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We experimentally observed an accumulative type of nonlinear attenuation and distortion of slow light, i.e.,
Rydberg polaritons, with the Rydberg state |[32Ds;,) in the weak-interaction regime. The present effect of
attenuation and distortion cannot be explained by considering only the dipole-dipole interaction (DDI) between
Rydberg atoms in |32Ds/,). Our observation can be attributed to the atoms in the dark Rydberg states rather
than those in the bright Rydberg state, i.e., |32Ds,,), driven by the coupling field. The dark Rydberg states
are all the possible states in which the population decaying from [32Ds,,) accumulated over time, and they
were not driven by the coupling field. Consequently, the DDI between the dark and bright Rydberg atoms
increased the decoherence rate of the Rydberg polaritons. We performed three different experiments to verify
the above hypothesis, to confirm the existence of the dark Rydberg states, and to measure the decay rate
from the bright to the dark Rydberg states. In the theoretical model, we included the decay process from the
bright to the dark Rydberg states and the DDI effect induced by both the bright and dark Rydberg atoms.
All the experimental data of slow light taken at various probe Rabi frequencies were in good agreement
with the theoretical predictions based on the model. This study points out an additional decoherence rate in
the Rydberg-state electromagnetically induced transparency effect and provides a better understanding of the

Rydberg-polariton system.

DOI: 10.1103/PhysRevResearch.4.023024

I. INTRODUCTION

Atoms in the Rydberg states possess a strong elec-
tric dipole-dipole interaction (DDI) among themselves. The
blockade effect arising from the DDI is a versatile mechanism
for quantum information processing [1-4]. The combination
of the DDI and the effect of electromagnetically induced
transparency (EIT) can mediate strong photon-photon inter-
actions [5-12]. Thus Rydberg atoms have led to applications
such as quantum logic gates [5,13—15], single-photon gen-
eration [16-18], single-photon transistors [6,7], and single-
photon switches [8]. Furthermore, the system of Rydberg
atoms in a vapor or an array is also a platform for the study of
many-body physics [19-26].

Most of the studies on Rydberg atoms have been performed
in a strong-interaction regime. In contrast, the DDI-induced
effect in the weak-interaction regime based on EIT was stud-
ied theoretically [27] and experimentally [28] with a low
principal quantum number of n = 32 and a low Rydberg-
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atom density equal to or less than 2.0 x 10° cm™3. The
weak-interaction regime in those studies was (rg/ r.)? < 0.06,
where r, and r, are the half mean distance between the Ryd-
berg atoms and the blockade radius, respectively. Due to the
EIT effect [29], the propagation delay time or photon-matter
interaction time in a high-optical-density (high-OD) medium
was a couple of microseconds. With the help of a sufficient
collision rate and interaction time in a high-OD EIT medium
of weakly interacting Rydberg atoms, it was observed that
there was a smaller width of the transverse momentum dis-
tribution of Rydberg polaritons at the exit point of the system
as compared with that at the entrance [28].

The observation in Ref. [28] is a demonstration of the
thermalization process of Rydberg polaritons and indicates the
possibility of Rydberg polariton Bose-Einstein condensation
(BEC). It was also suggested to make Rydberg polaritons
stationary and cool down the temperature in both transverse
and longitudinal directions for the realization of BEC. To
achieve Rydberg polariton BEC, one needs to gather rather
many particles of weakly interacting polaritons with a long
interaction time in the system. However, the loss of the po-
laritons due to an extra attenuation, which is discussed in this
paper, hinders the particles from achieving Rydberg polariton
BEC.

In this paper, we systematically studied the transmission
of a probe field propagating through a Rydberg-EIT system
with experimental conditions similar to those in Ref. [28].
We observed distorted output pulses which were inconsistent
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with the theoretical prediction considering the DDI-induced
decoherence rate [27,28]. Based on the measurements, we
found evidence of the presence of dark Rydberg states which
were not driven by the coupling field. The population can be
transferred from a bright Rydberg state, which was excited by
the coupling field, to the dark Rydberg states. Since the dark
Rydberg atoms were not interacting with the coupling field,
they accumulated over time. On the other hand, due to the DDI
between the dark and bright Rydberg atoms, the DDI-induced
decoherence rate increased with time.

Following the scenario described in the previous para-
graph, we proposed a theoretical model based on the
experimental data. Using a theoretical model to take into ac-
count the effect that the population accumulates in some dark
Rydberg states and the dark Rydberg atoms cause an extra
DDI-induced decoherence rate, we can successfully explain
the experimental data. We believe the effect is universal. There
are several previous papers that studied decay or transition
from the bright to the dark Rydberg states and the phenomena
caused by the dark Rydberg atoms. In this paper, however, the
phenomenon of the increasing DDI-induced decoherence rate
due to atoms accumulating in dark Rydberg states is system-
atically studied. This work can provide a better understanding
for the creation of dark Rydberg atoms and their influence on
Rydberg polaritons in the Rydberg-EIT system. This work
also points out an obstacle in the realization of BEC with
weakly interacting Rydberg polaritons.

This paper is organized as follows. In Sec. II, we present
the distorted output probe pulse shapes, which we cannot ex-
plain with the theoretical model as it only considered the DDI
between the bright Rydberg states under the EIT condition.
In addition, we show the necessity of the consideration of
the dark Rydberg states by measurements of the decay time
constant, the steady-state attenuation coefficient of the square
input pulse, and the lifetime of the dark Rydberg state. In
Sec. 111, we introduce a modified theoretical model to describe
the increasing attenuation coefficient over time depending on
the density of the Rydberg atom. We also report the method
for estimating the decay rate from the bright Rydberg state
to the dark Rydberg state and compare the experimental data
with the theoretical prediction. In Sec. IV, we discuss the
possible transfer process from the bright to the dark Rydberg
states and the interaction strength between a bright Rydberg
atom and a dark Rydberg atom. Finally, we summarize the
results in Sec. V.

II. OBSERVATION OF THE ACCUMULATION EFFECT

A. Experiment setup

The experiment was performed with a cigar-shaped cold
87Rb atom cloud produced by a magneto-optical trap. The
dimension of the cloud was 1.5 x 1.5 x 5.0 mm? [30], and
the atom temperature was about 350 K [28,31]. The tran-
sition scheme formed by the probe and coupling fields is
shown in Fig. 1(a). The probe field drove the transition be-
tween the ground state |1) and the intermediate state |3),
and the coupling field drove the transition between state
|3) and the Rydberg state |2). States |1), |2), and |3) cor-
responded to the ground state [55;,2, F =2, mp = 2), the
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FIG. 1. (a) Relevant energy levels and transitions of the laser
fields. |1) and |3) are the ground and intermediate excited states. |2)
is the Rydberg state driven by the coupling field, and |4) represents
all the nearby Rydberg states of |2) that involve the DDI effect. |2)
and |4) are the bright and dark Rydberg states, respectively. I', I',,
and I'y represent the spontaneous decay rates of |3), |2), and [4).
2, and Q. denote the Rabi frequencies of the probe and coupling
fields. The two fields’ frequencies were stabilized to maintain the
two-photon resonance. As compared with I', the magnitude of the
one-photon detuning was negligible. (b) Sketch of the experiment
setup. BB, beam blocker; BS, beam splitter; PBS, polarizing beam
splitter; PD, photodetector; DM, dichroic mirror; L, and L;, lenses;
QWP, quarter-wave plate; CL, collimation lens; MMF, multimode
optical fiber; PMT, photomultiplier tube. Red and blue arrows indi-
cate the optical paths of the probe and coupling beams, respectively.

