
E
L

G
a

1

T
i
m
t
t
g
s
s
t
t
b
c
a
s
d
t
d

A
S
�
E
M
o

c

fficient mode transformations of degenerate
aguerre–Gaussian beams

alina Machavariani, Amiel A. Ishaaya, Liran Shimshi, Nir Davidson, Asher A. Friesem,
nd Erez Hasman

We present an approach for efficient conversion of a single-high-order-mode distribution from a laser to
a nearly Gaussian distribution and vice versa. It is based on dividing the high-order mode distribution
into equal parts that are then combined together coherently. We implement our approach with several
optical arrangements that include a combination of discrete elements and some with single interfero-
metric elements. These arrangements are analyzed and experimentally evaluated for converting the
TEM01 mode distribution with Mx

2 � 3 to a nearly Gaussian beam with Mx
2 � 1.045 or Mx

2 � 1.15. The
basic principle, design, and experimental results obtained with several conversion arrangements are
presented. The results reveal that conversion efficiency is typically greater than 90%, compared with
theoretical ones. In addition, some arrangement is exploited for converting the fundamental Gaussian-
beam distribution into the TEM01 mode distribution. © 2004 Optical Society of America
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. Introduction

he important properties of divergence and focusabil-
ty for the beams that emerge from a laser depend

ainly on their transverse intensity and phase dis-
ributions. Thus it is important to control such dis-
ributions. Indeed recent years have witnessed a
rowing interest in the formation of laser beams with
pecific intensity and phase distributions.1–8 Such
pecific distributions can be efficiently obtained ei-
her by introducing special elements into the cavity of
he laser1–4 or by externally converting a given laser-
eam distribution into the desired one.5–9 In prin-
iple, any laser beam with well-defined amplitude
nd phase distributions can be transformed to a de-
ired well-defined beam by means of two specially
esigned external phase elements.8,9 Unfortunately
he design and fabrication of such elements is usually
ifficult, if at all practical.
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A related problem is how to efficiently convert a
igh-order transverse-mode TEMp1 distribution with
oor beam quality but relatively high power1,2 to a
aussian TEM00 distribution that has optimal beam
uality �M2 � 1�. Recently we proposed a relatively
imple method for such efficient conversion.10 It is
ased on the fact that the field distribution of high-
rder modes often consists of several bright spots
lobes�, each of which has an intensity distribution
hat is rather close to that of the Gaussian beam.
or example, the intensity distribution of each of the
wo lobes of the TEM01 mode has Mx

2 � 1.15, being
ery close to that of the Gaussian beam and much
maller than that of the whole TEM01 mode �Mx

2 �
�. Thus the high-order mode distribution can be
ivided into equal individual lobes that are then com-
ined coherently.
In this paper we present a comprehensive theoret-

cal and experimental investigation of the basics of
ur approach and present several conversion ar-
angements for implementing it. They include some
ith separate and discrete elements and some more

ompact and robust, with single interferometric ele-
ents. We discuss the advantages and disadvan-

ages of each of these arrangements and present both
nalytical and experimental results. Also, we show
hat the arrangements can be exploited for efficiently
onverting a Gaussian-beam distribution to that of
he TEM mode distribution.
01
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. Arrangements for Converting High-Order Mode
istributions into a Gaussian Distribution

ome possible arrangements, which include several
iscrete elements, for separating the TEM01 beam
nto two symmetric lobes and then combining them
oherently are schematically shown in Fig. 1. Fig-
re 1�a� shows a modified Mach–Zehnder interferom-
ter. Here the sharp edge of a mirror, SM, is
arefully aligned along the symmetry axis between
he two lobes so as to reflect only one of them. Then
he two beams are reflected by mirrors, M, and com-
ined with a 50% beam splitter, BS. A phase tuning

ig. 1. Arrangements for converting a TEM01 mode distribution
o nearly Gaussian distributions: �a� modified Mach–Zehnder in-
erferometer arrangement with nonsymmetrical folding; �b� ar-
angement for symmetrical folding that allows exact matching of
he individual lobes; �c� arrangement for nonsymmetrical folding
hat includes orthogonal polarizations.
562 APPLIED OPTICS � Vol. 43, No. 12 � 20 April 2004
late, PTP, is inserted in the path of one of the beams
n order to adjust the relative phase between them by
he slight tilting of the plate. With appropriate
hase adjustment the resulting combined output
eam will emerge either to the right of the beam
plitter or the directed upward. In the arrangement
f Fig. 1�a� the field distribution of one lobe of the
EM01 mode distribution is shifted with respect to

