low temperature, e.g.,
T = 25°C, there are four transparency windows without am-
plifications in the Doppler-broadened absorption background
for the forward case, while the four transparency windows
disappear when the probe field is backward [see Fig. 4(a)].
These experimental results match well with the theoretical
predictions, cf. Figs. 4(b)—4(e). Note that there are two ad-
ditional Doppler-broadened absorption backgrounds around
A,/2m ~ —1.4 and 8.1 GHz [see Fig. 4(a)] which result from
the resonant frequencies of the transitions Fy =4 — F, =3
and F; =3 — F. =3 [cf. Fig. 1(b)]. Because the unwanted
excited state F. = 3 is decoupled from the coupling fields
due to large frequency detunings between them, the EIT does
not exist in the two additional Doppler-broadened absorption
backgrounds. In addition, the measured Doppler broadened
absorption background near A,/27 = 9.2 GHz, correspond-
ing to the resonant frequency of the transition Fy =3 — I, =
4 [Fig. 4(c)], is sightly different from the simulation results
[Fig. 4(e)]. In the experiment, the Cs atoms are excited by
the strong coupling field 1, and the number of Cs atoms in
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FIG. 4. (a) The measured gain g at the room temperature 7 =
25 °C, where each gain value is obtained by averaging 20 sets of
measurement data, which are measured under the same experimental
conditions. Here, the gain values of the Stokes, probe, conjugate,
and anti-Stokes fields are 1.12, 1.19, 0.93, and 0.95, respectively.
(b) and (c) The enlarged view of the measured gain g around A, ~ 0
and A,/2m ~ 9.2 GHz, while the corresponding theoretical results,
obtained using Eq. (6) with the ToP rate y,; /2m = 30 Hz, are shown
in (d) and (e). The dark red (pale red) curves in (a)—(e) correspond
to the forward (backward) probe field. The parameters used in the
theoretical simulation are the same as in Fig. 3.

the ground state |ay) is small. The result is that the absorption
of the probe field is suppressed. In contrast, in the theoretical
model we assume that there are always sufficient Cs atoms in
the ground state |ap), which means that the probe field can be
always absorbed completely. Furthermore, when we warm up
the vapor cell up to 55 °C, the four giant gain peaks occur in
the forward case but do not occur in the backward case, as
shown in Fig. 5(a), which is due to the population transfer
in the ground states with increasing temperature. With the
temperature increasing, the effect of the thermal motion of
Cs atoms becomes more significant and the Doppler-broaden
absorption backgrounds are broadened [cf. Figs. 4(b) and
5(b); Figs. 4(c) and 5(c)]. Besides the four giant gain peaks,
there are also some small peaks at, e.g., A,/2n = —0.03
and 9.17 GHz, in the forward case [see Figs. 5(b) and 5(c)].
They may result from other multiwave mixing processes (cf.
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FIG. 5. (a) The measured gain g at the warm temperature 7 =
55 °C, where each gain value is obtained by averaging 20 sets of
measurement data, which are measured under the same experimental
conditions. Here, the gain values of the Stokes, probe, conjugate, and
anti-Stokes fields are 5.8, 962, 116, and 1.4, respectively. (b) and
(c) The enlarged view of the measured gain g around A, ~ 0 and
A,/2m =~ 9.2 GHz, while the corresponding theoretical results, ob-
tained using Eq. (6) with the ToP rate y,; /2m = 505 Hz, are shown
in (d) and (e). The dark red (pale red) curves in (a)—(e) correspond
to the forward (backward) probe field. The parameters used in the
theoretical simulation are the same as in Fig. 3.

Appendix B). Here the maximum forward gain reaches g, =
30dB and the reverse suppression reaches g, = —23 dB. The
simulation and experimental results match well with each
other [see Figs. 5(b)-5(e)], which strongly verifies the non-
reciprocal behaviors of our multichannel system.

