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The phenomenon of transparency, conventionally studied in three and higher level atomic systems, is extended to the case of a two-level system (TLS), where we use a semiclassical framework to describe the transparent propagation of classical fields in a medium of TLS scatterers. We demonstrate a new form of transparency with fast pulses, accounting for the initial state of the TLS, which we call phase-dependent transparency. Using the phenomenon of photon locking, we showed that TLSs initialized in maximum coherence states exhibit transparency to resonant fields when there is phase-matching between the phase of the atomic coherence and that of the probe field. An application to the problem of all-optical switching is also discussed, where on-demand transmission is generated by controlling the relative phase between a π/2 pump pulse and the transmitted probe pulse.
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INTRODUCTION
The coherent interaction of matter and light can lead to the emergence of quantum interference between multiple pathways, such as electronic excitation pathways (Fleischhauer et al., 2005), in turn revealing novel quantum phenomena that is of tremendous interest today in the fields of quantum information science and emerging quantum technologies (Lukin et al., 2001; Fleischhauer and Lukin, 2000; Lukin et al., 2000; Körber et al., 2018; Sangouard et al., 2011; Kimble, 2008). An example of one such phenomena is induced transparency, which originated in the study of light-matter interaction in three and higher level atomic systems (Petrosyan et al., 2011; Slusher and Gibbs, 1972). Today, induced transparency has been extended to a large number of systems including optomechanical systems (Weis et al., 2010; Agarwal and Huang, 2010; Xiong and Wu, 2018), plasmonics (Zhang et al., 2008; Kekatpure et al., 2010; Zhu et al., 2014), and coupled microresonators (Naweed et al., 2005; Guo et al., 2021; Huang et al., 2022; Yang et al., 2009). However, we do not see similar results for the simple case of the two-level system (TLS), in the case of observing EIT-like transparency without the inclusion of additional structures for the TLS. For example, the presence of mechanical vibrations in a medium of two level scatterers along with a polychromatic driving field can produce partial and full transparency in the TLS medium (Radeonychev et al., 2006; Radeonychev et al., 2020). More generally, polychromatic driving can lead to the presence of additional scattering channels-effectively expanding the state space of our TLS in the frequency domain and leading to the emergence of EIT-like transparency (Kälin et al., 2004). Additionally, induced transparency in two-level atoms has been realized in the presence of self-induced transparency (SIT) effects, where nearly lossless transmission is observed for pulsed light that has the form of an optical soliton (Chakravarty, 2016). The phenomenon of SIT was first discovered by McCall and Hahn (McCall and Hahn, 1969), where coherent, resonant, fast pulses propagate with anomalously low energy losses in a medium of two-level atoms. We distinguish the form of transparency developed in this paper from SIT, noting that it has more in common with EIT.
Electromagnetically induced transparency (EIT) (Fleischhauer et al., 2005; Marangos, 1998; Harris, 1997; Finkelstein et al., 2023) is one of the most famous examples of transparency, caused by destructive interference of probability amplitudes from multiple pathways between two states in a multilevel system dressed with strong coupling fields. The optical susceptibilities of EIT setups are shown to be sensitive to the phases of driving fields (Sahrai et al., 2007; Yang et al., 2010; Abi-sallouma et al., 2007; Joshi, 2009) with cancellation/amplification of nonlinearities corresponding to dispersive and absorptive effects dependent on the relative phases between different field components. As argued in (Abi-sallouma et al., 2007), the dependence of EIT on quantum interference implies that EIT must then also be dependent on a phase term, owing to the fact that the quantum interference is a result of a coherent interaction. The identification of this phase term would imply the presence of a tunability from transparency to absorption which can even persist in the steady-state regime for more complex systems (Yang et al., 2010; Hu et al., 2005). While EIT, for the case of the 3-level Lambda system, is not sensitive to the relative phase between the pump and probe fields in the steady state limit, this is not the case in the transient regime where there can be a relative phase between the atomic dipole and that of the fields (Abi-sallouma et al., 2007). In this regime, EIT can temporarily become electromagnetically induced absorption (EIA) (Lezama et al., 1999; Akulshin et al., 1998; Korsunsky et al., 1999) due to the destructive interference between the multiple pathways becoming constructive (Abi-sallouma et al., 2007). The ability to engineer such interference effects is a major goal in quantum control theory. Techniques such as pulse shaping and frequency modulation are highly effective in generating dark-state based transfer and interference effects in three and higher level systems, leading to phenomena like adiabatic population transfer (Chathanathil et al., 2023) and EIT respectively. More broadly, quantum control techniques have been instrumental in realizing robust state transfer, especially in the development of one- and two-qubit gates that sustain high fidelity in the presence of stochastic drift and open system effects (Koch et al., 2022). The impact of Markovian and non-Markovian noise on qubit control is examined in (Delben et al., 2023), including scenarios where closed-system quantum control schemes break down, and the use of fast-control strategies for reducing decoherence effects.
