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Subpicosecond all-optical switching method based on the 
simultaneous two-photon coherence exchange is proposed 
and numerically demonstrated. The optical switching 
mechanism is based on the optical field induced dark reso-
nance swapping via nondegenerate four-wave mixing 
processes. For potential applications of ultrafast all-optical 
switching in fiber-optic communications, 10-THz channel 
number independent quantum router is discussed. 
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I. INTRODUCTION 

Since the observation of non-absorption resonance [1], many 
researchers have studied basic physics of dark resonance phe-
nomenon by using atomic gases [2], [3], impurity ion doped 
crystals [4], and semiconductor quantum wells [5], [6]. Owing 
to bigger oscillator strengths and sharp absorption lines in dipole 
transition media, atomic gases have been studied intensively for 
the dark resonance and its potential applications to nonlinear op-
tical processes. Atomic gases, however, have fundamental 
drawbacks such as atomic diffusion that limits applications of, 
for example, optical memory and image processing. Therefore, 
suitable solid media have been sought for the potential applica-
tions of the dark resonance. Recent observation [7] of nonlinear 
optical processes based on the dark resonance in rare-earth 
doped solids opens the door to practical applications of optical 
memories [8], enhanced nonlinear optical processes [9], lasers 
without inversion [10], and optical switches [11], [12]. In this 
paper, a novel phenomenon of the optical switching is discussed 
for channel number independent ultrafast optical switches in fi-
ber optic communications. 

In a three-level system composing two closely spaced ground 
states and a common excited state, two resonant optical fields 
can excite a strong coherence on the ground states via two-
photon resonance. This strong coherence is dependent on a su-
perposition state created by the atom-field interactions, which is 
decoupled from the excited state, so that an optically thick me-
dium can be transparent to the resonant optical field [1]-[6]. This 
decoupled state is the origin of the dark resonance causing the 
two-photon coherence. Based on the dark resonance, ultrahigh 
conversion efficiency in four-wave mixing processes has been 
demonstrated in atomic vapors [13] and impurity-ion doped 
crystals [14]. Not only high conversion efficiency but also large 
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signal amplification was demonstrated in atomic vapors [15]. 
Another feature of the dark resonance is spectral narrowing so 
that the two-photon coherence or four-wave mixing generation 
does not experience any spectral dispersion. 

In a four-level system, however, the dark resonance can inter-
act with each other constructively or destructively. When three 
resonant laser fields (ω1, ω2, and ω3 

; no ωp this time) are applied 
to the four-level system in Fig. 1 (δ=0), one of the coherences 
created on the transitions of the three-ground states can be sup-
pressed while the others are enhanced [11]. In Fig. 1(a) coherent 
phase gratings can be formed by noncopropagating laser fields 
ω1 & ω3 and ω2 & ω3 under dark resonance conditions on the 
transitions |a>-|c> and |b>-|c>, respectively. The phase grating is 
then detected by nondegenerate four-wave mixing processes 
satisfying the Bragg conditions. Very recently the coherence 
switching, so-called quantum switching, was experimentally 
demonstrated in a continuous wave scheme by using a rare-
earth doped crystal [11]. The quantum switching is very useful 
to ultrafast optical switches because the switching time can be as 
fast as the Rabi frequency even in slow relaxation systems [16]. 
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Fig. 1. (a) Energy-level diagram and (b) numerical calculations of 
coherence swapping as functions of detuning and Rabi
frequency of ω1; Γda= Γdb=Γdc=1.5 THz, γda=γdb=γdc=2 
THz, γab=γbc=γac=1.5 THz, Ω2=Ω3=Ω=4 THz, and the laser
interaction time = 0.1 ps. 
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Semiconductor quantum-wells or dipole-transition-allowed 
solids can be good candidates for the implementation of the 
quantum switches. In the semiconductor quantum-wells, the 
matrix element for the intersubband transitions is much larger 
than that for the interband transitions [17]. Recently quantum-

well intersubband transitions at communication wavelength 
(1.3/1.55 µm) were observed [18]. As introduced already, dark 
resonance in multiple-quantum-wells was demonstrated by us-
ing moderate laser power exceeding THz Rabi frequency [5].  
Therefore, implementation of the quantum switching in semi-
conductor quantum wells utilizing the intersubband transitions 
is very plausible for the applications of hyper-THz optical 
switching in fiber optic communications. 

II. THEORY 

For theoretical studies of the quantum switch, a homogene-
ously broadened optical system is considered. In Fig. 1(a), the 
interaction Hamiltonian matrix is 
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where δ1=ω1−ωad, δ2=ω2−ωbd, and δ3=ω3−ωcd. Ωi (i = 1, 2, 3) is 
the Rabi frequency of the laser field Ei(r, t) for ωi: 

Ei(r, t) = 1/2εi(t)exp{i(ωit-k⋅r)}+c.c.,         (2) 
Ωi= 2πµεi(t)/h                     (3) 

where c.c. and h are complex conjugate and Planck constant, 
respectively, and εi(t) is amplitude of an applied electric field 
Ei(r, t). To describe the system’s probability of ensemble, den-
sity matrix operator ρ is introduced to the state vector | Ψ >: 

Ψ><Ψ=ρ                  (4) 

where         ∑ >−>=Ψ
i

iii .u|)t/εi(t)exp(a| �  

The equation of motion of the density matrix is obtained from 
the Shrödinger equation: 

.|Hi| >Ψ−>=Ψ
•

�
             (5) 

Taking the time derivative of ρ, Liouville equation is obtained: 

ms).(decay ter]ρ [H,i +−=
�

Dρ            (6) 

According to (6), 
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From (1) and (7), total 16 density matrix equations are obtained.  
The time-dependent density-matrix equation of motion in the 
matrix form is 

[ ] [ ] [ ] ,ρMρ kjikij =�               (8) 

where the matrix M is the interaction Hamiltonian and is 
shown in (9). 

