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We investigate the transient optical response property of an electromagnetically induced transparency (EIT)
in a cold Rydberg atomic gas. We show that both the transient behavior and the steady-state EIT spectrum of
the system depend strongly on Rydberg interaction. Especially, the response speed of the Rydberg-EIT can be
five times faster (and even higher) than the conventional EIT without the Rydberg interaction. For comparison,
two different theoretical approaches (i.e., two-atom model and many-atom model) are considered, revealing that
Rydberg blockade effect plays a significant role for increasing the response speed of the Rydberg-EIT. The
fast-responding Rydberg-EIT by using the strong, tunable Rydberg interaction uncovered here is not only helpful
for enhancing the understanding of the many-body dynamics of Rydberg atoms but also useful for practical
applications in quantum information processing by using Rydberg atoms.
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I. INTRODUCTION

In the past two decades, much attention has been paid
to the research of cold Rydberg atomic gases [1-7], i.e.,
highly excited atoms with large principal quantum number
[8] working under an ultracold environment. Due to their
exaggerated properties, including long lifetime, large electric
dipole moment, and strong and controllable atom-atom inter-
action (called Rydberg interaction for short), Rydberg atoms
have promising applications in, among many areas, quantum
calculating and quantum information, precision spectroscopy
and precision measurement, and manipulation and simulation
of quantum many-body states [3—7].

Since the pioneering theoretical and experimental works
carried out by Friedler et al. [9] and by Mohapatra et al. [10],
in recent years considerable interest has been focused on the
electromagnetically induced transparency (EIT) in Rydberg
atomic gases (see Refs. [5-7] for details). EIT is a typical
quantum interference effect in three-level atoms induced by a
control laser field, by which the absorption of a probe field can
be significantly suppressed. Light propagation in EIT systems
displays many striking features, which include (in addition to
the significant suppression of light absorption) large reduction
of group velocity, giant enhancement of Kerr nonlinearity,
and the like [11]. Rydberg-EIT has important applications,
such as direct and nondestructive coherent optical detection
[10], design and fabrication of devices in quantum information
processing (e.g., all-optical switches and transistors) at the
single-photon level [12-18], and development of quantum
nonlinear optics in correlated quantum many-body systems
with strong driving and dissipation outside of equilibrium
[5-7,19,20].

However, up to now most studies on Rydberg-EIT have been
limited to the steady-state property or long-time behavior, in
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which the transient response process [appearing when the con-
trol (or probe) field is switched on] was not taken into account.
For many practical applications, such as the performance of
all-optical switches and transistors, the response speed of
Rydberg-EIT is vital. Thus it is very necessary to explore the
transient optical response of Rydberg-EIT, which is important
not only for the understanding of the physical property of EIT in
Rydberg atoms, but also for practical applications of all-optical
switches and transistors, and even general quantum memory
processes based on Rydberg-EIT [12-18].

In this work, we investigate, both analytically and numeri-
cally, the transient optical response property of an Rydberg-
EIT when the control field in the system is switched on
from zero into a finite value. We shall show that both the
transient-state behavior and the steady-state EIT spectrum of
the Rydberg atomic gas depend strongly on Rydberg inter-
action. In particular, the response speed of the Rydberg-EIT
can be five times faster than the conventional EIT without
the Rydberg interaction and may be increased further if the
system parameters are optimized. For comparison, two differ-
ent theoretical models are considered, i.e., a two-atom model
for which the equation of motion of the density matrix of the
system is solved exactly by using a numerical calculation, and
a many-atom model for which equations of motion of reduced
density matrix (i.e., many-body correlators) are solved by using
an approach beyond mean-field approximation. Two models
give consistent results, which show that the Rydberg blockade
effect plays a significant role in increasing the response speed
of the Rydberg-EIT. The fast-responding Rydberg-EIT by
using the strong, tunable Rydberg interaction found here
is not only helpful for enhancing the understanding of the
many-body dynamics of Rydberg atoms but also useful for
practical applications in quantum information processing by
using Rydberg atoms.

The paper is arranged as follows. In Sec. II we describe the
two-atom model and give numerical results of the transient
response and the estimation on the response time of the
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FIG. 1. (a) Level configuration and excitation scheme of the two-
atom model, which consists of two identical atoms, A and B, with
three internal states |1),, |2);, and |3); (Rydberg state), interacting via
van der Waals (Rydberg) interaction. I'j, (I'23): decay rate from |2),
to [1); (from |3); to |2);); A, (A3): one- (two-) photon detuning; €2,
(£2.): half Rabi frequency of the probe (control) field coupling to the
transition [1); <> |2); (|12); <> |3);) (I = A, B). (b) Time sequence for
the probe (red dashed line) and the control (blue solid line) fields.
(c) Schematic of Rydberg blockade in the many-atom model. The
Rydberg interaction between atoms blocks the excitation of the atoms
within blockade spheres (i.e., the ones with the boundary marked by
the orange dashed lines). In each blocked sphere only one Rydberg
atom (small yellow sphere) is excited, and excitations of other atoms
(small blue spheres) to their Rydberg states are suppressed.

Rydberg-EIT. In Sec. III we introduce the many-atom model,
present analytical results of the transient response by using an
approach of reduced density approach, and make a comparison
with the result obtained from the two-atom model. Finally, in
Sec. IV we give a discussion and a summary of the results
obtained in this work. Information about calculation details of
the main text are presented in Appendixes.

II. TRANSIENT RESPONSE OF THE RYDBERG-EIT:
TWO-ATOM MODEL

A. Two-atom model

First, we consider a system consisting of only two identical
atoms, A and B, with three internal states driven by two laser
fields [Fig. 1(a)]. One of them is a probe field, which has the
center angular frequency w, (half Rabi frequency £2,) and
couples to the transition between ground state |1); and excited
(intermediate) state |2);; another is a control field, which has
center angular frequency w, (half Rabi frequency €2.) and
couples to the transition between the state |2); and Rydberg
state |3);. ['1p (I'3) is the decay rate from the excited state to
the ground state (from the Rydberg state to the excited state),
Ay = wp — (0 — 1) [A3 = (0 + @) — (w3 — w1)] is one-
photon (two-photon) detuning, with 7w, the eigenenergy of
the state |o). For simplicity, the Rydberg states |3); (I = A, B)
is assumed to be |nS;,;) (with n principle quantum number).
There is a long-range van der Waals (Rydberg) interaction
between the Rydberg states |3) 4 and |3) .

Under electric-dipole approximation, the Hamiltonian of
the system s given by H =H, + Hg + Hyp.Here A, (HB)IS
the single-atom Hamiltonian for atom A (atom B), and H AB 18
the van der Waals (vdW) interaction between two atoms. Under

rotating-wave approximation, the Hamiltonian in interaction
picture reads

A=-n)" [ZA

+ (2,64, + Q. 032+Hc)j|
I=A,B

+h633VA36'33, (1)

where 5(i,s = |a);;(B]| is the transition operator of atom /
(= A, B), Qpe) = lepc) P2132]Epc)/N is the half Rabi
frequency of the probe (control) field (with p,g the electric
dipole matrix element associated with the transition from |8)
to |a)), and Vap = —Cs/ rf; 5 18 the vdW interaction potential
(with r4p = |ra — rp| the separation between atom A and
atom B and Cg the dispersion coefficient approximately scaling
asn'l).

The state vector of the system in the interaction picture is
(W) = 35 o) daglaps), with Jaj) = ) 1) s and ag, the
corresponding probability amplitude. The density matrix of
the system, defined by p = |W) (|, reads

3 3
Z Z paﬁ/w|aﬂ (Bv| = Z Z paﬂlw /3 ;w’

a,B=1 p,v=1 o, =1 p,v=1
2)

A c o 3
where  pgp v = (@il plBv) = aguag, satistying Zau:l
Paa,up =1 and p&kﬁqw = Ppa,vu- The master equation
governing the evolution of the density matrix reads

A

=[H,p1+Tp, 3)

where ' is a 9 x 9 relaxation matrix representing the decay
rates due to spontaneous emission and dephasing in the system.
An explicit form of the master equation is presented in Eq. (A1)
in Appendix A.

The reduced one-atom density matrix p* foratom A is given
by p4 = TrB(p) [21],i.e., the partial trace of the density matrix
over atom B. Then it is easy to show that

3
P, B = Zpaﬁ,un- (4)

n=1

Similarly, the reduced one-atom density matrix o2 for atom
B is given by p8 = Tr#(), and we have ,ollfv = Zz=1 Paa,juv-
Note that, due to the symmetry of the Hamiltonian Eq. (1) by
exchanging atom A and atom B, one has numerically p;‘ﬂ =
pfﬁ; in addition, for very large atomic separation (rq5 — 00),
Vap — 0, and hence we have p,g ,, = pé’ﬁ pffu. In this situa-
tion, the system is reduced into two independent atoms, and
hence the Rydberg-EIT becomes a conventional one without
atomic interaction.

