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Abstract We demonstrated a radially polarized, LG01-

mode Nd:YAG laser by applying annular-shaped pump

light. The annular profile of the pump light was originated

from the mode conversion inside a conventional multimode

fiber under off-focus coupling condition. This laser gave a

maximum output power of 1.2 W at 1,064 nm with a slope

efficiency of 28.3 %.

1 Introduction

Over the past several years, the lowest-order Laguerre-

Gaussian (LG01) mode that has ring-shaped intensity pro-

file has been widely investigated both theoretically and

experimentally, owing to their potential applications in the

fields such as atomic optics [1, 2], optical manipulation of

particles [3, 4], lithography [5] and super resolution [6],

etc. For example, for the application in the stimulated

emission depletion (STED) microscopy, the annular beam

depopulates excited state of the dye molecules and results

in a resolution of about 20 nm [6].

Until now, the straightforward routes to generate annular

beams (e.g., LG01 mode) are direct illumination of

Gaussian beam on axicon [7], few-mode or hollow fiber

[8–10], spiral- or axicon-type holograms [11, 12], spatial

light modulator [13], etc. Alternatively, for the capability

of scaling to high power, such beams can be extracted

directly from a laser resonator by deploying various axi-

symmetric mode discriminators including birefringent

crystal [14–16], conical elements [17–20], subwavelength

grating [21, 22] and others inside the cavity.

Another way to excite LG01 mode, especially in the laser

diode (LD) end-pumped solid-state laser, is to reshape top-hat

Gaussian intensity distribution of pump light into annular one

[23–27]. This transverse shape transformation of pump light

renders its efficient spatial match with the annular field distri-

bution of LG01 mode inside laser crystal and therefore can

afford us an efficient excitation of LG01 mode. As in a typical

example given by Kim et al. [23, 24], LG01-mode output was

obtained in both neodymium- and erbium-doped yttrium alu-

minum garnet (Nd:YAG and Er:YAG) lasers where a capillary

fiber was used to reshape the pump light into annular intensity

distribution. Because there was no mode selective component

inside the cavity, and thus this scheme was potentially low cost.

Further, with the aid of an intracavity lens, the LG01-mode

output could be radially polarized for the Er:YAG laser, how-

beit it was unpolarized for the Nd:YAG laser.

In this paper, we reported an end-pumped, LG01-mode

solid-state laser. In our scheme, the gain medium was a

Nd:YAG crystal incorporated in a simple plano–plano

cavity. Further, the pump light from a pumping LD was

coupled into a conventional multimode fiber. By applying a

slight off-focus alignment, pump light was reshaped into

annular intensity distribution through the mode conversion

inside this fiber. With such arrangements, an efficient

LG01-mode output was obtained and also the output was

radially polarized. More details are described as follows.

2 Experiment setup and formation of annular pumping

profile

The schematic diagram of the experimental setup was

given in Fig. 1. The Nd:YAG laser crystal had dimensions
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of U10 mm 9 2 mm and a doping concentration of

1.0 at. % neodymium ions. Its front surface was coated for

high transmission at 808 nm and total reflection at

1,064 nm, while its rear surface was antireflection-coated

at 1,064 nm. This laser crystal was embedded into two

copper plates symmetrically and both the copper plates had

2-mm-diameter light tunnel drilled along the cavity axis.

The copper plate clung to the rear surface of Nd:YAG was

connected to the 23 �C water cooling. A planar mirror with

2 % transmittance at 1,064 nm was deployed as an output

coupler (OC). The total length of laser cavity was 11 cm.

The power and intensity profile of laser beam were moni-

tored with a power meter and CCD camera, respectively.

In this setup, a fiber-coupled 808-nm LD was used as the

pump source and its pigtail fiber was characterized by a

100-lm core diameter and a 0.22 numerical aperture (NA).