A similar concept as phase-dependent transient EIT is used in our work where a relative phase between the atomic coherence and the probe field is used to generate non-steady state transparency. In principle, when the populations in both states of a TLS are equal, the outcome of equal rates of stimulated emission and absorption should result in transparency. We find that this basic principle can be satisfied, but is dependent on the state of the atomic density matrix and the phase of the probe light. Indeed, we show in this work that the phase of the probe field can be chosen to result in no energy transfer if the TLS is in a maximum coherence superposition state and the probe is resonant while being in phase with the atomic coherence. The invariance of the atomic density matrix to a perturbation that satisfies the relative phase condition is called photon locking (Tannor, 2007; Vreeker et al., 1986; Bayer et al., 2009; Bodey et al., 2019) and is implemented to realize transparent propagation of probe pulses in a medium of TLS scatterers. We call the resulting transparency phenomena phase-dependent transparency (PDT). In this work, we also propose a protocol to realize absorptive all-optical switching (Yadav and Bhattacherjee, 2022; Volz et al., 2012) where a relative phase between the probe field and atomic coherence can be used to tune between absorption and transmission. All-optical switching has been realized, based on the principle of perfect photon absorption, in cavity QED schemes with cold atoms interacting with a cavity driven by two fields with some constant relative phase (Agarwal et al., 2016; Guo et al., 2024). One extremely important research area is the realization of optical switching with single-photons (Volz et al., 2012; Shen and Fan, 2005), though this is beyond the scope of this work. Our protocol uses a semi-classical scheme with TLSs interacting with classical pulses, allowing on-demand switching between absorption and transparency in the transient regime.
MATERIALS AND METHODS
We consider the problem of propagation of hundred ps pulses in a homogeneous continuous vapor of two-level atoms with density n with no buffer gas and low-moderate optical depth α<1, where L is the medium length. Each atom at position x has transition frequency ω0, and is initialized in the maximal coherence state ψ0 (with |⟨1|ψ0⟩⟨ψ0|2⟩|=1/2) at the retarded time t−x/c=0. The optical depth must be restricted to prevent the free polarization field generated by the atomic coherence in the medium from perturbing the maximum coherence state. We use the Maxwell-Bloch equations (Svidzinsky et al., 2015) to model the evolution of the pulse and atomic populations and coherences. A probe pulse, with duration τ and central time tc, is introduced from the left and reaches the medium at x=0. The pulse has waveform E(x,t)=A(x,t)cos(kx−ωLt−ϕ0−ϕ(x,t)), with complex-valued envelope A(x,t), and frequency ωL=ω0+Δ0, where Δ0 is the pulse detuning, and ϕ(x,t) is a general time and position dependent phase. For convenience, we define the time-dependent detuning Δ(x,t)=Δ0+ϕ̇(x,t). We assume that ω0≫|Δ(x,t)|,|A(x,t)|. We obtain the below field interaction Hamiltonian,
H̃=−12Δtσ̂z+ReΩx0,tσ̂x−ImΩx0,tσ̂y(1)