In our system the gain coefficients at the four giant gain
peaks are affected by several experimental parameters, such
as the powers of the coupling and probe fields and the tem-
perature of the vapor cell, which makes the gain g quite
tunable. Figures 6(a) and 6(b) illustrate that with increasing
power Py (P») of the coupling field 1 (2), the gain curves
of all the four weak fields will increase until they finally
reach upper limits. This phenomenon reveals a competition
between the enhancement process and the saturation effect.
The DEIT requires the coupling fields being much stronger
than the probe field so as to reduce the absorption of the probe
field in the transparency windows, and the FWM processes are
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FIG. 6. The dependence of the gain g of the four weak fields on
(a) the power P, of the coupling field 1, (b) the power P, of the
coupling field 2, (c) the power P, of the probe field, and (d) the
temperature 7 of Cs atoms, where P, = 147 mW, P, =4 W, and
T =55°Cin(a), P, =128 mW, P, =4 uW,and T = 55 °C in (b),
P =128 mW, P, = 147 mW, and T = 55 °C in (c), and P, = 128
mW, P, = 147 mW, and P, =4 uW in (d). The red circle dots
(probe field), blue triangle dots (conjugated field), orange square dots
(Stokes field), and purple diamond dots (anti-Stokes field) denote the
experimental results, while the red curves (probe field), blue curves
(conjugated field), orange curves (Stokes field), and purple curves
(anti-Stokes field) are the theoretical results obtained using Eq. (6).
Here, each experimental dot is obtained by averaging 20 sets of
measurement data, which are measured under the same experimental
conditions. Also, the theoretical values of the gain g of the four
weak fields are obtained at A,/27 = —0.002, 0.0397, 9.1963, and
9.24 GHz, respectively.

also proportional to the strength of the coupling fields as well.
Thus the increasing powers of coupling fields are beneficial
to the amplification process. However, the gain coefficients
cannot grow indefinitely because of the limited atomic density
and the distortion of dispersion curves in high-power region.
On the other hand, increasing the power of the probe field,
equivalent to decreasing the power of the coupling field, will
reduce the four gain rates [cf. Fig. 6(c)]. Even for the ultralow
power of the probe field (~1 uW), high gain rates can also
be obtained. The corresponding theoretical simulations [see
solid curves in Figs. 6(a)-6(c)] agree well with the experi-
mental results, besides the difference in the regions of the low
powers of two coupling fields [see the regions P; < 50 mW
in Fig. 6(a) and P, < 50 mW in Fig. 6(b)]. We attribute the
discrepancy at lower power to the destruction of FWMs and
two DEIT structures [cf. Figs. 2(a)-2(d)]. When one of the
coupling fields is too weak, the population distribution shown
in Fig. 1(c) and the simplified structures shown in Fig. 2 will
be destroyed, on which the theoretical results are based. To be
specific, we can take a weak-coupling field 2 as an example.
For a very-weak-coupling field 2, the population in [b,,,) is
1/9 for mp = —4, =3, ..., 4, while the population in |a,,,) is
zero formp = —3, —2, ..., 3. In this case the FWM shown in
Fig. 2(c) and the DEIT structures shown in Fig. 2(d) will be
destroyed, and the theoretical model becomes invalid.

In addition, the four gain coefficients at the giant gain peaks
are also sensitive to the temperature. As shown in Fig. 6(d),
the measured gain coefficients monotonically increase versus
the temperature 7 and then reach saturation. This is because
the population of Cs atoms in ground states, |bL;) and |ag),
increase with the temperature [cf. Fig. 2(e)], which strength-
ens the nonlinear processes of amplifications. On the other
hand, further increasing the temperature will bring in severe
absorption and additional decoherence into the system due to
inelastic collisions among Cs atoms. When these two effects
have a balance, the gain coefficients reach saturation. Due
to the limitation of experimental technology, we only mea-
sure the gain coefficients in the region 25°C < 7 < 65°C. In
the higher-temperature region 7' > 65 °C, the adverse effects
induced by inelastic collisions rather than the population of
Cs atoms dominate the nonlinear processes of amplifications.
The result may be that with the increasing temperature of
Cs atoms, the gain coefficients at the four giant gain peaks
decrease [51]. Also, we numerically simulate the theoretical
results using Eq. (6) [see solid curves in Fig. 6(d)], which fit
the experimental results well.

