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A B S T R A C T

We theoretically and experimentally demonstrate the manipulation of quantum interference in atom-field
systems via dephasing, which can be precisely and selectively controlled by phase-diffusion induced dephasing
of interacting fields. The continuous control of quantum interference from destructive interference (suppression
of absorption) to constructive interference (enhancement of absorption) can be obtained by changing the
dephasing rate. Our work highlights the key role of dephasing in intentionally manipulation of quantum
interference for tunable delay and storage of broadband pulses.

1. Introduction

Quantum interference [1–4] in multilevel atomic systems is an
important effect in quantum optics and leads to many fascinating
phenomena. One of the most well-known phenomena is electromagnet-
ically induced transparency (EIT) [5–8], in which quantum interference
between different excitation pathways leads to a narrow transparency
window accompanied by an extremely steep dispersion [9]. Owing to
these features, EIT has important applications in light storage and quan-
tum memories [10–13], non-classical light preparations [14–17], all-
optical devices [18–20], etc. EIT has also been recognized as a general
technique to be employed in other systems, such as optomechanical sys-
tems [21], quantum dots [22], superconducting circuits [23], nanoplas-
monics [24], etc., allowing the realization of integral components for
quantum communication [25] and computation [26].

In general, EIT is a joint effect of quantum interference and Autler–
Townes splitting (ATS) [27–29], which originates from the splitting of
two dressed states created by a coupling field. When the Rabi frequency
of the coupling field is less than or comparable to atomic decay rates,
the two dressed states are close to each other, giving rise to strong
quantum interference for the narrow transparency window, i.e., EIT.
When the Rabi frequency of the coupling field is much stronger than
atomic decay rates, the well separated dressed states make the quan-
tum interference negligible. As a result, a wide transparency window
appears due to the simple superposition of two Lorentzian absorption
profiles. The relative weights of EIT and ATS in various systems keep an
active topic of research [30–36]. Very recently, ATS has been employed
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to realize high-speed broadband quantum memory by controlling the
Rabi frequency of the coupling field in an atomic system [37].

Apart from the modification of quantum interference via the Rabi
frequency of the coupling field, the dephasing rate also plays a role
on quantum interference, but receives relatively little attention. Gener-
ally, the dephasing, arising from the coupling of atoms with environ-
ment such as atom–atom and atom–wall collisions [38,39], is regarded
as an unfavorable factor since it may destroy the atomic coherence
(decoherence) [5,37].

In this article, we theoretically and experimentally show that the
precise control of dephasing can lead to the transition between de-
structive quantum interference (suppressed absorption, i.e., EIT) and
constructive quantum interference (enhanced absorption) in two kinds
of atomic systems: EIT- and ATS-type systems. Theoretically, we use the
phase-diffusion model to show that the phase diffusion rates
(linewidths) of interacting fields play a crucial role in manipulation of
the dephasing rates in atoms, and we then present the experiment via
field induced dephasing to verify the theoretical results, showing that
this method is much more feasible and precise. Dynamical control of
the quantum interference via dephasing may find applications in optical
manipulation, such as spectral–temporal pulse shaping, temporal beam
splitting, and optical storage for broadband networks. Joint control of
the Rabi frequency and the dephasing rate makes it possible to realize
multidimensional light manipulations.
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Fig. 1. Three-level systems in 133Cs atoms. (a) 𝛬-type system with |1⟩ = |6P1∕2 , 𝐹 ′ = 4⟩, |2⟩ = |6S1∕2 , 𝐹 = 3⟩, and |3⟩ = |6S1∕2 , 𝐹 = 4⟩; (b) UC-type system with |1⟩ = |6P3∕2 , 𝐹 ′ = 5⟩,
|2⟩ = |6S1∕2 , 𝐹 = 4⟩, and |3⟩ = |6D3∕2 , 𝐹 ′′ = 5⟩; (c) V-type system with |1⟩ = |6S1∕2 , 𝐹 = 3⟩, |2⟩ = |6P1∕2 , 𝐹 ′ = 4⟩, and |3⟩ = |6P1∕2 , 𝐹 ′ = 3⟩; (d) LC-type system with |1⟩ = |6P3∕2 , 𝐹 ′ = 5⟩,
|2⟩ = |6D3∕2 , 𝐹 ′′ = 5⟩, and |3⟩ = |6S1∕2 , 𝐹 = 4⟩.