Rydberg state |32Ds),,m; = 5/2), and the excited state
[SP32, F =3, mp =3) of 8Rb atoms, respectively. We
prepared all of the population in a single Zeeman state
[5S1/2, F = 2, mp = 2) by optical pumping [32]. In the ex-
periment, the o -polarized probe and coupling fields were
used. Owing to the optical pumping and polarization of the
laser fields, the relevant energy levels |1), |2), and |3) were
considered as a single Zeeman state. The spontaneous decay
rate of |3) is I' = 27 x 6.07 MHz, and that of |2) is ['; =
27 x 7.9 kHz or 1.3 x 1073T" [33,34]. As the van der Waals
interaction energy is denoted as iCg/r%, the Rydberg atoms in
|32Ds,2, my = 5/2) have Cg = —27 x 130 MHz j4m® [35].
The experimental scheme is shown in Fig. 1(b). Frequency-
stabilized laser systems generated the probe and coupling
fields. The details of the stabilization method are described
in Refs. [28,31]. The probe and coupling fields were the
first-order beams of the acousto-optic modulators (AOMs, not
drawn in the figure). The AOMs were used to control the time
sequence, shape the probe pulse, and adjust the frequency and
the amplitude of the fields precisely. Each field was sent to
the atom cloud by the polarization-maintaining optical fiber
(PMF) after the AOM. To minimize the Doppler effect, we
used the counterpropagating scheme of the probe and cou-
pling fields. At the center of the cloud, the e~! full widths
of the probe and coupling beams were 130 and 250 pum,
respectively. The pulse shape and amplitude of the input probe
field were monitored by a photodetector (PD) before entering
the atom cloud as shown in Fig. 1(b). The probe field was
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detected by a photomultiplier tube (PMT) after passing
through the atom cloud. A digital oscilloscope (Agilent
MSO0O6014A) acquired the signal from the PMT and produced
the raw data.

B. Theoretical model without the accumulation effect

The Rydberg atoms inside the cloud were considered ran-
domly distributed particles, similar to ideal gases, due to the
assumption that the condition of a weakly interacting many-
body system of Rydberg polaritons was satisfied. Therefore
the mean-field model developed in Ref. [27] was adopted to
describe the DDI-induced behaviors in this paper.

We initially considered only the states |1), |2), and |3)
shown by Fig. 1(a) in the theoretical model. The DDI-induced
decoherence rate ypp; and frequency shift Spp;, which are
caused by the population in the Rydberg state |2), were taken
into account. The optical Bloch equations (OBEs) of the
density matrix operator and the Maxwell-Schrédinger equa-
tion (MSE) of the probe field are given below:

d i .
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I,
— | voo1 + o + - )P (D
9 i i .
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9 i, i
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where p;; (i, j = 1,2, 3) represents a matrix element of the
density matrix operator, 2, and Q2. are the Rabi frequencies
of the probe and coupling fields, § is the two-photon detuning,
1y is the intrinsic decoherence rate in the experimental system,
A, and A, are the one-photon detunings of the probe and
coupling transitions, and « and L are the optical depth and
length of the medium.

The values of yppr and dpp; were obtained by the analytic
formulas of the attenuation coefficient AB and the phase
shift A¢, respectively, induced by the DDI in the steady-state
condition. The formulas were derived in Ref. [27], utilizing a
mean-field model based on the nearest-neighbor distribution,
and they were experimentally verified in Ref. [28]. At the

condition of § = 0 and A, « I', the formulas of A and A¢
are given by

20T 2m2aA/[C T
ap(= 22 ) S VL, @
Q2 3Q.
rs 2a4/]C6|T
Ad)za 2DDI 27705 |Ce| nz, 9)
Q2 3Q.

where nyg is the density of the Rydberg-state atoms. Using the
relation ng = n, 2 between ng and the density of all atoms
n,, we introduced the coefficient A, which is written as

2Q./ICal
Aa=" Gl (10)

3T
The coefficient A represents the DDI-induced decoherence
rate or frequency shift per unit p,;. From Egs. (8) and (10),
we obtained

¥pp1 = Ap22. (11)
Similarly, from Egs. (9) and (10), we also obtained
dpp1 = Ap2. (12)

Thus yppr and dppy were replaced by Ap,, in the OBEs. Ac-
cording to the values of 2., Cg, and n, used in the experiment,
it was determined that A = 0.76I". We set and fixed A to 0.76T°
in all the theoretical predictions of this work, and the values
of yppr and Sppy are linearly proportional to the population of
the Rydberg state, p:(z, ).

Furthermore, the effect of the DDI, i.e., yppr and dppy, was
ignored to obtain Eq. (3) due to the assumption of Apy,, [ K
I', which was the case in the experiment. Throughout this
study, the two-photon resonance condition of § (= A, +
A.) = 0 was always maintained. Please note that the term
i(éppr + 8)p21 in Eq. (1), i.e., i(Apx + §)p21, played a negli-
gible role in the output probe transmission, since 6 = 0 and
4(Ap»n)*T? « SZ‘C‘ in all the cases of this work. To obtain
Egs. (5) and (6), we also considered that the population in
|2) rarely decayed to |1) and |3). When we made all of the
population in |2) decay to |1) by adding the term 41,05, to
the right-hand side of Eq. (6), the calculation result changed
very little because Qi < 2 in this paper.

C. Distorted output pulses of slow light

Before the measurement, the values of the one-photon
detuning and two-photon detuning were set to zero and experi-
mentally verified. We determined the experimental parameters
in the order of Q. — 3y — OD. The parameters were
confirmed again after the measurement in the reverse order
of that before measurement. The determined values of 2., vy,
and OD were 1.0, 9.0 x 1073T", and 70, respectively. Details
can be found in Appendix A and Ref. [31].

Following the definition of the half mean distance between
Rydberg polaritons, r, = (4wng/3)~'/3, the estimated small-
est r, in this experiment was 5.0 um when 2, was 0.2I'
[27]. The blockade radius rz was 1.9 um according to the
formula of rg = (2|C6|F/Qg)1/6 [11]. 2,0 =0.2T" was the
largest input probe Rabi frequency, and €2, = 1.0I" was kept
throughout the EIT experiment. Thus it was considered a
weakly interacting many-body system of Rydberg polaritons,
which satisfied the condition of (rg/ r)? <« 1.
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FIG. 2. Experimental observation that the slow light of a Gaus-
sian pulse was distorted and a larger value of £2,, made the distortion
more severe. (a) Experimental data of the output pulses vs time
are shown by red, blue, and green curves, and their input Rabi
frequencies €2,y of 0.05I', 0.1T", and 0.2T", respectively. Since the
shape of the three input pulses is very similar, we only plot the one
with the €, of 0.1I" as shown by the black curve, which is scaled
down by a factor of 0.4. In the measurements, « (optical depth) =
70, Q. = 1.0T", and y; = 9.0 x 1073T", which were determined ex-
perimentally [31]. (b) Theoretical predictions by solving Eqgs. (1)—~(7)
with the above values of €2, o, €., and y;, and with the coefficient
A = 0.76I" given by Eq. (10).

