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Mirrorless optical parametric oscillator (MOPO) is a consequence of intrinsic feedback provided by the
nonlinearity in a medium due to the interaction of a pair of strong counterpropagating fields. As the name
suggests, the device does not require a cavity for lasing other than the nonlinear medium. Here we report the
demonstration of MOPO under the effect of an all-optical waveguide. The efficient four-wave mixing process
due to counterpropagating pump and control fields interacting with a multilevel atomic system facilitates the
generation of mirrorless Stokes and anti-Stokes fields counterpropagating to each other. The maximum generated
laser power could rise up to mW with pump conversion efficiency more than 30%. Furthermore, the cross-phase
modulation due to the strong fields creates all-optical waveguides for the generated fields and hence induces
correlated spatial modes in the Stokes and the anti-Stokes fields.
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I. INTRODUCTION

MOPO has attracted a lot of attention ever since the phe-
nomenon was first theoretically predicted by Harris [1]. It was
experimentally demonstrated for the case of parametric down-
conversion in a quasi-phase-matched nonlinear x ® medium
[2] and was followed by extensive studies on the coher-
ence properties and conversion efficiency of the phenomenon
[3-5]. For the case of x® medium, two counterpropagating
strong driving fields result in the spontaneous generation of
biphotons, i.e., Stokes and anti-Stokes field from noise. The
photon pairs being generated in opposite directions establish
a distributed feedback mechanism assisted by efficient four-
wave mixing (FWM). The FWM-based MOPO has been
experimentally achieved using electromagnetically induced
transparency (EIT) [6] and further has been used to generate
narrow-band biphotons [7,8] in cold atomic ensemble. The
works by Balic et al. [9] and Pavel [10] described the theory
of the counterpropagating biphoton generation showing a
good agreement with the experimental results. A recent study
in cold atomic ensemble includes the transition of photon
correlation properties from the biphoton quantum regime to
MOPO regime [11]. MOPO in thermal atomic vapor has
also been a subject of intensive study. Earlier it was used to
investigate optical instabilities and self-oscillation by atomic-
vapor degenerate FWM [12-15]. Along with the experimental
demonstration of MOPO in thermal atomic vapor for the
case of nondegenerate FWM [16], there has been many the-
oretical studies on the generated photon pairs [17-21]. The
phenomenon has also been reported for the Raman process in
hot atomic vapor [22].

On the other hand, the nonlinear interaction of a strong
beam with medium results in a spatially varying refractive
index and hence leads to the formation of an all-optical
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waveguide. This causes the modification of the spatial profile
of a weak probe beam while propagating through the medium.
There have been reports on induced focusing [23], spatial-
soliton-induced waveguides [24,25], transverse localization
[26-28], and ElT-induced waveguides [29-31]. Optically
written waveguides in a thermal rubidium vapor cell have been
achieved using Gaussian [32] as well as doughnut-shaped
pump beams [33,34].

In this work, we demonstrate MOPO in thermal vapor
with counterpropagating strong driving fields called as pump
and control beams. The Gaussian profiles of the strong fields
result in a nonlinear refractive index-induced waveguide for
the generated fields and hence leads to the generation of
guided single spatiotemporal modes. Although there have
been substantial works on the subject of FWM-based MOPO,
the spatial modes of the generated fields have not been investi-
gated before. We report an experimental demonstration of the
spatial correlation between the fields generated via the MOPO
process with a very high pump conversion efficiency. We show
that the excitation of the higher order Laguerre-Gauss modes
in the generated fields is a result of all-optical waveguides
induced by the input Gaussian driving fields unlike for the
cases of FWM inside a fiber [35,36] or FWM with input
beams containing orbital angular momentum [37,38].

This paper is organized as follows: In Sec. II, we present
the theoretical model for the estimation of the cross phase
modulation (XPM) experienced by the generated fields as well
as for the propagation equations leading to the all optical
waveguiding of the generated fields in the system. In Sec.
III, we present the experimental methods followed by the
experimental study of single spatial mode of the MOPO in
Sec. IV.

