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Abstract

We present a theoretical model interpreting the experimental results observed under strong two-photon ns laser excitation
of the |6S1 /2> potassium atomic state, where emissions near the |6S1 /2> - |4P3 /2> and |4P3 /2> - |4Sl /2> transitions were

experimentally observed. It is shown that the |6Sl /2> - |4P3 /2> emission initially grows nonlinearly with pump intensity,

while subsequently saturates and enhances the generation of radiation near the |4P3 /2> o |4$1 s > transition. It is found that

a coherent manipulation of an open four-level system is possible by an internally generated, saturated coupling field, despite
the energy decay to the continuum. The efficiency of the proposed coherent control method is managed by adjusting the
pump intensity and potassium density. Finally, a general control scheme is discussed in which an external pump and an
internal coupling field determine the system’s response in a cascade scheme.

1 Introduction

Four-wave mixing (FWM) processes were extensively stud-
ied in order to generate coherent radiation in various spectral
regions [1-9]. A laser field is usually tuned near a two-pho-
ton transition in order to enhance the third-order susceptibil-
ity and a second laser couples the two-photon resonant state
to a discrete atomic state or a broad auto-ionizing one. This
method was applied to further increase the nonlinear sus-
ceptibility ), therefore obtaining an extended tuning range
for the generation of radiation and also avoiding the large
on-resonance absorption [1, 2]. In such FWM processes
the two laser fields are externally provided to the atomic
medium. However, there is an alternative mixing process
which involves only a single external pump connecting the
ground level to a two-photon resonant state. In this case, the
atomic response consists of a parametric four-wave mixing
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(PFWM) process that includes the simultaneous generation
of two coherent fields, which are phase matched near an
intermediate state. Axial phase-matching, either by adding
arare gas or by self-adjustment of the emission wavelength,
and conical phase-matching, by self-adjustment of the emis-
sion angle, have already been observed for ns [3-6], ps [7]
and fs [8, 9] pulses.

In PFWM there is no significant population transfer
from the ground state and there is no substantial temporal
delay between the emitted fields and the driving laser pulse.
A method to enhance the efficiency of the FWM process
was proposed in [10]. According to this method, a strong
coupling field is applied between the two-photon resonant,
metastable, intermediate level and the upper state involved
in the mixing. This enhances the nonlinear susceptibility of
the medium and thus the yield of the generated radiation,
while, under certain conditions, it also induces a window
in the absorption from the ground state to the upper one.
The reduced absorption and the enhancement of nonlinear
wave mixing processes due to electromagnetically induced
transparency (EIT) have been experimentally demonstrated
[11-16]. Most experiments related to coherent mixing and
EIT use two laser fields to couple the atomic system states
in a V, A or cascade configuration.

In this work, emissions in a cascade scheme through
’6Sl/z> “ |4P3/2> o |4S1/2> states of the potassium atom
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are internally generated when a ns or fs excitation pump
couples the |6Sl /2> state to the ground |4S1 /2> one. Figure 1

depicts the energy-level diagram appropriate for this study.
It was shown [17-22] that a two-photon excitation tuned on
or above the |6S1 /2> state can produce amplified spontaneous

emission (ASE), as a result of cascading to lower empty
levels such as the |[4P) levels, and stimulated hyper Raman
scattering (SHRS) in the I6Sl/2> o |5P3/2> and

’681/2> “ |5P1/2> transitions. Parametrically generated

four-wave mixing (PFWM) radiation, which involves the
incoming photons (pump) and the internally generated ones
along the direction of the incoming excitation beam, was
also observed [23]. Moreover, a competition due to quantum
interference effects between ASE or SHRS and the PFWM
processes leads to the suppression of ASE and SHRS
[24-27]. More recent experimental and theoretical works
[28-35] examined the laser-atom interaction under a single
laser excitation and the role of destructive quantum interfer-
ence (QI) in more detail. It was found that the destructive QI
can modify the nonlinearity of the
’6Sl/z> - |5P3/2> - |4Sl/2 >at0mic path in potassium [3,

4, 33-37] when the excitation laser intensity is sufficiently

651/2) = [2) /

W24

|5Ps/2) = |[4) —F——

W41
|[4P3)2) = 3)———

w31

[4S1/2) = [1)