Using the above experimental conditions, we measured the
slow light data as shown in Fig. 2(a). An input probe pulse
with a Gaussian e~! full width of 11.5 us was used in this
measurement. This input pulse was far longer than that used
in determining the OD. Considering the values of OD and
Q,, the delay time t; was expected to be ~1.8 us as the
result of a short input Gaussian pulse with the ¢~! full width
of 0.66 us. However, the peak position of the output pulse
with ,9 = 0.05I" of the long Gaussian input probe pulse was
nearly the same as the peak position of the input pulse (i.e.,
the delay time was nearly zero). Furthermore, a stronger input
pulse had an output peak position that preceded the input peak
position and showed a more distorted shape of the output
pulse.

The degree of distortion of the output pulse shape depends
on 2,9, or equivalently the Rydberg atom density. One might
guess that the DDI effect could explain the distortion, and
the experimental data of Fig. 2(a) could be predicted by
Egs. (1)—(7) with the introduction of yppr and éppr. To test this
hypothesis, we calculated the theoretical predictions as shown
in Fig. 2(b) by solving Eqgs. (1)—(7), which included the effect
of DDI. We used the experimentally determined values of €2,
o, Q, and yp in the calculation. Owing to the DDI effect,
i.e., the term yppy or Ap;; in Eq. (1), we did observe a lower
transmission with a higher value of €2, in the theoretical
prediction. In each case of €2, the theoretical prediction gave
a very similar delay time (~1.8 us), which resulted in a higher
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FIG. 3. Experimental observation of the accumulation effect, in
which the DDI-induced attenuation increased with time. In each
panel, the black curve scaled down by a factor of 0.15 is the in-
put pulse, the red curve represents the output pulse, and the blue
curve is the best fit of the tail part of the red curve. The best fit is
an exponential-decay function. The values of 2,y were (a) 0.08T,
(b) 0.1T°, (c) 0.15T", and (d) 0.2T", respectively. In the measurements,
a (optical depth) = 70, Q. = 1.0T", and y, = 1.1 x 1072T", which
were determined experimentally [31].

peak transmission than the experimental value. The theoretical
predictions did not agree with the experimental data.

D. Phenomenon of the DDI-induced attenuation
increasing with time

To further study the phenomenon, we applied the long
square probe pulse with the input Rabi frequency €2, of
0.08T", 0.10T", 0.15T", or 0.2I" under the constant presence
of the coupling field, as shown in Fig. 3. The experimental
parameters « (OD) = 70, Q. = 1.0I', A =0, and § = 0 were
kept the same as in the measurements with the Gaussian input,
but y, was changed to 1.1 x 1072 in the measurement.

Regarding the behavior of the output probe field in Fig. 3,
we observed that the transmission decreased (or the attenu-
ation increases) with time, after it reached the peak value in
each of the measurements. The peak value of the output probe
transmission decreased with €2,9. This was expected from the
DDI effect, i.e., the term yppy or Apy; in Eq. (1), where pp, &
7 /K2. However, neither the theoretical model nor Egs. (1)-
(7) described in Sec. II B were able to explain the phenomenon
of the transmission decay or the increasing attenuation over
time. We fitted the decayed part of the experimental data with
an exponential-decay function and determined the decay time
constant and the steady-state attenuation coefficient. The blue
curves shown in Fig. 3 are the best fits.

Based on the best fits in Fig. 3, the decay time constant
7., and steady-state attenuation coefficient S, as functions of
Q%;o are shown in Figs. 4(a) and 4(b), respectively. The value
of Bss was given by the absolute value of the logarithm of the
transmission at the steady state. Figures 4(a) and 4(b) clearly
show that a larger value of Qf,o resulted in a faster decay and
a larger steady-state attenuation.
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FIG. 4. Experimental observation of a larger €2, resulting in
a faster accumulation of DDI-induced attenuation. (a) Decay time
constant Ty, as a function of Qf,o. The values of t,, were determined
by the best fits shown in Fig. 3. (b) The steady-state attenuation
coefficient By as a function of Qf;o Bss = — In (Tyy), where Ty is the
steady-state transmission. The values of T;; were determined by the
vertical offsets of the blue curves shown in Fig. 3.

A higher Rydberg polariton density leads to a larger DDI-
induced attenuation. Thus the data in Figs. 3 and 4 inferred
that the Rydberg polariton density increased with time. One
can guess that some of the Rydberg population in |2) was
transferred to other states (denoted as |4)) and that the atoms
in |4) did not interact with the coupling field but were able
to have a DDI with the atoms in |2). Due to the existence
of the DDI, |4) had to represent some nearby Rydberg states
of |2). The population in |4), which was not driven by the
coupling field, should have accumulated. As more popula-
tion accumulated in |4), the DDI-induced attenuation of |2)
became large. Thus the probe output transmission decreased
with time, exhibiting the accumulation phenomenon of the
DDI effect.

In Fig. 1(a), we introduce |4) to represent all possible
nearby Rydberg states of |2). The spontaneous or collisional
decay process could cause the transfer of the population from
|2) to |4), because no additional field was applied in the
experiment. Since |2) was driven by the coupling field, it was
called the bright Rydberg state. On the other hand, |4) did
not interact with any applied field and was called the dark
Rydberg state.

E. Evidence of dark Rydberg states

To verify the hypothesis based on the dark Rydberg state
|4), we measured the existing time of the DDI effect, after
nearly all the atoms in the bright Rydberg state |2) had been
deexcited. The basic idea of this measurement was as follows.
Since the atoms in |4) did not interact with any applied field,
they should decay by themselves and have a decay rate of
I'y. Furthermore, |4) represented a number of Rydberg states,
SO I‘4_] must be close to the Rydberg-state lifetime. Conse-

3.5 _ ]
kel 70 s At
ol J A
NChe 0 50 100
Time (ps)
2.5
10 50 100 150

At (ps)

FIG. 5. Experimental observation of the lifetime of the dark Ry-
dberg states by the measurement of DDI-induced attenuation B¢ as
a function of At. Inset: the time sequence of the measurement. The
coupling field was continuously on during the measurement. Circles
are the experimental data, and the black curve is the best fit of an
exponential-decay function. The decay time constant of the best fit
was 31 us, which is similar to the lifetimes of dark Rydberg states
with a principal quantum number n of around 32.

quently, after the atoms in |2) had been removed, the DDI
effect should still exist in the system and gradually decay with
the time constant of F4_1. Then, we explored the DDI-induced
attenuation as a function of time in the system by employing
a very weak Gaussian probe pulse and the coupling field. The
probe pulse was weak enough to cause a negligible DDI effect
by itself.

