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SPECIAL TOPIC — Quantum frontiers with Rydberg atoms

Controllable transmission spectrum via electromagnetically induced
transparency with Rydberg atoms
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Controllable transmission spectrum is highly desirable in optics. Here we investigate the transmission spectrum and its
control using cascaded electromagnetically induced transparency (EIT) with Rydberg atoms. We show that the transmission
spectrum of the probe field can exhibit one or no EIT transparency window if the atomic vapor contains mainly the Rydberg-
blockaded three-level atoms or Rydberg four-level atoms. Moreover, the transmission spectrum can be actively controlled
by tuning the ratio between the control and driving laser fields, rendering various applications in optical processing, such

as optical absorbers.
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1. Introduction

The transmission spectrum is obtained by measuring the
relative intensity of light at the output port and the input port.
It describes how much light can be transmitted to the other
side of the waveguide at different wavelengths.[!! In conven-
tional solid materials such as optical fibers and waveguides,
the transmission spectrum is difficult to control in an active
manner. However, a system with a controllable transmission
spectrum is highly useful for many applications in the fields of
optical information processing and transmission. !

On the other hand, optical materials with nonlocal non-
linearities are of great interest due to their intriguing physics
and practical applications.*! Optical nonlocality means that
the refractive index at a particular location is determined by the
light intensity over an extended region of the optical medium.
It can arise through a variety of physical mechanisms such
as atomic diffusion,*! photorefractive effect,> interactions
in liquid crystals, ! thermal self-action,[®°! electron transport
in plasma, ! dipole-dipole interactions in ultracold quantum
gases,!!!] Rydberg atomic gases,[!?! etc.

Rydberg atomic gases working under the condition of

Y3151 possess

electromagnetically induced transparency (EIT
many unique properties, and hence have attracted tremendous
attention in recent years. Firstly, the optical absorption due to
the resonance between optical fields and atoms can be greatly

suppressed via EIT, a quantum destructive interference effect

fCorresponding author. E-mail: chang@phy.ecnu.edu.cn
fCorresponding author. E-mail: cjzhu@suda.edu.cn

CSTR: 32038.14.CPB.ae1a49

induced by a control laser field. Secondly, Rydberg-EIT sys-
tems can map the strong and long-range interaction [i.e., the
Rydberg—Rydberg interaction (RRI)] between atoms in Ryd-
berg states into the strong and long-range interaction between
photons, !9 resulting in a giant and nonlocal optical Kerr non-
linearity. Thirdly, such Rydberg-EIT systems are configurable
and controllable in an active way due to the existence of many
tunable parameters, such as atomic levels, detuning, and laser
intensities. Based on these striking features, Rydberg-EIT sys-
tems have become an excellent platform for the research of
quantum and nonlinear optics in strongly interacting atomic
ensembles,! 24l and have promising applications in many
fields such as high-precision measurement and quantum in-
formation processing. 228!

In this work, we investigate the transmission spectrum
and its control using cascaded EIT with Rydberg atoms. We
show that the transmission spectrum of the probe field can ex-
hibit one or two EIT transparency windows if the atomic va-
por is dominated by Rydberg-blockaded three-level atoms or
Rydberg four-level atoms, respectively. Moreover, the trans-
mission spectrum can be actively controlled by the Rydberg
blockade radius, which further depends on the ratio between
the control and driving laser fields in the system. The findings
in this work render a variety of applications in optical process-
ing, such as the design of optical absorbers.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Model

We start by considering a lifetime-broadened four-level

n, 29391 shown in

atomic system with a cascaded configuratio
Fig. 1(a). The electric field acting on the atomic system reads
E =E,+ Eq+ E., with Eq = eqEqexpli(kq -1 — 0gt)] +
h.c. (eq are unit polarization vectors, £, are field amplitudes).
Here, a weak, spatially focused probe laser field E, (with
wavenumber k, = @) /c, angular frequency ®,, and Rabi fre-
quency £,) couples the ground state |1) to the intermedi-
ate state |2); a strong driving laser field E4 (with wavenum-
ber kg = q/c, angular frequency @y, and Rabi frequency
Q4) couples the intermediate state |2) to the excited state |3).
States |1), |2), and |3), together with the probe and driving
fields, constitute a standard cascaded =-type EIT configura-
tion. The =-type EIT is, however, dressed by a high-lying Ry-
dberg state |4), with a large principal quantum number n. The
Rydberg state |4) is coupled to |3) through a control laser field
E. (with wavenumber k. = @ /c, angular frequency @, and
(e — @) is the one-
photon detuning, Aq = @, + ®g — (@3 — @) is the two-photon
detuning, and A, = @, + ®¥g + @ — (W4 — @) is the three-