Fig.1 A schematic energy-level diagram of potassium atom is
shown. The emissions near |2) < |4), |4) < [1), |2) < |3) and
|3) < |1) transitions, are internally generated in the medium. The
two-photon resonant, three-photon ionization, (3w), from the |2) state
as well as the single-photon transition (@) to continuum from the |4)
state are depicted. The frequencies of the internally emitted fields are
denoted as w,y, w,, ,3 and ws,, respectively
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strong for a certain atomic density. The latter was seen as a
method to coherently control PFWM emissions [38—40].
Taking into account past results in the field [24-41], we
investigate the case where partially coherent emissions such
as ASE or SHRS and FWM can be effectively controlled
under conditions of strong laser fields (focused beams). We
present experimental results and a theoretical model which
indicate that a strong internally generated ASE near the
’6S1 /2> - |4P3 /2 > transition acts as a coupling field, enhanc-

ing ASE or FWM radiation from the |4P3 /2> state to the

ground level. Elevated atomic density decreases the effi-
ciency of the process. It is shown that when the ASE at the
upper transition (’681 /2> © |4P3 2 >) is saturated, the pump-

ing energy is transferred to the lower transition
'4P3/2> < |4Sl/2 >With higher efficiency. The proposed

method uses only a single external laser field and the experi-
ments are performed at high pumping intensities, in contrast
to other works [38—41] of our group. An open four-level
system is applied in the theoretical description of the system,
including the mechanism of ionization losses to the contin-
uum [36, 37], with the parameters of the model simulating
the experimental conditions. Finally, a general control
scheme is proposed including an external pump and internal
coupling fields in a cascade configuration that has been
shown to enhance the nonlinear response in similar
systems.

2 Experiment

In the experiment, the potassium atoms were confined inside
a stainless-steel heat-pipe oven of {; =17 cm active vapor
length. The potassium vapor density could be varied between
10 and 10'® cm~3, while helium (He) or argon (Ar) were
used as buffer gas to keep the potassium atoms away from
the heat-pipe windows and also could be used for phase-
matching if needed. A stainless-steel electrode along the
pipe axis was used for recording the exact two-photon reso-
nance from the ionization signal. An excimer—pumped dye
laser having a bandwidth of 0.1 cm™! and pulse duration of
25 ns was employed as the ns excitation source, for the two-
photon |4S 1 /2> © |6S 12 ) transition of potassium. The maxi-

mum energy available was 5 mJ per pulse. In the case of
strong excitation (focused beam) the beam diameter was
approximately 2 mm, before entering the lens (F=20 cm).
The calculated beam waist at the center of the pipe was
wo=23 pm, leading to a maximum laser intensity of
1,=94 GW /cm?,

In addition, a second fs pump laser with single pulse
energy of about 125 pJ was used in a similar experimental
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setup. An optical parametric generator, OPO (“Light conver-
sion”, Topas), pumped by a fs Ti:sapphire laser (“Coherent”,
Libra-USP-HE), delivered pulses having a full-width-half-
maximum (FWHM) duration of 40 fs, a FWHM spectral
bandwidth of 10 nm and a repetition rate of 1 kHz. The beam
diameter was approximately 2-3 mm and it was focused by
a 30 cm focal length lens, into the vapor cell center with an
estimated intensity of 7, = 20 TW/ cm?. A set of fiber, a
digital spectrometer and a computer were used to record the
emitted spectra, using appropriate interference and neutral
density filters. The frequency—angular distributions of the
conical emissions were recorded with an imaging spectrom-
eter Andor SR-500i-D1 by placing its entrance slit in the
focal plane of a focusing lens. Under such configuration the
spectrometer disperses the light energy across the spectral
range and produces a 2-dimensional image at the output
imaging plane (the vertical coordinate is proportional to the
light direction). Assuming the axial symmetry of the emis-
sions and by placing a CCD camera in the output imaging
plane of the spectrometer the frequency—angular distribu-
tions can be captured in a single shot.

