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A principal scheme for an external cavity technique for changing the polarization of a laser beam based
on a modified Sagnac interferometer is proposed. The modified Sagnac interferometer includes standard
optical components: a displacement polarizing beam splitter, an angle reflector, and a Dove prism. The
radially polarized beams, obtained with the help of the developed scheme, allow the generation of a
longitudinally polarized electric field by sharp focusing. The phase correction of radially polarized modes
of higher orders leads to increasing the longitudinal field in the focus of the beam. © 2006 Optical
Society of America
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1. Introduction

Laser modes with inhomogeneous polarization have
been known for quite some time. The classic works
devoted to the theory of open resonators are based on
the scalar wave equation.1 Therefore the solutions
describing field distribution over the cross section of
a laser beam correspond to homogeneously polarized
Gaussian modes, meaning that the state of polariza-
tion is the same in any point of the cross section of a
laser beam. For round resonator mirrors, these solu-
tions are the Laguerre–Gaussian modes. The authors
point out the possibility of vector superposition of a
couple of linearly polarized TEM01 modes to obtain
radially and azimuthally polarized modes.1

There are many papers discussing the practical
applications of inhomogeneously polarized modes.
Radially polarized beams have been proposed for the
laser cutting of metals2 and azimuthal polarization
for hole punching.3 The radially polarized beam ap-
pears more efficient than a linearly polarized beam in
experiments on laser heating plasma because of its
higher resonance absorption.4 The authors of Refs. 5
and 6 proved that a radially polarized beam can be

focused more sharply than a linearly polarized beam.
The longitudinal component of an electric field for a
sharply focused radially polarized beam can be used
for the acceleration of relativistic electrons.7,8 These
modes can be applied for trapping cold atoms,9 and
the helical modes are proposed in diagnostic and met-
rological systems.10 This list of possible applications
for modes with inhomogeneous polarization certainly
does not stop here, but, it is too early to comment on
the wide use of such modes because the methods for
obtaining such modes are not yet reliable enough
from a practical point of view.

Two main approaches to obtaining an inhomoge-
neously polarized mode (IPM) are internal-cavity and
external-cavity techniques. One of the internal-cavity
techniques uses a diffractive mirror11,12 as one of res-
onator mirrors. This technique is preferable for lasers
with high gain in the active media and low resonator
quality. The long wavelength of radiation (CO2 la-
sers) is an additional positive factor in this case be-
cause the period of diffractive structure is directly
proportional to the wavelength.

An external-cavity technique can be used effec-
tively for lasers with short wavelengths, low gain,
and high resonator quality. The mode quality in
such lasers is much higher than in high-power la-
sers. These high quality modes can therefore inter-
act coherently outside the resonator. In turn, these
external-cavity methods can be divided into two
groups. We shall not discuss here the methods of
transformation of the linearly polarized main mode
TEM00 to a radially polarized mode. They use differ-
ent special optical components for this: a polarization
converter in the form of a quadrant half-wavelength
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plate,5,13 a polarization converter on a base of liquid
crystals,14,15 and mode-forming holographic and bire-
fringent elements.16,17 These modes (initial TEM00
and desired TEM01*) have a quite different field dis-
tribution, so the efficiency of such transformations is
low despite the high efficiency of the local polariza-
tion transformation.

In this paper, attention is focused on the interfero-
metric methods of reconstruction of a mode with
inhomogeneous polarization, as in Refs. 7, 8, and 18.
As with any method, this one has its advantages and
problems, too. The main advantage of this method is
its universality. It can be applied for any wavelength
and for any type of IPM. The typical problems of
interferometric methods, however, are well known.
First, a high quality initial mode with good temporal
and spatial coherence should be generated. The beam
quality of a real laser is often far from the theoretical
description of the empty resonator modes. Another
problem is the alignment of the interferometer and its
temporal stability. The field amplitude, mutual orien-
tation of the mode patterns, and their polarization and
phase correlation should be controlled. Taking into ac-
count the number of aligned optical components of the
interferometer, this method appears rather compli-
cated from a practical point of view. These problems
are discussed in detail in Ref. 7. Naturally, the double
interferometer scheme8 has a dual problem concerning
its alignment and stability. The purpose of this paper
is to suggest a new procedure for constructing inhomo-
geneously polarized modes.

2. Principal Setup

A Melles–Griot He–Ne laser 05-LPB-670 is used with
an output power of 6.0 mW. This laser has a tube
with a sealed Brewster window at one end and a
mirror at the other. The output mirror with a reflec-
tivity of approximately 99% has a curvature radius of
45 cm. This laser can generate many transversal
modes. The mode TEM01 with a controlled direction of
plane polarization can be selected through the aper-
ture. The mutual orientation of the mode pattern and
the electric field vector can be changed by rotating the
��2 phase shifter. A beam expander increases the
beam diameter for convenience.

