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Spatial distribution of two symmetric four-wave-mixing signals induced by Gaussian beams
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We present a theoretical analysis of the spatial shape of two symmetric signals of degenerate four-wave mixing
induced by Gaussian beams in a thin sample of two-level atoms. Our calculations take into account the full spatial
and spectral dependences of the relevant nonlinear susceptibilities that govern the two processes. This reveals
two interesting effects. The first one is that the total power of incident beams affects the transverse profile of
the four-wave-mixing signals at the medium exit and their free propagation. The second one is the influence
of the spectral characteristics of the medium on the longitudinal profile of both generated signals upon free
propagation. We argue that the first effect can be seen as the saturation of the medium in regions of higher
intensity, while the second can be understood as the result of a nonlinear contribution to the refractive index
inside the atomic medium. These effects can be symmetric between the two signals, with asymmetries induced
by different detunings from the resonance of the incident fields.
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I. INTRODUCTION

The fundamental solution to the paraxial wave equa-
tion (PWE), the Gaussian beam, encompasses important
properties of the actual output of laser sources, such as their
characteristic intensity profile and phase distribution, both of
which evolve as the beam propagates. One exact higher-order
solution to the PWE is the Hermite-Gaussian (HG) mode,
which is given in Cartesian coordinates and is characterized
by lobes of light disposed in a rectangular grid. Hermite-
Gaussian modes are important in the study of laser cavities, as
they describe the spatial distribution of the output beams from
these light sources [1]. The Laguerre-Gaussian (LG) mode is
another exact solution to the PWE. It is given in cylindrical
coordinates and carries a ring-shaped intensity distribution.
Most importantly, LG modes carry well-defined orbital an-
gular momentum (OAM) in the propagation direction per
photon, as first demonstrated by Allen er al. [2]. Hermite-
Gaussian and LG modes can be represented in terms of one
another and this correspondence is well known [2,3]. Also,
they are limiting cases of the so-called Ince-Gaussian paraxial
mode [4], which carries elliptical symmetry. There are many
other higher-order solutions to the PWE that present vastly
diverse characteristics and interesting properties [5].

The above discussion considers the radiation field of light,
in its many accessible spatial distributions or modes, propa-
gating in free space. Here we are interested in the nonlinear
light-matter interactions taking place in atomic media and
in understanding how these interactions affect the spatial
properties of the light field. We will be concerned with a
particular configuration of four-wave mixing (FWM), a third-
order nonlinear optical process that can take place in a variety
of systems, such as atomic vapors, cold-atom samples, and

*sandra.vianna@ufpe.br

2469-9926/2022/106(5)/053502(11)

053502-1

optical fibers. Four-wave mixing has allowed the investigation
of several optical phenomena, for instance, ac Stark shift,
phase conjugation, and electromagnetically induced trans-
parency [6-10]. It has also been widely employed to study
the interaction of structured optical modes with matter.

One setting that is commonly used to explore the spatial de-
grees of freedom of light is that of FWM induced by amplified
spontaneous emission in a hot atomic vapor, with a three-level
cascade system [11-15]. In cold atomic samples, FWM was
employed to transfer OAM from incident to generated beams
in nondegenerate [16] and degenerate [17] atomic systems,
to transfer more complicated phase structures (obtained by
superimposing LG modes of different orders) [18], and to
store the information carried by the spatial structure of light
in the ensemble of atoms and later retrieve it [19,20].

When the primary objective is the study of the spatial
shape of the FWM beam, the usual approach is based on the
overlap integral of four paraxial modes [12,14,15,21]. In these
cases, the calculations are performed regarding the interaction
medium as a channel for the nonlinear process to take place,
not possessing degrees of freedom that can affect the output
mode superposition. In other words, the spatial distribution of
the FWM field is fully determined solely by the distributions
of the participating beams. With this approach, the theoreti-
cal predictions are remarkably accurate [12,15,21]. The role
of the spatially dependent nonlinear coherence in the signal
generation process was discussed in Ref. [22]. In Ref. [23],
the full spatial dependence of medium quantities was taken
into account in calculations, and effects of detunings from
resonance and phase mismatch on the phase distribution of the
FWM beam were evidenced. No connection was established,
however, between the medium quantities and the spatial prop-
erties of the beam outside the interaction medium. This is the
point our work seeks to highlight.

This work is a theoretical study of the spatial shape
of two symmetric signals of degenerate four-wave mixing

©2022 American Physical Society
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generated in a sample of cold two-level atoms. A spectral
analysis of this kind of symmetric FWM signals was con-
ducted in Ref. [24] considering a three-level system in Rb
vapor. Our focus is on the influence of the spatially dependent
nonlinear susceptibility, induced as a result of the nonlinear
process, on the overall shape of the two FWM signals. We
investigate the spatial properties of the generated beams in
various configurations, including different detunings from the
atomic resonances and several intensities. In particular, we
take into account contributions to the nonlinear signal up
to the effective third-order susceptibility. This allows us to
obtain a closed relation to the coherence associated with the
FWM signal and perform the overlap integrals with a physical
interpretation of the results. In this regime we show that the
total power of incident beams affects not only the transverse
profile of both FWM fields at the medium exit, but also the
evolution of this profile under free propagation. We show
that the so-called root-mean-square (rms) parameters of the
generated beam, which serve as an effective measure of the
longitudinal profile, are intuitively affected by the frequency
degrees of freedom of the atomic medium, in a way that
resembles the Kerr effect. These effects indicate that even
in a thin medium, the power and frequency of pump beams
may lead to significant modifications of the transverse and
longitudinal profiles of a nonlinear signal.

