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Graphical abstract

Size-reduction Rabi Oscillation

X ¥ R-state

A size-reduction effect of the Rydberg collective state during Rabi oscillation. E-state: low-lying collective excited state. R-state: high-
lying Rydberg collective excited state. Q,,;: the effective Rabi frequency.

Public summary

m The Rydberg collective state is firstly created by Rydberg quantum memory, the authors demonstrate a decreased oscil-
lation frequency effect via measuring time traces of the retrieved light field amplitude, exhibiting a chirped characteristic.

m This many-body Rabi oscillation between a high-lying Rydberg collective excited state and low-lying collective excited
state is accompanying with a radiated photon.

m This experiment shows potential perspectives in manipulating single photon shape and controlling Rydberg superatoms.
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Abstract: The collective effect of large amounts of atoms exhibit an enhanced interaction between light and atoms. This
holds great interest in quantum optics, and quantum information. When a collective excited state of a group of atoms dur-
ing Rabi oscillation is varying, the oscillation exhibits rich dynamics. Here, we experimentally observe a size-reduction ef-
fect of the Rydberg collective state during Rabi oscillation in cold atomic dilute gases. The Rydberg collective state was
first created by the Rydberg quantum memory, and we observed a decreased oscillation frequency effect by measuring the
time traces of the retrieved light field amplitude, which exhibited chirped characteristics. This is caused by the simultan-
eous decay to the overall ground state and the overall loss of atoms. The observed oscillations are dependent on the effect-
ive Rabi frequency and detuning of the coupling laser, and the dephasing from inhomogeneous broadening. The reported
results show the potential prospects of studying the dynamics of the collective effect of a large amount of atoms and ma-
nipulating a single-photon wave-packet based on the interaction between light and Rydberg atoms.

Keywords: Rydberg atom; quantum storage; collective excited states

CLC number: 0431.2 Document code: A
1 Introduction generator can be realized®" . Coherently preparing and ma-
nipulating the Rydberg super atom based on quantum
The interaction of light with an atomic media containing a memory holds promise in quantum information science; it is
large number of particles causes a collective effect', which is deserved to be studied. When the stored collective excited
at the focus of intense research in different areas in quantum state is driven by the read field, a Rabi oscillation dynamics
metrology, quantum optics, and quantum information. The of the quantum reading process as studied in a double-A syst-
single collective excitation shared among a large number of em™ > however, an anomalous reduction-frequency oscilla-
ground-state atoms results in a coherent superposition state’™ . tion with a varying frequency has never been reported before.
In contrast to the single atom coupled to the light field this In this work, we prepared a Rydberg super atom through
state can still carry only a single excitation; however, the light quantum memory in the Rydberg electromagnetically in-
matter interaction is enhanced owing to a large number of duced transparency (Rydberg EIT) configuration. Rabi oscil-

lation between the low-lying collective excited-state and high-
lying Rydberg-state super atom is realized by driving the
coupling laser in the reading process. The retrieved probe
pulse exhibits chirped characteristics because of the reduc-
tion of the effective size of the Rydberg super atom. Combin-
ing the two-level atoms dephasing model extracted from in-
homogeneous broadening, we model our experimental obser-
vations with a decreased-frequency Rabi oscillation function.
The coherent Rabi oscillation in the Rydberg quantum memo-
ry process is a new representation for combining the collect-
ive dynamical behavior of Rydberg atoms and the radiation of

ground state atoms, as predicted by Dicke's theory. When the
single excitation corresponds to the Rydberg excitation, Ry-
dberg-state super atoms were formed“ ' consisting of a single
Rydberg excitation and many ground state atoms. Because of
the exaggerated properties of the Rydberg atom, it is a valu-
able resource for numerous potential applications in quantum
computing'> ", quantum optics'*, and many-body physics!**
etc.

