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Controlled obtaining of orbital angular momentum (OAM) modes of light at high power over arbitrary orders has
important implications for future classical and quantum systems. Appreciable optical amplification has recently
been observed for low-order or specific-order OAM modes. However, large amplification of high-order OAM
modes still remains challenging. Here we report on flat-gain amplification of arbitrary OAM modes via
Brillouin interactions and demonstrate that the OAM modes with various orders can be efficiently and relatively
uniformly amplified by imaging the wave source of OAM mode propagation in a nonlinear medium. Meanwhile,
the propagation properties of beams carrying OAM with arbitrary modes are high-fidelity maintained. This work

provides a practicable way to flatten the mode gain and represents a crucial necessity to realize OAM mode filters

with controllable mode gain bandwidth.
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1. INTRODUCTION

Since Allen ¢t al. pointed out that a light with a helical phase
factor exp(il) carries orbital angular momentum (OAM) of
R per photon, where @ is the azimuthal angle and / is the order
ofan OAM mode. The light beams carrying OAM have attracted
immense interest for their unique features of inherently infinite
dimensionality and mechanical properties [1,2], and have exhib-
ited potential applications in optical micromanipulation [3],
high-capacity optical communications and mode-division multi-
plexing [4—0], enhanced imaging [7,8], high-dimension quan-
tum information [9-11], fundamental or scientific research
for optics [12-19], and quantum theory [20]. In addition, there
has also been a recent surge for generating beams carrying OAM
with high power and fidelity for future classical and quantum
systems [21-28]. These techniques mainly focus on amplifica-
tion of low-order modes or specific modes depending on de-
signed few-mode fibers. As a next stage, uniform and selective
amplification of OAM modes with arbitrary orders is reasonable
and imperative to satisfy application requirements of high-power
OAM modes and mode filters.

We have demonstrated efficient amplification with high
fidelity, high gain, and low noise for the OAM mode of
/ = 1 and cylindrical vector pulses in a Brillouin-based optical
amplifier [29,30]. The Brillouin amplification, a kind of third-
order nonlinear process via light—acoustic interaction [31],
has been a subject of interest because of its rapid development
in silicon-based photonics [32-36], laser beam combination
[37], optical fiber sensing and filtering [38—40], coherent
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transmission of optical frequencies [41], and microscopy
[42,43]. Prabhakar ez a/. have demonstrated the phase conju-
gation in OAM fiber modes via stimulated Brillouin scattering
(SBS). They observed the phase conjugate modes with / =9,
10, 11, and 12 have similar SBS powers or gain for the pump
mode with / = 11, whereas the gain of other modes decreased
dramatically [44]. We have recently explored OAM mode-
division filtering to remove SBS noise, and observed that the
high-order modes can be employed on-demand to achieve a
better signal-noise separation, however, with a lower Brillouin
gain [45]. In this work, we aim to achieve flat gain over arbi-
trary orders in a Brillouin amplifier (BA). We first investigate
the dependence of OAM mode gain on its order. The gain de-
creasing with the orders is ascribed to a poor overlap of inter-
action modes. To address this issue, we then present a method
for flattening the mode gain spectrum as a function of the
orders. By imaging the order-independent wave sources of
propagation of OAM modes in a nonlinear medium, we elimi-
nate the dependence of the overlap on the order. Moreover, the
propagation properties of amplified OAM modes are the same
as those of input OAM modes. This technique can also be ap-
plied in other optical amplifications or nonlinear interactions
involving OAM mode overlap.

2. THEORETICAL ANALYSIS

In the Brillouin amplification, the intensity equation satisfied

by the Stokes field can be given by
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ds
ES = _gO]S]P’ (1)

where g, is the maximum Brillouin gain coefficient, z is the
propagating distance, and /p and /g are the intensity of the
pump and Stokes beam, respectively. Since we are now consid-
ering the different transverse intensity distribution between the
donut-profile Stokes and Gaussian-profile pump beam, it is
useful to consider the total power in each beam, defined by [46]