Our results focus on the thin-medium regime, characterized
by a medium length, much smaller than the Rayleigh ranges of
the participating fields. This regime is in agreement with the
experimental conditions in a cold-atom sample obtained with
a magneto-optical trap (MOT). On the other hand, in the thick-
medium regime, the requirement of the Gouy phase-matching
condition [15] can lead to different results. This regime is
more easily achievable in a hot atomic vapor cell, for example.

This paper is divided as follows. In Sec. II we present
details of the calculations performed, more specifically, the
semiclassical modeling of the nonlinear interaction, the so-
Iution to the wave equation for the FWM beam, and the
properties of this solution. In Sec. III we present and discuss
the main results of this work. We summarize in Sec. IV.

II. FOUR-WAVE MIXING IN A TWO-LEVEL SYSTEM

The theoretical model used to describe the generated FWM
beam can be divided in two main parts. The first one is
the semiclassical description of the interaction between the
atomic medium and the radiation field of the laser beams via
optical Bloch’s equations. In particular, we are interested in
the case where both incident beams possess the same power, to
ensure that the two signals are generated with equal probabili-
ties. The second part consists of solving the nonhomogeneous
wave equation for the FWM field & with the source term
given by the nonlinear polarization vector Py, related to the
nonlinear coherence obtained in the first part. It is important to
note that both FWM signals are generated in two independent
processes and we can treat each one separately.

A. Nonlinear light-atom interaction

We consider that both nonlinear signals are induced by
two almost copropagating Gaussian laser beams, with wave
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FIG. 1. (a) Spatial orientation of incident and FWM fields.
(b) Depiction of the parametric processes that generate signals S,
and S, in a two-level atom.
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vectors Kk, and k;, and detected in the 2k, — Kk, and 2k, — k,
directions, as shown in Fig. 1(a). We employ the density
operator formalism to calculate the atomic medium response
related to the nonlinear processes represented in Fig. 1(b). The
total Hamiltonian is H = Hy + Hiy, where Hy is the free-atom
Hamiltonian such that for the ground |1) and excited |2)
states, we have Hy|j) = E ilj), where [E; is the energy eigen-
value of |j), j € {1, 2}. The interaction Hamiltonian is Hi, =
—fu-E(r,t), where i =ef is the electric dipole operator
and the total electric field is given by E(r,1) = )" E,(r, 1),
v € {a, b},

E,(r,t) = %eu&, (r)e Ko=) 4 ¢ .

= €,E,(r,t)+ c.c., (D)

where k,, is the wave vector, w, is the frequency, €, is the
polarization direction, the amplitudes &,(r) carry the trans-
verse dependence of the fields, and c.c. means the complex
conjugate. We consider a quasicopropagating configuration,
where the angle ¢ between k, and k;, [Fig. 1(a)] is very small,
making k,, - r >~ k,z, where k, = |k, | = w,n,/c and n, is the
index of refraction at frequency w,,.

The polarization directions €, and €, of input beams E,
and E,, respectively, determine the number of atomic states
involved in the nonlinear process. We are interested in the case
where €, and €, are parallel circular polarizations. Thus, the
light-atom interaction can be described in terms of a two-level
system. We consider the |55} ,,, F = 2) — |5P;2, F' = 3) hy-
perfine transition of 8’Rb. The nonlinear interaction leads to
the generation of signal S;, due to the absorption of two pho-
tons from beam E, and the stimulated emission of one photon
from beam Ej, and signal S, due to the absorption of two
photons from E,, and the stimulated emission of one photon
from E,. Figure 1(b) illustrates these processes schematically.

We define the Rabi frequency
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where = (j| (it - €,) |k), with j # k, is the electric dipole
matrix element (due to parity ;; = 0). The matrix elements
of I-?im can be written

Hint,jk = —h Z Quefi(kvszut) +c.c. (3)

The density operator p = ) ik Pk |j) (k| describes the state
of the atomic ensemble and satisfies > P = I, and pj =
pij» Where the asterisk means complex conjugation. Its time
evolution is given by Liouville’s equation with a relaxation
term £ associated with spontaneous decay from |2) to |1),

ap _
dr

In our model, populations and coherences decay at rates I"
and I'/2, respectively, where I' /27 is the natural decay rate
of the excited state. For the D, line of ¥Rb, T’ /2m =~ 6 MHz
[25]. With this we obtain the optical Bloch equations for the
two-level system

[p,H] +L. “4)

. 20
Ap = _E[Pleim,zl —ccl=T[Ap = (Ap)],

. i r
o2 = —%[Him.le,O —p2E —EDI— =p12, (5)

2

where Ap = py; — p11 is the population difference and (A p)°
is the population difference far from the region of inter-
action with fields E, and E,. The problem of a two-level
system interacting with two strong fields has been addressed
in Refs. [26-28], and Egs. (5) are solved for arbitrary pump
intensities assuming that the elements of the density opera-
tor oscillate with an infinite number of frequencies. In these
works, the nonlinear coherence associated with the FWM
process at frequency 2w, — wj is found in terms of a recursive
formula. Here we employ a simpler solution method, similar
to the treatment found in [7], to obtain a closed expression to
the relevant nonlinear coherence. Considering signal S;, we
assume that the coherence pj, oscillates with frequencies w,,
wp and 2w, — wp, [6,7],

a iwgt

o1 = obhe 4o zezwbt 4 O,IZZzszelel,fa)h)t’ (6)

where o;; are the slowly varying coherences. The 2w, — w;
component is responsible for the FWM process that generates
the signal S;. The population difference Ap has a stationary
component and one oscillating at |w, — wp| [6],

