Correcting an astigmatic, non-gaussian beam
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Abstract
An off-axis gherical mirror isused to corred an astigmatic, non-gausgan beam from a pul sed,

frequency doubled Nd:YAG laser. The beam isthen spatially filtered by a series of two pinholesto make the

beam nea gausdan.

Introduction

The output of alaser isgenerally not agaussan beam. Examples of non ided beam featuresinclude
astigmatism and diffraction effects sich as Fresnd patterns. Such non-gaussan beam characteristics can be
caused by many effeds in the laser medium and gptics such as heaing and turbulencein the index matching
fluid in a pockels cdl used for Q switching[1]. Non uniform heding in the laser rods can also leal to athermal
lensing effect which can producea significant astigmatism in the output laser beam[2,3]. In addition to an
astigmatiam, the laser beam may contain high frequency, spatial structure due to clipping of the beam on various
aperturesin the laser.

An astigmatic, non-gaussan beam output from alaser can prove to be a difficulty in many experiments.
One problem caused by an astigmatic beam is defining where the beam actually focuses. Problems also arise
when making accurate mmparisons with atheory based on gaussan beam propagation.

There ae several ways to corred an astigmatic laser beam; the method used depends on the appli cation.
The output of alaser diodeishighly astigmatic and requires asignificant corredion. Cylindrical lense4-6], and
anamorphic prisms[7] are often used in correding the output of these lasers. Laser diodes are used in various
applications that require a compact package; in this case holographic opticd e ements (HOE' s)[8,9] or an
anamorphic gradient-index (GRIN) [10] lens can be used. In contragt, the astigmatism for aNd:YAG laser can
often be only dightly astigmatic. Nonethe less for an accurate mmparison with theory, even a dight
astigmatiam often needsto be wrreded. In thispaper aNd:YAG laser will be mrreded for an astigmatism. As

mentioned above, an astigmatism can be aused by thermal lensing due to non uniform heating in the laser rod.



Sincethe astigmatism produced is not as large as the astigmatism seen in laser diodes, other corredion methods
can be mnsidered. A flexible bimorph mirror [2] or a off-axis gherical mirror [11] can be used to corred the
laser beam. Due to the ease of implementation, the off-axis gpherical mirror will be used to corred the
astigmatiam for the laser system in this paper.

This paper is organized asfollows. Sedion Il contains some definitions and remarks about beam
propagation, astigmatism, and spatia filtering. Sedion 11l describes the experimental set up used to corred the
astigmatic non gausdan beam. Sedion IV isasummary of the results of the experiment. Sedion V contains

some brief concluding remarks.

Theory
The intensity profil e of alaser beam traveling through freespace @n be model ed as a superpositi on of
modes from the GaussLaguerre basis with the lowest order mode having a gaussan beam profile. If only the
lowest order GaussLaguerre mode describes the laser beam then the laser beam is said to foll ow gausdan beam
propagation. The theory of gausgan beam propagation is described in numerous books on optics [12,13] and
here only a few of the properties of gaussan beam propagation are mentioned which will be useful in
understanding the results of the next sedion.

The gaussan beam intensity profile, 1(r,z), is given by
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where |y isthe peak intendty at focus, r isthe transverse distancefrom the beam axis, z is the longitudinal
distancefrom the focus, wisthe beam waist a z, and z, is defined as the Rayleigh range and isgiven by

Zo=Ttw, /A, A isthe wavelength of the laser and wy isthewaist of the beam at focus. Thusthe waist, w, of a
gaussan beam isthe 1/€ radius of theintensity profile. Asthe gaussan beam propagates though spacethe beam

waist varies acoording to the equation.
O
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If thelaser beam isa gausgan beam then it should foll ow the above equations. However, we have found that

while our laser beam may have a profile asin Eq.(1) that looks very gaussan, as the beam propagates, we find



that the beam often wil | not follow Eq.(2). Thusin our experiments, we generally use Eq.(2) to be the primary
test to determine if we have a gausdan beam. The data that we present will be fitted to Eq.(2).

An astigmatic laser beam [14] occurs when the horizontal and verticd components of the beam focus at
different locations. As mentioned above, thiscan be crreaed by reflecting the beam off an off-axis pherical
mirror[11]. For beams at normal incidencethe horizontal and verticd focal lengths of the spherical mirror are
identicd. However, asthe spherical mirror isrotated about a verticd axis such that the beam hits the mirror off-
axis, the horizontal focal length decreases whil e the vertical focal ength increases. In order to corred an
astigmatism, the placement of the spherical mirror must med the foll owing criteria. The beam must be drcular
at the point where the mirror is placed; thisis necessary to match the Rayleigh ranges and the positi ons of the
foci for the verticd and horizontal components of the beam. Seand, if one wants the refleded beam to stay at
the same height, the beam must be more divergent in the verticd diredion, because the vertical component of the
laser beam has a shorter focal [ength when the beam refleds off a spherical mirror that has been rotated about a
vertical axis. Themirror angle isthen adjusted until the laser bean focuses at a single spot andisno longer
astigmatic.

Often alaser beam will not only have a astigmatism, but wil | also have high frequency, spatial
structure dueto cli pping by various aperturesin thelaser. The use of a pinhole to spatially filter out optical noise
isawel known techniqueto eliminate this high frequency, spatial noise in alaser beam. [15-17] The size of the
pinholerelative to the waist of the beam is criticd for the pinhole to gptimally eliminate this atia noise. If the
pinhole sizeistoolarge ampared to the waist of the beam then the pinhole wil | not effedively diminate the
gpatial noise. If the size of the pinholeistoo small compared to the size of the beam waist, additional
interference dfects can beintroduced into the laser beam. Thisinterference can be seen as Fresnd patterns[18]
as the beam propagates through space  Often these Fresnel interference patterns will develop far down stream of
the spatial filter. Therefore, the proper pinhole seledion is crucia to eiminate optical noise without introducing

interference dfects.