IV. DISCUSSION AND CONCLUSIONS

Due to the good adjustability of multiple parameters, the
group velocities of the four weak fields can be matched well
in our system, i.e., Ve(wp) = Vg(Wconj) = Ve(wy) = Vg(was),
which is essential for engineering correlated photon pairs [59].
Here the group velocity vg(w) of the optical field can be
expressed as

Cc

(7

V(W) = ———,
& n(w) + a)%n(w)

where c is the velocity of light, and n(w) = 1 + Re[x (w)] is
the corresponding refractive index. Because the frequencies
of the four weak fields are all around the resonance frequency
wyp of the D1 line, we can take an approximation a)%n(w) ~

wo %n(a)), ie.,
C
1+ Re[x ()] 4+ wo=Re[x (@)]’

By numerically analyzing the susceptibility x (w) in Eq. (3),
we find that the slope %Re[x(a))] of the susceptibility at
the frequencies of the four weak fields are approximatively
equal when the two Rabi frequencies of coupling fields are
chosen to be equal, as is shown in Fig. 7(a). For the for-
ward probe field, Re[x (w,)] = Re[x (wconj)] = Re[x (w;)] =
Re[ x (was)] = 0, which indicates the group velocity matching
of the four weak fields, cf. Fig. 7(b). The group velocity
matching is an essential requirement for multiwave mixing
processes and manipulating the two-bit gates in quantum
computation [3,48,60,61], which increases the time of the
nonlinear interaction process [62] but also improves the op-
tical storage.

In summary, we have studied the multichannel nonrecip-
rocal amplifications in thermal Cs atoms. Both theoretically
and experimentally, four tunable amplification peaks are ob-
served for the forward probe field, while all gain peaks
cease to exist in the backward case. With polarizations care-
fully chosen, the system significantly reduces the spontaneous

vg(w) &

®)
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FIG. 7. (a) The real part Re[ x] of the susceptibility using Eq. (3)
and (b) the group velocity v,/c using Eq. (7) in both forward (dark
red) and backward (pale red) cases. The group velocity of all the
four fields equals to 0.971c, which indicates that the group velocity
matching condition is achieved. The Rabi frequencies of the two cou-
pling fields are chosen to be Q2 = 2, = 12 y,,, and other parameters
are the same as in Fig. 3.

emission noise and thus enhances the signal-to-noise ratio.
In addition, the whole setup is all optical, making it easily
compatible to miniaturization and integration onto a chip.
The adjustability of the gain coefficients makes our system
tunable to achieve abundant prospective applications, such
as frequency division multiplexing [63] and anti-parity-time-
symmetric systems with amplification [64].
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APPENDIX A: OPTIMAL ANGLES BETWEEN COUPLING
FIELDS AND PROBE FIELD

To achieve the four-channel amplifications, the phase-
matching conditions of the two FWMs in Figs. 2(a) and 2(c)
are required (cf. Fig. 8). For the two FWMs, the scalar phase
mismatches in the z direction are denoted as [65]

Akgvz,M = (w1 €088 + wy cos b — w, — Weonj)/C
+ (Re[Xp]a)p + Re[Xconj]wconj)/ca
Ak}%&M = (w1 €08 0] + Wy c0s 0, — Wy — wys)/C
+ (Re[xs]ws + Re[ xas]was)/c. (Al)

/] 0,
dp —_— = /\ ’Idf,’vm
Ll g
| L 1
(b) y (c) y
3 /3
) L 017 >> 7 \62_;,91 >z
kp kconj as

FIG. 8. (a) Schematic diagram of relative angles between cou-
pling fields and probe field. Here the blue arrow (green arrow, red
arrow) denotes the coupling field 1 (coupling field 2, probe field),
012 is the angle between the coupling field 1 (2) and the probe field,
L represents the distance between the vapor cell and the detector, and
{di, d>,d,} and {d}", d5*, d2"} denote the diameters of the incident
beams and the outgoing beams, respectively. Note that the diameters
of the four outgoing weak beams are almost the same. (b) and (c) The
phase-matching conditions for the two FWMs in Figs. 2(a) and 2(c),
respectively.