he other, yielding nonsymmetrical folding, whereby
he two separated distributions cannot completely
oincide. Thus there will be some power leakage.
t is possible to prevent power leakage and obtain
00% conversion efficiency by adding or removing one
eflection from one arm of the interferometer, as
hown in Fig. 1�b�. This enables exact matching be-
ween the two lobe distributions �as is evident from
he inversion symmetry of the TEM01 mode distribu-
ion�. In this case we obtain symmetrical folding,
hereby the field distributions of the two lobes can be
atched exactly. As discussed below, this modifica-

ion should completely eliminate power leakage, how-
ver, causing slight degradation in the beam quality
f the output beam.
Figure 1�c� shows another arrangement for non-

ymmetrical folding that also involves orthogonal po-
arizations. In this arrangement a ��2 plate is
dded to one arm of the interferometer, so the output
s a combination of two orthogonally polarized lobes
y the polarizing beam splitter, PBS. The advan-
ages of this arrangement over that of previous ar-
angements are reduced alignment sensitivity and
ittle if any power leakage. On the other hand, the
olarization state of the output beam depends on the
hase difference between the two combined lobes and
s difficult to define.

The arrangements shown in Fig. 1 include several
iscrete optical elements that must be accurately
ligned with respect to one another and must retain
ccurate interferometric stability. More robust, sta-
le, and compact arrangements are presented in Fig.
. Figure 2�a� shows a single interferometric ele-
ent that performs both the needed separation of the

wo TEM01 lobes and their coherent summation.
he interferometric element is a high-precision par-
llel plate with specially designed coatings, aligned
t 45° angle to the collimated input beam of TEM01
istribution. One half of the front surface of the
late is coated with antireflection �AR� coating, while
he other half with 50% reflection coating, so as to
erve as the beam splitter, BS. The back surface is
oated with a highly reflective coating. The plate is
arefully aligned so that the border between the two
ront coatings separates the two lobes symmetrically.
ne of the lobes is transmitted through the AR coat-

ng region and reflected from the rear surface, where
t coherently superimposes on the other lobe at the
S surface. As in the arrangement in Fig. 1�a�, one

obe is effectively shifted with respect to the other and
ot flipped, so the field distributions of the two lobes
o not exactly coincide. For the two lobes to overlap
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ptimally at a 45° incident angle, the thickness d of
he plate should obey

2d tan�arcsin
1

�2n� � �2x0, (1)

here n is the refraction index of the plate material
nd x0 is the required shift between the two lobes.
he relative phase between the two lobes of the
EM01 distribution can be adjusted by a slight tilting
f the plate, so their fields are combined coherently.
With the plate arrangement it is possible not to do

he AR coating on one half of the plate. In this case
he incident angle should be the Brewster’s angle
55.4° for fused silica�, and the incident TEM01 mode
hould be P polarized.
The arrangement for symmetrical folding of the

obes, shown in Fig. 1�b�, can be made more compact
y exploiting a special prism, as shown schematically
n Fig. 2�b�. The incident beam is a pure p-polarized
EM01 mode distribution. The crucial element is a
igh-precision 90° prism with specially designed
oatings. Half of the prism front surface is coated
ith an AR coating, while the other half has a 50% BS

oating. The sharp border between the two coatings
s carefully aligned along the symmetry axis between
he two lobes of the TEM -mode distribution. One

ig. 2. Compact arrangements for obtaining a nearly Gaussian
eam from a TEM01 mode: �a� compact single-plate mode con-
erter; �b� compact-prism mode converter.
01
f the lobes is directly transmitted through the AR
egion, is totally reflected back, and exits the prism
ollinearly with the other reflected lobe field, and the
wo lobes are coherently combined on the 50% BS. A
hase-tuning plate inserted in the path of one of the
obes field adjusts the relative phase between the
obes. In order to separate the incident field from
he output field, the prism can be tilted slightly from
he vertical orientation. Alternatively, the separa-
ion could be achieved with the aid of a PBS and a ��4
late before the prism, albeit with some losses due to
olarization changes on reflections in the prism.
ote that with this arrangement the field distribu-

ion of one lobe is not only shifted but also effectively
ipped with respect to the other. Consequently the
eld distributions of the two lobes can completely
oincide, so the power loss is negligible, as in the
rrangement in Fig. 1�b�. The beam-quality factor
f the combined output beam should be Mx

