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A theoretical study of the nonlinearity reduction in a four-level system of potassium, atom in the presence of a strong nanosecond laser field, which excites the transition

emission, without population inversion, in a cascade scheme.

4S

6S ↔ with two photons, is presented. It is shown, that the destructive quantum interference between the laser field and the internally generated radiations results in a linear response of the atomic path-1

( 1/2 1/ 2 3/2 1/2 5P 4S 6S 4S ↔ ↔ ↔
) emitted parametric fields.

For sufficiently high laser intensities and/or atomic densities the path-1 emitted fields are driven into saturation, a regime accompanied by substantial population redistribution among the states. A reasonable agreement between earlier experimental results and the theoretical ones is obtained. It is also shown, that upon saturation of path-1, for low atomic density, the path-2

( 1/2 1/2 3/2 1/2 4P 4S 6S 4S ↔ ↔ ↔
), is activated. A subtle interplay between laser intensity and atomic density may determine the activation of path-2. Also, it is shown that the path-2 emission 1/2 3/2 4P 6S ↔ is an amplified spontaneous emission process which induces a

Introduction

The laser-atoms interaction induced by a moderate intensity laser beam tuned near an allowed two-photon transition, results in the generation of new radiation fields from nonlinear processes, such as parametric four-wave mixing (PFWM), stimulated hyper Raman scattering (SHRS) and amplified spontaneous emission (ASE) [1,2] and six-wave mixing (conical third harmonic generation-THG) [3]. New effects can occur because of the constructive or destructive quantum interference (QI) between transitions along multiple excitation pathways in a given set of optically coupled states, where one of the pathways involves internally generated fields [4]. Under destructive interference some resonant enhancements can completely canceled (suppressed) [5]. This suppression effect can take place with odd or even photon excitation schemes [1][2][3][4][5][6][7][8]. As a consequence, laser depletion, saturation of the nonlinear susceptibility and population transfer are significantly modified. Population transfer leads to significant changes of the refraction index and thus limits the conversion efficiency of the wave mixing process. Nonlinear radiation trapping at high optical depths is also shown to drastically change the spatial distribution and temporal evolution of the excited state population and of the fluorescence light trapped by the nonlinear medium [9]. The response of the nonlinear medium can be also considerably modified by the ac Stark shifts and by the power broadening induced by the generated fields [1], when a sum or difference wave mixing occurs. These phenomena and the suppression effects observed when quantum interference is present can cause a linear response of a nonlinear medium [4-8 and 10].

In our previous work, we have shown experimentally [6] and theoretically [8] in the case of potassium atom that even photon QI resulting from two different excitation paths to the 1/2 6S excited state, one by the two photon pumping laser and another by the generated fields, can lead to a linear dependence of the emitted radiation field on the excitation intensity. In this case, it was estimated that the ratio of the frequencies of the two generated photons is equal to the ratio of the corresponding intensities. Specifically, in the case of the potassium atom, it was shown that the ratio int n of the peak intensities of the PFWM generated fields close to the ( )

1/2 3/2 3/2 1/2 int 6S 5P 5P 4S max n I I - - = = 1/2 3/2 3/2 1/2 6S 5P 5P 4S - - ω ω ≈0.
11 [8]. It was also shown that for sodium [1,4] and potassium [6,8] atoms, the pumping laser intensity and the atom number density are crucial factors that determine whether the destructive QI effect is insignificant (nonlinear region) or dominant (linear region). In order to elucidate the relative importance and complicated interplay of the various parameters of the driving laser and the atomic system, we have set out to model the dynamics of the laser-driven four-level system. In an early attempt [7], we had employed a simplified formulation of the self-consistent evolution of the internally generated field intensities in the context of a density matrix description of the laser-atom dynamics. The essential features of the emitted radiation along both deexcitation paths, as identified in earlier experiments [6], were recovered. However, various temporal and spectral details of the emitted pulses were not reproduced in a fully satisfactory way. In order to improve our understanding of the dynamics of the system, we have proceeded with a detailed formulation of the self-consistent propagation of all internally generated fields. A preliminary account of our results was presented in a conference paper [8] and a fuller, yet still partial and incomplete, account in a subsequent conference presentation [START_REF] Armyras | AIP Conf. Proc[END_REF].