In the forward case, Re[xs]=Re[x,]=Re[xconj]l =
Re[xas] =0 due to the DEIT structures [see Fig. 7(a)].
Now, the two phase mismatches in Eq. (A1) are reduced to

Akf;l\,z,M = kycos 0 + ky cos 0 — k, — keonj,
Akg,i,M = kjcosO + kacos 0y — ks — ks, (A2)

where the four wave vectors satisfy k; + ky = k,, + keonj and
ki + ko = ks + kyg, 1., 01 +wp = Wp + Oconj and w; + wp, =
ws + w,s guaranteed by the energy conservation in the two
FWMs. By solving the phase-matching conditions Ak}(:lv?,M =

Akl(;z\,z,M = 0, we obtain 6; = 6, = 0. This means that the two
coupling fields and the probe field need to be collinearly
incident.

However, if the two coupling fields and the probe field are
collinearly incident, the outgoing coupling fields and the four
outgoing weak fields will be mixed. In this case, even using
polarizing beam splitters and filters, we cannot distinguish the
outgoing coupling fields and the four outgoing weak fields
in the experiment, because the frequency of coupling field 1
(coupling field 2) is close to the frequencies of the Stokes and
probe fields (anti-Stokes and conjugated fields). Therefore the
coupling fields and the probe field are noncollinear in the ex-
periment (corresponding to 6; # 0 and 6, # 0), cf. Fig. 8(a).
In order to distinguish the outgoing coupling fields and the
four outgoing weak fields, the angles 6, and 6,, the distance
L between the vapor cell and the detector, the diameters d{’“‘
and d9" (d3™) of the outgoing coupling fields (outgoing weak
fields) should satisfy Lsinf; ~ L6; > (d{™ + d)")/2 and
Lsin6, ~ Lo, > (d" +d3™)/2, ie., 6, > (d)™ +do")/2L
and 6, > (d5" 4+ d3™)/2L. In addition, to meet the scalar
phase match in the y direction, the angles 6; and 6, should
satisfy the constraint 6; ~ 6,. With our experimental con-
ditions, when 6 = 6, > 3.45 mrad, the outgoing coupling
fields and the four outgoing weak fields can be distinguished.
Taking into account the phase matches, we choose 6 = 6, =
3.45 mrad in our experiment. Compared with the case of
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0, = 6, = 0, the nonzero angles between coupling fields and
probe field (i.e., phase mismatches) slightly shift the locations
of the four giant gain peaks as well as slightly weaken the
amplification effect in the experiment.

APPENDIX B: STEADY-STATE POPULATION OF Cs
ATOMS

The Cs atoms have many sublevels in D1 line, which
makes it difficult to analyze amplification processes. In our
experiment, by skillfully choosing the polarizations of the
coupling fields and using the forbidden nature of the transition
|bg) — |co), almost all Cs atoms are in the ground state |bg)
due to the optical pumping induced by coupling fields [cf.
Figs. 1(c) and 2(e)]. Therefore we can only focus on the
simplified level diagrams in Figs. 2(a)-2(d).