II. THEORETICAL MODEL

The schematic of the laser configuration and the relevant
energy level diagram for MOPO are shown in Fig. 1. A
pump laser field with Rabi frequency €2, optical frequency
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FIG. 1. (a) Schematic of laser configuration for MOPO in ther-
mal vapor, PBS: polarizing beam splitter. (b) Energy level diagram
showing the coupling of pump and control laser fields (solid lines)
and the generated Stokes and anti-Stokes fields (dashed lines).

wp, and detuning A, interacts with the atomic transition
|1) —> |3). Similarly, the control laser field with Rabi fre-
quency €2, optical frequency w, and detuning A, interacts
with the atomic transition |2) — |3). The pump and control
fields counterpropagate with each other through the atomic
medium. The Stokes and the anti-Stokes fields with respective
optical frequencies w; and w, are spontaneously generated
and amplified due to nondegenerate FWM process in the
medium [6]. With the counterpropagating pump and control
beams, the phase-matching condition results in the Stokes and
anti-Stokes beams copropagating with the pump and the con-
trol fields, respectively. The respective two-photon detunings
for the Stokes and the anti-Stokes beams are given by the
expressions §; = wy; — w, — Ars + vyr and §;, = 0, — @ +
ALs — vgg With Arg = 49T;p — 4Q—£ being the light shift due to
the pump and control fields and vyr being the splitting of the
hyperfine ground states |1) and |2). The energy conservation

associated with the FWM process, i.e., s + 0w, = 0, + @
ensures that §; + §, = 0.

A. XPM of the generated fields due to the pump
and the control fields

To calculate the XPM experienced by the generated fields
in the system, we present a model by considering a system
of three levels interacting with a pump and a probe fields
while the contribution of the control field is implemented by
modification in the equillibirium populations. Here one of
the generated beams of the MOPO process is considered as
the probe field with Rabi frequency €2, and the effect of the

other generated field is neglected by considering it to be weak.
The pump and control beams are counterpropagating and the
direction of the probe field is chosen according to whether it
signifies the Stokes field or the anti-Stokes field. The single-
photon detunings for the pump, control, and probe fields are
given by A, A., and A,, whereas A is defined by A, — A,
and is related to 8; and §, by A =8, — Aps = —(84 + Ars),
as shown in Fig. 1(b). A similar system has been analyzed
both theoretically and experimentally to study the narrow
absorptive resonance with gain as well as the dispersion of the
probe beam [39,40]. The same system has further been used
for optical steering, cloning, and splitting of probe beam [41].

Here with the semiclassical approach and rotating-wave
approximation, the Hamiltonian of the three level system with
the pump and the probe fields is given by

(0 0
A=-—-|2 -24,
0 -2

The time evolution of the system is described by the master
equation as

dp
in=2 = [H. pl+ihLp, (1
with
" p33 —Yepr2  —I'/2p13
Lp=| —Vep2 o33 —I'/2p23
=I'/2p51 =T /2pxa  —2Dp3

Here p stands for the density matrix operator and Lp
stands for the Linblad operator, which describes all the decay
and dephasing rates in the medium. I' = 6 MHz is the popu-
lation decay rate from the excited state to the ground states.
y. ~ 1 MHz is the dephasing rate of the dipoles associated
with the ground states, which is dominated by the transit time
of the thermal atoms through the beams.

The optical Bloch equations of the density matrix elements
are solved in steady state by considering the equilibrium popu-
lations of the ground states in the presence of the strong pump
and control fields. Since the population decay rates to both
the ground states are the same, the population distribution in
the hyperfine states depends only on the optical pumping rates

due to both the strong ﬁelds Hence the value of ( p(eq) pgq))
oY Q2 2Q2+4A4T?

o = of (aabraatre
considering the two- level optlcal pumping rates of the pump
and the control fields.