Storing photons to Rydberg super atoms can be realized by
the technology of quantum memory"”*’, in which an inter-

face between light and Rydberg atoms is created that allows a single photon, which is crucial for the applications of Ry-
for the storage and retrieval of the optical field. Demonstrat- dberg atoms in quantum information processing® and for
ing a Rydberg-mediated quantum memory could enable the providing a versatile interface between light and atoms.

implementation of quantum computation and information

processing with the advantages of Rydberg super atoms, for 2 Experimental setup

example, by converting a Rydberg super atom to a single

photon, the demonstration of a deterministic single-photon The schematics of the energy levels, experimental setup, and
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Fig. 1. Experimental setup and diagram. (a) Schematic of the energy diagram of write and read processes, the ladder-type atomic configuration with
ground state 55 ,2(F = 3) (lg)), excited state 5P5,,(F’ =4) (|e)) with a linewidth of y,, and highly-excited state |nD5/2> (Iry) with a linewidth of y,. Q, and Q.
are the corresponding Rabi frequencies of the probe and coupling fields. The probe (coupling) detuning are denoted by A,). The wavelengths of the

probe and coupling fields are 780 nm and 480 nm respectively. (b) Experimental setup of Rydberg quantum memory. (c) Time sequence for storage pro-
cess. At represents the storage time. Labels: DM-dichroic mirror, IF-interference filter, APD single-photon detector, and MOT magneto-optic traps.

time sequence are shown in Figs. la—1c. The sample media is
an optically thick atomic ensemble of Rubidium 85 trapped in
MOT. This atomic cloud has a size of 500 um with a temper-
ature ~ 20 pK and an average density of ~ 1.0x10" cm™ at
the center of the cloud. The optical depth (OD) in MOT is ap-
proximately 20. The probe field is then input into the atomic
cloud using a beam waist ~5 pum in the center of the MOT es-
timated by fluorescence imaging, which is covered by the
coupling beam with a beam waist of 16 um. With a coupling
laser beam, we demonstrate the quantum memory via Ry-
dberg-EIT in the ladder-type atomic configuration, consisting
of a ground state |g), an excited state |¢), and a highly-excited
Rydberg state |r); here, n = 50. The probe and coupling fields
are counter-propagating, and couple the two-photon trans-
itions |g) — |e) — |r), forming a Ladder-type EIT. The band-
width of the transparency window of Rydberg-EIT is meas-
ured as éw ~ 271 x5 MHz.

The probe field has a pulse width of 200 ns. The coupling
field is modulated into double rectangular pulses with a width
of 400 ns to demonstrate the write and read operations. The
amplitudes and frequencies of the write and read pulses are
tuned individually by an electro-optic modulator (EOM, LM
0202, Germany) and an acoustic-optic modulator (AOM) re-
spectively; therefore, we can turn on/off the coupling field
with fast rising and falling time. This guarantees that the
probe is efficiently converted into the Rydberg polariton. We
adiabatically switch off the coupling field, and a stored high-
lying Rydberg-state super atom is obtained given by
1/ VN, Y e |g), ---|r) - 1g)y,F", also referred to as a Ry-
dberg polariton. kg = k. —k, is the wave vector of the atomic
polariton, k. and k, are the vectors of the coupling and probe
fields and r; denotes the position of the i-th atom in atomic
cloud. After a programmed storage time, the polariton is con-
verted back into photonic excitation by switching on the
coupling laser again. Fig. l¢ shows the storage sequence for
the probe pulse; the leaked and retrieved probe fields both ex-
hibit oscillation.

The repetition rate of our experiment is 200 Hz, and the
MOT trapping time is 4.71 ms. Moreover, the experimental
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window is 290 ps. The probe field is collected into a single-
mode fiber and detected by a single-photon detector (ava-
lanche diode, PerkinElmer SPCM-AQR-16-FC, 60% effi-
ciency, maximum dark count rate of 25/s). The two detectors
are gated by an arbitrary function generator. The signal from
the single-photon detector and the triggered signal from the
arbitrary function generator are then sent to a time-correlated
single-photon counting system (TimeHarp 260) to measure
the probe temporal profile.