We used a Sagnac interferometer in our experi-
ments. An attractive feature of the Sagnac inter-
ferometer is that both interfering beams sample the
same optical path with the same elements, so distor-
tions of the optics have a minimal effect on the sen-
sitivity of the differential signal.19,20 A simplified
schematic of a Sagnac interferometer, which is based
on standard optical components, is presented in
Fig. 1(a).

The intensity distribution of two split beams can be
mutually rotated by inserting a Dove prism (DP), as
seen in Fig. 1(b). The spatial orientation of the inten-
sity distributions of the beams in plane F just after
the lateral displacement polarizing beam splitter is
absolutely the same. Then each beam passes the DP
and an angle reflector (AR) in different sequence and
comes to the lateral displacement beam splitter,

which works now as a combiner. Both the DP and AR
rotate the intensity distribution of a beam as a half-
wavelength phase shifter (PS) rotates the electric
field vector.2,21 If both elements of the DP and AR
have the same orientation in space, their common
effect of rotating the beam intensity distribution will
be zero. If the DP and AR possess a mutual orienta-
tion, as shown in Fig. 1(c) � � 22.5°, the intensity
distribution of each of the two beams will be rotated
around the beam axis in opposite directions at an
angle of 2� � 45° so that the total mutual rotation
angle is 4� � 90°.

Four ��2 phase shifters were installed in this sche-
matic in the places indicated by the arrows. PS1 was
used for correction of amplitudes of two beams after
splitting. Correction was performed by rotating PS1
around the beam axis. The axes of the second and
third PS are parallel to each other and oriented at an
angle � � 10.25° along the bisector of the angle �
between the DP and AR as shown in Fig. 2. These
phase shifters are necessary to avoid changes of po-
larization made by the Dove prism. Without these
two phase shifters, the Dove prism rotates the polar-
ization of a beam passing through it because of the

Fig. 1. (Color online) Schematic of a Sagnac interferometer.
(a) Simplified schematic; P and S are the corresponding polariza-
tion of two beams. (b) Schematic with a Dove prism. (c) Modified
Sagnac interferometer configuration to produce laser beams with
inhomogeneous polarization.
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chosen mutual orientation of the incident beam po-
larization and the Dove prism (Fig. 1). The phase
shifters PS2 and PS3 provide a means to avoid this.
The beam polarization at the entrance and exit of the
subsystem consisting of the three optical components
(DP, PS2, and PS3) will be the same. The fourth PS
was used for correcting a phase shift between two
interfering beams on the beam combiner. The axis of
this PS must be parallel �� � 0°� or perpendicular
�� � 90°� to the AR edge. The correction of phase shift
is performed by turning the PS around the line, which
is perpendicular to the plane of drawing in Fig. 1.
Figure 3 shows the corresponding setup mounting on
the optical table.

3. Results and Discussion

The modes with radial and azimuthal directions of
the electric field are only two representatives of the
large family of inhomogeneously polarized modes that

are solutions of the vector wave equation. Some of
these modes are presented in Fig. 4.4 The resulting
distribution of parameters characterizing the state of
polarization over the cross section of a laser beam
depends on the mutual positions of these two modes,
the amplitude and the orientation of the electric field,
and a phase shift of their oscillations. A couple of
Laguerre–Gaussian modes TEMp1 (with p � 0 and
the same indices) can coherently interact with each
other creating, for example, a radially or azimuthally
polarized mode of higher order, as indicated in Fig. 5.

A typical construction of the axially polarized mode
TEM01* in a Sagnac interferometer consists of the fol-
lowing steps. First, an incident beam (TEM01 mode)
with plane polarization is split. Then the two beams
are mutually turned by 90° and come to the beam
combiner with perpendicular polarizations.

The experimental results of the typical diagnostics
of radially and azimuthally polarized beams are pre-
sented in Fig. 6. The reconstructed beam from a
Sagnac interferometer has a ring-type distribution of
intensity [Fig. 6(a)]. This beam passes through a
polarizer–analyzer, and the resulting picture is fixed
on the screen. Figure 6(b) shows the experimental
pictures for a mode indicated in Fig. 4(e). The single
difference between the mode in Fig. 4(e) and the
radially polarized mode in Fig. 5(a) consists of a
phase shift between two mode patterns combined at
the exit of the interferometer. The diagnostically ob-
tained pictures for a radially polarized beam are pre-

Fig. 2. (Color online) Graphical explanation concerning installa-
tion of half-wavelength phase shifters into experimental setup,
where � � 10.25°, � � 90°, and � � 22.5°.