Considering the Doppler broadening in the medium, the
laser detunings A,, A, and A, are modified as A, — kv,
A: + kv and A, — kv, respectively, where v is the velocity
and k,, k., k. are the wave vectors of the pump, control,
and probe fields, respectively. With this effect, the nonlin-
ear susceptibility of the weak probe beam due to XPM,

Xg&’ evaluated under the steady state condition is Doppler-

(eff) _ 21vu —v? /20>
averaged to get, Xypy = 27” (Cher ) [, pra(v)eV Pidy
with v, being the most probable speed of the atoms, N being
the number density, and u being the atomic dipole moment.

The imaginary part of the Doppler-averaged susceptibility
provides information about the nonlinear gain or absorption

is calculated by using ), as derived by
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FIG. 2. Transmission and nonlinear refractive index (An) of the
Stokes and anti-Stokes beams. The red solid line corresponds to the
anti-Stokes beam and the black solid line corresponds to the Stokes
beam. The scaling of the transmission and Arn for the anti-Stokes
beams are presented in the left axis of the graph whereas that of
the Stokes beam are presented in the right axis. The blue dotted line
corresponds to the line of null refractive index.

while the real part contributes to the nonlinear refractive index
as experienced by the generated fields. As for the case of the
anti-Stokes beam, the roles of the pump and control beams are
interchanged in the model. We calculated the transmission and
nonlinear refractive index of the Stokes and anti-Stokes beams
as presented in Fig. 2. The theoretical parameters are 2, =
60 MHz, Q. = 140 MHz, A, = 1.2 GHz, A, = 800 MHz,
v, =270 m/s, and N = 10" /cm3. The model is verified by
comparing with the experimentally measured transmission of
an external probe beam coupling the system.

B. Wave-equations for the generated fields

The wave equation of the Stokes field propagating along
the z direction with the radial transverse coordinate r is
given as

2 o} ) —w; (NL)
\% Es(r)+—(l+xs )Es(r)=—P (r),
c? €oc?

PVO(r) = 3eg oo (M Es + 3€0 x5 Ep Ec Eq is the nonlin-
ear polarization of the medium oscillating with frequency
w, of the Stokes field, Xlg’\)/M is the nonlinear susceptibility
of the Stokes beam due to FWM and x{" is the linear
susceptibility, which is related to the linear refractive index

as,ng =4/ (1 + Xs( 1)). We replace the electric field amplitudes
in the propagation equation by, E; = A;e*"%% i = p, ¢, s, a
with k; being the wave vector and n; being the linear refractive
index associated with the corresponding field. With the slowly
varying amplitude approximation, the wave equation now can
be reduced to

. aAs vZ . 3 (eff)
i 3z + 2kTX Ay +iaEg + EksRe(XxpM(’”))As
3 .
+ Eksx;%&MA,,ACAje'AkZ =0. )

Here Ak =npk, —nck. — ngks +ngk, is the linear phase
mismatch in the system. o, = %Im()(_v( D+ 3)()((6;&) accounts
for the gain or absorption of the Stokes beam in the medium.

Due to the Gaussian profiles of the pump and the control
fields, Re()(;(?l&l(r)) leads to the spatially varying nonlinear
refractive indices [An(r)] for the generated fields. An(r) for
the Stokes and the anti-Stokes fields are evaluated using the
theoretical model for » = 0 and are presented in Figs. 3(a) and
3(d) as functions of the respective laser detunings. By energy
conservation as discussed before, if §; is positive, then both
the generated fields experience a positive nonlinear refractive
index as specified by blue points in Figs. 3(a) and 3(d).
An(r) for the generated beams are found to be approximately
Gaussian in nature leading to MOPO under the effect of the
all-optical wave guide. The spatial modes of the generated
fields under the effect of the all-optical waveguides can be
studied using their propagation equations through the nonlin-
ear medium. For the case of the lowest-order mode of the
all-optical waveguides, the transverse sizes of the generated
beams would be much smaller than that of the control and
pump beams. In this case, the pump and the control fields can
be considered as plane waves and hence the gain due to the
four-wave mixing and the nonlinear absorption process would
result in a uniform gain or loss in the transverse direction of
the generated fields. Hence, it would be a good approximation
to use that the spatial profiles of the generated fields are only
decided by the optical waveguide while considering at least
the lowest order mode. To determine the spatial mode of the
generated field, only the nonlinear refractive index due to
XPM is considered in Eq. (2) to get