where we defined the complex Rabi frequency Ω(x0,t)=−μA(x0,t)eiϕ0/ℏ, where μ=1|er̂|2 is the atomic transition dipole moment, after applying the rotating wave approximation to remove fast terms. For comprehensiveness, we account for spontaneous emission processes with decay rate Γ. Using the TLS density matrix, ρ(t), for an atom at x=x0, we define the generalized density matrix, ρ(x,t), as a continuous function of position. We make use of the Bloch vector formalism with the goal of obtaining a vectorized equation for the atomic population and coherence terms. We define the Bloch vector σ⃗(x,t),
σ⃗=σx,σy,σzTσx+iσy=2ρ21σz=ρ11−ρ22(2)
And introduce the driving vector v⃗(x0,t)=(Re[Ω(x0,t)],Im[Ω(x0,t)],−Δ(t))T and obtain a geometric form for the evolution of the Bloch vector using the Hamiltonian (Equation 1),
σ⃗̇=−v⃗×σ⃗−Γσ⃗−0,0,1T(3)
where we used the Feynman-Vernon-Hellwarth representation (Tannor, 2007), modified to take into account spontaneous emission. To model the propagation of a probe pulse through a cold vapor of two level atoms we use the semiclassical Maxwell-Bloch equations in the slow-varying-envelope-approximation (SVEA). Assuming that the probe pulse propagates paraxially with a pulse duration much larger than the oscillation frequency (τ≫2π/ω), it follows that the probe pulse can be approximately expanded as a product of a fast oscillation ei(kx−ωt) and a slow envelope for the probe Rabi frequency Ω(x,t) (Svidzinsky et al., 2015).
1c∂∂t+∂∂zΩx,t=iPx,t(4)
We consider the evolution of the probe pulse in response to the macroscopic polarization consisting of the dipole moments of the atomic vapor P=nμ2ω2ℏϵ0cσ+ where σ+=(σx+iσy)/2 (Equation 2). The optical response to the probe pulse, including absorption and dispersion, is obtained by propagating Equations 3, 4. We assume that there is a strong initial polarization P(x,t0) generated by a forward-directed pump pulse with phase ei(kx−ωt). In the SVEA, the only coherent field produced is the forward-directed field due to phase-matching enforced by the spatial phase of the coherence. Therefore we do not consider the backwards directed field in our model.
RESULTS
From Equation 3, we obtain an important result. With the assumption that the pulse duration is small enough that there is negligible change to the Bloch vector from spontaneous emission, when σ⃗‖v⃗, there is no time-dependence to the Bloch vector, in contrast to the general case shown in Figure 1. This is called photon locking (Tannor, 2007; Vreeker et al., 1986). We can understand the phenomenon of photon locking in the TLS by considering the time evolution of the TLS when a pump and probe pulse are sequentially applied. In the case where the pump Rabi phase is zero and the pulse is a resonant π/2 area pulse, the Bloch vector is rotated to σ⃗0=(0,1,0)T. If the probe Rabi phase is also zero (plus a multiple of 2π), then all the population would move to the excited state and we would have σ⃗1=(0,0,−1)T as if a single π pulse was applied. We note that in this case, the probe and σ+ are out of phase. However, in the case where the probe Rabi phase is π/2 (plus a multiple of π), the probe and σ+ are in-phase, satisfying condition σ⃗‖v⃗, and this results in no population transfer. Another identification we can make is that σ⃗0 corresponds to an eigenstate of H̃ (Equation 1), which is a time-dependent Hamiltonian that also has time-independent eigenstates-implying that σ⃗0 is also an eigenstate of time evolution.