The physical system described in the present work can
be easily realized by experiment. One of candidates is
87Rb atoms trapped in a microtrap, with the atomic states
[shown in Fig. 1(a)] assigned as |1) = |5s 2S1/2,F =2),12) =
|Sp2P3)2, F = 3), and [3) = |60s 2S1,2), with T'jp =27 x
6 MHz, I'y; = 1 kHz, Cg = —27 x 140 GHz x um® forn =
60 [22,23]. In this work, as done by Li and Xiao [24], we
consider the transient optical response of the Rydberg-EIT by
using the time sequence shown in Fig. 1(b). That is to say, when
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t < Othe probe field is present but with no control field applied,
so the system has an optical response of a typical two-level
atomic system; at = O the control field is rapidly switched
on; for t > 0 the system displays a transient optical response
process until the establishment of a steady-state Rydberg-EIT
at some time Ty (i.e., the response time of the Rydberg-EIT;
see below).

B. Transient response property of the Rydberg-EIT in the
two-atom model

Since for t < O the control field is absent (i.e., 2, = 0),
the Rydberg states are empty and the Rydberg interaction
plays no role. Thus the system performs as two independent
atoms with the ground and excited states coupled by the
probe field. Then, if taking # = O as an initial time, the initial
condition of the system s given by pug v (1)]1=0 = Pap,uv(0) =
pé‘ﬁ(O)pEU(O) (a,B,,v = 1,2), with other pyp,,,(0) = 0.
Here pf\(0) = pf,(0) = [2y2112, > + Tialdai |1/ D, pf(0) =
p(0) = Tialdai*/D,  p3(0) = p3(0) = —d3 T'122,,/D,
with D =4y|Qp1> + Tialda|?, and  doy = Ay +iyn
(y21 = T'12/2 is the dephasing rate between |1); and |2);;
I = A,B). The dynamical behavior of the system when the
control field is switched on can be obtained through solving
the equation of motion of the two-atom density matrix Eq. (3)
by using the well-known standard Runge-Kutta method under
the initial condition given above.

We are interested in the transient optical response of the
Rydberg-EIT, which can be described by the time evolution of
the optical susceptibility yx,(¢) of the probe field, proportional
to the one-atom coherence ,05‘1 (or pﬁ). From Eq. (4) we have

(@) = 2111 (1) + p21,22(t) + pai1 33(8), )

and similarly p2(t) = p11,21(t) + p22,21(1) + p33,21(2), which
is equal to p3\ (¢).

Shown in Fig. 2(a) is the numerical result on the transient
response behavior of the Rydberg-EIT of the two-atom model
as a function of time ¢ for A, = A3 = 0, characterized by
the normalized absorption Im(p), i.e., the imaginary part of
p21(t) [= p3;(1)], as a function of ¢ for 2, = 0.2I'15. The green
dashed-dotted line is for the case Q2. = 27 x 4 MHz with
the Rydberg interaction [V45 = 1 GHz (r45 = 3.10 um)]; the
brown dotted line is for the case Q. = 2w x 4 MHz with no
Rydberg interaction (V4 = 0).

From the figure we see, first, that as the control field is
switched on at + = 0, both the absorption curves of the EIT
with and without the Rydberg interaction display a damped
oscillation. For large ¢, the absorption is increased and Im(2;)
reaches a small steady-state value. The small absorption at
the steady state is due to the quantum destructive interference
effect induced by the strong control field. Second, comparing
with the case with no Rydberg interaction where a transient
gain [i.e.,Im(p,1) < 0] may happen (the brown dotted line), the
oscillation amplitude for the case with the Rydberg interaction
is smaller (the green dashed-dotted line). The reason is that
the presence of the Rydberg interaction contributes an out-of-
phase impact on the EIT with no Rydberg interaction. This
point can be also seen from Eq. (8), obtained by using the
many-atom model in the next section. Finally, the oscillating
frequency of the response curve for large €2, is larger than

—-—-Q_=27x4MHz, with Rydberg interation ~----- Q, =27x4MHz, with no Rydberg interation
——Q, =27x8 MHz, with Rydberg interation - - O =2zx8MHz, with no Rydberg interation
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FIG. 2. Transient response behavior of the Rydberg-EIT as a
function of time ¢. (a) Normalized absorption of the two-atom model
for ©, = 0.2T"},, characterized by Im(p,1) [02:1(¢) = P4 ()] The
green dashed-dotted line is for . = 2w x 4 MHz with the Rydberg
interaction [V, = 1 GHz (r 3 = 3.10 um)]; the brown dotted line
is for Q. = 2w x 4 MHz with no Rydberg interaction (Vap = 0).
(b) Im(0,,) of the many-atom model for 2, = 0.05I"}, as a function
of t. The green dashed-dotted line is for . = 2w x 4 MHz with a
high atomic density (N, = 1.2 x 10!° cm™>) and hence significant
Rydberg interaction; the brown dotted line is for Q2. = 27 x 4 MHz
with a low atomic density (N, = 1 x 103 cm~?) and hence negligible
Rydberg interaction. Results for a large control field, i.e., Q. =
27w x 8 MHz, are also shown. In both panels, blue solid lines and
red dashed lines are for the case with significant Rydberg interaction
and the case with negligible Rydberg interaction, respectively.

that of small €2., regardless of the Rydberg interaction (the red
dashed and the blue solid lines). This is because the coherence
property of the system is enhanced when €2, becomes larger,
resulting in an enhanced oscillation before reaching its steady-
state value.

In order to seek more information about the character of the
Rydberg-EIT, the transient response spectrum of the system
as a function of the probe-field detuning A (= A, = Aj) is
also calculated, with the result plotted in Fig. 3. Figure 3(a)
shows the normalized absorption spectrum Im(p,;) for r = 0,
which, due to 2, = 0, has only a single peak of Lorentz type,
typical for a two-level atom coupled with a laser field. Shown
in Figs. 3(b) and 3(c) are, respectively, results of Im(p;;)
at 1t =0.14 us and r = 1.2 us for Q. =27 x 4 MHz and
@, = 0.2T'15, where the blue solid line is for the case with the
Rydberg interaction Vap = 1 GHz (rpp = 3.10 um) and the
red dashed line is for the case without the Rydberg interaction
(Vap = 0).

From the figure we see, first, that when the control field
is switched on (¢t > 0), the original single-peak absorption
spectrum at ¢ = 0 [Fig. 3(a)] evolves into a two-peak structure
(i.e., a EIT transparency window is opened near A = 0) and
the separation between the two peaks is gradually increased as
t increases [Figs. 3(b)-3(e)]; in addition, a transient gain [i.e.,
Im(pz;) < 0] is observed at r = 0.14 us before the absorption
spectrum reaches the final steady-state value [Figs. 3(b) and
3(c)]. Then, second, the depth of the EIT transparency window
for the case of the EIT with the Rydberg interaction (blue
solid line) is shallower than that of the EIT without Rydberg
interaction (red dashed line) [Figs. 3(b) and 3(c)], which means
that, comparing with the EIT with no Rydberg interaction, the
absorption in the EIT with the Rydberg interaction is stronger.
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FIG. 3. Transient response behavior of the Rydberg-EIT as a
function of the probe-field detuning A (= A, = Aj). (a) Normalized
absorption spectrum Im(p,;) for = 0, where Q. = 0. (b) Im(p,)
att = 0.14 us for Q. = 2w x 4 MHz. (c) Im(p,;) att = 1.2 us for
Q. =21 x 4 MHz. Both panels (b) and (c) are obtained from the
two-atom model with ©, = 0.2I"},, where the blue solid line is the
EIT spectrum with the Rydberg interaction V4p =1 GHz (rap =
3.10 pum), while the red dashed line is the EIT spectrum without the
Rydberg interaction (V45 = 0). Panels (d) and (e) are, respectively,
the same with (a) and (b), but obtained by the many-atom model with
@, = 0.03T"},, where the blue solid line is the EIT spectrum with
a high atomic density N, = 1.2 x 10'® cm~* (significant Rydberg
interaction), and the red dashed line is the EIT spectrum with a low
atomic density N, = 1 x 10® cm~? (negligible Rydberg interaction).

The dispersion spectrum of the system is described by
the real part of the atomic coherence p;;, i.e., Re(pz;), as
a function of A, which has been shown in panels (a)—(c) of
Fig. 6 in Appendix A. One sees that (1) when the control field
is switched on (¢ > 0), the dispersion spectrum at # = 0, which
displays an anomalous dispersion [Fig. 6(a)], evolves into one
with normal dispersion near A = 0, and (2) near A = 0, there
is a only small difference of the dispersion behavior between
the cases with and without the Rydberg interaction.