3 Simplified theoretical model

The potassium atom is modeled as an open four-level sys-
tem, since the transition to the continuum is taken into
account, as shown in Fig. 1. An external laser pulse with
FWHM 7z,=25 ns and waveform sec h*((z —z.) / . ) for

(=2, [ 22 . . :
T<0ande (=) / ¢ for 7 > 0, is used, in order to simu-
late the asymmetric Gaussian envelope of the ns exci-
mer—dye pulse. The notation |1), |2), |3), |4) corresponds
to the |4Sl/2>, |6Sl/2>, |4P3/2> and |5P3/2> states. The emit-

ted fields are internally generated at frequencies w,,, @y,
w,3 and ws;, which correspond to the |6Sl/2> - |5P3/2>,

’5P3/2><—>|4SU2> transitions (path-1), and the
’6sl/z> o |4P3/2>, ’41)3/2) o |4sl/2> ones (path-2) [33,

34].
We note that for a complete study of potassium atom
the |4P,/2> and |5Pl/2> states should be included as well.

However, there are certain reasons (experimental data)
which justify the chosen four-level configuration. Specifi-
cally, the emissions of the doublet ’5P3/2> © |4S1/2> and

’5P1/2> - |4Sl/2> transitions are merged in a single peak

when the pump laser is focused [3, 4], and the
’4P3 /2> - |4S 1 /2> transition has the strongest coupling to

the ground state among the two |4P) states [3, 4]. In the

interaction picture the atomic system Hamiltonian has the
following form:

HY = —h(Q(é)| 1)(2le™™nt 4 Q| 1)(4|e™ ™19 + Q5 |1)

(3le™™ 5" + Qg [3)(2]e 725" +Qy, [4)(2]e™ + hec.),

where 9(122) is the two-photon Rabi frequency, and Q,,, Q,,,
Q,,, Q5 are the single-photon Rabi frequencies, respec-
tively. A; = v; — w;; is the detuning of |i) < |j) transition,
where v;; is the frequency of the electric field related to the
transition |i) < |j) (with {i,j} = {1,4} and i # j). From the

von Neumann equation p = —i/h H;D,p in the rotating

wave approximation (RWA) a system of 16 density matrix
equations is formed [33], where the decaying rates y;; and the
elastic collision dephasing ones y, are added
phenomenologically.

In order to include the transition to the continuum
through the two-photon resonant, three-photon ionization
mechanism, the model has to be transformed. At first, the
summation of the population derivatives is non-zero, in
c40ntrast to a close system. The formula
Y (do(¢,7)/dr) = =T\ Imax F(7)o,, holds in the modi-
ii=1
fied set of equations. Iyyax is the laser peak intensity and
I';,, 1s the ionization width. More information about the
ionization rate in an open atomic system can be found in

references [36-40]. In addition, the term
—Tionlmax F (7)0,,,/2 1s included in the set of equations (7),

(9) and (10) of reference [33]. It is obvious that all transi-
tions connected with state |2) are affected by the transition
to the continuum (quantified by the factor I'; ) due to the
two-photon resonant, three-photon ionization process. Fur-
thermore, an alternative term —I"! I, . F(7)o,, holds in the
modified set of equations [33] if we assume system loses
from state |4) to continuum. Subsequently, a new addi-
tional term —=I"l ... F(7)o,,,/2 has to be introduced in the
set of equations (6), (8) and (10) [33], related to the off-
diagonal matrix elements o,,,. The ionization width values
[0, I, are taken from reference [36, 37] in order to
simulate the experimental conditions.

The Maxwell equations, with respect to the Rabi frequen-
cies, in the slowly varying envelope approximation (SVEA),
for the axially forward propagating waves, can be written in a
general form: 0/ 0¢ (9,,,(£. 7)) = i(ky,/ 4€07) D (C, T),
with {m,n} = {2,4}. p,,.({,7) = NTr(up) is the quantum
mechanical polarization, k,,, is the wave-number of each
transition, € is the permittivity of free space, N is the atomic
density and g, is the matrix element of the electric dipole
operator. The full system of coupled differential equations
is solved numerically in order to define the unknown ampli-
tudes Q;; of the Rabi frequencies and the density matrix ele-

ments o;;.
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Finally, the boundary conditions of the numeri-
cal solution are: (a) the atoms lay in the ground state
for each { at =0 and (b) the Rabi frequencies at { =0
are given by the quantum noise, with typical value
Q. 1) x¢,, (& t)=10"* V/cm [33, 34].