[image: A Bloch sphere diagram depicting quantum state vectors. The sphere shows labeled axes x, y, and z with quantum states |1⟩ and |2⟩. It includes vectors: \(\hat{v}\) in red, \(\vec{\sigma}_0\) in green, and another \(\vec{\sigma}_0\) in purple, extending from the origin.]FIGURE 1 | Demonstration of the Bloch vector σ⃗0 (green) evolution by the torque σ̇̂0 (purple) induced by the driving vector (red unit vector v̂).By itself, this condition is insufficient for us to obtain transparency. While the atom undergoes no dynamics from the driving vector when the condition σ⃗‖v⃗ is satisfied, this does not necessarily imply that the field experiences no change (up to some phase shift). Indeed, an introduction of a chirp or phase to the field will unravel transparency. Unlike the case of EIT, where the absorption pathway is completely suppressed, with photon locking both absorption and stimulated emission processes still occur-such that there can still be a polarization response from a single atom. A nonzero population inversion (σz≠0) will result in a polarization response to the pulse, that results in the rotation of v⃗ as the pulse propagates in the medium, hence photon locking by itself is insufficient a criterion for transparency of the TLS medium to the pulse. We find that in the limit where σz=Δ0=0, we obtain the condition that the phase of the atomic coherence must be equal to the Rabi phase ϕ0, up to a multiple of π. The condition for phase-dependent transparency is given explicitly below,
σz=Δ0=0,argσ+=argΩmodπ(5)
The satisfaction of the above condition (Equation 5) results in phase-dependent transparency, where the scattering processes that result in population shift upwards (absorption) and downwards (stimulated emission) have equal probability amplitudes (in magnitude and phase) and exactly cancel, resulting in no phase shifts to the field. Using the equations of motion for the pulse envelope Ω(x,t), we see that this results in no polarization response to the pulse. If the phases of the two scattering amplitudes are not equal up to a multiple of π, we will observe Rabi flopping (population cycling). On the other hand, if there is some population inversion in the medium (which requires Δ≠0 to satisfy v⃗×σ⃗=0), there will generally be a phase-shift to the pulse after it interacts with the TLS. This altogether justifies the constraint Equation 5. Additionally, we note that all scattering terms preserve the phase of |ψ0〉, as seen when we calculate the Dyson series, giving us an alternate derivation for the phase matching condition, see Supplementary Material (Ramaswamy and Malinovskaya, 2024).
For the equations of motion of the probe pulse, we utilize the retarded Green’s function to propagate the solution of Equation 3 and Equation 4 using the initial conditions at t=t0 for the probe Ω(x,t)=Ω0(t−c−1x) and Bloch vector σ⃗(x,t0). The resulting field is the sum of the free field and the scatterer contributions.
Ωx,t=ei/c∫0xdξ ϕ̇t−c−1x−ξΩ0t−c−1x+inμ2ω2ℏϵ0c×∫0xdζ e−i/c∫0ζdξ ϕ̇t−c−1x−ξσ+ζ,t−c−1x−ζ(6)
We also obtain the below integral equation for σ+(x,t),
σ+x,t=σ+x,t0e−Γ/2+iΔ0t−t0e−i∫t0tdt′ ϕ̇t′+ie−i∫t0tdt′ ϕ̇t′∫t0tdt′ Ωx,t′e−Γ/2+iΔ0t−t′×ei∫t0t′dζ ϕ̇ζσzx,t′(7)
which when substituted into Equation 6, separates the free polarization component of the Rabi frequency, Ωf(x,t)=iα0L−1∫0xdx′σ+(x′,t0)Γe−(Γ/2+iΔ0)(t−t0−c−1(x−x′)), from the polarization response to the field, which depends on the population inversion σz(x,t). Here, α0=nLμ2ω2ℏϵ0cΓ is the optical depth at resonance. When the condition τ≪Γ−1 is satisfied, we can neglect the contribution from spontaneous emission but we retain the term in our simulations for completion. The free polarization field has negligible contribution to the Bloch vector for α0τ≪1. As long as σz=0 everywhere in the medium, and for all time, there will be no polarization response to the pulse, and the driving vector v⃗(x,t) will not rotate. It follows that the field propagates transparently in the atomic medium when the conditions for phase-dependent transparency are satisfied.