e L G Ve A = Bradias )
l = - s,a 5,a\F)As,a = Ps,aAs,as
9z 2y, T , . afs,

where V; ,(r) = —Ang (r)ks, are the near-Gaussian po-
tentials as experienced by the Stokes and the anti-Stokes
fields. The theoretically evaluated potentials are presented in
Figs. 3(b) and 3(e) with parameters 2, =30 MHz, Q. =
140 MHz for the pump and control beam sizes of 200 um
and 1 mm, respectively. The above equation (3) resemble
the Schrodinger’s equation for a two-dimensional Gaussian
potential with eigenvalues f;,. We numerically solve the
equations to find the eigenvalues of the potentials for both
the generated beams, which are depicted as blue solid lines
in Figs. 3(b) and 3(e). For efficient MOPO under the effect
of an all-optical waveguide, the eigenmodes of the waveguide
should meet the condition of complex phase-matching inside
the medium as (8, — Bs + Ak) — i(os — o) = 0. Apart from
the phase-matching condition, a large overlapping integral is
necessary for the efficiency of the process. To understand this,
we consider the case of near-threshold MOPO. As depicted
in Figs. 3(b) and 3(e), the waveguide for the Stokes beam
has one spatial eigenmode whereas the anti-Stokes beam
can support many eigenmodes. For both the waveguides, we
plot the ground-state eigenfunctions and found them to be
similar as shown in Figs. 3(c) and 3(f), which ensures a large
overlapping integral.

If the generated fields are excited in one of the eigen
modes of the waveguide, then the solution of the spatial
modes would be A; = Agpe’? and A, = Aype % for the
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FIG. 3. Nonlinear refractive index (An) as a function of the two-photon detuning, (a) §, for anti-Stokes and (d) §, for Stokes fields.
Transverse profile of the nonlinear refractive indices experienced by the generated fields due to Gaussian intensity profiles of the pump
and control fields were calculated at specified points in the respective figures. Nearly Gaussian potentials experienced by (b) anti-Stokes
and (e) Stokes fields. The black circles represent the potentials evaluated from the theoretical model and the red solid line signifies the
functional fitting of the form ¢;(—e /(4% 4 ¢,e="/(35p)*) and ¢3(—e "/ for the anti-Stokes and Stokes beams, respectively, where
1 =24x10°m™, ¢, =0.065,¢c3 = 3.5 x 10°m™!, Ax, = 680 um and Ax, = 142 um. The horizontal blue solid lines on the potentials
denote the corresponding eigenvalues (theoretically calculated). The normalized ground-state eigenfunction of the waveguide for the case of

(c) anti-Stokes field and (f) Stokes fields.

counterpropagating Stokes and anti-Stoke fields, respectively.
Replacing the spatial mode solution in Eq. (1), we get

dA )
s0 + OlsAsO — l-KsAZOel(ﬂafﬁﬂLAk)z’
0z
d0A .
. ; a0 + aaAaO — l-KaA;kOez(,BafﬁpLAk)z’
Z

where k; = %ksxg,z,MApAc and «, = %kaxé@MApAC. These

equations resemble the coupled equations for the Stokes and
anti-Stokes fields in the undepleted strong field regime as
presented in Refs. [6,11], which can be solved to calculate
the threshold condition.

III. EXPERIMENTAL METHODS
AND PRELIMINARY RESULTS

The schematic of the experimental setup and the relevant
energy level diagram for the system are shown in Fig. 4(a).
The experiment is performed with 3°Rb(D2 line), where the
pump laser is about 1.2 GHz blue-detuned to the transition
5S1/2, F =2 — 5P3,, F =3 and the control laser is de-
tuned to the red of the transition S, 2, F'=3 — 5P3,,
F =3 by 800 MHz. The pump and control fields are passed
through single mode fibers for mode cleaning and counter-
propagate with each other through a 5-cm-long rubidium
vapor cell housed inside two layers of magnetic shields. The
temperature of the vapor cell is kept between 110°-120° C
using a controlled heater which corresponds to a number
density of approximately 10'*/cm?. Both the strong fields
are linearly polarized in the same direction and the generated
fields are measured in the orthogonal polarization direction.