Fig. 3. (Color online) Modernized Sagnac interferometer mount-
ing on an optical table.

Fig. 4. (Color online) Examples of inhomogeneously polarized res-
onator modes. (a) Radially polarized mode R-TEM01*. (b) The angle
between E and radius is 45°. (c) Azimuthally polarized mode
A-TEM01*. (d) The mode with different directions of electric field.
(e) The mode with different types of polarization. (f) Helical mode
with plane polarization.

Fig. 5. (Color online) Radially polarized mode of higher order
�R-TEM21*�.

20 November 2006 � Vol. 45, No. 33 � APPLIED OPTICS 8395



sented in Fig. 6(c). The spots on the screen look like a
pure TEM01 mode and rotate synchronically with the
rotation of the polarizer axis. In the case of an azi-
muthally polarized beam, the polarizer axis and the
mode pattern are mutually turned at 90° compared to
the radially polarized beam. At any orientation of the
polarizer axis, two spots will have the same position
relative to this axis.

The suggested scheme [Fig. 1(c)] based on a Sagnac
interferometer is simple and inherently stable. The
amplitudes of two interfering beams and their mu-
tual phase shift are controlled and variable. The elec-
tric field vector of the linearly polarized incident
beam must be at 45° to the plane of the interferom-
eter, giving the same amplitude of the two beams
after being split. The two spots of TEM01 mode in the
incident beam can have any orientation around the
beam axis. Independent of that, the field distribution
at the exit will be axially symmetric. If the phase shift
between the two beams at the combiner is zero, the
possible states of polarization are shown in Figs.
4(a)–4(c). The resulting field distribution is deter-
mined by the mutual position of the mode pattern
and field direction of the incident beam. The next two
polarization distributions, Figs. 4(d) and 4(e), can be
realized by choosing appropriate parameters of the
incident beam and phase shift between the interfer-
ing beams. To obtain a helical mode, Fig. 4(f), the
beam splitter (combiner) should be changed: A polar-
izing beam splitter must be replaced with a nonpo-
larizing one.

An interesting additional possibility of such a
scheme should also be mentioned. Because this inter-
ferometer has one path exit, it can be used as an

interferometric rear mirror of the laser resonator
(Fig. 7) with a controlled state of polarization of an
inhomogeneously polarized beam (radial, azimuthal
and others). The orientation of the electric vector de-
termined by the polarizer (in this part of the sche-

Fig. 6. (Color online) Experimentally obtained pictures of the modes with axially symmetric polarization. (a) Intensity distribution in the
cross section of the laser beam. (b) Diagnostics of the mode with inhomogeneous polarization indicated in Fig. 5(e). The intensity
distribution is just after the polarizer–analyzer. The white line is the axis of the polarizer. (c) The diagnostics of the radially polarized beam
indicated in Fig. 5(a). The white line is the axis of the polarizer. The mode pattern rotates with the rotation of a polarizer around the beam
axis.

Fig. 7. (Color online) Schematic of use of a Sagnac interferometer
in a laser resonator as a rear mirror to generate inhomogeneously
polarized modes.
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matic) should always be at 45° to the polarizing beam
splitter. The orientation of the mode here can be
changed by rotating a wire around the beam axis. It
leads to different states of polarization of the exit
beam, from radial to azimuthal. This idea has not
been tested yet. To do so, one would need a laser with
a higher gain than that possessed by the He–Ne laser.

One of the most interesting phenomena connected
with inhomogeneously polarized laser beams is a lon-
gitudinal component of the electric field in the focal
spot of the lens. It is interesting from the physical
point of view because the energy associated with this
component is not transmitted. This component of the
electric field (especially in the case of radially polar-
ized beams) can be used in some applications discussed
in Section 1. Therefore methods of increasing the lon-
gitudinal component of the electric field are of interest.
The common idea of selectively changing phases of
separated spots inside the high-order mode22 can be
applied in this case too.

This plan includes several steps:

1. Generation of a high-order mode from the class
TEMp1 by using a special resonator mirror with a
corresponding mask on its surface22 or other meth-
ods.23

2. Transformation of this mode to a radially po-
larized mode of high-order R-TEMp1* in the Sagnac
interferometer as described in this paper.

3. Correction of the phase distribution of the
R-TEMp1* by a local phase corrector to make a uni-
form phase over the cross section of the laser beam, as
seen in Fig. 8.

4. Focusing of the corrected beam to obtain the
maximum amplitude of the longitudinal component
of the electric field in the focal spot of a lens.