3 Results

3.1 Theoretical analysis

In the storage process, the input probe field contains approx-
imately 10 photons per pulse, and the efficiency of convert-
ing the photons to Rydberg polaritons is measured as ~ 0.04,
guaranteeing one polariton excitation in the one storage pro-
cess. The probe field illuminates the entire ensemble and ex-
cites all atoms with equal probability. Owing to the L-length
cylinder mesoscopic atomic ensemble along the direction of
probe beam, our system can be regarded as quasi-one-dimen-
sional mesoscopic atomic ensemble, see the schematic dia-
gram in Fig. 2a. After storing the probe pulse in this medium,
the converted Rydberg polariton can be expressed as

i=Np

1 !
|Rm> — e|Ak-r,
V2

where N,, is the atom number in interacted area m, Ak is the
wave-vector mismatch between the probes, and coupling
fields, r; is the position of atom i. Accordingly, the low-lying
collective excited state is given

glnn.r’,.o.gM"> (1)

i=Np
|E,) = —— Z el

VN, ‘S

Owing to the atoms loss and nonlinear conversion in the
reading process, the size of the collective states |E,) or |R,)
decreased. This reduction can be observed by observing the
populations |E,) or |R,) under the driving of the coupling

g].-.ei...glvm> (2)
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Fig. 2. Coherent retrieval signal with Rabi oscillations. (a) Schematic diagram of reading Rydberg polaritons out. The black sphere represents the ground-
state atom, the red and blue spheres correspond to a high-lying Rydberg atom and low-lying excited atom. The size of the collective state is reduced as
the number of atoms decreases. (b)—(e) The retrieved probe field versus time under different Q,; solid curves are fits of the form Py(8,C,1,Q,, 1), with dif-
ferent parameters: f3, C, 1y, and Q,. (f) Measured time at different oscillation peaks. The data were fitted using the polynomial function y = yo +bx+cx?. The
fitted parameters (yo,b,c) are (-2.7,9.5,2.8) for the black data, (—6.0,13.2,1.9) for red data, (-5.1,12.6,1.92) for blue data and (-3.9,11.4,1.94) for green
data. In this process, the detuning is A, = —27x2.7 MHz and A. = 27 x 14.8 MHz for writing, and A. = 27 x23.4 MHz for reading. All error bars in the exper-

imental data are estimated using Poisson statistics.

laser beam. The low-lying collective excited state is conver-
ted into the k,-photon pulse with an efficiency of #, |E,) —
VilG,)+ \/1-n|E,), here |G,,) = |g1 -+ g+ 8y, ) Which is the
ground state with multiple atoms. In this process, the loss of
atoms is influenced by driving the coupling laser beam, in
which there is no emitted probe field. The nonlinear conver-
ted efficiency # is dependent on the experimental parameters,
such as OD, y,, Q. and A, in the reading process, as the
quantum memory is regarded as a delayed four-wave mixing
process™. Consequently, the collective Rabi frequency
coupling the collective state |R,,) and |E,,) becomes"

ee
Qe =— ?<Em Ir|R,) =

ee T &
- \/}\_/m;@lmgimgm” |l'|g|"'r,'“gM,,)—

ec \/ﬁ] ALt

(g e gu, |l‘|g|~--r,----gNm)=

N, &
Nn’ va’

Here, N,, is the remaining number of ground state atoms
owing to the loss induced by blue laser driving. Q, =
—E<g |r |r), corresponds to the Rabi frequency of a two-level
single atom between the ground state |g) and Rydberg state |r)
and Q = —e—g(elr |r) corresponds to the Rabi frequency of a

two-level single atom between the excited state |¢) and Ry-
dberg state |r). The first term corresponds to the enhanced ef-
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fective Rabi frequency, which was not considered in our ex-
periment (we detected only the transition process between |e)
and |r)). The Eq.(3) gives rise to an anomalous oscillation
between the residual low-lying collective excited state |E,,)
and the high-lying Rydberg-state super atom |R,,), with a de-
creased Rabi frequency N, Q+/1-n/N,. Because the
quantum state |E,,) is continuously converted to |G,,) and the
ground state atoms are lost during the reading process, the ef-
fective Rabi frequency Q. decreases with time during the os-
cillation as stated.