4- f imaging technique is used to image the generated beams
at the respective exit-faces of the vapor cell. (% radii of
the pump and the control beams used in the experiment
are 200 um and 1 mm, respectively. As a first observation
of the signal, a Fabry-Perot cavity is used to measure the
frequency difference between the generated Stokes and the
pump beams. Figure 4(b) shows a typical cavity signal for
near-threshold MOPO, where the small peak corresponds to
a small leakage pump beam and the larger peak is due to
the generated beam. With the free spectral range of the FPI
being 1 GHz, the frequency difference of 35 MHz between
the peaks confirms the generation of the Stokes beam being
frequency-separated from the pump beam by the hyperfine
difference of 3.035 GHz. The broad cavity signal is a result of
mismatch of the cavity length (out of confocality). The pump
threshold power is found to be 270 uW (€2, = 30 MHz) when
the control power is fixed at 54 mW (2, = 140 MHz). We
observe that an increase in control power leads to the increase
in the pump threshold power for the process, which is in
accordance with the threshold condition derived in Ref. [11].

We experimentally investigate the multimode regime of
the MOPO, which is observed for pump power far from the
threshold value i.e. in the range, ~1.2-3.3 mW. We send a
part of the Stokes beam into a fast photodetector, which is
connected to a spectrum analyzer. In this regime, there is
generation of at least two different temporal modes of the
Stokes beams. These beams being the lower order modes
of the waveguide, have beam waist of the order of 50 um.
With the experimentally measured beam power of ~150 uW,
the corresponding Rabi frequency is as large as 100 MHz.
Therefore, the beams undergo efficient forward four-wave
mixing due to Zeeman degenerate two-level system [42]
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FIG. 4. (a) Schematic of experimental setup. (b) Cavity signal showing the frequency difference of about 35 MHz between the pump and
the Stokes beam using a Fabri-Perot cavity of free spectral range of 1 GHz. (c) Spectrum analyzer signal showing the frequency comb under

multispatial-mode regime.

and lead to the generation of equispaced frequency comb.
Figure 4(c) depicts the spectrum analyzer signal showing the
frequency comb with fundamental frequency §. The value
of § can be tuned from hundreds of KHz to few MHz and
strongly depends on the alignment of the strong driving beams
as well as their Rabi frequencies and laser detunings. The
same frequency comb structure is observed for the anti-Stokes
beam simultaneously. Under certain parameter conditions, we
observed multiple simultaneous frequency comb structures,
which is due to the generation of three or more longitudinal
modes. In this work, we focus on the single longitudinal mode
regime of the MOPO to study the single spatial modes of the
generated fields. This is experimentally verified by the fact
that no frequency comb structure is observed for the single
spatial modes.

IV. EXPERIMENTAL STUDY OF SINGLE SPATIAL MODE
OF MOPO

The spatial profiles of the generated beams are imaged to
the CCD camera at the exit faces of the vapor cell in both
directions. The control beam power is kept fixed at 54 mW
(2, = 140MHz) and the transverse profiles of the Stokes
and anti-Stokes beams are recorded by varying the pump
beam power. We observe that with a very low pump power,
ie., =270 uW (2, =30MHz), Stokes field with 54 uW
is generated in the Gaussian spatial mode, which implies a
pump conversion efficiency of ~20%. The high efficiency is
the consequence of the maximized overlapping integral due to
the similar eigenfunctions of the Gaussian mode as presented
in Figs. 3(c) and 3(f). In Figs. 5(a) and 5(b), we show the
CCD images of the Gaussian mode and in Figs. 5(c) and
5(d), we show the corresponding intensity profiles along the

transverse coordinate x for the Stokes and anti-Stokes beams,
respectively. The different sizes for both the generated beams
could be due to the fact that they are imaged at different
positions of the cell, i.e., at the back face and front face of the
cell for Stokes and anti-Stokes beam, respectively. Moreover,
the control beam is 800 MHz red-detuned to the >S5, /25

