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We investigate Rydberg |65D5 /2> — |66P /2> superradiance in dense ultracold cesium atoms, where the ground atoms
are excited to |65D5 /2) Rydberg states via two-photon excitation in a standard magneto-optical trap. The superradiant
spectrum of [65Ds5) — |66P3 ) is obtained using the state-selective field ionization technique. We observe its dynamic
evolution process by varying the delay time of ionization field 74. The results show that the evolution process of |65D5 /2> —
|66P5 /2> is much shorter than its radiation lifetime at room temperature, which verifies the superradiance effect. The
dependence of the superradiance process on Rydberg atoms number N, and principal quantum number 7 is investigated.
The results show that the superradiance becomes faster with increasing N, while it is suppressed for stronger van der Waals
(vdW) interactions. Superradiance has potential applications in quantum technologies, and the Rydberg atom is an ideal
medium for superradiance. Our system is effective for studying the strong two-body interaction between Rydberg atoms.

Keywords: Rydberg atom, superradiance, van der Waals interaction
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1. Introduction

Superradiance is the cooperative spontaneous emission
of radiation by a large number of excited atoms, molecules
or nuclei. Dicke was the first to predict that in a ra-
diating gas where the dimension is small compared to a
wavelength, spontaneous emission between specific correla-
tions of individual molecular levels can result in the emis-
sion of coherent radiation.!!'! It was first experimentally ob-
served in gases!?! and later near-infrared superradiance cas-
cades were observed in sodium atomic vapors.®! Superradi-
ance and transient maser action have been obtained at millime-
ter wavelengths with alkali Rydberg atoms.*! Subsequently,
it has been realized experimentally in many systems, includ-
ing trapped ions,>%! Bose-Einstein condensates,!”) quantum

dots,® plasmonic nanoantennas!®! and in both thermal!!‘]

=131 Tmportantly, superradiance has potential

applications in areas such as electric-field sensing,!'*! quan-
o 115,16 [17-21
b

and cold atoms.

tum information storag | superradiant laser ! and

atomic clocks. (2223

Rydberg atoms, with principal quantum number n > 1,
have many unique and interesting properties, such as a large
size (o< n?) comparable to the atomic separation, large electric
polarizability (o< n7) and electric dipole transition moments
(o< n?),"! and strong long-range interactions. Most impor-
tantly, the transitions between two adjacent Rydberg states are

in the microwave frequency range, where the sample size is
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significantly smaller than the transition wavelength, meaning
that experimental Rydberg transitions can reach the limit first
described by Dicke.!!! Rydberg atoms have become an ideal
medium to study superradiance. In addition, for long wave-
length transitions between neighboring Rydberg states, the
threshold parameter C is large.!*! The C = I,/ (T) g, /T1(T),
in which I,/ (T) is the decay rate of [nDs ) to |(n+1)P3/,)
at temperature T, I,(T) is the total decay rate of |nDs/,)
state at temperature T, g, = 3(A,y)?/(87d?) is a form fac-
tor, where A, is transmission wavelength and d is the size
of the sample. The larger C is, the more easily superra-
diance occurs. In this case, superradiance is much easier
to obtain than ground state atoms, which was confirmed in

[4,25

early Rydberg atom experiments.!*?>] Subsequently, a series

[26-291 and experiments/*3%-331 based on Rydberg

of theories
atom superradiance have attracted widespread attention.

In this paper, we observe the superradiance of high-lying
cesium Rydberg atoms [65Ds/;) to [66P3,) in a magneto-
optical trap (MOT) using the state-selective field ionization
technique. The [65Ds/,) Rydberg state is excited using two-
photon excitation from ground atoms with 852 nm and 510 nm
lasers. The [65Ds/;) — [66P3/;) Rydberg spectrum and its
evolution process are obtained by varying delay time #4, which
shows that the transfer from [65Ds/;) — [66P3/,) occurs
within 7 us, which is much faster than its radiation lifetime at
room temperature. In addition, we investigate the dependence
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of the superradiance process on Rydberg atom number N, and
principal quantum number n. The results show that the super-
radiance process becomes faster with increasing N., while it
is suppressed for stronger van der Waals (vdW) interactions.
The suppression of superradiance at higher principal quantum
numbers occurs because the vdW interaction between Rydberg
atoms leads to the mixing of the superradiance process with an
adjacent state decay process, which slows down the superra-
diance process. Compared to previous work,** we choose a
higher n state. This is because for a high n state, the spac-
ing between adjacent energy levels decreases and the corre-
sponding wavelength increases, making it easier to generate
superradiance. Our research uncovers a deeper understanding
of the superradiance phenomenon in atomic systems. Our sys-
tem provides a controllable platform for studying the strong
two-body interaction between Rydberg atoms.

