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The formation of laser beams with pure azimuthal or radial polarization
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Laser resonator configurations for obtaining pure azimuthal and radial polarized beams are
presented. They involve the coherent summation, inside the laser resonator, of two orthogonally
polarized TEM,; modes. Basic principles and experimental results with a Nd:YAG laser are
presented. The results include a full space variant polarization measurement and show efficient
formation of high-quality azimuthal and radial polarized beams. 2@0 American Institute of
Physics[S0003-695(00)01347-4

The inherent complete symmetry of laser beams that arevo TEM,; Laguerre—Gaussian modes oriented alongxthe
either azimuthally or radially polarized has lead to their ex-andy axis, respectively. In cylindrical coordinates, the field
ploitation for improving the trapping and accelerating of distributions of the TEM,, and TEMy modes can be
particlest as well as material processiAdight propagation  expressed by
in hollow fibers® and light focusing with high numerical
aperture lensesSuch polarizations have been obtained by E<X)(r’0)_E°JE exp(—e/2)cog 6),
pombining tyvo Ii6nearly polari;gd Ia;er output_ beams E(y)(r,0)=Eo\/§ exp( — 0/2)sin( §), @
interferometrically® or by transmitting a linear polarized la- o _ _
ser beam through a twisted nematic liquid cry$tainfortu- ~ Wherer and 6 are the cyI2|nd£|ca! coordinatek, the magni-
nately, these methods have relatively low light throughputude of the field,o=2r“/w* with w as the waist of the
efﬁciency or are somewhat cumbersome. Gaussian beam. The coherent summation of such 6E§M

Other methods for obtaining azimuthal or radial polar-and TEMy ) modes, having orthogonal linear polarizations,
izations, that potentially could have higher efficiencies, in-leads to the formation of either azimuthally or radially polar-
laser resonator. Some have been investigated in the past, but A =
all had certain difficulties. For example, radially polarized  ~(0(" @ =YEa(1,0)=XE (. 6)
beams were obtained with conical elements, that involved = PEg\oexp —o/2),
difficult, if not impractical, refractive index matching @)
technique$. Complex Brewster-type windows have been  E(r,8)=XE(r,0)+YEy(r,0)
proposed for forming azimuthally polarized beahis)t such R
windows are difficult to realize in practice. Polarization se- =T1Eq\e exp(—0/2),

lective mirrors were incorporated into high power lasers tyhere p andt are unit vectors in the azimuthal and radial

form radially polarized beam, but the polarization purity  gjrections, respectively. This coherent summation is illus-

was refatively poor. Also, radially polarized beams werey aaq in Fig. 1. Figure (8) depicts an azimuthally polarized

formed by combining a calcite crystal with a telescopebeam, obtained by a coherent summation of polarized

configuration'! with these the laser had to operate near the]-EMOl() mode and arx polarized TEM,, mode, whereas

. g . . oy X y i)

instability region, limiting the output power. . Fig. 1(b) shows a radially polarized beam, obtained by a
Here we present a method for efficiently obtaining es--gnerent summation of anpolarized TEM14 mode and a

sentially pure either azimuthal or radial polarized beam di—g, polarized TEM,,, mode.

rectly from a laser. It is based on the selection and coherent ' 1hq |aser resonator configuration in which specific trans-

summation of two linearly polarized transverse modes thaferse modes are selected and coherently summed is sche-
exists ms@e the laser resonator; specifically, two Orthogomatically shown in Fig. 2. Here, the light propagating inside
nally polarized TEM; modes. The modes are selected bYye |aser is split and displaced by means of a birefringent
inserting phase elements, which allow for significant mod&,eam displacer to obtain two separate paths whose light is
discrimination, into the laser resonafdrand properly com- orthogonally polarized with respect to each other. A differ-
bined. In the following we present the needed phase elesny oriented discontinuous phase elem@®RE) is inserted
ments and laser re§onator configurations, along with experi, each path, adjacent to the back mirror, to select the F;EM
mental results obtained with a Nd:YAG laser. mode!? Specifically, we select one of these modes to be
We begin by considering the scalar field distribution OfTEMm(x) “and the_ other to be TEM, - In practice, the two
DPEs can be fabricated on the same substrate. In order to add
3Electronic mail: ram.oron@weizmann.ac.il the two modes coherently with the appropriate phase be-
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FIG. 1. Coherent superposition of two orthogonally polarized fEModes FIG. 3. Experimental intensi'ty distributions of an azimuthally polarized
to form azimuthally and radially polarized beanta} azimuthally () po- beam that emerge from a Nd:YAG laséa) directly from the laser with no

larized doughnut beantb) radially (r) polarized doughnut beam. external elementsib) after passing a horizontal/4 plate and a polarizer
oriented at 45°(c) after passing a polarizer oriented in the horizontal direc-

tion; (d) after passing a polarizer oriented at 4&9;after passing a polarizer
tween them, we insert into one of the pailas the region oriented in the vertical direction.

