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Fig. 1. (a) Under the control of a classical field 2, a
quantum probe field 2, propagates in a one-dimensional
cold atomic ensemble of non-interacting superatoms. (b) Left,
level structure of the three-level interacting cold atoms de-
scribed by a vdW potential; right, an equivalent energy

level structure of a non-interacting superatom.
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Fig. 2. (a) The transmitted probe intensity I,(L)/I,(0),

(b) the second-order correlation function 952)(L) / gr(,z)(O),

(c) probe phase ¢p(L)/n as a function of the probe detun-
ing Ap/(2m). The black solid, blue dashed and red dotted
curves are corresponding to incident probe Rabi frequen-
cies 2, (0) /(2m) = 0.01, 0.3 MHz and 0.6 MHz, respect-
ively. The single-photon detuning A; = 0 and the Rabi fre-
quency of control field §2./(2n) = 2.5 MHz. Other para-

meters are described in the text.
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Fig. 3. (a) The transmitted probe intensity I,(L)/I,(0),
(b) the second-order correlation function g(2)( )/g(z)( 0),
(c) the probe phase ¢p(L)/n as a function of the probe de-
tuning Ap/(2n) and theRabi frequency of the incident
probe field 2, (0) /(2m). Other parameters are the same as
in Fig. 2.
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Fig. 4. (a) The transmitted probe intensity I(L)/I,(0),
(b) the second-order correlation function g}§2>(L) /g(z)( 0),
(c) probe phase ¢p(L)/n as a function of the probe detun-
ing Ap/(2m) and the initial second-order correlation func-
tion gp2) (0). The Rabi frequency of the incident probe
field £2,(0) /(2n) = 0.3 MHz and other parameters are the

same as in Fig. 2.
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Fig. 5. Probe phase ¢p (L) /m as a function of the Rabi fre-
quency of the incident probe field (2, (0) /(2n) and initial
second-order correlation function g< ) (0): (a) Probe detun-
ing A, =1.4MHz; (b) probe detuning A, = —1.4 MHz.
Other parameters are the same as in Fig. 2.
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Fig. 6. Probe phase ¢p (L) /n as a function of (a)the prin-
cipal quantum number n and (b) the atomic density p.
The incident probe intensity (2, (0) /(2n) = 0.3 MHz and
the initial second-order correlation function g,gz) (0)=1.

Other parameters are the same as in Fig. 2.
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Abstract

Transmission properties of a weak probe field traveling through a sample of interacting cold 8’Rb atoms
driven into the three-level ladder configuration, which is a typical Rydberg electromagnetically induced
transparency (EIT) system, are investigated. Rydberg atoms are considered to be a perfect platform in the
research fields of quantum optics and quantum information processing due to some exaggerated properties of
Rydberg atoms with high principal quantum number, especially, the dipole-dipole interaction between Rydberg
atoms leads to the so-called dipole blockade effect accommodating at most one Rydberg excitation within a
mesoscopic volume. The dipole blockade effect may be mapped onto the spectrum of EIT, and the EIT exhibits
the cooperative optical nonlinearity which is usually characterized by two indicators, i.e., the probe intensity
and the photonic correlation. The cooperative optical nonlinearity is also found here in the phase of
transmission spectrum, and the phase can be regarded as the third indicator of nonlinearity in Rydberg EIT.
However, there are tremendous differences between the phase and probe transmission (photonic correlation)
though they both originate from the conditional polarization. Specifically, the phase is not sensitive to neither
the incident probe intensity nor the initial photonic correlation at the resonant probe frequency under the
condition of the Autler-Townes (AT) splitting where two other indicators exhibit significant cooperative
nonlinearity. The nonlinearity in phase spectrum occurs only in the regime between the resonant probe
frequency and the AT splitting and especially is remarkable at the frequency where the probe field is classical.
Finally, influence of the principal quantum number and the atomic density on the transmitted phase are
examined. In the nonlinear regime, the absolute value of the phase becomes smaller and smaller as the principal
quantum number and the atomic density are raised. This indicates that the nonlinearity is strengthened by
increasing them. The probe phase provides an attractive supplement to study in depth the cooperative optical
nonlinearity in Rydberg EIT and offers us the considerable flexibility to manipulate the propagation and

evolution of a quantum light field.

Keywords: electromagnetically induced transparency, dipole-dipole interaction, Rydberg atom, superatom
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