Therefore, this study investigates in considerable detail the temporal dynamics of the different emission channels induced by two-photon excitation of the potassium atoms in conjunction with the QI effect and population transfer. We focus on the description of the rather complicated dependence of the emission intensity on the pumping laser intensity which shows a nonlinear, a linear and a saturation region. The study employs a simplified but adequate theoretical model for the simulation of the temporal profiles of the internally generated fields, for several laser intensities and atomic density values, as well as the population distribution between the states involved. The theoretical results are also compared with earlier experimental results obtained under similar conditions.

Theoretical modelling

In our model we assume that the excitation field does not propagate because its envelope is spatially more extended than the atomic medium. 
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to the state 

( ) ( ) ( ) 4 ij ij ij ij ij 1 E z, t z, t exp[ i v t k z ] 2 c.c = ⎡ ⎤ = ε - - + ⎣ ⎦ ∑
, where the complex amplitudes ( ) ij z, t ε are regarded as slowly varying in amplitude and phase within a period and a wavelength of the carrier wave (SVEA) [8].

Solving the von Neumann equation 
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c.c + .

We added phenomenologically the coherence decay rates of the system which are defined according to:

( ) 5S , through which the atom decays from state 2 to 1 .

Additionally, we took into account the contribution of collision dephasing rate (or collision phase relaxation) col col 1 γ = τ by appropriately including it in the dephasing term for the non-diagonal density matrix elements. In the above equations ( 5)-( 10) the collision dephasing term was added in the first brackets on the right-hand side of the equations according to the convention ( )

ij col i γ + γ .
Experimental studies of the collision broadening and energy shift of potassium resonance lines by noble gasses, supplemented by semiclassical and quantum mechanical calculations have been performed in many cases [13,14]. Specifically, it was shown [13] that the impact of the above phenomena on potassium states, for a variety of noble gasses (e.g. helium, neon and argon), is significant for relatively high densities ( 18 3 10 cm -), considerably higher than the ones relevant for our study ( 133 10 cm -). In previous experiments, we used helium as a buffer gas to keep the potassium away from the cell windows for average densities of 15 3 10 cm - [5]. Therefore, in order to take into account potassium-noble gas collisions, we used the value col γ = 0.017 1 cm -which is appropriate for elastic dephasing collisions in the system Na-He, (for pressures less than 20 Torr) as estimated in reference [15], a system quite similar to the one (K-He) studied in this work for average potassium densities of 14 

( ) ( ) ( ) ( ) ij ij 0 ji ij , i k 4 p , ∂ ∂ζ Ω ζ τ = ε μ ζ τ h , where 
( ) ( ) ij p , NTr ζ τ =
μρ is the quantum mechanical polarization, N the atomic density, 0 ε the permittivity of free space, ij k the wave-number for each transition and ji μ the corresponding matrix element of the electric dipole operator. From reference [16] we find that the matrix elements of the transitions of interest are: 24 μ = 10.7 a.u., 41 μ = -0.453 a.u., 23 μ =1.07 a.u.

and 31 μ = -5.13 a.u. respectively. Also, the two-photon matrix element of the pumping transition is ( )

2 12
μ = -950 a.u. More specifically, the propagation equations for the internally generated Rabi frequencies obtain the following form:

( ) ( ) ( ) 2 24 24 0 42 24 , iN k 2 ∂ ∂ζ Ω ζ τ = ε μ σ h , (11) ( ) ( ) ( 
)

2 41 41 0 14 41 , iN k 2 ∂ ∂ζ Ω ζ τ = ε μ σ h , (12) ( ) ( ) ( 
)