3.1 Approximations of the model

Several approximations have been applied to our simpli-
fied model, in order to take into account the experimental
observations under both ns and fs excitation schemes. The
propagation length in the model was chosen to include the
vicinity of the focal region which, considering the Rayleigh
length zg = (n/ A)w% of the asymmetric Gaussian focused
beam, equals to {iax = 2zg Or {;ax = 0.46 cm. In our model
an asymmetric Gaussian pump (a secant square rising part
and a Gaussian trailing one) excites the system. It should be
mentioned that the excitation field is spatially more extended
than the active atomic medium length {1,4x and no modifica-
tion of the pump amplitude is necessary. In length units, the
excitation field is equal to 750 cm and propagation effects
of the pump are not taken into account.

The maximum laser peak intensity used in the model
is set to be Iax = 100 MW/cm?, which is three orders of
magnitude less than the experimental one in the ns excitation
case. This choice is justified by the fact that the experimental
laser bandwidth of 0.1 cm™! is much broader than the broad-
ening of the excited |2) state (0.017 cm™!) [34]. The latter
means that there is a large overestimation of the laser energy
provided to the atomic system in the case of the numerical
calculations. The comparison of the numerical results with
the experimental ones, as are presented below, indicates that
the theoretical pump intensity should be lower by a factor
of ~5000 in order to adequately simulate the experiment.

In addition, our model takes into account only the axi-
ally forward propagating fields, while, in the experiments,
both forward and weak backward radiations were observed
along with axial and conical features of the emissions, when
the excitation laser was tuned on the two-photon resonance.
Finally, the maximum atomic density used in the calcula-
tions has a value of Nyax = 3.5 X 1015 cm™3, similar to the
experimental one.

It is important to note that in this work we focus on the
interpretation of the experimental results taken under the ns
excitation pumping scheme. However, experimental obser-
vations under a fs pump are also taken into consideration in
the following discussion. Figure 2 shows the emission spec-
tra of potassium atomic states |4P3/2,1/2> and |5P3/2’1/2>,

when the |6S1 /2> state is excited by a 40 fs laser of 10 nm

bandwidth and 125 pJ pulse energy. A spectrometer which
can record axial and off-axial emission was used. The pres-
ence of a threshold is clearly shown in Fig. 2a, where the

@ Springer

intensity of the |4P3 /21 /2> © |451 /2> emission is presented

as a function of the excitation laser energy. The complex
spatial profile of the emissions from the |4P) and |SP) states
are evident in Fig. 2b—d, where it is clearly shown that radia-
tion is emitted at large angles (angle phase-matched FWM)
in the case of fs excitation. Therefore, our simplified model,
which takes into account only axial propagation, fits better
to the experimental results of the ns excitation scheme where
axial emissions are dominant [3, 4].

As a result, the experimental data of Fig. 2 for the fs
excitation are included in this work so that a comparison
with the ns excitation is possible and also to indicate the
approximations applied in our theoretical model. A complete
analysis and discussion of the experimental results and the
theoretical study of the fs excitation case will be presented
in a forthcoming publication of our group.

4 Results and discussion

In the following, we present results for the |4) < |1) emis-
sion of path-1 (Sect. 4.1). The population distribution of the
system is also shown. Subsequently, in Sect. 4.2, the emis-
sions near |2) < |3) and |3) « |1) transitions of path-2 are
presented in comparison to path-1.

Finally, we discuss in detail the response of path-2 for
various values of laser intensity, as well as the atomic den-
sity effect for the maximum laser intensity used (Sect. 4.3),
in an attempt to control the system’s response. All the results
were taken when the laser was tuned on the two-photon
resonance.

4.1 Path-1

Figure 3a presents the normalized energy plot of the
|4) <> |1) emission for several pump intensities, a potas-
sium-buffer gas collisions rate of y,,; = 0.017 cm~! and for
an atomic density of Nyjax = 1.5 X 10" cm™3, as were cal-
culated by the model. The energy ¢; of the emissions was
estimated by the corresponding integrals of their temporal
profiles. It is clear that the radiation at e, rises sharply for
low pump intensities (nonlinear region), but saturates for
pump intensities greater than 10717, .

