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Two-wavelength IR signals based on optical frequency mixing
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Abstract. Optical signals of two different wavelengths in the IR regime were generated in atomic Rb vapor using
broad bandwidth laser pulses. Competition between the two signals was observed. The effects of pump laser inten-
sity, chirp of laser pulses and Rb number density on the characteristics of the two signals were investigated. The re-
sults show that the two signals were generated from two coupled parametric six-wave mixings processes and the
competition between the two signals was dominantly governed by phase matching conditions related to Rb number

density.
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Introduction

Nonlinear optical wave mixing is widely employed to
achieve optical frequency conversion in a wide wave-
length range. So far, much attention has been focused on
this issue. In particular, optical four-wave mixing
(FWM) and six-wave mixing ( SWM) in gas medium
have attracted considerable attention due to the controlla-
ble refractive indices of the gas media. To date, inten-
sive researches have been conducted on FWM and SWM
in many alkali atomic vapors, such as sodium 1 potas-
sium'*’" | lithium "’ and mixed sodium-potassium"*’. Ul-
trashort light pulses have been converted efficiently to the
infrared range of the frequency”'. Moreover, competi-
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tion between two FWM channels via atomic coherence
has been studied in Rb'®’ | and the interplay between
FWM and SWM processes has been observed in Rb via
dual electromagnetically induced transparency win-
dows'”". Recently, conversion between enhancement and
suppression in SWM and fluorescence signals has been
demonstrated by phase modulation'®’. Furthermore , non-
reciprocity of six-wave mixing has been controlled by a
moving electromagnetically induced grating'®’.

Little attempt, however, has hitherto been dedica-
ted to studying the generation and control of the coupled
two-wavelength or multi-wavelength signals using optical
wave mixing "), Generation and control of optical sig-
nals in a wide wavelength range is of significant impor-
tance in optical gates and coherent control. A compre-
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hensive study on the interplay between optical signals not
only unravels the underpinning mechanisms for the mutu-
al interplay of the related processes, but also has poten-
tial applications in producing multi-channel ultrafast opti-
cal gates. We present in this paper a study on the mutual
interplay between two coupled SWM channels in Rb
vapour, in which two-wavelength signals are generated.

1 Theory on FWM and SWM

We consider a four-wave mixing process involving
merely one idler. In this situation, the pump electric
field induces polarization at the signal and idler frequen-
cies and, then, generates emissions at the signal and
idler frequencies. Using the slowly varying envelope as-
sumption for the radiation, which is valid for the ~120-
fs pulses, the total electric field can be expressed as

E(z,t) = % Ap(z)e‘j“""t_k"z) +Ai(z)e_'f("’it_k’z) +

Ax(z)e_'f(“'“t_k"z> + c. c. , (1)

where A’s represent complex field amplitudes, and c. c.
stands for complex conjugate. Under the quasistatic ap-
proximation, the amplitudes of the individual fields in
Eq. (1) obey a system of coupled wave equations that,
for collinear plane waves, is expressed as
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where x =p,i,s, respectively, Ak = 2w,n, — w,n;, —w,n,

is the wavevector mismatch, P’ (w,,,) represents the
third-order nonlinear polarization amplitudes induced by
the electric field at the pump, idler and signal frequen-
cies, respectively, given by
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Then, the intensity of the output four-wave mixing signal
is determined by
Lo |PO(w) o [y 0424017 L (4)
For six-wave mixing, similar procedure can be applied,
and we obtain
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Then, the intensity of the output six-wave mixing signal
is given by

Lo [P (w,) | o [)yP4,2454545 17 - (6)

2 Experimental setup

Fig. 1(a) shows partial Rb energy levels involving
in difference-frequency FWM, 5°S, ,—~—7°S,,—6"P,,
—5°S,,, in which 7°S, , state is excited by two-photon
transition. Emissions at 3 969 nm ( near7’S,,—6°P,,

