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Realization of magnetic-free nonreciprocal transmission for two or more wavelengths simultaneously is
in great demand for multiwavelength optical communication and signal processing. Here, making use of
optical pumping, we propose and experimentally demonstrate a magnetic-free multiwavelength isolator
based on warm V-type atoms with the assistance of the Doppler effect. Applying #Rb atoms, isolation
ratios of 25 and 28 dB are obtained simultaneously for signal fields at 795 and 780 nm with transmissions
higher than 0.85. This work provides an effective way to realize a multiwavelength optical isolator for

optical information processing applications.
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I. INTRODUCTION

Optical isolators controlling the unidirectional transmis-
sion of light are the primary components in optical infor-
mation processing. Their realization relies on the breaking
of the Lorenz reciprocity [1,2]. To date, the most common
approach to achieve nonreciprocity is based on the Faraday
effect, where bulk magneto-optical crystals are applied.
But facing the challenge of miniaturization, a series of new
schemes have been proposed to realize magnetic-free non-
reciprocity, including the use of the nonlinear effect [3—8],
spatiotemporal modulation of permittivity [9—13], optome-
chanical interaction [ 14—20], fast-spinning resonators [21],
moving Bragg lattices [22,23], the chiral quantum regime
[24-28], and the electromagnetically induced transparency
of warm atoms [29-31].

Recently, several strategies for magnetic-free tunable
isolators have been pursued at different wavelengths by
adjusting system parameters [32—35]. For example, the
tunable schemes can be realized by adjusting the parame-
ters of the external laser in the linear interband Brillouin
scattering system [32] or chiral quantum system [33],
changing the input power in the Fano interference system
[34], and tuning the coupling strength between mechanical
oscillators in an optomechanical system [35]. However, if
two or more signals of different wavelengths are incident
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into the system simultaneously, these tunable isolators only
work for one of the signals. Therefore, an investigation of
a multiwavelength optical isolator, which can simultane-
ously work for multiple signals of different wavelengths,
should be interesting.

As an important simple method in the field of atomic
optics, optical pumping [36] is used to upset the balance
of population in different atomic levels and plays crucial
roles in laser cooling and trapping [37—39], Bose-Einstein
condensation [40,41], precision measurement [42,43], and
so on. In our scheme, mature optical pumping technology
is used to realize multiwavelength nonreciprocal trans-
mission with the assistance of the Doppler effect. We
use optical pumping to induce an asymmetric distribution
of the ground-state atoms over the velocity, which can
simultaneously transmit or isolate multiple signal fields
dependent on their propagating direction. This dynamics
supports simultaneous nonreciprocal transmission for two
or more signal fields with only one pump field, which
can be used to realize a multiwavelength magnetic-free
optical isolator. In our proof-of-concept experiment, we
demonstrate simultaneous nonreciprocal transmission for
two signal fields of different wavelengths (780 and 795
nm) with more than 25 dB of isolation in warm %Rb
atoms. This scheme may have advantages in decreasing the
number of optical isolators, and thus it can reduce the com-
plexity of the integrated multiwavelength optical system,
such as wavelength division multiplexing (WDM), which
can simultaneously transmit two or more optical signals of
different wavelengths in the same waveguide.

© 2019 American Physical Society
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The paper is organized as follows. In Sec. II, we illus-
trate how the optical pumping can lead to simultaneous
nonreciprocal transmission for multiple signals of different
wavelengths assisted by the Doppler effect. Next, in Sec.
III, we design a proof-of-concept experiment and discuss
its results. Our conclusions are given in Sec. IV.