At low temperature (e.g., T = 25 °C), the populations of
Cs atoms in other ground states (excluding the state |bg))
are negligible. Now the two FWMs shown in Figs. 2(a) and
2(c) are very weak, and only four transparency windows exist
in the gain spectra [cf. Fig. 3(a)]. With the increase of the
temperature 7' of Cs vapor, the population of Cs atoms will
be transferred from the ground state |by) to the ground states
|b;) and |ap). When the population of Cs atoms in |b;) and
|ag) cannot be ignored at, e.g., T = 43 °C, the two FWMs
shown in Figs. 2(a) and 2(c) become strong, and the four
transparency windows in the gain spectra become four gain
peaks [cf. Fig. 3(b)]. Further increasing the temperature T of
Cs vapor, the populations of Cs atoms in |b;) and |ag) increase,
and the amplification effect is more significant. In addition,
the populations of Cs atoms in |b;) and |ap) will also be
transferred to |b,) and |a;). This can produce other multiwave
mixing processes [e.g., the two FWMs shown in Figs. 9(a) and
9(b)], which may enhance the giant gain peaks investigated in
the main text or give rise to additional gain peaks in transmis-
sion spectra [see Figs. 5(b) and 5(c) and related discussions].
However, since the ratios pp,b, /Pb,b, (R 3) and paga,/Paja; (R
6.2) are almost constant in the region 20 °C < T < 70 °C [cf.
Fig. 9(c)], other multiwave mixing processes induced by the
populations of Cs atoms in |b,) and |a;) are always much
weaker than the two FWMs shown in Figs. 2(a) and 2(c).
Therefore our theoretical model only including the two FWMs
is reasonable and can describe experimental results well.

APPENDIX C: THE HAMILTONIAN AND THE MASTER
EQUATION OF Cs ATOMS

As schematically depicted in Fig. 1, we construct a nonre-
ciprocal optical system using a thermal Cs atomic ensemble
in the D1 line, where a probe laser (with frequency w, and
wave vector k) is scanned around the transition 628, pFy =
4) — 6P ,2(Fe =4), a coupling laser (with frequency w;
and wave vector k;) is on-resonance with the transition
6251/2(Fg =3)—> 62P1/2(Fe = 4), and another coupling laser
(with frequency w, and wave vector k) is blue detuned from
the transition 625, pFy=4)— 6%P 2(Fe = 4). For conve-
nience, the states 6°S;,(Fy = 3, F; = 4) and 6°Py »(F, = 4)
are denoted as |a,,. ), |by, ), and |c,,,. ), where mg is the projec-
tion of Fy . along the quantization axis. With the quantization
axis chosen, the two horizonal linear polarized (7 - polarized)

@ R (b)

+ . 4
7 lez2) le,) ' T le2)

Ib) 3——*6|b2> by ———— I |,
5
la:) — lay) la;) —=— — lay)
9
©
c
kel
kS|
2 6 A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-A-
o
Q paoao /pa1a1
o
]
2
2 3p-00000000000000000-0-0
38 Pblbl/szb2
&
o I 1 I I
20 30 40 50 60 70

QY]

FIG. 9. (a) and (b) The FWM processes relate to ground states
{|b1), |b2)} and {|a;), |by)}, respectively. (c) The ratios between pop-
ulations, o, /Pbyb, ANd Pagay/Paja;» VS the temperature 7 of the
atomic vapor cell, which are calculated using Eqs. (C5)—(C9). The
parameters used in the numerical simulation are the same as in
Fig. 2(e).

coupling fields and one vertical linear polarized (o*- and
o~ - polarized with equal components) probe field interact
efficiently with the Cs atoms in the Zeeman sublevels, where
the corresponding Rabi frequencies are denoted as €2, and
2,,. Now, the total Hamiltonian of the atomic system reads

H = Hy + Hi, (C1)
3 4 4
Hy = E ®q04, a,, T E WpOY,, b, + E WcOc, ¢, >
mp=-3 mp=—4 mpr=—4
(C2)

3
1 )
_ E i(kyz—awit)
HI = 2|: Qle Ucml:aml:

—
3
+ Z Qzei(kzz_wﬂ)acmpbw +H‘C'j|’ ©
mr—3

where oy, = |x){(y|({x, ¥} = {au; , by, Cm, }) are the operators
of Cs atoms, and w, (wp, @) is the eigenenergy of state
|2, ) (Ibmy )5 ICm, ). When considering the Doppler effect, the
frequencies w; and w, of the two coupling fields in Eq. (C3)
become w; + kjv and w;, + kv, respectively, where v is the
velocity of Cs atoms. In the interaction picture, the Hamilto-
nian of the system can be converted to