Based on the above results, we can deduce that the EIT
with the Rydberg interaction has a fast response time than the
EIT without Rydberg interaction. To support this conclusion,
we give a quantitative estimation on the response time of
the Rydberg-EIT. According to engineering control theory
[25,26], the response time Tk of a transient response process
may be defined as the minimum time after which the temporal
variation of the response function of the transient response
process always keeps within a error range 2 A¢yr (Aeyr s usually
set to 0.05 [25]). A simple mathematical illustration to explain
the concept of the response time of a transient response process
is given in Appendix A 3.

Based on the above definition, the response time Tk of the
Rydberg-EIT is calculated. Shown in Table I is the result of Tk

TABLEI Response time T of the Rydberg-EIT for 2, = 0.3y,
obtained by using the two-atom model.

Tk with Tk with no
Rydberg interaction Rydberg interaction
Q. (Vap =1 GHz) (Vap =0)
2w x 4 MHz 0.26 us 1.40 us
2m x 8§ MHz 0.43 us 1.57 us

L6l s
12
éO 8
&k . —Q, =27x4MHz
04 ----- ---Q =27x8MHz
0
0 4 8 12 16 20
745 (H)

FIG. 4. Theresponse time Ty of the Rydberg-EIT for as a function
of ryp, obtained with the two-atom model for Q. = 27 x 4 MHz
(blue solid line) and Q2. = 27 x 8 MHz (red dashed line), with 2, =
0.3T,.

for 2, = 0.3T";,, obtained by the two-atom model for different
Q.. From Table I we have the following conclusions: (1) The
response speed of the Rydberg-EIT can be faster than that of
the EIT without Rydberg interaction. Especially, for a small
control field, the response time of the Rydberg-EIT can be five
times smaller than that of the EIT without Rydberg interaction.
The physical reason for the fast-responding property of the
Rydberg-EIT is due to the Rydberg blockade in the system,
where the strong Rydberg interaction shifts the Rydberg state
|3) out of resonance and then blocks its excitation. As a
result, atoms nearly remain in their initial two-level atomic
states, so that the steady state of EIT for the interacting
system can be achieved in an early time. (2) The response
time of EIT grows as €2, increases. The physical reason is
that, as €2, increases, the oscillation frequency of Im(p;;)
increases due to the enhancement of the coherence of the
system. Thus a longer time is needed for p,; evolving into
steady state. This point can be clearly seen by the blue solid
line and the red dashed line in Fig. 2(a). Thus for shortening
the response time of EIT, one should make a moderate €2,
(small but still satisfying the EIT condition, i.e., |2.|*> > y21¥31
[11D).

Note that the response time of the Rydberg-EIT can be
changed as the Rydberg interaction is varied. Shown in Fig. 4 is
the response time T as a function of r4p in the Rydberg-EIT
system obtained by the two-atom model. We see that T is
shortened as r4 g is reduced, which means that one can reduce
the Rydberg-EIT response time by increasing the atomic
density. However, Ty is saturated for small r4p. This is due
to the effect of “soft core,” resulting from a strong Rydberg
blockade effect, where the excitation to Rydberg states is com-
pletely blockaded for very closed atoms. Additionally, from
the figure we know that, in general, the response time grows
as the control field is increased, regardless of the Rydberg
interaction.

III. TRANSIENT RESPONSE OF THE RYDBERG-EIT:
MANY-ATOM MODEL

A. Many-atom model and reduced density
matrix approach

In the last section we showed that the Rydberg-EIT has a
faster response speed than conventional EIT without Rydberg
interaction. But the result given there is obtained by using a
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two-atom model and thus cannot tell us how about the situation
if the system contains a large number of atoms. To answer this
question, in this section we investigate the transient response
behavior of a many-atom system with Rydberg interaction,
for which, however, the density matrix method used in the
last section is hard to apply even for a numerical approach
since the size of the Hilbert space is exponentially expanded
as the atomic number of the system increases. Alternatively,
here we employ an approach of a reduced density matrix
[27-30] beyond the mean-field approximation to solve ana-
Iytically equations of motion of many-body correlators by a
method of multiple scales [31,32].

The Hamiltonian in a system with N atoms with Rydberg
interaction is given by Hu(r) = N, ff;o d*rHu(r,1), where
N, is atomic density, and ’F[H(r,t) is the Hamiltonian density,
given by [29,30]

3
Hu(r,t) = 1) 0o Sua(r,t) = BIQpS1(r,1)

a=1

+Q:8x(r,1) + Hee.

d*r' S35, DAV (X' — 1)S33(r,1), (6)
r'#r

+Na

where  Syp(r,1) = | B) (el ke k) T=(@p—atAp =00l (o B =
1,2,3) is the transition operator related to the states |«) and
|B), and the last term on the right-hand side is the contribution
from the Rydberg interaction, with iV (r’ — r) the interaction
potential between the Rydberg atoms located at the positions
randr’.

Due to the Rydberg interaction, the Rydberg excitation
of one atom would block the Rydberg excitation of all sur-
rounding atoms for V(R) > 8gr, where 8gir = |Qc]?/y21 is
the line width of EIT transmission window. Therefore, the
blockade sphere [33] has a radius of R, = (Ce /i) "0 ~
5.45 um for Q. = 2w x 4 MHz and thus has a volume of
Vi, =@4/3)m R,?; A 678.66 um?>. Comparing this to the aver-
age interatomic separation obtained by R = (5/9)N, 3 ~
2.42 ym for N, = 1.2 x 10719 cm—3 [22], we see that the
blockade effect can be obviously observed, and the number
of atoms inside the blockade radius can be evaluated by
Ny = N,V, =~ 8.2, as shown in Fig. 1(c). The system can
be divided into many blockade spheres [represented by the
spheres with the boundary indicated by yellow dashed line
in Fig. 1(c)], and each blockade sphere contains only one
Rydberg atom [represented by the small yellow sphere in
Fig. 1(c)].

The Heisenberg equation of motion for S’aﬂ(r,t) is given
by [i8/0t + (wy — wg + Ay — Ap)1Sus = (1/1)[Sup, Hyl.
Based on this, we can obtain the equation of the one-body
correlators (or called one-body density matrix elements)
pap(r.1) = (Sap(r.0) [34]:

.0 . .
Lo P —ilp2n — Qpp12 + 2,021 =0, (7a)
(0 .
i\5; + T2 ) o2 —iT23033 + 2,012
=25, 001 — Qep23 + Qp32 = 0, (7b)

(9 )
l(g + F23>;033 + 223 — Qo3 =0, (7c)

.0
(15 + d21>,021 + Qp(o11 — p22) + Qrp31 =0, (7d)

.0
(15 + d31>p31 — Qppz + Qepa = No

x / PV — s 310010 = 0, (7e)
r'#r

.0 x
(1 o+ d32>p32 — Q5,031 + Qc(p22 — p33) — Ng

X / d’r'VE —r)ps @) =0, (71)
r'#r

where dyg = Ay — Ag +iyep (@, =123;0 # p), and
Vop = (Ta + Tp)/2 + vt with Tg =Y, _; Top. Here Ty
denotes the spontaneous emission decay rate from the state
|B) to the state |a), and ysgp denotes the dephasing (including
those from atomic motion and the interaction between
ground-state and Rydberg-state atoms) rate between |«) and
1B).

From Eq. (7), we see that for solving the equations of motion
of the one-body correlators, we need to know the two-body cor-
relators (two-body density matrix elements) 33 3,(r’,r,7) =
(3‘33(r’,t)§30,(r,t)) (o = 1,2).Itis easy to show that for solving
the equations of motion of the two-body correlators, we need
to know three-body correlators, defined by pgg, (X" ¥, 1) =
(S‘aﬂ(r”,t)SW(r’,t)S;,,(r,t)), etc. As a result, we obtain an
infinite hierarchy of equations of motion for the correlators
of one-body, two-body, three-body, and so on.

B. Transient response of the Rydberg-EIT
in the many-atom model

The equations of motion of the one-body correlators are
given in Eq. (7). Equations of motion of two-body correlators
are not listed here since there are 27 independent equations and
each of them is long. In fact, these equations have almost the
same forms as those of the two-atom density matrix elements
derived in the two-atom model [see Eq. (Al) in Appendix
Al, but with additional three-body correlators and correspond-
ing spatial integrals [related to vdW potential 7V (r' —r)]
involved. Because these equations are nonlinearly coupled with
each other, it is difficult to solve them by using conventional
techniques. Fortunately, since in our consideration the probe-
field intensity is relatively small, hence we can employ the
method of reduction perturbation, widely applied in nonlinear
oscillation and wave theory [32], to solve them. Because our
calculation is exact to third order (i.e., up to Qi), the equations
of motion for the n-body correlators (n > 3) are not needed.
In principle, one can go to higher orders of €2, valid for large
probe field [30], but this will, however, involve a large number
of calculations.