Fig. 2. Dressed-state representation for (a) 𝛬- and UC- type systems, and (b) V- and
LC-type systems.

2. Theory

We consider four types of three-level systems in 133Cs atoms: 𝛬-,
upper-cascade (UC)-, V-, and lower-cascade (LC)-type systems depicted
in Fig. 1(a), (b), (c), and (d), respectively. Each system is driven by a
strong coupling field 𝐸c = c𝑒−𝑖𝜈c𝑡 resonantly on the transition |1⟩ ↔ |3⟩
and probed by a weak probe field 𝐸p = p𝑒

−𝑖𝜈p𝑡 scanning across the
transition |1⟩ ↔ |2⟩. Here c(p) and 𝜈c(p) are the amplitude and angular
frequency of the coupling (probe) field.

In the presence of the coupling field, the state |1⟩ is splitted into
two dressed states |d+⟩ and |d−⟩ due to ATS. For 𝛬- and UC-type
systems one has two upper dressed states [see Fig. 2(a)], and for V-
and LC-type systems one has two lower dressed states [see Fig. 2(b)].
Quantum interference occurs between the two transitions |d+⟩ ↔ |2⟩
and |d−⟩ ↔ |2⟩.

2.1. 𝛬- and UC-type systems

For 𝛬- and UC-type systems [see Figs. 1(a), (b), and 2(a)], the probe
absorption is proportional to the imaginary part of the susceptibility
given by

𝜒 ∝ 1
√

2
(𝜌d+2 + 𝜌d−2), (1)

where 𝜌d±2 is the density matrix element representing the atomic
coherence between |d±⟩ and |2⟩, and satisfies

𝜌̇d+2 = −[𝑖(𝛿p −𝛺c) + 𝛾d]𝜌d+2 − 𝜂𝜌d−2 +
𝑖𝛺p
√

2
(𝜌22 − 𝜌d+d+ − 𝜌d+d− ), (2a)

𝜌̇d−2 = −[𝑖(𝛿p +𝛺c) + 𝛾d]𝜌d−2 − 𝜂𝜌d+2 +
𝑖𝛺p
√

2
(𝜌22 − 𝜌d−d− − 𝜌d−d+ ). (2b)

Here 𝛿p = 𝜔12− 𝜈p is the probe detuning, 𝜔12 is the resonant frequency
of the transition |1⟩ ↔ |2⟩; 𝛺c(p) = c(p)𝑑13(12)∕ℏ is the Rabi frequency of
the coupling (probe) field, 𝑑13(12) is the dipole moment matrix element
of the transition |1⟩ ↔ |3⟩(|1⟩ ↔ |2⟩). 𝛾d = (𝛾12 + 𝛾23)∕2 represents
the decay rate of 𝜌d±2, where 𝛾𝑖𝑗 (𝑖, 𝑗 = 1, 2, 3) is the decay rate of the
off-diagonal density matrix element 𝜌𝑖𝑗 .

For 𝛬-type system, one has 𝛾12 = (𝛤12 + 𝛤13)∕2 + 𝛾 (d)12 , 𝛾13 = (𝛤12 +
𝛤13)∕2 + 𝛾 (d)13 , and 𝛾23 = 𝛾 (d)23 . For UC-type system, one has 𝛾12 = 𝛤12∕2 +
𝛾 (d)12 , 𝛾13 = (𝛤31 + 𝛤12)∕2 + 𝛾 (d)13 , and 𝛾23 = 𝛤31∕2 + 𝛾 (d)23 . Here 𝛤𝑖𝑗 is the
spontaneous decay rate from |𝑖⟩ to |𝑗⟩, and 𝛾 (d)𝑖𝑗 is the dephasing rate of
𝜌𝑖𝑗 .