1 3
—iAt
Hin = 5( Z Qe ]UcmFbmF

mp=-3
3
+ Z QzeiiAzto-Cmpb”’F —+ HC) , (C4)

mp=-3
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where Ay = (w; 4+ kjv) — w, is the detuning of coupling
field 1 with we, = 0. — @y, Ay = (wr + kpv) — wp 1s the
detuning of coupling field 2 with we, = w. — wp, and A, =
w, — W is the detuning of the probe field. With the Hamilto-
nian of the system in Eq. (C4), we can describe the dynamical
evolution of the density matrix elements p;; using the master
equation [51]:

4
Peye; =1 § (PcnbmF b, e = $26,b,, Py C:)

mp=—
3

+i Z (pcna,,,p QamF ¢

- Qc,,amF pach,) — Yeac1 Peyer s

m[:=73
(C5)
4
pbnbl =i Z (IobncmF/ QC,,,F,b[ - anCmF; pcml_-/bl)
mpr=—4
- ybnb/ pb,,b, + Snlya/b Z pa,-a,- ’ (C6)
aj
4
Payay = 1 Z ('OanCmF/ e, a0 = L, Loy, a)
mpr=—4
— Ya,a Pa,a + 8nl Véa Z Pb‘,b_,- s (C7)
b;
4 4
Py =1 D Pesey, ey b =1 D Pout Qe
mpr=— mp=—
+ (iA2 = Vebr) Peyb (C8)

4 3
Peya = 1 § Peeny, ey = 1 § P s S2e,,,
4

Mpr=— mp=-3

+ (iD1 = Yeua) Peyar- (C9)

Here {n, 1} are the substitutions of the Zeeman sublevels,
Vesa = %(ycn + ¥a,) is the dephasing rate between |c,,) and |a;)
with the decay rates y., and yu,, Q2 a(c,b)) = Qe,a(c,b)S21(2)
represents the effective Rabi frequency of coupling field 1
(2) with transition coefficient «,q,(c,b,), and the transition of
population (ToP) rates y,, and y;, between |a) and |b) indicate
the effects of spin-exchange collisions among Cs atoms [51].
In the considered system, the ToP rates are proportional to the
temperature of the Cs atomic vapor cell.

Based on the Runge-Kutta method of orders 4 and 5, we
numerically calculating the steady-state populations of the
Zeeman sublevels using Egs. (C5)—(C9) by setting p;; = 0,
and the related results are shown in Fig. 2(e) in the main text
and Fig. 9(c) in Appendix B. In this numerical simulation, the
Doppler effect is ignorable because the propagation directions
of two coupling fields are the same.

APPENDIX D: DERIVING THE SUSCEPTIBILITY x FOR
THE WEAK FIELDS

1. The susceptibility y;

For the FWM process in Fig. 2(a), the energy levels of Cs
atoms can be simplified into five-level structures. In a rotating

reference frame with respect to the frequencies of the coupling
fields and weak fields, the Hamiltonian of the system can be
expressed as

1
He(ff) :Apabobo + AZJblbl - (- AP)Ucnco
+ %[Ql’eikpzo—clbo + Qleiklz(gclal + Gcobo)

+ Qzeikzzo'c]bl + Qconjeikco“jZUCobl + H.C.], D1

with A, = (@, £ kpv) — we b, and Aconj = (Wconj £ Keonjv) —
We a9, Where ), (Qconj) is the Rabi frequencies of the probe
(conjugated) field, and +k,v and +kconjv (—kpv and —keonjv)
correspond to the forward (backward) weak fields. With the
above Hamiltonian, the dynamical evolution equations of den-
sity matrix elements p;; of the system are given by