1. Solutions of one- and two-body correlators using
a method of multiple scales

By inspection on the order of magnitude in the equations of

A

the one-body correlators pus = (Sup) and the two-body
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correlators Pappy = (Saﬁgﬂv)s we make
. . . _ 1
the followmg(2 ) expansions: Q, = eQ(P )
+
Pal = Zm*O 62m-HlOotlm ’ p"lﬂ = Zm 1 6

2 2 ;
/O(Ezﬂm)’ P11 = 1 + Zm lezmpglm)’ pal,ﬂl = Zm lezmpfilmﬁ)l’

2m ,(2m) _ 2m+1 ,(2m+1)
Pal,1p = Zm:l € mpal 18° Pap,ul = Zm:l e potﬂ nl

and Pup v = D men e”",o%mllv (a,B,1,v =2,3). Here € is
a small expansion parameter, introduced for characterizing
the magnitude of the amplitude of the probe-field Rabi
frequency.

To obtain divergence-free solutions for the one- and two-
body correlators, all the quantities on the right-hand side of
the expansions given above are considered as functions of the
fast time variable #, = ¢ and the slow time variable #, = €*¢
[31,32]. Then we obtain a set of linear but inhomogeneous
differential equations for each of the equations of the one- and
two-body correlators, which can be solved analytically order
by order up to third-order approximation.

At the first [i.e., O(¢)] order, only the equations for
one-body correlators are to be solved. By using the initial
condition p(l)(O) —QD/dy, pV(0) =0, we obtain the
solution for Pa]» which has a damped fast oscillation (as a
function of fy) modulated by two envelopes f; M and 5 D
(as a function of #,) [see Eq. (B2) of Appendix B]. At
the second [i.e., O(€?)] order, we obtain the lowest-order
solution of the two -body correlators with the given set of initial
conditions is p21 15100 = (D /dar Y, p7) 1,(0) = 1QP /d 2,
and other pal, P 1(0) = ,ofl),l /3(0) = 0. The second-order solu-

tion for the one-body correlators ,0(2) can also be gained

simultaneously with the set of initial conditions ,0(2)(0) =
2y21 12012 /(T'121d21|?) and other p()(0) = 0. With these re-
sults, we proceed to the third [i.e., O(e?)] order approximation.
Solutions of /)Ss) 1 and ,0;31) at this order are to be obtained. A
solvability condition (i.e., to cancel the secular term appeared
in the third-order equation) is used to get the envelopes f; () and

(1) appeared in the first-order solution. Steps for obtaining
the second-order and third-order approximated solutions for
the equations of the one- and two-body correlators by using
the method of multiple scales are described in detail in
Appendix B.

2. Transient response of the Rydberg-EIT in the many-atom
model and a comparison with the two-atom model

Combining the solutions gained from the first- to the
third-order approximations described above, after returning
to the original variables we obtain the transient optical re-
sponse function of the Rydberg-EIT in the many-atom model,
given by

P21 (1) = af) ()R, +[ /d3r/V(r ras R —r.1)

+a LA(r)}mstz,,. (8)

Here the first (second) term on the right-hand side is the
linear (nonlinear) optical response of the system. The nonlinear
response includes two parts. One is a nonlocal nonlinear

response, described by Nafd3r’V(r r)am RR(r’ —r,t)
12, RIY p» Which is contributed from the Rydberg interaction;
another one is a local nonlinear response, described by the

(3) LA(t) 12, |2 €2,, which is contributed from the photon-

atom interaction. For detailed expressions of aéll), afl) RR and

a$*, see Eqgs. (B2a), (B9a), and (B9b) of Appendix B. Note
that the local nonlinear response is much smaller than the
nonlocal one and towards zero if the two-photon detuning
Az =0.

Shown in Fig. 2(b) is the normalized absorption Im(p,)
as a function of ¢ for the many-atom model by taking 2, =
0.05T"1,. In the figure, the green dashed-dotted line is for the
case Q. =27 x 4 MHz with a high atomic density (N, =
1.2 x 10'° cm™?) and hence significant Rydberg interaction;
the brown dotted line is for the case 2. = 27 x 4 MHz with a
low atomic density (N, = 1 x 10® cm~?) and hence negligible
Rydberg interaction. Results for a large control field, i.e.,
Q. =27 x 8 MHz, are also shown, with the blue solid and
red dashed lines being for the presence and absence of the
Rydberg interaction, respectively.

From the figure, we see, first, that similarly to the numerical
result obtained from the two-atom model, both the absorption
curves of the EIT with and without the Rydberg interaction
display a damped oscillation before reaching a small steady-
state value as the control field is switched on. Second, the
oscillation amplitude for the case with the Rydberg interaction
is smaller (the green dashed-dotted line) compared with the
case with no Rydberg interaction (the brown dotted line), the
same as that of the numerical result obtained from the two-atom
model. However, the decrease of the oscillation amplitude by
the Rydberg interaction here is smaller than that in the two-
atom model because we have selected a smaller probe field
(2, = 0.05I'1y) in order to make the perturbation calculation
valid. We speculate that the oscillation amplitude will increase
if €, is taken as a larger value.

Shown in Figs. 3(d) and 3(e) are numerical results of
normalized absorption spectrum Im(p;;) as a function of
probe-field detuning A atr = 0.14 usandr = 1.2 usfor Q. =
2w x 4 MHz and 2, = 0.03I",, respectively, where the blue
solid line is the EIT spectrum with a high atomic density N, =
1.2 x 10'° cm~3 (significant Rydberg interaction), while the
red dashed line is the EIT spectrum with a low atomic density
N, =1 x 108 cm™3 (negligible Rydberg interaction). From
the figure, we see the following: (1) Similarly to the result
obtained from the two-atom model, the original single-peak
absorption spectrum at# = 0 [Fig. 3(a)] evolves into a structure
with two peaks (i.e., a EIT transparency window is opened
near A = 0) after the control field is switched on, and the final
steady state in the EIT with the Rydberg interaction is stronger
compared with the EIT with no Rydberg interaction. (2) Differ-
ently from the symmetric two-peak structure obtained with the
two-atom model [red dashed lines in Fig. 3(d) and Fig. 3(e)],
the Rydberg-EIT spectrum calculated with the many-atom
model always displays asymmetric profiles [blue solid lines
in Fig. 3(d) and Fig. 3(e)] during the time evolution, because
the Rydberg interaction may give rise to slight deviation of
the two-photon resonance, contributed from the (nonlocal)
integration that involves all surrounding atoms, as indicated
at the expression of the response function (8).
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FIG. 5. Response time Ty of the EIT as a function of the probe-
field Rabi frequency £2,. Line 1 (line 2): Ty for the EIT with the
Rydberg interaction obtained in the many-atom (two-atom) model.
Line 3 (line 4): Tk for the EIT with no Rydberg interaction obtained
in the many-atom (two-atom) model. Three blue points along the
decreasing direction of line 1 indicate the tendency of the response
time of the EIT with the Rydberg interaction as €2, is increased, which
means that Tk will be decreased further for larger probe field.

In order to make a comparison between the results obtained
by the many-atom model here and by the two-atom model in the
last section, in Fig. 5 we show the response time T of the EIT
as a function of the probe-field Rabi frequency €2,,. Lines 1 and
2 are for the case with the Rydberg interaction, obtained in the
many-atom model and the two-atom model, respectively; lines
3 and 4 are for the case with no Rydberg interaction obtained
in the many-atom and two-atom models, respectively. When
plotting the figure, parameters for the two-atom model are
Q. =27 x4 MHz, V4 = 1.0 GHz (rpp ~ 3.10 um) for the
EIT with Rydberg interaction, and V45 = 0 for the EIT without
Rydberg interaction. Parameters for the many-atom model are
given by Q. =27 x 4 MHz, N, = 1.2 x 10'° cm™3 for the
EIT with the Rydberg interaction (adopted from the experiment
[22]), N, = 1 x 10% cm~3 for the EIT with negligible Rydberg
interaction.

From Fig. 5 we can arrive the following conclusions: (1) The
response time of the EIT with the Rydberg interaction is much
faster than that of the EIT without the Rydberg interaction. (2)
For a given probe-field Rabi frequency €2, the response time
of the Rydberg-EIT (line 1) obtained by the many-atom model
is faster than that obtained by the two-atom model (line 2).
(3) As the probe-field Rabi frequency €2, is increased, the
response time of the EIT with the Rydberg interaction (lines
1 and 2) is reduced rapidly. However, the response time of
the EIT without the Rydberg interaction displays no obvious
tendency of reduction when €2, increases (lines 3 and 4).

The physical reason for the fast-responding property of the
Rydberg-EIT in the many-atom system is mainly due to the
Rydberg blockade effect. Due to this effect, in each blockade
sphere only one atom is excited to the Rydberg state |3); other
atoms can be excited only to the state |2). Thus in the Rydberg-
EIT system, most atoms behave practically like two-level ones,
and the system has a larger relaxation rate compared with
the EIT system without the Rydberg interaction. As a result,
the dissipation of the system is enhanced (with relaxation rate
scaled with & N,,), giving rise to a decreased response time for
the Rydberg-EIT system.