Ap = (AP)* + [(Ap) el @)t 4 cc]. (7

We now substitute Egs. (3), (6), and (7) into Egs. (5), per-
form the rotating-wave approximation, and collect terms that
oscillate with the same frequency. Then, in the steady-state
regime we arrive at the set of algebraic equations shown in
Appendix A for the slowly varying coherences and population
differences. Defining Q, = Qe §, =w, —w as the
detuning from resonance of field ©2,,, and wy = (E, — E{)/A
as the resonance frequency, we obtain for the coherence alzz‘"b,

related to the generation of signal Sy,

J2ab _ —2i2Q(AP)C(1/ Ay + 1/Ap)
2T (Mg + ApQidy — i8y +T/2) + 2|Q, 2

®)

where A, =i, + /2, A, = —id, + T'/2, and

Ap)0
(Ap)* = 2|Q(“‘2/)) 202 ° ©)

1
+ 82+T2/4 + 81+T2/4

A similar result is found for the coherence 0’122}7 4 related to

signal S,. For Rabi frequencies up to Q,;, =TI', the FWM
spectra calculated with the coherence given by Eq. (8) are
in good agreement with the more general solution given in
Refs. [27,28]. For the higher intensities, similar effects on the
light structure upon propagation can be obtained with both
solutions. The coherences of, and o}, can be found as

_i$, p0
GfZ = 2l P P s (10)

Aa + 2182 17/T + 2|2]*/ Aap
—inp?l (11)

b
o =
TOAE 421925 2/T + 2|Q0[2/ AL,

where A,y = i8, — i8y + I'/2 and pY, = 1 is the population
of the ground state far from the region of interaction.

We rewrite the coherences given by Egs. (8), (10), and (11)
in the forms

o8t = X2 QG (12)
oty = X°Q,, (13)
ol = X"y, (14)

where X2¢=b, X, and X” are the couplings associated with
the processes in directions 2k, — k;, k,, and k;, respectively,
and carry the spectral response of the medium. These coupling
factors also depend on the field amplitudes |2, 5|, and thus
the corresponding susceptibilities contain information about
power broadening and saturation effects. We define the effec-
tive susceptibilities

- N|M12|

2a—b _

e (1s)
X" = N'“”' — (x4 x"), (16)

where N is the atomic den51ty. Since the atoms are considered
stationary, we do not need to include the effect of Doppler
broadening.

B. Wave equation

We are interested in the field distributions of the generated
signals and thus seek a solution to the wave equation for
field E;. We focus only on S, since the equations for S, are
obtained and solved in the same way. The wave equation for
the FWM electric field is [29]

1 3%E, _ 9P
2oz M0
where E; is written as in Eq. (1). The macroscopic polar-
ization P can be divided in two components: P,,_,, which
describes the generation process of the FWM field E;, and P,

associated with the propagation of the generated field inside
the medium affected by fields E, and Ej,. We can write the

V’E, — (17)
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total polarization as P = P,;, + P»,_;, and its projection onto
the oscillation direction of the generated field is

(P-€)=eoxE, +eox > PE’E}. (18)

In the calculations that follow and throughout the rest of
this work, we neglect the first term on the right-hand side
of Eq. (18). This is done under the thin-medium regime as-
sumption such that the generated field is not influenced by
the medium response associated with x*°. Under the rotating-
wave and paraxial approximations, we obtain

i 0 A
(Thvi + 8—Z)5s = Kk Q2Qpe Ak (19)
where Vi is the transverse Laplacian, Ak = |2k, — k; —
k| >~ (2k, — kp) cos % — kg cos 370 is the phase mismatch, and
k is the nonlinear coupling, given by

o

Denlpnl”
Here § represents §, and §;.

We highlight that there is an implicit position dependence
for «. It exists only inside the interaction region, between
z=—L/2 and z = L/2, and is zero everywhere else along
the z axis. Thus, Eq. (19) describes the nonlinear signal
generation process inside the sample. There is no nonlinear
signal at positions z < —L/2 and so the boundary condi-
tion is &(ry, —L/2) = 0. For z > L/2, where the generated
beam propagates in free space, & must satisfy the homoge-
neous paraxial wave equation (iV? /2k; + 3/9z)E = 0, with
the boundary condition given by the solution of Eq. (19) at
z=L/2,&(ry,L/2).

For the solution of Eq. (19), we first note that the Rabi
frequencies of incident beams are comparable to I, and we
expect them to undergo little extinction and transverse struc-
ture variation along the interaction region. Thus, we treat
Eq. (19) uncoupled from the wave equations for &, and &,.
This simplifies the mathematical work of our problem and is
shown to produce results in good agreement with experimen-
tal measurements [12,15,21].

Kk(r,z;8) = 2470 (r, 73 8). (20)

C. Solution to the FWM field wave equation

It is well known that both the HG and LG paraxial modes
form complete orthonormal sets of functions on the trans-
verse plane. This property allows us to write any scalar
optical field as a superposition of the form U(r,,z) =
> n Con (Dt (T 1, 2), Where indices (m, n) characterize the
modes of the chosen basis. The expansion coefficients ¢, (z)
can be seen as power control parameters. If we call P, =
|cmn|? the power allocated to the mode u,,,, then the total
power carried by the field U is P =Y, Pun = Y, , lcwn|*.
It is important to note that ¢,,,(z) can be ,complex.