It can be seen from Eqs. (2) that 𝜌d+2 and 𝜌d−2 are coupled to each
other by the parameter 𝜂 = (𝛾12 − 𝛾23)∕2, and are independent when
𝜂 = 0. It means that the quantum interference between the transitions
|d+⟩ ↔ |2⟩ and |d−⟩ ↔ |2⟩ is determined by 𝜂, which depends on the
spontaneous decay rate and the dephasing rate:

𝜂 =
𝛤12 + 𝛤13

4
+

𝛾 (d)12 − 𝛾 (d)23
2

, Λ − type, (3a)

𝜂 =
𝛤12 − 𝛤31

4
+

𝛾 (d)12 − 𝛾 (d)23
2

, UC − type. (3b)

We solve Eqs. (2) (up to the first order of 𝛺p) and substitute the
solutions into Eq. (1) to obtain the probe absorption:

Im𝜒 ∝
𝛾d

(𝛿p −𝛺c)2 + 𝛾2d
+

𝛾d
(𝛿p +𝛺c)2 + 𝛾2d

+𝛷, (4)

with

𝛷 = −𝜂Re
2[(𝑖𝛿p + 𝛾d)(𝑖𝛿p + 𝛾d − 𝜂) +𝛺2

c ]

[(𝑖𝛿p + 𝛾d)2 +𝛺2
c ][(𝑖𝛿p + 𝛾d)2 − 𝜂2 +𝛺2

c ]
. (5)

Figs. 3 (𝛬-type system) and 4 (UC-type system) plot the probe absorp-
tion spectra in the cases of 𝜂 = 0, 𝜂 > 0, and 𝜂 < 0. The value of 𝜂
is modified by changing the dephasing rate 𝛾 (d)23 . If 𝜂 = 0 [Figs. 3(a)
and 4(a)], one has 𝛷 = 0 and thus the absorption (orange solid line) is
simply a superposition of two separated Lorentzian absorption profiles
(gray dotted lines) given by the first two terms in Eq. (4), which is
characterized as ATS [27,28]. For 𝜂 > 0 [Figs. 3(b) and 4(b)], one
has 𝛷 < 0 and thus the absorption (orange solid line) is suppressed at
𝛿p = 0 relative to the ATS case (black dashed line), i.e., the destructive
quantum interference (EIT). For 𝜂 < 0 [Figs. 3(c) and 4(c)], one has
𝛷 > 0 and thus the absorption is enhanced relative to the ATS case,
i.e., the constructive quantum interference. Therefore, 𝜂 is responsible
for the quantum interference and the sign of 𝜂 determines the type of
the quantum interference.

Fig. 5 plots the absorption spectra for the cases of weak and strong
coupling fields with 𝜂 > 0 (destructive interference). For a weak
coupling field (𝛺c < 𝛾d), the destructive quantum interference can
create a narrow transparency window, as shown in Fig. 5(a) and (c).
Owing to this feature, the 𝛬- and UC-type systems are usually employed
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Fig. 3. Probe absorption spectra (orange solid lines) for 𝛬-type system with (a) 𝜂 = 0 (𝛾 (d)23 = 2𝜋 × 2.69 MHz); (b) 𝜂 = 2𝜋 × 1.34 MHz (𝛾 (d)23 = 0); (c) 𝜂 = −2𝜋 × 1.16 MHz (𝛾 (d)23 = 2𝜋 × 5
MHz). The other parameters are: 𝛤12 = 2𝜋 × 3.45 MHz, 𝛤13 = 2𝜋 × 1.92 MHz, 𝛾 (d)12 = 0, and 𝛺c = 2𝜋 × 3 MHz. The gray dotted lines are the two Lorentzian absorption profiles, and
the black dashed lines are their summation corresponding to ATS.

Fig. 4. Probe absorption spectra (orange solid lines) for UC-type system with (a) 𝜂 = 0 (𝛾 (d)23 = 2𝜋 × 0.67 MHz); (b) 𝜂 = 2𝜋 × 0.33 MHz (𝛾 (d)23 = 0); (c) 𝜂 = −2𝜋 × 2.17 MHz (𝛾 (d)23 = 2𝜋 × 5
MHz). The other parameters are: 𝛤12 = 2𝜋 × 3.20 MHz, 𝛤31 = 2𝜋 × 1.87 MHz, 𝛾 (d)12 = 0, and 𝛺c = 2𝜋 × 3 MHz.

to demonstrate EIT, and they are classified as EIT-type system [40,41].
On the other hand, when the coupling field is strong, the quantum
interference is weak and the large ATS gives rise to a wide transparency
window, as shown in Fig. 5(b) and (d). In this case, large 𝛺c results in
well separated dressed states |d±⟩, and the two transitions |d+⟩ ↔ |2⟩
and |d−⟩ ↔ |2⟩ are hardly coupled to the same field mode, making the
quantum interference negligible [2,3].