2 23 23 0 32 23 , iN k 2 ∂ ∂ζ Ω ζ τ = ε μ σ h , (13) ( ) ( ) ( 
)

2 31 31 0 13 31 , iN k 2 ∂ ∂ζ Ω ζ τ = ε μ σ h . ( 14 
)
The coupled system of equations (1)(2)(3)(4)(5)(6)(7)(8)(9)[START_REF] Armyras | AIP Conf. Proc[END_REF][START_REF] Hart | [END_REF](12)(13)(14) is solved numerically in order to obtain the unknown Rabi frequencies ij Ω and density matrix elements ij σ . We use a fourth-order Runge-Kutta method of constant step size. Initial conditions are such that the atoms are in the ground state

for each ζ at τ = 0. The boundary conditions for the internally generated Rabi frequencies at ζ = 0 are defined by quantum noise [15] i.e. we assume that the initial values of the fields that induce one-photon transitions of interest result from quantum fluctuations.

Results and discussion

Excitation of the transitions show a linear dependence on the laser intensity max I , a feature we call "linearization" of path-1. In the following sections we present our results concerning: the path-1 emissions, the population transfer among various states and the comparison of the simulation results with the experimental results (for low atomic density). Finally, we present some results for the path-2 emissions for high atomic density at which they start to become significant.

Intensity of the path-1 emissions as a function of the excitation max I

(a) The pumping laser intensity effect. The three regions The transition between the three regions becomes less sharply defined as the atomic density is increased. This may indicate the emergence of a fourth region, in between the "nonlinear" and "linear" ones, for still higher atomic densities, a feature we have not further investigated. However, the transition from the "linear" to the "saturation" regions does not seem to support a similar tentative conclusion, at least for the range of atomic density values we employed in our calculations. It is a typical transition from a power-law intensity dependence to a saturated one.

(b) The QI effect

The calculation of the ratio ( ) transitions for the linear region, results in an average value of 0.14. This value is close to 0.11 (the ratio of the frequencies involved) as expected for a two-photon parametric process. This result agrees with the experimental results for sodium [1] and potassium atoms [6]. It was shown in [1,6] that the mechanism causing the linear response of the atomic medium is the destructive QI between the twophoton laser excitation and the excitation by the two photons 24 ω and 41 ω generated by the parametric process, which is 180 0 out of phase. We should mention that by parametric process we mean either the simultaneous emission of two photons corresponding to the

1/2 3/2 3/
transitions 2 4 1 ↔ ↔
or the wave mixing of two laser photons with a photon which came from the SHRS process connecting the states 1 and 4 . These two processes produce coherent emissions but with slightly different wavelengths due to phase matching constrains.

In the nonlinear region, the intensities of the two fields at 24 ω and 41 ω have not grown enough in the atomic medium in order to compete effectively with the laser excitation. Other possible emission mechanisms (such as weak ASE from the state 2 or SHRS that transfers population to the state 4 ), are not yet fully developed to provide a strong contribution to a four-wave mixing process, that could counteract the laser excitation. In short the QI effect in the nonlinear region is small at low laser intensity until the parametric emissions become strong enough to counteract the laser.

(c) The atomic density effect

In figure 2, the effect of the atomic density on the peak intensity of the radiation emitted at the 4 1 ↔ transition is demonstrated. In the nonlinear region, the rate of change of the emitted peak intensity as a function of the laser intensity is reduced as the density increases.

Moreover, the transition to the linear region, a manifestation of QI, occurs at lower laser intensities as the atomic density is increased. Finally, the saturation of the emitted radiation is predicted to occur at higher laser intensities as the atomic density is increased. The results in the nonlinear and the saturation regions can be consistently understood as a result of the diminishing number of available driving photons per atom as the atomic density is increased.

The onset of the linear region at progressively lower laser intensities as the atomic density is increased can be understood as a result of the enhanced emission from a larger number of available atoms.