We consider only incident Gaussian beams and therefore
the LG basis is most convenient due to its cylindrical symme-
try. The LG mode is defined as

l¢l )
Uep(r, . 2) = Cep (ﬁr) L%'( 2r )e"‘f‘f’

w(z) \w(z) w?(2)
2

kr
x e "I exp <—i

RG) + i\I’G(Z)>, 21

where Cy, = /2p!/7(p+[€])! is the normalization con-
stant, L)'!(-) is the associated Laguerre polynomial, w(z) =
wov/1 + (z/zg)? is the beam waist, R(z) = z[1 + (zzr/z)*] is
the curvature radius, Wg(z) = (Ng, + 1)tan~'(z/zg) is the
Gouy phase shift, with the total mode order defined as N;, =
2p+ L], zr = kw3/2 is the Rayleigh range, and wy is the
minimum beam waist.

A light beam described by an LG mode carries well-
defined OAM in the z direction, which is related to the
azimuthal phase factor ¢/?, where the integer £ € (—00, 00),
called the topological charge, defines the OAM per photon in
the beam [2]. The other index characterizing the mode, p €
[0, 00), is called the radial index. It is related to the number of
dark rings in the intensity profile of u,,, but does not have a
straightforward connection with a physical quantity, as is the
case for £. In recent years, however, the radial index has been
the subject of theoretical works [30,31] that have enlightened
its significance.

We write the generated field amplitude &; as the superposi-
tion

@)= D" Y Ap@uy(r). (22)

{=—o00 p=0

The problem becomes that of finding the set of relevant
coefficients {Az,}. Substituting Eq. (22) into Eq. (19) and
employing the orthogonality relation of u,, we obtain an
equation for Ay, (z),

8Agp(Z)

o — Af)(Z)e_iAkZ, (23)

where
2 00
Alx) = /0 /O K (0)QQpu;,rdrdg (24)

is the projection of the spatially dependent nonlinear source
term onto the LG function space, called the transverse over-
lap integral. In all cases we consider, Eq. (24) is calculated
assuming parallel transverse planes for all beams, which is
reasonable for small angles ¥ [21].

As we consider only Gaussian incident beams, which carry
no OAM and thus possess £ = 0, it will be useful to define the
single index mode u,(7, z) = uo,(r, z), which is azimuthally
symmetric. Since «(r) only contains the squared modulus of
fields €24, it has no ¢ dependence, even for £, # 0. The
azimuthal integral in Eq. (24) yields fozrr ed¢ =28, and
Af,(z) becomes Ap(z) = Ag(z) =2n [;° KQ%QZM;;F dr. We
then see that, as the incident fields have £ = 0, the FWM field
does not carry OAM content, as anticipated, and can be writ-
ten as a superposition of radial modes & = » Ap(@uy(r, 2),
where A, = Ay . The presence of modes with different
orders N, = No, = 2p can lead to the interference of the vari-
ous Gouy phase factors exp[i(1 + N,) tan~'(z/zx)] that affect
the radial structure of |&|? upon propagation [32,33]. When
incident fields carry single topological charges or an arbitrary
superposition of topological charges, the azimuthal integral
imposes the conservation of OAM [12,14,15]. This is a subject
beyond the scope of the present work.
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We then solve Eq. (23) to find the expansion coefficients as
< . ,
_Ap(z) = / AP(Z/)e—zAkz dzl’ (25)
-L/2

where z. = min[z, L/2]. This solution is suitable for both
regions of space: —L/2 <z < L/2 and z > L/2. We are in-
terested in the FWM beam outside the medium, where it can
be detected, and thus seek to evaluate A,(L/2). It is important
to note that, although not explicit, .A,(z) is also a function of
the detunings &, and Jp.

The characteristic length of A ,(z) is given by the Rayleigh
range of the beams that participate in the FWM process, zg.
For a thin medium, characterized by L < zg, we can neglect
the variation of A ,(z) inside the interaction region and take its
value at z = 0. This allows us to remove the transverse overlap
from the z integral in Eq. (25) and write the approximate form

AP(%) ~ A,(0) /LLZ

= A,(0)T (L), (26)

where T (L) = 2sin(AkL/2)/Ak can be regarded as an ef-
ficiency measure of the signal generation process inside the
medium. It takes into account the phase mismatch and is a
common factor to all A,. Thus, in the thin-medium regime,
all the information of the nonlinear wave-mixing process is
contained in the transverse overlap integral evaluated at z = 0,
A,(0). It is therefore the main quantity in our calculations
and completely determines the distribution of modes of the
generated fields.

The orthogonality of LG modes allows us to write the total
power of field & as P =) » |.A,]%, which gives the normal-
ization factor of & at fixed §. We define the mode purity
or mode weight as n, = |.Ap|2 /P, a measure of the relative
contribution of the mode u, to &. The phase angle of A,
is ®, such that we can write the expansion coefficient in
the normalized form A, = ,/Pn, ¢'®,. Note that the relative
phases between the various expansion coefficients can also be
responsible for changes on the output beam superposition.