2.2. V- and LC-type systems

For V- and LC-type systems, the susceptibility is given by

𝜒 ∝ 1
√

2
(𝜌2d+ + 𝜌2d− ), (6)

with 𝜌2d+ and 𝜌2d− satisfying

𝜌̇2d+ = −[𝑖(𝛿p +𝛺c) + 𝛾d]𝜌2d+ − 𝜂𝜌2d− +
𝑖𝛺p
√

2
(𝜌d+d+ + 𝜌d−d+ − 𝜌22), (7a)

𝜌̇2d− = −[𝑖(𝛿p −𝛺c) + 𝛾d]𝜌2d− − 𝜂𝜌2d+ +
𝑖𝛺p
√

2
(𝜌d−d− + 𝜌d+d− − 𝜌22), (7b)

where 𝛿p, 𝛺c(p), 𝛾d, and 𝜂 have the same definitions as in Eqs. (2).
It is seen from Eqs. (7) that 𝜌2d+ and 𝜌2d− are also coupled to each

other by 𝜂, and thus 𝜂 is responsible for the quantum interference
between the transitions |d+⟩ ↔ |2⟩ and |d−⟩ ↔ |2⟩. For V- and LC- type
systems, 𝜂 is given by

𝜂 = −
𝛤31
4

+
𝛾 (d)12 − 𝛾 (d)23

2
, V − type, (8a)

𝜂 =
𝛤13
4

+
𝛾 (d)12 − 𝛾 (d)23

2
, LC − type. (8b)

The probe absorption is obtained by solving Eqs. (7):

Im𝜒 ∝
(1∕2 + Re𝜌d+d− )𝛾d
(𝛿p −𝛺c)2 + 𝛾2d

+
(1∕2 + Re𝜌d+d− )𝛾d
(𝛿p +𝛺c)2 + 𝛾2d

+
Im𝜌d+d− (𝛿p −𝛺c)

(𝛿p −𝛺c)2 + 𝛾2d
−

Im𝜌d+d− (𝛿p +𝛺c)

(𝛿p +𝛺c)2 + 𝛾2d
+𝛷,

(9)

with

𝛷 = −𝜂Re
(1 + 2Re𝜌d+d− )[(𝑖𝛿p + 𝛾d)(𝑖𝛿p + 𝛾d − 𝜂) +𝛺2

c ] + 2Im𝜌d+d−𝜂𝛺c

[(𝑖𝛿p + 𝛾d)2 +𝛺2
c ][(𝑖𝛿p + 𝛾d)2 − 𝜂2 +𝛺2

c ]
,

(10)

where 𝜌d+d+ = 𝜌d−d− = 1∕2, 𝜌d+d− = 𝛤31𝛾13∕2+𝑖𝛤31𝛺c
𝛤31𝛾13+4𝛺2

c
for V-type system,

and 𝜌d+d− = − 𝛤13𝛾13∕2+𝑖𝛤13𝛺c
𝛤13𝛾13+4𝛺2

c
for LC-type system.

It is seen from Eq. (9) that the first four terms are independent of 𝜂,
and thus represent the absorption without quantum interference. Only
the last term 𝛷 contributes the quantum interference. Fig. 6 plots the
probe absorption spectra for V-type system with different values of 𝜂
which is always negative, meaning that only constructive interference
can occur. For LC-type system, one can have 𝜂 = 0, 𝜂 > 0, and
𝜂 < 0, corresponding to no interference, destructive interference, and
constructive interference, as shown in Fig. 7.

Furthermore, we show the absorption spectra for V- and LC-type
systems at weak [Fig. 8(a), (c)] and strong [Fig. 8(b), (d)] coupling
fields. For V-type system with a weak coupling field [Fig. 8(a)], the
total absorption (orange line) contributed by the first four terms and the
last interference term is larger than the absorption without interference
(black dashed line) contributed by the first four terms, i.e., the construc-
tive quantum interference. On the other hand, for LC-type system with a
weak coupling field [Fig. 8(c)], although the total absorption is weaker

3
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Fig. 5. Probe absorption spectra (orange solid lines) of (a), (b) 𝛬- and (c), (d) UC-type systems with 𝛾 (d)23 = 0 and (a), (c) 𝛺c = 2𝜋 × 1 MHz; (b), (d) 𝛺c = 2𝜋 × 10 MHz. The other
parameters for 𝛬- and UC-type systems are as in Figs. 3 and 4, respectively.

