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Components and tools for polari-
zation-maintaining fiber optics
Technology for industrial and scientific applications

®®" Fiber cables open up new vistas for

the design of modular devices and com-
pact setups for industrial and scientific ap-
plications. Special fibers, such as polariza-
tion-maintaining singlemode fibers, are
predestined for use in complex, self-con-
tained setups, increasing laser safety by
reducing the laser safety classification.
Most importantly, a sensitive and delicate
measurement system can still enjoy the
benefits of a laser beam, with the desir-
able features of polarization state and co-
herence, but be physically separated from
the laser source. The measurement setup
and the laser source are decoupled me-
chanically and thermally in order to avoid
any mutual negative impacts.

Singlemode fibers are light wave guides
with a nearly Gaussian mode field and typi-
cal numerical apertures ranging from 0.09
to 0.14. The light is guided in a very small
core. Its dimensions are in the range of only
a few micrometers (starting at 2.5um) and
are small compared to human hair (diam-
eter around 50 pym). Unlike the core diam-
eter, the mode field diameter is wavelength
dependent. The fiber parameters (numeri-
cal aperture NA, cut-off wavelength A,
the core diameter, or the wavelength de-
pendent mode field diameter) have to be
chosen carefully for each application. Fibers
used for telecommunication in the infrared
region around wavelengths of 1.5 ym are
characterized by fairly large core diameters
around 9 um. For high power applications
large mode field diameters (small numerical
apertures) are necessary as well, in order to
prevent nonlinear optical effects caused by
high power densities in the fiber.

Based on this, a high technical standard
for optical and mechanical components is
required, in order to achieve high coupling
efficiencies: The smaller the wavelength, the
higher the demand for high quality and high
precision coupling components.
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Singlemode fibers

Laser beam sources with a Gaussian inten-
sity profile are coupled into the Gaussian
mode field of a singlemode fiber (Fig. 1) by
using the appropriate optics. The mode field
(Fig. 2) describes the distribution of light in-
tensity across the fiber end face that is trans-

mitted in the fundamental LPy; mode. The
mode field diameter is:
2-A

MFD = ————
0.82-7-NA

The factor 0.82 accounts for the different
intensity levels at which the numerical aper-
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ture NA (5%-level) and the mode field diam-
eter MFD (13.5%-level) are defined (Fig. 2).
A singlemode fiber is characterized not only
by its numerical aperture but also by its cut-
off-wavelength A,. It is only at wavelengths
above this threshold that the coupled light is
guided in a single mode and not in multiple
modes, where the beam and intensity pro-
files are no longer stable or Gaussian.

The Gaussian singlemode beam is diver-
gentwhen it exits the fiber with a divergence
angle a at the 5%-level (see Fig. 2) deter-
mined by the numerical aperture NA of the
fiber:

NA =sin (gj
2

Therotational symmetry of thefiberresultsin
the state of polarization of the emitted light
being undetermined and an arbitrary polar-
ization state, ranging from linear to circular
occurs. Any minor physical displacement of
thefiber or a change in its temperature alters
the polarization state.

Polarization-maintaining single-
mode fibers

In order to preserve the state of polarization
of a linearly polarized beam source, stress el-
ements are built into the fiber (Fig. 2). The
stress elements induce birefringence, lead-
ing to two perpendicular axes of light propa-
gation, which are designated as the “slow”
and “fast” axes. When the light is coupled
exclusively into one of these two axes, the
polarization state is maintained and is inde-
pendent of changes in fiber temperature or
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‘Wavelength [nmj [ MFD [Lam]
405 012 26
485 0.12..0.09 32.42
532 0.12..0.09 34.48
B30 0.2 4.1
780 0.2 5.0
1064 0.12..0.08 60.02
1550 0.13 9.3

FIGURE 2: Polarization-maintaining fibers
can have different designs (upper left)
including Panda fibers. The mode field
diameter is very small compared to a
human hair (upper middle) and is wave-
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FIGURE 1: Fiber coupled laser sources. Different laser beam sources are coupled into
polarization-maintaining fibers with the help of specially developed fiber couplers (upper
middle). Faraday isolators and anamorphic optics are used to protect the laser source
and to improve the coupling efficiency, respectively. The Gaussian-shaped radiation exit-
ing the fiber is collimated with fiber collimators. If laser speckle or coherence disturb the
measurements, a specially RF-modulated laser source like the 51nano (upper left corner)
can be used as a light source and considerably increases the measurement quality.

displacement. Any deviation in the axis cou-
pling leads to unstable elliptically polarized
light, which is highly sensitive to vibration or
changes in fiber temperature or its position.
The highly precise orientation of the polar-
ization maintaining fiber (PM-fiber) with the
state of polarization of the laser beam source
requires the help of a polarization analyzer.
It determines the polarization extinction ra-
tio, PER, that means the ratio between the
powers coupled into the two axes. Higher
polarization extinction ratios ensure a better
conservation of the state of polarization.
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length dependent (Table lower left).