I1. PRINCIPLE OF OPERATION

The key element of the isolator based on optical pump-
ing is shown in Fig. 1. We first introduce only one signal
field to illustrate the physical mechanism. A weak signal
field passes through the atomic ensemble from opposite
directions along the z axis [Fig. 1(a)]. It couples the tran-
sition |g() — |e) with a detuning §; = w; — wg ., Where
wy is the signal field frequency and wy,. is the frequency
difference between levels |g;) and |e) [Fig. 1(b)]. Here,
we account only for the longitudinal Doppler effect along
the laser beam direction. Because of the Doppler effect,
the forward signal field (wave vector k;, +z) is reso-
nantly absorbed by a group of atoms with velocity v =
85/ ks, while the backward signal field (wave vector —k;,
—z) is resonantly absorbed by another group of atoms
with velocity v’ = 8;/(—ks) = —v [Fig. 1(c)]. Because the
atomic velocity satisfies the Maxwell-Boltzmann distri-
bution, the numbers of atoms in the velocity groups v
and —v are the same. Therefore, the absorption of the
atomic system for the forward and backward signal fields
is reciprocal. Nevertheless, if we can create an asymmet-
rical distribution for the number of atoms in the groups
v and —uw, it is possible to realize nonreciprocal transmis-
sion for the forward and backward signal fields. In order
to achieve such a goal, a strong pump field propagating
in the forward direction (wave vector k,, +z) coupling
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the transition |g;) — |f") with a detuning §, = @, — wy,r
is applied, where w, is the pump field frequency and
wyq,r 1s the frequency difference between levels |g;) and
| /) [Figs. 1(a) and 1(b)]. When the condition §, = k,v
is met, namely, its effective detuning 81’, =6, — kv =0,
the pump field resonates with the group of atoms with
velocity v. Then, the absorption and spontaneous emission
cycle |g;) — |f) — |g») happens and leads to a popula-
tion transfer from the ground state |g;) to the other one
|g2) [Fig. 1(b)]. Thus, the ground state |g;) of the atoms
with v is emptied, leading to a high transmission for the
forward signal field around the position 8; = 8,k,/k,. By
contrast, the pump field “seen” by the atoms with the
velocity —v has an effective detuning 61’7 =0, —ky(—v) =
26, which is far from resonance. It can hardly pump the
—v atoms away from the ground state |g;) and therefore
the backward signal field is still absorbed strongly around
the position §; = 8,k,/k,. This velocity selective optical
pumping thus leads to the nonreciprocal transmission of
the signal field, and then it can be used for the optical
isolator.

Next, we take the multiple signal fields ky; (i=
1,2,3,...) into account. They couple with the ground
state |g;) and different excited states |e;) with respective
frequency detuning &y in the multilevel atomic system
[Fig. 1(d)]. Without the pump field, for the forward case,
as long as &, satisfies §;; = kv, the multiple signal fields
are absorbed by the same atomic group v. Similarly, when
these signal fields propagate backward (—£;;), they are all
absorbed by the atomic group —v. Exactly as addressed
above, when a forward-propagating strong pump field with
8, = kyv is applied, the atomic group v in the ground state
|g1) is emptied, and thus all signal fields satisfying §;; =
ksiv inevitably have high transmissions around the position

(d)

(a) Schematic illustration of the optical isolator with optical pumping in warm atoms. The forward signal passes through the

atoms while the backward signal is absorbed by atoms. (b) V-type level structure used to create nonreciprocity for a signal field. The
weak signal and strong pump fields couple to the transition |g;) — |e) and |g1) — |f), with detuning &, and §,,, respectively. (c) The
Doppler shifts for the forward and backward signal fields. (d) The multilevel V-type system used to create nonreciprocity for multiple
signal fields.
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8si = 8pkyi/k,. This leads to the simultaneous nonrecip-
rocal transmission for multiple signal fields around §; =
8pki/ky. In a similar way, around &y = —6,ksi/k,, there
is the other nonreciprocal transmission channel, where the
backward signals are transmitted and the forward signals
are isolated. Take the rubidium (Rb) atoms for an example.
If we choose a pump field near 780 nm, the nonreciprocal
transmission can be formed simultaneously for the signals
at 795 nm (5S1/2 —> 5P1/2), 780 nm (5S1/2 —> 5P3/2), 421
nm (581, — 6P1)2), etc. Therefore, in a multiwavelength
optical system, such an optical isolator can be used instead
of multiple isolators, thus facilitating efficient integration.

ITII. EXPERIMENT AND DISCUSSION

The proof-of-concept experiment demonstrating multi-
wavelength isolation is performed with warm 3°Rb atoms
in a vapor cell 7.5 cm in length. The Rb cell is wrapped
in p-metal for magnetic shielding and a heater coil for
controlling atomic density. In our experiment, we keep the
atomic temperature to be 70°C. The pump field near 780
nm couples [5S1,2,F =2)(Ig1)) = [5P30.F =2)(|f)).
First, we demonstrate the nonreciprocal transmission for
a single signal field of 795 nm. The signal field scans
near the 5512, F = 2)(Ig1)) = |5P1)2. F = 3)(le)) tran-
sition and is divided into two beams incident from the
opposite directions £z into the cell. In our experiment,
the radii of the pump and signal fields are estimated to
be 0.9 and 0.7 mm, respectively. The polarizations of the
pump and signal fields are orthogonal to each other and can
be separated by a polarized beam splitter (PBS). The for-
ward and backward signal fields have the same power of
3 uwW. All the transmission spectra are directly measured
with the simultaneous presence of the signal fields from
both directions.