The nonlinear coupling «(r, z;6) XZ”_”(r,z;S) has a
complicated dependence on the input fields and rigorously
on the position r. However, even though this coupling can
promote sensible modifications to the FWM beam in the near
field, it does not contribute substantially to the transverse
shape of the far-field FWM beam, which is mainly determined
by the mode components of fields €2, and €2;. This suggests
that the FWM beam profile is dictated by the overlap of
input beams. Indeed, this is usually assumed in the descrip-
tion of nonlinear processes involving beams with OAM or
arbitrary transverse structures. In Refs. [32,34-36], which fo-
cus on second-order nonlinearities (parametric oscillation and
second-harmonic generation), and in Refs. [12,14,15], which
treat FWM, the quantities analogous to those of Eq. (24) are
overlap integrals of three (x®) and four (x®) LG modes.
In all of these cases, the relevant nonlinear susceptibility x
or x® is a uniform quantity that factors out of the overlap
integral and does not affect the value of the mode expansion
coefficients. With the present study, we seek to understand the
influence of the atomic medium on the FWM process, more
specifically, the role of the full spatial and spectral depen-

e—lAkz dZ/

dences of x>~*(r;8) and x*’~%(r;8) on the spatial features
of signals S; and S, in the particular FWM configuration
considered. Our results, in Sec. III, show that by varying the
power and the frequency of input fields, one can produce
changes of the distributions of mode weights 7, and phases
®,,, which in turn generate modifications on the FWM beams
upon free-space propagation. This is because, in our case, the
effective susceptibility cannot be factored out from the overlap
integral and is taken fully into account in the calculations.

D. Longitudinal profile of the FWM field

The spot size of the FWM beam is well described by the
rms radius, defined as ryms(z) = (11, [ P1EPrdrdg)/? [37].
Substituting Eq. (22), at z > L/2 we can obtain the form [38]

T (2) = /T + Oins (2 = 2m)?, 27

where r,, is the minimum spot size, z,, is the position where
it occurs, and O, is the divergence angle. These three pa-
rameters are calculated from the set of coefficients {4,} (see
Appendix B) and completely determine the longitudinal pro-
file of the beam. We can also introduce the dimensionless
quantity M? = kBystm, called the beam quality factor, which
is proven to satisfy the bound M? > 1+ (£]) [38], where
(|£]) is the mean value of the topological charge magnitude
in the field expansion. In our case, (|€]) = 0 and the quality
factor must therefore satisfy M? > 1.

We highlight that s, 71, 7, and M2, the so-called rms
quantities, depend on the detunings J, 5. In order to highlight
that this dependence arises in the theory due to the spatial dis-
tribution of x2¢~*, we consider the spatially uniform nonlinear
coupling ¥ (8) o< ¥ (§), an averaged measure of the nonlinear
response over the interaction volume. Then k(§) factors out
of the integral given by Eq. (24), which becomes the integral
of a product of four LG modes [12,14,15]. It can be seen that
in this case all of the dependence on the frequency degrees
of freedom factor out from the coefficients .4, and the rms
quantities do not vary with §.

III. RESULTS AND DISCUSSION

In this section we present and discuss our main results.
Together they comprise a theoretical investigation of various
aspects of the FWM signal generation (induced by Gaussian
incident beams) and the free-space propagation after leaving
the nonlinear medium.

Our calculations consist of evaluating the expansion coeffi-
cients A, for the two symmetric signals S; and S,. With the set
{A,}, all of the quantities we are interested in can be obtained,
such as the intensity distribution |2|*> and its propagation
outside the medium and the mode components 7,. We do this
for several configurations. Here each configuration is defined
by the amplitudes Q0 and QY, related to the total power of the
incident beams [€2, ,(r) = Q‘a). »o(r)], and the detunings from
resonance 8, and 8. In the calculations, all beams possess the
same wavelength A and minimum waist wy, giving the same
Rayleigh range zk.

We consider that the waist of all beams is wy = 1 mm
near the interaction region. For the wavelength A = 780 nm,
used to excite the D, line of ¥’Rb, the Rayleigh range is
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FIG. 2. (a) Mode weights 7,, (b) propagation of the FWM beam intensity profile outside the interaction medium from z/zzx = L/2zz ~ 0
to z/zg = 1 (insets show the intensity profile at z = L/2, zz/2, and zg), and (c) normalized radial distribution of intensity at positions z = L/2,
zr/2, and zx for incident Gaussian beams with Rabi frequencies Qg , =2 =0.5T,T, 2I', and 4I" (from top to bottom).

zg = Twj/A ~ 4 m. A cold-atom cloud usually obtained with
a MOT has a size L of a few millimeters. The condition
L/zg < 1 is satisfied, thus justifying our focus on the thin-
medium regime.

As will be seen, for purely Gaussian incident beams, the
transverse shapes of the FWM beams are mainly Gaussian
but can have significant contributions from modes with p > 0.
We show how the transverse profiles of the generated FWM
beams and their free-space propagation are affected by the to-
tal power contained in the incident beams and by the detunings
from resonance 3, and §.

A. FWM induced by Gaussian beams

For Gaussian input beams, the two signals §; and $;
carry null topological charges £, = £, = 0. Also, for equal
amplitudes Q0 = Q) and detunings 8, = 8, = &, they pos-
sess completely symmetric transverse shapes and free-space
propagation characteristics. This is because the nonlinear co-
herence, given by Eq. (8), remains the same with an exchange
of labels a <> b.