. ) i
Peiby = pljoc] = E[QP(IOC]CI - pbobo) + Ql(pCICO - palbn)
- szblbo] + (IA]? - Vclbg)pclbov (D2)
. . [
Paby = ,Offoal = E(Qppalc] + lealco - QTpclbo)
+ (iAp - yalbo)palb()7 (D3)
; - i N
pblbo = pbobl = E(Qppblc] + leblco - szclbo
= QeonjOeoby) + ({852 = Vo) oy (DA)
. , i
Peicy = p:()c] = E(QTpCIbO + Q;:konjpclbl - Qppboco
- lealco - QZpblco) + [1(8 - Ap) + y01C0]pCIC0’
(D5)
, . ]
pC]b] = p{;]cl = E[Qz(pC]Cl - Ioblbl) + QCOnjlochU
- Qppbobl - lea]b]] + (ZAZ - yclbl)pclbp (D6)
. ) i
pCob(] = pl;koco = E[Ql(pC()Co - pbobo) + QppC()Cl
- annjpblbo] + (18 - ycobo)p()()boa (D7)
, , i
Pajc; = p;a, = E[QT (;Oalal - pclc,) + Q;pmbo
+ Q;pa]b]] - Valclpalcls (DS)
, . [
Poicy = p:()bl = E[Q:onj (Iob]b] - IOCOCO) + QTIOb]bO
— 2 pcic] + [i(Ap2 = 8) = Vorey]Pbrcss  (DI)
, , [
pb]C] = p:lbl = E[Q;(prbI - IOC|CI) + Q:pb]bo
+ Qprla] - Q:onjpcocl] - (iAZ + yblcl)loblcl s
(D10)
. . i
Pajcy = 'Oc*oal = E(QTpﬂlbo + Q:onjpalbl - QTIOCWO)
- [l((S - Ap) + Valco]pal,cm (DI11)
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where Ap = (w, £ k,v) — (w2 + kov) denotes the two-
photon detuning for the FWM process in Fig. 2(a). In addition,
the other two-photon detuning related to this FWM process is
Aconjl = Aconj — A= (wconj + kconjv) — (w1 + k).

To obtain the steady-state solutions of these elements, we
take p;; = 0 and keep the nondiagonal elements (i.e., p;; with
i # J) up to the first order since we are only interested in the
three-order nonlinear process. With the obtained steady state
Peyby» the susceptibility x;(v) of the weak fields in the group
of Cs atoms with velocity v is given by

iN|deyp, |

l
x1(v) = e (D12)

pClbg(U)7
)4

where N stands for the atomic density, d.,,, = (ci|d|bg) is
the matric element of the dipole moment d of Cs atoms, and
€o denotes the permittivity of free space. In the ensemble
of Cs atoms, the velocities of Cs atoms satisfy the Maxwell
velocity distribution f(v) = exp(—v?/u®)/u/m, with u =
2kgTy /M the most probable velocity, kg the Boltzmann
constant, T, the temperature of atoms, and M the mass of
a Cs atom. The susceptibility x; = ffooo x1(v)f(v)dv of the
ensemble of Cs atoms reads [48,49,51]

. 2
[ iNlde,| c cO 4 o) sk
X1 = — ( perr T Csrs T Crwme )

o0 €OQp
x f(v)dv, (D13)
where
(5 e
Chur = By Py = Prve) (D14)
CC[b()
C(l) _ QP|QZ|2 Paja; — Peic,
SRS = T ;
c1by 4iyac, (Ap - Val)
pblbl - IbC]Cl }
+ = ;
2Z(A2 + 2%101)(2’AP2 - Vbl)
Q) Dybo D1s)
Ceby 2[i(8 = Ap) + Vereo | (208 + ¥y )
C(I) = QIQ:OHJQZ{ Pbib; — Deyey
FWM C01b0 4i(A2 - ZJ/bIC])[l((S —_— AP) + VC]CO]
Pbobo }
Y ; ) (D16)
2Z(ApZ - )/bl)(ZZ(S - Vco)
with
Cony = 2iA, — o — 2
¢1bg P c 2[(5 — Ap)+2)/c]c0
2|7 (2335 D17)
2iAp — Y,  2iApn — W,

In Eq. (4), the first term, Cpgrr, denotes the linear part of
the susceptibility, while the second and third terms, Csgrg and
Crww, are the three-order nonlinear parts of the susceptibility.