Rabi frequency €2.). Here, A, = @, —

photon detuning, with @; the eigenfrequency of the level | j);
I, I33, and I34 are respectively the spontaneous-emission de-
cay rates from |2) to |1), |3) to |2), and |4) to |3). This yields
the N-atom Hamiltonian

N N
A=y h,+y "
a aZp

oa—T
B) 44Gf4> (1

where Hy /i = Ap8% + Ag6Y + ABL + 2,68 + Q.68 +
o =i (%
(i,j = 1—4). Here, the Rabi frequencies of the probe, driv-

0464 +H.c. is the orth atom Hamiltonian with

ing, and control fields are respectively Q, = (e - p21)&p /A,
Q4 = (eq-p32)Eq/h, and Q. = (e - p43)E:/h, with p;; the
electric dipole matrix elements associated with the transition
i) > 1)).

Under the electric-dipole and rotating-wave approxima-
tions, and applying the continuous density approximation, the
motion of the density matrix elements, pj = (6j;), is de-
scribed by the optical Bloch equations

.0 . .
i5 P11 —il12p2 = QP12+ £ p21 =0, (2a)

(i +F12> P22 — 3333 — Qap23 + R p32
+Qpp12 — 5 p21 =0, (2b)

i (jt +F23> P33 — 113444 + Rap23 — Qi pn
—Qcp34+ 2. psz =0, (2¢)

.0 . «
IS Pu +iI34P44 + 2cp34 — 2. pa3 = 0, (2d)

for diagonal matrix elements and
. d .
i +day | P21 + 25 (p11 — p22) + R4p31 =0, (3a)
9 )
is +d31 | p31 — Qpp32 + Qapa1 + 2. pa1 =0, (3b)

e
(1 5 +d41> P41 — L2pPan + Qe P31

—Ny / 7'V (' —r)pagar (v, 7,1) =0, (3c)

(lat +d32> P32 — 2y p31 + Qa(p22 — p33) + 25 paz = 0,(3d)

.0 .

<18t + d42) P42 — 25 pa1 — L24pa3 + Qcp3n

N [ @V = r)pu (7.0 =0, (3¢)
.0 .
i +dusz | paz+ Qc(P33 — paa) — 25 paz

N [ @V = r)pa (e 7.0 =0, 3h)

for non-diagonal matrix elements. Here, d2; = A, + %2,
d31 = Ag+ i3, dyg = Ac + 1014, d3o = Ag — Ap + 13, dap =
Ac — Ap + 14, and d41, = A. — Aq + 1p34; the decay rate
Yij = (F+F)/2+ 7 = Lic;Lij, with Ij; the
spontaneous emission decay rate, and yfj"l the dephasing rate
The last terms in Egs. (3¢c), (3e), and (3f)
are contributions from the interatomic interaction, where Ny

! where T
from |j) to |i).
is the density of the atomic gas. The interaction between
the Rydberg atom at position 7 and the one at position 7’
is described by the long-range potential iV (r’ — r), where
V(r' —r)
Here, p;ju(r',r,1) =

= Cg/|r' —r|®, with Cg the dispersion parameter.
(0jj(1',1) 0K (7,1)) is the two-body cor-
relation.

The wave equation of the probe field is described by the
Maxwell equation, which under the slowly varying amplitude
approximation reads

(d 10 b
1(8Z+Cat)gp+2xpgp—0, (4)

where x, = Ne(ep - p12)?p21/(€07£2,) is the probe-field sus-
ceptibility. Note that for convenience and without loss of gen-
erality, the propagation direction of the probe field is assumed
to be along the z direction, i.e. k, = (0,0,kp). To suppress the
(0,0, —kq) and
k.= (0,0,k.); in addition, since we are interested in a station-

leading-order Doppler effect, we choose kg =

ary state of the system, the time derivatives in the Maxwell—-
Bloch Egs. (3) and (4) can be neglected (i.e. d/dr = 0), which
is valid if the probe field has a sufficiently long duration.

We assume that atoms are initially prepared to occupy
only the ground state |1). Since the probe field is weak, the
population in atomic levels does not change significantly when

084203-2
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the probe field is applied to the system, and hence a standard
perturbation method can be employed to solve the Maxwell—
Bloch Egs. (3) and (4) beyond the adiabatic approximation.
Using the smallness of the amplitude of the probe field rel-
ative to that of the driving field, i.e. |2,/Q| < I, we can

m
Jt -
|©2,/8.|™. Substituting the expansions into the Bloch equa-

employ the expansion p;; =Y.' _p;, ', where pj(;") is of order
tion (3) without taking into account time derivatives, Eq. (3) at
the leading order is solved as pl((l)) = 1 with the other density
matrix elements being zero.