Fig. 6. Probe absorption spectra (orange solid lines) for V-type system with (a) 𝜂 = −2𝜋 × 1.54 MHz (𝛾 (d)23 = 2𝜋 × 2.5 MHz); (b) 𝜂 = −2𝜋 × 0.29 MHz (𝛾 (d)23 = 0); (c) 𝜂 = −2𝜋 × 2.79 MHz
(𝛾 (d)23 = 2𝜋 × 5 MHz). The other parameters are: 𝛤21 = 2𝜋 × 3.45 MHz, 𝛤31 = 2𝜋 × 1.15 MHz, 𝛾 (d)12 = 0, and 𝛺c = 2𝜋 × 3 MHz. The black dashed lines are the summation of the first four
terms in Eq. (9) without quantum interference.

Fig. 7. Probe absorption spectra (orange solid lines) for LC-type system with (a) 𝜂 = 0 (𝛾 (d)23 = 2𝜋 × 1.60 MHz); (b) 𝜂 = 2𝜋 × 0.80 MHz (𝛾 (d)23 = 0); (c) 𝜂 = −2𝜋 × 1.70 MHz (𝛾 (d)23 = 2𝜋 × 5
MHz). The other parameters are: 𝛤21 = 2𝜋 × 1.87 MHz, 𝛤13 = 2𝜋 × 3.20 MHz, 𝛾 (d)12 = 0, and 𝛺c = 2𝜋 × 3 MHz.

than the absorption without interference, the quantum interference is
too weak to create a transparency window. For the case of strong
coupling field, the absorption is mainly determined by ATS, as shown
in Fig. 8(b) and (d).

The discussion about Fig. 8 tells us the fact that there is almost
no transparency window for V- and LC-type systems at weak coupling
field. Therefore, the two systems are normally categorized as ATS-type
systems [40,41].

2.3. Manipulation of atomic dephasing via the phase diffusion of interacting
fields

As analyzed in Sections 2.1 and 2.2, the quantum interference
can be manipulated by adjusting the dephasing rates 𝛾 (d)12 and 𝛾 (d)23 . In
general, atomic dephasing arises from the atomic collisions, and the

dephasing rate can be adjusted by changing the partial pressure of the
buffer gas filled in the atomic vapor [38,39]. However, it is difficult
for this method to get the exact value of 𝛾 (d)12(23) and to only change
𝛾 (d)12(23) while keeping 𝛾 (d)23(12) unchanged. Here we show that the phase
fluctuations of interacting fields can lead to the atomic dephasing,
and the dephasing rates can be precisely and selectively adjusted by
controlling the linewidths of the fields.

In general, both the amplitude c(p) and phase 𝜙c(p) of the field
exhibit random fluctuations due to the spontaneous emission in the
gain medium of a laser. However, if the laser is operating sufficiently
far above threshold, the amplitude fluctuation can be ignored, and
the field can be described by the phase diffusion model [42]. In this
model, the field has a stable amplitude c(p) and a random phase 𝜙c(p)(𝑡):

4
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Fig. 8. Probe absorption spectra (orange solid lines) of (a), (b) V- and (c), (d) LC-type systems with 𝛾 (d)23 = 0 and (a), (c) 𝛺c = 2𝜋 × 1 MHz; (b), (d) 𝛺c = 2𝜋 × 10 MHz. The other
parameters for V- and LC-type systems are as in Figs. 6 and 7, respectively.

Fig. 9. Experimental setup for (a) 𝛬- and V-type systems, and (b) UC- and LC-type
systems. BS: beam splitter; PBS1, 2: polarization beam splitters; M: reflection mirror;
FP cavity: Fabry–Perot cavity; PD1, 2: photodetectors; PZT: Piezoelectric transducer.

𝐸c(p) = c(p)𝑒
−𝑖𝜈c(p)𝑡−𝑖𝜙c(p)(𝑡). The phase 𝜙c(p)(𝑡) undergoes diffusion:

𝜙̇c(p)(𝑡) = 𝜇c(p)(𝑡), (11)

where 𝜙c(p)(0) is uniformly distributed between 0 and 2𝜋, and 𝜇c(p)(𝑡) is
a 𝛿-correlated Gaussian stochastic process with

⟨𝜇c(p)(𝑡)⟩ = 0, (12a)

⟨𝜇c(p)(𝑡1)𝜇c(p)(𝑡2)⟩ = 2𝜅c(p)𝛿(𝑡1 − 𝑡2), (12b)

⟨𝜇c(𝑡1)𝜇p(𝑡2)⟩ = 0, (12c)

The phase diffusion rate 2𝜅c(p) in Eq. (12b) equals to the linewidth
of the field. Here we assume that the phase fluctuations of the cou-
pling and probe fields are uncorrelated [see Eq. (12c)], since they are
provided by two independent (i.e., phase unlocked) lasers.