2 � 1.15
nd My

2 � 1, as for the one lobe of the TEM01 mode.
he advantage of the single-prism converter com-
ared with the single-plate converter is the possibil-
ty of exactly overlapping the distributions of the two
obes, including the tails, and the consequent absence
f the ghost reflections from the AR-coated surface
nd other residual reflections.
Finally, all the above arrangements can also be

sed to convert a beam with a Gaussian distribution
o that of a TEM01 distribution by simply reversing
he direction of the beams.

. Discussion

ince the two distributions of the individual lobes are
ombined coherently, it is best to have a maximal
ower P in one direction, so that the transformation
fficiency will be maximal. The conversion effi-
iency can be written as

C � 1 �

�
��

�

�U1� x� � U2� x � x0��2dx

2 �
��

�

{�U1� x��2 � �U2� x � x0��2}dx

, (2)

here U1�x� and U2�x � x0� are the field distributions
f the two lobes of the TEM01 mode, which have the
ame phase. The field distribution U2�x � x0� is
ffectively shifted by the shift parameter x0. Note
hat in the arrangements in Figs. 1�b� and 2�b� the
istribution U2 is not only shifted but first flipped
ith respect to U1 �flipped in such a way that the

nitial distance between the peaks remains the
ame�. Figure 3 shows the calculated conversion ef-
ciency as a function of the relative shift parameter
0�w, where w is the waist parameter of the TEM01
ode. Curve �a� shows the efficiency calculated for

he nonsymmetrical folding arrangement shown in
ig. 1�a�. Curve �b� shows the efficiency calculated

or the symmetrical folding arrangement with flipped
istribution U2, as shown in Fig. 1�b�. As is evident,
he maximal efficiency obtained for nonsymmetrical
20 April 2004 � Vol. 43, No. 12 � APPLIED OPTICS 2563
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2

olding arrangements is 98.5% �x0�w � 1.62�, while
or the symmetrical folding arrangement it is 100%
x0�w � 1.41�.

Now the beam-quality factor M2 of the combined
eam along the x direction11 is

Mx
2 � 4�	x	sx

, (3)

here 	x and 	sx
are the near-field and the far-field

tandard deviations of the beam-intensity profile in
he x direction. �The spatial frequency sx is related
o the propagation angle 
 by sx � sin 
��.� Using
q. �2�, we calculated Mx

2 of the combined output
eam as a function of the relative shift parameter
0�w. The results are in Fig. 4. Curve �a� shows
he beam-quality factor Mx

2 calculated for the non-

ig. 3. Calculated conversion efficiency as function of the relative
hift parameter x0�w: �a�, efficiency for the nonsymmetrical fold-
ng arrangements in Figs. 1�a� and 1�c�; �b�, efficiency for the sym-

etrical folding arrangement in Fig. 1�b�. The maximal efficiency
btained for nonsymmetrical folding is 98.5% �x0�w � 1.62�, while
or the symmetrical folding it is 100% �x0�w � 1.41�.

ig. 4. Calculated beam-quality factor Mx
2 as a function of the

elative shift parameter x0�w: �a�, nonsymmetrical folding ar-
angements in Figs. 1�a� and 1�c�; �b�, symmetrical folding arrange-
ent in Fig. 1�b�.
564 APPLIED OPTICS � Vol. 43, No. 12 � 20 April 2004
ymmetrical folding arrangement in Fig. 1�a�. Here
x
2 � 1.045 at the optimal value of x0 � 1.62w, being

ery close to the diffraction limit. Curve �b� shows
he beam-quality factor Mx

2 calculated for the sym-
etrical folding arrangement of Fig. 1�b�. Here
x
2 � 1.15 at the optimal value of x0 � 1.41w, as the

x
2 value of a single TEM01 lobe. Note that the Mx

2

btained for the optimal nonsymmetrical folding ar-
angement is smaller than that obtained for the op-
imal symmetrical folding arrangement. This is
ecause the combined sum of the two lobe distribu-
ions is more symmetric and smooth for the nonsym-
etrical folding arrangement; hence they resemble a
aussian better than each lobe separately.
As is evident, there is a significant reduction in the
x
2 value, from 3 for the TEM01 mode11 to 1.045 or