The classical solution for the homogeneously polar-
ized mode cannot be used directly for calculation of
the longitudinal component of field just following the
pictures such as those in Fig. 5 for the radially po-
larized mode. There are two reasons for that. Classi-
cal solutions neglect the longitudinal component, and
they are in contradiction with the Maxwell equation
�E � 0. A correct way for such calculations was
pointed out in Ref. 4. It was shown there that the
spatial part of the classical solution for the Laguerre–
Gaussian modes (obtained for a homogeneously po-
larized mode) strictly corresponds to the paraxial
approximation of the solution for the azimuthally po-
larized field (inhomogeneously polarized mode). The

radial and longitudinal components of the other field
must be calculated through the Maxwell equations.
This description does not have any inner contradic-
tions and corresponds to the Maxwell equation
�E � 0.

The method of calculating the longitudinal field for
a high-order radially polarized mode is presented in
Refs. 4 and 24. According to this method, the longi-
tudinal components of the electric vector can be ex-
pressed as

Ep,1
z�r, z� �

1
r

��rHp,1
	�r, z��

�r , (1)

where Hp1
	 is the single component of the magnetic

field with azimuthal direction. Using in Eq. (1) the
classic formula for Laguerre–Gaussian beams,25

Hp,1
	 � � 2p!


�p � 1�!
1
w��2R�Lp

1�2R2�exp��R2�exp�i��,

� � 2 arctan Z � 2Z
z0

2

w0
2 � ZR2;

R � r�w, w2 � w0
2�1 � Z2�; Z � z�z0; z0 �


w0
2

�
;

Lp
1�x� � �

m�0

p

��1�m
�p � 1�!

�p � m� ! �m � 1� ! m! xm,

gives the expression for the longitudinal component
of the electric field:

Ep1
z�r, z� � �2i

1



� p!

�p � 1�!

�

w
1
w��1 � R2 � iR2Z�

 Lp
1�2R2� � �x d

dx Lp
1�x��

x�2R2
	

 exp��R2�exp�i��. (2)

The transformation of Eq. (2) for the cross section in
the waist �z � 0� according to the expression

x
d
dx Lp

1�x� � 
pLp
1�x� � �p � 1�Lp�1

1�x��

which leads to the form convenient for numerical
calculation:

Ep,1
z�r� � �2i

1



� p!

�p � 1�

�

w0

1
w0

��1 � p � R0
2�

 Lp
1�2R0

2� � 
�p � 1�Lp�1
1�2R0

2��
 exp��R0

2�, (3)

where R0 � r�w0, and w0 is the radius in the waist.
The radial distributions of the longitudinal compo-

Fig. 8. (Color online) Phase correction of the high-order radially
polarized mode.
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nent of the electric field Ep1
z�r� for the Laguerre–

Gaussian modes of different orders �p � 0, 1, 2�
calculated according to formula (3) are presented in
Fig. 9. The longitudinal component of the electric
field at the beam axis increases with the increasing
order of a radially polarized mode. After phase cor-
rection (Fig. 8), the maximum value of the longitudi-
nal field will be obtained in the lens focus.

4. Conclusion

The couple of Laguerre–Gaussian modes TEMp1
(with p � 0 and the same indices) can coherently
interact with each other creating inhomogeneously
polarized modes. A principal scheme for an external
cavity technique for changing the polarization of the
laser beam based on a modified Sagnac interferome-
ter is proposed.

The modified Sagnac interferometer includes stan-
dard optical components: a displacement polarizing
beam splitter, an angle reflector, and a Dove prism. A

linearly polarized laser mode TEMp1, coming into the
Sagnac interferometer, is split into two beams after
passing the lateral displacement polarizing beam split-
ter. These beams, having perpendicular polarization
directions, propagate in opposite directions along the
same optical path. The intensity distribution of two
split beams will be rotated around the beam axis in
opposite directions using the Dove prism. The electric
field vector of the linearly polarized incident beam
must be directed at 45° to the plane of the interferom-
eter, giving the same amplitude of the two beams
after being split. The two spots of TEMp1 mode in the
incident beam can have any orientation around the
beam axis. Independent of that, the field distribution
at the exit will be axially symmetric.

The new method based on a Sagnac interferometer
is simple and inherently stable. It is applicable to the
highly efficient generation of different types of inho-
mogeneously polarized modes with the same setup.

The radially polarized beams, obtained with the
help of the developed scheme, allow the generation of
a longitudinally polarized electric field by sharp fo-
cusing. The phase correction of radially polarized
modes of higher orders leads to an increase of the
longitudinal field in the lens focus.

The authors thank Jean-Francois Bisson for useful
discussions.
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