Pp = // Ipdxdy,  Pg= // Isdxdy, @

where the integrals are to be carried out over an area large
enough to include essentially all of the power contained in each
beam. Equation (1) can then be described in the form

dPs  PpPs

- , 3
dz goan (3)

where 6 = f f dxdy is the integral area and where

_ ‘ ] Ep(x,,2)Es(x,, z)dxdy
1T T 1Erey ) Pdxdy [T Es (e, ) Pdxdy

represents the spatial cross-correlation function of the pump
and Stokes intensity distributions (i.e., intensity overlap inte-
gral), and Ep(x,7,2z) and Es(x,y,z) are the amplitudes of
pump and Stokes beam, respectively. We reported the obser-
vation of reversible OAM transfer in photon—phonon conver-
sion, and proposed the corresponding OAM selection rules via
Brillouin amplification in a liquid medium [14]. Compared to
the multiphonon OAM modes in special fiber [38,44], in
liquid medium, the phonon OAM mode excited by Brillouin
interaction has the same order as the Stokes beam in the case of
the pump with Gaussian mode. Therefore, we only consider
the optical overlap integral in the theoretical model. We con-
sider satisfying the phase-matching condition and ignore the
transverse variation of the pump and Stokes fields. By solving
Eq. (3), we can obtain

2

4)

P P
Py = Py exp {gon?lj (L- z)} = Pgy exp {geff ?P (L- z)] ,

(5)
where Py is the input Stokes beam power and g ¢ = g7 is the
effective gain coefficient, depending on the overlap of the
interaction beams. The amplified beam intensity grows expo-
nentially with distance as it propagates in the -z direction start-
ing from an initial value at z = Z, and L is the total interaction
length.

The OAM mode can be generated by the addition of a hel-
ical phase factor exp(i/@) to the Gaussian-illuminating beam
through a spiral phase plate (SPP). The light field at the rear
plane of the SPP can be regarded as the wave source of OAM
mode propagation (z' = 0) and is written as

21 x2 492 )
Eg(x0, 90, 0) = \/;w— exp (— Ow—zyo) exp(-ilpy),  (6)

0 0

where @, is the illuminating Gaussian beam waist, and
@o = arctan(y,/xo). It is obvious that the wave sources have
the Gaussian profiles for arbitrary-order OAM modes. After
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propagating away from the SPP, the light field can be obtained
from the Collins diffraction integral equation [47,48]

f1 \/5 1 /b2\4
E > ) ) = S _.k '
(0. 2') Az'wy 7[28(8) exp(-ikz')

x exp [—zl—j (x? +y2)] -exp(-ilep)
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r(+1)
2
xF(£+1,/+1,-b—), (7)
2 €

where z' is the axial distance from the beam waist, £ = 27/ is
the wavenumber, I'() is the gamma function, F(a,y,p) is a
confluent hypergeometric function, and the parameters € and &
can be defined as

1 . 2 2
e= Ly Tty ®)
w; 2z 2z

Figures 1(al)-1(a5) show the beam evolution behavior upon
propagation for / = 1; in contrast, we can see the beam inten-
sity distributions at the same propagating distance of high-order
OAM modes (e.g., / = 10), shown in Figs. 1(b1)-1(b5). The
radius of the initial beam waist is set to 0.65 mm. When a hel-
ical phase factor exp(i/¢p) is suddenly imprinted on an ordinary
Gaussian beam, a phase singularity with multirings in the outer
region of the beam appears and starts to grow radially upon
propagation by the effect of diffraction. The beam with the
higher order OAM mode has stronger diffraction effects, and
so the phase singularities and beam sizes change more rapidly as
the propagation distance increases. Additionally, we can see
from Figs. 1(al) and 1(bl) that the wave sources of OAM
modes have Gaussian-like intensity distribution as described
by Eq. (6).

Figures 1(cl)-1(c5) show the intensity distribution of
Stokes beams carrying OAM modes of / = 0, 2, 4, 6, 8, respec-
tively, at the propagating distance of 40 cm. It can be seen that
the donut shape gradually enlarges with the order of OAM
modes. As a result, intensity correlation coefficient # will be
decreased versus orders. If the nonlinear interaction occurs
between the Gaussian-like wave source of the OAM-carrying

Ocm 0.5cm 10cm 20cm 40cm

(c4)

Fig. 1. Simulation results. The propagation evolution in free space
of the vortex beam with / = 1 (al)—(a5) and / = 10 (b1)—(b5), respec-
tively. The intensity distributions of the (c1) Gaussian-shaped pump
beam and (c2)—(c5) OAM-carrying Stokes signal beams with different
orders at the propagating distance of 40 cm, respectively.
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beam and Gaussian-profile pump beam, 7 will be constantly
equal to 1, and hence g4 should be independent of OAM
mode orders. According to theoretical analyses above, we
present a method to obtain flat gain over arbitrary OAM mode
by using wave sources as the main interaction area. This scheme
can be implemented by imaging the wave source into the non-
linear medium using the 4f imaging system. The ABCD matrix
of the 4f imaging system with two lenses can be described by