Without the pump field, both signal fields from opposite
directions are almost completely absorbed and their trans-
missions show good reciprocity, as displayed in Fig. 2(a).
Then, we turn on the pump field. The detuning is set to
be 2t x 185 MHz according to our theoretical simulation
(see Appendix B). As expected, nonreciprocal transmis-
sion spectra of forward (dashed blue line) and backward
(solid red line) signals present as shown in Fig. 2(b).
Because of k ~ k,, the signal field exhibits nonrecip-
rocal transmission at the detuning position of §;/27 =
8, /2m = 185 MHz. According to our theoretical analysis,
there is also a reversed nonreciprocal channel at 6,/27 =
—8,/2m = —185 MHz. However, because of the existence
of a lower hyperfine excited state ]5P1 2. F = 2) in our
actual experiment, the signal field around §,/27 = —185
MHz is near-resonant to this excited state and is absorbed
strongly. As a result, we record a lower transmission at
8s/2m = —185 MHz and a higher transmission at §;/2m =
185 MHz in our experiment. Since transmission is a very
important factor for an isolator, we demonstrate the high
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FIG. 2. (a),(b) Experimental observation of normalized trans-
mission versus the detuning of the signal field without and with
optical pumping. The pump power is fixed at 4 mW. (c),(d) The
theoretical fitting. (¢) Measured forward (blue squares) and back-
ward transmission (red dots) as a function of the pump field
power. The lines are the theoretical fitting. The parameters for

the theoretical curve are g, o, = 1.29 x 1072 Cm, pg, ¢, =
0.69 x 1002 Cm, and N = 2.5 x 10" m—3.

transmission at §;/2w = 185 MHz as the isolator per-
formance here. Moreover, we measured the forward and
backward transmission at §;/27 = 185 MHz versus the
pump field power, ranging from 1 to 14 mW. As shown in
Fig. 2(e), the backward transmission remains nearly zero,
while the forward transmission increases from 0.19 to 0.88.
In our experiment, the experimental results are very sta-
ble and therefore represented by the average value without
error bars.

As a further note, we not only achieve nonrecip-
rocal transmission around J;/27 = 185 MHz but in a
broad operation bandwidth (more than 27 x 100 MHz),
as demonstrated in Fig. 2(b). This is due to the exis-
tence of several hyperfine split energy levels [44]. For
the D2 line of ¥Rb, |5P;/,F = 1,3) are very close to
|5P3/2,F = 2>. When the strong pump field is applied
between }5S1/2,F = 2) and |5P3/2,F = 2} with a detun-
ing of 2w x 185 MHz, it also acts as a strong pump field
for the transition of \5S1/2,F = 2> to |5P3/2,F =1, 3) with
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the detuning of 27 x 214 and 27 x 122 MHz, respec-
tively. But, because the transition of |5P3/2,F = l) to
|5S1 12, F = 3) is forbidden, the absorption and sponta-
neous emission cycle just happens for |5P3/2,F = 2,3).
Therefore, two transmission peaks for the forward signal
field around 27 x 122 and 27 x 185 MHz are present in
our experiment. Since each of the two transmission peaks
has a certain linewidth, they overlap partly and demon-
strate a broad transmission bandwidth. For isolators, the
realization of broadband is important in practice. We note
that recently Xia et al. also proposed a theoretical scheme
for broadband nonreciprocal transmission through chiral
cross-Kerr nonlinearity with hot atoms [30]. The above
single-signal-field experimental results are qualitatively
well fitted by our theoretical results shown in Figs. 2(c) and
2(d) and the lines in Fig. 2(e) (the theoretical methods that
we use are shown in Appendix A), thus fully confirming
our physical insights and theoretical analysis.

Next, we perform the experiment with two signal fields.
As shown in Fig. 3(a), the signal fields with 795 nm
(3 W) and 780 nm (3 wW) couple with the same
ground state |5S1 2. F = 2) and different excited states
|5P1/2,F = 3> and 5Pz, F = 1,2,3), respectively. The
pump field keeps the power of 10 mW and detuning of
8,/2m = 185 MHz. The two transmitted signal fields are
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FIG. 3. (a) Multilevel V-type structure of Rb atoms for two
signal fields in isolation with a strong pump field. (b),(c) Simul-
taneous observation of normalized transmission for 795 and 780
nm. The pump field power is 10 mW and the signal field powers
are 3 uW.

detected simultaneously by different detectors after being
separated by a grating. Figures 3(b) and 3(c) demonstrate
the recorded results that are plotted as functions of the sig-
nal detunings of §; = w51 — wge, and 8 = W2 — Wgyey
where wq e, (wge,) is the frequency difference between
levels |5S1/2,F = 2) and |5P1/2,F = 2) (|5P3/2,F = 2>)
A high transmission for the forward signal fields (dashed
blue line) but nearly zero transmission for the backward
signal fields (solid red line) at 795 and 780 nm is observed
simultaneously. What needs to be emphasized here is that
simultaneous realization of nonreciprocity for multiple sig-
nal fields is very important in multiwavelength optical
systems such as WDM, and it is an essential difference
between our scheme and the previous tunable wavelength
schemes [32—35]. To characterize the optical isolation per-
formance, we use the isolation ratio n = 10]log(7y /T3)|
for evaluation [26]. Here, Ty and T}, are the transmission
of the forward and backward signal fields. As shown in
Figs. 3(b) and 3(c), the isolation ratios near 795 and 780
nm are about 25 and 28 dB, respectively, accompanied by
a transmission higher than 0.85. Moreover, the operating
range about a 2 x 150-MHz bandwidth with a transmis-
sion higher than 0.70 can be achieved at both wavelengths.
Limited by our experimental conditions, we demonstrate
here only two signal wavelengths at 795 and 780 nm. If
lasers with other wavelengths are available, simultaneous
nonreciprocal transmission for more wavelengths can be
achieved.