III. RESULTS 

For numerical calculations of the quantum switch, a closed 
four-level system is considered, i.e., ρaa+ρbb+ρcc+ρdd=1.  In Fig. 
1(b), the coherences Re(ρac) and Re(ρbc) are calculated as func-
tions of detuning δ1 and Ω1 for 0.1 ps interaction time; sub-ps is a 
typical quantum-well intersubband relaxation time [5], [6], [17], 
[18]. As shown in Fig. 1(b), the coherence strength [Re(ρac)]2 and 
[Re(ρbc)]2 are swapped with each other at line center of the 
ω1 when Ω1 is larger than Ω. Here, the four-wave mixing signal 
intensity I2d(ω2d) is proportional to both the probe signal intensity 
(if no saturation happens) and the coherence strength [14]. 

To demonstrate quantum switching in time domain the 16 
density matrix equations are numerically calculated for a series 
of input pulses. In Fig. 2, the input signals stand for ASCII let-ter 
“E” in a non-return-to-zero binary code format. For the numeri-
cal calculations, a homogeneously broadened optical system is 
assumed. Two optical pulses temporally and spatially overlap in 
the medium, and the position (along the propagation direction) 
dependent nonlinear effect is neglected. The shape of the optical 
pulses is simply assumed to be square. To satisfy the 
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Fig. 2. Numerical calculations of coherence switching for (a) 
δ1=3Ω and (b) δ1=0; Γda= Γdb=Γdc=1.5 THz, γda=γdb=γdc=2 
THz, γab=γbc=γac= 1.5 THz, Ω2=Ω3=4 THz, and Ω1=8 THz.
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condition of the two-photon coherence swapping in Fig. 1, Rabi 
frequency Ω2 of the optical field ω1 is set to be twice bigger than 
the Ω1. Figure 2(a) shows that the coherence Re(ρbc) is much 
bigger than Re(ρac) when δ1≠0. On the contrary, each coherence 
strength is reversed at  δ1=0 in Fig. 2(b).  Thus, the fast modu-
lated (10 THz) input signals are switched according to the value 
of δ1 with high contrast ratio. As seen in Fig. 2, the switching 
time is 0.1 ps and the switching repetition rate (10 THz) is much 
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wider than the population relaxation decay rate (4 THz) of the 
optical medium, which is a fundamental limitation of the current 
semiconductor optical switching technologies [19]. 

For the potential applications of the quantum switching to the 
fiber-optic communications, 1× 2 all-optical router is considered. 
Compared with the conventional optical switches such as MEMS,              
whose switching speed is channel-number-independent but slow, 
and Mach-Zehnder type switch, whose switching speed exponen-
tially slowes down as the channel number increases, the present 
quantum switch implies not only channel number independent ul-
trafast processing but also signal amplification with even noise 
quenching based on the dark resonance characteristics. The chan-
nel number independence is due to the phase dependent coher-
ence overlapping; this coherence superposition is a general prin-
ciple of holographic memories [20]. The signal amplification is 
owing to the energy transfer from the pumping fields to the input 
signal [13], [15]. The noise quenching is by the spontaneous 
emission squeezing owing to the atomic coherence [21] and 
quantum interference [22]. 
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Fig. 3. A schematic of all-optical switch: quantum router. 
 

 
Figure 3 shows a schematic of a 1× 2 all-optical switch: a 

quantum router. Let’s consider two groups of input signals ω1 
(δ1=0) and ωδ (δ1≠0) (see the inset) for DMUX. According to 
the coherence swapping in Fig. 1, the input signals are routed 
into the directions of k1d for the input ω1 and k2d for the input 
ωδ, respectively. This optical routing mechanism is based on 
the two-photon coherence grating formed by a set of two 
non-copropagating optical fields as mentioned above. The k1d 
(k2d) produced by the nondegenerate four-wave mixing proc-
esses satisfies the Bragg conditions between kp and the coher-
ence grating formed by k3 and k1 (k2) [7]. If wavelength con-
version is not necessary, the frequency difference between ω1 
and ωδ must satisfy δ1=2πεba/h, where εba=εb−εa and εi is en-
ergy of |i>. For a 1× 2 all-optical router, δ1 of the ω1 should 
act as a controller to route the ω2 into either k1d or k2d. More-

over, the 1× 2 optical switching mechanism can also be ap-
plied to wavelength converter, demultiplexer, and add/drop 
optical devices. 

IV. SUMMARY 

In summary, quantum switching in a four-level system using 
dark-resonance swapping was proposed and numerically dem-
onstrated for a 0.1 ps in switching time and 10-THz in repeti-
tion rate. To implement the quantum switching, 1× 2 all-optical 
quantum router is suggested. The significance of the proposed 
quantum switching is given by the channel number independ-
ent ultrafast all-optical switching with signal amplification and 
line narrowing. 
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