The pump radiation was collimated by an asperical lens L1

and focused by an asperical lens L2 before being coupled

into a conventional step-index MM fiber (400-lm core

diameter and NA = 0.37) for the mode conversion. This

fiber was 2 m long and was coiled into a circle with a

radius of *27 cm without any external strain applied to it.

The pump beam exited from this mode conversion fiber

then was collimated and focused by lenses L3 and L4,

respectively, and thereafter was projected on the central

position of front surface of the laser crystal. The focal

lengths of L1, L2, L3 and L4 were 11, 8, 8 and 25.4 mm,

respectively. The NAs of L1 and L2 were 0.25 and 0.5,

respectively.

Reshaping the pump beam profile into annular shape

was realized by adjusting the distance between the focal

point of the lens L2 and the front end face of the mode

conversion fiber. Such off-focus alignment was intended

for controllable spatial match of launched mode field of

pump light with higher-order fiber modes except for the

fundamental mode. The following tests were conducted to

verify the validity of proposed scheme. When the defocus

distance (D as shown in Fig. 1b) was equal to zero, nearly

100 % pump power was coupled into the conversion fiber

and the intensity profile of the pump light at rear end of the

fiber kept unchanged with 100 % power transmission

efficiency. At 20-lm defocus distance, *92 % power of

pump light was coupled into the conversion fiber and the

pumping profile behind this fiber kept unchanged with

nearly 99 % power transmission efficiency. Nevertheless,

when the defocus distance was increased further and

reached 90 lm, about 89 % pump power was coupled into

the conversion fiber. The pump beam behind the fiber

exhibited an annular intensity distribution as depicted in

the inset of Fig. 1c, which showed a measured M2 factor of

*380 and about 75 % mode-field conversion efficiency.

Further Fig. 1c depicted the line intensity profile of annular

pump light at the focal plane of L4, in which two param-

eters rp and xp were defined as the half distance between

the two axisymmetric intensity peaks and the half width of

1/e2 peak intensity, respectively.

According to this test described above, although the off-

focus coupling of pump light into a MM optical fiber

resulted in a slight reduction in the coupling efficiency, the

subsequent mode-field conversion inside the fiber rendered

that it was an efficient method to transform the top-hat

intensity distribution of pump light into annular one.

3 Results and discussions

After the annular intensity distribution of pump light was

projected into laser crystal, it was observed that the excited

laser mode had doughnut-shaped intensity distribution at

Fig. 1 a Schematic diagram of the end-pumped Nd:YAG laser by

using annular pumping. b Partial enlarged view of the mode

conversion by controlling defocus distance (D). c Captured intensity

distribution of pump light at L4’s focal plane by applying 90-lm off-

focus coupling and its measured and fitted line intensity profile, in

which the parameters of annular pump field rp = 0.44 mm and

xp = 183 lm, respectively
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the pump power higher than the lasing threshold. For

definite description, Fig. 2a plots the captured far-field

intensity distribution of laser beam at different pump

powers where their doughnut shapes can be clearly dis-

cerned, although the laser mode seems to be TEM00-like

mode at lower pump power near the lasing threshold (0.6-

W pump power). The TEM00-like mode profile of laser

beam at lower pump power also was confirmed by the

measured beam propagation factor (M2). Figure 2b depicts

the measured M2 factor as a function of incident pump

power at 11 cm cavity length. As seen, the measured M2

factor of laser beam was around 1.1 at low pump power (in

the range of 0.6–2.0 W), and then slowly decreased from

*2.4 to *2.2 at high pump power. As known, the theo-

retical M2 factor is unity for an ideal fundamental Gaussian

beam (TEM00 mode), and it is 2 for an ideal LG01 mode.