transition) and 420 nm (near 6°P,,,—5°S, , transition)
can be obtained from the FWM. Simultaneously, differ-
ence-frequency SWM can occur together with the FWM
as the 7°S, , state is excited two-photon transition. Fig. 1
(b) shows partial Rb energy levels involving in differ-
ence-frequency SWM, through which resonant transitions
5251/2_’7251/2 ) 7251/2—’62133/2 , 62P3/2_’6251/2 , 6251/2_’
521)1/2 ,6251/2 —’52P3/2 ) 52P1/2 _’5251/2 ’ 52P3/2 _’5251/2
can occur. The corresponding emissions have wave-
lengths of 380, 3970, 2732, 1324, 1366, 795, 780
nm, respectively. On the other hand, difference-fre-
quency SWM may take place by two-photon excitation of
7°S, , state as laser wavelength is tuned near 760 nm. In
this case, the two difference-frequency SWM processes
appear in the two coupled channels, 5°S, ,——7°S, ,—
62P3/24’6251/2*’52})1/2*’5251/2 and 5251/2*’*’7281/2*’
6°P,, —6°S,, —5°P,, —>5%S,,, respectively, since
6°S, , is shared by the two channels in the SWM proces-
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Fig. 1 Rb energy levels involved in the (a) FWM and (b)

two coupled SWM processes
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Experimental setup shown in Fig. 2 was used to in-
vestigate FWM and SWM in Rb. A 1-kH Ti;sapphire la-
ser amplifier system generated laser pulses with energy of
1 mJ and 120 fs pulse duration. The wavelength of laser
pulse was tunable and centered at 760 nm in order to ex-
cite the 7°S, ,state of Rb by two-photon excitation. Laser
pulses from the amplifier were attenuated and then fo-
cused by a 25-cm-focal-length lens into a sapphire cell
containing Rb, in which the number density of Rb atoms

Ti: sapphire laser system I
120 fs,1 mJ, | kHz

Attenuator C———
Filter Rb cell

Fig. 2 Schematic diagram of the experimental arrangement
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was adjustable by employing a heating oven. Collinearly
propagating emissions from the cell were filtered by IR
filters and, then, detected by visible and infrared optical
spectrographs.

3 Results and discussions

Experiments were first conducted at pump laser in-
tensity of 2 x 10" Wem ™, Rb number density of 2 x
10"°cm ™ and the laser pulse was chirp free. Coherent e-
missions at 420 nm, 781 nm and 793 nm were generated
in the visible regime, as shown in Fig. 3 (a). Concur-
rently, coherent emissions at 1323 nm, 1367 nm,
2731 nm and 3 969 nm were generated in the IR regime,
as shown in Fig. 3(b). Note that the spectrum of the
residue of pump laser is centered at 760 nm. Inspection
of Fig. 1(a) and Fig. 3(b) indicates that emissions at
420 nm and 3 969 nm are generated by FWM and, on
the other hand, emissions at 781 nm, 793 nm,
1323 nm, 1367 nm, 2 731 nm and 3 969 nm are pro-
duced by two SWM processes. As an infrared filter was
implemented to block the residue of the laser, emission
at 420 nm, which stems from the FWM, is much strong
as compared with the residue of laser, around 760 nm.
Emission at 3 969 nm is generated by both FWM and
SWM and, hence, is much stronger than other emissions
produced by SWM. The mechanism for strong signal and
idler in the FWM compared with that in the SWM lies in
that the third order susceptibility y'* related to FWM is
several orders of magnitude larger than the fifth order
susceptibility X<5> associated with SWM.
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Fig. 3 Coherent emissions in the (a) visible, (b) IR region
and (¢) SWM signals at 1 323 nm and 1 367 nm at pump laser
intensity 2 x 10" W c¢cm ~* and Rb number density 2 x 10'°cm
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As emissions at 1 323 nm and 1 367 nm display in-
terplay as experimental parameters are changed, we des-
ignate the two emissions as signals and focus attention on
the interplay. Signals at 1 323 nm and 1 367 nm on ex-
panded scale are shown in Fig.3(c). Interestingly, sig-
nals at 1 323 nm and 1 367 nm are in close proximity to
the 6°S,,, —5°P,,, and 6°S,,, —5’P,,, transitions. The
resonant transition wavelengths for 6°S,, —5°P,,, and
6°S,,,—5°P,, are 1 324 nm and 1 366 nm, respectively.
In contrast, the central wavelengths of IR signals are not
equal to the corresponding resonant transition wave-
lengths, suggesting that the signals are not originated
from resonant emission. Moreover, the coherent emis-
sions were only observed in the forward direction in the
experiments. The competition between FWM and ASE
was analyzed theoretically and, in the meantime, the
survival of FWM and suppression of ASE were demon-
strated experimentally """, On the other hand, the spec-
tral width of the signals at 1 323 nm and 1 367 nm are
1 ~2 nm, much broader than the spectral width of reso-
nant transitions, indicating that SWM occurs at different
signal wavelengths because of the broad bandwidth of the
pump laser pulses. Therefore, the experimentally ob-
served signals are predominantly produced from paramet-
ric SWM processes, which are quite similar to parametric
FWM in several respects. One of them is that the compe-
tition between parametric FWM and amplified spontane-
ous emission causes the suppression of the latter''". The
two parametric SWM channels share the same energy lev-
el in Rb, 6°S,,, causing a coupling and, hence, a sig-
nal competition between the two channels. The interplay
between the two signals is associated with several param-
eters, the influences of which are examined in the follow-
ing subsections.