2. Experimental setup

The experiments are performed in a standard metal MOT
at a temperature of ~ 100 puK. About 107 cesium atoms are
trapped in a spherical MOT with a diameter of ~ 550 pum,
see Fig. 1(a). The relevant experimental setup and level dia-
grams are shown in Fig. 1. The two-photon excitation, shown
in Fig. 1(b), consists of a ground state [6S; >, F = 4), an in-
termediate state |6P3 />, F’ = 5) and an |nDs ;) Rydberg state.
An 852-nm laser with 100-kHz linewidth, provided by an ex-
tended cavity diode laser (Toptica, DLpro), drives a lower
transition with a Rabi frequency of £2,,. Its frequency is sta-
bilized to the [6S;/,,F = 4) — |6P3)5,F' = 5) transition us-
ing the polarization spectroscopy method. Simultaneously,
it is blue-shifted by 360 MHz from |6P3/,,F’ = 5) using a
double-pass acousto-optic modulator. The second photon, a
510-nm laser, provided by a commercial laser (Toptica, TA-
SHG110) with linewidth 100-kHz, drives the Rydberg transi-
tion of [6P3 5, F' = 5) — [nDs ) with a Rabi frequency of Q.
and it is stabilized using an optical cavity (1.5 GHz FSR and
15000 fineness). The 852 nm (510 nm) beam has a Gaussian
radius in the MOT center 80 wm (40 pm). These beams are
counter-propagated and overlapped through the MOT center to
form a cylindrical excitation region to excite ground atoms to
a Rydberg state (Fig. 1(a)). The two-photon resonance spec-
trum is detected by the electric-field ionization method and
processed with the LabVIEW program. The excitation region
is surrounded by three pairs of field-compensation electrodes
to reduce stray electric fields via Stark spectroscopy. The inset
shows a schematic of Rydberg atomic superradiation. The ex-
perimental timing sequence occurs after turning off the MOT
beams. We then apply a two-photon excitation pulse to pre-
pare |nDs /2) Rydberg atoms. Finally, an applied delay time 4
between the laser pulses and the ionization electric field allows
us to investigate the evolution of Rydberg atom superradiance.

(a) — (b) .|nD5/2)

-@--0-0-

—.—
2 | |(n+1)P3/2)

[6S1/2)

Superradiance

Fig. 1. (a) Sketch of the experimental setup. A coupling laser Ac = 510 nm
and a probe laser A, = 852 nm are counter-propagated and overlapped in
the MOT center to excite ground atoms to Rydberg states. (b) Two-photon
excitation level diagram. One photon, £, drives the lower transition,
[6S1 /2, F =4) — |6P3),, F' = 5), and its frequency is blue-shifted 360 MHz
from |6P3 /2. F " = 5) using a double-pass acousto-optic modulator. The sec-
ond photon, £, couples the Rydberg transitions [6P3/,,F' = 5) — [nDs5).
The inset shows the Rydberg atom superradiance schematic.