Hence, the results in Fig. 2a, b were in good agreement

with each other and confirmed that the laser oscillated in

TEM00 mode at the low pump power and doughnut-shaped

high-order mode at high pump power. The phenomenon of

lasing mode transition with the increase of pump power

was attributed to the variation of cavity configuration with

thermal lensing effect [28, 29]. At lower pump power near

the lasing threshold, the TEM00 mode had higher spatial

match with the annular pumping than that of other lasing

modes. When the pump power increased, the thermal

lensing effect adjusted the cavity configuration. The spatial

match between the doughnut-shaped mode and annular

pump field surpassed the spatial match between the TEM00

mode and annular pump field, and thus the doughnut-

shaped mode would prefer to oscillate. An optimization of

the parameters (rp and xp) of annular pump field would

alleviate TEM00 oscillation at low pump power.

Figure 2b also shows the variation of laser beam power

with incident pump power. As given, the beam power

increased linearly with incident pump power with a slope

efficiency of 28.3 %. At 4.9-W pump power, a maximum

beam power of 1.2 W was obtained. In the present

arrangement, there was no evidence of thermally-induced

roll-over or sudden change [30] in output power, therefore

there existed the space to boost the output power once more

pump power available.

The doughnut-shaped laser mode obtained at high pump

power was further analyzed. Figure 3 plots the measured

transverse far-field intensity profile of laser beam along its

radial direction at a distance of *60 cm behind the OC and

the beam radius is 0.58 mm, in which the beam’s doughnut

intensity distribution with a central null intensity can be

observed. This curve also was fitted theoretically by using a

first-order Laguerre-Gaussian function. The good agree-

ment between the theoretical and experimental data on

laser beam’s intensity distribution verified the laser’s

oscillation in a pure LG01 mode.

The polarization states of the doughnut-shaped laser

modes were checked by applying a linear polarizer ana-

lyzer. For an example, Fig. 4a, b depicts the far- and near-

field full beam profiles at 3.2-W pump power, while the

images in Fig. 4c–f plot the corresponding far-field inten-

sity distribution of laser beam transmitted through the

linear polarizer analyzer. As seen in the pictures, the

Fig. 2 a Full profiles of laser beam in far-field at different pump

powers that incident on laser crystal. b Output power and measured

beam propagation factor (M2) as function of incident pump power

Fig. 3 The measured and fitted intensity distribution of the dough-

nut-shaped laser modes at 4.9-W pump power
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symmetric two-lobe patterns were always parallel to the

respective polarizer axis, and this phenomenon manifested

that the doughnut-shaped laser beam was radially

polarized.

For an ideal radially polarized beam, at an arbitrary

point of the ring profile, the light is locally linearly

polarized along its radial direction; therefore, the polari-

zation extinction ratio (PER) of whole vector beam can be

represented by the PER of this localized point. Based on

this principle, a 0.2-mm-diameter pinhole was placed into

the optical path at a distance of 2.1 m behind the OC where

the size of the full profile of laser beam was much larger

than this tiny aperture. Adjusting the lateral position of the

tiny aperture enabled the transmitted light intensity through

it to be maximized. The transmitted light thus was linearly

polarized beam and the PER could be measured by using a

polarizer analyzer. The inset in Fig. 5 depicts the power

variation of the transmitted light through the tiny aperture

when rotating the polarizer analyzer at 3.2-W pump power,

which implies a PER of 11:1. This PER value corresponded

to 83.3 % degree of polarization [31]. The PER of obtained

LG01 mode at different pump powers was also measured in

the same way. As illustrated in Fig. 5, it degraded with the

increase in pump power.

In our laser resonator, there was not any intracavity

polarization-selective component. The physical mechanism

responsible for radially polarized excitation in this simple

plano–plano laser cavity was attributed to the thermally-

induced bifocusing [30, 32–36]. More detailed theoretical

explanation for the mechanism is given in the following

section.

As we know, temperature gradient in a rod-shaped laser

crystal due to an inhomogeneous pumping (heating) pro-

duces thermal strain and a transverse gradient of refractive

indices. For a paraxial coherent beam propagating in the

heated laser crystal, optical path difference (OPD) is

derived as [37, 38].