3.1 Influence of laser intensity on the signals

To investigate the influences of pump laser intensity
on the interplay of the parametric SWM signals, experi-
ments were furthermore performed with various pump la-
ser intensities, ranging from 1. 8 x 10° Wem ™ to 7 x
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10" Wem ~*. The Rb number density was 2 x 10" ¢m ™
and the laser pulse was chirp free. The results are shown
in Fig. 4. It can be seen that both the signals increase
with the pump laser intensity. Specifically, the increas-
ing rate of the signal is large as the pump laser intensity
is below 3 x 10" Wem ™2 the increasing rate of the signal
becomes small as the pump laser intensity is above 3 x
10" Wem ™. This feature might be attributed to the fol-
lowing mechanisms. First, the ionization rate of Rb at-
oms increases as the pump laser intensity increases,
leading to a decreasing effective Rb number density and,
hence, a decreasing signal. Second, the ionization of Rb
atoms causes defocusing effect of the pump laser beam at
the focal point, resulting in a decrease of effective pump
laser intensity and, hence, a saturation of the signals. In
collinear case, phase mismatch in a parametric SWM
process is defined as

Ak = % 2n(w)w, - n(w,)w, —n(w;)w; -

n(w,)w, _n(CUs)ws] , (7)
where ¢ is the light speed in vacuum, n(w) is the re-
fractive index of the medium, w, is the angular frequency
of the pump light, w, is the angular frequency of the sig-
nal, w;,w, and ws are the angular frequencies of the i-
dlers. The refractive index n( @) can be expressed in the
form

(@) =ny(@) +n ()l , (8)
where n, () is the linear refractive index of the medi-
um, n,(w)I is the nonlinear refractive index induced by
the Kerr effect, I is the pump laser intensity. The non-
linear refractive index induced by the Kerr effect is quite
small in gas medium compared with that in solid and lig-
uid medium. Consequently, the difference of the nonlin-
ear refractive indices for the two wavelengths of the IR
signals is extremely small, leading to a result that the
phase matching condition remains nearly unchanged.
Thus, both the signals increase with the pump laser in-
tensity at approximately equal rate. In other words,
pump laser intensity exerts little influences on the inter-
play of the parametric SWM signals.
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Fig. 4 Variation of parametric SWM signals with pump laser

intensity at Rb number density 2 x 10" cm ~*
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3.2 Influence of pump pulse chirp on the signals

Experiments were conducted with different chirp pa-
rameters of the laser pulses, with pump laser pulse ener-
gy fixed at 1 pJ (corresponding to an intensity of 2 X
10" Wem ™7 at the focus for chirp free pulses) , Rb num-
ber density of 2 x 10" em ™. Fig. 5 shows the experi-
mental results. It can be seen that both the parametric
SWM signals reach maxima as the pump laser pulse is
free of chirp. As the chirp parameter increases, the par-
ametric SWM signals decreases and, moreover, positive
and negative chirps contribute equally to the decrease of
the parametric SWM signals. This feature might be at-
tributed to the following mechanism. As the laser pulse is
chirped, the width of the laser pulse increase since the la-
ser pulse energy is fixed. The positive and negative chirp
parameters lead to the broadening of laser pulses equally.
Consequently, the peak intensity of the laser pulse de-
crease with increasing chirp parameter and, hence, the
parametric SWM signals, which are closely related to the
pump laser intensity, decrease monotonically.
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Fig. 5 Variation of parametric SWM signals with chirp parame-
ter of the pump laser pulses at pump laser pulse energy 1 pJ and
Rb number density 2 x 10'°cm ~*
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3.3 Influence of Rb number density on the signals