The beam profile of singlemode fibers is
Gaussian. The NA, the angle of divergence
and the MFD are defined conventionally at
different intensity levels (lower right). For

Fiber end caps and fiber confec-
tions

The maximum light power that can be
guided within a fiber is mainly restricted
by the power density at the fiber end faces,
when not considering nonlinear optical ef-
fects, such as Brillouin scattering. Extreme
power densities can cause scorching of the
end face or photo-contamination by the
generation of a dipole trap, a phenomenon
used to good effect in optical tweezers.
These detrimental effects can be obviated
using afiber end cap (Fig. 2), in which ashort

a fiber without an end cap (upper right),
the beam starts diverging at the fiber end
face (high power density). When using an
end cap, the power density at the end face
decreases without changing the NA.
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length of fiber (<500 pm) without a core is
connected to the polarization-maintaining
fiber. Without a fiber core, the mode field
diameter of the beam diverges to about ten
times its prior size and the power density
decreases by a factor of hundred without af-
fecting the numerical aperture of the fiber or
the polarization of the laser beam.

The fiber end face of FC-APC fiber con-
nectors is polished at an angle of 8° in order
to avoid back-reflections of the beam into
the laser source. Back-reflections into the
beam source cause frequency instability
and severely diminish the life expectancy
of the laser. An FC fiber connector also has
a connector index key which indicates the
orientation of the fiber axes. In general, fi-
ber connectors should be mounted stress
free, as the stress induces birefringence and
a high polarization extinction ratio cannot
be attained. A range of specially developed
collimators and fiber couplers have been de-
signed that have an inclined coupling axis,
for acceptance of the APC connectors, and
ensure a high coupling efficiency.

Laser beam sources

Various types of laser beam source can be
used for fiber coupling. OPSL-sources (Opti-
cally Pumped Semiconductor Laser) for ex-
ample, typically have a high beam quality,
with M2 < 1.05 and no astigmatism, which
makes coupling efficiencies up to 85% pos-
sible with a polarization extinction ratio of
1:200. High power lasers with M2 >1.2 can-
not be coupled to singlemode fibers. Further
beam sources include the series 48TE (Fig. 3)
from Schafter+Kirchhoff. It provides thermo-
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FIGURE 3: Laser beam source 48TE. A laser diode is mounted in a base with integrated
thermoelectric cooling (1). A Faraday isolator prevents the laser diode from back-reflec-
tion (2) and an anamorphic optics (3) with cylindrical lenses is used to correct the ellip-
tical beam profile and astigmatism of the laser source if necessary. The beam is coupled
into a PM-fiber (5) with a fiber coupler (4) and is transformed into a collimated beam
by a fiber collimator (6). Attachable beam-shaping optics (6) generate micro-focus

spots, laser lines or laser patterns.

electrical cooling (using a Peltier element
and temperature sensor) and can use many
different types of diodes, from simple Fabry-
Perot diodes to DFB (distributed feedback),
DBR (distributed Bragg reflector) or VCSEL
(vertical cavity surface emitter) types.

Frequency stabilized diodes can usually
only be fiber-coupled in combination with
a Faraday isolator, since feedback into the
diode (back-reflection or back-scattering)
disturbs the performance significantly, caus-
ing frequency instability, more noise and a
shorter laser lifetime.

When using diodes with an elliptical
beam profile, the coupling efficiency can be
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FIGURE 4: The input beam is coupled into a singlemode fiber with a laser beam coupler.
An integrated tilt adjustment allows a highly precise lateral placement of the focus spot
onto the fiber end. Small lateral shifts of the spot or angular deviations considerably

decrease the coupling efficiency.
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enhanced considerably by incorporating an
anamorphic optics (5AN). The astigmatism
inherent to some laser diodes is also cor-
rected when using an anamorphic optics
based on cylindrical lenses. The coupling ef-
ficiency is improved significantly. If the laser
beam source has alow beam quality the fiber
serves as a cleansing spatial filter.