The sequence of the input probe field is depicted in the
inset of Fig. 5. A 70-us square probe pulse of Q2,0 = 0.1T"
was first employed. The pulse duration was sufficiently long
compared with the lifetime of |2), which was approximately
20 ws at room temperature. The OD was 70, and the coupling
field of 2, = 1.0I" was continuously kept on during the mea-
surement. After the square probe pulse was switched off, the
coupling field quickly deexcited the remaining population in
|2). The deexcitation time was estimated to be about 27 ns. We
waited for a certain time Ar after the square pulse was turned
off and then applied a weak Gaussian probe pulse to measure
the DDI-induced attenuation Bs as a function of At. The
value of B was equal to the absolute value of the logarithm
of the peak transmission of the output Gaussian pulse. The
input Gaussian pulse had a peak €, of 0.05I" and an ™! full
width of 10 us. Compared with the 70-us square probe pulse,
the weaker and much shorter Gaussian probe pulse induced a
negligible DDI effect.

We observed the exponential-decay behavior of B; ver-
sus At as shown in Fig. 5, in which the circles are the
experimental data and the black curve is the best fit of an
exponential-decay function. The decay time constant of the
best fit was 31 us, which is about the lifetime of a Rydberg
state with a principal quantum number between 32 and 38.
The atoms in |2) were quickly deexcited by the coupling field,
after the square probe pulse was switched off. If the atoms in
the dark Rydberg state |4) could not exist in the system, the
value of B would quickly drop to its steady-state value due to
the absence of the atoms in the bright Rydberg state |2). The
slow decay of B demonstrated the existence of the atoms in
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|4), which did not interact with the coupling field, but gave the
DDI effect and decayed slowly.

III. THEORY OF THE ACCUMULATION EFFECT
AND EXPERIMENTAL VERIFICATION

A. Theoretical model with the accumulation effect

In the previous section, we discussed the necessity of the
consideration of dark Rydberg states in the system. To simu-
late the accumulative DDI effect observed in the experiment,
we improved the theoretical model described in Sec. II B by
including the dark Rydberg state |4) and the decay process
from |2) to |4). The DDI effect between one atom in |2) and
one atom in |4) was also taken into account. Thus the OBEs
can be given by

0 i . ,
5P = EQch + i(Ap22 + B pag + 8)p21
24
- A,022+B,044+J/0+7 021, (13)
9 i=Lta )+ Lot +iA
8tp31 = 5% £11 — P33 2 cP21 T LApP31
r
— 5 P30 (14)
O p = Le,0n + Lo )
5, P2 = 58P + 58202 — P33
. r
—iAcp32 — 7 P32, (15)
9 = iQ iQ x r (16)
Y P2 = ) cP32 3 cP32 24022,
0 I i i
2 s = =L@y + Lt — L,
P 5 S8pP31 T 582pP3 T 5383
i
+ EQcp;z — ' p33, a7
d
5 Pu = 24020 — L4044, (18)
d i, i,
5P = EQPPIH - EQpp31 + 33, (19)

where the coefficient A represents the DDI-induced decoher-
ence rate or frequency shift per unit py, with a value given
by Eq. (10), the coefficient B (or B’) is similar to the coeffi-
cient A and represents the DDI-induced decoherence rate (or
frequency shift) per unit p44, 54 is the decay rate from |2) to
|4), and I'4 is the decay rate of [4).

The terms Apy; + B' 044 and Apsy + Bpss in Eq. (13) rep-
resent dppy and yppy, respectively. The values of yppr and Sppr
varied with space and time due to the populations of py(z, t)
and ps4(z, t) during the propagation of the probe light. The
decay rate I'y4 was parametrized as

Iy =Cpxp + D, (20)

where the coefficient C is the two-body decay rate per unit pa;
and the coefficient D is the one-body decay rate. The atomic
density n, of the system is a part of the coefficient C. Further
discussion regarding the transfer mechanism can be found in
Sec. IV.

In Eq. (15), the DDI effect, i.e., yppr and dppy, and the
decay rates, i.e., ['y4, and I'», were ignored due to the ex-
perimental condition of Apay, Bpaa, ', I'» < T'. Please note
that the frequency shift induced by the population in each of
the dark Rydberg states might be positive or negative, and
thus the net frequency shift resulted in |B’'| < B. Furthermore,
the term i(Apx + B’ p44 + 8)p21 in Eq. (13) played a negli-
gible role in the output probe transmission, since § = 0 and
4|Ap22 + Bpas|’T? < Q2 in all the cases of this work.

The value of A given by Eq. (10) was derived from
Ref. [27] and experimentally verified in Ref. [28]. We first
measured the coefficients C and D as described in Sec. III B.
Using the known values of A, C, and D, we then determined
B using the experimental data of Fig. 3 as illustrated in
Sec. III C. Finally, we compared the experimental data of the
slow light shown in Fig. 2 with the theoretical predictions
calculated using the experimentally determined values of A,
B, C, and D in Sec. III C. The comparison was used to test the
validity of the theoretical model introduced here.

B. Determination of the decay rate from
bright to dark Rydberg states

We designed an experiment to determine the coefficients
C and D in Eq. (20). The decay rate, I'y4, of the atoms in |2)
was measured against the atomic density of |2), ng. The ex-
periment details can be found in Appendix B. The procedure
of the measurement of I'y4 was as follows. We first prepared
a given number of atoms in the ground state |1) and excited
them to |2) with a two-photon transition (TPT) pulse. The TPT
had a large one-photon detuning A. After the TPT pulse, no
light field was applied, and the atoms in |2) decayed. Then,
we waited for a certain time Ar and also depleted the residual
atoms in |1). At the end of At, the remaining atoms in |2)
were brought back to |1) with another TPT pulse. Finally,
after the second TPT pulse we determined the number of
returned atoms in |1) or, equivalently, measured the absorption
coefficient AS of the weak probe field. The result of Af
was proportional to the remaining atoms in |2) after the given
At. By varying At and measuring A, we obtained the data
points of A as a function of At and fitted the data with an
exponential function. The best fit gave the value of I'y4.

The circles in Fig. 6 are the experimental data of ['p4 as
a function of ng. Each circle represents the result of a series
of measurements similar to those shown in Appendix C. We
fitted the circles in Fig. 6 with the fitting function of a straight
line. The interception of the best fit determined the coefficient
D defined in Eq. (20), which was 2.0 x 1073T". The deter-
mined value of D was comparable to the spontaneous decay
rate of 32Ds;, at room temperature, which is 1.3 x 10730
[33,34]. Furthermore, the slope, k, of the best fit determined
the coefficient C defined in Eq. (20) in the following way:
Since kng = Cpyp and ng = ppn, = pno/(opl), the coeffi-
cient C is given by

C = ka/(oyL), 1)

where « is the OD used in the EIT experiment and oy is
the absorption cross section of the resonant probe transition
from |58/, F =2, mp = 2) to |5P3)5, F = 3, mg = 3). Dur-
ing the measurements of the data shown in Figs. 2(a) and
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FIG. 6. The decay rate "4 as a function of the density, ng, of the
atoms in |2). Circles are the experimental data. Each data point was
determined by the result of a series of measurements similar to those
in Appendix C. The black line is the best fit of a straight line.