The reading process in our system can be modeled using a
two-level atomic system with a varying effective Rabi fre-
quency because the super atom could be regarded as a quasi-
single particle. In the state evolution, as we consider the in-
homogeneous broadening in our system, the broadening
width can be embodied by the transparency bandwidth of the
Rydberg-EIT. The probability of the retrieved signal is dis-
tributed as a Gaussian profile owing to the time reversal in the
writing and reading processes?” > ~ ¢, The probability of
the retrieved probe pulse under Rabi oscillation is expressed
by['»*‘]

Pr(ﬂ: Av C’ tOsQnst) =

) N -C212 1
e (1 = cos(| S —0n)

The term e ™" is the fitted emission rate from a low-ly-
ing collective excited state to a photon; C? is the chirped coef-
ficient, and 7, is a parameter that fits the temporal profile of
the probe intensity. The Rabi frequency Q = /4> + Q2. Q, is

“4)
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the effective Rabi frequency of the atomic transitions |r) and
le) involving Q, and A,. The temporal profile of the retrieved
probe field can be simulated by integrating the inhomogen-
eous shift 4:

P.Y(B, C, thth) =

f m/ae ™ P(B,A,C,1,Q,,1)d4

—o0

)

Here, we consider the energy broadening effect, which is
distributed with a Gaussian function vr/ae; a is the
broadening coefficient.

3.2 Size-reduction of Rabi oscillations

To explore the chirped character of the observed Rabi oscilla-
tions, we measure the temporal profile of the retrieved probe
field with varying Q.. Here, we set A, = =27 x2.7 MHz and
A, =27x14.79 MHz to write the Rydberg polariton and set
A. =271x23.4 MHz to read the Rydberg polariton out. We re-
cord the retrieved probe field, and deduce that the oscillation
exhibits a period of gradual increase, which corresponds to a
chirped pulse; the results are shown in Figs. 2b—2e. The ef-
fective Rabi frequency, Q,, was fitted as 27x46.1 MHz,
27 x47.7 MHz, 27 x49.3 MHz, and 27 x 50.9 MHz, as shown
in Figs. 2b—2e, which tend to be consistent with Q¢ at large Q.
by considering the effective Rabi frequency Q% = /Q2 +42.
The different peaks against time are plotted in Fig. 2f, which
are fitted by the polynomial function y =y, + bx + cx* differ-
ent from the normal fixed oscillation period with linear beha-

vior. The collective state |E,) is continuously converted to
|G,,) during the reading process and the collective Rabi fre-
quency gradually decreased over time. This observation dif-
fers from previous works". The Rabi oscillation is demon-
strated with fixed N,, and Q, thus the Rabi frequency is a con-
stant of VN, Q.

This process can be regarded as shaping a light pulse; the
advantage of shaping a light pulse with this method is that the
shaping operation is on-demand. Next, we change the storage
time Ar and record the retrieved probe field; the results are
shown in Figs. 3b— 3e. Dephasing also occurs during the
storage process, which affects the coherence of the Rabi oscil-
lations between the collective |R,) and |E,). In the Bloch
sphere given in Fig. 3a, the trajectory of rotations driven by
the coupling field do not express a curve but a surface be-
cause the point on the Bloch sphere is replaced by a sphere
surface. The size of the sphere surface is determined by the
broadening coefficient a. The broadening effect reduces the
visibility of the Rabi oscillations and may even suppress them
significantly as decoherence in the storage process’ . As
observed in Fig. 3b, the retrieved probe pulse shows an obvi-
ously decreased visibility which is marked by the red arrow.
When increasing the storage time from Ar=200 ns to
At =500 ns, the visibility is further reduced, as shown in
Figs. 3b— 3e because of the increased a. This is because the
collective state is dephased during storage, which generates a
finite storage lifetime. The atoms in the MOT are not spin-po-
larized, and the absence of spin polarization with respect to
light leads to an inhomogeneous broadening of the Rabi fre-

