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Abstract. A five-level system to control the wavelength of the in-line amplifier by the quantum interference
is proposed. It is found that the gains of the first and the second probe can be adjusted by changing the
coherent field and the incoherent pumping. The new scheme may find its application in optical switch and
optical communications.

PACS. 42.50.Gy Effects of atomic coherence on propagation, absorption, and amplification of light –
42.50.Hz Strong-field excitation of optical transitions in quantum systems; multi-photon processes; dynamic
Stark shift

1 Introduction

Electromagnetically induced transparency (EIT) is one of
the most studied directions of coherence and quantum in-
terference, and most experimental and theoretical studies
of quantum interference have so far focused on atomic gas
media [1–3]. To understand quantum coherence and inter-
ference in crystals and for various potential device applica-
tions, EIT in solid media becomes more and more attrac-
tive [4,5]. Recent observation of EIT [6] in solid crystals [7]
presents potential application of EIT for nonlinear opti-
cal processes, such as inversionless lasers [8], high-density
optical memory [9], and enhanced four-wave mixing [10].

The incorporation of trivalent rare-earth ions in glass
hosts has been known for many years as a technique to
achieve efficient solid-state lasers and amplifiers [11]. For
example, the praseodymium-doped fluoride fiber amplifier
(PDFFA) has provided high gain and high output powers
at wavelengths compatible with the second telecommu-
nications window 1.3 µm [12]. The erbium-doped fluoride
fiber amplifier, having a broad laser transition at 1.54 µm,
is of specific interest in the field of optical communica-
tion [13]. In particular, an erbium doped fluorozirconate fi-
bre amplifier has been fabricated which uses upconversion
pumping at 0.801 µm to provide high gain at a wavelength
of 0.85 µm [14]. In the future, all optical networks, whether
based on optical time division multiplexing (OTDM) or
wavelength division multiplexing (WDM), are likely to
require the development of ultra-fast, data driven opti-
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cal component, such as ultra-fast optical switches [15,16],
wide-band optical amplifiers etc.

In this paper, a five-level scheme is proposed to change
the wavelength of the in-line fiber amplifier and to adjust
the gain of the in-line amplifier by controlling the Rabi
frequency of a coherent field. Without the coherent field,
the in-line amplifier, which is pumped by a semiconductor
laser diode at 0.98 µm, emits at 1.54 µm. While when a
coherent field is added, the in-line amplifier can emit at
0.81 µm, besides the gain at 1.54 µm. Under the action of
strong coherent field, the gain at 1.54 µm disappears, and
the gain at 0.81 µm becomes the dominant one. The idea
of wavelength control proposed here may have its potential
applications in optical switch and optical communications.

2 The model and equations

We consider a closed five-level system as shown in Fig-
ure 1. The energy-level scheme is relevant to the Er3+ ions
in ZrF4–BaF2–LaF3–AlF3–NaF (ZBLAN) glass, where
levels |1〉, |2〉, |3〉, |4〉 and |5〉 correspond to the energy
levels of Er3+ ions 4I15/2, 4I13/2, 4I11/2, 4I9/2, and 4S3/2,
respectively. In this system, an incoherent pump process,
interacting with the transition |1〉 ↔ |3〉 and represented
by a rate Λ, populates level |2〉 via fast phonon decay
from level |3〉 to level |2〉. When the incoherent pumping
is strong enough, population inversion can be established
on the transition labeled |2〉 ↔ |1〉, and then the probe
on |2〉 ↔ |1〉 can be amplified. A coherent driving field
Ec with Rabi frequency Ωc interacts with the transition
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Fig. 1. Schematic diagram of a five-level system where levels
|1〉, |2〉, |3〉, |4〉 and |5〉 are corresponding to energy levels of
Er3+ ions in ZBLAN glass 4I15/2,

4I13/2,
4I11/2,

4I9/2 and 4S3/2,
respectively.