OPD ¼ 2

Z L

0

dn

dT
DT r; zð Þ þ n0ezz þ

X3

i;j¼1

on

oeij

eij

" #
dz ð1Þ

where the first term results from the thermal dispersion dn/

dT and temperature difference DT(r, z), the second term is

caused by the axial strain distribution ezz, and the third term

represents the strain induced birefringence with the strain

tensor eij. In the formula, r represents the radial direction of

crystal and the integral is calculated along the cavity axis.

In the calculations, we used dn/dT = 7.3 9 10-6 K-1 and

n = 1.82 for Nd:YAG crystal [38]. Figure 6a plots a typ-

ical and numerical result of OPD in Nd:YAG laser crystal

where the pump light had 4-W power and annular intensity

profile as given in Fig. 1c. As seen, the radially polarized

component of LG01 mode had a larger OPD than azi-

muthally polarized component. Further, for both compo-

nents their respective OPD was equated with a pump-

dependent thin lens with focal length ft = r2/OPD [39].

Figure 6b plots the focal lengths of thermal lenses for both

radially and azimuthally polarized modes as well as the

corresponding stability conditions as a function of incident

pump power, respectively. As seen, with the increase of

pump power, the thermal lensing effect became much more

serious. While the cavity kept stable for both radially and

azimuthally polarized components even at 8-W pump

power which is higher than the maximum pump power

available. Insertion of such thin lens into laser cavity

Fig. 4 a Far and b near-field intensity distribution of the full beam

profile at 3.2-W pump power; c–f Intensity profiles of far-field laser

beam transmitted through the polarizer analyzer. The white arrows

indicate the respective orientations of the polarizer analyzer’s axis

Fig. 5 Measured PER of radially polarized laser output as a function

of incident pump power. Inset Transmitted intensity of laser beam

through a pinhole aperture when the polarizer analyzer was rotated at

different angles at 3.2-W pump power
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caused the difference in transverse mode sizes of these two

components, and further induced the difference in overlap

efficiencies of these two mode components with the

annular pump field.

Figure 6c plots the transverse sizes of both the radially

and azimuthally polarized components as well as their

overlap efficiencies with annular pumping profile in the

front surface of laser crystal as the functions of annular

pump power. It was clearly shown that, by applying

annular pumping, the transverse size of radially polarized

component was smaller than azimuthally polarized com-

ponent at the pump power lower than 5.5 W, and this

resulted in a larger overlap efficiency of former mode

component with the annular pumping profile than that of

latter mode component. This difference in the overlap

efficiencies for them brought a low lasing threshold and

high lasing efficiency for radially polarized components,

and thus our laser resonator was preferential to oscillate in

this mode. Nevertheless, when the pump power exceeded

5.5 W, the difference in both beam radii of these two mode

components as well as their respective spatial overlap

efficiencies with annular pump field were reversed. This

suggests that the radially polarized laser oscillation would

possibly switch to azimuthally polarized at some higher

pump power.

4 Conclusions

In summary, we demonstrated a LG01-mode Nd:YAG laser

by applying annular pump light. The annular pumping

profile was formed in a conventional multimode fiber

through the mode conversion under off-focus coupling

condition. The experimental results showed such annular

pumping was an efficient method to generate LG01-mode

excitation in an end-pumped solid-state laser resonator.

Fig. 6 a Radial distribution of thermal-induced OPDs of radially and

azimuthally polarized components under annular pump profile.

b Thermal focal lengths of both radially and azimuthally polarized

components as well as their stability conditions as the functions of

incident pump power, respectively. c Transverse sizes of both radially

and azimuthally polarized mode components at the front surface of

laser crystal as well as their overlap efficiencies with annular pump

profile as the functions of incident pump power
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Further optimization to the length of laser crystal and

spatial profile of pump beam can result in significant

increases in LG01-mode power and laser efficiency, and a

proper control to the thermal lens in the laser crystal would

build up a thermal-induced polarization filter to force

radially polarized oscillation.
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