3(a)-3(d), the optical depth o was 70, and we used the above
equation to estimate that the value of C was 9.1 x 1072T" at
a = 70. Possible processes of the population transfer from the
bright to the dark Rydberg states are discussed in Sec. IV.

C. Comparison between theoretical predictions
and experimental results

After determining the values of C and D in the decay
rate I'p4 used in Egs. (13), (16), and (18), we next utilized
the experimental data of Fig. 3 to determine the value of
coefficient B used in Eq. (13). Since the measured value of
I'y4 was the total decay rate of |2) but not merely the de-
cay rate from |2) to |4), the determined value of B might
account for the discrepancy. Figure 7 shows the comparison
between the experimental data of the long square probe pulses
shown in Figs. 3(a)-3(d) and the theoretical predictions cal-
culated with the modified model described in Sec. IITA. In
the calculation, we used the experimentally determined values
of the optical depth, the coupling Rabi frequency, and the
intrinsic decoherence rate y; in the system [31]. We set A
(the DDI-induced decoherence rate per unit py;) to the value
given by Eq. (10) and used the values of C and D derived
from the result of Fig. 6. The only adjustable parameter in
the calculation of the predictions was B (the DDI-induced
decoherence rate per unit p44). Note that we set B’ = B in the
term i(Apy + B p4q + 8)p21 in Eq. (13), but this term played
a negligible role in the calculation result of the output probe
transmission. A good agreement between the theoretical pre-
dictions and experimental data was obtained at the coefficient
B="17.T.

A single optimum value of B was able to explain all the
experimental data taken at different input probe Rabi frequen-
cies. This demonstrated that the theoretical model presented
by Egs. (13)—(20) was qualitatively valid. Furthermore, we
compared the experimental data of the Gaussian input probe
pulses as shown in Fig. 2 with the theoretical predictions. The
values of the parameters used in the calculation of the predic-
tions were the same as those in Fig. 7 except for the value
of yp, which had a day-to-day fluctuation of 1.5 x 1073T".
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FIG. 7. Comparison between the experimental data of the long
square probe pulses and the theoretical predictions. Black curves
represent the input probe pulses and are scaled down by a factor of
0.15. Red curves represent the output probe pulses under the constant
presence of the coupling field. The experimental data are the same
as those shown in Fig. 3, where the input Rabi frequencies €2, are
(a) 0.08T", (b) 0.1T", (c) 0.15T", and (d) 0.2T". Blue curves are the pre-
dictions calculated using Egs. (7) and (13)—(20). In the calculation,
we set a (optical depth) = 70, Q. = 1.0T", and y, = 1.1 x 1072T,
which were determined experimentally, the coefficients C = 9.1 x
1072I" and D = 1.3 x 10T, which were deduced from the result
of Fig. 6, and A = 0.76I" given by Eq. (10). B was adjusted to make
the predictions fit the data, and its optimum value is 7.7T.

Figures 8(a)-8(c) show that the experimental data were all in
good agreement with the theoretical predictions, manifesting
that the theoretical model was also quantitatively successful.

IV. DISCUSSION

We discuss some possible mechanisms of the population
transfer to the dark Rydberg state in this section. Experimental
observations led by the existence of the dark Rydberg state
which was transferred from a bright Rydberg state have been
reported in several papers [36—42]. The underlying mecha-
nisms of such transfers can be classified into four categories
as follows: (i) transitions driven by a microwave field [36],
(i) the spontaneous decay [37-39], (iii) the DDI-induced
antiblockade excitation and state-change collision assisted by
radiation trapping [40,43], and (iv) the super-radiance of the
transition with a long wavelength induced by the blackbody
radiation (BBR) [41,42]. Please see Appendix D for further
discussion of these papers.

However, mechanisms (i), (ii), and (iii) cannot explain our
observations. The corresponding reasons are the following.
(a) No additional microwave field was applied for population
transfer to another Rydberg state. (b) The spontaneous decay
was a one-body process, and its rate should not depend on
the Rydberg-atom density. However, the observed decay rate
of the population in the bright Rydberg state depended on
the Rydberg-atom density, and it is much higher than the
spontaneous decay at room temperature. (¢) According to the
experimental condition, we made an estimation, illustrated in
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FIG. 8. Comparison between the experimental data of the Gaus-
sian input probe pulses and the theoretical predictions. Black curves
represent the input probe pulses and are scaled down by a factor of
0.4. Red, blue, and green curves represent the output probe pulses
under the constant presence of the coupling field. The experimental
data are the same as those shown in Fig. 2, where the input Rabi
frequencies €2, are (a) 0.05T, (b) 0.1T", and (c) 0.2T". Gray curves
are the theoretical predictions calculated with Egs. (7) and (13)—(20).
All the parameters used in the calculation here are the same as those
used in Fig. 7, except for yp = 9.0 x 107°T".

the next paragraph, to show that the state-changing Rydberg
collision rate [44-47] is too low to be responsible for the
population transfer from the bright to the dark Rydberg states.
Furthermore, it is difficult for the antiblockade excitation
[48,49] to occur in a weak-interaction regime (such as that in
our experiment) due to large energy differences between the
bright Rydberg state and its nearby states.

We can rule out mechanisms (i) and (ii) for the corre-
sponding quite obvious reasons (a) and (b). However, before
ruling out the third case, we estimated the DDI-induced
state-exchange collision or the Rydberg state-changing col-
lision rate compared with that in Ref. [40]. The decay
rate due to state-changing collisions is proportional to ng x
(principal quantum number)'? [44]. Comparing the exper-
imental conditions of the present study (ng ~ 10° cm™3,
principal quantum number = 32) with Ref. [40] (ng ~
10° cm™3, principal quantum number = 111), the state-
changing collision rate in our experiment should be on the
order of 0.1 Hz based on the rate presented in Ref. [40]. The
estimated value is far smaller than the determined value of I'y4
shown in Fig. 6. Therefore the state-changing collision is not
responsible for the observed two-body decay.

TABLE 1. The four dark Rydberg states, which the population in
|32Ds,,) predominately decays to, due to the BBR at room temper-
ature. ['gpp is the transition rate induced by the BBR at 7 = 300 K.
Mo and AE /h are the transition wavelength and frequency. t,; is the
lifetime of each state at 7 = 300 K. All the values were calculated
on the basis of Ref. [50].