Ndw
g _ 3 2,
A |
‘Qc : F34 Qp
: ng
13)
: I3
v
2)
Y Y
1) 11)
® 4-level atoms 3-level atoms

Fig. 1. Level diagram and excitation scheme of the cascaded Rydberg-
EIT system. For Rydberg-blockaded atoms, states |1), |2), and |3) con-
stitute a standard three-level Z-type EIT configuration, where the probe
field (with Rabi frequency £2;,) couples the transition |1) <+ |2), and the
driving field (with Rabi frequency Qg4) couples the transition |2) «» |3).
For Rydberg atoms, the Z-type EIT is further dressed by a high-lying Ry-
dberg state |4), coupled to the state |3) through a control field (with Rabi
frequency £;). Ay (& =P, d, ¢) are detunings and I, is the spontaneous-
emission decay rate from |/) to | j). The interaction between two Rydberg
atoms is described by the van der Waals potential Vygy = iV (7' —7), with
V(r' —1)=Cs/|r' —7[°. Ry is the Rydberg blockade radius.

At the first order, by gathering the terms of order
|22,/€|, only a subset of three equations describes the es-

sential dynamics. In the frequency domain, these equations
describing the linear excitation of the present system are given

as
# (1)
0)+d21 'Qd 0 P21
Qi o+ds Q plV
0 Q. o+dy—dy p(U
41
-Q,
={ 0 |, ®)
0
leading to the solution
O +d3))(0+dy — 841) — | Q|
() _ (0+d31)(@0+dy1 — 841) — |€] o, (6

P = D(®)

(1) (@ —+dar — 641)Q4

Py = — D(@) Q, (6b)
1y a0
p41 - D(Q))QP” (6C)

pl = pl = pll) = pll —0, (j=1,2,3,4), (6d)

with D(w) = |.Qd|2((1) +dy) + ‘.QC|2((D +dy) — (0 +
dr1)(@+d31)(® + day — 641). (The frequency of the probe
field is thus given by @, + o, i.e., @ stands for a small de-
viation from the center frequency of the probe field @,.) For
obtaining Eq. (5), we have used the mean-field approximation,
ic. pll ~ i pll) ~ plllp oty = o[ ply. which is
only valid for a dilute atomic gas with negligible dephasing.

)

A more rigorous approach for calculating pﬁ can be carried

out by using the second-order equations. !
The detuning &4 is induced by the RRI, which can be

solved by the integral

o Co | 2)4p2 " Co )42
d41 = Ny </o R—gp44 4R dR+/Rb 76 Pis 4wR*dR

87EC6
3R
87Cs 124022,/

3R} 1|Qa|%da1 +19Qc[*dar — daydsi (day — 1)

= Na——21pi))P

~ Na @)
Here, the Rydberg blockade radius Ry, is estimated by R, =
(ICs/ 551T|)1/ 6 where gt is the linewidth of the EIT trans-
mission spectrum (i.e., the width of the EIT transparency win-
dow), calculated by Sgir = |Q4/?|2c|?/(|d31]?|d41]). Since
041 should be of order one [i.e., & ~ O(1)], it re-
quires that NoC/R} ~ |2,/92:|7% and hence |Q,/Qc| ~
Ry? /(NaCo)'/2.

To evaluate the role of RRI in the change in the trans-
mission, we postulate that any atom has a probability of being
a Rydberg four-level atom, driven by the driving and control
laser fields, and a Rydberg-blockaded three-level atom, driven
only by the driving laser field. Accordingly, the susceptibility
of the probe field can be expressed as!>!]

Xp = XaL + XL, (®)

where yar. is the susceptibility for Rydberg four-level atoms
and Y3 is the susceptibility for Rydberg-blockaded three-level
atoms. To first order, the susceptibility of the Rydberg four-
level atoms reads

_ Nulep - pi3|* (@ +ds1 ) (0 +day — 841) — | Q|

2
eh D(w) » ©)

XAL

where 64 is included in the term D(®) and can be computed
by Eq. (7); the susceptibility of the Rydberg-blockaded three-
level atoms is

L:N3L|ep'p13|2 o +d3;

. 10
gh |Q4|? — (0 +da1) (@ +d31) (10)
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Here, Ny and N3 are respectively the densities of Rydberg
and Rydberg-blockaded atoms, with the total atomic density
No =Ny +MN3L.