(e) 1.0
4 g
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- 2o
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5
d 1.0 =
S 3
=
— X = 0.0 / T T v -
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Fig. 3. Measurement of retrieved probe field. (a) Bloch sphere for Rabi oscillation with inhomogeneous broadening. (b-e), the retrieved probe field
against time under different storage times Az; The solid curves are fits of the form P,(8,C,1,Q,,1. In this process, the detunings A, = -2z x2.7 MHz and
A. =2rx 14.8 MHz for writing, and A, = 27 x 17.6 MHz for reading. All error bars in the experimental data are estimated from the Poisson statistics.
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quencies and, therefore, to dephasing. Additionally, the in-
homogeneous Q, caused by the transverse differentiated in-
tensity distribution of the coupling field induce additional de-
phasing. The broadening effect reflects the broadened band-
width of the transparency window of the Rydberg EIT, as giv-
en in Ref. [37].

Moreover, we changed the detuning A, to explore the evol-
ution of the collective state. In this process, we write the high-
lying Rydberg-state super atom under the optimized condi-
tion A, = —27rx2.7 MHz and A, = 27X 14.8 MHz. In the read
process, the temporal profile of the retrieved probe field is
changed by varying A,.. The results are given in Figs. 4a—4e,
in which the detuning A, is changed to —27 x 12 MHz (Fig. 4a),
27 x 17.6 MHz (Fig. 4b), and 27 x26 MHz (Fig. 4c) respect-
ively. The periods of these oscillations are clearly increased
as the effective Rabi frequencies are increased versus A.. The
theoretical function fits the results in Fig. 4b and Fig. 4c but
with uncertainty deviations for the red detuning of A, as
shown in the example in Fig. 4a.

When the detuning A, is large enough, we can evaluate
more complex oscillations shown in Figs. 4e— 4f. In these
two cases, we set the detuning A, =27x35 MHz and
A, =2nx44 MHz, respectively. The constructive and de-
structive interference appeared alternately along the time axis
in Figs. 4e and 4f supports a superposition of two Rabi oscil-
lations, with fitted Rabi frequencies Q, =2rx41.4, 2xx
62.1 MHz for Fig. 4e and Q, =27x49.3, 27X 68.4 MHz for
Fig. 4f. Accordingly, the system is described by state i) =
¢ |R,.)+ ¢ IR, +¢5|E,). The coefficients ¢,, ¢, and ¢, are the
time-dependent complex amplitudes, here |R,,) and |R,,) cor-
respond to the states of high-lying Rydberg-state super atoms.
However, for the red detuning A. = =27 x 35 MHz in Fig. 4d
completely opposite to the case in Fig. 4e, there is a single os-
cillation with fitted Rabi frequencies Q, =27x41.4 MHz.
The measured data with A, = +27 X 35 MHz with asymmetric
Rabi oscillations supports that an enhanced Rabi oscillation
process occurs under blue detuning.

4 Conclusions

In summary, the entire process of the Rydberg-quantum
memory with Rabi oscillation can be considered as manipu-
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lating a Rydberg super atom to shape the photon wave-pack-
et. The unique technology to modulate the photon wave-pack-
et presented here is based on the Rabi oscillation between dif-
ferent collective excited states. This is significantly different
from the progresses of using electro-optical modulators to dir-
ectly modulate the amplitude of single-photon wave packe-
ts®**I or modulating the properties of pump fields by electro-
optical modulators and spatial light modulation to change the
temporal quantum waveform of narrowband biphotons in cold
atoms"" "1 or modulating photonic bandwidth through sum
frequency generation”>*!. The anomalous Rabi oscillations
hint that the arbitrary photonic wave-packet could be con-
structed via superposing multi-polaritons with more tunable
detunings. The reported results combined the techniques of
quantum memory and the anomalous Rabi oscillations have
potential in modulating the single photon wave-packet”'" and
provide a perspective approach of constructing an interface
between light and the atoms to study collective effect. Addi-
tionally, this can be regarded as a tool to realize the manipula-
tion of the quantum state towards the study of quantum mech-
anics in the microscopic field.
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