In order to see how the phase fluctuations of the fields lead to the
dephasing of atoms, we consider the evolution of, e.g., 𝜌23 in 𝛬-type
system:

𝜌̇23 = −(𝛾23 − 𝑖𝛿p)𝜌23 − 𝑖𝛺c𝑒
−𝑖𝜙c(𝑡)𝜌21 + 𝑖𝛺p𝑒

𝑖𝜙p(𝑡)𝜌13. (13)

Introducing the variables: 𝜌̃21 = 𝜌21𝑒
−𝑖𝜙p(𝑡), 𝜌̃13 = 𝜌13𝑒𝑖𝜙c (𝑡), and 𝜌̃23 =

𝜌23𝑒
𝑖[𝜙c(𝑡)−𝜙p(𝑡)], Eq. (13) becomes

̇̃𝜌23 = −(𝛾23 − 𝑖𝛿p)𝜌̃23 − 𝑖𝛺c𝜌̃21 + 𝑖𝛺p𝜌̃13 + 𝑖[𝜇c(𝑡) − 𝜇p(𝑡)]𝜌̃23. (14)

Using the theory of multiplicative stochastic processes [42,43], the
average of Eq. (14) is

⟨
̇̃𝜌23⟩ = −(𝛾23 − 𝑖𝛿p)⟨𝜌̃23⟩ − 𝑖𝛺c⟨𝜌̃21⟩ + 𝑖𝛺p⟨𝜌̃13⟩

− ∫

𝑡

0
⟨[𝜇c(𝑡) − 𝜇p(𝑡)][𝜇c(𝜏) − 𝜇p(𝜏)]⟩d𝜏⟨𝜌̃23⟩

= −(𝛾̃23 − 𝑖𝛿p)⟨𝜌̃23⟩ − 𝑖𝛺c⟨𝜌̃21⟩ + 𝑖𝛺p⟨𝜌̃13⟩,

(15)

with the effective decay rate

𝛾̃23 = 𝛾23 + 𝜅c + 𝜅p = 𝛾 (d)23 + 𝜅c + 𝜅p. (16)

It is clearly seen from Eq. (16) that the phase fluctuations of the fields
result in the atomic dephasing with the dephasing rate of 𝜅c+𝜅p. Using
the similar procedure, we obtain all the effective decay rates 𝛾̃𝑖𝑗 for the
four systems. The expressions of 𝜂 for each system are then obtained:

𝜂 =
𝛤12 + 𝛤13

4
+

𝛾 (d)12 − 𝛾 (d)23
2

−
𝜅c
2
, Λ − type, (17a)

𝜂 =
𝛤12 − 𝛤31

4
+

𝛾 (d)12 − 𝛾 (d)23
2

−
𝜅c
2
, UC − type, (17b)

𝜂 = −
𝛤31
4

+
𝛾 (d)12 − 𝛾 (d)23

2
−

𝜅c
2
, V − type, (17c)

𝜂 =
𝛤13
4

+
𝛾 (d)12 − 𝛾 (d)23

2
−

𝜅c
2
, LC − type. (17d)

Therefore, the value of 𝜂 and thus the quantum interference can be
manipulated by simply adjusting the linewidth of the coupling field 2𝜅c,
which is much more feasible in practice than controlling the collisional
dephasing rate 𝛾 (d)12(23). In the following experiment, we tune 2𝜅c to show
the modulation of quantum interference.