Similar response was observed in previous works [33, 34,
38-40] and it was explained by a similar model but without
the use of the ionization path (closed system). Thus it is
evident that path-1 is not affected much by the transition of
the system to the continuum. We expected that ionization
mainly affects the emissions which depend on the popula-
tion redistribution, such as ASE or SHRS, rather than the
coherent processes (PFWM) that lead to the emission at w,,
[33]. In Fig. 4, we show the population distribution for two
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Fig.2 a The |[4P) — |4S) emission intensity as a function of the pump
laser energy. The potassium atoms are excited by a laser field of 40 fs
temporal width and 10 nm spectral width tuned on two-photon reso-
nance (728 nm laser wavelength). b The |4P) — |4S) emission spec-

different excitation intensities and for the densityNpmax. In
Fig. 4a, we observe the pronounced population redistribu-
tion between the involved states near the peak of the pump
pulse (z~0 ns). However, for high intensities (Fig. 4b), the
populations’ oscillation is considerably reduced in contrast
to the calculations of a closed system [29, 33]. For the high
pump intensity of Fig. 4c, the populations of the |1),]2) and
|3) states decrease to a zero value near the pump maximum
(r~0). Population of the |4) state repopulates only the |1)
state after the pump maximum, as expected, and there is no
significant involvement of the |2) and |3) states in the system
population anymore.

The large depopulation of the states indicates an overes-
timation of the ionization effect by the model for elevated
laser intensities. Comparison of the results obtained by the
open system with those of the closed system presented in
[33] indicates that taking into account the ionization slightly
improves the fit with the experimental data presented in that
work for low pump intensities. However, for the elevated
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tra at 6 x 10'* cm~3density and for 125 pJ pump energy. ¢, d The
|5P) — |4S) emission spectra at 10'® cm~3 density for 41 and 125 pJ
pump energy, respectively

laser intensities and atomic densities in Fig. 4b, our simpli-
fied ionization model leads to more than 50% of ionized
atoms that no longer participate in the calculations and thus
to reduced emissions.

In order to correctly evaluate the ionization effect for our
experimental data, we note that both theoretical calculations
and experimental results show a transition from a nonlin-
ear to a saturation region above a critical intensity (as was
already observed in [33] for an unfocused laser beam geom-
etry and lower atomic densities). Taking into account this
critical intensity, it is easily verified that theoretical calcula-
tions fit the experimental results well if the intensity used in
the model is reduced by a factor of ~5000.

4.2 Path-2
Figure 3b, ¢ shows the normalized energy plots for the

emissions near the |2) < |3) and |3) < |1) transitions
for the same atomic density of Nyjax = 1.5 X 10" cm=.

@ Springer



145 Page6o0of10

N. Merlemis et al.

» ( Oy I, =100 MW/cm?
107 5P3/z'4s1/2 Nmax=1 5x10"°cm™ 4

L 1 1 1 1 1 1 1 1 1 1 1
10° £ ) 4

D
g
T
l

8.5/ (sIl

Fig.3 Theoretical calculations of the normalized energy emitted at: a
|4) < [1), b|2) < |3)and ¢|3) < |1) transitions, as a function of the
normalized laser intensity used in the open four-level atomic system.
The atomic density was Nyax = 1.5 X 10'5 cm™3, and the laser was
tuned on the two-photon resonance A, = 0. Only axial propagation
was taken into account in the calculations

The ionization rates used were Iy, =9 cm?/J and

I =45 cm?/J. A peak is evident for both emissions at
a pump intensity of I;yax = 8 MW /cm?. For higher pump
intensities the response is quite different when compared

to that of path-1, the energy emitted in path-2 decays with

Fig.4 Theoretical calculations
of the population distribution ,
in the open four-level atomic
system. The laser peak intensity ,
was: a Ijax = 5 MW /cm?

and b Imax = 100 MW /cm?,
respectively. The atomic density
was Nypax = 1.5 x 1015 cm™3
and the potassium-bufter

gas collision rate was ,
Yeo = 0.017 s71. The ioniza-

Population
o
S
|

increasing pumping intensity, while in path-1 remains
saturated. This is strong evidence that two-photon reso-
nant ionization negatively affects any process that needs
high population transfer (ASE), which is the case in path-2
as was presented in [32, 33], but it does not affect much
coherent processes (PFWM), which are dominant in path-
1. However, our model may overestimate the ionization
effect for high intensities although this was not possible
to be experimentally verified for the laser pump intensities
experimentally available.