Intensity
o
[3,]
Intensity
o
(3]

- £ A ‘,.,,_;' ) v ,v |
-0.3 0.0 0.3 -0.3 0.0 0.3

x (mm) X (mm)

0.0

FIG. 5. CCD images of the symmetric Gaussian mode and the
corresponding transverse intensity patterns in the generated (a), (c)
Stokes and (b), (d) anti-Stokes fields, respectively. The intensity
profiles are normalized to the peak value of intensities and are fitted
with Gaussian distribution functions. The % radii of the Gaussian
Stokes and anti-Stokes beams are found to be 97 and 147 um,

respectively.
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FIG. 6. CCD images of the first-order Laguerre-Gaussian
(LGO1) mode in the generated (a) Stokes and (b) anti-Stokes fields.
The corresponding transverse intensity profiles for the (c) Stokes and
(d) anti-Stokes fields. CCD images of the Laguerre-Gaussian (LGO1)
mode at the focal plane of the cylindrical lens for (e) Stokes and (f)
anti-Stokes fields. The intensity profiles are normalized to the peak
value of intensities and are fitted with Laguerre-Gaussian (LGO1)
distribution function. The % radii of the Laguerre-Gaussian Stokes
and anti-Stokes beams are found to be 55 and 83 pm, respectively.

F=3—> 5P3/2, F' =4 transition of 3Rb, which falls
within the Doppler width of 3S;/5, F =2 — Py, F =3
transition of ’Rb and hence it is absorbed while propagating
from the back face to front face of the cell. This makes the
waveguiding potentials of the generated beams shallower
leading to the larger radii of the generated beams on the front
face of the cell.

In the same experimental setup, the Laguerre-Gaussian
(LG) mode was achieved with a pump threshold power
~900 uW (€2, = 60 MHz). Figures 6(a) and 6(b) refer to the
corresponding CCD images where as Figs. 6(c) and 6(d) show
the transverse intensity patterns for both the generated beams.
In this case, we generate ~300 uW of Stokes power with
33% pump conversion efficiency. Furthermore, to confirm the
phase singularity of the generated LG beams, we perform
an additional measurement based on a method described in
Ref. [43], i.e., by using a cylindrical lens in the path of
each of the beams, where the transverse intensity pattern at
the focal plane gives information about the orbital angular
momentum of light. The CCD images at the focal plane of
the cylindrical lenses for the Stokes and anti-Stokes fields
as shown in Figs. 6(e) and 6(f) imply that both the beams

are generated with same azimuthal index, i.e., [ = 1 for this
case. To understand this, we consider the overlapping integral,

f—LL/iz OR 02;1 PELEZE E,d¢ dp dz with L being the length
of the sample; R being the aperture size of the system; z being
the propagation direction; E,, E,, E,, E,; being the elec-
tric field amplitudes of the pump, control, Stokes, and anti-
Stokes fields, respectively. The integral over the azimuthal an-

gle, fozn el gy = 2 8(l; — 1,,,) for counterpropagating
Stokes and anti-Stokes fields. Hence both the generated LG
beams are of same handedness whereas the selection for left
or right-handedness depends mostly on the optical alignment
of the input beams.