1. Effect of pump intensity

We now investigate the effect of the total power contained
in the incident beams on the overall shape of the generated
beams. The weights 7n,, which quantify the contribution of

each mode u, to the generated field &, are represented in
Fig. 2(a) and the radial distribution of intensity at different
longitudinal positions is discriminated in Fig. 2(c). Figure 2(b)
shows the FWM beam propagation for §, = 8, = 0 and differ-
ent values of Q0 = Q) = Q. We note that as the amplitudes
increase, the overall shape of the generated beam at the non-
linear medium exit changes significantly. However, keeping
Q0 = Qg, the symmetry between both generated beams is
preserved. Near the medium exit z/zg = L/2zg ~ 0, the beam
becomes ring shaped. We attribute this behavior to a spa-
tial saturation effect, which can be understood by inspecting
Eq. (8). In all cases, the near-field intensity profile is de-
termined by the nonlinear coherence |0122"_b|2 o |2 |2131b
and due to the Gaussian distribution of the fields, for greater
amplitudes, the denominator in Eq. (8) is larger at the center,
making |o{¢~"|? smaller in this region. Nonetheless, after
propagating distances of the order of zg, the beams acquire a
shape that corresponds to the dominant modes, as we can see
in the radial profile at z = zz (green solid line) in Fig. 2(c).
This is similar to what is verified in Ref. [32].

For the lower intensities (2 = 0.5T", I') the dominant mode
is ugy and the far-field profile is mainly Gaussian. In this case,
the saturation effects are very small, making the influence of
the nonlinear coupling «(r) in Eq. (24) negligible. The val-
ues of n, approach those obtained by calculating the overlap
integral of four LG modes [12,14,15]. On the other hand,
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for the higher intensities (2 = 2T, 4I") there is a significant
contribution from the mode u; and a dark ring is present on the
far-field profile. This transition of the radial profile is due to
the superposition of modes in the generated beam that possess
different mode numbers N, and thus acquire different Gouy
phases upon propagation [32,33].

A sensible change of the longitudinal profile is achieved
by increasing 2. We highlight that the generated beam out-
side the medium clearly indicates an intensity maximum at
positions z/zg far from 0, for all incident beam amplitudes.
In fact, for increasing €2, this position of maximum intensity
is shifted towards greater z/zg, as seen from Fig. 2(b). This
would make one expect the position of minimum ry,s(z) to
be shifted as well. However, this is not the case, since the
minimum of rys(z) does not necessarily correspond to the po-
sition of maximum local intensity. This is because 7;(z) for
an arbitrary beam does not correspond to the radial position
where the field amplitude decreases by a factor of 1/e relative
to the amplitude at the center, as it does for a pure Gaussian
beam.

It is important to note that although in our model the effec-
tive susceptibility only takes into account contributions up to
third order in the fields, the more general solution to the FWM
coherence, presented in Refs. [27,28], gives very similar re-
sults. For instance, the maximum relative error between the
mode weights 7, shown in Fig. 2(a) and those calculated using
the recursive formula is 7%. The resulting mode superposition
preserves the overall behavior shown in Figs. 2(b) and 2(c).
More importantly, with our solution, we are able to establish
a simple physical interpretation of the results.

2. Effect of detunings from resonance

To better understand the influence of the medium on the
spatial characteristics of the generated beams, we investigate
the effect of the detunings from resonance, §, 5, on the free-
space propagation of the generated beam. First, we consider a
situation where both beams have equal detunings, i.e., come
from the same laser source. We see from Fig. 3 that §, 5 has an
intuitive effect on the FWM beams. On resonance, the beams
are generated with the maximum radius and the minimum
divergence. As we move away from the resonance, the radius
right outside the sample decreases while the divergence angle
increases. It is interesting to note that z,, changes considerably
for varying incident beam detunings. Above resonance, z,, is
shifted to negative values, while below resonance, it is shifted
to positive values. These results suggest that it is possible to
translate the position where the minimum waist of the FWM
beam occurs by controlling the frequency of the incident
beams. This translation comes with not much change of the
other beam parameters. Another parameter is the beam quality
factor, which is maximum at resonance and approaches unity
as 8, goes away from resonance.

To evidence that the influence of the frequency degrees of
freedom depends on the incident beam amplitudes, we show
in the inset of Fig. 3(a) the rms radii of the symmetrically
generated beams when Q0 , = Q = I' /4. We see that all five
curves, at each &, Value,’are now closer to each other. The
longitudinal parameters for this low Rabi frequency are shown
by the black curves with crosses of Fig. 3(b), and we can

- = —1.5T
1.2 Hun. —0.75T
0
—0.75I

0 =T/4
Q=T 0 0.5 1
0.4 ' ' ' '
0 0.2 0.4 0.6 0.8 1
z/zr
(b) Orms (mrad) T'm /W,
0.3 1
r/4
0.25
\er\v/a/ __-x-/"/”\"\x_ 0.5
0.2
Zm/ZR M?
0.5
1.5
0
——— ¥ ————%—
0.5 1
i) 0 2 -2 0 2
dap/T Sap/T

FIG. 3. (a) Behavior of r(z) of the symmetric generated beams
with varying 8, = 8, = 8, for & = I" and I" /4 (inset). (b) Longitu-
dinal parameters for the symmetric generated beams for the same
values of 3, ;. Curves with red circles and black crosses correspond
to 2 =I'" and Q = I' /4, respectively.

see that r,, varies much less with the detunings and z,, stays
around O for all §, ;. This is because, in the limit ng » — 0,the
coupling x becomes uniform and factors out of the integral in
Eq. (24). As a result, the frequency degrees of freedom would
not affect the overall shape of the generated beam, only the
power conversion efficiency. Moreover, we can see that the
beam quality factor satisfies M? > 1 for all detunings and
approaches the value M? = 1 for increasing |8, 5|.

We now turn to a situation where the two incident beams do
not have the same detuning but maintain equal Rabi frequen-
cies Qg = 522. In this case, the symmetry under the exchange
a < bin Eq. (8) no longer holds and the generated signals S
and S, are shown to differ.