3. Experiment

To verify the results in Section 2, we perform an experiment in a
50-mm-long 133Cs vapor cell. The experimental setup is illustrated in
Fig. 9. We use two external-cavity diode lasers (TOPTICA DL Pro) as the
coupling and probe fields. For 𝛬- and V-type systems, the wavelengths
of the two fields are both 895 nm. For UC- and LC-type systems, the
wavelength of the coupling (probe) field is 921 nm (852 nm) and
852 nm (921 nm), respectively. The free-running linewidths of the two
lasers are about 2𝜋 × 1 MHz. The linewidth 2𝜅c of the coupling laser is
controlled by modulating its driving current with a wide-band (2𝜋 ×30
MHz) white noise from a waveform generator (KEYSIGHT 33500B). A
Fabry–Perot (FP) cavity is used to monitor the linewidth. Its finesse and
linewidth are measured to be about 450 and 2𝜋 × 3 MHz, respectively.
We found that with increase of the noise current (rms) ranging from 0
to 60 μA, the linewidth 2𝜅𝑐 can be continuously changed from about
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Fig. 10. The probe transmission spectra with different values of 𝜂 for (a) 𝛬-, (b) UC-, (c) V-, and (d) LC-type systems. The solid and dashed lines represent the experimental data
and theoretical calculations, respectively. The Rabi frequencies of the coupling fields are: (a) 𝛺c = 2𝜋×8.88 MHz; (b) 𝛺c = 2𝜋×9.15 MHz; (c) 𝛺c = 2𝜋×9.38 MHz; (d) 𝛺c = 2𝜋×10.99
MHz. The vapor temperature 𝑇 = 25 ◦C. For all the systems, since no buffer gas is filled in the vapor cell, the collisional dephasing rates can be neglected compared to other
decay rates, i.e., 𝛾 (d)12 ≈ 0 and 𝛾 (d)23 ≈ 0. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2𝜋 × 1 MHz to over 2𝜋 × 70 MHz. Since the added noise current (0∼60
μA) is much smaller than the dc injection current (about 90 mA) driving
the laser diode, the current modulation only causes a relative intensity
fluctuation (rms) less than 5%. Therefore, for the phase-diffusion model
used in Section 2.3, the assumption that the laser field has a stable
amplitude and a random phase is still valid even in the presence of the

current modulation. In addition, the small intensity modulation to the
coupling field has no significant effect on the experimental results. Note
that although an external electro-optic phase modulator, such as NEW
FOCUS 4006, can be used to modulate the laser phase almost without
introducing intensity modulation, we only achieved a linewidth tunable
range of 2𝜋×1 MHz to about 2𝜋×5 MHz because of its small modulation

6
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depth (about 15 mrad/V). The tunable range is not enough for the
present experiment.

The coupling and probe fields with orthogonal polarizations overlap
at a polarization beam splitter (PBS), and then pass through the vapor
cell in Doppler-free co-propagation (𝛬- and V-type systems) or counter-
propagation (UC- and LC-type systems). Afterwards, the probe field
is separated from the coupling field by another PBS and detected
by a photodetector (PD1). A digital oscilloscope is connected to the
photodetector to record the probe absorption spectrum. The vapor cell
at room temperature (25 ◦C) is shielded against external stray magnetic
field by three layers of 𝜇-metal. The powers and the 𝑒−2 full widths of
the coupling (probe) field at the cell position are 0.80 mm (0.75 mm)
and 300 μW (20 μW), respectively. The frequency of the coupling field
is locked at resonance with the transition |1⟩ ↔ |3⟩, and meanwhile the
frequency of the probe field is scanned across the transition |1⟩ ↔ |2⟩.

Fig. 10 shows the experimental (solid lines) and theoretical (dashed
lines) probe transmission spectra with different values of 𝜂. In the the-
oretical calculation, we consider the Doppler broadening effect arising
from the atomic movement by taking the average of the susceptibility:
𝜒 = ∫ ∞

−∞ 𝜒(𝑣)𝑓 (𝑣)d𝑣 with the Maxwell velocity distribution 𝑓 (𝑣) =
𝑒−𝑣2∕𝑢2∕(

√

𝜋𝑢), where 𝑢 =
√

2𝑘B𝑇 ∕𝑚 is the most probable speed of
atoms at temperature 𝑇 , 𝑚 is the atomic mass, and 𝑘B is the Boltzmann
constant.