State I'ger Ao AE/]’! Tds

InLy) (KHz) (mm) (GHz) (us)
[30F7,,) 22.5 1.9 158.4 15.0
131F;),) 15.1 4.0 74.0 16.4
[34P5),) 14.8 1.9 155.4 34.7
[33P3) 9.1 4.4 68.63 322

As a possible mechanism of the population transfer from
the bright to the dark Rydberg states, we considered the super-
radiance of transitions induced by the BBR. According to the
transition or decay rate from |32Ds;) to the nearby states
induced by the BBR at 7 =300 K and the corresponding
wavelength, we found the four most probable dark Rydberg
states. Their information is listed in Table I. To explain the
measured two-body decay rate by the super-radiance of the
transitions induced by the BBR at the room temperature, we
made the estimation the decay rate from |32Ds/,) to [33P33)
as an example. In Fig. 6, the decay rate at ng = 0.003 pum™>
was about five times faster than the spontaneous decay rate
of |32Ds,,) at the room temperature. To estimate the number
of particles participating in the super-radiance, i.e., the en-
hancement factor of the decay rate, we considered an effective
range for the cooperative interaction to be ~1/100 of the tran-
sition wavelength Ag [41,42]. The number of Rydberg atoms
inside the effective volume of (Ay/100)* was 260 according
to the value of Aq in Table I and ng = 0.003 wm™3. Hence
the super-radiance of the BBR-induced transitions can likely
be the mechanism that transfers the population dark Rydberg
states faster.

The values of A and B were 0.76I" and 7.7T", respectively,
indicating that the DDI strength between a bright Rydberg
atom and a dark Rydberg atom is much larger than that
between two bright Rydberg atoms. To explain this, we con-
sidered that the DDI between a bright Rydberg atom and a
dark Rydberg atom is a dipole-dipole interaction of the colli-
sion process of [32Ds,,) + |nLy) — |nL;) + |32Ds5), where
[nLy) is one of the dark Rydberg states in Table I. The collision
process is resonant, because the two Rydberg atoms just ex-
change their quantum states. To estimate the strength of each
resonant DDI process between a bright Rydberg atom and a
dark Rydberg atom in Table I, we followed steps similar to
the estimation of A described in Sec. II B and Ref. [27]. The
estimated value of B is denoted as B. The relation between B
and the dipolar coupling coefficient C; is given by

272C,
—n
3

B= a 22)
where C; is the average value of C; by considering the branch

ratio as a weight value. The branch ratio is the ratio between
the decay or excitation rates of the Am; = %1, 0 transitions
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TABLE II. Estimation of the strength of the resonant DDI be-
tween an atom in state |32Ds;;) and another in state |nL;). B
represents the estimated value of the coefficient B according to
Eq. (22), C; is the dipolar coupling coefficient, and C; is the average
value of C; weighted by the branch ratio, which is the ratio between
the decay or excitation rates of the transitions of Am; = +£1, 0 from
|32Ds)5) to |nL;). The values of the branch ratio and Cs; were calcu-
lated on the basis of Ref. [50].

State Branch G/ (2m) Gs/(2n) B

|nLy) my ratio (MHz um?®)  (MHz um?) I
7/2 0.58 220

|30F7,2) 5/2 0.30 63 146 79
3/2 0.12 10.5
72 057 687

[31F7,,) 5/2 0.31 196 456 24.7
32 012 33

|34P5),) 3/2 1 206 206 11.2

|33P3) 3/2 1 636 636 34.4

from [32Ds)s) to |nL;). The estimated value of B with C; of
each possible dark Rydberg state is listed in Table II.

Although the simple derivation of using Eq. (22) may cause
overestimation of B, a resonant dipole-dipole interaction be-
tween the bright and dark Rydberg states can provide an
intuitive understanding of the behavior of the system. The
resonant DDI strength arises from C3, and C; is the average
value of C3 among the Zeeman states of the same |nL;). The
strength of the nonresonant DDI between two bright Rydberg
atoms arises from Cs. According to Egs. (10) and (22), we
can obtain the ratio of A/B = (Q.+/]Cs]/T)/(2C3). Since C3
in Table II is much larger than (2.4/|Cs|/1'/2) =27 x 14
MHz pm? in the experiment, B or the estimated value of B is
much larger than A. Therefore the experimentally determined
value of B indicated that the interaction between a bright Ry-
dberg atom and a dark Rydberg atom is likely a resonant DDI.
The lifetime of each of the four possible dark Rydberg states
is also listed in Table I. The lifetimes of [30F;,,) and |31F;»)
are significantly shorter than those of [33P3;) and [34P;),).
The population accumulated in the former is far less than that
in the latter. Therefore we think that the dark Rydberg states
of |33P;,,) and |34P;,,) contribute to the coefficient B much
more than [30F7,,) and [31F7,,) do. The decay time constant,
i.e., 31 us, of the best fit in Fig. 5 is close to the lifetimes of
|33P3/2> and |34P3/2> in Sec. ITE.

V. CONCLUSION

In this paper, we systematically studied the transmission of
a probe field propagating through a Rydberg-EIT system, in
which the DDI strength was in the weak-interaction regime.
We observed the distorted output of a long Gaussian input
probe pulse. Such a phenomenon was unable to be predicted
by the theoretical model, which only considered the DDI
between the bright Rydberg atoms. According to further mea-
surements, we explained that the distortion was due to the
extra attenuation. This phenomenon was caused by a much
larger DDI-induced decoherence rate due to the atoms accu-
mulating in the dark Rydberg states. The population in the

dark Rydberg states was transferred from the bright Rydberg
state at an unexpectedly high rate. We attribute the high trans-
fer rate to the super-radiance of transitions induced by the
blackbody radiation. Using a theoretical model to take into
account the effect that population accumulates in some dark
Rydberg states and the dark Rydberg atoms cause an extra
DDI-induced decoherence rate, we can successfully explain
the experimental data.

In conclusion, this study provides a better understanding
of the creation of dark Rydberg atoms and their influence on
Rydberg polaritons in the Rydberg-EIT system under a long
interaction time [51-53], and we believe the effect is univer-
sal. This work also points out an obstacle in the realization of
BEC with weakly interacting Rydberg polaritons [28,54].
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APPENDIX A: EXPERIMENTAL DETAILS FOR THE
DETERMINATION OF PARAMETERS

Before the measurement, we determined the experimental
parameters in the order of the coupling Rabi frequency 2, —
the intrinsic decoherence rate yy — the optical depth or OD «.
The parameters were confirmed again after the measurement
in the reverse order of that before measurement. The method
for the determination of experimental parameters is the same
as described in Ref. [28].

We determined €2, by the Autler-Townes splitting in the
EIT spectrum. To measure the frequency separation between
two minima in the spectrum, a low OD value between 1 and
2 was used. The Autler-Townes splitting was obtained by
sweeping the probe field frequency using an acousto-optic
modulator (AOM). The AOM is not shown in Fig. 1(b). The
double-path scheme of the AOM can provide the stable input
probe power during the frequency sweeping. The degree of
asymmetry of the EIT spectrum enabled us to determine the
zero coupling detuning condition [31].

yo was determined by the peak transmission of the long
Gaussian probe pulse at the resonance. The input Gaussian
pulse e~! full width was 7 us. According to the non-DDI
EIT theory, the peak transmission at the resonance condition

is given by
2aT
T =exp| — @ Yo ).

To avoid the decoherence effect induced by the dipole-dipole
interaction (DDI), we used low OD (~15-20) and probe Rabi
frequency €2, (~0.05T") for the measurement of ;.

