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Light with transverse polarization structures, such as radial and azimuthal polarization, enables and

revives lots of applications based on a light-matter interaction due to its unique focal properties. To

date, studies referring to this topic mainly concentrate on a weak-light domain, yet it should have

gained more attention in a high-energy domain. Here, we demonstrate the generation of strong single-

longitudinal-mode (SLM) cylindrical vector (CV) short pulses via stimulated Brillouin amplifica-

tion. As a proof-of-principle work, the energy is transferred from a pair of 700 ps pumps to a 300 ps

Stokes pulse via parametrically exciting coherent phonons in fluorocarbon liquid. After amplifica-

tion, a 100 mJ-level SLM CV pulse light with 300 ps duration is obtained. Meanwhile, the phase

and polarization structures are high fidelity maintained. This result provides a practicable way

to generate strong CV light, and by further extending this mechanism into the beam combination

system, even an ultra-high intensity CV light can be expected. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979588]

Science of structured light—the generation and appli-

cation of light fields with custom transverse intensity,

phase, and polarization profiles—has gained enormous pro-

gress and gradually become the hottest topic of the optical

community over the past decade.1,2 In this new subject of

modem optics, orbital angular momentum (OAM) plays a

crucial role,3 which is associated with light’s twisted phase

profile. Particularly, the infinite dimensional space spanned

by this degree-of-freedom (DOF) has directly given rise to

a promising research direction—informatics, ranging from

high-capacity optical communications,4 high-precise optical

metrology,5 high-dimension quantum information,6–11 to

fundamental study for nonlinear optics and quantum the-

ory.12–15 In addition to the intensity and phase, the polariza-

tion of light can also exhibit a non-uniform transverse

distribution once the OAM and spin angular momentum

(SAM) DOFs are entangled.16 Among them, radially polar-

ized light and azimuthally polarized light, two specific

members of the so-called cylindrical vector (CV) beam,

have received more attention, because their focal regions

manifest strong longitudinal electric and magnetic fields,

respectively.17 This striking focal property, such as allowing

smaller focal spot, inspires another fascinating research

direction of the structured photonics—light-matter interac-

tion, including measurement, imaging, microscopy, and opti-

cal manipulation at the nanoscale.18–20 In this domain, pulsed

light with a single longitudinal mode (SLM) is desirable for

many applications, especially for high-energy applications

that expect the ability of shaping the focal property more.

For instance, employing CV light may reduce the system

size of laser drivers for inertial confinement fusion and corre-

sponding material testing,21 and besides, it has been pre-

dicted that a strong vortex laser (1018 W/cm2) could be used

for high-gradient positron acceleration.22 However, in the

current stage, it is still a challenge for directly converting

strong laser pulses via CV polarization converters, such as

spin-orbital coupling based q-plates and metasurfaces,23–25

whose damage thresholds are low and particularly for SLM

light (i.e., all photons in one quantum state mean a larger

complex amplitude).

An alternative method to generate high-power CV

pulses is employing a light amplification technique that ini-

tiates from a weak seed, such as laser amplification (LA),

optical parametric chirped pulse amplification (OPCPA), and

energy transfer via stimulated Raman or Brillouin scattering

(SRS and SBS).26–29 For SLM pulses with a sub-nanosecond

duration, the efficiency of LA is lower, while OPCPA needs

a specific pump source and larger aperture (the damage

threshold of compressor gratings is only a few hundred mJ/

cm2), making the whole system complicated. In contrast,

amplifying light pulses via SRS and SBS in gases, liquids,

and plasmas has many superiorities. For example, liquid and

gas media provide much higher damage threshold, and plas-

mas possess almost a damage-free feature that has been used

in the cross-beam energy transfer scheme at the National

Ignition Facility.30 So far, amplifications of OAM light via

SRS and SBS have been proved.31–33 Here, we further dem-

onstrate that SBS can also work for CV light, and in this
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proof-of-principle experiment, strong SLM CV short pluses

are generated via stimulated Brillouin amplification (SBA)

in fluorocarbon liquid.