First, we set the frequency of E, on resonance, 5, = 0,
and make §, vary around §, = 0. Figure 4(a) shows the radii
of both generated beams on free-space propagation in this
situation. We see that by varying only the detuning §,, we also
obtain changes in the focusing region of both FWM beams.
However, the positions of minimum radius, z,, of the two
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FIG. 4. (a) Behavior of r,,s(z) of signals S; (top) and S, (bottom)
and (b) longitudinal parameters of S; (red circles) and S, (black
crosses) for §, = 0 and different values of §,/I". The Rabi frequen-
ciesare ), =T.

signals are translated in opposite directions [Fig. 4(b)]. A
more focused beam in the 2k, — k;, direction is accompanied
by a more spread out beam in the 2k, — k, direction and
vice versa. The values of the divergence angle 6, minimum
radius 7, and quality factor M2, also shown in Fig. 4(b), are
very similar for both signals. Further, their dependence on §,
is similar to that seen in the case with §, = §p,.

In Fig. 5(a) we show the longitudinal profile of S; and S,
for §, = 0 and §, = 0.75T, corresponding to the thin purple
solid curves of Fig. 4(a). Referring to the discussion regarding
the position of maximum intensity, we see that in this case
the position of the minimum r,y,5(z) seems to be closer to the
position of maximum intensity outside the nonlinear medium.
The distributions of 1,,, shown in Fig. 5(b), are similar for both
signals, with uy having the greatest contribution, as before,
and slightly different weights for the modes with p # 0. How-
ever, the distribution of relative phases of the modes u,, that
are being superimposed, shown in Fig. 5(c), is quite different
between S; and S,. This is the dominant factor that leads to
the differences in the longitudinal profiles of Fig. 5(a).

Our calculations reveal an effect that resembles Kerr lens-
ing [39], where the total index of refraction in the medium

max

E—

EO-
8

mm
z/zp
(b) (©)
1.0 T v %
77p (o] Sl x @p
x 5 X © o
0.5 0 o
(o) x X
0 ® R T x ® o
0 3 6 0 3 6
p p

FIG. 5. (a) Propagation of both generated beams outside the
nonlinear medium from z/zzx = L/2zx = 0 to z/zz = 1, (b) mode
components 7, and (c) phases ®, of S| and S, for §, = 0 and §, =
0.75T", corresponding to the thin purple solid curves of Fig. 4(a).

can be written as n = ny + npl, where ny and n, are the linear
and nonlinear refractive indices and 7 is the beam intensity.
The total index of refraction seen by the strong beam is thus
modulated by its own spatial distribution. Evidently, the gen-
erated beam is not strong enough to induce self-modulation.
However, we can explain qualitatively the observed focusing-
defocusing effect by expressing the total index of refraction
seen by the generated field as

n, = ng + An(l,, I; 8), (28)

where An(l,, I,;8) o« Rex?*~?(r;8) is a nonlinear contribu-
tion modulated by the spatial distribution of both incident
beams.

Now we look at the first situation considered: incident
fields with equal detunings §, = §, and symmetric nonlinear
signals. We show in Figs. 6(a) and 6(b) plots of the real part of
the nonlinear susceptibility as a function of the radial coordi-
nate for different values of §, = §;. The Rabi frequencies are
522 » =T [Fig. 6(2)] and Q) , = I'/4 [Fig. 6(b)], correspond-
ing to the situations of Fig. 3(a) and its inset, respectively.
We see that below resonance §,, < 0 (red dotted and blue
dashed curves), the total index of refraction is greater at the
center » = 0 and decreases at greater r positions. Thus, the
FWM beam is focused. On resonance §, ;, = 0, the total index
of refraction is unaffected by x2*? = x?~% = x at all radial
positions. The FWM beam is neither focused nor defocused.
Above resonance 8, > 0 (thin purple solid and green dash-
dotted curves), n, is smaller at the center and increases as
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FIG. 6. Radial distributions of the real part of the nonlinear
susceptibility for different cases. In (a) and (b) the detunings are
equal 8, = 8, = 8, depicting the completely symmetric case x2** =
x?*~“ = x. The Rabi frequencies are (a) Q), =T and (b) Q) , =
I'/4.1In (c) Rex?**(r; ;) and (d) Rex**~%(r; §,) for different values
of §, and for 822 , = I', depicting the non-symmetric case when 4, is
fixed on resonance.

we move away from this position. As a result, the FWM
beam is defocused. For the lower intensity [Fig. 6(b)] the
variation of the refractive index is smaller. We then expect
the (de)focusing effect to be weaker. This agrees with the
behavior of z,, shown in Fig. 3 and its inset.

The same analysis can be made regarding the second case,
where §, is fixed at resonance and §;, varies. As already dis-
cussed, the two FWM signals in this case are nonsymmetric.
In Figs. 6(c) and 6(d) we present plots of the real part of
the nonlinear susceptibility associated with the generation
of FWM signals S; 2k, — kp) and S, (2k, — k) with the
input Rabi frequency 522 » = I'. The nonlinear susceptibility
related to S, has a radial dependence similar to that shown
in Figs. 6(a) and 6(b) for 6, > 0 and §, < 0, while for S
the curves are switched. This indicates that the (de)focusing
effect is opposite between S; and S5, in agreement with the
results for z, shown in Fig. 4(b). The opposite behavior of
the two generated beams is related to whether the beams that
participate with one and two photons in the nonlinear process
have negative or positive detunings.