Comparing with the two-atom system, in the many-atom
system the Rydberg blockade effect is much enhanced, and

hence the response speed of the EIT is faster than that of the
two-atom one. Note that the perturbation calculation presented
above, though attained under a weak probe-field approximation
(N, is fixed), can be in principle extended to high orders
when €, (or N,) becomes larger. One expects that the result
on the optical response of the Rydberg-EIT given above can
be extended to the case of large probe-field intensity. One
can make a prediction on the variation tendency of Tz when
2, becomes large. Three blue points along the decreasing
direction of line 1 indicate the tendency of Ty of the EIT with
the Rydberg interaction as €2, grows, which means that the
EIT response time can be decreased further as the probe field
is increased.

IV. DISCUSSION AND SUMMARY

We noticed that the transient many-body dynamics of
Rydberg atoms has attracted much attention in recent years,
including, e.g., coherent Rydberg excitations [35,36], collec-
tively enhanced Rabi oscillations [37,38], and suppression of
multiple Rydberg excitations [39,40]. However, our work is
very different from Refs. [35-40]. First, the transient dynamics
considered in Refs. [35-40] is outside of EIT regime, whereas
what we considered here is inside an EIT regime. Second,
the atomic model used in Refs. [35-40] is either a two- or a
three-level one with a very large one-photon detuning, whereas
in our model no constraint on the one-photon detuning is used.
Third, light fields used in Refs. [35—40] must be assumed to
be strong enough so that they can be taken to be undepleted
during Rydberg excitations and transient response processes,
whereas in our work the probe field used is weak, and thus
the optical susceptibilities of the system during the Rydberg
excitation and the transient response process can be obtained
both analytically and numerically.

In conclusion, we have studied the transient optical response
property of the EIT in a cold Rydberg atomic gas with the
Rydberg interaction. We have demonstrated that both the tran-
sient behavior and the steady-state EIT spectrum of the system
depend on the Rydberg interaction strongly. In particular, the
response speed of the Rydberg-EIT may be five times faster
than the conventional EIT without the Rydberg interaction and
can be increased further by increasing the probe-field intensity.
For comparison, two different models (i.e., two-atom model
and many-atom model) are solved. The results reveal that
Rydberg blockade effect plays a significant role for increasing
the response speed of the Rydberg-EIT. The fast-responding
Rydberg-EIT by using the strong, tunable Rydberg interaction
found here is useful not only for a deep understanding of
the nonequilibrium many-body dynamics of Rydberg atoms,
but also for practical applications in quantum information
processing (including all-optical switching and transistors,
quantum phase gates, etc.) based on Rydberg atoms.
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APPENDIX A: TWO-ATOM MODEL
1. Equations of motion for two-atom density matrix elements

The explicit form of the master equation (3) reads

.0 . .
iosPin = 2il 211,22 = 282pp12,11 + 282, 021,11 = 0,

{9 ) .

l<a— + Iﬁ12),022,11 —iT1p22n — iT3p1133 + Qpp12 11 — Qpon12 — Q2111 + Q0201 — Qep2s i + Qpan =0,
< >p33,11 —il2p3300 + Qep2z 11 — Qe — Qpp3zin + 2,033 =0,

a . * *

5 — +do | par,n — il 1202122 + Q2p (011,11 — p22,11) + Q31,11 — Lpp21,12 + Q021,21 =0,

+ d31>,021 11— ilpes122 + Qep21,11 — pe32,11 — Rpe3112 + 2,031,210 =0,

+ d32)032,11 —iTp32 + QP11 — p33.11) — Qpp3212 + 23201 — 20311 =0,

+ 2d21>/)21,21 —2Q,(p2.21 — pi1,21) + 273121 =0,

+doy + d12>/021,12 + Qp(o11,12 = P22,12) + 25221 — p11.21) — Lepar13 + Qi3 =0,

+dy + d31>pzl,31 + Qcpaio1 + QL p3131 — Lp(p2132 + 202,31 + 3331 — p31) =0,

+dy + d13>,021,13 + Q7 (31,13 — pa1.12) — Qp(2022.13 + 33,13 — p13) + 202123 = 0,

+2d31 — V12>,031,31 —2Q,p3.31 +2Qc02131 =0,

+d3 + d13>,031,13 — Qpp32.13 + Q03123 + Qepariz — Q32 =0,

+ il + d21)p22,21 —il3p33010 — Qep23 o + QP21 + p22,31) — Q02101 — Qp(p22,22 — 22,11 — P1221) = 0,

+ il + d31>/022,31 —il3p3331 + Qe(p221 — p2331) + Qip3231 + Qp(p1231 — p22.32) — 22131 =0,

+ils + d21>,033,21 + Qep2321 + (3331 — p32.21) — p(p33.22 — p33.11) =0,

+ il +ds3 — V12)P33,31 — Qlp331 + Q3321 + P2331) — Lpp33z =0,

+dsp + d21>,032,21 — Qc(p3321 — p2.21) + Qi p3231 — 23121 — 2p(p32,22 — p32,11) = 0,

+dxn +ds — V12>,032,31 — 2, 31,31 — Qpp3232 — Qe(p3331 — p22,31 — P32,21) =0,

+ doz + d21>,023,21 — Qp(p2320 — P23.11 — P13,21) + 2 (p3321 — P2221 + P2331) =0

A/\AAAAAA/\A/\A/\/—\/\/—\A

+ dy + d31>pz3,31 + Q,01331 + Q2(03331 — p22,31) + Qep2321 — Lpp23 32 =0,

| ®|w E;’|c; E;‘|cv S;’|w Sf|<:: Sj|® Ef|o; 83|Q; Ef|m 83|Q; E;’|Q> 83|Q: E;‘|Q: E;’|Q: Ef|w Ef|w

/—'\

=+ 2F12)022,22 —2iT23p2,33 + 282p 02,12 — 282,021 + 22 032,22 — 2Q2cp22.23 = 0,
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ot

{0 .
i (E + 2F23>P33,33 +2Qc02333 — 20203233 =0,

{0 ,
l<— + T3+ r’12)%722,33 — 2303333 + Qpp12,33 — Q021,33 — Qep23 3z + Q3233 + Qepr2z — o0z =0,

a .
5, tilet d32>,022,32 —iTup53 + Qpoi23 — Q13 — Qep23 3 + Qs + QP22 — p233) — Q231 =0,

(i

L0

(l Py il +dy — V12> P332+ Qepz — Qpnz — Q,p331 + QP332 — p3333) =0,
(i

a
Pyl 2d3y — V12>,032,32 +2Qc(p2,32 — p33,32) — 282,031,32 = 0,

at

where dog = Ay — Ag +ives Wwith Y = T +T5)/2 +

yfgp andTp=)",_ 5 I'ep. Here I'og denotes the spontaneous

emission decay rate from the state | ) to the state «), and y;j;p

represents the dephasing rate, resulting, e.g., from the atomic
motion and the interaction between the atoms in the ground
state and the atoms in the Rydberg state. With the initial con-
dition pyp, ., (0) = pjﬁ(O)pfv(O) (for their expressions, see Sec.
IIB), the above motion equations can be solved numerically
by using Runge-Kutta method.

2. Dispersion property of the system

The dispersion property of the system is described by the
real part of the atomic coherence p1,1.e., Re(p21), as a function
of the detuning A(= A, = Aj). Shown in Fig. 6 are results of

t=0.14ps, Q =27x4 MHz

t=12ps, Q =27x4 MHz

---- with no Rydberg interaction (b) (c)

— with Rydberg interaction
_ t=0,Q =0 -atom modcll
& 05[@
) ¥
g 0 @ N © '
:
S -0.5 |Many-at0mm0del|

05 0 05

AT x10° y
05 0 05 05 0 05
A" x10° AT x10°

FIG. 6. Transient response behavior of the Rydberg-EIT as a
function of the probe-field detuning A (= A, = Aj). (a) Normalized
dispersion spectrum Re(p,;) for t+ = 0, where Q2. = 0. (b) Re(p2)
at t =0.14 us for Q2. =2m x 4 MHz. (c) Re(py;) at t = 1.2 us
for Q. = 2w x 4 MHz. Both panels (b) and (c) are obtained from
the two-atom model with ©, = 0.2I"j,, where the blue solid line
is the EIT spectrum with the Rydberg interaction V3 = 1 GHz
(rap = 3.10 wm), and the red dashed line is the EIT spectrum without
the Rydberg interaction (V45 = 0). Panels (d) and (e) are respectively
the same with (a) and (b), but obtained by the many-atom model with
Q, = 0.03T",, where the blue solid line is the EIT spectrum with
a high atomic density N, = 1.2 x 10'® cm~ (significant Rydberg
interaction), and the red dashed line is the EIT spectrum with a low
atomic density N, = 1 x 10® cm™3 (negligible Rydberg interaction)

(l — +dn+ d23>/032,23 + €2c(p22,23 — 33,23) — §2:(p22,32 — P33,32) + 232,13 — §27, 031,23 = 0,

(

normalized dispersion spectrum Re(p;;), obtained by using
the two-atom model and the many-atom model, respectively.
From the figure we have the following conclusions: (1) When
the control field is switched on (¢ > 0), the dispersion spectrum
at t+ = 0, which displays an anomalous dispersion [Fig. 6(a)],
evolves into the one with a normal dispersion near A = 0. (2)
For both the two-atom model [Figs. 6(b) and 6(c)] and the
many-atom model [Figs. 6(d) and 6(e)], near A = O there is
only a small difference of the dispersion behavior between the
case with (blue solid lines) and without the Rydberg interaction
(red dashed lines). Thus, one can obtain slow group velocity by
using the Rydberg-EIT, useful for the slowdown and memory
of optical pulses.

