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Noise in Laser Technology
Part 3: Beam Pointing Fluctuations

® &> This part discusses fluctuations of the
beam pointing direction, or more gene-
rally of the position of the laser modes.

In many laser applications, it is essential to
have a stable position of a beam focus.
However, there is always some amount of
fluctuations of the beam pointing direction.
Such effects are particularly important when
a laser beam has to propagate over a large
distance between the source and the appli-
cation. It is of interest to know what effects
can cause such fluctuations, how they can
be minimized and which trade-offs such
optimizations typically involve. Our consi-
derations apply to all kinds of bulk lasers,
where the laser resonator is made of discre-
te optical elements, rather than of a wave-
guide structure such as a fiber.

Origins of Beam
Pointing Fluctuations

When thinking about what causes beam
pointing fluctuations of a laser, probably
the first thought will be about mechanical
vibrations. Indeed, vibrations of compo-
nents of the laser resonator, in particular of
mirrors, can directly affect the position and
direction of the intracavity beam and thus
also of the output beam.

However, one should not overlook ano-
ther factor which can be more important,
particularly in high-power lasers: thermal
effects in a laser crystal can lead to a signifi-
cant deflection of the intracavity laser beam,
just as if a laser mirror had been somewhat
misaligned. The strength of such effects de-
pends not only on power levels and resona-
tor design, but also on the care with which
the laser resonator and the pump beam are
aligned. For imperfect alignment, the laser
beam may not go exactly through the cen-
ter of the thermal lens in the laser crystal.
This will cause some deflection, which is de-
pendent on the pump power, so that any
pump power fluctuations will be translated
into fluctuations of the beam position. Also,
any asymmetric changes of the spatial
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pump beam profile can affect the beam po-
sition, even in cases with perfect alignment.
It becomes apparent that a high stability of
the beam position is easier to achieve when
the pump beam profile is stable and highly
symmetric. Therefore, the use of some ef-
fective beam homogenizer for the pump
beam can be beneficial. A continuously
operating pump source will also cause smal-
ler problems than one which is turned on
and off, as it is sometimes required.

Both vibrations and thermal effects can
be considered as a dynamically changing
misalignment. The involved frequencies are
normally so low that the laser beam can be
assumed to instantaneously find the positi-
on which fits to the momentary mirror posi-
tions — more precisely, it will have a position
such that a nearly exactly closed beam path
is obtained in any moment. This aspect gre-
atly facilitates any theoretical treatment.

Calculating Alignment Sensitivities

The sensitivity of a resonator to misalign-
ments can be calculated — not with simple
software based on the well-known ABCD
matrix algorithm, which is often used for re-
sonator design, but with advanced software
[2] using an extended ABCDEF matrix algo-
rithm [3]. Essentially, this algorithm allows
one to calculate the effects of optical ele-
ments not only in terms of beam expansion
and focusing, but also in terms of the local
offset from the reference beam axis and the
corresponding offset angle. The self-consis-
tency condition for a full resonator round
trip then determines the beam position for
any combination of mirror misalignments.

An Example Case

As an example, we consider a simple reso-
nator with a curved mirror M1, a laser crys-
tal, and a plane output coupler mirror M2.
The output beam is then collimated with a
lens L1, and later on focused to a small spot
with a second lens L2. Figure 1 shows how
the beam radius evolves, and how the beam
axis is shifted when the first mirror is tilted
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by +0.5 mrad. As M2 is flat, the tilt of M1
can only cause a parallel shift of the beam
axis. The collimation lens L1, however,
translates that shift into an angular change.
The focusing lens L2 again changes the
beam offset and angle. At the focus, the
beam offsets are more than half the beam
radius, i.e., there is a significant shift of the
focus caused by the mirror tilt.

Figure 2 shows the situation for tilts of
M2 instead of M1. Here, the laser’s output
beam obtains the same angular offset as
M2. After the lens L2, however, the shift of
the focus position is nearly zero. (This shift
could even totally vanish if the distance bet-
ween the lenses were increased to =534
mm.) On the other hand, the angular fluc-
tuations at the focus will be larger in this
case, but this might be irrelevant for the ap-
plication.
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Figure 3 shows the effects of a random
tilting of M1, M2 or of both mirrors simul-
taneously on the beam position and angu-
lar offset at the focus (at z = 802 mm). For
tilts of a single mirror, changes of position
and angle are fully correlated. This is no
more the case when both mirrors are inde-
pendently misaligned. We see again that
tilts of M1 dominate the resulting fluctua-
tions of focus position.