3. Results and discussion

In Fig. 2, we present the relevant calculation parameters
for the Rydberg transition of |65Ds ;) — [nP3/,). We see that
the radial transition matrix element of [65Ds ;) — |66P35) is
5810.33eay (for related calculations refer to Ref. [36]), which
is much larger than other transitions, as shown in Fig. 2(a),
meaning the transition from [65Ds ) to [66P5 ») is most likely
to occur. In addition, the transition wavelength A, of Ryd-
berg [65Ds ;) — |66P3 /) is 119.35 mm (shown in Fig. 2(b),
where A,y = hc/E,,, h is Planck’s constant, c is the speed of
light in vacuum and E,,; is the energy difference between E,
and E,) and its superradiance threshold parameter C at tem-
perature 7 = 300 K is much larger than for other transitions
(shown in Fig. 2(c)). This condition easily meets the neces-
sary conditions for superradiance to occur. In Fig. 2(d), we
calculate the decay rate of the Rydberg [65Ds/5) — [nPs3);)
(for related calculations refer to Ref. [34]), which shows that
the decay rate of |65Ds,) to [66P3 ) is 329.98 s~! and the
corresponding radiation lifetime is 3.03 ms.

S 6000 (a) 1201 (p)
20 B 0
o 00 Z 8
s g
5 2000 540
Q‘c 0- 04
2 62 64 66 68 70 62 64 66 68 70
-~ n n
1.2 © 3000 (d)
2 08 ;‘\2000
Z 2
O 04 =~ 1000
0 0
64 66 68 62 64 66 68 70
n n

Fig. 2. The relevant calculation parameters for the Rydberg transition
of [65Ds/5) — |nP3),). (a) Radial transition matrix element. (b) The
transition wavelength. (c) The superradiance threshold parameter C at
temperature 7 = 300 K. (d) Decay rate at temperature 7 = 300 K.
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Fig. 3. (a) Measurement of Rydberg atom TOF spectrum with the indi-
cated delay times g = 0 us (black solid line), 5 pus (red solid line), 7.5 us
(blue solid line). The number of corresponding initially prepared Rydberg
|65D5 /2) atoms is 25700. The magenta (cyan) gate corresponds to the Ry-
dberg [65Ds/,) (|66P3/,)) state signal. With increasing 74, the Rydberg
|65Ds /) atom signal transfers to the [66P3 ) state. (b) Measurement of the
Rydberg atom TOF spectrum as a function of delay time 74. (c) Measure-
ment of the dynamic process of |65Ds /2) Rydberg atoms (red solid square) to
|66P5 /2> (blue solid circle) Rydberg atoms as a function of the delay time #4
for 100 independent measurements at two-photon resonance.

We initially prepared [65Ds ;) Rydberg atoms using two-
photon resonant excitation. The total number of Rydberg
atoms is about 25700. In Fig. 3(a), we present the time of
flight (TOF) signals for [65Ds,) and [66P3 ;) Rydberg states
with the delay times at zg = 0 ps, 5 pus and 7.5 ps. The ma-
genta (cyan) gate is used to measure the populations at the
|65Ds5) (|66P3,)) Rydberg state. We show that when #g = 0,
the TOF signal only exhibits the initially prepared |65Ds )
Rydberg signal (black solid line), while the |65Ds/,) Ryd-
berg signal partly transfers to a nearby |66P3 /2) Rydberg state
with increasing 74, shown as the TOF signal at 7y = 5 us (red
solid line). Further increasing ¢4, we observe that most of the
|65Ds,) Rydberg signal transfers to a |66P3 ;) Rydberg state
(blue solid line). Next, we perform a series of measurements,
as shown in Fig. 3(a), in which increase the delay times #4 from
0to 11.5 ps in steps of 0.5 ps, as shown in Fig. 3(b). The col-
ormap clearly shows the dynamic evolutionary process of the
|65Ds5) to |[66P3/,) Rydberg state. Then, we integrate the
signal area in Fig. 3(a) using a boxcar averager (SR250) and
record its output intensity value using the LabVIEW program.
The corresponding Rydberg atoms are calibrated by the output
intensity. In Fig. 3(c), we demonstrate the dynamic process of
|65Ds,) Rydberg atoms (red solid square) to [66P3 ;) (blue
solid circle) Rydberg atoms as a function of #4. The results
show that when 0 us < 7g <3 us, most atoms are populated
in the [65Ds/,) Rydberg state. When 73 > 3 us, the popu-
lation in the |65Ds ;) state quickly transfers to the |66P3 ;)
state. Around #q = 7 us, the |66P; /2> state population reaches
its maximal value. After that, the [66P3 ;) state quickly de-
cays to other Rydberg states that we do not observe. The error
bars display the standard errors of 100 independent measure-
ments. At room temperature, the theoretically calculated radi-
ation lifetime of the Rydberg |65Ds/,) — |66P3 ;) transition
is 3.03 ms, which is much longer than the decay time in Fig. 3.