|2〉 ↔ |5〉, and populates level |4〉 via fast phonon decay
from level |5〉 to level |4〉. The role of the coherent driving
field Ec is not only to populate level |4〉, but also split
level |2〉 into two dressed sublevels. Thus, the population
inversion and the probe amplification on the transition la-
beled |4〉 ↔ |1〉 could be controlled by the coherent field.
The first probe field Ep1 with Rabi frequency Ωp1 inter-
acts with the transition labeled |1〉 ↔ |2〉, while the second
probe field Ep2 with Rabi frequency Ωp2 interacts with the
transition labeled |1〉 ↔ |4〉. Γ5 = Γ51 + Γ52 + Γ53 + Γ54 is
the spontaneous decay rate of level |5〉, Γ4 = Γ41+Γ42+Γ43

is the spontaneous decay rate of level |4〉, Γ3 = Γ31 + Γ32

is the spontaneous decay rate of level |3〉, and Γ2 = Γ21 is
the spontaneous decay rate of level |2〉.

Using the standard semiclassical methods [17], under
the dipole approximation and the rotating wave approx-
imation, the interaction Hamiltonian HI can be repre-
sented in the interaction picture by:

HI = −∆p1 |2〉 〈2| − ∆p2 |4〉 〈4| − (∆p1 + ∆c) |5〉 〈5|
− (Ωp1 |2〉 〈1| + Ωp2 |4〉 〈1| + Ωc |5〉 〈2| + c.c) (1)

where the detunings of the probes and the coherent field
are defined as: ∆p1 = ωp1 − (ω2 − ω1), ∆p2 = ωp2 −
(ω4−ω1), ∆c = ωc − (ω5−ω2), respectively; the Rabi fre-
quencies Ωc, Ωp1 and Ωp2 are defined as: Ωc = µ52Ec/2�,
Ωp1 = µ21Ep1/2�, Ωp2 = µ41Ep2/2�, respectively. Just
for simplicity in calculation, Ωc, Ωp1 and Ωp2 are always
chosen to be real in this paper.

Assuming � = 1 for simplicity, the master equation of
motion for the density operator in an arbitrary multi-level
atomic system in the interaction picture can be written as:

∂ρ

∂t
= −i [HI, ρ] + Λρ. (2)

By expanding equation (2), we can easily arrive at their
equations of motion:

ρ̇11 = Λ(ρ33 − ρ11) + Γ21ρ22 + Γ31ρ33 + Γ41ρ44 + Γ51ρ55

+ iΩ∗
p1ρ21 − iΩp1ρ12 + iΩ∗

p2ρ41 − iΩp2ρ14

ρ̇22 = −Γ21ρ22 + Γ32ρ33 + Γ42ρ44 + Γ52ρ55

+ iΩp1ρ12 − iΩ∗
p1ρ21 + iΩ∗

cρ52 − iΩcρ25

ρ̇33 = −Λ(ρ33 − ρ11) − Γ31ρ33 − Γ32ρ33 + Γ43ρ44 + Γ53ρ55

ρ̇44 = −Γ41ρ44 − Γ42ρ44 − Γ43ρ44 + Γ54ρ55

+ iΩp2ρ14 − iΩ∗
p2ρ41

ρ̇21 = −(γ21 − i∆p1)ρ21 + iΩp1(ρ11 − ρ22)
+ iΩcρ51 − iΩp2ρ24

ρ̇31 = −γ31ρ31 − iΩp1ρ32 − iΩp2ρ34

ρ̇41 = −(γ41 − i∆p2)ρ41 + iΩp2(ρ11 − ρ44) − iΩp1ρ42

ρ̇51 = −(γ51 − i(∆p1 + ∆c))ρ51

+ iΩcρ21 − iΩp1ρ52 − iΩp2ρ54

ρ̇32 = −(γ32 + i∆p1)ρ32 − iΩp1ρ31 − iΩcρ35

ρ̇42 = −(γ42 − i∆p2 + i∆p1)ρ42

+ iΩp2ρ12 − iΩp1ρ41 − iΩcρ45

ρ̇52 = −(γ52 − i∆c)ρ52 + iΩc(ρ22 − ρ55) − iΩp1ρ51

ρ̇43 = −(γ43 − i∆p2)ρ43 + iΩp2ρ13

ρ̇53 = −(γ53 − i(∆p1 + ∆c))ρ53 + iΩcρ23

ρ̇54 = −(γ54 − i(∆c + ∆p1 − ∆p2))ρ54 + iΩcρ24 − iΩ∗
p2ρ51

ρ11 + ρ22 + ρ33 + ρ44 + ρ55 = 1
ρij = ρ∗ji (3)

where Γij designates the population spontaneous damping
from |i〉 to |j〉, while γij refers to the coherence decay rate
between |i〉 and |j〉. In the radiative limit, the coherence
decay rates are given by:

γ54 = (Γ51 + Γ52 + Γ53 + Γ54 + Γ41 + Γ42 + Γ43)/2
γ53 = (Γ51 + Γ52 + Γ53 + Γ54 + Γ31 + Γ32 + Λ)/2
γ52 = (Γ51 + Γ52 + Γ53 + Γ54 + Γ21)/2
γ51 = (Γ51 + Γ52 + Γ53 + Γ54 + Λ)/2
γ43 = (Γ41 + Γ42 + Γ43 + Γ31 + Γ32 + Λ)/2
γ42 = (Γ41 + Γ42 + Γ43 + Γ21)/2
γ41 = (Γ41 + Γ42 + Γ43 + Λ)/2
γ32 = (Γ31 + Γ32 + Γ21 + Λ)/2
γ31 = (Γ31 + Γ32 + Λ + Λ)/2
γ21 = (Γ21 + Λ)/2. (4)

The steady state solutions of the set of equation (3) can be
obtained by setting the time derivatives to zero. They are
very complicated since they depend on many parameters,
such as Λ, Ωc, Ωp1, Ωp2, ∆c, ∆p1, ∆p2, Γij , γij . To find
the optimal results and the corresponding conditions, we
have to resort to the numerical calculation in next section.

In the limit of a weak probe, the gain-absorption coeffi-
cient on transition |2〉 ↔ |1〉 (|4〉 ↔ |1〉) is proportional to
the imaginary part of ρ12 (ρ14), and we obtain the probe
gain if Im(ρ12) > 0 (Im(ρ14) > 0).
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Fig. 2. Plots of the dimensionless first probe gain coefficient
Im(ρ12) versus the first probe detuning ∆p1/Γ21 for different
Rabi frequencies of the resonant coherent field. The curves a,
b, c, d correspond to Ωc = 0.0, 2.0, 8.0, 40.0, respectively. The
other parameters used are Γ31 = 1.0, Γ32 = 20.0, Γ41 = 1.0,
Γ42 = 0.3, Γ43 = 0.0, Γ51 = 8.0, Γ52 = 3.0, Γ53 = 0.3,
Γ54 = 15.0, Ωp1 = 1.0, Ωp2 = 0.0, ∆p2 = 0.0, the incoherent
pumping rate Λ = 5.0.

3 Results and discussion

There are two important factors, the incoherent pump and
the coherent field, which can affect the light amplification
of the two probes remarkably. The incoherent pumping
enhances the gain of the first probe, but the coherent field
weakens it by pumping ionic atoms from level |2〉 to level
|5〉. However, both the incoherent pumping and the coher-
ent field enhance the gain of the second probe.

In the following, we discuss the effects of the incoherent
pumping and the coherent field on the gain of the two
probes by numerical solutions, and give a few important
conclusions on wavelength control of the in-line amplifier.