When the incident fields carry topological charge, the
radial profile of the susceptibility is further affected by
their non-Gaussian intensity profiles. More interestingly, the
phase distribution of the generated field is twisted when the

detunings are varied around resonance [23,40]. The phase
discontinuities that arise from the azimuthal phase factors
e*® inherent to vortex beams, are the features that reveal
this twisting effect.

IV. CONCLUSION

We have shown that the combined spatial and spectral
degrees of freedom of the nonlinear susceptibility in a thin
medium lead to intuitive effects on the free-space propagation
properties of the generated FWM beam. In particular, we
analyzed a situation where two nonlinear signals are induced
by two incident beams with equal power and studied their
transverse and longitudinal characteristics. The FWM fields
were calculated as superpositions of paraxial modes, with the
expansion coefficients given by the overlap integral of the
nonlinear polarization. The effects of incident beam power
and detunings from resonance were investigated.

For increasing power, we showed that the distribution of
coefficient amplitudes is sensibly affected, leading to greater
contributions from higher-radial-order modes. The intensity
profile at the medium exit was shown to suffer notable change,
with an intensity ring being formed as the pump power
increases. Physically, this can be understood as a spatial sat-
uration effect. This intensity ring is not stable and under free
propagation to distances of the order of the Rayleigh range
outside the interaction medium, the ring-shaped profile tran-
sitions into one that is Gaussian at the center. These results
were obtained by modeling the atomic density operator with a
finite number of oscillating frequencies. Similar effects can be
verified if we consider a more general treatment of the optical
Bloch equations, suitable to a high-intensity regime.

When the detunings are varied around resonance, the dis-
tribution of phases of the superimposed modes is mainly
affected. In this case, the FWM beam is shown to undergo
focusing or defocusing, depending on whether the fields are
above or below resonance. We argued that it is possible to
identify a nonlinear contribution to the refractive index inside
the atomic medium, similar to the Kerr effect. The fundamen-
tal difference is that this nonlinear index is affected by the
intensity distribution of the strong pump beams and not by the
generated beam itself. Moreover, in the configuration where
two FWM signals are generated simultaneously, we showed
that the effect can be either symmetric between the two beams,
if the detunings are equal, or antisymmetric, if the detunings
are different, e.g., one of the detunings is fixed on resonance.

The transfer of transverse structure of light beams in non-
linear processes is strongly dictated by the overlap of incident
beams, and this assumption leads to remarkably accurate the-
oretical predictions in both third- and second-order processes.
However, by taking into account the spatial structure of the
medium susceptibility, effects due to pump power and fre-
quency arise and we show that in this case the overall spatial
shape of the generated signal can be sensibly affected. The
results presented in this work indicate that the FWM beam
structure, in the near field, can reveal characteristics of the
nonlinear light-atom interaction, such as the resonances of
the medium, saturation effects, and nonlinear variations of the
refractive index, while after propagation to distances of the or-
der of a Rayleigh range, this information fades away as the
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generated beam evolves into a stable form, which is strongly
dictated by the overlap of incident beam modes.
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APPENDIX A: STEADY-STATE OPTICAL BLOCH
EQUATIONS

The modeling of the atomic quantities is based on that
of Ref. [7], where the usual case of the nonlinear process
involving a strong pump and a weak probe was considered.
In our specific setup both fields possess similar intensities and
thus we look for solutions to the relevant matrix elements of
the density operator that are influenced by both pumps. The
set of steady-state equations for the Fourier components in
Egs. (6) and (7) is

2i{x ot 4 2iQk0l — 2iQ0ly

(Ap)*~" = 2ot o
(Ap)E = (Ap)° — %[Im(QZGf’z) FIm(@oh)]. (A2)
oh = in(Ap)d;S :- J:slz/[éA p)a—b]*, "

0122afb _ iQ.(Ap)—b -

C2i8, — 8y + T2

With a direct substitution method, it is possible to arrive at the
slow coherence 0122"_" shown in the main text. The coherence
related to signal S, in the 2k, — Kk, direction, can be found by
introducing in Eq. (6) a term /Olzé7 ~“ that oscillates at 2w, — w,
and following the same procedure. It is evident that this will
result in a solution to the slow coherence 01222’_“ that has the
same form as afza’b with the exchange of labels a <> b.

One could add to Eq. (6) the coherence ,0%3’“ =
0122}’_“8[(2“’”""0)’ , related to the FWM process at frequency
2wy, — w,. This would lead to an additional equation for the
slow coherence 0122’”” and Eq. (Al), for the population dif-
ference (Ap)*~?, would be modified. However, terms which
appear due to these changes are related to higher-order non-
linear processes in the direction 2k, — k; and we do not keep

them in our solution process.

APPENDIX B: CALCULATION OF THE RMS
PARAMETERS

Following Ref. [38], we can write the rms radius of field
E =2, Apup as

Frms(2) = Wy (N) — Re(geXan /)12,

V2
where (N) = Zp np2p is the mean value of the mode order
N, = 2p in the superposition and ¢ = 113 Zp>0 2pApA;_l is
a generally complex-valued factor. By straightforward manip-
ulations we can obtain the form shown in Eq. (27), rims(2) =
V2 + 02 (z — z)?, where we have explicitly

2 _ Wi (L (V) — Jel?

2 WLl T Z 91 (B1)
2 T+ (N) + Re(p)

Im(p)
=—Tp———— B2
¢ “RT ¥ (N) + Re(g) (B2)

Bms = ——[1 + (N) + Re()]"/2. (B3)
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