3. Definition of the response time for a transient
response process

To quantitatively determine the response time of a transient
response process, one must have a working definition on it.
According to engineering control theory (see Refs. [25,26]
for detail), the response (or settling) time Tk of a transient
response process is usually defined to be the minimum time
after which the temporal change of the response function
describing the transient response process always remains
within a small error range 2A.,, around the steady-state value
of the response. Usually A, is set to be 0.05 without loss of
generality [25]. A simple example for the definition of the
response time of a response function (denoted by the blue
point) is shown in Fig. 7, where the normalized response
function is f(tr) = e~ " sin(3t + 0.47) 4+ 0.001, with t the
dimensionless time. The blue rectangle in Fig. 7(a) means
that the variation of f(r) has reached the stage where the
variation of f(r) is within the range 2A..|f(c0)| around
the steady-state value of the response function, i.e., f(0c0) =
0.001. The blue point indicates the position of the response
time. Figure 7(b) is the amplification of the blue rectangle
shown in Fig. 7(a). The region in green is the permitted relative
error range for determining the response time, marked by the
upper boundary f(00) + | f(00)| Aerr and the lower boundary
f(00) — | f(00)| Aerr, With Agy = 0.05. Thus the blue point
is, by definition, the response time of the transient response
process.

043821-9



QI ZHANG, ZHENGYANG BAI, AND GUOXIANG HUANG

PHYSICAL REVIEW A 97, 043821 (2018)

107
1.0 -
—~ e
&
< 0.5l £(r)=esin(3r+047)+0.001]  1.10 \
>0
g 105\ L) 2,01 ()
=
g 0 \
£ 1.00
: VA,

05 @) 0.95 (b)

0 5 10 9 10 12
T T

FIG. 7. Definition of the response time of a transient response
process, described by a response function f(t), T is dimensionless
time. (a) Example: f(t) =e " sin(3t + 0.47) 4+ 0.001. The blue
rectangle indicates that the variation of f(t) reaches within the range
2 A around the steady-state value f(oco) = 0.001. The blue point
denotes the response time. (b) Amplification of the blue rectangle
shown in (a). The region with green color is the permitted relative
error range for defining response time, marked by the upper boundary
f(00) + | f(00)|Aerr and the lower boundary f(0o0) — | f(00)|Aerrs
with A, = 0.05. The blue point is the response time of the transient
response process.

APPENDIX B: MANY-ATOM MODEL

Steps for solving the equations of motion for one- and two-
body correlators in the many-atom model are the following:

First-order approximation: At this order, we need to obtain
the one-body correlators p(l]) = afxll)Qg}) (o = 2,3) only, which

satisfy the equation ’
1)
R

ayy
with the initial condition a}(0) = —1/da1, a5 (0) = 0. Here

to =1t is fast time variable. Solution of Eq. (B1), which
J

(1)

.0 ax

——
dty

dy
Q

o
dsy

1
0

B1)
(1) (1) :|’ (
as as;

can be obtained by using constant-variation method [32],
reads

1y _

2
i 1
al) = § Vi fPg ettt g8V (00),  (B2a)
m=1

(1)

2
aly =Y v fVgVe™ +af)(c0).  (B2b)
m=1

Here al)(c0) =ds /D and a}(c0) = —Q./D are the
corresponding steady-state solution [30], with D =
|Qc|> — da1da; gt} are determined from the initial condition,
ven by gl = (vxnlal)(0) - ag‘ﬂ(o(%)] - vn[a%;(m -
ay; (0)]}/(vi1vay —va1v12) and gy = {vi[az (0) —
a§) (00)] — va[a5, (0) — a5y ()} (v11v22 — V21V12); Vi =
Q:‘ and vy, = A,, — d>1, with

given

A oy + d31 + /AQ? + (da) — diy)?
L=

s B3a

2 ( )
dry + dz; — /4|2 2+d —ds)?

A 21 31 \/| cl (21 31); (B3)

and £V (m = 1,2) are slowly varying envelopes (i.e., func-
tions of the slow time variable t,), yet to be determined in the
next orders.

Second-order approximation: We shall obtain the lowest-
order solution of the two-body correlators that start at this order.
The first set of equations governing the two-body correlators

P o1 = al)  [QDP (B = 2.3) is given by

2) 2)
1,21 2dy; 20 0 a0 24V
. 2 2
_lg a;l)ﬁl =| Q. dy + ds; Qf aél)ﬁl + agll) s (B4)
0 3
) — (2) 0
431,31 0 282 2ds1 = VI | ay)y,
with the initial condition a5, (0) = 1/d3;, aj;5,(0) = a$}'5,(0) = 0.
The second set of equations governing the two-body correlators pézl)yl p= a((le),1 8 |Q§,1)|2 (o, = 2,3) reads
(2) . (2 1 1
a1,12 2iyy 0 Qo —Q.7 | %112 aél)* — aél)
2) . (2)
0 | 931,13 0 2iysi -7 Q2 L IWE 0 (B5)
EP YN ) _ ) (1 ’
Ao 3112 S 2 Dn 0 43112 as
2 —Q* QF 0 D @ _ 4D
1,13 ¢ ¢ B4 Lays 3
with Dyg = dy1 + dy, where the initial condition is a2 ,(0) = 1/|dy |2, %2 ;5(0) = a$? 1,(0) = a{? 15(0) = 0
wp = du1 + dig, where the initial condition is ay; 1,(0) = 1/]dx1|%, a5y 13(0) = a3 1,(0) = a3 15(0) = 0.
The equation of the one-body correlators p‘%) = aé?|$2§,})|2 (o, B = 2,3) at this order is
(2) . . (2) (1) (1)
ay, iy =il QF —Q/| 9% ay" — ay
9 |af) 0 iy - Q [|d? 0
ol T o x| (B6)
o | af; Q. —Q  dp 0 as ay
_ 1
a? Qo 0 d 1] al —al)
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with the initial condition a$3(0) = 2y /(T1aldai]?), a3 (0) = a$3y(0) = a$?(0) = 0. The solution of p!;

is given by ,0(2)

Using Eq (B2), Egs. (B4)—-(B6) can be solved by employing the constant-variation method [32]. The first term on the right-hand
side (RHS) of these equations contributes solutions from corresponding homogeneous equations (i.e., in the absence of the second
term), and the second term yields inhomogeneous particular solutions.

Third-order approximation: At this order, equations governing the two-body correlators paﬁ ul = =q") QPR (. B0 =

2,3) are given by

- T
22,21 B M51 Qf —iF23 0 Qj
(3)
a2 31 Q. Ms 0 —il3 0
3
953)21 0 0 Ms; Qo —-Q
3
. d a§3)31 0 0 QL M54 0
N =
1o 0232)21 Q. 0 Q. 0 Mss
ag)31 0 Q. 0 —Q. Q.
e —Q 0 Q 0 0
23,21
3) L O —QF 0 95
92331

with Msy =il +dy, Msy =il +dsi, Ms3 =ills+
dr1, Msy =il +d31 —V, Mss =ds + dy, Msg =d3p +
dz1 — V, Ms; =dy; + dy, and Msg = dr3 + d31. Here the
initial condition is given by a§32)‘21(0) (2)(0)a§ (0), and

other “Sﬁ), «1(0) = 0. With the solutions obtained at the second-
order approximation, solutions of these equations also can be
obtained analytically.