To verify the transmission/absorption behavior for different values of the initial phase ϕ0, we compute the normalized intensity-time integral:
Qx=∫−ττdt′ |Ωx,t′/Ω0,t′|2(8)
In the transparent case (ϕ0=π/2), the probe and free polarization fields are out of phase by π/2 and thus do not interfere. Therefore, we subtract the free polarization contribution from the total intensity before calculating Q(x). To analyze the dispersive properties of the medium, we compute the group delay τg(x) and the temporal variance στ2(x) of the transmitted field,
τgx=∫t0t1dt′ t′|Ωx,t′|2∫t0t1dt′ |Ωx,t′|2στ2x=∫t0t1dt′ t′−τgx2|Ωx,t′|2∫t0t1dt′ |Ωx,t′|2(9)
In the absorptive case (ϕ0=0), the probe and free polarization fields are both purely imaginary and interfere coherently. As a result, they cannot be individually resolved, and their interaction gives rise to a cross term 2Re[ΩfΩpr*] in the intensity. Although the population inversion remains approximately zero (σz≈0), a strong optical torque is exerted on the Bloch vector due to this coherent interaction, leading to energy transfer that is suppressed in the photon-locking regime. We numerically simulated the propagation of resonant pulses using Equations 3, 6 using the method of lines in space, and integrated the ODE equations in the retarded time coordinate τ=t−z/c. We considered the two cases of ϕ0=0, π/2, with ϕ(x,t)=0, in a medium of Rb-87 atoms initialized in state |1〉+i|2〉/2, see Figure 2 (ϕ0=0) and Figure 3 (ϕ0=π/2). The decay rate is given by Γ=(2π)6.05 MHz. In the absence of photon locking (ϕ0=0), we observe the expected absorption of the probe field, as population is transferred to the excited state. This process perturbs the linear evolution of σz(x,t) and σy(x,t) associated with the free polarization field. Coherent interference between the probe and free polarization leads to a pronounced intensity reduction of −16.9 dB in Q(x) at x≈0.254 m, beyond which the intensity increases-see Figure 4.
[image: Four graphs display different functions over time, \( \tau \) in microseconds, for positions \( x = 0 \), \( x = 0.05 \, \text{m} \), \( x = 0.25 \, \text{m} \), and \( x = 0.35 \, \text{m} \). The top graph shows the normalized amplitude squared \( |\Omega(x,t)/\Omega_0|^2 \), with distinct peak shapes for each \( x \). The second graph illustrates \( (1 - \sigma_Z(x,t))/2 \) showing variation. The third graph depicts \( \sigma_Y(x,t) \) trending downward. The fourth graph shows \( \sigma_X(x,t) \) consistently near zero, with minimal variation. Each graph uses similar legend colors for \( x \) values.]FIGURE 2 | Numerics of the normalized probe intensity (top) and Bloch vector components (σx,σy,(1−σz)/2) versus the retarded time τ at different distances x for the absorptive case (ϕ0=0). The incident probe has pulse area 0.004π and duration τ=100 ps.[image: Four stacked line graphs show data for different values of x: 0, 0.05, 0.25, and 0.35 meters, represented by red, blue, green, and purple lines respectively. The top graph displays a symmetric curve. The second graph shows downward-sloping lines. The third graph also shows downward-sloping lines, but at a more gradual rate. The bottom graph depicts lines around zero, indicating minimal change.]FIGURE 3 | Numerics of the normalized probe intensity (top) and Bloch vector components (σx,σy,(1−σz)/2) versus the retarded time τ at different distances x for the PDT case (ϕ0=π/2). The incident probe has pulse area 0.004π and duration τ=100 ps.[image: Graph showing \( Q(x) \) in decibels (dB) versus \( x \) in meters. The curve decreases to a minimum at around \( x = 0.25 \) m, reaching below \(-15\) dB, and then rises above 6 dB as \( x \) approaches 1 m.]FIGURE 4 | Normalized intensity-time integral Q(x) (in dB units) versus position for the absorptive configuration as in Figure 2.The dispersive behavior observed in this regime arises from the coherent interference between the probe and the free polarization field. As shown in the plots of the temporal quantities (Equation 9) in Figure 5, for propagation distances x<0.2 m, the pulse exhibits significant temporal narrowing, evidenced by a decrease in the temporal variance στ2(x), along with a small positive group delay τg(x)>0. In this region, the probe field amplitude exceeds that of the free polarization, and destructive interference primarily suppresses the resonant spectral components of the probe, effectively preserving its off-resonant spectral components. For x>0.2 m, the free polarization becomes dominant, leading to temporal broadening of the total field relative to the input probe. Both the group delay and temporal variance asymptotically approach the characteristic values of the free polarization field alone.