We precisely adjust the linewidth 2𝜅c to let 𝜂 ≈ 0 for each system
and refer to this case as the case of no quantum interference, as marked
in Fig. 10. For example, in 𝛬-type system with 𝜂 = (𝛤12 + 𝛤13)∕4 +
(𝛾 (d)12 − 𝛾 (d)23 )∕2 − 𝜅c∕2, 𝛤12 = 2𝜋 × 3.45 MHz, 𝛤13 = 2𝜋 × 1.92 MHz, and
𝛾 (d)12(23) ≪ 𝛤13, we tune the linewidth of the coupling field 2𝜅c = 2𝜋×5.37
MHz to get 𝜂 = 0. Obviously, when 𝜂 is modulated from positive
value to negative value, we observe the transition from suppressed
absorption (destructive quantum interference) to enhanced absorption
(constructive quantum interference) relative to the case of no quantum
interference, as predicted in Section 2. It is to be noted that for V-type
system, 𝜂 is always negative [also see Eq. (17c)] and thus the quantum
interference is always constructive. From the quantum interference
viewpoint, this also explains the well-known fact that for V-type system
one cannot obtain a very dip and narrow transparency window [7].

The EIT window becomes smaller and wider when the linewidth 2𝜅c
increases. The further increase of 2𝜅c to 2𝜋 ×15.7 MHz (𝛬-type system)
and 2𝜋 × 9.6 MHz (LC-type system) will leads to the EIT window be
vanished [the cyan and pink lines in Fig. 10(a) and (d)]. The wide EIT
window modulated by the laser linewidth in a wide range makes it
possible to realize broadband light pulse shaping, splitting, and storage.

Due to the Doppler broadening, the atoms may interact with the
adjacent hyperfine levels. For 𝛬- and V-type systems, the Doppler width
𝛥D = 2𝜈p𝑢

√

ln2∕𝑐 ≈ 2𝜋 × 359 MHz is smaller than the hyperfine-
level splittings of 6S1∕2 (𝛥𝜔𝐹=3↔𝐹=4 = 2𝜋 × 9.19 GHz) and 6P1∕2
(𝛥𝜔𝐹 ′=3↔𝐹 ′=4 = 2𝜋×1.17 GHz), and thus the atoms do not interact with
the adjacent hyperfine levels. For UC-type system, the Doppler width
𝛥D = 2𝜋 × 377 MHz is comparable to the hyperfine-level splittings of
6P3∕2 (𝛥𝜔𝐹 ′=4↔𝐹 ′=5 = 2𝜋 × 251 MHz, 𝛥𝜔𝐹 ′=3↔𝐹 ′=4 = 2𝜋 × 201 MHz,
and 𝛥𝜔𝐹 ′=2↔𝐹 ′=3 = 2𝜋 ×151 MHz). Therefore, a small fraction of atoms
interacts with the adjacent hyperfine level |6P3∕2, 𝐹 ′ = 4⟩. However,
due to the Doppler-free configuration, transparency windows corre-
sponding to different hyperfine levels are well separated. Fig. 10(b)
only presents the transparency window corresponding to the probe
transition |6P3∕2, 𝐹 ′ = 5⟩ ↔ |6S1∕2, 𝐹 = 4⟩. For LC-type system, the
Doppler broadening has little effect on the spectra because the atoms
with 𝑘𝑣 > 𝛤13 cannot be efficiently populated to the state |1⟩ to interact
with the probe field.

Since the wavelengths of the coupling and probe fields are different,
there is some residual Doppler broadening. The residual Doppler width
is given by 𝛿D = 𝛥D|𝜈c − 𝜈p|∕𝜈p. For 𝛬- and V-type systems, one has
𝛿D = 2𝜋 × 0.2 kHz and 2𝜋 × 1.6 kHz, respectively, which are negligible
compared to the atomic decay rates. For the two cascade-type systems,
one has a relatively large 𝛿D = 2𝜋 × 28 MHz. The residual Doppler

broadening results in a wide transparency window for the UC-type
system. However, it fails to broaden the transparency window for the
LC-type system because of the near zero population in the state |1⟩ for
moving atoms, as analyzed above.

4. Conclusions

We have theoretically and experimentally demonstrated the tran-
sition between destructive and constructive quantum interference by
precisely controlling the dephasing in 𝛬-, UC-, V-, and LC-type three-
level atomic systems. We have analyzed in detail the effect of dephas-
ing rates on the probe absorption, which can be separated into two
Lorentzian terms and a quantum interference term. By adjusting the
dephasing rate, the absorption can be suppressed (destructive quantum
interference) or enhanced (constructive quantum interference). Due to
the difficulty of controlling the collisional dephasing, we have precisely
controlled dephasing via adjusting the linewidths of interacting fields,
and thus have showed the transition of quantum interference in our
experiment.
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