L2
A Bl |-/ 0
R fl, )

0 -7
where f; and f, represent the focal length of the two lenses,
respectively. The light field in imaging plane related to the
object plane can be written as [48]

E'(xpy,d) = 1 exp(lkﬂ/) exp {—(x + 572 )] E, (A i’i 0>

(10)

where x; and y, are the coordinates in the image plane, and d is
the distance between object plane and image plane. Through
the 4f imaging system, the output field is a replica of the wave
source of OAM modes at the object plane without any extra
phase terms and can be given by

2 X0\ 2 70\ 2
= 2 exp {—2 {(A) + (A } ¢
(11)
It is worth noting that the intensity profiles at the image plane
will be Gaussian-like profiles for input OAM modes with dif-
ferent orders. This is the key to the realization of the flat gain of
OAM modes. The propagation rule after the 4f imaging system
can be obtained from the Collins diffraction integral equation.
The ABCD matrix of the propagation of light field through the

two-lens system with f; = f, can be expressed as
A B -1 4
! (12)
where 4" is the propagation distance of the beam away from the
image plane. We then find that, through the lens system, the

I, d)
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light field form is the same as Eq. (7), and the parameters € and
b can then be turned into

: 2 2
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We can use the results given in Egs. (13) and (7) to provide
theoretical analysis of the propagation behavior near the image
plane. Figures 2(a)-2(c) show the simulation results. It can be
seen that the intensity distribution at the image plane (4" = 0
in Fig. 2) is consistent with a Gaussian-like profile. The high-
order OAM modes have poor ability to maintain Gaussian-like
intensity distribution when it is far from the image plane. If the
Brillouin gain medium is short enough, we can achieve efficient
amplification of OAM modes independent of the order. It
should be noted that the gain depends on the power density
of two beams. Hence, a higher gain can be obtained by reduc-
ing the focal length of the lens. Figures 2(d1)-2(d9) show the
intensity distribution for OAM modes of / = 10 when f| =
10 cmand f, = 5 cm. The beam radius near the image plane

will be halved (i.e., Aw).

3. EXPERIMENTAL RESULTS AND
DISSCUSSION

The experimental configuration is illustrated in Fig. 3. On the
left side of the BA cell, the pump beam has a Gaussian-shape
intensity profile. The central wavelength of the Gaussian-pulse
pump beam is 532 nm, with the pulse width 7.8 ns. A combi-
nation of a half-wave plate (HWP) and polarizing beam splitter
(PBS1) is used to adjust the pump power. On the other side, a
6.9 ns Gaussian-pulse signal beam with a Stokes frequency shift
is used as the signal beam. By passing through an SPP (RPC
Photonics, VPP-m1064), the beam carries OAM. In order to
image the field of the signal beam just at the output facet of
the SPP to the center of the BA cell, we employ a 4f imaging
system with two lenses. Both lenses have a focal length of
10 cm. The detailed dimensions of the image system in our
experiments show that the central position of the BA cell is
15 cm away from L1 and the distance between SPP and L2
is 5 cm. After passing through the quarter-wave plate (QWP1

[€9) (a7)
. "

(b6)

(c6) S (c9)

(d6) d7) (d8) (d9)
o 1O

0.01 0.1 10 50 d'(mm)

Fig. 2. Simulation results for the propagation behavior of Stokes beams with / = 2, 6, and 10 near the image plane through (a)—(c) two lenses

with f, = f, =

10 cm, respectively, and (d1)—(d9) two lenses with £

=10 cm and f, = 5 cm, respectively, for / = 10.
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Fig. 3. Experimental setup. HWP, half-wave plate; PBS1 and
PBS2, polarized beam splitter; QWP1 and QWP2, quarter-wave plate;
BA-cell, Brillouin amplifier cell; L1-L4, lens. (a) The intensity distri-
bution of the wave source of the OAM mode. The intensity distribu-
tion of the OAM mode at the center of BA-cell (b) without and
(c) with udilizing the 4f imaging system.

and QWP2), the beams with left and right circular polariza-
tions are generated. These two beams interact in a 10-cm-long
BA cell contained CS,, and the amplified signal outputs from
left side of the BA cell are reflected from the PBS1. Both ends
of the BA cell have high-transmission coating (7" > 95%) at
532 nm, and the diameter of the BA cell is 25.4 mm. In the
output path, we employ another 4f imaging system including
L3 and L4 for secondary imprinting of the amplified beam on
a CCD. We use a CCD and an energy meter to record the
intensity distribution and energy of the output beam.