.15. Since the My
2 factor �in the y direction� re-

ains 1, the effective cylindrical M2 value12 will be
2 � �Mx

2 � My
2��2 � 1.0225 for the nonsymmetri-

al folding arrangement and M2 � 1.075 for the sym-
etrical folding arrangement, both comparable with

hat of an ideal Gaussian-beam distribution.
The calculated conversion efficiencies and the

eam-quality factors for the compact arrangements
n Fig. 2 are essentially the same. For the arrange-

ent with the single plate in Fig. 2�a�, some part of
he tail in the transmitted lobe distribution is not
eflected back and coherently summed at the output.
hus the power loss is reduced, but the output beam
uality is somewhat deteriorated. The calculated
onversion efficiency calculated for this arrangement
as a maximum of 98.9% at a shift of x0 � 1.6w,
here the calculated Mx

2 value is 1.54.13 For the
rrangement with the prism in Fig. 2�b� the folding is
ymmetrical and the results are the same as curves
b� in Figs. 3 and 4.

. Experimental Procedure and Results

e experimentally evaluated the arrangements pre-
ented in Figs. 1�a�, 2�a�, and 2�b�. The TEM01 mode
istribution was derived from either a cw or a pulsed
d:YAG laser in which a discontinuous phase ele-
ent was inserted into the cavity.1,2

The cw diode-pumped Nd:YAG laser was used with
he conversion arrangement in Fig. 1�a�. The laser
onfiguration included a plano–convex �R � 1.5-m�
0-cm-long resonator, an intracavity aperture of 1.6
m, and a TEM01 mode selecting phase element.
he laser was operated with output power of �2 W.
he corresponding pump power was close to the
hreshold of the laser. The measured focal length of
he rod due to thermal lensing was �70 cm.

The flashlamp-pumped pulsed Nd:YAG laser was
sed with the conversion arrangements in Fig. 2.
he laser configuration included a plano–concave 70-
m-long resonator �R � 3 m�, an intracavity aperture
f 1.9 mm, and a TEM01-mode-selecting phase ele-
ent positioned �9 cm from the rear mirror. The

utput beam was P polarized, and the pulse width
as �120 
s. The laser operated not far from the

hreshold at a rate of 4 pps, and the output power was
60 mW �15 mJ�pulse�. For optimal overlap to be
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onveniently obtained between the two lobes of the
EM01 distribution with these arrangements, the
eam from the laser was externally magnified with a
ariable zoom telescope so as to be compatible with
he thickness of the mode-converting element and�or
n order to collimate the beam. The plate in the
rrangement shown in Fig. 2�a� had a thickness of 3
m and parallelism of 1 arc sec, and appropriate

ielectric coatings for P polarization and was aligned
t an approximate angle of 45° relative to the incident
eam. The angle was fine tuned so the field from the
wo lobes coherently adds up at the output. We
ound that the fine adjustment of the angle had an
nsignificant effect on the relative transverse shift
etween the lobe distributions. To reduce ghost re-
ections from the AR-coated surface and other resid-
al reflections, we used a one-dimensional aperture
ith sharp edges so as to pass only the relevant light
istributions. In the arrangement with the prism
hown in Fig. 2�b� we used a prism whose angular
eviation from 90° was less than 10 arc sec.
The experimental results are presented in Figs.