We learn from the example case that the
effects of mirror tilts can be rather different
for different mirrors, and that the optics out-
side the laser resonator also have important
effects.

Beam Offset, Angle Offset
and Beam Radius

In some cases, what counts is only the an-
gular deviation of the laser’s output beam
from the reference axis. For example, this is
the case when a collimated beam is directly
sent to some distant target without further
optics, or when it is tightly focused with a
lens. However, in general the beam offset
(lateral movement) at the laser output is
also relevant. In the example case discussed
above we could see that tilts of the left mir-
ror have a substantially larger effect on the
external beam focus, compared with tilts of
the right mirror, even though the beam di-
rection at the laser output is not affected.
Obviously, the beam offset at the laser out-
put is more important than the angular mo-
vement in that case.

One should also be aware that the out-
put beam radius is important. Any beam
offset at the laser output should be compa-
red with the beam radius. Similarly, angular
deviations should be compared with the
natural beam divergence, which is smaller
for beams with larger radius. For these rea-
sons, it is quite meaningless to know the
angular range of beam pointing fluctua-
tions but not the output beam radius — as is
sometimes the case when reading data
sheets.

A simple telescope can be used for in-
creasing the beam radius at the laser out-
put. It is easy to show that this will also in-
crease fluctuations of the beam position
while it will reduce the angular range of
beam pointing fluctuations. This shows
again that the larger the beam radius, the
more severe will be some magnitude of an-
gular fluctuations, and the less critical is the
direct beam offset.

For optimizations, one should consider
not only the laser, but the whole beam path
to the application — for example, to a beam
focus where materials are processed. With
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FIG. 1: Evolution of beam size and beam offset for a laser resonator where mirror M1 is
tilted. The simulation has been done with the software RP Resonator [2].
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. 2: Same as Figure 1, but with tilting of mirror M2.
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FIG. 3: Effects of random tilting of M1, M2 or both mirrors on the beam offset and
angular direction at the focus.
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suitable software, one can identify the contri-
butions of the tilts of all resonator mirrors and
of thermal deflections on the beam position
at that focus. It is also possible to calculate an
overall figure of merit for the stability for a
given design of laser resonator and external
optics, and to numerically optimize the whole
design for minimum beam pointing effects.
Of course, this can involve trade-offs with
other desirable properties, such as the beam
quality, as discussed in the next paragraph.

Most Difficult to Optimize:
High-power Lasers

For high-power lasers, beam pointing fluc-
tuations are most difficult to minimize. The-
re are essentially two reasons for that. The
first one is that thermal effects tend to be
strong in such lasers, and the often not very
symmetric pump beam shapes make the
problem even more severe. Note that the
use of high-power laser diodes as pump
sources introduces more difficult challenges
for shaping the pump beam, compared
with the simpler situation for low-power
end-pumped lasers.

The second reason is that resonators
with larger mode areas are generally more
alignment-sensitive. Unfortunately, large
mode areas are normally required for high-
power lasers, particularly when a high beam
quality is needed: the pumped area in the
laser crystal tends to be large, and the lar-
ger the ratio of the diameters of the pum-
ped region and the fundamental resonator
mode, the more higher-order modes (with
poor beam quality) will oscillate. Therefore,
we are forced to use resonator designs with
large mode areas, and these turn out to
be generally more alignment-sensitive. This
leads to a well-known trade-off between
high beam quality and low alignment sensi-
tivity, and the latter also influences the
beam pointing fluctuations.
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Obviously, it is important to understand
precisely these issues when designing ro-
bust high-power lasers for industrial use. A
pure trial-and-error approach, possibly fo-
cusing on an improved mechanical setup
only while thermal effects in the gain medi-
um are the actual problem, can easily lead
to time-consuming and expensive failing
attempts.

Conclusions

We have seen that beam pointing fluctua-
tions can result from mirror vibrations and
from thermal effects, and that both can be
considered as a dynamical kind of resonator
misalignment. The beam offset and angular
fluctuations resulting from given fluctua-
tions of mirror positions can be calculated
with suitable software, which can also be
used to optimize whole systems with res-
pect to beam pointing effects. Clearly, mini-
mizing such effects is not just a matter of a
stable mechanical setup, but involves other
aspects such as the resonator design and
properties of the laser's pump beam. The
external optics used between the laser and
the application can also have an important

influence.
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