We should mention that identical response is also found for the other emission of the path-1 at the frequency 24 ω of the 2 4 ↔ transition, which indicates their connection to the same generation process according to our model. In conclusion, we have presented the main features of the path-1 emission peak intensities as a function of the laser intensity and atomic density. The effect of the same parameters on the temporal profile of the internally generated fields is discussed in the following.

Temporal profiles of the generated fields of path-1

Figure 3 presents the temporal profiles of the generated fields along path-1 for a low laser intensity corresponding to the nonlinear region ( 2 max I 0.08MW/cm = ) and a low atomic N 4 10 cm - = × , for ζ = 5 cm. We notice that the fields are weak, narrower than the laser pulse and reach a maximum value a few ns after the laser maximum. The peak intensity ratio of the two emitted fields at 24 ω and 41 ω is equal to 1 which is typical for the nonlinear region. Additionally, the radiation at 41 ω has a similar temporal shape with that of 24 ω and their time delay, with respect to the laser pulse maximum, coincides with the increase of the 44 σ population by a stimulated process (SHRS) directly from the ground state (inset in figure 3(b)). The temporal shape of the pulses, their delay and the delay of the 44 σ population seem to indicate a four-wave mixing process of one SHRS photon and two laser photons. Figure 3(b) shows also, the population of all the atomic states for this particular low laser intensity and low atomic density. The population rise of the level 4 is delayed with respect to the level 2 population and rises faster than that of level 2 indicating a SHRS, that populates directly level 4 , while the level 2 population is due to the direct twophoton absorption of the laser photons.

Figure 4 shows a similar graph for the linear region, (

2 max I 0.4MW/cm =
), where the generated fields become stronger and they are maximized close to the maximum laser intensity ( 0 τ ≈ ). In the linear region the emissions at 24 ω and 41 ω have a temporal structure similar to the laser pulse but with an asymmetry in the second half of the pulse which seems to correlate to the ground state population reduction (a topic discussed below). The emitted intensity ratio of the two components is well below 1 and equal to 0.14, a feature discussed in detail earlier.

For the saturation region (

2 max I 4MW/cm =
), as shown in figure 5, the generated fields are broader, activate earlier and maximize before the laser maximum. The temporal profile of the two emissions at 24 ω and 41 ω is similar. The emission widths at 24 ω and 41 ω in the saturation region, are even shorter than the ones in the linear region, start earlier and finish more suddenly. These features are well correlated with the increased population transfer shown in the inset of figure 5 where even a transient population inversion of the excited state 4 with respect to the ground state is observed. In short the emitted fields along path-1 show a time shift of their maxima, a temporal profile change, and emitted intensity ratios which depend on the excitation laser intensity. These changes are well correlated with the population redistribution, which also depends on the laser intensity.

Population transfer

In this section we investigate the population distribution among the atomic states, as a function of the laser intensity, covering the three regions of interest, for a low atomic density of potassium. The internally generated emissions and the processes involved are directly related to the population transfer. In our simplified model the ionization, the non-elastic collisions, the backward emissions of ASE or SHRS and the conical emission are not included yet. In the following we investigate the population redistribution in the three regions of interest for the low atomic density case: a) In the nonlinear region, of excitation the population remains mainly in the ground state ( 11 1 σ ≈ ) while a very small percentage of the population is transferred to the state 2 by laser absorption and to the state 4 by SHRS mainly, as shown in figure 6(a) in detail.

The 22 σ population follows the envelope of the laser pulse and the 44 σ population starts 5 ns later in a very abrupt way indicating the presence of a stimulating process with population oscillations between the states 2 and 4 . There is very small population in the state 3 .