Laser beam coupler

The coupling of any laser beam source into
a polarization-maintaining singlemode fiber
with submicron precision requires an opti-
cally and mechanically sophisticated device,
making coupling efficiencies of 85% of the
initial laser power attainable. The lens of the
laser beam coupler 60SMS (Fig. 4) produces
a diffraction-limited spot, which needs to
be adapted to the mode field of the fiber.
The focal length and the lens type of the lens
depends on the laser beam source. An opti-
mum focal length is determined by

0.61-&
fromoere

Beam

NA

The factor 0.61 accounts for the different in-
tensity levels at which the numerical aperture
NA of the fiber (5%-level) and the beam di-
ameter @go,m (13.5%-level) are convention-
ally defined. For elliptical beam profiles (small
diameter @) large diameter @), an effective
beam diameter @ must be calculated for the
determination of the optimum focal length:

Doy =G D,
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FIGURE 5: Fiber collimator and attachable beam-shaping optics. The beam exiting the
fiber is transformed into a collimated beam with a fiber collimator. Variation of the
focus position leads to focused or defocused beams. Shaping of the collimated beam is
achieved by adding lens attachments. Micro-spots, laser lines, laser patterns or specially

polarized light can be generated.

Polychromatic applications require specially
designed, chromatically corrected lenses
(achromats or apochromats), while the sim-
pler spherically corrected monochromats or
aspheres are sufficient for monochromatic
applications.

An optimum coupling efficiency is
achieved for an ideal Gaussian beam (M?=1)
when the convergence of the focussed beam
equals the divergence o defined by the nu-
merical aperture of the fiber. At this point,
the width of the focussed laser spot at the fi-
ber end face also matches the mode field di-
ameter of the fiber. Apart from losses due to
Fresnel reflection at both fiber ends of about
4% each, an ideal Gaussian beam is coupled
almost completely. A focal length chosen
too large is inefficient, since the focussed
laser spot is larger than the mode field di-
ameter. When using a focal length too small,
the convergence angle of the focussed laser
sportis larger than the maximally acceptable
divergence angle o of the fiber.

In order to accomplish optimum cou-
pling efficiencies, the laser beam coupler
needs to be centered within the propaga-
tion axis of the fiber. A lateral displacement
with respect to the optical axis leads to
aberrations such as coma or astigmatism.
Furthermore, a part of the radiation may
exceed the maximum acceptance angle o
of the fiber and the coupling efficiency de-
creases. The beam focus is placed laterally
on the fiber end face with submicrometer
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precision by using an integrated tilt adjust-
ment for the coupling lens and its fiber end.
A misalignment of a mere 0.2 mrad (0.01°)
for a focal length of 5 mm, for example, is
enough to cause a literal displacement of
1 pm between the laser spot and the fiber
core, which significantly decreases the cou-
pling efficiency (Fig. 4). The optimum axial
position is achieved by adjusting the focus
position.

FIGURE 6: Polarization ana-
lyzer. The polarization ana-
lyzer can either be used
for fiber coupling tasks (B)
or for free beam applica-
tions (A).The radiation
coming out of a fiber can
be collimated with a fiber
collimator with integrated
A/4-retardation optics.
Circularly polarized light is
produced if the retardation
optics is adjusted in the
right manner. In order to
achieve a precise align-
ment of the polarization-
maintaining fiber to the
laser beam source the cou-

PM fiber cables:

For a highly precise alignment of the
polarization-maintaining fiber with the la-
ser beam source, the laser beam coupler is
equipped with a positively locating circum-
ferential V-groove and an orientation slot
for aligning the fiber connector index key,
allowing the fiber and coupler to be rotated
as a unit for alignment with the fiber polar-
ization axis. The efficiency is monitored by
the polarization analyzer to ensure coupling
into one of the fiber axes and the attainment
of the best polarization extinction ratio.

Fiber collimators

The divergent radiation exiting the fiber is
transformed into a Gaussian-shaped, col-
limated beam by a fiber collimator (60FC,
60FC-T, Fig. 5). The resulting beam diameter
Dgeam is defined by the numerical aperture
NA of the fiber and the focal length f’ of the
collimation lens:

D goum =0.82- f-NA
The factor 0.82 accounts for the different
intensity levels at which the numerical aper-
ture of the fiber NA (5%- level) and the beam
diameter @geam (13.5%-level) are defined.
Larger focal lengths f' produce larger beam
diameters. In order to prevent vignetting
and diffraction of the collimated beam, the
numerical aperture of the collimator needs
to be larger than the numerical aperture of
the fiber.

Besides collimation, fiber collimators can
also be used for focussing or defocussing

Adjustable Quarter-wave plate
lr/" ] 45 ustment

pling process is monitored
with a polarization analyz-
er to ensure a high polar-
ization extinction ratio.
The smaller the circle on
the Poincaré sphere, the
better the alignment.

Measurement of PER (Polarization
extinction ratio) and polarization axis
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beams by varying the focus position of the
collimator directly.

Specially developed optics can addition-
ally be attached to a fiber collimator for the
generation of micro-focus spots, laser lines
or laser patterns.