After Q. and yy were determined with low OD, we set the
OD to the experimental value. We varied the OD by adjusting
the repumping laser power during the dark magneto-optical
trap (MOT) period and the duration of the period. To have
the highest OD used in the experiment, we optimized the
repumping laser power and the duration. To have a low value

(A1)
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FIG. 9. (a) Scheme of the two-photon transition, which moved
the population from |1) to |2). The energy levels here are the same as
those in Fig. 1. Please note that |[1) — |3) is a cycling transition and
thus the population of any undesired transition to |3) quickly decayed
back only to |1). 2, and 2, denote the Rabi frequencies of the two
square pulses of the laser fields. We kept the frequencies of €2, and
2, to the two-photon resonance and applied a one-photon detuning
A of 4T to 2, or of —4I" to 2,,. I" and I'y are the spontaneous decay
rates of |3) and |4), respectively. I'y4 is the decay rate from |2) to
|4). (b) Optical paths of €2,, €2, and a clean pulse in the experiment.
2, was the same as that of the coupling field, but had a different
frequency. The clean pulse was employed to wipe out the population
in |1).

of the OD, we changed the repumping power and the duration
of the dark MOT from their optimum values.

We measured the delay time 7, of the short Gaussian probe
pulse to determine the value of OD, i.e., «. The e~ ! full width
of the short input Gaussian pulse was 0.66 us. According to
the non-DDI EIT theory, 7, is given by

al’

=& (A2)

Td

APPENDIX B: EXPERIMENTAL DETAILS FOR
MEASURING THE DECAY RATE OF THE BRIGHT
RYDBERG STATE

We designed an experiment to determine the coefficients
C and D in Eq. (20). The decay rate, I'y4, of the atoms in
|2) was measured against the atomic density of |2), ng. We
employed the two-photon transition (TPT) scheme rather than
the EIT scheme to place the population in |2), because the
TPT scheme is able to move a large portion of the atoms in
[1) to |2). In the measurement of "4, we added the pulses of
2, and €25, which formed the TPT pulse, and the clean pulse
as shown in Fig. 9(b). The coupling field €2, in the EIT exper-
iment was utilized as €2, but we changed its frequency to set
the one-photon detuning A to 4.0T" for the TPT as depicted
in Fig. 9(a). The frequency of €2, was tuned such that the
TPT satisfied the two-photon resonance. A weak and resonant
probe pulse, denoted as €2,y, was used in the measurement.
The pulse of €2, had the same optical path as the field of €2,
shown in Fig. 1(b). The absorption coefficient of £2,, indicated
the number of atoms in |1).

101 TE (lis)l.Sus I
i Q, \
o]
g o8] { o |
“; Time
S 0.6
[a W 97
0.4
0.0 05 1.0 15 2.0
T S
p(u)

FIG. 10. Experimental demonstration of the two-photon transi-
tion (TPT) shown in Fig. 9(a). In the main figure, we plot the
remaining population in state |1) after the TPT pulse as a func-
tion of the TPT pulse width 7,,. In the inset, we show the timing
sequence of the pulses of €2, and €, (to drive the TPT) and 2
(to measure the population in [1)), as well as their pulse shapes.
We set A =4.0I", o (optical depth) = 0.5, Q, = 2, = 1.2T", and
2, = 0.08I" in the measurement. Circles are the experimental data,
which have similar error bars. Only the last data point shows an
error bar, which represents the typical value. The black curve is the
theoretical prediction of a simple three-level cascade system under
the two-photon resonance. The prediction was calculated with the
decoherence rate of 6.5 x 1072T" and the above values of A, Q,, and
Q.

The polarization, propagation direction, and beam size of
2, (or 2,7) were the same as those of €. (or €2,) in the EIT
experiment. The field of 2, was generated by a diode laser,
which was injection locked by the same laser that generated
the field of €2, in the EIT experiment. Hence the two-photon
frequency of 2, and €2, was stable. The pulse of 2, was
sent to the atom cloud by a PMF after passing through an
AOM. The clean pulse was used to remove the population in
|1). After passing through the AOM, the clean pulse had a
frequency that was resonant to the transition of [55;,,, F =
2) — |5P;)5, F = 2). The polarization of 2, and the clean
pulse were o and o_, respectively. There was a separation
angle of 0.36° (or 0.40°) between the propagation directions
of ©, (or the clean pulse) and €2;. Lens L, (or L.) was used
together with L, to make €2, (or the clean pulse) a collimated
beam with the e~! full width of 3.6 mm (or 4.5 mm). The two
beam sizes of €2, and the clean pulse were sufficiently large
to cover the entire atom cloud.

To study the efficiency of the TPT pulse, i.e., the simulta-
neous pulses of €, and €2, we varied the TPT pulse duration
7, and measured the population or atom number right after
the TPT pulse as shown in Fig. 10. The population in |1)
was determined by the absorption coefficient of €2,. The
timing sequence of €2, €25, and 2, and their pulse shapes
are depicted in the inset. In the main plot, the circles are the
experimental data, and the curve is the theoretical prediction
of a simple three-level cascade system under the two-photon
resonance, i.e., Egs. (1)—(6) are utilized with § = 0, épp; = O,
yooi =0, 2, — Q,, and Q. — ;. To calculate the predic-
tion, we set A, 2,, and €2, to the experimental values and
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FIG. 11. Determination of the decay rate of the bright Rydberg
state |2). The inset shows the time sequence of the measurement.
The purple, green, and red areas represent the two-photon transition
(TPT) pulses, the clean pulse, and the probe pulse, respectively. In
the main plot, circles are the representative data of the difference
between the absorption coefficients with and without the second TPT
pulse, AB, as a function of At. The black curve is the best fit of an
exponential-decay function, which determined the decay rate. In the
measurement of these data points, ng = 0.002 pum™3, and the values
of A, Q,4, €4, and 2,/ are the same as those shown in Fig. 10.

adjusted yy to match the experimental data. The fair agree-
ment between the data and the prediction verified the effect
of the TPT pulse on the population. According to the study
shown in Fig. 10, we decided to use a 1.8-us TPT pulse
with A = 4.0T" and 2, = 2, = 1.2I" in the measurement of
I'>4 because the transition probability after 7, = 1.8 us was
insensitive to the pulse width. Please note that the reduced
population in |1) was used to determine the population in |2),
but during the TPT pulse the excitation to the intermediate
state |3) was not negligible. Nevertheless, since the population
in |3) decayed only to |1) in a rather short length of time right
after the TPT pulse, the excitation of the population to |3) did
not affect the determination of the population in |2).

APPENDIX C: DETAILS ON DETERMINING THE DECAY
RATE FROM BRIGHT TO DARK RYDBERG STATES

To obtain the decay rate, I'p4, of the atoms in |2) as a
function of the density ng of the atoms in |2), we performed
the measurement described in the first paragraph of Sec. III B.
The time sequence of the measurement is depicted in the inset
of Fig. 11. We kept the time difference between the peak of
the clean pulse and the rising edge of the second TPT pulse to
about 400 ns, and that between the falling edge of the second
TPT pulse and the rising edge of the probe pulse to about 1
us. Each of the two TPT pulses had a duration of 1.8 us. The
TPT pulse was able to move a fixed fraction (about half) of the
atoms from the initial state to the final state, i.e., [1) — |2)
or |2) — |1). The residual atoms either were removed from
the system or did not affect the measurement of the decay
rate. We varied Ar and measured the absorption coefficient
ApB of the weak probe pulse €2,. The representative data of
the difference between the values of A with and without
the second TPT pulse as a function of Ar are plotted in

Fig. 11. Since the atoms in |1) right before the second TPT
were all depleted by the clean pulse, AS corresponded to the
remaining atoms in |2) after a decay time of Ar.