[image: Graph displaying two curves on a shared x-axis labeled "x (m)" ranging from 0 to 1. The blue curve, with a left y-axis label \( \tau_g(x)/\tau \), varies between -0.01 and 0.002. The red curve, with a right y-axis label \( \sigma_\tau^2(x) / \sigma_\tau^2(0) \) in decibels, ranges from -4 to 4. Both curves exhibit complex waveforms with significant peaks and troughs between 0.2 and 0.4 on the x-axis.]FIGURE 5 | Normalized group delay τg(x)/τ (blue) and normalized temporal variance στ2(x)/στ2(0) (in dB units) versus position for the absorptive configuration as in Figure 2.Phase-dependent transparency is obtained for the photon locking case (ϕ0=π/2) where the probe intensity profile remains unchanged throughout the medium. The change to the atomic Bloch vector σ⃗(x,t) is purely linear, unlike the absorptive case where absorption of the probe field increased the population inversion σz. The persistence of σz(x,t)≈0, along with the relative phase condition (Equation 5) leads to a vanishing optical response in Equation 7. As shown in Figure 6, the change in the probe intensity-time integral Q(x) remains small—approximately 2×10−2 at x=1.0 m. Note that for the total transmitted field, the free polarization field must also be included in the integral for Q(x). Due to the π/2 phase offset between the probe and free polarization fields, this contribution increases Q(x) without affecting the probe profile. In addition to this negligible absorption, the group delay τg(x) and temporal variance στ2(x) show minimal variation across the medium (see Figure 7), further supporting our characterization of the observed behavior as PDT. Together, these results confirm that the field propagation satisfies Ω(x,t)≈Ω0(t−x/c), in agreement with our numerical simulations.
[image: Graph showing a red curve representing Q(x) in decibels on the vertical axis, plotted against x in meters on the horizontal axis. The curve starts at 0 decibels at x equals 0 and gradually decreases to approximately negative 0.008 decibels at x equals 1.]FIGURE 6 | Normalized intensity-time integral Q(x) (in dB units) versus position for the PDT configuration as in Figure 5.[image: A graph with two curves on a plot. The x-axis is labeled with "x (m)" ranging from 0 to 1.0. The left y-axis in blue shows "τ₉(x)/τ (10⁻³)" with values from -1.5 to 0. The right y-axis in red shows "σᵀ²(x)/σᵀ²(0) (10⁻⁴ dB)" with values from -1.4 to 0. The blue curve decreases more steeply than the red curve.]FIGURE 7 | Normalized group delay τg(x)/τ (blue) and normalized temporal variance στ2(x)/στ2(0) (in dB units) versus position for the PDT configuration as in Figure 5.DISCUSSION
The transparency phenomenon is robust to the probe detuning to an extent, see Figure 8. For |Δτ|≪|Ω0|−1, there is negligible transfer of coherence from σy to σx and hence negligible population transfer. However as the detuning or pulse duration increases, population will either shift to the ground or excited state depending on the sign of Δ. In the case of initial state |1〉+i|2〉2 and ϕ0=π/2, the Bloch equation (Equation 3) shows that population shifts to the ground state for Δ<0 and to the excited state for Δ>0 as we increase |Δ|. The population transfer cycles between the two states as we increase |Δ| further. This occurs because the initially imaginary coherence is transferred to the real coherence at a rate Δ and the real coherence is transferred to the population inversion, σz, with rate Im[Ω]. The signs of Δ are reversed for ϕ=−π/2.
[image: Contour plot illustrating the relationship between pulse duration (τ) and detuning (Δ), showing varying intensities of ρ_ee. Color gradient ranges from blue (0.0) to yellow (1.0).]FIGURE 8 | Plot of the excited state population ρee after interaction with a π/2 pulse with relative phase zero versus the probe detuning Δ and the pulse duration τ, in arbitrary units.The degradation of phase-dependent transparency (PDT) in the presence of nonzero detuning implies that a thermal velocity distribution in the atomic medium will similarly be detrimental. To examine how a distribution of detunings affects transparency even when the phase-locking condition is satisfied, we introduce a velocity distribution g(v⃗) and a velocity-dependent detuning Δ(v⃗)=Δ0−k⃗⋅v⃗. We assume all atoms, regardless of their velocity class, are initialized in the maximally coherent Bloch state (0,1,0)T. We consider the averaged Bloch vector σav(x,t)=∫dv g(v⃗)σ(x,t;v) and expand the general solution to first order in Δτ, assuming that Δth,|Ω0|≪τ−1 where Δth is the Doppler width. We move to the interaction picture in which the time-dependence of the Rabi frequency is explicitly retained, such that v⃗(x,t)=|Ω(x,t)|(cos(Δt+ϕ),sin(Δt+ϕ),0)T and expand to first order. The solution to Equation 3 for ϕ=π/2 is given by,
σ⃗x,t∼σ⃗x,t0−2Δthτ2Ω0τ∫−2Δth2Δthdvgv⃗Δv⃗2Δth2Ω0τ2τ∫t0tdt′|Ωx,t′Ω0|2,0,|Ωx,tΩ0|T+OΔthτ2(10)
We can see that all terms in Equation 10 are of the form c(2Δthτ)(2Ω0τ)n, where |c|∼1. Substituting this term into Equation 6, we similarly see a scaling of the absorption coefficient with Δthτ. It follows that we can suppress the effect of a non-zero detuning and Doppler broadening by enforcing Δth,|Ω0|≪τ−1.