When a Gaussian beam passes through the SPP, a spiral
wavefront character is imprinted on the incident wave, where
a phase singularity at the core of the beam is generated. The
wave source of the OAM-carrying beam has a Gaussian-like
profile, as shown in Fig. 3(a). Then the beam reaches the center
of the BA cell with a propagating distance of 40 cm in free
space. We can see that the beam evolves into a donut-shaped
beam with multirings, shown in Fig. 3(b). If we employ a 4f
imaging system, the Gaussian-like wave source of the OAM
mode is located in the center of nonlinear medium, as shown
in Fig. 3(c).

In experiment, the powers of all the beams are below the
threshold of SBS to avoid self-SBS noise. Figure 4(a) shows the
amplified Gaussian-profile Stokes beam. Figures 4(b1)—4(b4)
show the intensity profiles of the amplified beam without uti-
lizing the 4f imaging system, where the orders are set to 2, 6, 8,
and 10, and the energy of the pump and signal beam is set to
1 mJ and 10 nJ, respectively. We can see that the area and di-
vergence of the amplified OAM Stokes beams increase with the
orders at the same propagating distance. As a result, the gain of
input OAM modes decreases rapidly with the order, as shown
by red circle dots in Fig. 4(c). Experimental data are in good
accordance with the simulation results based on Eq. (5). The
blue curve and triangle dots in Fig. 4 show the dependence of
the OAM mode gain on the order using the 4f imaging system.
It should be noted that the mode gain spectrum upon the order
is flattened by imaging the wave source into the nonlinear in-
teraction area. The reason for the slight decrease for high-order
mode gain is imperfect overlap between the OAM modes at
two ends of the BA cell and Gaussian pump beam. We can
address this problem by reducing the interaction length and
increasing the pump power.
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Fig. 4. Experimental results. (a) Amplified Gaussian-profile beam.
(b1)—(b4) The intensity distribution of output OAM beams without
the 4f imaging system. Utilizing the 4f imaging system, the intensity
profiles of the amplified OAM beam at (c1)—(c4) the secondary image
plane and (d1)—(d4) the propagating distance of 40 cm, where the
orders are set to 2, 6, 8, and 10, respectively. (e) Simulation curves
and experimental results of the mode gain versus its orders.

Figures 4(c1)—4(c4) show the observed intensity profiles of
the amplified Stokes beams of / = 2, 6, 8, and 10 at the imaging
plane of wave source, respectively. Then we move the CCD
backward. Figures 4(d1)—4(d4) show the intensity distribution
of amplified OAM modes after the propagating distance
of 40 cm for / = 2, 6, 8, and 10, respectively. Compared to
Figs. 4(b1)—4(b4), the propagation properties of amplified
OAM modes are the same as those without utilizing the 4f im-
aging system. That is, the 4f system has no impact on the propa-
gation of OAM modes, which are high-fidelity maintained.

Figure 5 shows the dependence of the gain for the OAM
mode of / = 10 on pump energy by utilizing the 4f imaging
system. Like the general Brillouin amplification process, the

35t
30F .
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(=T}
.

Gain (dB)
&

1 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Pump energy (ml])

Fig. 5. Gain versus the pump energies for the OAM mode of
[ =10.
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gain increases almost exponentially under the pump nonde-
pletion condition. We obtain a gain as high as ~32 dB at
the maximal limitation of pump energy of 1.2 m]. We can
easily enhance Brillouin gain by increasing the pump energy,
as shown in Ref. [29].

4. CONCLUSION

In summary, we have first investigated the dependence of an
OAM mode gain spectrum on its order via Brillouin interac-
tion. By utilizing a 4f imaging system, the order-independent
wave sources of OAM modes are imaged in a nonlinear
medium. Based on this scheme, we eliminate the dependence
of the overlap on the order between photon—photon interaction
and obtain a flat gain over arbitrary OAM modes in Brillouin
amplification. The proof-of-principle demonstration reveals the
potential application in Brillouin beam combination systems of
arbitrary OAM modes or an SBS noise suppression scheme.
Furthermore, this technique provides a practicable way toward
relatively uniform and selective-amplification OAM modes,
including high-dimensional superposition of multiple OAM
modes and realization of OAM mode filters in a mode-division
multiplexing system, and it can also be applied in other optical
amplifications or nonlinear interactions involving OAM mode
overlap.
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