Since only one atom can be excited to the Rydberg
state in the sphere with radius Ry, if 3/(47R}) < Ny, ie.
Ry > i/m (for a large blockade radius), the densi-
ties of Rydberg and Rydberg-blockaded atoms are respectively
Naw =3/(47R}) and N3 = Ny — Nyp. On the other hand, if
3/(47R3) > Ny, ie. Ry < 3/3/(4nNy) (for a small blockade
radius), one has Ny = Ny and N3 = 0.

The transmission spectrum of the probe field in the sys-
tem is determined by the imaginary part of x, (i.e., Im(p)).

[32

According to the Beer—Lambert law, ! the transmission is

given by

Y

Tp — e*kplm<xp)L’

where L is the length of the medium. Therefore, the transmis-
sion spectrum can be fully manipulated by tuning the Rydberg
blockade radius through changes in the laser field intensities,
as shown below.

3. Controllable transmission spectrum of the
Rydberg-EIT system

To have a better illustration of the controllability of the
transmission spectrum, we choose a cold gas of '*3Cs atoms
as a realistic candidate physical system that can be described
by the theoretical model described above.[?>3% The assigned
atomic levels are |1) = [6S;5), |2) = [6P3)3), |3) = [7S},2),
and [4) = [30P3/;). The spontaneous decay rates are I3 ~
2w x 5.3 MHz, I3 ~ 21 x 3.3 MHz, and I =~ 27 x 0.01 MHz,
respectively. The wavelengths of the probe, driving, and con-
trol fields are respectively A, = 852 nm, Ay = 1470 nm, and
Ac = 786 nm, and all detunings are assumed to be zero, i.e.
Ap = Ag = A. = 0. The Rabi frequencies of the probe and driv-

ing fields are respectively £4 =27 x 5 MHz and Q, = 27 x
30]

and the total density of the atomic gas is NV, = 5 x 102 cm 3.

50 kHz, the dispersion parameter Cs ~ —0.5 GHz - um6,[

Now, we discuss the transmission spectrum of the probe
field for different values of the control field with the driv-
ing field fixed. Firstly, we choose the Rabi frequency of
the control field to be much weaker than the driving field,
say Q. = 2m x 0.5 MHz (i.e,, 2./Q4 = 0.1). With the
given parameters, the blockade radius is Ry ~ 0.8 pum, the
RRI-induced frequency shift is 841 ~ —2.53 x 102 s~!, and
the densities of four- and three-level atoms are respectively
given as Ny ~ 5.7 x 101" cm™3 and M3 ~ 4.4 x 10'> cm—3.
Since Ny /N3L =~ 0.13 < 1, the atomic gas is dominated by
Rydberg-blockaded three-level atoms. In Figs. 2(al), 2(a2),
and 2(a3), we show the imaginary part of the susceptibility
as a function of ®. Panels (al), (a2), and (a3) of Fig. 2

show Im(x4r), Im(x3L), and Im(xp) = Xar + X3L. respec-
tively. Obviously, Im()31) has a local minimum at ® = 0 (see
Fig. 2(a2)), corresponding to the EIT transparency window,
which, however, disappears for Im(y4;.) (see Fig. 2(al)). This
is because the EIT condition in Rydberg-blockaded three-level
atoms is broken in Rydberg four-level atoms due to the pres-
ence of an additional laser field (i.e., the control field) and an
additional level (i.e., [4)). As a result, Im(y,) shows only one
EIT transparency window since nearly all atoms are Rydberg-
blockaded (i.e., three-level atoms).

8 - 6
(al)

(b1)

<
<}

Imxyy, (107%)
S

Tmxyy, (1071
w0

1

e

0 0 —
R & o[ (B2) T
(@) o i
- ; f
E E

0
6
=, (a3) = [ m3)
(@) ()
i i
= 3
x 1 >
g g
— —
o= e S ol—"" . . . .5
—1 0 1 —1 0 1

w/wy w/wy

Fig. 2. The absorption of the probe field as a function of @/wy (with
@y = 1.0 x 108 s71) for Q. = 27 x 0.5 MHz (£./24 = 0.1), as shown
in panels (al)—(a3), and Q. = 27 x 4 MHz (2./Q4 ~ 0.8), as shown
in panels (b1)—(b3). The upper, middle, and lower rows show Im(xar.),
Im(x3L), and Im(yp) = Im(x4r) +Im(x3L), respectively.