The high-energy SLM picosecond source is provided

by a SBS compression Nd:YAG laser system (for details,

see Fig. S1 in the supplementary material). The core of this

system is a diode pumped Q-switched nanosecond pulse

generator, and the SLM selection property is achieved by

employing the geometry layout of the output mirror and an

optical flat, a more cost-efficient and simple way compared

to the Fabry-Perrot etalon. Then, the pulse is directed to a

double-pass laser amplifier with a SBS based phase-

conjugation mirror. After the amplification and SBS com-

pression, the final output is 250 mJ SLM pulses with 700 ps

duration and 3 mm diameter. The partial of this output is

directed and focused into a SBS cell to generate 300 ps

Stokes frequency shift seed pulses required for the next

step. Here, we focus on the radial CV light that can be

expressed as a superposition of two Laguerre-Gaussian

(LG) modes with opposite topological charges and circular

polarizations, i.e., ðjL;�LG01i þ jR;þLG01iÞ=
ffiffiffi

2
p

, or two

Hermite-Gaussian (HG) modes in orthogonally linear polar-

izations, i.e., ðjH;HG10i þ jV;HG01iÞ=
ffiffiffi

2
p

.16 To amplify

this CV light via SBA, evidently, a pair of linearly (HþV)

or circularly (LþR) polarized pumps with the same energy

and phase-matching condition are necessary.

Figure 1 shows the schematic illustration of this proof-of-

principle experiment. A non-collinear SBA layout is adopted

and the cross angle h between the two pumps is set as h¼ 6�,
providing the enough interaction length and acceptable phase-

matching condition.32,34 The CV seeds are converted from a

linearly polarized SLM pulse with 300 ps duration by passing

through a q-plate with q¼ 0.5, and the highest energy of the

seed pulse is set as 20 mJ, an affordable power for liquid-

crystal based spin-orbital devices at 1064 nm. Then, except

for the difference in polarization, two identical pump pulses

with 700 ps duration interact with the seed pulse in a 10 cm-

length coupling cell (CS) containing FC-72 (Brillouin gain:

6 GW/cm2; absorption coefficient <10�5 cm�1), which is

widely used in the SBS compression laser system. Two

quarter-wave plates (QWPs) inserted in pump paths are used

for converting pump light into required polarization combina-

tion (HþV or LþR). After the amplification, the high-energy

output pulses are analyzed by polarization tomography con-

sisting of two wave plates and a polarized beam splitter

(PBS). The transverse profiles and energies of output pulses

before and after the polarization tomography are recorded by

a CCD and an energy meter, respectively.

The configuration of SBA for radial CV light shown in

Fig. 1 can be regarded as two mutually independent photon-

phonon coupling processes, or rather two pumps, respectively,

amplifying corresponding polarization components of the

seed. One may point out that amplifying CV light via only

one photon–phonon coupling could be achieved by using a

CV pump; nevertheless, this assumption neglects a fact that

generation of high power CV pumps was actually a bottle-

neck. The phase-matching condition for a non-collinear SBA

used here can be expressed as qðX0Þ ¼ kðxpÞ � kðxsÞ, where

kðxÞ and qðX0Þ are the optical and acoustic dispersion rela-

tions, respectively, and X0 ¼ cosðh=2Þðxp � xsÞ is phonons’

frequency generated under this configuration. For such a

small cross angle (h¼ 6�), X0 � X ¼ xp � xs (1.1 GHz for

FC-72) and considering that the linewidth of the utilized sub-

ns pulses is large, the decrease in the coupling efficiency

induced by the phase-mismatching is negligible. Besides,

compared to all-light based OPA, a major defect of parametric

amplification via the light-matter interaction is the noise aris-

ing from the interactions between optical fields and non-

coherent collective excitations. However, the non-collinear

SBA scheme directly avoids this thorny problem, owing to a

cross angle existing between the propagation directions of the

output signals and the noise.

In our experiment, the seed energy is set as 5 mJ, 10 mJ,

and 20 mJ, respectively, and the energy of the two pumps is

set from 10 mJ to 100 mJ synchronously with a step of 10 mJ.

Figure 2(a) shows the dependence of the output energy upon

the input one-way pump energy. The results indicate that total

output energy increases linearly with the increase in the input

pump energy and a stronger seed can extract more energy

from pumps in the same condition. The embedded inset in the

top left of Fig. 2(a) shows the average final output energy

when the input pump energy is 100 mJ� 2. We can see that

100 mJ-level SLM CV pulses with 300 ps duration are

obtained when inputting a seed pulse of �20 mJ, correspond-

ing to an approximate 4.6 GW/cm2 power density (unfo-

cused). In addition, it can be noted that the energy in

FIG. 1. Schematic illustration of the

experimental setup. Key components

include the q-plate, half-wave plate

(HWP), quarter-wave plate (QWP),

polarized beam splitter (PBS), and

coupling cell (CS). A CV SLM pulse

light with 300 ps duration and Stokes-

frequency shift interacts with pump-1

and pump-2 in the coupling cell simul-

taneously. The polarizations of the two

pumps are perpendicular to each other,

and the cross angles between them are

6�. Two wave plates and a PBS shown

at lower right-hand constitute a polari-

zation tomography module that ana-

lyzes energies and transverse profiles

of the output signals.
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polarization-1 is slightly smaller than that in polarization-2.