The data points in Fig. 11 were all taken at Aa = 2.9,
where A« is defined as the difference of the values of OD
before and after the first TPT pulse. The two values of OD
were about 5.2 and 2.3 in this case. We were able to estimate
the density of the atoms in |2) after the first TPT pulse from
A« using the following relation:

Aa = ogn|L = ogngL, (C1)

where oy is the absorption cross section of the resonant
probe transition from |58/, F = 2, mp = 2) to |5P3, F =
3, mp = 3) and n; is the density of the atoms in [1) that
were moved to |2) by the first TPT pulse. Consequently,
n; was equal to the initial Rydberg-atom density ng, which
participated in the decay process of |2). As shown in Fig. 11,
we fitted the experimental data taken at a given ng with an
exponential-decay function. The decay time constant of the
best fit gave the value of I'y4 of the given ng.

APPENDIX D: PREVIOUS STUDIES ON THE
POPULATION TRANSFER TO DARK RYDBERG STATES

Experimental observations of population transfer from one
Rydberg state to another, i.e., from a bright Rydberg state to
the dark Rydberg state, have been reported in several papers
[36-42]. The underlying mechanisms of such transfers can
be transitions driven by a microwave field [36], the spon-
taneous decay induced by blackbody radiation and vacuum
fluctuations [37-39], the DDI-induced antiblockade excitation
and state-exchange collision assisted by radiation trapping
[40], and the super-radiance induced by blackbody radiation
(BBR) [41,42]. We discuss these papers and compare their
results and experimental conditions with our observations and
experimental condition in the following paragraphs.

The authors of Ref. [36] measured the linewidth of the
transition from [45Ds,,) to |46Ds;,), while the entire Ryd-
berg population was initially prepared in [45Ds)). As they
moved half of the Rydberg population to |46P;,,) by ap-
plying a microwave before the linewidth measurement, the
measured linewidth was broadened. The authors explained
that the DDI between a [45Ds/;) atom and a |46P;,,) atom
was stronger than that between two |45Ds,,) atoms, resulting
in the linewidth broadening. The population transfer from the
bright (|45Ds5)) to dark (]46P;/2)) Rydberg state was inten-
tionally driven by a microwave field, and no accumulative
DDI effect was reported in Ref. [36]. Since we did not apply
any additional field to move the population from the bright to
the dark Rydberg states, the physical mechanism in Ref. [36]
is unable to explain the accumulative DDI effect observed in
our study.

On the other hand, the population in the dark Rydberg
state could be produced via the spontaneous decay from the
bright Rydberg state induced by the blackbody radiation and
vacuum fluctuation. In Ref. [37], the authors measured the
spectrum of the two-photon transition from a ground state
to the Rydberg state [18S;,,) with the 87Rb atoms trapped in
a three-dimensional (3D) optical lattice. They observed that
the measured linewidth was about two orders of magnitude

023024-11



KO-TANG CHEN et al.

PHYSICAL REVIEW RESEARCH 4, 023024 (2022)

larger than the expected linewidth due to the DDI between
two |18S) /) atoms. Such a large linewidth was explained by
the DDI between an atom in |18S}/2) and another in a nearby
Rydberg state, |17P) or |18P). The existence of the population
in [17P) and |18P) due to the spontaneous decay from |18S)>)
was further verified by Ref. [38]. In Ref. [39], the authors
reported a similar phenomenon with the bright Rydberg state
of |28Ds,) and the dark Rydberg states of [26F7,2), [27F7)2),
[29P;,5), and |30P;,,). Nevertheless, the spontaneous decay
was a one-body process and did not depend on the Rydberg-
atom density. As shown in Fig. 6, the observed decay rate
linearly depended on the atomic density of the bright Rydberg
state. Furthermore, it was also larger than the spontaneous
decay rate of |32Ds,;) used in our experiment, which was
27 x 7.9kHz or 1.3 x 1073T". Thus the decay from the bright
to the dark Rydberg states observed in our study is unable to
be explained by the spontaneous decay.

Population transfer from the bright to the dark Rydberg
states can also be induced by direct antiblockade excita-
tion [48,49] and state-changing Rydberg collisions [44—47].
In Ref. [40], the authors drove the Rydberg-EIT transition
from a ground state to [111S;,,) (the bright Rydberg state)
and detected the ions coming from a number of dark Ry-
dberg states (nearby states other than [111S;,,)) after an
ionization pulse. Compared with the experiment in this pa-
per, the experiment in Ref. [40] was carried out under a
high atomic density of 5 x 10'> cm™ and in the strong-
interaction regime of (rg/r,)’ > 1. Under such an atomic
density, the authors of Ref. [40] explained that the effect
of radiation trapping [43] was prominent, producing more
atoms in the bright Rydberg state. The atoms produced by
the radiation trapping had all possible angular momentum

angles. Then, the strong-interaction regime enabled the DDI-
induced antiblockade excitation and state-changing collisions
to generate dark Rydberg atoms from the bright Rydberg
atoms. These dark Rydberg atoms produced ions after an
ionization pulse, while the ions were clearly not able to come
from the bright Rydberg state |[111S],,). The dark Rydberg
atom also resulted in the unexpected reduction of the output
probe photon number. The authors stated that the reduction
is unable to be explained by the prediction of the blockade
effect with only the bright Rydberg state but no dark Rydberg
states.

A faster population transfer from the bright to the dark Ry-
dberg state than the spontaneous decay rate can be explained
by the super-radiance induced by BBR [41,42]. In Ref. [42],
the authors observed the decay of the population from [nDs,)
to |(n + 1)P3,7) in laser-cooled cesium Rydberg atoms where
the principal quantum number # is 60, 63, and 70. The size
of the atom cloud was 550 yum in diameter. The bright Ryd-
berg state, [nDs),), is driven by two-photon excitation. |(n +
1)P35) is one of the dark Rydberg states which is the energet-
ically closest state. The population of the bright and the dark
Rydberg state was measured by the state-selective ionization
method with a multichannel plate. The authors showed that
the decay rate from |nDs;;) to |(n + 1)Ps/) became faster
with a larger number of bright Rydberg state atoms. For ex-
ample, when they prepared 2.2 x 10* atoms in |60Ds /2), they
observed an ~2 MHz decay rate which was a nearly 660-fold
faster decay rate than the decay rate at room temperature. In
this case, the effective interaction volume for the cooperative
interaction was on the order of ~(1o/550)3, where A is the
transition wavelength of the [60Ds/,) — [61P;),) transition,
92.9 mm.
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