Fiber collimators for quantum
optics with integrated
A/4-retardation optics

As a consequence of good alignment the
state of polarization of the fiber’s emitted
light usually equals the linear polarization of
the laser beam source. For applications such
as magneto-optical traps in quantum op-
tics, for example circularly polarized light is
needed. This can be achieved with A/4-retar-
dation optics already integrated into the fiber
collimator (60FC-Q, Fig. 6). The collimator is
equipped with an alignment tool for the 1./4-
retardation optics and the state of polariza-
tion can be adjusted on the fly. The state of
polarization is measured with a polarization
analyzer, making an optimum adjustment of
the retardation optics possible.

Polarization analyzer

The Polarization Analyzer SKOTOPA (Fig. 6)
is an indispensable aid during fiber-coupling
tasks as well as for free beam applications. In
fiber coupling, itis used to maximize the po-
larization extinction ratio, while in free beam
applications, a polarization analyzer can be
used for aligning the state of polarization
induced by retardation optics, for example.
With its fist-size dimensions, it is one of the
most compact devices of its class.

Specially developed software routines
enable a fast and straightforward alignment
when coupling into polarization-maintain-
ing fibers. The polarization extinction ratio
and the degree of polarization are displayed
continuously in real-time. The degree of po-
larization describes the polarized fraction of
the examined laser light and this informa-
tion is processed for the depiction of an el-
lipse, which represents the sum of linearly
and circularly polarized and unpolarized
fractions of light, respectively. This depiction
is especially important for incoherent light
sources, since no polarization extinction ra-
tio can be determined.

In free beam applications such as the
alignment of retardation optics, the precise
determination and depiction of the state of
polarization is critical and is calculated from
the Stokes parameters of the laser light. It is
displayed on a Poincaré sphere.
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FIGURE 7: Faraday Isolator. Faraday isola-
tors serve as an optical diode. Only light
propagating in forward direction is trans-
mitted. Light propagating in the opposite
direction is blocked. If back reflections
reach the laser source, the once frequency
stabilized spectrum (1) is considerably dis-
turbed. Frequency instability (2), increas-
ing noise and a shorter lifetime of the
laser beam source are the consequence.

Faraday isolators

Faraday isolators serve as an optical diode
and only light propagating in the forward
direction is transmitted. Light propagating
in the opposite direction is blocked (>30dB)
while losses due to absorption are rather
small (<0.5 dB). A Faraday isolator (Fig. 7)
consists of a Faraday isolator placed be-
tween two polarizers that are orientated at
an angle of 45° with respect to each other.
The Faraday Effect is utilized when the beam
is directed through the crystal under the
influence of a strong magnetic field, which
causes the polarization of light to rotate by
45°. While light in the direction of radiation
is rotated in such a way that it is transmitted
by the second polarizer, light in the opposite
direction is rotated in the opposite direction
and cannot be transmitted by the first polar-
izer. This light is blocked, preventing back-
reflections into the laser source and increas-
ing its frequency stability, lowering noise
and increasing its lifetime.

Fiber-optic beam splitters

A fiber-optic beam splitter splits the radia-
tion from a singlemode fiber into two sing-
lemode fibers, while maintaining its mono-
mode character. Fiber-optic beam splitters
are characterized by their compact architec-
ture and small insertion losses in the range
of 1 dB. Radiation emitted by a single source
can thus be transferred in a self-contained
setup and used in different locations without
compromising laser safety. Beam splitters of
this type are used for particle detection and
fiber-optic Fabry-Perot interferometry.

Optical modulators

Some applications call for modulated pulses
instead of continuous radiation. A modula-
tion can be provided by an AOM (acousto-
optical modulator) or an EOM (electro-opti-
cal modulator). High switching frequencies
are reached in both cases while maintaining
the polarization of the input radiation.

Fiber-coupled optical modulators en-
hance laser safety by confining the beam
to optical fibers and increase the stability
and reproducibility in comparison with free
beam setups.

The laser radiation exiting a polarization-
maintaining singlemode fiber is collimated
by a fiber collimator and passed through the
optical modulator. With an AOM, the laser
light s diffracted by an acoustic wave and its
intensity is regulated by the acoustic power.
With an EOM, birefringence is induced by
an electrical field (Pockels effect) and, just as
for retardation optics, the polarization of the
incoming light is rotated. In combination
with two polarizers, the intensity of the laser
light is modulated by defined variations in
the electrical field.

Conclusion

The coupling of laser sources into polariza-
tion-maintaining singlemode fibers is the
basis for an efficient utilization of lasers in
scientific and industrial applications. A high
technical standard is required for the opti-
cal and mechanical components, in order to
achieve high coupling efficiencies. Various fi-
ber coupling components for 400-1100 nm
allow the design of modular and compact
setups.
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