The excitation of single spatial mode of the generated LG
beams can be understood by considering the pump depletion
at the center of the beam due to the high conversion efficiency.
This effect can modify the Gaussian Stokes potential by
developing a bump at the center and simultaneously the
anti-Stokes potential is modified in a similar fashion due to
the cross phase modulation between the strong beams, e.g., as
shown in Fig. 3(b). Hence we speculate that the overlapping
integral for the lower Gaussian mode is minimized where
as the potentials can favor the oscillation of the Laguerre-
Gaussian mode with a better overlapping integral. However,
a more accurate physical interpretation can be done by
incorporating the effect of the depletion of the pump and the
control fields in the wave equations for the generated fields.
Taking the maximum overlapping of the generated beams into
account for efficient generation, the beam sizes of both the
beams should be similar inside the medium. Considering the
LG (Gaussian) beam radius of 55 (97) um at the back face of
the cell as the beam waist, the free space propagation would
have resulted in a beam radius of 236 (160) um at the front
face of the cell in the absence of waveguiding, which is larger
than the measured beam radius of 83 (147) wm. This suggests
that the beams are not diffracting over the vapor cell length
(5 cm), which is larger than the Rayleigh range for the LG
beams by a factor of ~~4 and hence it confirms the presence
of the all-optical waveguide in the system. Furthermore, we
observed that the generated beams exhibit more confinement
with higher input pump power in the single mode regime of
MOPO. The beam waist of the generated LG mode (55 ptm)
at higher pump power (900 uW) is observed to be smaller
as compared to the Gaussian mode (97 um) generated at
lower pump power (270 uW). This mode confinement is
another evidence of the presence of waveguiding in the
system. We also studied the free space propagation of the
generated modes and the input fields after the vapor cell. We
found that the size of the of the Stokes beam after free-space
propagation distance of 5 cm is 340 wm, which is much larger
than the size of the pump beam (210 pwm). This suggests that
the Stokes beam is confined within the pump beam inside
the vapor cell. We further observed that the eigenfunctions
differ more and more with higher-order modes and in turn
leads to a reduction in MOPO process for the generation of
higher-order spatial modes. As verified experimentally, the
generation of the spatial modes, especially the higher-order
modes are critical with regard to the beam sizes as well as the
optical alignment of the strong driving fields.

As a further extension of the experiment, the symmetry
of the waveguide potential along the transverse directions is
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FIG. 7. CCD images of the asymmetric gaussian mode in the
generated (a) Stokes and (b) anti-Stokes fields. The first-order
Hermite-Gaussian (HGO1) mode in the generated (e) Stokes and (f)
anti-Stokes fields. The corresponding transverse intensity profiles are
presented in (c), (d), (g) and (h) respectively.

broken by using an elliptical pump beam. A pair of anamor-
phic prisms are used to make the pump profile elliptic with
ellipticity ~1.5. The same experiment is repeated to observe
different spatial modes of the generated beams, i.e., by varying

the pump power. The input asymmetric pump beam induces
an asymmetric Gaussian potential for the generated fields
and hence leads to the generation of asymmetric Gaussian
mode near threshold as shown in Figs. 7(a) and 7(b). We
fitted the intensity patterns along one transverse direction
with Gaussian distribution function as a confirmation of the
spatial mode, which is shown in Figs. 7(c) and 7(d). In this
case, as the cylindrical symmetry of the waveguide is broken,
the next higher-order eigenmode is the Hermite-Gauss mode.
As expected, we observed the same mode in the experiment
with an increase of the pump power. The corresponding CCD
images presented in Figs. 7(e) and 7(f) and the intensity
patterns along a transverse direction are shown in Figs. 7(g)
and 7(h).

V. CONCLUSION

In this work, we studied the generation of all-optically
guided MOPO which is found to be due to the combined
effect of FWM and XPM in a system with efficient nonlinear
processes. We report the generation of spatially as well as
temporally correlated generated fields with a very high pump
conversion efficiency. The maximum Stokes power observed
in our experiment is ~ImW with 30% pump conversion
efficiency with suitable experimental parameters. Our further
study includes optimization of the system to get stable higher
order modes of the all-optical waveguide, study of the mecha-
nism of the transition from single mode to multimode regime
of the MOPO and study of the effect of the depletion in the
pump and the control fields. Moreover, we plan to work on
the mirrorless laser to increase its efficiency by feedback of
the generated beam into the nonlinear medium. It would also
be interesting to study the effect of the disorder introduced
in the nonlinear refractive index experienced by the generated
fields by using the random intensity pattern of the pump or
control fields similar to the study of random lasers [44,45].
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