We have assumed the case of a homogeneous continuous vapor of two-level atoms in our model and assumed no inhomogeneous effects including variations in the spatial profile of the beam, frequency shifts of the atoms and the presence of background scatterer species that produce phase fluctuations in the probe. Due to the coherent nature of photon locking, any effects that disturb the coherent phase relationship between the atoms in the medium and the pulse will degrade PDT. While these effects are beyond the scope of this paper, we detail how our model can be extended to incorporate inhomogeneities for the interested reader. Position-dependent drifts in the transition frequencies of the atoms can be introduced as randomly assigned c-number detunings Δ(x)σz(x), selected from a Gaussian distribution with ⟨Δ(x)⟩=0, ⟨(Δ(x))2⟩=σΔ2 to model effects such as inhomogeneous magnetic shifts in a vapor cell or optical trap setup. The effects of these shifts on PDT is similar to the case of Doppler broadening where enforcement of the condition |2σΔτ|≪1 can be used to suppress drift effects. Inhomogeneities in the probe beam profile can be introduced through phase kicks to the Rabi frequency Ω(x,t)→Ω(x,t)eiϕ(x), similarly selected from a Gaussian distribution with ⟨ϕ(x)⟩=0, ⟨(ϕ(x))2⟩=σϕ2. In addition, we can incorporate the effect of decay and phase fluctuations in the field due to scattering from a background species by introducing to the SVEA unidirectional equation (Equation 4) a position dependent decay term −κ(x)Ω(x,t) and Langevin forces F(x,t) (Scully and Zubairy, 1997). A more rigorous theoretical examination of these effects will be explored in a future work.
As previously mentioned, the transparency effect is sustained when the condition τ≪Γ−1 is satisfied. For larger scatterer densities, spontaneous emission and the free polarization generate a large enough field such that we can no longer neglect the contribution from the first term in Equation 7. We hence do not consider the phenomenon of phase-dependent transparency in the regime where open system dynamics become significant.
The results with PDT yields important conclusions on how we can use the phase of light fields to induce transparency by making the scattering amplitudes for absorption and stimulated emission equal in magnitude and phase. We remark that is different from EIT where the scattering amplitudes for absorption from different pathways sum to zero due to them being π out of phase with each other. There is a parallel in that we can tune induced transparency to induced absorption in the non steady-state case by changing the phase of the probe field (Abi-sallouma et al., 2007). Furthermore, in contrast with EIT, our approach would only require optical pumping to a state which is transparent to the probe field, and does not require a coupling field to generate the destructive interference required of EIT.