The ratio of the emitted intensities of the path-1 is close to 1, which indicates that the SHRS process has a strong contribution to the emission from the 
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40MW/cm = respectively. We notice a population inversion between the states 1 and 4 . The population of state 2 is equal to the population of state 1 for this onresonance case and its relaxation to state 3 is rather clear, providing a maximum population 28 ns after the laser pulse and initiating the emissions of path-2, as shown in figure 7(a). In figure 7(b) and 7(c), the population of state 3 evolves monotonically with the laser intensity increase. This is due to the response of path-2 generated fields, as we present in the following. Significant population transfer to the state 4 (over 53%) is also clearly shown in figure 7(c) for a laser intensity of 2 max I 40MW/cm = . From figure 7, it is evident that on two-photon resonance, the population of state 2 , tagged to that of the state 1 , slightly decreases with increasing laser intensity while the population of state 4 increases accordingly.

Another important observation from figure 7 is that maximum population is achieved for the state 2 at shorter times with increasing excitation intensity, which is reasonable since higher excitation intensity leads to rapid growth of the fields ( 24 ω and 41 ω ) which results in a shorter period of time for the QI effect to develop and suppress the population of 2 . Additionally, higher population of the state 4 compared to that of the state 2 is an indication of a SHRS process which transfers population from the state 1 immediately to the state 4 . This process is a kind of stimulated hyper Raman adiabatic passage (STIRAP)

for high laser intensity and detuning from 2 . The four-wave mixing process (involving two laser photons and one SHRS photon) can still take place to generate a field at frequency 41 ω in the saturation region, but the efficiency of the process is reduced. The slow decay rate from 4 to 1 represents a bottleneck for any further growth of the emitted field, despite the sizable increase in the population of state 4 . The large transfer of the population of state 1 to different levels also affects the emission processes through the modification of the index of refraction and the phase matching because the resonances involved are populated.

Comparison with experimental results

In order to compare the results of the simulation with relevant experimental results, we use the work of N. Merlemis et al. [6]. In figure 8 a plot of ( ) 
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Emissions of the path-2

The path-2 emissions refer to the radiation corresponding to the transitions

1 2 3 1 ↔ ↔ ↔ .
Experimental results [6,8,15] and the theoretical simulation both show that path-2 is activated only when the laser intensity and the atomic density have values such that path-1 is driven into saturation, for a low atomic density and in the linear region, for a high atomic density.

In figure 9 we present the temporal profiles of the generated fields near the transitions one. We think that the difference between the experimental and theoretically predicted values could be in part due to some important simplification of the model, such as: i) the exclusion of state in the experiment and ii) the exclusion of any conical divergence of both emissions [17].

In figure 10 we present the population distribution for an atomic density of N ~10 cm -, path-2 is activated while path-1 is in the linear region, as presented in figures 9 and 10.

Conclusions

In this work we studied the two-photon interaction of a laser field with potassium atoms and compared the simulation results with relevant experimental observations. We have found that there is significant interplay between two different paths of de-excitation, with the activation of the second path (path-2) closely related to the linearity of response or saturation of the first path (path-1). In particular: i) There is a nonlinear region for the generated fields of path-1, where the parametric fields are relatively weak to counteract the laser excitation and thus the destructive QI is small. There is insignificant population transfer in this region.

ii) In the linear region, the generation process for path-1 seems to be mainly parametric, with the destructive QI effect to be strong. There is few population transfer and the atomic system remains mainly in the ground state.

iii) Approaching the saturation region, there is significant population transfer from the state 1 to the state 4 , indicating the presence of a SHRS process. The path-2 is activated.

iv) The excitation energy is directed to path-2 when path-1 is close to saturation, for a low atomic density ( 133 N ~10 cm -). For higher values of atomic density, the path-2 is activated at lower laser intensity, where the path-1 is still in the linear response region, because the gain of the emissions is density dependent. This indicates an interplay between laser intensity and atomic density in determining the transition between regions, a feature to be further explored in subsequent publications.

v) The theoretical simulation results concerning the nonlinear and the linear regions are in reasonable agreement with the experimental results.