To gain an insight into the influences of Rb number
density on the interplay of the parametric SWM signals,
experiments were furthermore performed with various Rb
number densities, ranging from 0.5 x 10" cm ™ to 5 x
10" cm ™. The pump laser intensity was fixed at 2 x
10" Wem ™2 and the laser pulse was chirp free. Fig. 6
shows the experimental results. It can be seen that both
the parametric SWM signals vary with Rb number densi-
ty. Specifically, The signal at 1 323 nm increases with
Rb number density and reaches a maximum value as the
Rb number density is around 2.6 x 10" ¢cm ~* and , then,
decreases with Rb number density. Similarly, the signal
at 1 367 nm increases with Rb number density and rea-
ches a maximum value as Rb number density is around
1.3 x 10" em ™ and, then, decreases with Rb number
density. As the Rb number density ranges from 1.7 x
10em ™ 10 2.6 x 10" ¢m ™, the two signals exhibit a
competition, i. e., the signal at 1 323 nm increases
whereas the signal at 1 367 nm decreases.
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Fig. 6 Variation of parametric SWM signals with Rb number
density at pump laser intensity 2 x 10"°W cm
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Further insight into the competition occurring in
these experiments is provided by investigating phase
matching conditions for each parametric SWM process.
The refractive index n(w) is expressed ast'

n(w)? = 1 +2’1TN€ z S (9)

2 2y 0
m, i (wig - w )
where N is the atomic number density, e and m, are the

charge and the mass of the electron, f,, and w,, are the
oscillator strength and the transition frequency between
the excited state ¢ and ground state g of the atom. The
values of the oscillator strengths and the transition fre-
quencies in Rb were taken from Ref. [ 13 ]and, subse-
quently, the refractive indices of the Rb near the wave-
lengths of the pump light, signals and idlers were calcu-
lated at different Rb number densities. For a given Rb
number density, phase mismatches in one parametric
SWM channel were calculated by substituting wave-
lengths of pump light, signals and idlers, as well as the
corresponding refractive indices, into Eq. (7). For an-
other Rb number density, phase mismatches in the two
channels were obtained by repeating the same procedure.
Consequently, phase mismatches with Rb number density
in two channels were obtained, as shown in Fig.7.
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Fig. 7 Phase mismatches in the two parametric SWM chan-
nels for different Rb number densities
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Comparing the relationship between phase mismatch
and signal intensity in the two channels for different Rb
number densities unveils further insight into the mecha-
nisms for competition. Close to Rb number density 1.3 x
10" em ™, the value of phase mismatch in channel for
the signal at 1 323 nm is —71 em ™', much large com-
pared to the phase mismatch, 2.8 ¢m ™", in channel for
the signal at 1 367 nm (see Fig. 7), resulting in an ex-
tremely weaker signal at 1 323 nm than the signal at
1367 nm, as shown in Fig. 6. However, around Rb
number density 2.6 x 10" ¢m ™, the value of phase mis-
match in channel for the signal at 1 323 nm is 0.6 cm ™",
much small compared with the phase mismatch,
69 cm ™', in channel for the signal at 1367 nm ( see
Fig.7), leading to a stronger signal at 1 323 nm than the
signal at 1 367 nm, as shown in Fig. 6. Furthermore,
from 1.3 x 10" ¢m ™ t0 2.6 x 10" em ™, the slopes of
the curve in Fig. 6 are much lager than that in Fig. 7,
suggesting that the competition between the two channels
and, hence, competition between the two signals, is
quite sensitive to the phase mismatch. Competition be-
tween two FWM channels was investigated previously, in
which two FWM signals fall into two simultaneously
opened dual electromagnetically induced transparency
windows, and the mechanism for the competition was at-
tributed to the mutual dressing effect '°'. Study on coex-
istence FWM and SWM disclosed competition between
FWM and SWM, which is caused by quantum interfer-

ence effect'’’. The process concerned in current case,
however, is parametric process. These effects may ap-
pear in the current case, nonetheless, they are not domi-
nant factors governing the competition. Consequently,
comparing theoretical calculations with experimental ob-
servation provides evidence that phase mismatch varying
with Rb number density mainly dominates the competi-

tion between the two parametric SWM processes.
4 Conclusions

Two coupled frequency difference six-wave mixings
were achieved simultaneously in atomic Rb vapor using
laser pulses produced from a Ti. sapphire laser system.
Signals at 1 323 nm and 1 367 nm were generated and
two coupled six-wave mixing channels were identified.
The effects of pump laser intensity, chirp of laser pulses
and Rb number density on the characteristics of the sig-
nals were analyzed. The results show that signals at
1323 nm and 1 367 nm primarily stem from parametric
SWM process. Moreover, competition between the two
signals was observed and phase mismatch determined by
Rb number density governs largely the competition be-
tween the two parametric SWM processes. Since the
competition between the two signals can be controlled by
phase mismatch, the applications of the competition in
optical gates appear to be promising.
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