Figure 5a, c shows the calculations for the normalized
energy of the emissions in path-2 with increasing pump
intensity for a collision rate of y,, = 0.0085 cm~! which
corresponds to 10 mbar of buffer gas pressure. In order to
overcome the overestimation of the ionization effect by our
model for high intensities, we limit our focus on intensities
that fit well with the experimental results. The experimental
results are shown in Fig. 5b, d. The maximum peak intensity
used in Fig. 5 for the model calculations was 20 MW/cm?,
while the maximum experimental intensity was 94 GW/cm>.

A threshold for the generation of the emission at @y is
observed for an experimental pumping intensity of approx-
imately 10 GW/cm?. Similar characteristics are evident for
the theoretical calculations in Fig. 5d, with a threshold
pump intensity of 2 MW/cm?. Both in experimental and
theoretical plots, emission at w,; starts at much lower
pump intensities and it appears that at the threshold inten-
sity the emission at w,; starts to saturate. This is an
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Fig.5 Normalized energies of the emissions at w,; and @5, as a func-
tion of the normalized peak laser intensity. a, ¢ show the theoretical
calculations, while b, d present the experimental data. The atomic

indication that emissions in path-2 are not due to PFWM,
since in this case the intensity should be similar (since
photons energies at w,; and w5, are approximately the
same) and the saturation pump intensity threshold should
be similar for both emissions. However, FWM processes
that are not parametric could be dominant, as is explained
below. The main mechanism of emission at w,; and w;;was
experimentally shown to be ASE in previous works of our
group (in the case of ns excitation but for lower atomic
densities and unfocused laser beam) since radiation was
emitted also in the backward direction [32, 33]. In our case
of using a focused laser beam and a subsequent shorter
propagation length, it was not possible to experimentally
detect the backward propagating w5, emission. In addition,
for pump intensities near and slightly above the threshold
intensity, there is no or insignificant population inversion
between ground state and state 4P3/2>, as is shown in

Fig. 4a. In previous works [32, 33] the emission at w5, was

(c) Theoretical points &
| =20 MW/cm® @ :
max ]

g31/E(m31)max
-
o
1

107+
10-4 T T T T T T
107 10 10°
I
max
10°4 (d) Experimental points b
| =94 GW/em® /
max
P 2
107

g?:1/&:(0“)31 )max
-
o
1

/
107+ f
10* : ;
102 10™ 10°

density was Npax = 1.5 % 10" cm™ and the potassium-buffer gas
pressure was 10 mbar (y,,; = 0.0085 s71)

also proved to be produced without population inversion
(their calculations were based on a closed atomic
system).

For high intensities in the ns case or under fs excitation,
a two-step FWM should play an important role [3, 4], where
emission at w,; is generated first and in a second step the
mixing with two laser photons produce emission at @s;. In
this case ASE mechanism can be suppressed when the FWM
process is strong enough [27]. In addition, the propagation
length in our experiments (focused laser beam) is much
shorter than in previous works, where the pump laser beam
was unfocused. Consequently, the phase-matching is easier
leading to more efficient FWM generation. It is expected in
this case that the internally generated field at w,; with a
wavelength of 693.88 nm, which couples |6S] /2> toT4P3 )2 >

enhances the third-order nonlinear susceptibility of wave
mixing processes in path-2. When this field is strong enough,
with a Rabi frequency larger than the widths of the states,
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then a transparency window is induced that reduces absorp-
tion from ground state to |4P3 /2>. This permits the efficient

generation of the w;, radiation near 766.49 nm. Experimen-
tal results in a similar atomic system [3, 4] showed that in
order to induce this kind of transparency, the Rabi frequency
of the coupling transition should be larger than the width of
the ‘651 /2>. In our experiment, the broadening of the state

|2) was dominated by elastic collisions (0.017 cm™") and the
calculated Rabi frequency for the w,; radiation in the ns
excitation case was 0.61 cm™! when I, = 10 GW/cm?
(threshold intensity), a factor of 6 larger than the width of
the state.