vi) The emissions of the path-2, in high atomic density, seem to be of a cascade type of emission without population inversion and show a considerable time delay which depends on the laser intensity. The fields corresponding to the transitions 

  The coupled system of Maxwell-Bloch equations is solved numerically in one spatial dimension z allowing for the generation of new fields. The potassium atom is modelled by the four-level configuration shown in figure 1. An external field with FWHM c τ = 9 ns and waveform in order to resemble experimental laser pulses), excites the atom from the state 1/2
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 3 cm -. The generation and propagation of the internally generated fields are described by the Maxwell equations for the field amplitudes, under the transformation to the retarded time frame, for axially-forward propagating waves with t z c τ =and z = ζ . The Maxwell equation for the Rabi frequency becomes:

Figure 2

 2 Figure2shows the calculated emitted peak intensity at 41 ω as a function of the laser intensity for three values of the atomic density,
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 7 four-wave mixing (with two laser photons and one SHRS one) to generate the photons at the 4 1 ↔ transition. The relaxation of the population of states 2 and 4 starts about 15 ns after the laser pulse maximum and after the laps of the oscillations. b) In the linear region, figure 6(b), where we have 11 σ ≈ 0.80-0.85 and int n ≈ 0.11, the oscillations between 22 σ and 44 σ are more intense (because of the higher intensity of the SHRS 2 4 ↔ emission) and of higher frequency. The oscillations are, in this case, shifted in time earlier than the laser pulse maximum and the two populations, ( 22 σ and 44 σ ), reach a maximum after the end of the oscillations. The state 3 population is still very small. c) Finally, in the saturation region the picture completely changes as shown in figure
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 2 max I as a function of the laser intensity max I is shown for two values of the atomic density ( 3 10 cm - = ×). The width (FWHM) of the laser pulse is 25 ns, the cell length is17 cm ζ =and the two-photon detuning is 12 0 Δ = . There is reasonable agreement between the experiment and the simulation. The slopes of the nonlinear region in the Log-Log diagram for the theoretical and the experimental results are: 8(b)). Reasonable agreement also exists in the case of the linear region, where, for the atomic density of predicted region (saturation) is absent in the experimental plot presented, since the laser used in the experiments[6] could not provide enough emitted intensity. In addition, we observe a difference for the critical point NL L I -(at which the system passes from the nonlinear to the linear region). In particular: b), correspondingly. This laser intensity difference can be mainly attributed to the following reasons: The linewidth of the laser used in the experiments was So, when tuning on two-photon resonance, a significant amount of the laser intensity is practically off-resonance from state2 . This effect causes a shift of the critical driving intensity to larger values, in the experimental case, compared with the theoretical model in which the Fourier bandwidth ( Δτ ∝ ⋅τ ) of the laser pulse of 25 ns used, is 0.0013 1 cm -. The vertical separation of the plots is due to the different units used ( / cm in the simulation and arbitrary units in the experiment). In conclusion, the results of the simplified model agree to a large extent with the experimental results and the difference in the critical point values are justified by the laser linewidth difference between theory and experiment.
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 31 photon parametric emission, in which case we would expect the same number of photons in each field. This result was also experimentally observed by M. Katharakis et.al.[17] for an atomic density of
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 33 that the population transfer to the excited states is significant and the activation of the emissions of path-2 approximately starts, when the population of ground state is at its minimum value. It is also clear that there is no population inversion between the states 2 and 3 for the particular parameters used. In the previous sections concerning the path-1 emission, figures2 and 8 show that the critical point NL L I -(which indicates the transition from the nonlinear to the linear region) is shifted to lower laser intensity values with increasing atomic density, while the critical point L SAT I - (which indicates the transition from the linear to the saturation region), is shifted to higher laser intensity values, respectively. The activation of path-2, for the low atomic density case ( 13 ~10 cm -) is connected with the linear or the saturation response of path-1. When the atomic density increases to 14 ~10 cm -or 15 3
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