With the results obtained above, we can proceed to the
equations of the one-body correlators at the third-order ap-

proximation, p*) = a(3)|§2“)| Q) given by

al =

-9 [ay)
D |:‘131)j|

dy @[ay P9 [ay
[ alls]mmanlal

~2a3) — a3}
+ 2 3. 3 |
—a3; — Ny [dr'V (¥ —r)asy 5

The solution of this equation can be obtained by using the
constant-variation method [32], which includes the solution of
the corresponding homogeneous equation and the particular
solution contributed by the inhomogeneous terms (i.e., the
second and third terms on the RHS in the equation). Note
that the homogeneous equation [i.e., without the second and
the third terms on the RHS] has the same eigenvalues and
eigenfunctions as those of Eq. (B1); the third term on the RHS
contributes a similar eigen-oscillation (i.e., resonant drive) to
the system, which will result in a secular term in the equation
and hence a singularity in its solution. The aim introducing the
slow variable t, and the slow-varying envelopes £ (m = 1,2)
is for canceling such a singularity, which is reflected by the
second term on the RHS of the above equation. Then by
a solvablilty condition [i.e., canceling the secular term in

(B8)

ap,ul
0 -9 0 7 @220 ] a£22)+a§21)12_a£21)21_
Q 0 —Q. 052)31 a§21)12 aézl)ﬂ
0 Q. 0 a§33)21 ayy)
—Q* 0 Q. || afs 0
o 0o (|7 @i |
Mss 0 ag?n _451)31
O | afl + e
O Madle L

(B7)

(

Eq. (B8)] yields closed equations for f M and f D which can

be solved analytically [41].
The general expressmn of a,

N, [ &' V(' —r)as)™®

3 ) ) _ (3),LA

is given by a(% ay; "+
, contrlbuted by two parts:

3).LA i LA
agl) Z Vim g(3) LA iAmlo + ZwlﬂAem,to +a§3l) (00),
m=1 !
(B9a)
2
3),RR RR i, RR i 3),RR
aS) R = Z V1 g RR gihmlo 4 Z whkReltn 4 g8 (o0),
m=1 1
(B9b)
Here ag) LA(oo) and ag)’RR(oo) are corresponding
steady-state solutions, given in Ref. [30]; wll‘lA(RR) and

u; are coefficients obtained when calculating the particular
solutions stemming from the inhomogeneous terms; g!3-LARR)

are determined from the initial condition, given as g13) LA =
(o2 [a(s) LARR) () ag),LA(RR) (00) S w LA(RR)
. [%1) LARR) )y _ (3),LA(RR) -y, wLA(R m /(vnvzz _
v g — o ila 5 LA“““(O) N

“(3),LARR
6151) ®RR) (o) —

break Y, w” (RR)] Jla ;31) LARR) () _

> wir N vy — vzlvlz), where asy” LA(O) =
4y21/(T12lda %), 0(3) H0) = ag)’RR(O) (3) V0 =

After returning to the original variables, We obtain
pa1(0) ~ aS) ()R, + [a;? Yo+ N, / Prva’ —r)

x )R (! r,r)]|sz,,|2sz,,, (B10)
which is just Eq. (8). Because the optical susceptibility of
the system is given by x,(t) = [N, |p121>/(e0/i$2))]p21 (1), the
transient optical response of the Rydberg-EIT can be described
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by the atomic coherence p;(¢). The dispersion property of the
system, described by Re(p31), is shown in Figs. 6(d) and 6(e),

which is similar to the result solved with the two-atom model
shown in Figs. 6(b) and 6(c).

[1] W. R. Anderson, J. R. Veale, and T. F. Gallagher, Resonant
Dipole-Dipole Energy Transfer in a Nearly Frozen Rydberg Gas,
Phys. Rev. Lett. 80, 249 (1998).

[2] I. Mourachko, D. Comparat, F. de Tomasi, A. Fioretti, P.
Nosbaum, V. M. Akulin, and P. Pillet, Many-Body Effects in
a Frozen Rydberg Gas, Phys. Rev. Lett. 80, 253 (1998).

[3] M. Saffman, T. G. Walker, and K. Mglmer, Quantum information
with Rydberg atoms, Rev. Mod. Phys. 82, 2313 (2010).

[4] R. Low, H. Weimer, J. Nipper, J. B. Balewski, B. Butscher, H. P.
Biichler, and T. Pfau, An experimental and theoretical guide
to strongly interacting Rydberg gases, J. Phys. B 45, 113001
(2012).

[5] J. D. Pritchard, K. J. Weatherill, and C. S. Adams, Nonlinear
optics using cold Rydberg atoms, Annu. Rev. Cold At. Mol. 1,
301 (2013).

[6] O. Firstenberg, C. S. Adams, and S. Hofferberth, Nonlinear
quantum optics mediated by Rydberg interactions, J. Phys. B
49, 152003 (2016).

[7] C.Murray and T. Pohl, Quantum and nonlinear optics in strongly
interacting atomic ensembles, in Advances in Atomic, Molecular,
and Optical Physics (Academic Press, New York, 2016), Vol. 65,
pp. 321-372.

[8] T. F. Gallagher, Rydberg Atoms (Cambridge University Press,
Cambridge, 2008).

[9] L. Friedler, D. Petrosyan, M. Fleischhauer, G. Kurizki, Long-
range interactions and entanglement of slow single-photon
pulses, Phys. Rev. A 72, 043803 (2005).

[10] A. K. Mohapatra, T. R. Jackson, and C. S. Adams, Coherent
Optical Detection of Highly Excited Rydberg States Using
Electromagnetically Induced Transparency, Phys. Rev. Lett. 98,
113003 (2007).

[11] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Electromag-
netically induced transparency: Optics in coherent media, Rev.
Mod. Phys. 77, 633 (2005).

[12] A. V. Gorshkov, J. Otterbach, M. Fleischhauer, T. Pohl, and M.
D. Lukin, Photon-Photon Interactions Via Rydberg Blockade,
Phys. Rev. Lett. 107, 133602 (2011).

[13] S.Baur, D. Tiarks, G. Rempe, and S. Diirr, Single-Photon Switch
Based on Rydberg Blockade, Phys. Rev. Lett. 112, 073901
(2014).

[14] H. Gorniaczyk, C. Tresp, J. Schmidt, H. Fedder, and S. Hoffer-
berth, Single-Photon Transistor Mediated by Interstate Rydberg
Interactions, Phys. Rev. Lett. 113, 053601 (2014).

[15] D. Tiarks, S. Baur, K. Schneider, S. Diirr, and G. Rempe, Single-
Photon Transistor Using a Forster Resonance, Phys. Rev. Lett.
113, 053602 (2014).

[16] H. Gorniaczyk, C. Tresp, P. Bienias, A. Paris-Mandoki, W. Li, L.
Mirgorodskiy, H. P. Biichler, I. Lesanovsky, and S. Hofferberth,
Enhancement of Rydberg-mediated single-photon nonlinearities
by electrically tuned Forster resonances, Nat. Commun. 7, 12480
(2016).

[17] D. Tiarks, S. Schmidt, G. Rempe, and S. Diirr, Optical & phase
shift created with a single-photon pulse, Sci. Adv. 2, e1600036
(2016).

[18] L. Li and A. Kuzmich, Quantum memory with strong and

controllable Rydberg-level interactions, Nat. Commun. 7, 13618
(2016).

[19] C.Carr, R. Ritter, C. G. Wade, C. S. Adams, and K. J. Weatherill,
Nonequilibrium Phase Transition in a Dilute Rydberg Ensemble,
Phys. Rev. Lett. 111, 113901 (2013).

[20] M. Marcuzzi, E. Levi, S. Diehl, J. P. Garrahan, and I. Lesanovsky,
Universal Nonequilibrium Properties of Dissipative Rydberg
Gases, Phys. Rev. Lett. 113, 210401 (2014).

[21] J. Gillet, G. S. Agarwal, and T. Bastin, Tunable entanglement,
antibunching, and saturation effects in dipole blockade, Phys.
Rev. A 81, 013837 (2010).

[22] J. D. Pritchard, D. Maxwell, A. Gauguet, K. J. Weatherill, M. P.
A.Jones, and C. S. Adams, Cooperative Atom-Light Interaction
in a Blockaded Rydberg Ensemble, Phys. Rev. Lett. 105, 193603
(2010).

[23] D. A. Steck, Rubidium 87 D line data, http://steck.us/alkalidata/.

[24] Y.Liand M. Xiao, Transient properties of an electromagnetically
induced transparency in three-level atoms, Opt. Lett. 20, 1489
(1995).

[25] K. Ogata, Modern Control Engineering, Sth ed. (Prentice Hall,
Englewood Cliffs, NJ, 2010).

[26] W. S. Levine, The Control Handbook: Control Systems Funda-
mentals, 2nd ed. (CRC Press, Boca Raton, FL, 2011).

[27] H. Schempp, G. Giinter, C. S. Hofmann, C. Giese, S. D. Saliba, B.
D. DePaola, T. Amthor, M. Weidemiiller, S. Sevincli, and T. Pohl,
Coherent Population Trapping with Controlled Interparticle
Interactions, Phys. Rev. Lett. 104, 173602 (2010).

[28] S. Sevinvli, N. Henkel, C. Ates, and T. Pohl, Nonlocal Nonlinear
Optics in Cold Rydberg Gases, Phys. Rev. Lett. 107, 153001
(2011).

[29] J. Stanojevic, V. Parigi, E. Bimbard, A. Ourjoumtsev, and P.
Grangier, Dispersive optical nonlinearities in a Rydberg elec-
tromagnetically induced transparency, Phys. Rev. A 88, 053845
(2013).