–7. Figure 5 shows the experimental results ob-
ained with the arrangement shown in Fig. 1�a�, all
etected with a CCD camera. Figures 5�a� and 5�b�
how, respectively, the near-field and the far-field
ntensity distributions of the incident beam that was
erived from the cw Nd:YAG laser. The far-field
ntensity distribution was obtained by focusing the
eam with a spherical lens � f � 101 cm�. These
esults indicate that the incident TEM distribution

ig. 5. Experimental results obtained with the arrangement in
ig. 1�a�: �a�, �b� near-field and far-field intensity distributions of
he incident TEM01 beam derived from a cw Nd:YAG laser; �c�, �d�
ear-field and far-field intensity distributions of the high-quality,
early Gaussian output beam. The cross sections in x and y di-
ections are shown at the bottom and left sides.
01
s quite pure, with Mx
2 � 3.21 and My

2 � 1.1, which
s slightly larger than the theoretical values Mx

2 � 3
nd My

2 � 1. Thus it should be possible to trans-
orm the distribution into a high-quality nearly

ig. 6. Experimental results obtained with the arrangement in
ig. 2�a�: �a�, �b� near-field and far-field intensity distributions of
he incident TEM01 beam derived from a pulsed Nd:YAG laser; �c�,
d� near-field and far-field intensity distributions of the combined
early Gaussian output beam.

ig. 7. Experimental results obtained with the arrangement in
ig. 2�b�: �a�, �b� near-field and far-field intensity distributions of
he incident TEM01 beam derived from a pulsed Nd:YAG laser; �c�,
d� near-field and far-field intensity distributions of the output
early Gaussian beam.
20 April 2004 � Vol. 43, No. 12 � APPLIED OPTICS 2565
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aussian beam. The TEM01 mode was then intro-
uced into the arrangement shown in Fig. 1�a�. The
irrors and beam splitter were carefully adjusted for

ptimal overlap of the lobe distributions, both in the
ear field and far field, and the phase tuning plate
as rotated until complete constructive interference
as obtained at the output.
This procedure ensured that the directions of the

wo beams were completely matched, and there is no
hase difference between the beams. Note that the
oherent summation should be made sufficiently
lose to the original beam waist in order to minimize
he wavefront curvature of either beam. In our ex-
eriments the optical distance from the output cou-
ler was �35 cm, while the Rayleigh distance was �3
. The experimental near-field and far-field inten-

ity distributions of the combined output beam are
hown in Figs. 5�c� and 5�d�, respectively. Both have
he expected shape of one bright spot with nearly
aussian cross sections in both the x and the y direc-

ions. Using these results, we calculated that Mx
2 �

.34 for the output beam, somewhat higher than the
xpected value of 1.045. We attribute this discrep-
ncy to a possible impurity in the incident beam.
et there is reasonable agreement between the pre-
icted and experimental results, proving the validity
f our approach. We found that the experimental
rrangement in Fig. 1�a� is rather sensitive to the
echanical and thermal vibrations and requires con-

inuous control. Typically the optimal output distri-
ution was stable for only 20–40 min.
Figure 6 shows the experimental results obtained
ith the arrangement in Fig. 2�a�. Figures 6�a� and
�b� show the near-field and the far-field intensity
istributions of the incident TEM01 beam that was
erived from a pulsed Nd:YAG laser. The M2 factor
alculated for this beam12 was 3.04 in the x direction
nd 1.16 in the y direction, indicating a nearly pure
EM01 distribution. Figures 6�c� and 6�d� show, re-
pectively, the near-field and the far-field intensity
istributions of the combined output beam that
merges from the compact conversion arrangement.
s is evident, both the near-field and the far-field

ntensity distributions have a single high-intensity
obe with nearly Gaussian profile cross sections in
oth axes.
Using these results, we calculated values of Mx

2 �
.21 and My

2 � 1.05 for the output beam along with
total measured power efficiency of 91%, i.e., a 9%

ower loss. This indicates that the ratio of the
ower to Mx

2 � My
2 �proportional to the brightness�

s increased by a factor of 2.5 after the conversion and
learly demonstrates that M2 of the output beam is
loser to that of TEM00. The 9% power loss can be
ttributed to the inexact overlap of the fields of the
wo-lobe distributions as well as the possible impu-
ity of the original TEM01 incident beam, pulse-to-
ulse fluctuations of its intensity distribution and
irection, and imperfect dielectric coatings. Even
ith this loss the results indicate a relatively efficient