This phenomenon ascribes to an energy difference between

the two pumps, and a finer design upon demand can solve this

problem. Figure 2(b) shows the energy transfer efficiency (g)

from pump to Stokes for different pump energies. As

expected, in the same input pump energy, a higher energy

ratio of the seed to pump (Es/Ep) can obtain a higher g.

Moreover, g increases with pump energy for the same seed

condition and g becomes saturated as the pump energy

reaches 70 mJ. Although g is only achieved up to 40% level

under this proof-of-principle configuration, it can be improved

rapidly by introducing another group of pumps in the next

amplification stage, i.e., so-called SBS beam combination,

due to the increase of Es/Ep. Usually, g can exceed 80% when

FIG. 2. (a) The output energy of ampli-

fied seed pulses versus input one-way

pump energy. The top left inset shows

the final output energy when the input

pump energy is 100 mJ, including total

energy and energy in polarization-1.

(b) The energy transfer efficiency (g)

from pump to Stokes versus the pump

energy. The blue, pink, and orange

points shown in (a) and (b) correspond

to 5 mJ, 10 mJ, and 20 mJ input seed

energy, respectively.

FIG. 3. Transverse profiles and polari-

zation tomographies of the final output

pulses; all data are captured with an

integration time of 5 s (cumulative

exposure of 5 pulses). (a)–(c) The seed

is amplified by linearly polarized

pumps, (a1)–(a5) only input H polar-

ized pump; (b1)–(b5) only input V

polarized pump; (c1)–(c5) both H and

V pumps are input. (d)–(f) The seed

is amplified by circularly polarized

pumps, (d1)–(d5) only input L polar-

ized pump; (e1)–(e5) only input R

polarized pump; (f1)–(f5) both L and

R pumps are input.
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Es/Ep is greater than 4 in the FC-72 based SBA system in the

high energy range,35 providing a feasible way to generate

ultra-high intensity CV pulses.

Data shown in Fig. 2 involve two cases, HþV and LþR

pumps. As expected, there is no difference reflected in the

output energy between adopting orthogonally linear polariza-

tions and opposite circular polarizations. This situation is

also proved by measuring transverse profiles, with the polari-

zation tomographies of the final output pulses with 100 mJ

pumped shown in Fig. 3. It can be seen that the output pulses

seem to be a HG or LG mode under one-way pump, as

shown in Figs. 3(a), 3(b), 3(d), and 3(e). This is because that

after the amplification, only pump-1 input, the original seed

field evolves into ajL;�LG01i þ bjR;þLG01i or ajH;HG10i
þbjV;HG01i where jaj2 þ jbj2 ¼ 1 and a : b � 5 : 1. Thus,

comparing the amplified component with unamplified com-

ponent, the latter becomes too weak at the same attenuation

level. Once the two pumps input simultaneously, as shown in

Figs. 3(c) and 3(f), the output pulses manifest a typical char-

acteristic of radial CV light indicated by corresponding

polarization tomography.

Notice that in order to achieve a high fidelity amplifica-

tion, a key point is the orthogonality between the two pumps,

or the output light field’s structure in polarization and spatial

DOF will distort. For instance, as shown in Fig. 4(a), after an

amplification was performed by two non-orthogonal linearly

polarized pumps, the donut transverse profile becomes non-

uniform and its polarization tomography in L and R projec-

tion even manifests LG modes with fractal topological

charges. In addition to the standard radial and azimuthal

pulses, SBA can also be applied for amplifying more com-

plex CV light.25,36,37 Figure 4(b) shows the polarization

tomography of amplified CV pulses with a radial structure.

By employing such high-energy SLM complex CV pulses, a

more flexible focal property can be provided for the research

on the light-matter interaction.

In summary, we have demonstrated the generation of

high-energy SLM CV short pulses via SBA, and a 100 mJ-

level radial CV light with 300 ps pulse duration is achieved.

After the amplification, measurements of polarization

tomography in energy and transverse profile indicate that the

polarization structures are maintained with high fidelity.

These results suggest that the SBA is a feasible way to gener-

ate high power CV light, and ultra-high intensity CV pulses

could be generated by further extending this configuration

into a multi-pumped beam combination system. What’s

more, this mechanism can also work in plasma based SBS

systems, to generate ultra-high energy CV fs pulses.