Based on references [18,19], it is reasonable that we
always chose the parameters as: Γ31 = 1.0, Γ32 = 20.0,
Γ41 = 1.0, Γ42 = 0.3, Γ43 = 0.0, Γ51 = 8.0, Γ52 = 3.0,
Γ53 = 0.3, Γ54 = 15.0. In this paper, all other parameters
are scaled by Γ21.

To comprehend the effect of atomic coherence on wave-
length control of the in-line amplifier, we depict the vari-
ation of gains of the two probes vs. corresponding probe
detunings in Figures 2 and 3 when the incoherent pumping
and the coherent field are in action and not in action. It
is well-known that, without the coherent field Ωc and the
second probe Ωp2, the five-level system can be considered
as a three-level system composed of |1〉, |2〉, and |3〉, and
emits at 1.54 µm (see curve a in Fig. 2) when it is pumped
by a semiconductor laser diode at 0.98 µm. In the pres-
ence of the resonant coherent field on transition |2〉 ↔ |5〉,
the gain decreases because the coherent field splits level
|2〉 into two dressed sublevels, and at the same time, part
of the population is pumped to higher level |5〉, as shown
by curve b in Figure 2. The stronger the Rabi frequency of
the coherent field becomes, the more the gain of the first
probe field reduces. The gain may changes into absorption
when the coherent field becomes large, as shown by curve c
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Fig. 3. Plots of the dimensionless second probe gain coefficient
Im(ρ14) versus the second probe detuning ∆p2/Γ21 for different
Rabi frequencies of the resonant coherent field. The curves a,
b, c, d correspond to Ωc = 0.0, 2.0, 8.0, 40.0, respectively. The
other parameters used are same as those in Figure 2 except
Ωp1 = 0.0, Ωp2 = 1.0, ∆p1 = 0.0. The incoherent pumping
rate Λ = 5.0.

in Figure 2. The gain (absorption) at ∆p1 = 0.0 reaches
zero when the Rabi frequency of the coherent field is very
strong, Ωc = 40.0, as shown by curve d in Figure 2. Note
that with the increasing of Rabi frequency Ωc, population
inversion on transition |1〉 ↔ |2〉 is decreasing (we checked,
but have not shown the graphic results here). When the
first probe goes from amplification to transparency, the
second probe changes from absorption to amplification.
Without the coherent field Ωc and the first probe field
Ωp1, the second probe displays absorption, as shown by
curve a in Figure 3. When Ωc = 2.0, the absorption of
the second probe decreases, as shown by curve b in Fig-
ure 3. When Ωc = 8.0, the second probe has been ampli-
fied, and a new laser wavelength appears at 0.81 µm, as
shown by curve c in Figure 3, and it becomes much larger
when Ωc = 40.0, as shown by curve d in Figure 3. In this
condition, the population inversion has been established
between levels |4〉 and |1〉.

There are three parameters which influence the gain
of the two probes, i.e., the incoherent pumping rate Λ,
the Rabi frequency of the coherent field Ωc and its de-
tuning ∆c. To show the effect of the incoherent pumping
rate Λ on the probe, we depict the gain (absorption) am-
plitudes of the first probe, Im(ρ12), at ∆p1 = 0.0 and
the second probe, Im(ρ14), at ∆p2 = 0.0 when the Rabi
frequency of the resonant coherent field is Ωc = 0.0 and
Ωc = 10.0 in Figures 4a and 4b, respectively. In the case of
Ωc = 0.0, the first probe gain Im(ρ12) does not occur be-
fore the population inversion between level |2〉 and level
|1〉 is established at Λ/Γ21 = 1.11. After this point, the
first probe gain appears, and then it becomes larger and
larger with the increasing of Λ before it reaches a satu-
ration, as shown by curve Im(ρ12) in Figure 4a. At the
meantime, the absorption of the second probe decreases
with the increasing of the incoherent pump rate Λ, but the
second probe gain Im(ρ14) never appears because there
is no way for the establishment of population inversion
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Fig. 4. (a) Plots of the dimensionless probe gain coefficients
Im(ρ12) at ∆p1 = 0.0 and Im(ρ14) at ∆p2 = 0.0 versus the
incoherent pumping Λ/Γ21 at different Rabi frequencies of
the resonant coherent field. (a) Ωc = 0.0. (b) Ωc = 10.0.
The other parameters used are same as those in Figure 2 except
Ωp1 = 1.0, Ωp2 = 1.0.