after separationan additional aligning plate, so as to control
the optical path by slightly tilting of the window. At the back the polarizer had two lobes perpendiculéor azimuthally

mirror, two spatially separated TEimodes evolve each polarized or parallel(for radially polarized to the polariza-
with a different linear polarization. However, as results fromtjon direction. This indicated that the orthogonal TEM
the coherent summation of these two modes, a circularlynodes add coherently.
symmetric doughnut shaped beam emerges from the output The results are shown in Figs. 3—5. Figure 3 shows the
coupler. intensity distributions, detected with a charge-coupled device
To verify our approach, we used a continuous wavecamera, that emerge from a Nd:YAG laser which emits an
lamp-pumped Nd:YAG laser in which we inserted a calciteazimuthally polarized beam. Figuréa® shows near-field in-
crystal, as the birefringent beam displacer, two DPEs fokensity distributions of the azimuthally polarized beam,
selecting the orthogonally polarized TigMmodes, and an  emerging directly from the laser. Here the doughnut shape is
alignment plate to adjust the phase between the two orthog@searly evident. In order to determine the polarization of the
nally polarized TEM; modes. The calcite crystal was 4 cm gutput beam, we detected four additional intensity distribu-
long, so in our configuration the two orthogonally polarizedtjons, shown in Figs. ®)—3(e). Figure 3b) shows the inten-
light paths were displaced 4 mm apart. The DPEs wergjty distribution of the emerging beam after it passes through
formed by reactive ion etching of fused silica substrates, s@ quarter wave plate, whose main axis was oriented in the
as to have phase discontinuitiesaf We aligned the phase horizontal direction, and a polarizer oriented at 45°. Here,
element to obtain two orthogonal TEMmodes. The align- the nearly doughnut-shape intensity distributiomith ap-
ment plate was simply a flat fused silica window with anti- proximately half the powerindicates that the polarization of
reflection layers on both faces. To ensure that the bearmhe original beam is linear at each point. Figurés)33(e)
emerging from the laser is indeed azimuthally or radiallyshow the intensity distributions of the emerging beam from
polarized, we passed it through a linear polarizer at 45°, anghe |aser, after it passes a single linear polarizer oriented at
tilted the alignment plate until the intensity distribution after gjfferent orientations. Figure(8) shows the intensity distri-
bution when the polarizer was oriented in the horizontal di-
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FIG. 2. Laser resonator configuration with a discontinuous phase elemerilG. 4. Experimental plot of the space variant polarization directions of the
(DPE) for forming azimuthally or radially polarized beam. emerging azimuthally polarized beam.
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A 4 4 Gaussian mode, the output power of our laser with azimuthal
N N A A ) polarization was 5.2 W, which is higher by 50% than with
N A Vi the fundamental Gaussian mode. A similar procedure was
N x N A U 1 2 7 used to obtain the radially polarized beam, after realigning
. N NN A 't‘;,\ 2 - the mode selecting phase elements. Again we measured the
A N 7527 output beam intensity distributions after passing through the
- - &« &« —-> > > various polarizing elements, and obtained the polarization
e € R direction in each point. The results, shown in Fig. 5, had a
<« - ‘/K \\ . g similar polarization purity.
“ vy y > To conclude, we presented a method for efficiently
ol P v v ¥ \ e forming azimuthally polarized and radially polarized laser
¢ ¥ ¥ ¥ \ beams, with high polarization purity. The polarization prop-
) v \ erties were verified with a complete space variant polariza-

tion measurement. The output powers of these beams were

FIG. 5. Experimental plot of the space variant polarization directions of thesignificantly higher than for a laser operating with the fun-
emerging radially polarized beam.

damental Gaussian mode. Finally, other polarization states
can be obtained by applying higher order modes. These in-
clude high order rotational polarization by applying TEM

rection, Fig. 3d) in the diagonal(45°) direction, and Fig. ~ i i ¢
3(e) in the vertical direction. At these three orientations, theMdes wherel=2, and azimuthally or radially polarized
beams having a few concentric rings with TEMmodes

intensity distributions have two lobes, along a line perpen-

dicular to the polarization direction, as expected for an azivherep=1.
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