Experiment
The apparatus used to corred the astigmatic, non-gaussgan beam is diown in Fig(1). The output of the
frequency doubled Nd:YAG laser at 532nmis snt though a 100cm lens, L1, to produce apoint in the beam that

satisfies the criteria previoudly establi shed for placement of the off-axis ghericd mirror (SM); theratio o the



horizontal to vertical components of the beam waist at SM is 0.95 with an average waist of 234Qum. This point
islocated 50cm after L1, and an off-axis, 1m radius of curvature sphericd mirror , SM, is placed there. After
refleding from the off-axis gpherical mirror, the beam travels 54cm to alens, L2, which hasa 25cm focal 1ength
and collimates the beam with awaist of 239Qum. The laser beam passes though an attenuator and then is
focused by L3 through atungsten wire die that serves as apinholelabeled PH1 in Fig(1). Thefocal length of the
lenslabeled L3 in Fig(1) is 100cm and the tungsten wire die which is placed 96cm behind the lens L3 has an
aperture with aradius of 230um. The beam waist at PH1 was measured to be 130um. After pinhole PH1 the
beam is focused again through a second pinhole labeled PH2 in fig(1). Thelenslabeled L4 in Fig(1) isplaced
86cm behind PH1, and has afocal length of 35cm. Thelens L4 focuses the beam to a spot size of 72um. A
second tungsten wire die with an aperture with aradius of 127um is used for PH2. The beam quality after the
second pinhole was inspeded by placing a 35cm lens 80cm behind PH2 and measuring the beam waist asthe
beam went though focus.

Measurements were taken asfollows. The foci of the foll owing lenses were mapped out: after L3 with
L1, L2, SM, and PH1 removed, after L3 with setup as $rown in Fig(1) but with PH1 removed, after L4but with
PH2 removed, and after L5. A pulnix TM-745CCD camerawas used to measure the horizontal and verticd
beam waist at several | ocations along the beam path as the beam passes through focus. At each location 30 shots
of the pulsed laser were ll eded and the average radiusin the horizontal and vertical diredions were recorded
with a ommercially available image analysis program[19]. Thelocation and waist, wy, of the focus were found

by fitting the data to Eq(2).

Results
Fig(2) shows the beam measured following L3 with L1, L2 and PH! removed and the spherical mirror
replaced by aflat mirror. The beam is clealy astigmatic with the horizontal and vertical focuses over 3cm apart.
The solid lines are least squares fits using Eq(2) to the data. To corred this astigmatism an off-axis pherical
mirror is placed in the beam path. Thetilt of the mirror is adjusted and measurements are made following L3
with PH1 removed urtil the astigmatism is correded. Fig(3) shows the beam measured after L3 with the angle
of SM optimized to 13 degrees. Thehorizontal and verticd focuses now focus at the same location. Noticein

Fig(3), that whil e the astigmatism has been correded, the beam ill does not fit the gausgan beam prediction of

Eq(2).



A series of two pinholes was used to make the beam fit the gaussan prediction. Experimentally it was
found that one pinhole was not enough to corred the beam. A smaller pinhole will spatially filter out the spatial
noise but if the pinholeistoo small, then it will introduce diffraction effects sich as Fresndl patternsinto the
beam. PH1 could not be made small enough to filter out the spatial noise without introducing diffraction effeds
s0 aseond pinhole was needed. Optimal filt ering was achieved with aratio o the pinhole radiusto the beam
waist at focus of 1.75 for bath pinholes. Fig(4) shows the beam measured after L5. The solid lineisaleast
squaresfit usng Eq(2) to the data. Noticethat the horizontal and vertical components of the beam focus at the

same location and the data points and theory match very well .

Conclusion
An experimental method was presented to corred an astigmatic, non-gaussan beam. It was shown that
an off-axis phericd mirror can be used to corred an astigmatic beam. The drcularity of the beam at the off-axis
sphericd mirror iscrucid if the astigmatism isto be correaed. In addition, two pinholes were neaded to
spatialy filter opticd noise so that the beam will focus according to gausgan optics.
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Figure Captions
1. Experimental apparatus used for correding the output beam of a frequency doubled Nd:YAG laser. The
schematic contains an off axis spherical mirror, SM, to corred the astigmatism in the beam, and the two pinholes

(PH1,PH2) are used to spatid filter the beam.

2. Output of afrequency doubled Nd: YAG laser, with no corredions. Using equation (2) for the beam fit, we see

a poor fit which we attribute to the Fresnd structure present in the beam. The beam contains a large astigmatism.



3. Output of a frequency doubled Nd:YAG laser, with astigmatism correded by an off-axis gherical mirror.
Using equation (2) for the beam fit, we seea poor fit which we can attribute to the Fresndl structure present in

the beam. The astigmatism in the origina output beam, Fig. 2,. has been correded.

4. Output of afrequency doubled Nd:YAG laser, with astigmatism correded by an off-axis gherical mirror, and
gpatial filtering by two pinholes. Using equation (2) for the beam fit, we seethat we have anea gaussan beam

with no astigmatism present.