All-optical switching
The results we developed here have applications in the development of optical switches (Yadav and Bhattacherjee, 2022; Volz et al., 2012). Indeed, phase dependent transparency could provide an easy way to generate on-demand transient absorption and transparency through control of the relative phase between the probe field and atomic coherence. To illustrate this, we introduce a conceptual scheme for all-optical switching in Figure 9. A pump (red) and probe (green) pulse are prepared and joined at the third arm to generate a pulse sequence described by the tuple (A,ϕi) where A is the pulse area magnitude and ϕi is the Rabi phase. The distances of the arms xi are used to set ϕi. The chamber (dark grey) is a medium of two level scatterers that are resonant with the frequencies of the two pulses. The pump pulse drives the system to the maximum coherence state, σ⃗0, and the response to the probe pulse is determined by the relative phase ϕ2−ϕ1. Since the π/2 pump pulse generates an atomic coherence that is π/2 out of phase with that of the pump pulse, completely transparent transmission of the probe pulse is achieved when ϕ2−ϕ1≡π/2mod(π). On the other hand, if ϕ2−ϕ1≡0mod(2π), population is transferred to the excited state and we get absorption. We also mention the case for ϕ2−ϕ1≡πmod(2π) where population is returned to the ground state, resulting in amplification of the probe. After the probe pulse passes, the system is reset, where all the population is returned to the ground state, for application of the next pump-probe pulse sequence. The protocol we developed assumes that the TLSs interact with coherent fields that can be described by a semiclassical Hamiltonian. Therefore the results derived here can be extended to the cavity QED setup of a TLS interacting with a classical control field and cavity driven by a coherent probe field. For the purposes of all-optical switching with fast (∼100 ps) pulses, switching contrasts of upwards of 10 dB are required. Using our definition of the intensity-time integral Q(x) (Equation 8), we calculate the switching contrast S(x):
Sx=−10⁡log10QabsxQPDT,prx+QPDT,freex(11)
[image: Diagram illustrating a pump-probe experiment setup. A "Pump" signal moves horizontally, intersecting with a "Probe" signal that moves vertically. Red and green lines represent signals with arrows indicating direction. The interaction occurs in a gray box with notations \( \Omega_{pr} \) and \( \Omega_{p} \). Mathematical conditions for "Transmission" and "Absorption" are shown: \( \phi_2 - \phi_1 \equiv \pi/2 \mod(\pi) \) and \( \phi_2 - \phi_1 \equiv 0 \mod(2\pi) \).]FIGURE 9 | Protocol for all-optical switching using phase-dependent transparency in two-level systems.The plot of the switching contrast, calculated with Equation 11, in Figure 10 shows that a maximum contrast of S∼19.9 dB is achieved at x=0.258 m, which is well above the 10 dB contrast. In opposition to optical switching schemes based on EIT, the absorptive effect does not scale with the optical depth as the coherent interference between the probe and free polarization leads to an increase in intensity once the free polarization’s intensity is comparable to the probe’s. Nonetheless, the high switching contrast achieved with this simple scheme shows that PDT-based all-optical switchers can be a promising direction for developing classical all-optical switching, especially in the ultrafast regime.
[image: Graph showing S(x) in decibels versus x in meters. The red curve peaks at approximately 0.2 meters with a value of 20 decibels, then gradually declines.]FIGURE 10 | Switching contrast S(x) (11) in dB versus distance x for the PDT optical switcher with density n=2×1013 m−3, pulse area 0.004π, and pulse duration τ=100 ps.We have theoretically demonstrated a new form of non-steady state transparency in the two-level system (TLS) with fast hundred ps pulses, which we call phase-dependent transparency (PDT), that is realized when the TLS is in a maximum coherence state and when the relative phase between the probe pulse and atomic coherence is a multiple of π. We used a semiclassical framework to describe the propagation of classical fields in a medium of TLS scatterers and developed the phase matching condition from a geometric formulation of the Bloch vector equations and the polarization response to the probe field in the SVEA. Our results show that the phase of the probe field can control the absorption response of the medium, enabling transparency in configurations where it is not typically observed—for example, in degenerate hyperfine magnetic manifolds of alkali atoms (Lipsich et al., 2000; Ramaswamy et al., 2023). While our model considers a simplified two-level system and omits effects such as Doppler broadening, spatial inhomogeneity, and dephasing, the core concept of photon locking via a relative pump–probe phase can be generalized to multilevel systems that incorporate these complexities. The findings discussed in this work contribute to the broader understanding of coherence and phase control in non-steady-state transparency. We also proposed a conceptual protocol for implementing all-optical switching using PDT in alkali atom vapor cells with ps optical pulses. Future research may further explore the theoretical limits and experimental feasibility of such switching schemes, including strategies to mitigate decoherence, phase noise, and inhomogeneities.
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