between level |4〉 and level |1〉, as shown by curve Im(ρ14)
in Figure 4a. In the case of Ωc = 10.0, the situation is com-
pletely different. The first probe gain Im(ρ12) changes into
absorption, and the absorption decreases with the increas-
ing of the incoherent pumping rate Λ, as shown by curve
Im(ρ12) in Figure 4b, while the absorption of the second
probe Im(ρ14) changes into amplification, and it increases
with the increasing of the incoherent pump rate Λ, this is
because strong incoherent pump and strong coherent field
pump more and more population into level |4〉.

In Figure 5, we depict the gain (absorption) amplitudes
of the first probe Im(ρ12) at ∆p1 = 0.0, and the second
probe Im(ρ14) at ∆p2 = 0.0 vs. the Rabi frequency of the
resonant coherent field Ωc when the incoherent pump rate
is fixed at Λ = 5.0, respectively. The first probe amplifi-
cation can be observed when the Rabi frequency of the
coherent field Ωc is small, but it decreases very fast at the
beginning with the increasing of the Rabi frequency of
the coherent field Ωc, then changes into absorption, and
approaches to zero at last, the electromagnetically induced
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Fig. 5. Plots of the dimensionless probe gain coefficients
Im(ρ12) at ∆p1 = 0.0 and Im(ρ14) at ∆p2 = 0.0 versus the
Rabi frequency of the resonant coherent field Ωc/Γ21 at the
incoherent pumping Λ = 5.0. The other parameters used are
same as those in Figure 2 except Ωp1 = 1.0, Ωp2 = 1.0.
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Fig. 6. Plots of the dimensionless probe gain coefficients
Im(ρ12) at ∆p1 = 0.0 and Im(ρ14) at ∆p2 = 0.0 versus the
detuning of the coherent field ∆c/Γ21 at the incoherent pump-
ing Λ = 5.0, and the Rabi frequency of the coherent field
Ωc = 10.0. The other parameters used are same as those in
Figure 2 except Ωp1 = 1.0, Ωp2 = 1.0.

transparency was observed. However, the second probe
goes a different direction. It changes from negative to pos-
itive quickly, then approaches a saturating value when Ωc

exceeds a certain value. So the incoherent pumping and
the coherent field are essential for amplification of the sec-
ond probe.

In Figure 6, we depict the gain (absorption) ampli-
tudes of the first probe Im(ρ12) at ∆p1 = 0.0, and the
second probe Im(ρ14) at ∆p2 = 0.0 vs. the detuning of the
coherent field ∆c when the incoherent pump rate Λ = 5.0,
and the Rabi frequency of the coherent field Ωc = 10.0.
It is found that the gains of the two probes Im(ρ12) and
Im(ρ14) are both symmetrical about the zero detuning
of the coherent field. The gains for the first probe and
the second probe reaches their minimum and maximum
at the zero detuning, then change to different directions
when the detuning becomes large. This is easily to be
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understood because the large detuning means weak action
of the coherent field.

4 Conclusions

In this paper, a five-level model is proposed where the
gains of two probes can be modified by a coherent field.
Effects of the incoherent pump and the coherent field on
the gains of two probes are studied, namely, the gain of the
first probe can go from amplification to absorption, and at
the same time, the amplification of the second probe field
can be changed from negative to positive under the action
of the coherent field. The system developed here may find
its application in optical switch and optical communica-
tions.
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Natural Science Foundation of China, the support from the
Doctoral Program Foundation of Institution of Higher Educa-
tion of China, and the support from the Educational Ministry
of China.
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