[30] Z. Bai and G. Huang, Enhanced third-order and fifth-order Kerr
nonlinearities in a cold atomic system via Rydberg-Rydberg
interaction, Opt. Exp. 24, 4442 (2016).

[31] A. C. Newell and J. V. Moloney, Nonlinear Optics (Addison-
Wesley, Redwood City, CA, 1992).

[32] A. Jeffery and T. Kawahawa, Asymptotic Method in Nonlinear
Wave Theory (Pitman, London, 1982).

[33] D. Petrosyan, J. Otterbach, and M. Fleischhauer, Electromagnet-
ically Induced Transparency with Rydberg Atoms, Phys. Rev.
Lett. 107, 213601 (2011).

[34] Here (O) = (W,| 0| W) represents the average of the operator
0, with W, the initial wave function of the system.

[35] F. Robicheaux, J. V. Herndndez, T. Topcu, and L. D. Noordam,
Simulation of coherent interactions between Rydberg atoms,
Phys. Rev. A 70, 042703 (2004).

[36] B. Olmos, R. Gonzélez-Férez, and 1. Lesanovsky, Collective
Rydberg excitations of an atomic gas confined in a ring lattice,
Phys. Rev. A 79, 043419 (2009).

[37] J. Stanojevic and R. C&¢, Many-body Rabi oscillations of
Rydberg excitation in small mesoscopic samples, Phys. Rev. A
80, 033418 (2009).

043821-12


https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.249
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/PhysRevLett.80.253
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1088/0953-4075/45/11/113001
https://doi.org/10.1088/0953-4075/45/11/113001
https://doi.org/10.1088/0953-4075/45/11/113001
https://doi.org/10.1088/0953-4075/45/11/113001
https://doi.org/10.1142/9789814440400_0008
https://doi.org/10.1142/9789814440400_0008
https://doi.org/10.1142/9789814440400_0008
https://doi.org/10.1142/9789814440400_0008
https://doi.org/10.1088/0953-4075/49/15/152003
https://doi.org/10.1088/0953-4075/49/15/152003
https://doi.org/10.1088/0953-4075/49/15/152003
https://doi.org/10.1088/0953-4075/49/15/152003
https://doi.org/10.1103/PhysRevA.72.043803
https://doi.org/10.1103/PhysRevA.72.043803
https://doi.org/10.1103/PhysRevA.72.043803
https://doi.org/10.1103/PhysRevA.72.043803
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/PhysRevLett.107.133602
https://doi.org/10.1103/PhysRevLett.107.133602
https://doi.org/10.1103/PhysRevLett.107.133602
https://doi.org/10.1103/PhysRevLett.107.133602
https://doi.org/10.1103/PhysRevLett.112.073901
https://doi.org/10.1103/PhysRevLett.112.073901
https://doi.org/10.1103/PhysRevLett.112.073901
https://doi.org/10.1103/PhysRevLett.112.073901
https://doi.org/10.1103/PhysRevLett.113.053601
https://doi.org/10.1103/PhysRevLett.113.053601
https://doi.org/10.1103/PhysRevLett.113.053601
https://doi.org/10.1103/PhysRevLett.113.053601
https://doi.org/10.1103/PhysRevLett.113.053602
https://doi.org/10.1103/PhysRevLett.113.053602
https://doi.org/10.1103/PhysRevLett.113.053602
https://doi.org/10.1103/PhysRevLett.113.053602
https://doi.org/10.1038/ncomms12480
https://doi.org/10.1038/ncomms12480
https://doi.org/10.1038/ncomms12480
https://doi.org/10.1038/ncomms12480
https://doi.org/10.1126/sciadv.1600036
https://doi.org/10.1126/sciadv.1600036
https://doi.org/10.1126/sciadv.1600036
https://doi.org/10.1126/sciadv.1600036
https://doi.org/10.1038/ncomms13618
https://doi.org/10.1038/ncomms13618
https://doi.org/10.1038/ncomms13618
https://doi.org/10.1038/ncomms13618
https://doi.org/10.1103/PhysRevLett.111.113901
https://doi.org/10.1103/PhysRevLett.111.113901
https://doi.org/10.1103/PhysRevLett.111.113901
https://doi.org/10.1103/PhysRevLett.111.113901
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevA.81.013837
https://doi.org/10.1103/PhysRevA.81.013837
https://doi.org/10.1103/PhysRevA.81.013837
https://doi.org/10.1103/PhysRevA.81.013837
https://doi.org/10.1103/PhysRevLett.105.193603
https://doi.org/10.1103/PhysRevLett.105.193603
https://doi.org/10.1103/PhysRevLett.105.193603
https://doi.org/10.1103/PhysRevLett.105.193603
http://steck.us/alkalidata/
https://doi.org/10.1364/OL.20.001489
https://doi.org/10.1364/OL.20.001489
https://doi.org/10.1364/OL.20.001489
https://doi.org/10.1364/OL.20.001489
https://doi.org/10.1103/PhysRevLett.104.173602
https://doi.org/10.1103/PhysRevLett.104.173602
https://doi.org/10.1103/PhysRevLett.104.173602
https://doi.org/10.1103/PhysRevLett.104.173602
https://doi.org/10.1103/PhysRevLett.107.153001
https://doi.org/10.1103/PhysRevLett.107.153001
https://doi.org/10.1103/PhysRevLett.107.153001
https://doi.org/10.1103/PhysRevLett.107.153001
https://doi.org/10.1103/PhysRevA.88.053845
https://doi.org/10.1103/PhysRevA.88.053845
https://doi.org/10.1103/PhysRevA.88.053845
https://doi.org/10.1103/PhysRevA.88.053845
https://doi.org/10.1364/OE.24.004442
https://doi.org/10.1364/OE.24.004442
https://doi.org/10.1364/OE.24.004442
https://doi.org/10.1364/OE.24.004442
https://doi.org/10.1103/PhysRevLett.107.213601
https://doi.org/10.1103/PhysRevLett.107.213601
https://doi.org/10.1103/PhysRevLett.107.213601
https://doi.org/10.1103/PhysRevLett.107.213601
https://doi.org/10.1103/PhysRevA.70.042703
https://doi.org/10.1103/PhysRevA.70.042703
https://doi.org/10.1103/PhysRevA.70.042703
https://doi.org/10.1103/PhysRevA.70.042703
https://doi.org/10.1103/PhysRevA.79.043419
https://doi.org/10.1103/PhysRevA.79.043419
https://doi.org/10.1103/PhysRevA.79.043419
https://doi.org/10.1103/PhysRevA.79.043419
https://doi.org/10.1103/PhysRevA.80.033418
https://doi.org/10.1103/PhysRevA.80.033418
https://doi.org/10.1103/PhysRevA.80.033418
https://doi.org/10.1103/PhysRevA.80.033418

FAST-RESPONDING PROPERTY OF ...

PHYSICAL REVIEW A 97, 043821 (2018)

[38] Y. O. Dudin, L. Li, F. Bariani, and A. Kuzmich, Observation
of coherent many-body Rabi oscillations, Nat. Phys. 8, 790
(2012).

[39] T. A. Johnson, E. Urban, T. Henage, L. Isenhower, D. D. Yavuz,
T. G. Walker, and M. Saffman, Rabi Oscillations Between
Ground and Rydberg States with Dipole-Dipole Atomic Inter-
actions, Phys. Rev. Lett. 100, 113003 (2008).

[40] M. Reetz-Lamour, T. Amthor, J. Deiglmayr, and M. Wei-
demiiller, Rabi Oscillations and Excitation Trapping in the
Coherent Excitation of a Mesoscopic Frozen Rydberg Gas, Phys.
Rev. Lett. 100, 253001 (2008).

[41] H. Li, C. Hang, and G. Huang, Transient Optical Properties of
Coherent Four-Level Atoms Without Undepleted Ground-State
Approximation, Phys. Lett. A 368, 336 (2007).

043821-13


https://doi.org/10.1038/nphys2413
https://doi.org/10.1038/nphys2413
https://doi.org/10.1038/nphys2413
https://doi.org/10.1038/nphys2413
https://doi.org/10.1103/PhysRevLett.100.113003
https://doi.org/10.1103/PhysRevLett.100.113003
https://doi.org/10.1103/PhysRevLett.100.113003
https://doi.org/10.1103/PhysRevLett.100.113003
https://doi.org/10.1103/PhysRevLett.100.253001
https://doi.org/10.1103/PhysRevLett.100.253001
https://doi.org/10.1103/PhysRevLett.100.253001
https://doi.org/10.1103/PhysRevLett.100.253001
https://doi.org/10.1016/j.physleta.2007.04.039
https://doi.org/10.1016/j.physleta.2007.04.039
https://doi.org/10.1016/j.physleta.2007.04.039
https://doi.org/10.1016/j.physleta.2007.04.039