onversion to a nearly Gaussian beam. We found
hat the output distribution was much more stable
566 APPLIED OPTICS � Vol. 43, No. 12 � 20 April 2004
ith the arrangement in Fig. 2�a� than that of Fig.
�a�. Indeed it remained stable during the entire
xperiment �several days�.
Figure 7 shows the experimental results obtained
ith the arrangement shown in Fig. 2�b�. Figures
�a� and 7�b� show the experimental near-field and
ar-field intensity distributions of the incident TEM01
eam derived from a pulsed Nd:YAG laser. The cal-
ulated M2 for this beam was 3.09 in the x direction
nd 1.16 in the y direction, being very close to the
heoretical values of 3 and 1. Figures 7�c� and 7�d�
how the near-field and the far-field intensity distri-
utions of the combined output beam that emerges
rom the mode converter. Both the near- and the
ar-field intensity distributions consist of a single
igh-intensity lobe with nearly Gaussian cross sec-
ions in both directions. Using these results, we cal-
ulated that Mx

2 � 1.37 and My
2 � 1.39 rather than

he theoretical values of 1.15 and 1.
The separation between the input and the output

eam was performed by introducing a polarizing
eam splitter and a ��4 plate before the prism. The
ower efficiency was measured by replacing the
rism with a mirror of 99% reflectivity. The mea-
ured conversion efficiency was 93%, indicating a 7%
ower loss. This loss can be attributed to several
actors: inexact overlap of the fields of the two-lobe
istributions, possible impurity of the original TEM01
nput beam, pulse-to-pulse fluctuations of its inten-
ity distribution and direction, imperfect dielectric
oatings, and possible rotations of the polarization on
he total internal reflections in the prism. Even
ith this loss these results indicate a relatively effi-

ient conversion to a nearly Gaussian beam. We
ound that the stability of the output distribution
ith the arrangement in Fig. 2�b� was comparable
ith that of Fig. 2�a�.
All the proposed conversion arrangements can

lso be used to convert a Gaussian-beam distribu-
ion to that of a TEM01 distribution, simply revers-
ng the direction of the beams. To illustrate this,
e performed an experiment with the single-

nterferometric-element arrangement in Fig. 2�a�.
e used a Gaussian beam derived from an Nd:YAG

aser and reversed the direction of propagation
n the conversion arrangement. Specifically, the
aussian beam was incident at the BS interface of

he plate converter, and the output TEM01 distribu-
ion emerged from the AR-coated and BS interfaces.
he experimental results are shown in Fig. 8. Fig-
res 8�a� and 8�b� show the near-field and the far-field

ntensity distributions of the incident Gaussian
eam. Figure 8�c� shows the near-field intensity dis-
ribution of the output TEM01 distribution. Figure
�d� shows the far-field intensity distribution of the
utput TEM01 beam distribution, when the two near-
eld lobes have the same phase. As expected, there

s a bright central lobe with two low-intensity side-
obes. Figure 8�e� shows the far-field intensity dis-
ribution of the output TEM01 beam distribution,
hen the two near-field lobes have a � phase shift �a
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. Concluding Remarks

e have presented several optical arrangements for
fficiently converting a high-order TEM01 distribu-
ion into a nearly Gaussian-beam distribution,
hereby improving beam quality. These arrange-
ents have included several discrete optical ele-
ents and some more compact and robust

rrangements with a single specially coated inter-
erometric element. Several conversion arrange-

ents have been experimentally evaluated, and the
xperimental results were close to those predicted,

ig. 8. Conversion of a Gaussian distribution into a TEM01 mode
istribution by using the single-interferometric-element arrange-
ent in Fig. 2�a�: �a�, �b� near-field and far-field intensity distribu-

ions of the incident Gaussian beam; �c� near-field intensity
istribution of the TEM01 output beam; �d� far-field intensity distri-
ution of the TEM01 output beam when the phase of each lobe in the
ear field is the same; �e� far-field intensity distribution of the TEM01

utput beam with a conventional TEM01 phase distribution.
ith conversion efficiencies greater than 90%. It is
ossible to extend the arrangements to allow conver-
ion of higher-order-mode distributions to a Gaussian
istribution. For example, the TEM02 mode distri-
ution, which is composed of four identical nearly
aussian lobes and having Mx

2 � My
2 � 3,12 can be

onverted to a single Gaussian distribution by resort-
ng to double and folded arrangements in the two
erpendicular directions.
Finally, we can also exploit all the arrangements to

onvert a single Gaussian distribution into a high-
rder mode distribution by simply reversing the di-
ection of the light propagation in the conversion
rrangements.
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