2. The susceptibility x,

Following similar procedures for x;, we then derive the
susceptibility x, for the Stokes and anti-Stokes fields. The
FWM process in Fig. 2(c) can be described by the following
time-independent Hamiltonian,

2
He(ff) = Aasaaoao + Alo—alal + A2Gb1b1
ikasZ ikyz
+ %[Qa " 00,0, + Q2™ o,
+ Q1€M%(0ca, + Ocgay) + 25 00, + Hee.],
(D18)

where As = (a)s =+ ksv) — Wcby» Ay = (was =+ kconjv) -
Weyay» and €25 (£255) is the Rabi frequency of the Stokes
(anti-Stokes) field. From the Hamiltonian (D18), we can
derive the dynamical evolution equations of the density
matrix elements p;;:

i

IbCIaO = b:ocl = E[Qas()oclcl - /)aoao) + Ql(pclco - palag)

— Qo ppyae | + (iDas — Verao) Peyags (D19)
i
Passo = Prya, = 5 (Qusuer + @1puse = LiPerao)
+ (1Aas1 = Vayao) Parags (D20)
Porag = Pagh, = %(Qaspblcl + Q1 06,c, — 230,80
— Q¥ peiag) + ({Das2 — Vorag) Poyags (D21)

. . i
pC[Co = p:’)c] = E(Qquag + ijclbl - Qaspagco

- lealco - QZ/OblcU) + (iAaSZ - Vclco)pclcoa (D22)

i

Ibclbl = p];klcl = 2[92(1001&:1 - pb]b]) + QSIOC[C()
- Qaspagbl - lea]b]] + (iAZ - yClb])IOC]b] ) (D23)
, . [
Peoay = Pagey = E[Ql(/)coco - paoao) + Qas Peye,
- Qspblag] + (IAZ - Vcoau)pcoao’ (D24)
Pajc; = '001211 = 5 Ql(palal - ,Oc,c]) + Qppalbo
+ Q;pa]b]] - (iAl + Valcl)palcl ’ (DZS)
pb[Cu = 'Oc[)bl = E[Qb (pblbl - IOC()C()) + leblag
+ Q;pclco] + [i(AaSZ - AZ) - Vblco]pblcoa (D26)
Pajcy = Peja, = E(leal’do + Qsloa]b] - leclcn)
+ [i(AaSZ - Al) - VaICU]palcm (D27)

where A, = (was = kosv) — (w2 + 8 + kpv) is the two-
photon detuning for the FWM process in Fig. 2(c). In addition,
the other two-photon detuning in this FWM process can
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be expressed as Ag = Ay — Ay = (w; + 8 £ ksv) — (01 +
kiv). By solving the above equations with p;; =0, we can
obtain the expression of the susceptibility x» [48,49,51]:

* iNldeao* 2 2 ) ink®)
o= [ Mol (s i

oo €082
x f(v)dv, (D28)
where
Qas (Pagag — Peser)
(2) as apag C1Cy
Corrr = é—* (D29)
crag
C(Z) — QaS|Ql|2 |: /_)211’&1 - pclcl
SRS Cclao (ZiAasl - yal)(ziAl + 2)/&101)
N Pagay ]
(ZiAaSZ - 2yclc0)(2iA2 + Vco)
Qas|92|2 l(_)blbl - pclcl (D30)

Cclao (ZiAaSZ - Vbl)(ZiAZ + 2y€1b1)

C(2) — QIQ;kQZ [ Peic; — Poyb,
FWM Coay L(2iAu2 — 2¥e10) (2iA2 — 29 pp,)
/_)aoao ]
- . : (D31)
(ZlAasz —_ ybl)(2zA2 — ]/CO)
with
. 12

Cclao =2y — Ve, + ﬁ

as ci1co
ik Ll (D32)

2iAa32 — Yo, 2iAasl — Vb, .

Here d.,,, = (ci1ld|ap) is the matric element of the dipole
moment d.
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