See supplementary material for the optical layout of the

high-energy SLM picosecond source.
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H€uller, A. Mančić, P. Antici, V. T. Tikhonchuk, A. H�eron, P. Audebert,

and J. Fuchs, Phys. Rev. Lett. 104, 025001 (2010).
27S. Weber, C. Riconda, L. Lancia, J. R. Marquès, G. A. Mourou, and J.

Fuchs, Phys. Rev. Lett. 111, 055004 (2013).
28M. R. Edwards, N. J. Fisch, and J. M. Mikhailova, Phys. Rev. Lett. 116,

015004 (2016).

29L. Lancia, A. Giribono, L. Vassura, M. Chiaramello, C. Riconda, S.

Weber, A. Castan, A. Chatelain, A. Frank, T. Gangolf, M. N. Quinn, J.

Fuchs, and J. R. Marquès, Phys. Rev. Lett. 116, 075001 (2016).
30J. D. Moody, P. Michel, L. Divol, R. L. Berger, E. Bond, D. K. Bradley,

D. A. Callahan, E. L. Dewald, S. Dixit, M. J. Edwards, S. Glenn, A.

Hamza, C. Haynam, D. E. Hinkel, N. Izumi, O. Jones, J. D. Kilkenny,

R. K. Kirkwood, J. L. Kline, W. L. Kruer, G. A. Kyrala, O. L. Landen, S.

LePape, J. D. Lindl, B. J. MacGowan, N. B. Meezan, A. Nikroo, M. D.

Rosen, M. B. Schneider, D. J. Strozzi, L. J. Suter, C. A. Thomas, R. P. J.

Town, K. Widmann, E. A. Williams, L. J. Atherton, S. H. Glenzer, and

E. I. Moses, Nat. Phys. 8, 344 (2012).
31J. T. Mendonça, B. Thid�e, and H. Then, Phys. Rev. Lett. 102, 185005

(2009).
32W. Gao, C. Mu, H. Li, Y. Yang, and Z. Zhu, Appl. Phys. Lett. 107,

041119 (2015).
33J. Vieira, R. M. G. M. Trines, E. P. Alves, R. A. Fonseca, J. T.

Mendonça, R. Bingham, P. Norreys, and L. O. Silva, Nat. Commun. 7,

10371 (2016).
34Y. Chen, Z. Lu, Y. Wang, and W. He, Opt. Lett. 39, 3047 (2014).
35Q. Guo, Z. Lu, and Y. Wang, Appl. Phys. Lett. 96, 221107 (2010).
36P. Chen, W. Ji, B. Y. Wei, W. Hu, V. Chigrinov, and Y. Q. Lu, Appl.

Phys. Lett. 107, 241102 (2015).
37P. Chen, S. J. Ge, L. L. Ma, W. Hu, V. Chigrinov, and Y. Q. Lu, Phys.

Rev. Appl. 5, 044009 (2016).

141104-5 Zhu et al. Appl. Phys. Lett. 110, 141104 (2017)

http://dx.doi.org/10.1364/AO.51.0000C1
http://dx.doi.org/10.1103/PhysRevLett.91.233901
http://dx.doi.org/10.1364/AOP.1.000001
http://dx.doi.org/10.1364/OPTICA.2.000900
http://dx.doi.org/10.1126/science.1260635
http://dx.doi.org/10.1103/PhysRevLett.98.155001
http://dx.doi.org/10.1103/PhysRevLett.112.215001
http://dx.doi.org/10.1103/PhysRevLett.96.163905
http://dx.doi.org/10.1063/1.4895620
http://dx.doi.org/10.1038/srep25528
http://dx.doi.org/10.1103/PhysRevLett.104.025001
http://dx.doi.org/10.1103/PhysRevLett.111.055004
http://dx.doi.org/10.1103/PhysRevLett.116.015004
http://dx.doi.org/10.1103/PhysRevLett.116.075001
http://dx.doi.org/10.1038/nphys2239
http://dx.doi.org/10.1103/PhysRevLett.102.185005
http://dx.doi.org/10.1063/1.4927699
http://dx.doi.org/10.1038/ncomms10371
http://dx.doi.org/10.1364/OL.39.003047
http://dx.doi.org/10.1063/1.3435385
http://dx.doi.org/10.1063/1.4937592
http://dx.doi.org/10.1063/1.4937592
http://dx.doi.org/10.1103/PhysRevApplied.5.044009
http://dx.doi.org/10.1103/PhysRevApplied.5.044009

	l
	n1
	n2
	n3
	f1
	f2
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	f4
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37