IV. CONCLUSION

In conclusion, we propose a scheme based on V-type
warm atoms and an experimentally realized multiwave-
length magnetic-free isolator by optical pumping. A non-
reciprocal optical component that enables simultaneous
isolation for multiple signal fields at different wavelengths
is expected. This is shown by this work to be feasible
via optical pumping with the assistance of the Doppler
effect. We achieve more than a 25-dB isolation ratio
with a transmission higher than 0.85 at 795 and 780 nm
simultaneously using warm ®Rb atomic ensemble. Fur-
thermore, since the warm atoms can be uploaded into
one-dimensional waveguides [45], our proposal may pro-
vide a feasible vision for miniaturized and integrated
multiwavelength optical isolators.
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APPENDIX A: THEORETICAL MODEL

In order to better reflect the actual experimental results,
when we perform the theoretical simulation, the hyper-
fine energy levels of the real atoms in the experiment are
considered. The excited states |f) and |e;) have multi-
ple hyperfine levels. The pump field w, couples with the
ground state |g;) and excited states | f;), where | f;) repre-
sents the kth hyperfine level of state | /). The signal field
wy; couples with the ground state |g;) and excited states
le;i), where |e;;) represents the j th hyperfine level of state
le;) (i,j,k =1, 2, ...). The dynamics of the system is
described by the following density matrix equation:

. i .
P:—ﬁ[HaP]“‘,Osp, (A1)
where p is the density operator and pg, denotes the relax-
ation terms [46]. The total Hamiltonian H describing the
multilevel atoms driven by the signal and the pump fields
can be written as

H =Y haulf) Uil + Y hsgley)ey|
k i

+ Yl fidgil + Y hQuyley ) (g1l + He,
k ij

(A2)

where A, = @, — wq;, — kv and Ay = w5 — Wgye +
kgv when we take the Doppler shift into account, wy, s
(wgye; ) 1s the frequency difference between levels |g;) and
| fe) (|e,~j )), and 2, (S2;) is the Rabi frequency of the
corresponding pump (signal) field.

Considering that all signal fields are weak, the linear
susceptibility of the ith signal field, under the weak field
approximation, can be written

Mgl,eg/

N 00 2
" 2s0h o teilog)Didv, (A3
X = eoh _/_OOJZ Qu (ejjlp*1g1)D(w)dv,  (A3)

where N is the number of involved atoms, &, is the
permittivity of vacuum, fig ., Is the transition dipole
moment between states |g1) and |e;), and oV is the
first-order solution of p. The velocity distribution D(v) =
exp(—v?/vy,,)/ (/T Vnp), Where vy, is the most probable
velocity.

APPENDIX B: DETUNING OF THE PUMP FIELD

The detuning of the pump field is another tunable param-
eter in the system. Thus, we theoretically simulate the
transmission of forward and backward signal fields as a
function of 6,. As shown in Fig. 4, when 6, /27 is smaller
than 160 MHz, the forward transmission is below 0.8.

— — Forward Backward
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% 0.4 |

g 0.006
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FIG. 4. Theoretical results for the forward and backward trans-
mission versus §,, where §; = &, and the pump field power is 10
mW. The other parameters are chosen to be the same as those in
Fig. 2.

This is due to the existence of the hyperfine excited state
]5P1 12, F = 2), which causes a little absorption. Then with
the increase of §,, the forward transmission increases and
approaches to nearly 1. For the backward transmission,
it remains almost zero near 8,/2w = 200 MHz and then
increases gradually with §,. This relatively high back-
ward transmission at larger §, stems from the reduction in
the number of atoms. As is well known, the distribution
of atomic number with velocity satisfies the Maxwell-
Boltzmann distribution at room temperature. So, the num-
ber of atoms decreases with the velocity increasing. For
larger §,, the atoms that can resonantly absorb the back-
ward signal field become fewer, which leads to an increase
in the backward transmission. As a result, the forward sig-
nal field has a high transmission over a wide range, and the
backward one is well isolated around §,/27 = 200 MHz
(shown in Fig. 4). Therefore, we can choose 8, /27 around
200 MHz to realize a relatively high-performance isola-
tor. In our proof-of-concept experiment, the detuning of
the pump field is selected to be 27 x 185 MHz.
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