Therefore, we attribute the rapid decay process to the superra-
diance effect of the Rydberg atom ensemble.

9 N,=21500+300
1.0 1 A N, =257004600
® N, =34200+110
— Fitting line
— Fitting line

0.5 1

Normalized Nggp

B G1Py) (b)
9 66P3)2
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— Fitting line

—
o
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L
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Fig. 4. (a) The dynamic evolution process of normalized |66P; /2> Rydberg
atom number as the function of 74 for the different initial prepared Rydberg
|65Ds /,) atom numbers N. (b) The evolution process of superradiance with
different principal quantum numbers 7 for a fixed N ~ 25000. The solid line
corresponds the fit to the experimental data (solid point).

Subsequently, we investigated the dependence of the su-
perradiance process on the Rydberg atom number N, and the
principal quantum number 7. In Fig. 4(a), we present the mea-
sured number of [66P3/,) Rydberg atoms as a function of #4
for various initially prepared Rydberg |65Ds ,) atom numbers
N.. The solid point is the experimental measurement value and
the solid line corresponds to fitting the experimental data (ac-
cording to Eq. (6) in Ref. [34]). The error bar is the standard
deviation of 100 measurements. We can see that the Rydberg
atom superradiation has a similar evolutionary process, where
the initial Rydberg atom number changes slowly at the begin-
ning, then experiences a rapid change and reaches its maxi-
mum value after a period of delay time #3. However, the evolu-
tion process rate is dependent on the initial number of Rydberg
atoms. With increasing Ne, the |65Ds/,) — [66P3,) superra-
diance evolution process becomes faster and the delay time #4
is more shorter, leading to a quicker attainment of the max-
imum value. In the experiments, the Rydberg atom number
is calibrated by the absorption imaging method. The specific
method involves obtaining the ground state atom number by
the absorption imaging method with and without an excita-
tion laser. The difference is the Rydberg atoms number. In
Fig. 4(b), we investigate the effect of principal quantum num-
ber n on the superradiance by fixing the initially prepared Ry-
dberg atom number N, ~ 25000. The results show that the
|65Ds5) — [66P35) superradiant evolution process becomes
slower and the delay time 73 become much longer to reach
the maximum value with increasing n. Rydberg atoms exhibit
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strong vdW interactions (o< n'!), which are determined by the
density of Rydberg atoms and the principal quantum number
n. The larger n is, the stronger the vdw interaction will be.
In the experiment, we neglected the dipole—dipole interactions
because there is a large number of Rydberg atoms, the corre-
sponding dipole orientation is randomly distributed and the net
dipole interaction is zero. The vdW interaction between Ryd-
berg atoms leads to a mixture of superradiance processes and
adjacent state decay processes. Typically, the adjacent state
decay process is slower, which slows down the superradiance
process. Therefore, the superradiance process is suppressed
with an increase of n. For related theoretical calculations on
the suppression of the superradiance process caused by strong
vdW interactions between Rydberg atoms, refer to Ref. [34].
The data are normalized to its maximum value.

4. Conclusion

In conclusion, we have demonstrated the superradiance of
high-lying cesium Rydberg atoms [65Ds ;) to |66P3/,) in an
MOT using the state-selective field ionization technique and
its evolution dynamics process by varying the delay of the ini-
tial electric field. The results have shown that superradiance
accelerates the evolution process from [65Ds ;) — |66P3 ;)
much faster than the corresponding radiation lifetime at room
temperature. We have also demonstrated that the superradi-
ance process can become faster with increasing N., while it
is suppressed for stronger vdW interactions at higher princi-
pal quantum numbers n. This is because vdW interactions
between Rydberg atoms lead to the mixing of the superra-
diance process with the adjacent state decay process, which
slows down the superradiance process. Our system provides a
controllable platform for studying the strong two-body inter-
action between Rydberg atoms.
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