It was shown in [13—15] that FWM in atomic hydrogen
can be enhanced and the absorption can be reduced, when
a strong coupling laser is used besides the excitation laser.
Resonant FWM was theoretically analyzed in [16] under
conditions of EIT. The difference between those studies and
ours is that in our case the coupling field, which corresponds
to the|2) « |3) transition, is internally generated, it evolves
nonlinearly and then it saturates when the pump intensity
reaches a threshold value. Additionally, cascade genera-
tion of ASE or amplification without inversion (AWI) in a
three-level system is also possible, under certain conditions
[17, 20, 27, 33]. In the latter process, the generation of a
strong radiation at w,,can lead to a transparency window in
the |3) < |1) transition and the efficient generation of ASE
radiation at w5, without population inversion. AWI could
explain the lack of population inversion in the |3) < |1)
transition for excitation intensities near the threshold inten-
sity, as is shown in Fig. 4a. Both experimental results and
theoretical calculations in Fig. 5 show that the saturation
of the |2) « |3) emission is accompanied by the efficient
generation of the |3) < |1) emission, which indicates that a
transparency window is induced at the |3) < |1) transition,
though it is difficult to conclude about the exact generation
mechanism for the w5, radiation. Above a certain excitation
intensity value (that lead to the emissions peaks in Fig. 3 b,
¢), emissions in both transitions are affected by the two-pho-
ton resonant, three-photon ionization mechanism and control
of the coupling field on the lower emission is reduced.

Despite the approximations made in the theoretical
model, the curves in Fig. 5c, d appear to have the same
characteristics in comparison to the experimental ones
(Fig. 5a, b). The proposed control method can be gener-
alized in similar systems in which a strong ns or fs pump
excites and saturates partially coherent cascade emissions
such as ASE, which can activate and control the emission at
a lower transition. For example, similar results are experi-
mentally recorded for the fs excitation case as it is shown
in Fig. 2, where a pump energy threshold exists for efficient

@ Springer

emission at the |3) < |1) transition. Note that conical FWM
processes are dominant in the fs case, as is evident from the
spatial profiles recorded in Fig. 2b—d, which are broad and
indicative of phase-matching mechanisms. This means that
our simplified model, which takes into account only axial
propagation, can partially explain the spatial features of the
emissions and thus a more elaborate model is necessary.

4.3 The atomic density effect in path-2

The effect of the potassium atomic density on the path-2
emissions is shown in Fig. 6. The theoretically calculated
normalized energy of the emissions versus the normalized
atomic density is shown in Fig. 6a, c and the experimental
results in Fig. 6b, d. The increase of the precursor radiation
at w,5 is connected with an almost similar increase of the
radiation at w5, for potassium-buffer gas collision rate of
Yeot = 0.041 cm™!. There is an observable threshold in the
detection of both radiations. Increase of the atomic density
(up to N} oy = 3.5 % 10" cm™) leads to linear response for
both emissions, while initially the response is nonlinear. This
effect is probably due to the increased absorption, which is
exponentially depended on the density and the inefficient
phase-matching for the FWM processes that also depends on
the atomic density. It is noted that a similar initially nonlin-
ear response was observed in the past [30] for the radiation
of |7S) < |6P) transitions in mercury.

5 Conclusions

It is shown that the strong internally generated radiation at
@, (upper transition |6S1 /2> “ |4P3 s >), can act as an inter-

nal coupling field for the initiation of the lower emission at
w5, (lower transition |4P3/2> - |4Sl/2>) in the potassium

atomic system. The role of w,; as an internal coupling is
examined, varying the critical system’s parameters such as
the pump peak intensity and the atomic density. In both
cases m,; acted as a threshold field for the production of a
less strong field at ws;.

Theoretical calculations for an open atomic system,
which takes into account ionization processes, are backed
by experimental results and show that coherent processes are
not strongly affected by the transition to continuum for low
intensities. Finally, an emission control method is proposed,
where the external pump leads to an internally generated
coupling field, which under a cascade configuration can acti-
vate and control the emission of a lower transition.
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Fig.6 Normalized energies of the emissions at w,; and @5, as a func-
tion of the potassium atomic density. a, ¢ show the theoretical cal-
culations, while b, d the experimental ones. The maximum atomic
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