Next, we consider the strength of the control field to be
comparable to that of the driving field. To be specific, we
take Q. = 27 X 4 MHz, and hence Q./Q4 ~ 0.8. With the
given parameters, the blockade radius is Ry, ~ 0.4 um, the
RRI-induced frequency shift is 85y ~ —4.36 x 10> s~! and
the densities of four- and three-level atoms are respectively
given as Ny ~ 4.6 x 10'2 em™3 and N3 ~ 4.1 x 101 cm 3.
Since Ny /N3L =~ 11 >> 1, the atomic gas is dominated by
Rydberg four-level atoms. Panels (bl), (b2), and (b3) of Fig. 2
show the same quantities as those in Figs. 2(al), 2(a2), and
2(a3), respectively, but for a large value of Q./Qq. It is clear
that Im(,,) shows no EIT transparency window since nearly
all atoms are Rydberg four-level atoms.

To elucidate the physical process by which the control
laser field Q. affects the Rydberg blockade radius Ry, we write
Ry in the form

|d31]?|dai |
1|2 Q4]

|Cs|
R = St |Ces|

Apparently, if Q4 is fixed, Ry decreases rapidly as Q. in-

12)

creases. As a result, the variation of R, changes the atomic
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densities Ny and N3p simultaneously, which further alters
XaL and x31 and hence alters x, = xar + X3L.

From the above result, the transmission spectrum 7}, of the
probe field can be actively controlled by changing Q. when Q4
is kept constant. Figure 3(a) shows T}, defined by Eq. (11), asa
function of Q./Q4 by taking Q4 =27 x5MHzand L= 1 um.
Other parameters are the same as those used in Fig. 2. In
Fig. 3(a), we see that T, decreases rapidly with increasing
Q./8q as Im(y,) at @ = 0 increases rapidly with increasing
Q. /£y. Particularly, we have 7, ~ 0.43 at Q./Qq = 0.1 and
T, ~ 0.04 at Q./Q4 = 0.8. Moreover, we illustrate Ry, as a
function of £/ according to Eq. (12), as shown in the inset
of Fig. 3(a), which is monotonically decreasing. Figure 3(b)
and Fig. 3(c) show the propagation of the probe field intensity
|Q,|? at Q. /Q4=0.1 and Q./Qq = 0.8, respectively. Clearly,
the probe field attenuates slightly in Fig. 3(b) but significantly
in Fig. 3(c). The result in Fig. 3 indicates that the present sys-
tem can be used for designing an optical absorber.

1.0 T T T T T T T T T

2
(b)

2/ 7y

1

1.0 —10 0 10

Fig. 3. (a) The transmission spectrum of the probe field 7}, as a function
of Q./Qq by taking Q4 =27 x 5 MHz and L = 1 pum. Other parameters
are the same as those used in Fig. 2. Inset: Ry as a function of Q./Qy4.
(b) and (c) The probe field intensity |©2,|? as a function of x/xo and z/zo
(with xg = zo = 1 pm) for 2./24 = 0.1 and Q./Q24 = 0.8, respectively.

4. Conclusion

Eventually, we briefly discuss the Doppler effect due to
the atoms’ thermal motion. When the atoms move with ve-
locity V, the one- and two-photon detunings for the Rydberg-
blockaded three-level atoms should be replaced with A, —
@, — 1 + kp;Vz and Ag — (a)p + 04) — w31 + (kpz — kaz)V;
(we have assumed that the probe and driving laser fields prop-
agate in opposite directions, as suggested in Fig. 1; the sub-
script “z” denotes the z-component of the corresponding quan-
tities). The V,-dependent terms obtained are then averaged
Then, the

velocity-dependent effect in the two-photon detuning Ay in

over a given thermal velocity distribution f(V;).

the counter-propagating case is much smaller than that in the
co-propagating case. Consequently, the velocity-dependent
effect or the Doppler effect in Aq can usually be neglected

compared with that in the one-photon detuning if we choose

Addi-
tionally, such an effect of the three-photon detuning A, —
(0, + @q + ©c) — @41 + (kp; — kg; + ke;)V; can also be sup-
pressed.

the laser fields to propagate in opposite directions.

In conclusion, we have investigated the transmission
spectrum and its control through the use of cascaded EIT with
Rydberg atoms. We show that the transmission spectrum of
the probe field can exhibit one or two EIT transparency win-
dows if the atomic vapor is dominated by Rydberg-blockaded
three-level atoms or Rydberg four-level atoms, respectively.
Moreover, the transmission spectrum can be actively con-
trolled by tuning the ratio between the control and driving laser
fields, rendering important applications in the field of optical
processing such as the design of optical absorbers.
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